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Περίληψη 
 

Οι μεταφορείς είναι διαμεμβρανικές πρωτεΐνες που μεσολαβούν στην επιλεκτική 

μεταφορά διαλυμένων ουσιών μέσω των βιολογικών κυτταρικών μεμβρανών. Η οικογένεια 

Nucleobase Cation Symporter 1 (NCS1) που συναντάται σε προκαρυωτικούς οργανισμούς, 

μύκητες και ορισμένα φυτά, είναι ειδική για τις νουκλεοβάσεις. Η οικογένεια NCS1 

απουσιάζει στα θηλαστικά και έτσι γίνεται ένας πολλά υποσχόμενος στόχος για 

αντιμικροβιακά φάρμακα. Επιπροσθέτως, αρκετοί ανθρώπινοι μεταφορείς (π.χ. μεταφορείς 

νευροδιαβιβαστών σεροτονίνης και ντοπαμίνης) σημαντικοί από βιολογική σκοπιά, έχουν την 

ίδια αναδίπλωση με τους μεταφορείς NCS1, ανοίγοντας το δρόμο για νέες γνώσεις σχετικά με 

την ανάπτυξη αντικαταθλιπτικών φαρμάκων και κατανόησης του μηχανισμού δράσης τους. 

Μια οικογένεια ειδική για νουκλεοβάσεις, διακριτή φυλογενετικά και δομικά, γνωστή ως 

Nucleobase Ascorbate Transporter (NAT) ή οικογένεια NCS2, υπάρχει σε βακτήρια, μύκητες, 

φυτά και μετάζωα, αλλά και σε ανώτερα πρωτεύοντα, συμπεριλαμβανομένων των ανθρώπων, 

όπου ορισμένα ομόλογα είναι ειδικά για L-ασκορβικό οξύ αντί για νουκλεοβάσεις. Ως εκ 

τούτου, ο δομικός και λειτουργικός χαρακτηρισμός των συστημάτων NCS1 και NAT/NCS2 

αναδεικνύεται ως ένα σημαντικό πρώτο βήμα για μια επιτυχημένη διαδικασία σχεδιασμού 

φαρμάκων. Αν και υπάρχουν πολλά γενετικά, βιοχημικά και ορισμένα δομικά δεδομένα, 

λιγότερα είναι γνωστά για τον μηχανισμό μεταφοράς και την ειδικότητα τους. Αυτό είναι 

συνέπεια της δυσκολίας κρυστάλλωσης ή εκτέλεσης cryo-ΕΜ σε πολυτοπικά διαμεμβρανικά 

συστήματα με πολλαπλές διαμορφώσεις και των εξαιρετικά εκτενών υπολογιστικών 

προσεγγίσεων που απαιτούνται για τη θεωρητική περιγραφή τους. Ωστόσο, λίγα μέλη αυτών 

των οικογενειών έχουν κρυσταλλωθεί, υποδεικνύοντας έναν μηχανισμό εναλλασσόμενης 

πρόσβασης, σύμφωνα με τον οποίο ο μεταφορέας υφίσταται μεγάλες διαμορφωτικές αλλαγές 

για να αναγνωρίσει, να δεσμεύσει και να απελευθερώσει το υπόστρωμα κατά μήκος της 

μεμβράνης. Είναι αξιοσημείωτο ότι όλοι οι μεταφορείς NCS1 και NAT/NCS2 λειτουργούν ως 

συμμεταφορείς H+ ή Na+. 

Στην περίπτωση των ΝΑΤ, 14 διαμεμβρανικά τμήματα (TMS) αναδιπλώνονται σε μια 

ανεστραμμένη επανάληψη 7 ελίκων (7+7). Οι κρυσταλλικές δομές έχουν ληφθεί από δύο μέλη 

των ΝΑΤ, τον μεταφορέα ουρακίλης UraA του Ε. coli και τον μεταφορέα UapA ουρικού 

οξέος-ξανθίνης του Α. nidulans, και αποτελούνται από έναν τομέα πυρήνα και έναν τομέα 

διμερισμού και λειτουργούν ως διμερή. Ο μηχανισμός λειτουργείας τους θεωρείται πως είναι 

ο λεγόμενος «μηχανισμός ανελκυστήρα». Οι μεταφορείς NCS1, αποτελούνται από 12 TMS 
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αναδιπλωμένα σε μια ανεστραμμένη επανάληψη 5 ελίκων (5+5), ακολουθούμενα από δύο 

TMS που δεν έχουν άμεσο ρόλο στη μεταφορά του υποστρώματος. Αυτή η αναδίπλωση είναι 

χαρακτηριστική για όλους τους μεταφορείς της υπεροικογένειας APC, με κύριους 

κρυσταλλωμένους εκπροσώπους τον μεταφορέα υδαντοΐνης Mhp1, τον μεταφορέα λευκίνης 

LeuT, τον μεταφορέα ντοπαμίνης DAT και τον μεταφορέα σεροτονίνης SERT. Όλοι οι NCS1 

μεταφορείς, λειτουργούν με τον μηχανισμό «rocking-bundle». 

Η παρούσα μελέτη αποτελείται από τέσσερα μέρη. Στο πρώτο μέρος αποκαλύπτουμε 

τον τρόπο δέσμευσης, μετατόπισης και απελευθέρωσης της ουρακίλης και του Η+ από τον 

εξωκυττάριο χώρο στο κυτταρόπλασμα του μεταφορέα FurE (NCS1), χρησιμοποιώντας νέες 

προσομοιώσεις Μεταδυναμικής και ορθολογικά σχεδιασμένες μεταλλάξεις. Συγκεκριμένα, τα 

διαγράμματα της Επιφανείας Ελεύθερης Ενέργειας που προκύπτουν από τη Μεταδυναμική 

(FES), παρέχουν τη σχετική σειρά μεταφοράς της ουρακίλης και του πρωτονίου, επιτρέποντας 

επίσης την επιλογή ενδιάμεσων διαμορφώσεων, που σχετίζονται με τον κύκλο μεταφοράς. Η 

μεταδυναμική με χρήση περιοριστικής χοάνης (Funnel-Metadynamics), επιτρέπει 

δειγματοληψία αφενός των μονοπατιών που ακολουθεί το υπόστρωμα προκειμένου να 

συνδεθεί στη θέση πρόσδεσης και αφετέρου των τρόπων σύνδεσης της ουρακίλης και του 

πρωτονίου, δημιουργώντας ένα ολιστικό μοντέλο των γεγονότων που διέπουν τη μεταφορά 

υποστρώματος και που υποστηρίζονται από μελέτες μεταλλάξεων. Η εργασία μας όχι μόνο 

επεκτείνει τις υπάρχουσες γνώσεις σχετικά με τους μεταφορείς με τεταρτοταγή δομή τύπου 

FurE (LeuT, DAT, SERT, NET), αλλά επιβεβαιώνει για πρώτη φορά για ένα συμμεταφορέα 

πρωτονίων, τον λεγόμενο «rocking-bundle» μηχανισμό. 

Στο δεύτερο μέρος, παρουσιάζουμε τα 3 μοντέλα του μεταφορέα UapA που 

κατασκευάστηκαν με χρήση Στοχευμένων Μοριακών Δυναμικών (Targeted Molecular 

Dynamics) και Μοντέλων Ομολογίας (Homology Modeling), σε διαφορετικές διαμορφώσεις, 

συνθέτοντας μαζί με την κρυσταλλική δομή τη διαμορφωτική αλλαγή που ακολουθείται κατά 

τον μηχανισμό του ανελκυστήρα. Επιπλέον, εφαρμόζουμε Μεταδυναμική και αναδεικνύουμε 

σημαντικές πληροφορίες για τις διαμορφώσεις Inward-Open και Occluded, ενώ 

αποκαλύπτουμε την ασύγχρονη κίνηση των δύο πρωτομερών του διμερούς. Τέλος, 

περιγράφουμε τη συμβολή βασικών αμινοξέων στον μηχανισμό του ανελκυστήρα και στη 

μεταφορά του υποστρώματος. 

Στο τρίτο μέρος, διερευνούμε τον ρόλο του συντηρημένου μοτίβου NAT του UapA 

χρησιμοποιώντας μελέτες Επαγόμενης Πρόσδεσης (Induced Fit Docking), μεθόδους 

υπολογισμού Ελεύθερης Ενέργειας (Free Energy Methods) και ανάλυση μεταλλάξεων. 

Επιπλέον, προσφέρουμε νέα ευρήματα σχετικά με τον βασικό ρόλο του F528, ενός καταλοίπου 
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εκτός της θέσης δέσμευσης του υποστρώματος, το οποίο φαίνεται να ρυθμίζει την εξειδίκευση 

του UapA. 

Στο τέταρτο μέρος, εξετάζουμε τις σχέσεις δομής-λειτουργίας των βακτηριακών 

μεταφορέων SmLL9, XanQ και AncXanQ της οικογένειας NAT, χρησιμοποιώντας Μοριακές 

Δυναμικές (Molecular Dynamics), Μελέτες Επαγώμενης Πρόσδεσης (Induced Fit Docking) 

και μεταλλαξιγέννεσης (site-directed mutagenesis), δίνοντας σημαντικά αποτελέσματα όσον 

αφορά την εξειδίκευση των μεταφορέων αυτών για τα υποστρώματα. Υπογραμμίζεται επίσης 

ο απροσδόκητα σημαντικός ρόλος των αμινοξέων εκτός της θέσης δέσμευσης στην 

εξειδίκευση, παρεμβαίνοντας στον μηχανισμό ολίσθησης του μεταφορέα. 
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Abstract 
Transporters are transmembrane proteins mediating the selective transport of solutes 

across the biological cell membranes. The Nucleobase Cation Symporter 1 (NCS1) family 

encountered in prokaryotes, fungi, and some plants is specific for nucleobases. The NCS1 

family is absent in mammals and thus becomes a promising target for antimicrobial drugs. In 

addition, several biomedically important human transporters (e.g., serotonin and dopamine 

neurotransmitter transporters) have the same fold as NCS1 transporters, paving the way to new 

knowledge concerning the development of antidepressant drugs and understand their 

mechanism of action. A phylogenetically and structurally distinct nucleobase-specific family, 

known as Nucleobase Ascorbate Transporter (NAT) or NCS2 family is ubiquitously present in 

bacteria, fungi, plants and metazoa, and interestingly and in higher primates, including humans, 

some homologues are specific for L-ascorbic acid rather than nucleobases. Therefore, the 

structural and functional characterization of the NCS1 and NAT/NCS2 systems emerges as an 

important first step to a successful drug design process. Although there is plenty of genetic, 

biochemical and some structural data, less is known about their transport mechanism, and their 

selectivity. This is a consequence of the difficulty in crystallizing or performing cryo-EM of 

polytopic transmembrane systems in multiple conformations and the demanding computational 

approaches needed to theoretically describe them. However, few members of these families 

have been crystallized indicating an alternate-access mechanism, according to which the 

transporter undergoes large conformational rearrangements to recognize, bind and release the 

substrate across the membrane. Noticeably, NCS1 and NAT/NCS2 all transporters function as  

H+ or Na+ symporters.  

In the case of NATs, 14 transmembrane segments (TMSs) are folded in a 7-helix 

inverted repeat (7+7). Crystal structures have been obtained from two NAT members, the UraA 

uracil transporter of E. coli and the UapA uric acid-xanthine transporter of A. nidulans, which 

form a core and a dimerization domain, and function as dimers. They are considered to operate 

under the so-called “elevator-mechanism”. NCS1 transporters, consist of 12 TMSs folded in a 

5-helix inverted repeat (5+5), followed by two TMS that do not have a direct role in transport 

activity. This fold is characteristic of all APC superfamily transporters, with main crystallized 

representatives the Mhp1 hydantoin transporter, the LeuT leucine transporter, the DAT 

dopamine transporter, and the SERT serotonin transporter. All NCS1 operate under the 

“rocking-bundle” mechanism. 
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The present study consists of four parts. In the first part we reveal the binding mode, 

translocation, and release pathway of uracil/H+ from the extracellular space to the cytoplasm 

of the NCS1 FurE transporter, using novel Metadynamics simulations and rationally designed 

mutational analysis. In particular, Metadynamics Free Energy Surface maps provide the 

relative order of internalization of the uracil and the proton, permitting also the selection of 

intermediate conformational states related to the transport cycle. Funnel Metadynamics allow 

the sampling of the binding pathway and modes of both uracil and proton, generating a holistic 

model of the transport events supported by mutation studies. Our work not only extends the 

existing knowledge on FurE same-fold transporters, namely LeuT, DAT, SERT, NET, but also 

confirms for the first time for a proton symporter, the so-called rocking-bundle mechanism. 

In the second part, we present the 3 models of UapA constructed using Targeted Molecular 

Dynamics and Homology Modeling, in different conformations, synthesizing along with the 

crystal structure the elevator-mechanism path. Furthermore, we apply Metadynamics and 

indicate important information about the Inward-Open and Occluded conformations, while 

revealing the asynchronous movement of the two protomers of the dimer.  Finally, we describe 

the contribution of key residues in the elevator mechanism and substrate transport. 

In the third part, we investigate the role of the NAT signature motif of UapA using Induced Fit 

Docking, Free Energy Methods and mutational analysis. Additionally, we offer novel findings 

regarding the key role of F528, a residue outside the substrate binding site, which seems to 

regulate UapA specificity. 

In the fourth part, we address the structure-function relationships of the bacterial NAT 

transporters SmLL9, XanQ and AncXanQ, using Molecular Dynamics, Induced Fit Docking 

and site-directed mutagenesis, conducting important results regarding specificity. The 

unexpected role of residues outside the binding site to specificity, by interfering to the 

transporter’s sliding mechanism is also underlined. 
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1 Introduction 
1.1 Membrane transport systems 

 

The survival of cells depends on nutrients, ions and also other small non-polar or polar 

molecules located in the extracellular environment. Some lipophilic molecules can enter the 

intracellular space by simple membrane diffusion. Most other solutes and ions are dependent 

on structurally and mechanistically diverse class of transmembrane proteins in order to enter 

or exit the cell. Transmembrane proteins mediate the exchange of a large variety of molecules 

but also play an important role in other physiological and pathophysiological processes such 

as signal transduction and are associated with many diseases including cystic fibrosis, cancer, 

autism, epilepsy, and neurodegeneration1–5. Drug sensitivity or drug resistance (efflux proteins) 

directly involves many transporters. The above summarize the important role they fulfil in 

cells.  

There are two types of transmembrane transport proteins, transporters, and 

channels/pores. Channels/pores do not have binding sites and can be open to both environments 

at the same time (pores) or exist in an open or a closed state (channels)6,7. The regulation of the 

opening and closing of channels is made by gating domains or gates in response to signals like 

ligand binding or membrane voltage changes6–8. Transporters do not have a continuous pore, 

but they have a gating mechanisms to control substrate translocation across the membrane 

differentiating from the channels6,7. They bind their substrates at one side of the membrane and 

undergo a series of conformational changes that bring the substrate-binding site on the other 

side of the membrane, where the substrate is released. The channels’ selectivity is regulated by 

filters that restrict the size of the hole as they do not possess a binding site. On the other hand, 

transporters are characterized by a main substrate binding site, a rate of transport catalysis and 

a specificity profile. A transport system can be distinguished into passive or active based on 

the consumption of energy. When transport is passive, the molecules are transported towards 

the direction of their electrochemical gradient. Instead, active transport requires energy in order 

to move molecules from an area of lower to higher concentration. Both transporters (facilitated 

diffusion) and channels (passive diffusion) can facilitate passive transport. However, only 

transporters can execute active transport. Energy can be provided either directly (primary active 

transport), as for example from ATP-hydrolysis or from the electrochemical potential 

difference (secondary active transport). Most of the primary active transporters are also 
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ATPases proteins that provide the energy needed for transport by hydrolyzing ATP. There are 

four types of primary active transporters: P-type ATPases also referred as pumps (Na+-K+ 

ATPase), F-ATPases (mitochondrial ATP synthase), V-ATPases and ABC transporters e.g. 

CFTR. On the other hand, in secondary active transport the movement of a driving ion down 

its electrochemical gradient is coupled to the movement of another molecule or ion against its 

concentration gradient. Taking advantage of the electrochemical gradients made by primary 

active transport, it is considered a form of active transport. Secondary active transporters can 

be categorized as symporters or antiporters if the transport of the substrates is in the same 

direction or if the substrates move in opposite directions, respectively. 

 

1.2 Secondary Active Transporters categories 

 

Transport proteins are classified in the Transporter Classification Database (TCDB) based on 

their function and phylogenetic origin9–11. This classification organized them into classes, 

subclasses, families, subfamilies and transport systems, while several families have been 

organized into sequence divergent superfamilies. The three major superfamilies are the Major 

Facilitator Superfamily (MFS) and the Amino acid-Polyamine-organo Cation superfamily 

(APC), both of which predominantly include secondary active transporters, and the ATP-

binding cassette superfamily (ABC), consisting of primary active transporters. 

 

1.3 The Major Facilitator Superfamily (MFS) 

 

The transporters within the MFS are symporters, antiporters or uniporters.  The transfer of the 

molecules is performed by taking advantage of the electrochemical gradient of the co-

transported ion or the concentration of the ligand to initiate the transport cycle. The substrates 

they carry are of great physiological and clinical importance, including sugars, drugs, 

neurotransmitters, amino acids, vitamins, organic and inorganic ions and many other small 

compounds12,13. The MFS protein structure (Figure 1.1) consists of 12 transmembrane 

segments (TMSs) arranged in two symmetrically related bundles of six TMSs each, connected 

by a loop. Within each bundle there is a pseudo two-fold axis of symmetry of three TMSs. The 

first crystalized representatives of this fold was the lactose-H+ symporter LacY14 and the 

GlpT15. The LacY mechanism of symport has been studied extensively and the key residues 

involved in the translocation pathway are well-characterized. Other MFS structures known 

include the following bacterial ones: the multidrug transporter EmrD16, glycerol-3-phosphate-
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phosphate antiporter GlpT17, the xylose/proton symporter XylE18 etc. and some eukaryotic 

ones: the Piriformospora indica phosphate transporter PiPT19, the plant nitrate transporter 

NRT1.120 and the human glucose transporter GLUT121. The MFS transporters function as 

monomers although there is evidence of oligomerization in some plant members22, like NRT1.1 

which can homodimerize according to the crystal structure20. 

 

 

Figure 1.1: Secondary active transporters’ shared folds. Representation of the MFS fold. The figure is adapted 
from 23. 
 

1.4 The Amino Acid-Polyamine-organo Cation (APC) Superfamily 

 

The second largest superfamily of secondary active transporters, the APC superfamily, consists 

of numerous families of transporters specific for nucleobases, amino acids, metal ions, purines, 

pyrimidines, peptides, vitamines etc and function as solute/cation symporters or solute/solute 

antiporters24–26. High-resolution crystal structures of APC proteins have been published, 

revealing their structure. Most of them contain 10 TMS organized in a 5-helix inverted repeat 

topology (5+5) known as the LeuT fold27, that form two structurally distinct bundles referred 

as the scaffold and core domain28. However, some display a 7+7 TMS fold. Among the 5+5 

members, most contain two extra TMSs at their N- or C-terminal part. In some cases, there are 

four extra C-terminal TMSs or in other cases, there is one extra TMS before every inverted 

repeat unit. This structural diversity implies that multiple hairpin and domain duplication 

events occurred during the evolution of this family25. The substrate binding site is located near 
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the center of the transporter between TMS1 and TMS6 which are a symmetrical pair. They 

share a common mechanism of transport and gating reflected in the alternating access model. 

The APC superfamily includes also the Nucleobase/Cation Symporter family 1 (NCS1), the 

Nucleobase/Ascorbate Transporter (NAT) or Nucleobase Cation Symporter-2 (NCS2) family 

(7+7-fold), the Solute/Sodium Symporter (SSS) family and the Neurotransmitter/Sodium 

Symporter (NSS) family, the Sulfate Permease (SulP) family (7+7 fold), and finally the Anion 

Exchanger (AE) family. 

 

1.4.1 The Neurotransmitter/Sodium Symporter (NSS) family 

 

The Neurotransmitter/Sodium Symporter (NSS) family members catalyze the transport of a 

wide variety of substrates, including biogenic amines (serotonin, dopamine, norepinephrine), 

amino acids (GABA, glycine, proline, taurine) and osmolytes (betaine, creatine), using sodium 

and chloride electrochemical gradients29,30. Importantly, this family includes the dopamine 

transporter (DAT), the norepinephrine transporter (NET) and the serotonin transporter (SERT), 

which are very important pharmacological targets as their malfunction leads to multiple 

disorders including depression, Parkinson’s disease, orthostatic intolerance, epilepsy, attention 

deficit hyperactivity disorder (ADHD) or obsessive-compulsive disorder (OCD)31–36. 

Consequently, they are targets for many antidepressant drugs and also for cocaine and 

amphetamine. This family also includes the prototype amino acid transporter LeuT. 

 

1.4.2 The bacterial amino acid transporter LeuT 

 

LeuT, the bacterial amino acid symporter from Aquifex aerolicus, is the most well-studied 

member of the NSS family. LeuT is in fact the role model of the APC superfamily establishing 

a common fold among its members. LeuT has been crystalized in all three different 

conformations of these type of transporters (outward-open, outward-occlude, inward) while 

several biochemical data are available, providing important details on the mechanism of 

substrate binding and transport. It is a non-polar amino acid/Na+ symporter and even though it 

was named after leucine, it is specific for several aliphatic/aromatic amino acids including 

glycine, alanine, methionine and tyrosine and can also bind tryptophan but without transporting 

it37. 

LeuT consists of 12 α-helical transmembrane segments (TMS1-TMS12) connected by loops 

and helices on the intra- and extracellular part of the cell membrane. The 5-helix inverted repeat 
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(TMSs 1-10) is organized relating TMSs 1-5 and TMSs 6-10 by an antiparallel pseudo two-

fold axis located in the plane of the membrane. TMS 1 and TMS 6 are folded in an antiparallel 

orientation. They are the most conserved among the human transporter homologues and they 

share the common characteristic that they are not continuous helices implementing a tilt in the 

middle. TMSs 3 and 8 are also antiparallel and along with TMSs 1 and 6 comprise the substrate 

and sodium binding sites. TMSs 2 and 7 uphold TMSs 1 and 6 respectively, while TMSs 4 and 

5 form a V-shape structure as do TMSs 9 and 10, supporting TMSs 3 and 8. TMS11 and 

TMS12, serve in the dimerization of the transporter. Two Na+ binding sites have been identified 

and located near TMS1 and TMS6, having key roles in stabilizing the core of the transporter 

and the leucine binding. LeuT functions under the rocking-bundle alternating-access model 

mechanism. 

 

1.4.3 The dopamine transporter (DAT) 

 

Dopamine transporter, one of the most pharmacologically important transporters for 

human, has not been crystalized yet. Nevertheless, X-ray structure of the homologous 

Drosophila melanogaster dopamine transporter (dDAT) (50% sequence identity with its 

mammalian hDAT) has been determined. dDAT was crystalized in an inhibitor-bound, 

outward-open conformation38. Thus, dDAT is a powerful tool to study NSS pharmacology and 

transport mechanisms. As dDAT is the eukaryotic relative to the LeuT28, they share common 

structural features. Analytically, dDAT consists of 12 transmembrane segments of which 

TMSs 1-5 and 6-10 are characterized by antiparallel symmetry. TMS1 and TMS6 include the 

ligand and ion binding sites in their mid-helix breaks. A bonding network connects all three 

ions and the inhibitor. TMS3 also contributes through a bend, to the hydrophobic pocket where 

the ligand is bound. 

Interestingly, cholesterol plays an important role in the transport mechanism, as it 

modulates the movement of TMS1a during the neurotransmitter transport. Additionally, 

important features for the transport cycle are revealed from the the crystal structures, such a 

kink at a proline residue in TMS12 that causes a tilt in the center of the helix increasing the 

distance of the second half of the TMS12 from the inner helices. This feature explains why the 

crystal of dDAT is a monomer, unlike other NSS transporters, that form oligomers39,40 in the 

interface of the last TMS. Moreover, the extracellular loop 2 (EL2) seems to be important for 

the proper transporter localization in the plasma membrane, as it consists of many N-linked 

glycosylation sites and a disulfide bond. Although the core of dDAT resembles that of LeuT, 
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they differ in a latch-like C-terminal helix of the first, that interacts extensively with the lower 

cytoplasmic part of the transporter, but also in a kink in the middle of TMS12 and in the 

presence of a cholesterol molecule between TMS1a, 5 and 7. 

Several studies on the human homologue hDAT reveal that in NSS proteins, the N-

terminal region of the transporter participates in the efflux process of the substrates. Still, the 

mechanism of the DAT reverse transport remains unclear, due to lack of structural 

information41–43. As the amino acid sequence of the N-terminus is not conserved among its 

homologues or any protein with known fold, ab initio structure prediction tools and extensive 

atomistic MD simulations were combined revealing two distinct structural elements: a beta 

sheet motif and a α-helical segment. Phosphorylation and interactions with specific membrane 

lipids, the internal loops (ILs) of the transporter or the N-terminal region, proved to be critical 

for the efflux procedure41–43. 

 

1.4.4 The serotonin transporter (SERT) 

 

The X-ray structure of the human serotonin transporter was determined in an inhibitor-bound, 

outward-open conformation44, characterizing the mechanism of antidepressant action and 

paving the path for potential drug design. SERT comprises of 12 transmembrane segments with 

TMSs 1-5 and 6-10 related by a pseudo-2-fold axis, similarly to the LeuT and DAT (Figure 

1.2). As in dDAT, the intracellular part of the transporter is capped by IL1, IL5 and the C-

terminal region, with the latter having a pronounced kink halfway across the membrane and a 

cholesterol hemi-succinate (CHS) molecule bound near TMS12a. Although transporter is a 

monomer in detergent, the oligomerization of the SERT was experimentally suggested45. In 

contrast with dDAT, the TMS9 of SERT is shifted towards TMS12 and TMS11 extends further 

into the putative membrane environment, providing a larger cavity for allosteric ligands. 

Moreover, interactions between cholesterol and the lipid molecules seems to support the 

conformation of TMS12. The C-terminal region of SERT resembles dDAT with a similar hinge 

and helix region44. 
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Figure 1.2: Structural representation of 5+5 fold transporters in side (left panel) and top view (right panel). (A) 

SERT44 , (B) DAT38, (C) LeuT transporter28. 
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1.5 The NAT (NCS2) family 

 

The NAT/NCS2 family includes bacterial, fungal and plant H+ or Na+ symporters, specific for 

purines, pyrimidines and related molecules. Remarkably, the mammalian L-ascorbate/Na+ 

transporters SVCT1 and SVCT2 also belong in the NAT/NCS2 family. The first members 

characterized and crystalized were the uric acid-xanthine transporters of Aspergillus nidulans 

UapA and UapC and the uracil transporters of Escherichia coli UraA and PyrP 46,47. Structures 

of eight structural homologues have been also resolved. From the SLC4 family, the borate 

transporter Bor1 from Arabidopsis thaliana, the Bor1p from Saccharomyces mikatae, the 

Band3 human anion exchanger 1 and the human acid-base/Na+ transporter NBCe148–51. The 

members of the SLC26 family are the fumarate/H+ symporter SLC26Dg from the bacterium 

Deinococcus geothermalis, the bicarbonate transporter BicA from cyanobacteria Synechocystis 

sp., the Slc26a9 protein from Mus musculus and the human SLC26A9 protein 52–55. 

The crystal structures of NAT/NCS2 transporters revealed the tertiary structure of this family 

which contains 14 transmembrane segments organized in a 7+7 inverted repeat fold56–58. 

 

1.5.1 The fungal uric acid-xanthine transporter UapA 

 

UapA from A. nidulans is a xanthine-uric acid/H+ symporter6 (Figure 1.3). Recently, the 

crystal structure of UapA was determined58, including the mutation G411V and an N-terminal 

truncation (Δ1-11). Wild-type UapA, which was rather unstable, has not been successfully 

crystalized yet. This crystalized mutant version can bind, but cannot transport, xanthine. The 

overall structure of UapA contains 14 TMSs organized into a 7+7 fold and subdivided in a core 

(TMSs 1-4 and 8-11) and a gate domain (TMSs 5-7 and 12-14). The crystal structure of UapA 

also revealed that it functions as a homodimer. UapA compared to a bacterial homologue, 

UraA, has longer loops between the TMSs. TMSs 3 and 10 are β-strands located in the center 

of the transporter and contain the binding site approximately halfway across the membrane. 

The dimer is formed with the participation of TMSs 5, 12, 13 and 14 of the gate domain with 

TMS13 fitting into a cleft formed by the other protomer. Genetic, cellular and biochemical 

studies reveal a critical role of the dimerization in UapA trafficking and turnover59. The 

topology of important residues affecting specificity was highlighted e.g. binding site F406, 

Q408, F155 belonging to the binding site, Thr526, F528, V463 and A469 located along the 

putative substrate translocation pathway, R481 facing the substrate binding site of the opposite 

protomer, or Q113, A441 in hinge regions connecting the core and gate domains. The dimeric 
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crystal structure along with Molecular Dynamic simulations succeeded in explaining the 

important role of R481 which is an inter-dimeric contribution to substrate release in the 

cytoplasm. Molecular dynamics suggested a translocation pathway for xanthine internalization. 

This movement of the substrate is achieved due to the contribution of R481 from the opposite 

protomer. 

 

 
Figure 1.3: Ribbon representation of the UapA monomer. (On the left) The gate domain is shown in blue while 
most of the core domain is shown in red. The amphipathic helices that link the core and gate domains are shown 
in grey. Xanthine is shown in cyan as a space-filling model and the disulphide bond is shown in orange sticks. 
The N-terminal (residues 12–65) and C-terminal (residues 546–574) are missing for clarity reasons. (On the right) 
UapA dimer from a cytoplasmic point of view. One monomer is shown in ribbons, with the helices numbered, 
and the other is shown in surface representation with the same colouring. The figure is adapted from58. 
 

1.5.2 The bacterial uracil transporter UraA 

 

The uracil/H+ symporter UraA from E. coli, has been crystalized56,57 (Figure 1.4) and 

appears to function as a dimer. Systematic in vitro and in vivo characterizations support that 

UraA is in equilibrium between the monomer and dimer form and that dimerization is required 

for transport activity57. It consists of 14 transmembrane segments 12 α-helical and 2 antiparallel 

β-strands in TMS3 and TMS10 in the middle structure. The 14 TMSs are arranged into two 

structural repeats, TMSs 1-7 and TMSs 8-14, standing antiparallel along an axis parallel to the 

membrane. Furthermore, the TMSs can be divided in two distinct domains: the core domain 

consisting of TMSs 1-4 and 8-11, while the gate domain consisting of TMSs 5-7 and 12-14. 
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The TMSs participating in the dimerization are the same as in UapA. The substrate binding site 

is located between TMSs 1, 3, 8 and 9.  Two water molecules have also been crystalized in the 

vicinity of the binding site, participating in a hydrogen bond network that stabilizes the 

substrate in the correct binding mode57. The residues involved in this hydrogen bond network 

are E241 and H245 (E356 and D360 in UapA). This result potentially provides a path for H+ 

translocation. Molecular dynamics stressed the role of these residues in H+ translocation 

revealing that protonation of E241 resulted in disruption of the hydrogen bond network that 

keeps uracil bound, while protonation of H245 further stabilizes it, without interacting directly 

but by stabilizing the orientation of E241. 

 

 
Figure 1.4: Structural representation of UraA transporter. (A) Core (grey) and gate (cyan and blue) domains of 
UraA. (B) Antiparallel b-strands in TMS3 and TMS10 provide the organizing centre for the core domain. the 
residues that mediate the interdomain interactions are shown as green (core) and blue (gate) sticks. (C) Structure 
of FurE from a top view. (D) UraA from a side view. This figure is adapted from56. 
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1.6 Mechanisms of transporter function 

 

Despite diversity in structure and mechanistic details, active membrane transporters all 

operate via the alternating access model60–62, during which substrate accessibility is switched 

between the two sides of the membrane. The transporter interconverts between two major 

functional states, the inward-facing (IF) and outward-facing (OF) states, through transition 

pathways visiting multiple intermediate states involving at least one occluded state which 

prevents free diffusion of the substrate along the gradient. Besides the major transition from 

the outward to the inward-facing conformation, transport cycle involves local conformational 

changes that regulate the closing and opening of extracellular and intracellular gating elements. 

The latter implement an additional control in transport catalysis by preventing the substrate 

leakage to the wrong direction and by contributing to the specificity determination. Gating 

element closure may anticipate the alteration from the outward to the inward-facing 

conformation63. Thus, 5 transporter states have been documented; outward-open, outward-

occluded (i.e. outer gate closed), fully-occluded (outer and inner gates closed), inward-

occluded (inner gate closed), inward-open. Based on structures and biochemical data, three 

major transport mechanisms have been described, the gated rocker-switch, the rocking bundle, 

and the elevator mechanism. 

 

1.6.1 The Rocker-switch mechanism 

The rocker-switch mechanism describes two structurally symmetric domains form a 

characteristic V-shaped architecture, move with respect to a binding site located at the 

interface, approximately halfway across the membrane64,65. During a transport cycle, the 

binding site is exposed on one side of the membrane, the substrate binds and then, the protein 

opens to the other side of the membrane with a rocker-switch like movement around the region 

of the binding site and the substrate is released61,66,67. In the simplest version of this mechanism 

the substrate binds symmetrically (e.g. SWEETs transporters68–70. In this case, the occluded 

conformation is mainly symmetric forming an O-like shape. On the other case, where substrate 

binding is asymmetric to varying degrees (e.g. MFS transporters)11,65, in most occluded MFS 

structures, cavities still have a clear orientation61. In these asymmetric cases, the states are 

typically referred to as outward- occluded or inward-occluded conformations. Furthermore, 

when substrate binds one or both the domains that occlude it, are prompted to local movement 

of their gating helices achieving transport71,72. Finally, it has been proposed for some MFS 

transporters that the transition between the two states is controlled by the breakage and re-
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formation of salt bridges65,73,74, induced by the substrate binding which leads to direct or 

indirect movements of helices involved in the salt bridge. Two structurally similar domains, 

most often made by six transmembrane domains (TMS) each (i.e., transporters with 6+6 fold), 

move to provide access or release of substrates (S) from either side of the membrane11,61. The 

substrate binding site is made by residues located in both major domains. 

 

1.6.2 The Elevator mechanism 

 

The elevator-type transporters are made up of two distinct domains61. One is the gate 

/scaffold domain which is anchored in the plasma-membrane via specific interactions with 

lipids and the core/transport domain which moves through the membrane remaining 

structurally unaltered (Figure 1.5). The binding site is included in the mobile core domain; 

thus the substrates are translocated from one side of the membrane to the other as the core 

domain undergoes a large rigid-body sliding against the rigid gate domain75,75. Despite 

structural differences, all elevator-type transporters (symporters and antiporters) share these 

common characteristics76. The gate domain is the dimerization domain, as transporters with 

this mechanism are usually dimers or trimmers61,76. Homodimerization, is reported to be critical 

for subcellular trafficking, transport activity, and specificity76–79. However, the only case that 

oligomerization has a role in substrate specificity is that of an elevator-type transporter, namely 

UapA58,76. Remarkably, the gate domain seems to provide most of the gating elements and is 

much shorter and consequently buried in the membrane compared to the core domain, leading 

to the formation of water-filled areas in the membrane, in at least one of their conformational 

states. In rocker-switch and rocking-bundle transporters, both domains are of comparable 

height. The substrate binding sites are typically located at the bottom of the core domain but, 

the substrate can access the binding site easily and a substrate-navigation through a buried 

protein cavity is not required, due to the gate domain being shorter. These factors facilitate 

substrate diffusion to the binding site. According to the transport mechanism both solutes are 

bound before the protein gates are fully closed and allow the translocation step. The elevator 

mechanism can be classified into three types, based on the gating mechanism: the fixed-barrier 

with one gate, the fixed barrier with two gates and the moving-barrier with two gates75. 

Classification is possible only if all the different conformational states are determined for the 

protein, so the mechanism of many elevator proteins has not been experimentally determined. 

The first elevator-type mechanism described was a homolog of glutamate transporters the 

sodium–aspartate symporter GltPh from Pyrococcus horikoshii80,81, and characterizes mostly 
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transporters with a 7+7-fold. In elevator-type transporters, residues critical for specificity are 

mostly located in the scaffold domain and the interface of the core-gate domains. Structural 

data suggests that, in the apo state, elevator-type transporters are stabilized in an outward-

facing state with the substrate binding site exposed to the extracellular environment and that 

the sliding to the inward open state requires substrate/cation to be bound82. However, due to 

lack of structural evidence for intermediate states for a single elevator-type transporter, until 

recently, formal support of this mechanism remained inconclusive. 

In the case of DASS dicarboxylate/Na+ transporters83, the comparison of the outward- 

and inward-facing structures of four different states, that the sliding is initiated by the substrate 

and cation binding. Most DASS proteins are Na+-coupled co-transporters, but some are 

exchangers of succinate for other dicarboxylates. The structures determined, and molecular 

dynamics simulations (MD) of the transition from outward- to inward-facing revealed, that if 

the carboxylate ion is absent, the substrate binding site has a positive net charge, which prevents 

the sliding of the elevator. This positive net charge derives by the binding of Na+ cations in the 

symporters, or by basic residues of the protein itself in antiporters. But when the carboxylate 

ion binds and neutralizes the binding site, the transporter changes between outward and inward 

conformations. It seems that binding of physiological substrates “unlocks” the elevator sliding 

and by exposing the binding site to the other side of the membrane the substrate is released in 

the cytoplasm83,84. In agreement the DASS transporters, it has also been suggested that in the 

case of NapA, an Na+/H+ elevator-type antiporter, Na+ binding has to neutralize the charge of 

an aspartate which is strictly conserved in the ion-binding site. This way transition from 

outward to inward states is achieved as the aspartate rotates inwards between these two states, 

consistent with MD simulations85. Still, however, no report has addressed the molecular basis 

of substrate specificity in elevator-type transporters82. 

 

 

 

 

 

 
Figure 1.5: Cartoon representation of the elevator mechanism. As red diamonds are represented the 
solute/substrate, as yellow capsules the outward-gating elements, as green capsules the inward-gating elements76. 
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1.6.3 The rocking-bundle mechanism 

 

In the rocking-bundle mechanism (Figure 1.6), substrate binds between two 

structurally distinct domains, and is directly coupled with the movement of outer and inner 

gates around the centrally located substrate binding site86. The amino acid/sodium symporter 

LeuT, an NSS-family homolog from Aquifex aeolicus, is the prototype of the rocking-bundle 

alternating-access mechanism. The LeuT fold is common, in many different transporter 

families that share the same architecture28,87–90. Three LeuT structures in different 

conformations: the outward-open, the inward-open91 and the intermediate occluded structure 

highlighted essential aspects of the transport mechanism. In the LeuT fold, two distinct bundles 

are formed, namely the scaffold domain that consists of TMS3-TMS4 and TMS8-TMS9 and 

the core domain that consists of TMS1-TMS2 and TMS6-TMS728. The scaffold and core 

domains are linked by the helices TMS5 and TMS10. Initially, the transporter is open to the 

extracellular, with its binding site accessible to the ligand. Proper binding of the substrate leads 

to the transition from the outward-open to the occluded state, when TMSs 1b and 6a move 

towards TMS3 and TMS10 and when TMS2 and TMS7 bend. The extracellular loop 4 (EL4), 

closes the outer cavity and is tightly packed with the core and the scaffold domain. These 

changes seem to precede the rocking movements of the core bundle that leads to the inward-

occluded. TMS1a enables the cytosolic release of the substrate after a significant outward 

movement, leading to the inward-open conformation of the transporter. The gating on the 

extracellular side in LeuT when conformation changes from outward to occluded, there is an 

evolutionarily conserved salt bridge which is considered very important. LeuT and other same 

fold transporters like Mhp1, and vSGLT underwent molecular dynamics simulations, raising 

the idea of that the intracellular release of sodium and substrate facilitate conformational 

rearrangement towards the inward-open state. Crystal structures of LeuT-fold transporter BetP 

in all major conformations, indicate that changes in sodium coordination at the Na2 site during 

the transport cycle regulate substrate binding and dissociation. Remarkably, LeuT fold 

transporters diverge in terms of which of the two structural domains moves the most and by 

how much. The substrate-dependent local gating alterations also vary. For example, in the 

Mhp1 (hydantoin–sodium symporter), sodium binds only at the Na2 site but not at the Na1 site. 

Apparently, substrate binding induces gating movements of the extracellular TMSs different 

from those described for LeuT, involving TMS 10, which closes over the substrate binding 

pocket. Moreover, in Mhp1 the scaffold, also called hash domain, moves relatively to the 

mostly rigid core/bundle domain. A major difference between LeuT and Mhp1 is that the 



 29 

substrate release to the intracellular is facilitated by the movements ofTMS5, rather than 

TMS1a. Transporters with LeuT-fold vary significantly in the types of substrates and co-

transported solutes. Additionally, many of the transporters belonging to NSS superfamily, like 

DAT, possess a secondary substrate-binding site, which serves in the substrate release in the 

cell, implying a regulatory role92. It has been also found that in LeuT, both substrates and 

noncompetitive inhibitors bind at the same extracellular site93. The contribution of gates in 

substrate specificity has been shown in rocking-bundle transporters82,94–96. 

 
Figure 1.6: Cartoon representation of the rocking-bundle/rocker-switch mechanism. As red diamonds are 
represented the solute/substrate, as yellow capsules the outward-gating elements, as green capsules the inward-
gating elements. The figure is adapted from76. 
 

 

1.7 Approaches to the study of structure-function relationships in transporters 

 

X-ray crystallography defines the structures of proteins with high resolution but being 

technically demanding97 very few transmembrane protein structures have been resolved in 

atomic level (0.5-1.5Å)98. An exponential increase of the high-resolution structures arose due 

to the advances in the biochemistry of transmembrane proteins in conjunction with evolution 

of Cryo-electron microscopy (Cryo-EM)99, while new techniques100 have been also employed 

for the analysis of the structure of transmembrane proteins, such as the single-domain 

antibodies (nanobodies)101 and crystallography in a lipid environment with nanodiscs102. To 

compensate to some extent for the small number of resolved structures in secondary active 

transporterss, we take advantage of their common structural characteristics to cluster 

homologous transporters according to structural features from crystallographic data103. This is 

rather important for transporters for which the production of sufficient quantities of building 

blocks of recombinant proteins is technically difficult. Chemical libraries are scanned in silico 

and based on a structural model, the transporters are identified as known or new ones104. The 

crystal structures usually correspond to one and rarely to more than one configuration 

corresponding to different steps of the transport cycle. However, by using homologous 

transporters to construct homology models and by combining this with state-of-the-art 
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computational techniques and the increasing computational power, then the whole simulation 

of the transport cycle could be achieved98,105–107. In these simulations small molecules can be 

included as well as the lipid membrane and reveal their role in the conformational 

rearrangement108–110. The most recent and highly successful, regarding the current data, method 

is the one that uses Artificial Intelligence and Machine Learning approaches to predict the 3D 

structure of molecules. This has been recently shown to be able to predict also other 

conformations of the protein111. 

In this endeavor and especially for the execution of complex genetic approaches and 

rigorous biochemical techniques, the use of standard microorganisms is a significant advantage 

in the experimental methodology63. In order to functionally characterize a transporter, a 

combination of genetic, biochemical approaches and tests for uptake of radiolabeled substrates 

into fungi, bacterial or other cells are used. In the studies of the structure-function relationships 

of transmembrane proteins is mainly used systematic site-directed mutagenesis, but also 

cysteine scan mutations112 (Cys-scanning mutagenesis), as a more efficient approach. Using 

Cys-scanning mutagenesis, it is possible to identify positions in the sequence important for 

function113 and to indicate the structural organization of transmembrane segments114 or the 

conformational change mechanism during substrate binding115. The prediction of the operation 

/ specialization of a carrier based on the primary (or secondary) structure is not an easy task. It 

is not necessary that high-homogeneity related transporters recognize and / or transport the 

same substrates, whereas phylogenetically distant transporters have been shown to be able to 

display overlapping specialization profiles. 

Studies on lactose permease (LacY) have shown that transporters with characteristic similarity 

in the binding site amino acid sequence, show unexpectedly significant differences in the 

substrate specificity116. Since the prediction of the function and specialization is not always 

reliable, knowledge of structure-function relationships is obtained mainly from mutagenesis 

studies and biochemical analyzes in prototypical microorganisms, but also from 

crystallographic structures or in silico structural analyzes (e.g. homology modeling, molecular 

dynamics). 

 

1.8 Gating mechanism and specificity in transporters  

It is known that each transporter is substrate-specific and the transport catalysis occurs 

only when the appropriate ligand is bound in the binding site. The exact mechanism describing 

the transporter specificity or the reason why ligands with similar structure can bind, but are not 
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transported, or are not recognized even if they share high similarity with the physiological 

substrate is quite unclear. 

An emerging theory is that if a substrate/ligand inhibits one of the alternative 

conformations of the transporter, transport cannot be executed. Specifically, in the case of 

LeuT, a crystal structure was obtained with Trp, a competitive inhibitor of LeuT that binds with 

high affinity but is not transported, bound in the outward open conformation117. In the presence 

of all amino acids transported by LeuT the crystals obtained were in an occluded conformation, 

but only Trp resulted in outward open conformation117. Moreover, a secondary binding site of 

lower affinity was suggested as in the open conformation a second Trp molecule was bound ~4 

Å above the first Trp, closer to the extracellular vestibule117. 

Additionally, the existence of multiple binding sites was suggested for the human glucose 

facilitator (GLUT1)118,119. In detail, computational studies propose that glucose might bind in 

multiple binding sites with different affinities, sliding in GLUT1 cavity until it is released in 

the cytoplasm or the periplasm, using a channel-like mechanism. Until now, there are not any 

experimental data supporting this mechanism. 

The crystal structure of Mhp1 complexed with a bulky hydantoin analogue (NMH) was 

captured in the open outward conformation 120, similarly to LeuT-Trp case. Comparing 

different conformations of Mhp1, rigid body movements occur after substrate binding and 

TMS10 closes towards TMS1, shielding the binding cavity and leading from the outward open 

to the occluded conformation. Compared with other analogues that could be transported and 

were captured bound in occluded conformations, NMH was a competitive inhibitor that was 

predicted to clash with a Leu residue of TMS10 inhibiting closure. NMH was transported after 

the substitution of the specific Leu with an A1. Also, in the case of a double mutant of LacY, 

replacement of two Gly residues with Trp at the termini of TMS2 and TMS8 led to abolishment 

of transport, but retained substrate binding121. A crystal structure of this mutant revealed an 

almost occluded structure, which is partially open to the periplasmic side and tightly closed to 

the cytoplasmic side122. The Trp substitutions seem to inhibit closure and subsequently the  

conformational change from one structure to the other122. 

The closure of the extracellular gate and occlusion of the binding site from both sites is 

proposed as a necessary step in order to transport a molecule successfully by the computational 

and structural studies mentioned above, as well as on other transporters, e.g. the dopamine 

transporter from Drosophila melanogaster (DAT)123 or the human serotonin transporter 

(SERT)124. The question arising is whether are able to recognize their physiological substrates 

among all other compounds. 
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1.9 Residues important for specificity and transportation in UapA transporter 

 

Mutations rationally designed or randomly selected acquired via genetic screens in UapA 

modified transport kinetics (i.e.,Km and apparent Vmax) and, interestingly, led to specificity 

changes 1,8,125–128. Surprisingly, specificity mutations are mostly located in the scaffold domain 

and not in the core domain which also contains the binding site. In particular, these mutations 

are located at the interface overlooking the trajectory of the sliding elevator. Most of the 

specificity mutations, enable UapA to transport a range of purines, pyrimidines, and a plethora 

of nucleobase analogs enlarging specificity, albeit with very low binding affinities. Specificity 

mutations did not affect the high binding affinity for physiological substrate, although they 

increased moderately the apparent transport rate of UapA. In addition, combinations of 

specificity with substrate binding mutations in the core domain proved functionally additive, 

resulting in novel specificities and transport kinetics1,8,125,128. Due to these observations it has 

been proposed that specificity mutations affect residues acting as selectivity filters or gating 

elements along the substrate translocation trajectory8,76,125–127. Still the mechanistic details 

determining specificity remain elusive as there is very little structural data fot NAT 

transporters82. 

 

Aim of the thesis 
 

The mechanism under which nucleobase transporters and in general, transmembrane 

transporters operate can be investigated in the cases that the tertiary structure is determined in 

multiple conformations. However, to obtain a crystal structure is very difficult for 

transmembrane systems, especially because the system is constantly in conformational change 

making it difficult to understand the functionalities of the system.  Crystal structures have been 

resolved only for UraA, UapA, Mhp1. 

In this study, the first goal was to shed light on the structural alterations during the 

binding and translocation of uracil-substrate and the symporting proton of Aspergilus nidulans’ 

nucleobase transporter FurE, as well as to elucidate the role and the order of the internalization 

of both uracil and the proton. This was addressed using state-of-the art computational 

techniques.  

In addition, we aimed to introduce the outward-open structure of the dimeric UapA 

transporter and reveal important transport details of the elevator mechanism, using Molecular 

Dynamics and Metadynamics approaches to reproduce the movement from the Occluded to the 
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Inward-Open state. We also aimed to characterize the role of important residues, indicated by 

mutational analysis, involving their contribution to the conformational change of the 

transporter.  

Moreover, we tried to gain insights into the specificity regulation of these transporters 

by investigating computationally the ligand binding and rationalizing mutational data for UapA 

from Prof. Diallinas’ lab and for the homologous transporters: XanQ, AncXanQ, SmLL9 from 

Prof. Frillingos’ lab. These transporters haven’t been resolved and belong to fungi and bacteria.  

 

 

2 Methods 

2.1 FurE 

 

2.1.1 FurE protein model construction 

 

The model of the FurE transporter was constructed based on homology modeling using 

Prime 2018-4 (Schrödinger, LLC, New York, NY, 2018) on Maestro platform (Maestro, 

version 2018-4, Schrödinger, LLC, New York, NY, 2018). As a template structure was used 

Mhp1 in the three crystal structure conformations provided in https://www.rcsb.org/ namely, 

OO (2JLN), Occ (4D1B), IO (2X79). These crystal structures share a 35% similarity with FurE. 

The sequence alignment was formulated according to previous work94 using HHpred and is 

presented in Figure 3.1.2. Further, in the case of 2X79 Mhp1 IO crystal structure a part of 

TMS9 was represented as coil. In order to fix TMS9 we started with the OO FurE structure and 

using Targeted Molecular Dynamics (plumed-v2 software),129 a constant force of 500000 

kj/(mol*nm2) was applied on the Ca atoms of the helices resulting in the occluded conformation 

of the FurE and then in the inward conformation. The constant force value was gradually turned 

to zero and each model system was subjected to stabilization.  

 

2.1.2 Construction of the H3O+ cation 

 

The H3O+ topology was provided form Bryce group130 while H3O+ was prepared using 

Antechamber131 and the general Amber force field.132 
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2.1.3 FurE System Setup 

 

The protein-ligand complex construction was initiated using the CHARMM‐GUI133 platform. 

Each model was inserted into a heterogeneous fully hydrated 120 Å × 120 Å × 120 Å bilayer, 

consisting of YOPC, POPI lipids and ergosterol at a ratio of 40:40:20 accordingly. The 

membrane embedded system was solvated with TIP3P explicit water molecules. The solution 

contained neutralizing counter ions and 150 mM Na+ and 150 mM Cl−. In the case that H3O+ 

was present, a water molecule was replaced with a H3O+, and the system was neutralized by 

having one Na+ counter ion less. The assembled simulation system consisted of ~160,000 

atoms. 

 

2.1.4 Molecular Dynamics (MD) 

 

All simulations were conducted using GROMACS software, version 2019.2134. 

CHARMM36m135 force field was chosen for protein and lipids, H3O+ was provided form Bryce 

group130 while the ligand and H3O+ were prepared using Antechamber131 and the general 

Amber force field.132 The protein orientation into the membrane was calculated using the OPM 

database of the PPM server136. All model systems were minimized and equilibrated to obtain 

stable structures. Minimization was carried out for 5,000 steps with a step size of 0.001 kJ/mol 

applying a steepest descent followed by a conjugate gradient algorithm, and the system was 

equilibrated for 20ns by gradually heating and releasing the restraints to expedite stabilization. 

Finally, the system proceeded to further simulations free of restraints at a constant temperature 

of 300K using Nose-Hoover thermostat,137 the pressure was kept constant at 1 bar using 

Parrinello‐Rahman semi‐isotropic pressure coupling138 and compressibility at 4.5e‐5 bar-1. The 

van der Waals and electrostatic interactions were smoothly switched off at 1.2 nm, while long‐

range electrostatic interactions were calculated using the particle mesh Ewald method.139 All 

bonds were constrained using the LINCS algorithm,140 allowing a time-step of 2.0 fs. The 

trajectories were further examined for structural stability by RMSD calculation of protein Ca 

(up to 1.2 Å) and by visual inspection with VMD platform141 thus ensuring that the 

thermalization did not cause any structural distortion. 
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2.1.5 Metadynamics Simulations 

 

Molecular dynamics (MD) and the Monte Carlo simulation method have had a very 

deep influence on diverse fields, especially to pharmacology. Yet, these simulation methods 

suffer from limitations such as limited time scale explored by the present-day computer 

technology and sampling algorithms which result in reducing the scope of their applications. 

MD is used for sampling the canonical distribution having as important aspect the ergodic 

hypothesis. According to this, if a system is simulated long enough all the states relating to the 

canonical ensemble will be explored, where each one has its own correct statistical weight. 

Unfortunately, this hypothesis cannot be proven for most of the systems and, even when 

verified, the length of a simulation necessary in calculating ensemble averages is often 

unreachable for numerical calculations. This led to the development of several enhanced 

sampling algorithms that were designed to alleviate this difficulty in the past years. 

Specifically, such cases where the free energy surface (FES) has several local minima separated 

by large barriers are the conformational changes in solution, protein folding, first-order phase 

transitions, and chemical reactions. In such circumstances it is almost impossible for a 

simulation started in one minimum to be able to move spontaneously to the next minimum and 

it can happen only under very favorable circumstances. Metadynamics142–145 stand as a solution 

to these problems allowing the system to escape from local minima of the FES and explore the 

3D space while at the same time permit a quantitative determination of the FES as a result of 

the integrated process. In Metadynamics, the FES is systematically explored by the 

metadynamics bias potential, which is adaptively constructed as a sum of Gaussian functions 

centered on the explored points in the collective variables (CVs) space along the system 

trajectory in a history depended manner. CVs are degrees of freedom defined by the user and 

have a preassigned width (!), which needs to be fixed for each of the CVs (!!), and height 

(wG) and are deposited every "G time units as the simulation proceeds. The bias potential at 

time t is: 

 

This potential forces the system away from the kinetic traps in the potential energy surface and 

out into the unexplored parts of the energy landscape. The free energy can be reconstructed 

from a metadynamics calculation because the final bias is given by: V(s⃗ )=−F(s⃗ ). 
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The wG and "G parameters are not independent, and if they are chosen within meaningful 

ranges, what really matters is their rate $ = wG⁄"G, also known as the deposition rate. 

Equivalently, it is possible to state that the bias potential V(s) evolves with time according to 

the following equation of motion. In the limit of small "G, the expression for the history-

dependent bias is: 

 

 

Figure 2: A sketch of the process of metadynamics. First the system evolves according to a normal dynamics, 

then a Gaussian potential is deposited (solid gray line). This lifts the system and modifies the free-energy 

landscape (dashed gray line) in which the dynamics evolves. After a while the sum of Gaussian potentials fills up 

the first metastable state and the system moves into the second metastable basin. After this the second metastable 

basin is filled, at this point, the system evolves in a flat landscape. The summation of the deposited bias (solid 

gray profile) provides a first rough negative estimate of the free-energy profile. This figure is adapted from146 

Ιn this study we used Path Collective Variable Metadynamics (PCV) and Funnel 

Metadynamics (FM).  

Path Collective Variable Metadynamics (PCV) is a dimensionality reduction approach, which 

can study complex chemical and biological processes involving a large number of degrees of 

freedom in one or two collective variables. Two functions are introduced to describe the 

position of a point in the configurational space relative to a preassigned guessed path: the 
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progress along the path (R(s)) and the distance from it (R(z)) mathematically described as 

follows:  

 

 

 

where X represents the atomic coordinates at the current simulation time-step, while Xi 

represents those of the i-th snapshot. The function R represents usually RMSD, which measures 

the distance between configuration states. The λ parameter smooths the variation of the s 

variable. 

 

Funnel-Metadynamics (FM) accelerates the sampling of ligand-protein binding (LPB) 

process allowing the identification of the ligand binding mode to its binding site and the 

accurate estimate of the absolute protein-ligand binding free energy. In FM, the binding free 

energy surface (BFES) is thoroughly explored by the metadynamics bias potential, while as cv 

is usually considered the distance between the ligand and the assumed binding pocket. During 

the simulation, a funnel-shape restraint potential is applied to the protein which is a 

combination of a cone restraint, including the ligand binding site, and a cylindric part directed 

toward the solvent. If the ligand is within the funnel area, no repulsive bias is applied on the 

system and the simulation proceeds as standard metadynamics. As the ligand reaches the edge 

of the funnel, a repulsive bias is applied to the system preventing it from visiting areas out of 

the funnel. Subsequently, the sampling at the binding site is not affected by the external bias, 

while in the bulk water the repulsive potential decreases the space to explore to a cylindric 

region. This way it is possible to observe multiple binding/unbinding events leading to a fast 

convergence of the results. When FM simulation is converged, the ligand binding mode 

corresponds to the lowest free-energy minimum in the BFES, while the absolute protein-ligand 

binding free energy ΔG0 is computed from the free-energy difference between the bound and 

unbound state, depending solely on the free-energy value at the two states and is independent 

from the path that connects these two states. Mathematically, the absolute protein-ligand 

binding free energy ΔG0 is computed as ΔG0 = −kBTln (C0 Kb), where Kb is the equilibrium 

binding constant calculated as follows: 
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where πR2cyl is the surface of the cylinder in the unbound state, while the potential W(x) and 

its value in the unbound state (Wref), are derived from the potential of mean force obtained 

through FM calculations. 

FM has many pros as a computational method for LPB prediction. FM aim at 

reproducing the physical binding pathway of the ligand toward the protein target, allowing the 

sampling of the binding process without knowing a priori the binding mode and site of the 

ligand, thus, binding area can be approximately hypothesized, unlike end-point methods 

(Linear Interaction Energy method147, MM-PBSA/MM-GMSA148,149) and alchemical 

transformation techniques (Free Energy Perturbation150) that demand knowing in advance the 

ligand binding mode. It also considers the full flexibility of the ligand, the protein and the water 

molecules, hence being able to include the dynamics of waters during the process and to 

consider the positional, conformational, orientational entropy of both protein and ligand. FM 

has affordable computational cost for a rare event such as the binding process, compared to 

standard MD calculations. Finally, FM is self-diagnostic, connotating that the free energy 

calculation converges only to the exact value, which is a critical advantage of FM, and 

metadynamics in general. The method has proven to be successful in reproducing binding 

processes in ligand/protein and ligand/ DNA systems, as it effectively predicts crystallographic 

binding modes and experimental binding free energies. 

For the metadynamics simulations the plumed-v2 software was used.129  

 

Funnel-Metadynamics for the H3O+ cation.  

 

a) The FurE transporter used was in outward-open (OO) conformation. Since no data are 

available concerning the binding site of the H3O+ cation, a wide area around the equivalent one 

of the Na+ cation in Mhp1 was circumvented by the funnel cone. The cone’s starting point was 

T332 Ca, while the cylinder had a direction towards the extracellular waters. The funnel had a 

switching point between the cone and cylinder region at 4.0 nm, the amplitude of the cone was 

0.27 rad, the radius of the cylinder section for the unbound region at 0.1 nm, the minimum and 

maximum value sampled as projection of the ligand’s center of mass (COM) along the funnel 

axis was at 0.25 and 4.6 nm respectively, as long as, the lowest and highest value for fps.lp 
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used to construct the funnel-shape restraint potential was at 0.00 and 4.8 nm respectively. The 

value for the spring constant of the funnel-shape restraint potential was set to 5000 

kj/(mol*nm2). As collective variable (CV) was selected the distance between the Ca atom of 

T332 and the center of mass of H3O+ cation. The width of the Gaussian functions was set to 

0.05 nm, the height to 2 kj/mol and the deposition stride to 500 simulation steps. The rescaling 

factor of the Gaussian function’s height was 20 as we performed well-tempered metadynamics.  

b) The study of binding/unbinding process of the H3O+ cation in the cytoplasmic solvent was 

initiated by using well-tempered metadynamics with the FM method on FurE in the Occ state 

of FurE. Uracil was included in the system, placed at the binding site, whereas an upper wall 

of 20000 kj/(mol*nm2) enforced the COM in distances lower than 0.9 nm from the Cg of N341. 

The constructed funnel included all the possible routes that could lead the H3O+ to the exit to 

the cytoplasm. The cone region started at Ca of S56. The direction of the funnel axis was 

cytoplasm-oriented passing through D348 Cb atom. The switching point between the cone and 

the cylinder region was at 3.6 nm, the amplitude of the cone section was set to 0.5 rad and the 

radius of the cylinder for the unbound region to 0.1 nm. The minimum and maximum value 

sampled as projection of the ligand’s COM along the funnel axis was set to 0.29 and 4.2 nm 

respectively, the lowest and highest value for fps.lp used to construct the funnel-shape restraint 

potential was set to 0.2 and 4.3 nm respectively, while, the value for the spring constant of the 

funnel-shape restraint potential to 7000 kj/(mol*nm2). As CV was selected the distance 

between the Ca of E51 and the center of mass of H3O+ cation. The width of the Gaussian 

functions was calculated at 0.01 nm, the height was arranged at 2 kj/mol with a rescaling factor 

of the Gaussian function at 20 and the deposition stride was set to 500 simulation steps. 

 

Funnel-Metadynamics for the substrate (Uracil)  

 

a) FM were performed aiming to highlight the binding mode of uracil in the binding site and 

the binding mechanism as it approaches the binding pocket from the extracellular. FurE was in 

the occluded state and the H3O+ cation was included in the system, as in crystallographic results 

of other transporters, in particular Mhp1, ion and substrate co-exist in the Occ state . In detail, 

the funnel used, oriented from Ca atom of V323 deep in the binding area, with direction of the 

funnel axis to the extracellular solute. The switching point between the cone and cylinder 

region was set to 2.7 nm, the amplitude of the cone section to 0.37 rad, the radius of the cylinder 

section for the unbound region to 0.1 nm, the minimum and maximum value sampled as 

projection of the ligand’s COM along the funnel axis to 0.2 and 3.3 nm respectively, the lowest 
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and highest value for fps.lp used to construct the funnel-shape restraint potential to 0.05 and 

3.6 nm respectively. The value for the spring constant of the funnel-shape restraint potential 

was 30000 kj/(mol*nm2). As CV was selected the distance between the Ca of N341 and the 

center of mass of uracil. The width of the Gaussian functions was 0.01 nm, the height was 

arranged at 2 kj/mol and the deposition stride at 500 simulation steps. The rescaling factor of 

the Gaussian function’s height was 20.  

b) The uracil internalization process was implemented using again, well-tempered 

metadynamics with the FM method, on FurE transporter in IO conformation containing uracil 

and not H3O+, as the latter was already proved from PCV simulations that leaves first the 

transporter in order to allow uracil to exit too (see Main Text). The funnel was constructed as 

to include all the possible exiting pathways from the binding pocket to the TMS5 outer gate. 

The cone restraint started at backbone C atom of F53, while the direction of the funnel axis 

was cytoplasm-oriented passing through S342 O atom. The switching point between the cone 

and the cylinder region was set to 3.4 nm, the amplitude of the cone section to 0.49 rad and the 

radius of the cylinder for the unbound region to 0.1 nm. The minimum and maximum value 

sampled as projection of the ligand’s COM along the funnel axis was set to 0.21 and 4.1 nm 

respectively, the lowest and highest value for fps.lp used to construct the funnel-shape restraint 

potential was set to 0.1 and 4.2 nm respectively, while, the value for the spring constant of the 

funnel-shape restraint potential was set to 30000 kj/(mol*nm2). As CV was chosen the distance 

between the backbone of A50 and the center of mass of uracil. The width of the Gaussian 

functions was calculated at 0.01 nm, the height was arranged at 2 kj/mol with a rescaling factor 

of the Gaussian function at 20 and the deposition stride was set to 500 simulation steps.  

 

Metadynamics Simulations with Path Collective Variable (PCV):  

 

a) OO-to-Occ path: In this case we used the Cα atoms of the residues belonging to FurE helices 

involved in hash and bundle motif. This choice was found to be appropriate because the 

calculated FESs were well reproducible. The initial path was obtained through a carefully 

chosen set of frames with equally distant RMSDs, derived from a steered MD simulation where 

the OO FurE was biased to Occ conformation using a stable force on Ca atoms of helices. 6 

frames were used to construct the path in total, while the average distance between adjacent 

frames was 0.13 nm. The RMSD matrix was constructed and plotted, confirming that the 

frames where appropriate for the calculation. The λ value calculated for s was equal to 200 

nm2. The width of the Gaussian functions for hills deposition was 0.035 nm2 based on the 
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structure fluctuation in unbiased MD, the height was arranged at 0.5 kj/mol and the deposition 

stride at 500 simulation steps. An upper wall of 500000 kj/(mol*nm2) was set to constrain the 

distance from the path at a value lower than 0.06, based in unbiased MD simulations of more 

than 200 ns where the cv’s fluctuation did not reach values higher than 0.03. If uracil is part of 

the system, it is constrained in the previously calculated position in the binding site with a 

distance restraint of 20000 kj/(mol*nm2) at 0.7 nm between the center of mass of the substrate 

and Cd atom of Q134. The same constraint was applied on the distance of H3O+ cation from 

Cd atom of E51 at 0.45 nm. 

b) The same rationale and method were used in the Occ-to-IO case. Here, the λ value for s was 

equal to 110 nm-2, the width of the Gaussian functions for hills deposition was 0.037 nm2, the 

upper wall of 500000 kj/(mol*nm2) was set to constrain the z at a value lower than 0.1. 

 

2.2 XanQ and SmLL9 homolgy models’ construction 

 

Homology model building was performed using Prime 2018-4 (Schrödinger, LLC, New 

York, NY, 2018)151,152. The alignments were done using HHpred as presented in Figure 

3.2.1.1. 

 

2.2.1 Protein preparation  

 

The protein was prepared for the IFD calculations using the Protein Preparation 

Protocol (Schrödinger Suite 2018, Protein Preparation Wizard) implemented in Schödinger 

suite and accessible within the Maestro program (Maestro, version 2018-4, Schrödinger, LLC, 

New York, NY, 2018). Specifically, the hydrogen atoms were added. The orientation of 

hydroxyl groups of Asn, Gln, and the protonation state of His were optimized to maximize 

hydrogen bonding. Finally, the ligand − protein complex was refined with a restrained 

minimization performed by Impref utility, which is based on the Impact molecular mechanics 

engine (Impact, Schrödinger, LLC, New York, NY, 2016) and the OPLS2005 force field, 

setting a max rmsd of 0.30. Ligand preparation for docking was performed with LigPrep 

(LigPrep, version 2018-4, Schrödinger, LLC, New York, NY, 2018) application which consists 

of a series of steps that perform conversions, apply corrections to the structure, generate 

ionization states and tautomers, and optimize the geometries. 
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2.2.2 Induced-fit docking 

 

The IFD protocol (Schrödinger Suite 2018-4 IFD protocol; Glide, Schrödinger, LLC, 

New York, NY, 2016; Prime, Schrödinger, LLC, New York, NY, 2018), is intended to 

circumvent the inflexible binding site and accounts for the side chain or backbone movements, 

or both, upon ligand binding. In the first stage of the IFD protocol, softened-potential docking 

step, 20 poses per ligand were retained. In the second step, for each docking pose, a full cycle 

of protein refinement was performed, with Prime 2018-4 (Prime, version 3.0, Schrödinger, 

LLC, New York, NY, 2018) on all residues having at least one atom within 8 Å of an atom in 

any of the 20 ligand poses. The Prime refinement starts with a conformational search and 

minimization of the side chains of the selected residues and after convergence to a low-energy 

solution, an additional minimization of all selected residues (side chain and backbone) is 

performed with the truncated-Newton algorithm using the OPLS parameter set and a surface 

Generalized Born implicit solvent model. The obtained complexes are ranked according to 

Prime calculated energy (molecular mechanics and solvation), and those within 50 kcal/mol of 

the minimum energy structure are used in the last step of the process, redocking with Glide 

(Schrödinger, LLC, New York, NY, 2016) using standard precision, and scoring. In the final 

round, the ligands used in the first docking step are redocked into each of the receptor structures 

retained from the refinement step. The final ranking of the complexes is done by a composite 

score which accounts for the receptor − ligand interaction energy (GlideScore) and receptor 

strain and solvation energies (Prime energy). 

 

2.2.3 Molecular Dynamics simulations 

 

The XanQ and SmLL9 models were minimized and equilibrated further to obtain the 

stable structures. Each model was inserted into a heterogeneous fully hydrated bilayer 

120 Å × 120 Å × 120 Å, consisting of DPPC lipids using CHARMM-GUI and 

CHARMM36m135 force fields for lipids as well as protein. The protein orientation into the 

membrane was calculated using the PPM server136. The structures were then solvated with 

TIP3P water molecules, neutralizing with counter ions, and adding 150 mM Na+ and Cl−. The 

assembled simulation system consisted of ~119,000 atoms. The biomolecular systems were 

simulated using GROMACS134 software. Minimization was carried out for 2,000 steps with a 

step size of 0.001 kJ/mol applying a steepest descent and then, a conjugate gradient algorithm, 

and system was equilibrated for 15 ns while gradually heating and releasing the restraints to 
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expedite stabilization. Finally, the system was further simulated free of restraints at a constant 

temperature of 300K for 40 ns using Nose-Hoover thermostat137 and Parrinello-Rahman138 

semi-isotropic pressure coupling and compressibility at 4.5e-5 bar-1. The van der Waals 

interactions were smoothly switched off at 1.2 nm by switching function as electrostatics, while 

long-range electrostatic interactions were calculated using particle mesh Ewald method. 

 

2.3 AncXanQ 

 

2.3.1 Protein model construction 

 

A homology model of XanQ has already been constructed in an inward-open 

conformation based on the UapA structure 5I6C (see paragraph 2.2.1 of Materials and 

Methods). The XanQ model was used as a template to generate AncXanQ model by Homology 

Modeling using Prime 2018–4 (Schrödinger, LLC, New York, NY, 2018) on Maestro platform 

(Maestro, version 2018–4, Schrödinger, LLC, New York, NY, 2018). The two transporters, 

AncXanQ and XanQ, share 76% sequence identity and their alignment is depicted in Figure 

3.2.2.1 as derived from HHpred. 

 

2.3.2 Protein preparation 

 

The modeled transporter was prepared using the Protein Preparation Protocol 

implemented in Schödinger suite (Schrödinger Suite 2018, Protein Preparation Wizard) which 

is accessible within the Maestro suite (Maestro, version 2018–4, Schrödinger, LLC, New York, 

NY, 2018). The preparation procedure starts by adding hydrogen atoms. Then, follows the 

optimization of the orientation of hydroxyl groups of Gln and Asn and of the protonation state 

of His guided by the maximization of hydrogen bonding. The final step was energy 

minimization of the transporter, using the OPLS3 force field. 

 

2.3.3 Ligand preparation 

 

Ligand preparation was performed with LigPrep application (LigPrep, version 2018–4, 

Schrödinger, LLC, New York, NY, 2018), which consists of a series of steps that perform 

conversions, apply corrections to the structure, generate ionization states and tautomers, and 

optimize the geometries. The force field used was OPLS3153. 
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2.3.4 Induced-fit docking 

 

For Induced-Fit-Docking (IFD), Schrödinger Suite protocol was used (Schrödinger 

Suite 2018–4 Induced Fit Docking protocol; Glide, Schrödinger, LLC, New York, NY, 2016; 

Prime, Schrödinger, LLC, New York, NY, 2018), taking into account both the side chain or 

backbone movements, upon ligand binding. In the first softened-potential docking step of the 

protocol, 20 poses per ligand were retained. In the second step, for each docking pose, a full 

cycle of protein refinement was performed, with Prime 2018–4 (Prime, version 3.0, 

Schrödinger, LLC, New York, NY, 2018) on all residues within 5 Å of any out of the 20 ligand 

poses. The Prime refinement starts by performing conformational search and by minimizing 

the side chains of the selected residues. After convergence to a low-energy result, an additional 

minimization of all selected residues (side chain and backbone) is performed with the 

Truncated-Newton algorithm using the OPLS3 parameter set153 and a surface Generalized Born 

implicit solvent model. The ranking of the obtained complexes is implemented according to 

Prime calculated energy (molecular mechanics and solvation), and the complexes within 30 

kcal/mol of the minimum energy structure are used in the last step of the process, redocking 

with Glide (Schrödinger, LLC, New York, NY, 2016) using standard precision, and scoring. 

Finally, the ligands used in the first docking step are redocked into each of the receptor 

structures retained from the Prime refinement step. The final ranking of the complexes is 

performed by a composite score which takes into account the receptor − ligand interaction 

energy (GlideScore) and receptor strain and solvation energies (Prime energy). 

 

2.3.5 Molecular dynamics (MD) 

 

In order to construct the protein–ligand complex we used the CHARMM‐GUI platform. 

Each model was inserted into a heterogeneous fully hydrated bilayer 120 Å × 120 Å × 120 Å, 

consisting of DPPC lipids. The membrane embedded system was solvated with TIP3P water 

molecules, neutralizing with counter ions, and adding 150 mM Na+ and Cl−. CHARMM36m 

force field was used for protein and lipids, while the ligand was prepared using Antechamber 

and the general Amber force field132. The protein orientation in the membrane was calculated 

using the PPM server136. The assembled simulation system consisted of ∼130,000 atoms. The 

systems were simulated using GROMACS software134. The models were energy-minimized 

and equilibrated to obtain stable structures. Minimization was carried out for 2000 steps with 
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a step size of 0.001 kJ/mol applying a steepest descent followed by a conjugate gradient 

algorithm, and the system was equilibrated for 20 ns by gradually heating and releasing the 

restraints to expedite stabilization. Finally, the system was further simulated free of restraints 

at a constant temperature of 300 K for 100 ns, using Nose‐Hoover thermostat137 and Parrinello‐

Rahman semi‐isotropic pressure coupling138 and compressibility at 4.5e‐5 bar-1. The van der 

Waals and electrostatic interactions were smoothly switched off at 1.2 nm by switching 

function, while long‐range electrostatic interactions were calculated using the particle mesh 

Ewald method154. The calculations performed were of 500 ns in time length. Each calculation 

was produced three times using different seed numbers. 

 

 

2.4 UapA transporter and mutants (SYSE, TFAE, SYSQ) 

 

2.4.1 UapA-TFAE, UapA-SYSE and UapA-SYSQ Models Construction.  

 

Models of UapA-TFAE, UapA-SYSE and UapA-SYSQ were generated by mutating 

the specific residues on Maestro platform (Maestro, version 2018-4, Schrödinger, LLC, New 

York, NY, 2018), on the basis of the structure of UapA crystallized in the inward-open 

conformation (PDB ID: 5i6c). In order to construct the model of UapA outward conformation 

Band3 transporter (4yzf) was used as template. Band3 is an anion exchanger of transmembrane 

helices, crystallized in the outward conformation. The model was constructed using Prime 

Homology in Prime 2018-4 (Schrödinger, LLC, New York, NY, 2018), by superimposing 

helices one by one and aligning all the important residues. 

 

2.4.2 Protein Preparation 

 

The protein was prepared using the Protein Preparation Protocol implemented in 

Schrödinger suite (Schrödinger Suite 2018, Protein Preparation Wizard) and accessible within 

the Maestro program (Maestro, version 2018-4, Schrödinger, LLC, New York, NY, 2018). 

Specifically, at first hydrogen atoms were added followed by an optimization of the orientation 

of hydroxyl groups of Asn, Gln, and of the protonation state of His to maximize hydrogen 

bonding. The final step was that of minimization of the protein, using the OLS3 force field153. 
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2.4.3 Ligand preparation 

 

Ligand preparation for docking was performed with LigPrep application (LigPrep, 

version 2018-4, Schrödinger, LLC, New York, NY, 2018), which consists of a series of steps 

that perform conversions, apply corrections to the structure, generate ionization states and 

tautomers, and optimize the geometries. The force field chosen was OPLS3. 

 

2.4.4 Induced Fit Docking 

 

Induced Fit Docking Schrödinger Suite protocol was used (Schrödinger r Suite 2018-4 

Induced Fit Docking protocol; Glide, Schro¨dinger, LLC, New York, NY, 2016; Prime, 

Schro¨dinger, LLC, New York, NY, 2018), taking into account the side chain or backbone 

movements, or both, upon ligand binding, thus circumventing an inflexible binding site. In the 

first softened-potential docking step, of the protocol, 20 poses per ligand were retained. In the 

second step, for each docking pose, a full cycle of protein refinement was performed, with 

Prime 2018-4 (Prime, version 3.0, Schrödinger, LLC, New York, NY, 2018) on all residues 

within 5 Angstrom of any out of the 20 ligand poses. The Prime refinement starts by performing 

conformational search and by minimizing the side chains of the selected residues. After 

convergence to a low-energy result, an additional minimization of all selected residues (side 

chain and backbone) is performed with the TruncatedNewton algorithm using the OPLS3 

parameter set and a surface Generalized Born implicit solvent model. The ranking of the 

obtained complexes is implemented according to Prime calculated energy (molecular 

mechanics and solvation), and the complexes within 30 kcal/mol of the minimum energy 

structure are used in the last step of the process, redocking with Glide (Schrödinger, LLC, New 

York, NY, 2016) using standard precision, and scoring. Finally, the ligands used in the first 

docking step are re-docked into each of the receptor structures retained from the Prime 

refinement step. The final ranking of the complexes is performed by a com posite score which 

takes into account the receptor–ligand interaction energy (GlideScore) and receptor strain and 

solvation energies (Prime energy). 

 

2.4.5 Molecular Dynamics Simulations 

 

For the construction of the protein–ligand complex CHARMM-GUI platform was used. 

Each model was inserted into a heterogeneous fully hydrated bilayer 120 Å 120 Å 120 Å, 
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consisting of DPPC lipids and ergosterol. The membrane embedded system was solvated with 

TIP3P water molecules, neutralizing with counter ions, and adding 150 mM Na+ and Cl-. 

CHARMM36m force field was used for protein and lipids, while the ligand was prepared using 

Antechamber and the general Amber force field. The protein orientation into the membrane 

was calculated using the PPM server136. The assembled simulation system consisted of 

~130,000 atoms. The systems were simulated using GROMACS software. The models were 

minimized and equilibrated to obtain stable structures. Minimization was carried out for 2,000 

steps with a step size of 0.001 kJ/mol applying a steepest descent followed by a conjugate 

gradient algorithm, and the system was equilibrated for 20 ns by gradually heating and 

releasing the restraints to expedite stabilization. Finally, the system was further simulated free 

of restraints at a constant temperature of 300 K for 100 ns, using Nose-Hoover thermostat58 

and Parrinello-Rahman semi-isotropic pressure coupling and compressibility at 4.5e-5 bar-1. 

The van der Waals and electrostatic interactions were smoothly switched off at 1.2 nm by 

switching function, while long-range electrostatic interactions were calculated using the 

particle mesh Ewald method. 

 

2.4.6 Metadynamics Simulations 

 

The Cα atoms of the residues belonging to UapA helices of both protomers was used 

to apply the bias potential, as the calculated FESs were well reproducible. The initial path was 

obtained through a carefully chosen group of frames with equally distant RMSDs, derived from 

a steered MD simulation where the IO UapA was biased to Occ conformation using a stable 

force on Ca atoms of helices and then to OO conformation.  The average distance between the 

5 adjacent frames chosen for the path was 0.1 nm. The RMSD matrix was constructed and 

plotted, confirming that the frames where appropriate for the calculation. The λ values 

calculated for each protomer were equal to 135, 136 nm2, respectively. The width of the 

Gaussian functions for hills deposition was 0.019 and 0.024 nm2, the height was arranged at 

0.5 kj/mol and the deposition stride at 1000 simulation steps. An upper wall of 500000 

kj/(mol*nm2) was set to constrain the distance from the path at a value lower than 0.2, based 

on unbiased MD simulations of more than 200 ns where the cv’s fluctuation did not reach 

values higher than this. Xanthine is constrained in the binding site with a distance restraint of 

50000 kj/(mol*nm2) at 0.35 nm. 
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3 Results 
3.1 Uracil/H+ symport by the FurE transporter challenges the rocking-bundle 

mechanism of transport in APC transporters155 

 

3.1.1 Foundation of the study 

Secondary active transporters are transmembrane proteins, fundamental for the 

transport of nutrients inside the cells. They recognize and translocate their substrates using the 

energy provided by the electrochemical gradient of the membrane. The transport also involves 

the symport or antiport of Na+/H+ cations with other solutes. Though secondary active 

transporters could be functionally, structurally, or evolutionary distinct, they share common 

folds, associated to specific protein conformational changes linked with the transport cycle, 

according to structural studies. The typical model for the transport mechanism is identified as 

the “alternating-access model”. In detail, the transporter receives or releases the substrate by 

changing conformations from an outward-open (OO) state facing the extracellular environment 

to an inward-open (IO) state facing the cytoplasm.61,62,156–158 Depending on the folding and 

specific conformational rearrangements of the transporter, three major mechanisms have been 

proposed, namely the rocker-switch, the rocking-bundle and the sliding-elevator.11,75,86,158,159 

Important structural and functional information about the rocking-bundle mechanism, which 

characterizes one of the largest transporter families, the so-called Amino Acid-Polyamine-

Organocation (APC) Family (TC# 2.A.3), emerge from seminal studies on the bacterial leucine 

and alanine specific transporter LeuT.28,156,158 LeuT adopts the 5+5 helical inverted repeat 

(5HIRT), shaped by transmembrane helices 1-10, whose structural elements and 

conformational changes determine substrate identification and transport. In total, LeuT and 

similar transporters acquire twelve α-helical transmembrane segments (TMSs). Nonetheless, 

the role of TMS11 and TMS12 is not clarified yet. The rocking-bundle model assumes that 

substrate translocation follows the OO-to-IO conformational change and is facilitated by the 

relative movement between two motifs, the so-called hash/scaffold domain (TMS3, TMS4, 

TMS8, TMS9) and the bundle/core domain (TMS1, TMS2, TMS6, TMS7). TMS5 and TMS10 

function as gates. It has been proposed that binding of the substrate in the OO conformation 

requires the simultaneous binding of a positive charge (Na+ or H+) and induces the 

conformational change of the protein towards the IO conformation. This example of substrate 

translocation mechanism has been supported by studies on the eukaryotic dopamine (DAT)123 

and serotonin (SERT)160 transporters (neurotransmitter/sodium symporter family-NSS), and a 
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number of prokaryotic transporters, including the MhsT transporter specific for hydrophobic 

L-amino acids (NSS family),161 the sodium-galactose symporter vSGLT (sodium-solute 

symporter-SSS family),89 the sodium-betaine symporter BetP88 and CaiT162 

(betaine/choline/carnitine transporter-BCCT family), the AdiC163 and ApcT90 (amino 

acid/polyamine/organocation-APC family) and, finally, the bacterial benzyl-hydantoin/Na+ 

symporter Mhp187,120,164,165 (nucleobase cation symporter 1 or NCS1 family). Topological 

variations have been found during the transition from the OO to the IO state, although all these 

proteins fold in the same way. Crystal structures of LeuT and MhsT, indicate that the 

bundle/core domain (TMS1, TMS2, TMS6, TMS7), undergoes substantial conformational 

changes during the OO/IO transition pivoting around the hash/scaffold motif. Moreover, there 

are two further rearrangements operating as opening/closing gates. Explicitly, in LeuT the 

TMS1b, TMS6a displacement, acts as an extracellular gate. Alongside, a kink of 45o of TMS1a 

followed by a limited unwinding of TMS5, serves as the intracellular gate. Contrastingly, the 

Mhp1 transporter transits from the OO to the IO state by pivoting the hash motif around the 

bundle domain. This also stimulates TMS10 to move towards TMS1b and TMS6a to enclose 

the substrate in the occluded conformation. Besides, TMS5 bending opens the inward facing 

cavity, differentiating from the TMS1a of LeuT. 

Various fungal members of the NCS1 transporter family, related to the APC 

superfamily, have been extensively studied by Diallinas’ group, revealing crucial information 

about substrate specificity, regulation of expression, subcellular trafficking and turnover, and 

transport kinetics.94–96,166–169 Transporters of this family are H+ symporters of high or low 

affinity selective for uracil, allantoin, cytosine, thiamine, uridine, or nicotinamide riboside and 

secondarily for xanthine and uric acid.166,167,170 NCS1 transporters are present mostly in fungi 

and bacteria, hence illustrating the relative transport mechanism in atomic detail will set light 

on the complex mechanism of LeuT-type transporters, and may also provide valuable insight 

into discovering new antifungal or antibacterial drugs. In previous work, we used as a structural 

template the Mhp1 transporter, in order to construct the models of specific members of the 

NCS1 family. The results were assessed using functional data acquired by extensive mutational 

analyses. In these studies, we described the putative substrate binding sites in several NCS1 

members of the fungus Aspergillus, namely the FcyB purine-cytosine transporter,168 the FurA 

allantoin transporter,95 the FurD uracil transporter,95 and the FurE uracil-allantoin-uric acid 

transporter.95,96 Recently, focusing on the role of the cytosolic N-and C-terminal segments of 

FurE, we showed the crucial role they play in regulating endocytic turnover, transport kinetics, 

and surprisingly in affecting substrate specificity.94,96  Related to the specificity, using a 
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homology model we found that the N-terminus of FurE can control substrate specificity by 

interacting dynamically and in a pH-dependent manner with specific intracellular loops.94,96 

Remarkably, the N-terminal region appears to have the same role in the Drosophila 

melanogaster DAT (dDAT) and human SERT (hSERT), which are eukaryotic LeuT-type 

transporters.171 

In this study, we aim to describe the functional conformational changes operated by 

FurE from the OO to the IO state at atomistic resolution. We explored the translocation pathway 

from the OO to the IO state through the occluded state (Occ) and illuminated the role and the 

order of the internalization of both uracil as substrate and H+ cation which is considered in the 

form of hydronium H3O+. For that, we used innovative computational methods and additional 

mutational analyses, wisely designed to assess the in silico results. At first, we constructed the 

FurE homology models of the three conformational states based on the crystal structures of 

Mhp1, and performed metadynamics calculations,142 a powerful enhanced-sampling technique 

able to reproduce slow-rate biological procedures at an reasonable computational expense. In 

particular, we implemented funnel-metadynamics (FM)143 to determine the binding sites and 

translocation pathways of both H3O+ and uracil substrate. FM is a variant of metadynamics 

deliberately developed to study ligand binding. Overall, we managed to characterize the large-

scale conformational changes of the transporter from the OO to the IO state, including the 

transport of both the substrate and H3O+, thus providing an inclusive new portrait of the 

functional mechanism of FurE and in general, of NCS1 transporters. 

 

3.1.2 The FurE 3D structure 

 

Using homology modeling and Targeted Molecular Dynamics calculations, we 

constructed the FurE structure the three main conformational states, Outward Open (OO), 

Occluded (Occ) and Inward Open (IO), using as template the Mhp1 crystal structures with PDB 

IDs 2JLN, 4D1B, and 2X79, respectively.87,120,165 The sequence identity of FurE and Mhp1 is 

23.9%, excluding the highly variable cytosolic terminal regions. No major difference is 

observed in the length of ΤΜS helices and loops of FurE, compared to Mhp1. All structures 

were subjected to 50 ns of MD simulations leading to structure relaxation and equilibration. 

The three FurE structures obtained are depicted in Figure 3.1.1. 
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Figure 3.3.1: The three homology model structures of FurE (Outward Open, Occluded, Inward Open) based on 
corresponding Mhp1 template crystal structures shown in a side view (orientation parallel to the membrane lipids). 
The “bundle” helices are colored blue, the “hash” helices are colored cyan, the outer and inner gates are colored 
red and the TMS11, and TMS12 are grey. The yellow dashed lines represent the membrane plane. 
 

Important conserved residues in the family are revealed by the sequence alignment of 

selected and with varying specificity NCS1 transporters, namely Mhp1 (D6R8X8; 

M. liquefaciens), FurA (Q5BFM0; A. nidulans), FurD (A6N844; A. nidulans), FurE (Q5ATG4; 

A. nidulans), Fur4 (P05316; S. cerevisiae), Dal4 (Q04895; S. cerevisiae), Fui1 (Q04895; 

S. cerevisiae), PLUTO (Q9LZD0; A. thaliana), CrNCS1 (A8J166; Chlamydomonas 

reinhardtii), FcyB (C8V329; A. nidulans), Fcy2 (P17064; S. cerevisiae), Thi7 (Q05998; 

S. cerevisiae), Tpn1 (P53099; S. cerevisiae) and Nrt1 (Q08485; S. cerevisiae) (Figure 3.1.2). 
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Figure 3.1.2: The sequence alignment of selected and with diverse specificity NCS1 transporters, namely Mhp1 
(D6R8X8; M. liquefaciens), FurA (Q5BFM0; A. nidulans), FurD (A6N844; A. nidulans), FurE (Q5ATG4; 
A. nidulans), Fur4 (P05316; S. cerevisiae), Dal4 (Q04895; S. cerevisiae), Fui1 (Q04895; S. cerevisiae), PLUTO 
(Q9LZD0; A. thaliana), CrNCS1 (A8J166; Chlamydomonas reinhardtii), FcyB (C8V329; A. nidulans), Fcy2 
(P17064; S. cerevisiae), Thi7 (Q05998; S. cerevisiae), Tpn1 (P53099; S. cerevisiae) and Nrt1 (Q08485; 
S. cerevisiae), reveals important conserved residues in the family. 
 

A tryptophan, semi conserved among NCS1 family members, but fully conserved in 

the Furs (W39 in FurE) is in TMS1, very close to the so-called inner gate TMS5. This 

tryptophan appears to be able to play the role of the gatekeeper for the exiting of the substrate 

from the transporter. In FurE position 48, a fully conserved tryptophan is also located in TMS1 

but is rather buried in the protein cavity, rather lower from the presumed binding pocket. The 
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presence of an acidic residue in all Furs is quite characteristic and is absent in other NCS1 

family members. In all the Furs, in position 54 and 56 (TMS1) there is an amino acid with an 

amide side chain, while FurE has a serine, being the only exception. The role of TMS1 is 

important as resides in the vicinity of the ion binding site, as seen in the Mhp1 crystal structure. 

A fully conserved arginine and glycine, respectively, exist in the loop between TMS2 and 

TMS3 and in residue positions 107 and 111 of FurE, far from the binding cavity and inside the 

intracellular environment. TMS3 in Mhp1 crystal structure, contains important substrate 

binding site residues, namely W117, Q121, corresponding to W130, Q134 respectively, in 

FurE. These are widely conserved in the family, signifying the preservation of the binding site. 

In TMS5, there are well conserved residues, like R193, L195, L202 (FurE numbering). K199 

of TMS5 is conserved only in the Furs however, seems strategically located in a position that 

consists a bridge between the intracellular environment and the ion and substrate binding sites. 

TMS6 contains W220, important for substrate binding in Mhp1 and highly conserved in the 

family. Aromatic residues are in this position in the other transporters. However, in FurE, the 

corresponding residue is K252. K252, points towards the binding site and is important for FurE 

specificity, regulating the binding of at least one of the three FurE substrates. N318 in TMS8,  

is highly conserved in the family and is one of the main binding site residues of Mhp1. In FurE 

this is also an asparagine. In position 313 of Mhp1, all Furs except FurD including 

Mhp1possess a threonine. In Mhp1-position 314 there is a conserved asparagine within the 

family. In the beginning of TMS10, there is a highly conserved phenylalanine, located in the 

upper part of the transporter which seems to regulate the outer gate of the transporter by 

interacting with the also aromatic substrates. 

Inspecting the structures closely, it seems that the majority of charged residues are 

arginines and lysines located at the outer surface of FurE and facing the cytoplasm. Few 

exceptions are essential for the structure and function of the transporter. For example, R123 

(TMS3) and D261 (TMS6) can form a salt bridge, mimicking the interaction observed in Mhp1 

between K110 (TMS3) and D229 (TMS6). In Mhp1, the two residues interact at 3.87 Å in the 

IO conformer, whereas in the Occ and OO conformers they are at more than 5 Å. At variance 

with Mhp1, in FurE due to the bigger size of arginine compared to lysine this interaction is 

formed in all three conformers. The distance between the carboxylate of D261 and R123 

guanidinium is 3.0 Å in OO, 2.85 Å in Occ, and 3.5 Å in IO (Figure 3.1.3A). In very close 

proximity, the D348 (TMS9) carboxylate, which  was considered as neutral since it had a pKa 

equal to 8, points towards the D261-R123 interaction and thus does not seem to participate in 

the D261-R123 charge neutralization. 
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Figure 3.1.3: Details of interactions between residues in FurE models. (A) Interactions between D261-R123 (and 
vicinity with D348), R264-D28 and D28-K188 shown with black dashed lines and compared in the three FurE 
conformers (color code: OO in chaki, Occ in cyan, IO in pink). (B) Interaction between K199 and E51 in the 
different FurE conformers are shown in black dashed lines along with distances in Å (color code as in A). (C) In 
Outward Open (OO) conformation the interaction between K199-E51-T336 in FurE model (in chaki) is shown 
with black dashed lines. When compared with the corresponding cavity of Mhp1 (superimposed in orange), the 
FurE K199 amino group is located in the same position as the co-crystalized sodium (in magenta) in Mhp1 
structure. Mhp1 sodium is coordinated by the S312 and T311 side chains along with A38, I41 and A309 backbone 
oxygens (magenta dashed lines). (D) Interaction between Q59 and S386 through a water molecule in FurE model 
MD simulation. 
 

Another important interaction is the one formed between E51 at the edge of TMS1a 

and K199 positioned in the middle of TMS5. The side chains of both residues are quite flexible, 

and their interaction seems not stable, with a distance ranging between 2.7 Å in Occ and 3.9 Å 

in OO (Figure 3.1.3B). In IO, K199 side chain has been completely reoriented pointing to the 

lipid interface of the protein (Figure 3.1.3B). Intriguingly, in both OO and Occ states, the K199 

side chain amino group is positioned in the position of the co-crystallized Na+ cation in the Occ 
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conformation of Mhp1 and very close to that of the second Na+ (Na2) existing in the 

corresponding structure of LeuT (Figure 3.1.3C). It is worth noting that an additional K252 

(TMS6), which has been shown to affect substrate specificity,96 might also form a second salt 

bridge with E51 in the OO conformation (Figure 3.1.3B). This residue corresponds to W220 

in Mhp1, which is considered one of the principal residues participating in substrate recognition 

and translocation. In the other two conformers, no interaction between K252 and E51 is 

observed. Finally, the interaction between the D28 N-terminal and K188 (TMS5), reported by 

Papadaki et al., exists only in the OO structure.94 In Occ, D28 forms a stable salt bridge with 

R264. In IO the distance between the oxygens of D28 carboxylate and nitrogen of R264 

guanidinium atoms is approximately 5 Å (Figure 3.1.3A). 

In addition to the above-mentioned, “static” salt bridges, other interactions possibly 

involved in the function of the outer gate can be related to the OO-to-Occ conformational 

change. For instance, the Q59 side chain (TMS1b) could approach that of S386 (TMS10) 

(Figure 3.1.3D), as well as S43 (TMS1) and R193 (TMS5), at least in the OO structure, while 

in the other conformers R193 is oriented towards the surrounding lipids. A similar gating 

network involving TMS1, TMS5 or TMS10 have also been suggested in LeuT and Mph1. 

Overall, in the structures of FurE generated, the relative orientation of the TMSs in OO, 

Occ and IO conformations is in accordance with that of the Mhp1 structures, however small 

discrepancies occur. Aligning the structures on the Cα atoms of the “bundle” motif, we observe 

that FurE OO and Occ conformations are in quite good agreement with the Mhp1 templates, 

whereas in the IO conformer TMS4 and TMS9 are not optimally aligned with the 

corresponding template helices (Figure 3.1.4). Considering that the detected TMS shift is 

observed after only 50 ns of MD simulation relaxation, it implies a relative flexibility of TMS4 

and TMS9. 
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Figure 3.1.4. Relative orientation of transmembrane helices of the “hash motif” (TMS3, 4, 8, 9) compared to the 
“bundle” (TMS1, 2, 6, 7) in both Mhp1 template crystal structures and the homology models of FurE as resulted 
after a 50 ns MD relaxation. All structures are aligned on the “bundle motif” and are shown as cylinders for better 
resolution. (A) Comparison between OO structures of Mhp1 (gold) and FurE (yellow). No major differences are 
observed. (B) Comparison between Occ structures of Mhp1 (blue) and FurE (cyan). Small difference in TMS3 is 
observed.  (C) Comparison between IO structures of Mhp1 (magenta) and FurE (pink). Differences in the 
orientation of TMS4 and TMS9 are observed. (D) Superimposition of the three structures of Mhp1 OO (gold), 
Occ (blue), IO (magenta). (E) Superimposition of the three structures of FurE OO (khaki), Occ (cyan), IO (pink). 
c 

3.1.3 Mutational analysis confirms the crucial role of specific residues in FurE transport 

function 

 

The FurE structural models highlight two salt bridges, namely E51-K199 and R123-

D261, and a polar interaction between S384 or S386 and Q59 as significant in stabilizing the 

different states and are considered vital in the conformational transition. Some other residues 

associated with transient interactions related with the FurE assumed gate conformational 

changes and the putative substrate pathway are W39, T63, S64, R193, F196, R264, N347 and 

F385. In order to support the previously suggested substrate interactions during the 

translocation pathway as hypothesized from the described models defined by MDs, prof. 

Diallinas’ lab performed a rational mutational analysis of the aforementioned residues in FurE, 
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using a standard directed mutagenesis protocol. The following Ala substitutions mutations 

were constructed: W39A, E51A, Q59A, T63A, S64A, R123A, R193A, F196A, K199A, 

D261A, R264A, N347A, S384A, F385A and S386A. Other residues predicted from the FurE 

structure as important for transport activity, such as the interaction of D28 with K188, and the 

critical role of K252 in substrate binding and specificity, have been previously supported by 

analogous Ala substitutions.94 Genetic transformation in the A. nidulans Δ7 strain, genetically 

lacking all major nucleobase-related transporters was used to introduce all the mutated versions 

of FurE, The mutant versions of FurE, among a wild-type FurE control, were expressed via the 

strong gpdA promoter, fused at their C-terminus in frame with the gfp gene, as previously  

described.94,96 Several selected transformants for each mutation were purified and tested for 

growth in media containing purines as nitrogen sources or 5-fluorouracil (5-FU, a uracil toxic 

analogue). As expected, transformants expressing a specific mutation exhibited similar growth 

phenotypes. 

The upper left panel (Figure 3.1.5) summarizes the growth phenotypes tested for all 

engineered mutants and control strains. As expected, the positive control strain expressing 

wild-type FurE grows on allantoin and uric acid and is sensitive to 5-FU, while the negative 

control strain not expressing FurE is resistant to 5-FU and displays a N starvation growth 

phenotype. The residues predicted to form the two major salt bridges (R123-D261 and E51-

K199) were subjected to Ala substitutions and scored as loss-of-function mutations as shown 

by abolishment or dramatic reduction of growth on allantoin or uric acid. They relatively 

increased resistance to 5-FU, mostly in the case of R123A and D261A. Similar great loss of 

FurE transport activity was obtained in R264A and F385A mutants, while Q59A and S386A 

FurE versions seemed to have lost their transport activity for uric acid or 5-FU, but conserved 

some capacity for allantoin transport. Hence, the important functional role of the interactions 

between E51-K199, R123-D261 and Q59-S385-S386 was confirmed by mutational analyses, 

as was also the importance of R264 as it interacts with N-terminal D28, according to the 

predictions, as proved by D28 mutation.94 This analysis also showed the importance of W39, 

as its substitution led to loss transport of for uric acid and allantoin in FurE, although since 

sensitivity to 5-FU is retained, transport seemed to be conserved. These results further revealed 

that substitution of T63, S64, R193 or F196 with Ala has sensible negative effects on FurE 

apparent activity, as shown by the reduction of growth on uric acid and certain increase in 5-

FU resistance (e.g. F196A). Finally, residues N347 and S384 were found non-important for 

FurE activity. 
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Epifluorescence microscopic analysis, performed by prof. Diallinas’ team, shown in the 

right panel of Figure 3.1.5A confirmed that mutational disruption of the major interactions 

tested, like R123-D261, E51-K199 and Q59-F385-S386, did not affect the normal PM 

localization and stability of FurE. This fact further confirms that the related growth defects in 

specific mutants reflect defects in FurE transport activity per se, and do not affect protein 

folding or subcellular trafficking. This conclusion was further strengthened by direct transport 

assays performed by prof. Diallinas’ team, which showed that FurE-mediated radiolabeled 

uracil transport was practically abolished in the respective mutants (Figure 3.1.5B). The 

R264A mutation was the only case that apparent loss-of-function proved emerge because of 

the abolishment of translocation to the PM, because of misfolding and ER-retention of this 

mutant form of FurE. This suggests that R264 participates in interactions that stabilize the 

expression level of FurE, in addition to its functional interaction with D28. Notice, however, 

that D28A substitution does not lead to FurE misfolding.94 

In conclusion, FurE transport function was found to be affected by mutations of 

residues proposed by the homology models and MDs, to participate in specific dynamic 

interactions along the substrate pathway. In particular, all residues proposed to be involved in 

salt bridges associated with uracil/H+ binding and symport, namely E51-K199 and R123-D261, 

all led to dramatic reduction of FurE transport activity. Mutations in residues like Q59A-F385-

S386A which were suggested to be involved in polar interactions in the outer gate, resulted in 

reduction in transport capacity, but also in modifications in substrate specificity. Q59A and 

S386A mutants significantly lost uric acid, uracil and 5-FU transport, but retained apparent 

transport activity for allantoin, as confirmed by growth tests. Notably, the F385A mutation 

recorded for all substrates as a loss-of-function mutation, which could be due to its proximity 

to W130, also important in substrate specificity. Remarkably, mutations T63A and S64A, on 

residues that could possibly interact with S386 of the outer gate, also showed specific reduction 
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of uric acid transport, but retained a substantial capacity for allantoin or 5-FU accumulation, 

whereas mutations R193A and F196A led to reduction in uric acid transport.  

Figure 3.1.5: Functional analysis of FurE mutants. (A) Growth tests of isogenic strains expressing distinct FurE mutant 
versions in a Δ7 genetic background (i.e. genetically lacking other nucleobase-related transporters), compared to a positive 
(FurE) and a negative (Δ7) control strain (for strain details see materials and methods). NO3, UA, ALL, Xan denote MM 
supplemented with nitrate, uric acid, allantoin or xanthine as sole N source. 5FU is MM+NO3 supplemented with 5-FU. WT 
denotes a standard A. nidulans wild-type strain expressing all major nucleobase transporters. In vivo epifluorescence 
microscopy of the same strains is shown in the right panel.  All FurE mutants are functionally tagged with GFP. Notice that 
all FurE mutant versions, except R264A, exhibit normal (i.e. wt FurE-like) plasma membrane localization and vacuolar 
turnover.  R264A is trapped in the perinuclear ER rings, typical of misfolded versions of FurE or other transporters (for details 
see Materials and methods) (B) Direct uptake assays of selected FurE mutants, using 0.2 μΜ [3H]-radiolabeled uracil. The 
figure shows relative % initial uptake rates (1 min) of mutants, when wild-type FurE transport is taken as 100%, performed 
with 107 germinated conidiospores, as described by Krypotou and Diallinas, 2014. All functional assays shown are performed 
by prof Diallinas’ team. 

 

3.1.3 Molecular Dynamics calculations 

 

3.1.3.1 The binding mode of hydronium 

All the characterized NCS1 transporters seem to function via proton symport except for 

Mhp1, which is a Na+ driven NCS1 symporter. Still, proton interactions don't seem to be 



 60 

elucidated for none of them. In the case of the FurE purine/proton symporter, no experimental 

information is available regarding the binding site/mode of the cation. In Mhp1, the symported 

ion stabilizes the OO conformation for substrate binding and accumulation,164 while in LeuT 

induces a conformational change.172 Aiming to enlighten this critical part of substrate/ion co-

transport and in order to characterize the proton interactions, we investigated the binding of a 

hydronium molecule (H3O+) to FurE by utilizing Funnel-Metadynamics (FM), a cutting-edge 

method for molecular binding free-energy, introduced in our group, which is widely used to 

study ligand-protein systems.143 Due to FM the process of binding of hydronium from its fully 

solvated state in the extracellular environment to the binding site in the OO state can be 

reproduced, using an adaptively constructed time-dependent bias potential accumulated as a 

sum of Gaussian functions. That potential accelerates the sampling along a definite degree of 

freedom called collective variable (CV), which in this case is the distance of H3O+ from FurE. 

Throughout the FM simulations, the complete binding pathway was simulated, and all the 

potential binding sites energetically evaluated (Figure 3.1.6A). 

 
Figure 3.1.6: Funnel-shaped restrain potential used for the four cases of FM simulations: (A) the funnel used for 
the investigation of the entrance of H3O+ in FurE transporter. (B) The funnel investigating the entrance of uracil 
in FurE transporter. 
 

The binding site of hydronium was identified in the Binding Free Energy Surface 

(BFES) as the lowest energy state (Figure 3.1.7A) and proved to be identical with the one 

presented for Na+ in Mhp1. This site is located at the interface of TMSs 1 and 8 of the rigid 

and moving part of FurE, forms interactions with E51 and T336 of TMS1b and TMS8, 

respectively (Figure 3.1.7B). The structural stability of the obtained of the FurE/H3O+ complex 
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was further assessed by standard MD simulation of 150 ns. We note her, that the hydronium 

binding mode is very similar to that in both Mhp1 and LeuT and the Na+ binding pose in the 

co-crystallized structures. In addition, the residue in position 336 in FurE, which is a threonine, 

is conserved in these three transporters. Finally, increased flexibility displayed in the presence 

of H3O+, was observed in the case of residue K199. 

 

Figure 3.1.7: The binding site of H3O+ and uracil accompanied with other key low energy states.  (A) The ΒFES 
of H3O+ binding process. Contour lines are drawn every 2 kcal/mol. (B) The binding mode of H3O+ cation in FurE 
transporter as resulted from the global energy minimum in the FES. (C) The ΒFES of uracil binding process in 
FurE transporter. (D) The intermediate states (local minima in the ΒFES) of uracil entering FurE transporter and 
the binding mode in the binding site (inset) as resulted from the ΒFES in C. 

 

3.1.3.2 The binding mode of uracil 

The binding process of uracil (Km = 1 mM) to its putative binding site in FurE was also 

simulated, using FM. As suggested by mutagenesis data, this site was confined to TMS1, 

TMS3, TMS6 and TMS8, as is also the binding site in Mhp1 and other NCS1 transporters.95 

We simulated the binding process of uracil, as performed for H3O+, from its fully solvated state 
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to the binding site in the Occ state, using as CV, the distance of uracil from the binding site. 

We used the result of docking calculations as a starting structure for the uracil binding mode. 

This pose does not affect the result, as during FM the ligand explores all the possible binding 

poses at the binding site. Given that the hydronium is bound to the transporter in the Occ 

state,120,164 it was included in this system, with the binding geometry identified by the FM 

calculation previously. A big cone-shaped perimetric constraint is used around the binding site 

during the FM simulation, to ensure the sampling of a wide area (Figure 3.1.6B). The selected 

model of uracil binding mode derived from the global minimum of the ΒFES (Figure 3.1.7C), 

(Figure 3.1.7D) and is outstandingly similar with that of the hydantoin analogue, (5S)-5-

benzylimidazolidine-2,4-dione, in Mhp1 crystal structure (Figure 3.1.8).120 In detail, H-bonds 

interactions were observed between T254 (TMS6) and uracil C2=O, N341 (TMS8) and uracil 

C4=O and N3, and π-π stacking interactions between W130 (TMS3) and uracil. Two other 

energetic minima were discovered at higher energy values, which denote intermediate binding 

poses of the ligand across its pathway to the binding site. At these binding poses, uracil interacts 

at first with Q59 (TMS1b), via a bidentate interaction with C2=O and N3, and a π-π stacking 

with W307 (L7 loop) (Figure 3.1.7 C). Next, moving lower in the FurE binding cavity, it 

interacts via a bidentate bond involving C4=O and N3 with Q137 (TMS3) (Figure 3.1.7D). 

Markedly, W130 of the binding pocket remained parallel to the membrane axis, keeping the 

binding site exposed for the substrate. Finally, both uracil and W130 interacti with F385 

(TMS10), through π-π and T-shaped stacking interactions. 

 
Figure 3.1.8: Comparison of the binding mode of (A) uracil in FurE with (B) (5S)-5-benzylimidazolidine-2,4-
dione in Mhp1. 
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3.1.3.3 The conformational transition of FurE from OO to IO 

 

Aiming to systematically portray the FurE large-scale conformational change, also 

considering the role of hydronium, uracil and the relative order of their transport, we employed 

path collective variables (PCVs), which is a dimensionality reduction methodology. PCV is 

able to study complex chemical and biological processes including a large number of degrees 

of freedom using one or two collective variables.144 In this case, the above-mentioned 

conformational change can be studied by providing a set of frames describing the required 

movement. In these frames are included the positions of key atoms from the start to the end of 

the conformational transition, giving us the opportunity to track the transition stage during the 

simulation and accelerate its sampling using Metadynamics. The whole OO to IO transition of 

FurE was explored through two sets of simulations. The first described the OO-to-Occ 

transition and the second the Occ-to-IO one. For that end, four systems were created and 

investigated considering all possible ligand stoichiometry combinations: 

i) FurE - H3O+ - uracil (apo); 

ii) FurE + H3O+ - uracil; 

iii) FurE - H3O+ + uracil; 

iv) FurE + H3O+ + uracil. 

In the case that hydronium and uracil are inside the system, they occupy the binding 

mode previously identified through FM. Considering the FES obtained at the end of the PCV 

calculations, we extracted the FurE structures representing the global minimum and clustered 

them. The central structure of the most cluster containing the most structures, was selected and 

subjected to a 100ns standard MD simulation to assess the stability. These structures are fully 

described in the following paragraphs. Moreover, the interactions between the most important 

residues during the simulated pathways and the simulation time were monitored and reported 

in Figure 3.1.9A and in Table 3.1.1, accordingly. 

 

3.1.3.4 OO-to-Occ path: 

i) Apo state (FurE - H3O+ - uracil) - A single broad free energy minimum, compared 

to the other systems, is depicted between OO and Occ on the FES, (Figure 3.1.9B). This clearly 

shows that, FurE adopts a variety of conformations in the absence of ligands. Standard MD 

simulations on the apo form of the OO state, confirmed this flexibility (Figure 3.1.10). 

Notably, compairing with Mhp1, the relative orientation between “hash” and “bundle” motives 
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remained almost the same. Also, the primary part of TMS10 is located much closer to TMS1a 

with respect to the starting OO structure in the energy minimum. K199-T336, E51-T336 and 

R123-D261 are the most stable interactions in the apo state, while E51-K199 and R264-D28 

interact at a minor degree (Figure 3.1.9A). Additionally, a water bridge is possibly formed 

between S386 and Q59 (Figure 3.1.11), while a water molecule assists the interaction between 

Q134 and T336 (Figure 3.1.12A). 

ii) Hydronium bound (FurE + H3O+ - uracil) – In the case that the H3O+ cation is bound 

to FurE, the FES is quite similar to the apo form, although the minimum is narrower, indicating 

a reduced flexibility of the transporter and specifically of TMS10 (Figure 3.1.9B). This result 

suggests the impact that the H3O+ has on the free energy landscape. In detail, H3O+ binding 

locks TMS10 in a position beneficial for the substrate binding. More precisely, H3O+ forms a 

salt bridge with E51 and a H-bond with T336, and as a consequence the bond between K199 

and E51, between E51 and T336 and the water bridge between Q134 and T336. Consequently, 

T336 interacts only with K199 and the H-bond between T336 and Q134 is lost, making Q134 

available to interact with uracil (Figure 3.1.12B). In line with the above-mentioned 

experiments, we obtained strong evidence for a firm connection between H3O+ and substrate 

binding and transport. 

iii) Uracil bound (FurE - H3O+ + uracil) – A FES minimum located close to the Occ 

state is observed when only uracil is bound to FurE the system (Figure 3.1.9B). However, in 

this pose there is still a relative distance between the first part of TMS10 and TMS1a. The 

proximity of TMS10 to TMS1a literally describes the accurate Occ state, as indicated in the 

experimental Mhp1 structure (PDB ID 4D1B). Nevertheless, unbiased MD simulations 

performed on this system show that uracil is not stable in the binding pocket and leaves the 

binding pocket after 20ns. During this event, TMS10 fluctuated between the OO and Occ state 

(Figure 3.1.10). 

iv) Hydronium and uracil bound (FurE + H3O+ + uracil) - In the case both hydronium 

and uracil are bound, the lowest energy minimum represents the Occ state (Figure 3.1.9B). 

Comparing FurE in this state and Mhp1 in the crystallized Occ state, negligeable differences 

are observed. These were a tilt in TMS5 towards the IO conformation, as well as in TMS3 and 

TMS9. In particular, TMS10 is stabilized in the occluded position merely due to the 

contribution of the interaction between F385 and W130, leading consequently to the motion of 

TMS9 which is though not detected in the Mhp1 crystal structure. Furthermore, a slight tilt of 

TMS5 is evident connotating that FurE in this case has moved slightly closer to the IO state 

regarding the conformation, foreshadowing a low energy barrier between the occluded and an 
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Inward Occlude state. Additionally, the uracil binding stabilizes forms an H-bond with Q134, 

stabilizing it in a position competent of making an H-bond network with Q59 and water 

molecules. Moreover, S386 (TMS10) can interact with Q59 (TMS1) either via a water 

molecule or directly (Figure 3.1.11). 

 

Figure 3.1.9: FurE conformational change and mechanism of transport. (A) The side chain interactions of 
important residues have been studied in all structures retrieved from each FES global minimum and are 
represented as percentage over the ensemble of the structures. (B) The FESs of the OO-to-Occ transition using 
diverse stoichiometry of ligands bound to the transporter (colour code: protein in the apo form in blue, complexed 
only with H3O+ in cyan, complexed with both uracil and H3O+ in green, complexed only with uracil in grey. Each 
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tick in the x axis represents one unit. (C) The FESs of the Occ-to-IO transition are presented using different 
stoichiometry of ligands bound to the transporter. The system containing both uracil and H3O+ is represented in 
red, the system containing only uracil is represented in brown, the apo form is represented in magenta, the system 
containing only H3O+ is represented in yellow. 
 
Table 3.3.1: The simulation time of each case of the PCV Metadynamics simulations. 
 

Op-to-Occ apo H3O+ H3O+ 
+uracil 

uracil 

Time(ns) 352 550 600 430 

Occ-to-In apo H3O+ H3O+ 
+uracil 

uracil 

Time(ns) 330 390 314 298 

 
 

Summarizing, given the results presented, we can provide exceptional structural insight 

into the OO-to-Occ transition of FurE. Specifically, it is undoubtedly shown that the FurE 

conformation is stabilized in the presence of hydronium and thus is prepared for the binding of 

uracil. Further, the binding of both hydronium and uracil is necessary to lock the FurE Occ 

conformation. the low RMSD values (~1 Å) computed for the backbone Cα atoms of the 

transporter in unbiased MD calculations indicate that the Occ state is very stable as. 

Furthermore, the disruption of bonds that stabilized TMS5 in OO state in a closed position and 

retained hash-bundle domain in a firm orientation, namely K199-E51, K199-T336, E51-T336, 

allow the FurE structure to move towards IO state. 
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Figure 3.1.10: RMSD diagrams. (A) The RMSD fluctuation of uracil during an unbiased Molecular Dynamics 
simulation in the occluded FurE structure until it is out of the transporter, with uracil included and H3O+ not 
included. (B) The RMSD fluctuation of TMS10 during an unbiased Molecular Dynamics simulation in the 
occluded FurE structure, with uracil included and H3O+ not included. (C) The RMSD fluctuation of TMS10 during 
an unbiased Molecular Dynamics simulation in the outward apo FurE structure. 
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Figure S3.1.11: S386-Q59 interaction stabilize the Occ conformation of FurE by closing the TMS10 outer gate. 
(A) S386 interacts with Q59 through an H-bond network which involves a water molecule. (B) S386 forms a 
direct H-bond with Q59. 
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Figure 3.1.12: Different residue interactions in the absence and presence of H3O+ cation in the OO FurE 
conformation. (A) When FurE is in APO Form, E51 interacts strongly with K199 and less often with K252. The 
orientation of T336 oxygen is towards TMS3 as T336 interacts with Q134 through H-bond network involving a 
water molecule. (B) When H3O+ is present the electrostatic bond between K199 and E51 is less likely to happen, 
while is more likely for K252 to interact with E51. T336 side chain has also rotated by 180 degrees as it interacts 
with H3O+ as displayed in Figure 1B. When H3O+ is present T336 side chain oxygen is directed towards TMS5, 
thus the interaction with Q134 is broken and the latter is free to bind the substrate (uracil). 
 

3.1.3.5 Occ-to-IO path 

i) Hydronium and uracil bound (FurE + H3O+ + uracil) – In the case that both uracil 

and H3O+ are bound to FurE, a low energy conformation that very much resembles the IO state, 

albeit not reaching it, is obtained by the transporter. We defined this structure as the Inward 

Occluded (IOcc) state. A tilt in TMS3, induces both TMS4 and TMS5 to obtain a quasi-open 

state. The disruption of the electrostatic interaction between D261 (TMS6) and R123 (TMS3) 

seem to lead to the motion of TMS3 (Figure 3.1.9A). Instead, R123 interacts with T254, an 

uracil binding site residue and with uracil. H3O+ is in a position more buried compared to the 

one in Occ state, and approaches D28 of the N-terminal loop. Furthermore, the E51 side chain, 

following the cation, rotates resulting in a solid interaction with K252 (Figure 3.1.9A). 

ii) Uracil bound (FurE - H3O+ + uracil) – In this state, a minimum close to the IO 

conformation appears in the FESs, which is narrow and has a high-energy barrier (Figure 

3.1.9C). Based on this finding we suggest that H3O+ unbinds first and leaves FurE and then the 

later acquires a conformation close to the IO, favorable for uracil release. Comparing FurE in 

this conformation with the inward Mhp1, we notice that TMS5 tilts more and induces the 

movement of TMS8 and finally the rearrangement of the “hash” motif and TMS3. 
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iii) Apo state (FurE - H3O+ - uracil) - The FES of the apo state presents the lowest 

energy minimum close to IO, similar to the uracil bound state. Yet the minimum of the apo is 

wider, representative of a higher conformational freedom of the transporter in this state. Greater 

flexibility was noticed for TMS5, while TMS3 bents slightly if compared with the Occ state. 

As FurE is encountered in the apo state once both the ligands are released, such conformational 

freedom might be helpful to service the reverse transition of the transporter to the outward 

state. The FurE flexibility was confirmed by standard MD simulations carried out on the 

structure corresponding to the energy minimum. 

iv) Hydronium bound (FurE + H3O+ - uracil) - As only H3O+ is bound to FurE, the 

structure corresponding to the energy minimum, is between Occ and IO state (Figure 3.1.9C). 

Here, TMS5 is very close to the position assumed in Occ. This suggests that in the absence of 

uracil the protein is not able to reach the IO state. 

Our enhanced sampling protocol shows that as H3O+ is still bound to the protein the 

conformation is stabilized in an intermediate state between Occ and IO, suggesting that the 

sequence of events first includes displacement and detachment of the H3O+, while the uracil is 

necessary to shift to the final IO state and then it can also be released. Besides, this transition 

from Occ to IO is related to TMS3 tilt and TMS8 shift which are also related to both H3O+ and 

substrate interactions. 

 

3.1.3.6 The internalization pathway of H3O+ cation 

According to our PCV calculations on the FurE Occ-to-IO transition, hydronium is the 

first to be released in the cytoplasm. Therefore, we used FM simulations to investigate the 

unbinding of H3O+ from the FurE transporter (Figure 3.1.13C). 
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Figure 3.1.13: (A) The funnel investigating the internalization process of H3O+in FurE transporter. (B) The funnel 
investigating the internalization process of uracil in FurE transporter. 
 

The results indicate that hydronium can move towards the intracellular part of FurE passing 

through different binding modes (Figure 3.1.14A, 3.1.14B). First, the interactions between 

H3O+ and T336 are disrupted and a H-bond with S339 is created, while the salt bridge with 

E51 is preserved. This state corresponds to the minimum D in the FES presented in Figure 

3.1.14A. Afterwards, H3O+ binds in a cleft formed by F47, F262 and E51, corresponding to 

minimum C (Figure 3.1.14A). Next, H3O+loses the interaction with E51 and it binds to D28, 

D26 of the N-terminal LID94 and N347, corresponding to minimum B of the FES (Figure 

3.1.14A). Lastly, H3O+ reaches the lowest energy minimum A, in which it is bound to D28 and 

D26 (Figure 3.1.14B), and then it is completely released in the cytoplasm. The movement of 

E51 along with the H3O+ unbinding process prompts the disruption of the E51-K199 and D28-

R264 interactions (Figure 3.1.9A). Generally, our simulations denote that the flexibility of the 

FurE N-terminal LID plays a major role in the hydronium release in the intracellular solute. 
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Figure 3.1.14: The unbinding process of H3O+ and uracil characterizing the exiting route to the cytoplasm.  (A) 
The ΒFES of H3O+ internalization course. The separation between contours is 2 kcal/mol. (B) The binding sites 
of H3O+ cation in FurE transporter down the internalization pathway as derived from the low energy states in the 
ΒFES in A. In orange is represented the LID when H3O+ is bound in D26, D28 and N347, while in yellow when 
H3O+ is released in the cytoplasm guided by D26, D28 and LID conformational change. (C) The ΒFES of uracil 
internalization pathway. The split between contours is 2 kcal/mol. (D) The intermediate states of uracil 
internalization pathway while exiting FurE transporter as derived from the ΒFES in C. 

 

3.1.3.7 The internalization pathway of uracil 

After hydronium is released, uracil can also be discharged in the intracellular space. 

FM calculations were used to investigate the unbinding of uracil from the FurE IO state. We 

considered all the possible exiting pathways from the binding pocket up to the inner gate 
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(TMS5) (Figure 3.1.13D). In Figure 3.1.14C, 3.1.14D we present the FES and the 

energetically related poses assumed by the ligand along the exit pathway from the transporter, 

correspondingly. Throughout uracil unbinding process three residues play a critical role, 

namely W130, E51 and W39 (Figure 3.1.14D). W130 obtains a vertical geometry compared 

to the z axis of the membrane, hence shielding the access to the extracellular environment, 

whereas E51 favors the translocation of the ligand towards the TMS5 inner gate by forming a 

H-bond with uracil. Finally, W39 forms π-π and T- stacking interactions with uracil validating 

the significance of W39 as highlighted by mutagenesis analysis. It is significant to note that 

standard MD simulations carried out on the metastable states recognized along the uracil 

unbinding, showed aν unhindered release of the ligand in the solvent, demonstrating that this 

process is barrier-less and semi-diffusive. 

 

3.1.4 Conlusions 

The molecular foundation of coupled nucleobase/proton symport is an essential 

mechanistic aspect of NCS1 transporters. Very few cases of proton symporters have been 

structurally described and the structural and functional aspects of the transport have not been 

explained yet, neither computationally nor experimentally. We focused on the FurE transporter, 

to address this subject by performing extended free-energy simulations, targeted on the 

substrate translocation coupled with proton symport, which was performed by introducing a 

H3O+ cation. Meanwhile, we also investigated the large conformational change of the FurE 

structure that complements these events. In this study, we simulated the proton symport by 

introducing H3O+ as a second separate substrate. Proton binding could be explored by 

implementing MD simulations, considering all different protonation combinations of Asp, Glu 

and His residues or by applying Quantum-mechanics/molecular-mechanics (QM/MM).173 

However, in the FurE case the possible input combinations for standard MDs should be up to 

32 and this is extremely computationally demanding. The same is true for QM/MM. 

To reveal in atomic resolution, the binding sites of both uracil and H3O+cation in FurE, 

we used a state-of-the-art binding free-energy technique, named Funnel-metadynamics.  Unlike 

other simulative binding techniques, FM allows the sampling of the binding process without 

knowing a priori the binding mode of the ligand and offers a detailed classification of all 

possible binding modes. FM is not dependent on the initial position, because the full binding 

pathway is sampled, leading to an accurate estimate of the absolute ligand-protein binding free 

energy and a systematic retrieval of all possible binding modes. All the molecules in the system 

are explicitly simulated, including water molecules, thus yielding information about their 
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dynamics during the binding process. The recently developed code of FM also incorporates a 

roto-translational matrix to accurately contemplate the entropy of the system. FM has an 

affordable computational cost for studying rare events such as binding processes, if compared 

to standard MD calculations. Finally, it is self-diagnostic, so the free energy calculation 

converges only to the exact value and critical points, such as non-optimal CVs or bad choice 

of simulation parameters, can be identified the calculation will not converge. 

Our results illustrate that H3O+ interacts with three negatively charged residues, namely 

E51, D28 and D26. The initial H3O+ binding location was found to be exactly at the same 

position where Na+ is co-crystallized in Mhp1. H3O+ binding, according to the FES of the OO-

to-Occ simulation, stabilized the rather flexible apo structure in an intermediate conformation 

between the initially constructed models of OO and Occ, contributing to the conformational 

change from OO to Occ. The FurE-H3O+ interaction seemed to initiate rearrangements in 

specific residues. It induced the availability of Q134, leading to a binding site geometry prone 

to accept uracil, without significant protein conformational change. This is in agreement with 

previously reported data for Mhp1. Indeed, fluorescence quenching experiments in Mhp187 

show that a tenfold increased affinity for benzyl-hydantoin occurs as a result of the sodium 

presence. Additionally, in Mhp1 distance measurements between pairs of spin labels showed 

that Na+ binding does not shift Mhp1 conformational equilibrium and deviates from the rigid-

body motion model of the “hash” motif.174 This dynamic behavior is different in other 5+5 

folded transporters like LeuT, dDAT, hDAT, SERT, where Na+ binding favors an occluded 

conformation. FRET experiments in LeuT175 suggest that a cation-dependent conformational 

rearrangement can form and stabilize the substrate binding site. However, in the FurE case, the 

lowest energy conformation shifts towards the occluded structure, only if both substrates are 

bound. In that case, both TMS10 (outer gate) and TMS5 (inner gate) are closed. Furthermore, 

a relatively small change was observed in the “hash” helices. Specifically, W130 relatively 

moves and probably induces a slight bend in the last part of TMS3 assisted by a glycine in 

residue position 132. These are followed by a similar bend of the first part of TMS8. Moreover, 

TMS9, following the movement of TMS10, induces a small shift to TMS4 (Figure 3.1.9). We 

identified key interactions between the ligand and FurE for the OO-to-Occ transition, namely 

uracil-W130-F385 and W130-F388, as well as minor ones, like the Q59-S386 interaction. This 

agrees with Mhp1 data, according to which, a similar network of interactions is observed and 

elucidates how ligand binding stabilizes the ΤMS10 tilt in the occluded conformation.176 

Notably, the functional importance of residues E51, W130, Q134, K199, K252, T336 and 

F385, derived from our in silico results was supported by mutagenesis data presented here. The 
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substrate release to the extracellular environment, in the Occ FurE transporter, is mainly 

hindered by W130 (TMS3). The prevention of substrate release to the extracellular solute is 

reinforced by polar residues S386 (TMS10) and Q59 (TMS1b), interacting mainly through the 

formation of H-bonds involving intermediate water molecules. In agreement with our results,  

in the LeuT transporter, the substrate release from the occluded state to the extracellular solute 

is prevented by Y108 (corresponding to W130 in FurE) and F253 (TMS6), while the structure 

is stabilized by the interaction of D404 (TMS10) and R30 (corresponding to Q59 in FurE) and 

two water molecules.28 

a conformational change leading to substrate translocation occurs, once both the 

substrate and the hydronium are bound in FurE. Especially, according to the computed FESs, 

FurE assumes an intermediate structure between Occ and IO, in which case, H3O+ cation should 

be free to move towards the intracellular domain, whilst D28 loses the interaction with R264 

to engage the moving hydronium. At the same time, the interaction between E51 and K199 is 

lost and the first interacts frequently with K252, releasing the TMS5 intracellular gate. Also, 

there is a destabilization of the substrate in the binding site, as the interaction between R123 

and D261 breaks, and the substrate interacts with both R123 and T254. These events induce a 

relative motion of TMS3, and subsequently of TMS4 and the first part of TMS5, followed by 

a major shift of TMS8. In this conformation, we detect bending of the first part of the unleashed 

TMS5 in position 204 (proline), opening an inner gate. This state can be considered as the 

inward-occluded conformation in which both uracil and H3O+ cation are still bound. In both 

LeuT92 and DAT177, based on experimental studies, the inward-closed (occluded) state is 

stabilized by a Na+ ion bound to the Na2 site (Na2 ion). Nevertheless, in LeuT-type transporters 

two sites have been located for sodium binding, playing key roles both in stabilizing transporter 

conformations, and in substrate binding. In fact, in LeuT, the leucine carboxyl group binds 

directly to Na1 and has been proposed that Na+and substrate internalization are coupled.28 In 

the FurE case, two positively charged residues exist in positions close to Na1 and Na2 sites. 

Particularly, the K199 side chain group is in the Na2 site, the position of Na+ in Mhp1, while 

K252 side chain displays a relative flexibility and very often is found close to the LeuT Na1 

site, which does not exist in Mhp1. 

it is evident that only if H3O+ is released, FurE can reach the IO state, as only in such a 

case the FES is shifted to IO. As a result, H3O+ must be the first to leave and this event triggers 

the transporter transition to IO and allowing uracil to be finally released, as similarly proposed 

also for DAT and LeuT.92,178–180 Computational studies on DAT,42 showed that the inward open 

conformation is obtained after the spontaneous release of the Na+ ion from the Na2 site. The 
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Na+ unbinding happens after 800ns of unbiased MD simulations and is observed in 12 out of 

50 runs of 1μs.178 This is mainly determined by the number of water molecules that penetrate 

the functional sites of the transporter from the intracellular space. After abandoning the Na2 

site, Na+ is located between T269 (TMS5), N-terminal and D421 and D436 (TMS8). As 

suggested by computational and experimental studies, this process destabilizes the inward 

occluded state.181 Internalization of hydronium implies neutralization of D28 and D26 and 

subsequent relocation of the N-terminal LID in agreement with our previously reported 

results.94 

In the case that uracil is solely left inside the system, FurE is in the IO conformation 

and the substrate is prepared to leave the transporter. TMS5 (the inner gate) is open, TMS4, 8, 

9 are completely shifted, while the upper part of TMS3 bends. H3O+ release, disrupted the 

T336-H3O+- E51 interaction connecting the “hash” and “bundle” motives, allowing TMS8 to 

get distant from TMS1. Subsequently, the binding site residue positions are altered, and binding 

site interactions of uracil are not favored anymore. The E51-K199 interaction is also disrupted, 

causing TMS5 to bend in the maximum angle and consequently uracil is able to leave the 

binding site. 

When FurE is in the apo form, obtains an energy minimum structure close to IO (Figure 

3.1.9). This discovery agrees with the fact that Mhp1 has been crystalized also in the apo form 

conformation.165 However, given that the FES minimum in the apo form is wide, the FurE 

transporter might undertake several alternative conformations between Occ and IO. The 

evidence arising from the FES, that the presence of hydronium stabilizes a FurE state close to 

Occ (Figure 3.1.9C) (e.g., TMS8 tends to assume the orientation of Occ) encourages the 

suggestion that H3O+ binding could be vital even for FurE’s backward transition to OO. In such 

a case, FurE could function as antiporter, as proposed for other transporters like SERT , DAT 

and LeuT.42,182,183 The broad FES curves in both OO-to-Occ and Occ-to-IO transitions and the 

flexibility witnessed in TMS10 and TMS5, supports the possibility that the new symporting 

cycle appears when the substrate binds in low probability conformations, shifting the 

equilibrium again to the Occ and finally to OO states. However, our calculations are not 

conclusive and further investigation is required. 

Overall, in this study, we investigated the function of the FurE proton symporter and 

revealed molecular details of the conformational changes, fundamental for uracil/H+ symport, 

using Metadynamics and mutational analysis. In Figure 3.1.15 we represent a schematic 

representation of the mechanism. By analytically assessing the differences in the energy 

landscape of the transporter conformational transition under different combinations of proton 
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and substrate binding, we created a model relating anionic and cationic residues with specific 

proton binding and internalization and showed how proton translocation is required for uracil 

transport. Moreover, theoretical simulations identified residues critical for specific phases of 

uracil/H+ transport, which were validated by mutational analysis. Overall, the H3O+/uracil 

binding and transport shape the energy landscape by eliciting induced-fit conformational 

changes that cause consecutive movements of specific TMS in the hash and bundle domains, 

associated also with opening and closing of outer (TMS10) and inner (TMS5) gates. Our results 

assume that the hash motif helices are flexible and can tilt upon substrate binding in the Op-to-

Occ conformational rearrangement, while in the Occ-to-IO case they exhibit important relative 

movement along with the opening of the inner gate and coordinated TMS8 and TMS4 shifts. 

In addition, we demonstrate that a crucial step for uracil transport is the intracellular release of  

H3O+, assisted by the flexibility of N-terminal LID sequence. This observation 

complements with critical details our understanding of the nucleobase/H+ coupling 

mechanism. 
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Figure 3.1.15: Schematic illustration of the FurE’s “hash” motif helices and outer and inner gates (TMS10 and 
TMS5) relative to the bundle motif which is considered immobile during uracil and H3O+ internalization. In the 
Outward Open (OO) state, FurE is in apo form. H3O+ binding results in side chain rearrangement but it does not 
cause any change in the tertiary structure. Uracil binding prompts the closing of theTMS10 outer gate (salmon) 
and the kink and tilt of TMS8 (green) and TMS3 (cyan), respectively reaching the Occluded (Occ) state. H3O+ 

moves toward the TMS5 inner gate (red), which slightly bends, while TMS3 and TMS8 also exhibit structural 
alterations, initiating the Inward Occluded (IOcc) state. Once H3O+ is released in the intracellular environment, 
TMS5 bends more, whereas TMS8 is no longer tilted and moves away from the “bundle”. TMS4 and TMS9 are 
shifted by TMS5, 8 and 3 bending introducing the Inward Open (IO) conformation. After the release of both H3O+ 

and uracil, TMS5 slightly returns to the previous bend position. An inward-facing unidentified return state 
probably introduced by a H3O+, is represented in grey. 
 

3.2 NCS2/NAT family transporters: Structural and Functional characterization of the 

UapA transporter. 

 

3.2.1 Foundation of the study 

 

NCS2/NAT proteins are H+ or Na+ symporters responsible for the uptake of purines, 

pyrimidines or related metabolites in bacteria, fungi, and some plants. In particular, the UapA 

transporter of Aspergillus nidulans is specific for the transport of xanthine and uric acid in the 

fungi cells. The dimeric UapA as described above, consists of 14 transmembrane segments 

folded in a rigid core domain and a flexible gate domain and its biological function is based on 

the “elevator” transportation mechanism, which implies the relative motion of the gate towards 

the core. The entire transportation process is divided in four protein states: Outward-Open 

(OOp), Outward-Occluded (OOc), Inward-Occluded (IOc), and Inward-Open (IOp). The 

substrate approaches the OOp-dimer, and the transporter progressively evolves into the IOp 

conformation allowing the molecule to enter the cytoplasm. Importantly, a crystal structure of 

the IOp conformation was recently resolved and several mutations have been reported, 

identifying key residues in the transportation mechanism. However, the exact translocation 

pathway remains elusive, and the transportation mechanism is still unclear. 

The key objective of this work was to generate a theoretical model describing the 

structural alterations of UapA by utilizing cutting-edge Molecular Dynamics simulations 

including Metadynamics in order to correlate computational and experimental data and gain 

insight into this large-scale and very complex phenomenon. Apart from the IOp conformation, 

the other checkpoint steps of the conformational pathway, namely OOp, OOc and IOc, were 

built using targeted MD simulations using as templates the crystal structures of the Band3, 

Bor1, UraA homologous transporters, respectively. The large-scale conformational changes 

can be computationally reproduced with reasonable computational cost using Metadynamics 
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and specifically, the Path Collective Variable approach in the space of the root mean square 

deviation of selected protein’s backbone. 

 

3.2.2 Construction of the three UapA models 

The key step in Metadynamics is the identification of the initial and final structures of 

a protein conformational change as well as the selection of the collective variable. In this aspect 

in order to create the path, between the outward open and inward open conformation we had to 

create the four major structures Inward-open, inward-occluded, outward-occluded and 

outward-open. To this end, apart the inward-open determined by X-ray crystallography58, we 

used as templates three transporters who had the best ranking similarity with UapA according 

to p-Blast and had been structurally resolved with X-ray crystallography. 

UraA was used as query for the Inward-Occluded56,57 conformation, Bor149,50 for the 

Outward-Occluded and Band351 for Outward-Open. Unfortunately, the length of the helices of 

these query transporters was not identical to that of UapA. Targeted Metadynamics was the 

method chosen to create the models as the most appropriate because this way it was possible 

to keep the length of the UapA helices intact. In detail, the important, conserved residues where 

kept aligned as anchors and the rest where accordingly matched. A stable force of was applied 

on the Ca carbons of the UapA crystal structure directing them towards the corresponding ones 

of the query crystal structure. The newly produced UapA models in IOcc, OOcc, and OOp 

conformation were inserted in a lipid bilayer solvated in explicit waters and were equilibrated 

and subjected to 100ns stabilization MD simulations. 

 

3.2.3 The UapA crystal structure 

 

In order to evaluate the constructed UapA models, a series of studies were made to 

characterize the UapA crystal structure. Standard MD of 100 ns was executed, and the solvent 

accessible area was calculated for each protomer. As displayed in Figure 3.2.1 the solvent 

accessible area in protomer/chain A obtains higher values compared to protomer/chain B. 

Moreover, the UraA and UapA crystal structures’ RMSD of the Ca carbons of the two 

protomers was compared in a 125 ns MD (Figure 3.2.2), indicating that they act in a quite 

similar way. This led to investigate more this behavior using Principal component analysis on 

the movement of each protomer. As a result, the protomers were found to be asynchronous and 

to behave differently, revealing an important aspect of the “elevator” mechanism. During MD 
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simulations, the xanthine-substrate leaves the binding site of UapA in less than 20 ns, in 

agreement with previous work58. 

Figure 3.2.1: Solvent accessible area in protomer A (green) and B (blue). 

Figure 3.2.2: The RMSD of UapA (upper panel) and UraA (lower panel) during 125ns MD simulation. In UapA 

the two protomers are colored in blue and magenta, while in UraA in blue and orange. 
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3.2.4 The Inward-Occluded Model structure 

The construction of the Inward-Occlude model was initiated by applying a stable force 

on Ca atoms of the UapA crystal structure towards the corresponding atoms of UraA query. 

The RMSD of these atoms during this steering process is presented in Figure 3.2.3, calculated 

on the average structure. In detail the value of the force increased steadily for 4 ns, then it was 

constant for 6 ns, and it went back to zero for the rest 2 ns. The final IOcc model was the central 

structure obtained from the structures produced during 1-3 ns (Figure 3.2.3). The pka of 

important binding site acidic residues was calculated using PROPKA 3.0 and was found equal 

to 6.8 for E356 and 8.5 for D360. Thus, E356 was negatively charged and D360 neutral during 

the simulations. 

 
Figure 3.2.3: RMSD of the Ca atoms of the UapA during the steering process to Inward Occluded conformation. 
 

Following the steering process, the IOcc UapA model underwent a series of 

computational tests in order to assess the stability of the structure, the first being the RMSD 

calculation during 150 ns MD (Figure 3.2.4). The structure was rather stable as the average 

RMSD was 0.16 nm and the maximum value marked was 0.25 nm. 
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Figure 3.2.4: RMSD calculation of the Ca of the inward Occluded structure of UapA. 
 

Additionally, each protomer/chain was steered to the model and the reference UraA 

structure and then standard MD of 200 ns followed. The two protomers deviate in different 

level from the query (Figure 3.2.5). Protomer A has an average RMSD of 0.37 nm, while 

protomer B 0.23 nm. This result is indicative of the different behavior of each protomer in the 

dimeric UapA and UraA transporters, in accordance with results presented above concerning 

the crystal structure of UapA. 

 
Figure 3.2.5: RMSD of UapA Inward occluded structure calculated separetaly for each protomer upon the 
corresponding UraA protomer. 
 

These findings are also supported by the solvent accessible surface area calculated 

(SASA), presented in Figure 3.2.6. Protomer A is more accessible to the solvent compared to 

protomer B. 
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Figure 3.2.6: Solvent accessible area calculated for each one of the two protomers of the UapA Inward occluded 
structure. (A) Protomer A is depicted in cyan and (B) protomer B in pink. 
 

3.2.5 The Outward-Open model structure 

 

The Outward-Open and Outward-Occluded models were also constructed as described 

in the Methods section, using as templates the Band3 transporter and Bor1, respectively. One 

of the most important states, the Outward-Open conformation, has not been yet resolved with 

X-ray crystallography nor with any other method, as in this state happens the first step of the 

substrate transportation. Our model structure for the Outward-Open UapA (Figure 3.2.7A) is 

rather open towards the extracellular and the substrate binding site is exposed to the solute. 

Later on, we will present the conformational comparison between the 4 stages, and we will 

show that the Outward-Open conformation probably has a key role in specificity, as the 

interactions of important residues are modified.  

The model structure of the Outward-Open conformation underwent a standard MD 

simulation of 100ns during which the structure was rather stable. In Figure 3.2.7B UapA 

Outward-Open model structure and centroid structure of the Outward-Open UapA 100ns 

standard MD were aligned. It is rather clear that the two structures are very well aligned and 

differ in TMS2,7,14 with an average RMSD of 1.4 Angstrom (Figure 3.2.8), which is rather 

low for a big protein like UapA. The same holds when these two structures are aligned with 

the one at the end of 100ns simulation (Figure 3.2.7D). Moreover, the residues of the binding 

site namely E356, Q408, F155 match perfectly between the model and the centroid following 

the good alignment of the helices (Figure 3.2.7C). These facts signify that the model 

constructed for UapA in Outward-Open conformation is very stable and hence quite accurate. 

Inspecting visually the 100ns MD which also contains xanthine constrained in the 

binding mode of the crystal structure, we noted some important residue interactions. At the 
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cytoplasmic part of UapA R481 (TMS13) of the one protomer interacts constantly with E366 

(TMS8) of the other protomer forming a salt bridge (Figure 3.2.9A), an interaction which is 

absent in the Inward-Open crystal structure, in which case we have found that R481 plays a 

major role being the residue responsible for the translocation of xanthine from the binding site 

to the intracellular solute, serving as an inner gating element58,76. In addition to that we have 

seen that in the apo Inward-Open systems, Q408 that in this case cannot form any bond in the 

binding site, rotates towards TMS6 and quite often interacts with R481 of the TMS13 of the 

other protomer which is present in this cavity. These observations lead to the conclusion that 

for the substrate to be stabilized in the binding site during the Outward-Open to Occluded 

conformational change, R481 should not be in the binding cavity, thus D366 locks it in a stable 

interaction. This interaction seems that could also stabilize the closed state of the intracellular 

part of the transporter and thus the Outward-Open conformation as well as contributes to the 

dimer formation since it interacts with cross-protomer residues. This way R481 role could 

explain and support the fact that UapA is a functional dimer. To support these, deletion of R481 

or relocation of its position by the insertion of two amino acids (Ala-Gly) before it, resulted in 

UapA instability and increased turnover8. Combination of R481 substitutions with substitutions 

in the proposed Outward-facing gating elements (e.g. F528S or T526M -TMS14-) resulted in 

an additive effect in enlarged specificity. Interestingly, the arginine in this residue position is 

conserved only in the fungal NATs, whereas bacterial, plant and animal homologues, have Leu, 

Ile, Thr or Lys residues. Another interesting electrostatic interaction is the one between R417 

(TMS10-core) and E286 (TMS6-gate) (Figure 3.2.9B), which is present only in the Outward-

Open conformation because as seen in Figure 3.2.9C, TMS10 has moved upwards by two 

helical turns compared to the Inward-Open conformation in which case the two residues are in 

greater distance as  the transporter is open to the cytoplasm and the distance between the core 

and gate domain is maximum. So, R417 seems to regulate the core-gate interaction, distance 

and sliding and as a result the conformational change. Specific substitutions of R417 proved 

crucial in determining the high affinity of UapA for uric acid compared to xanthine, by 

increasing the binding affinity for uric acid2,127,128,184. The residues of the binding site, E356, 

Q408 form with xanthine the interactions spotted in the crystal structure (Figure 3.2.9D). As 

only exception arises F155 which does not form T-stacking interaction with the xanthine but 

is rather pointing towards the extracellular and rarely interacts with F528 (TMS14), which is 

pointing towards the binding site (Figure 3.2.9D). This behavior of F155 is very rational, 

considering that the substrate is not expected to strongly bind in the binding pocket in the 

Outward-Open conformation. Thus, it seems that the last interaction to shield the binding mode 
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of xanthine in the binding site in the Occluded state is that of F155, which prevents the substrate 

from escaping to the extracellular solute. It has been suggested that F528 and Q408 of the NAT 

signature motif interact functionally185 as the mutation F528S was a suppressor mutation of the 

UapA-Q408E mutant. Moreover, T526M, T526L substitutions when combined with mutations 

in Q113 resulted in growth on 2 mM adenine. In detail, growth of the double mutated UapA 

on high concentration of 2 mM of adenine or hypoxanthine, did not considerably increase the 

relative affinities for these non-natural substrates1,8. Based on these findings and their topology, 

it has been proposed that these residues act as outward-facing gating elements that select the 

purines allowed to access the substrate binding site of UapA, which could explain why specific 

substitutions of these residues might lead to enlarged substrate specificity8,126. 
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Figure 3.2.7: (A) The Outward-Open conformation of UapA derived from Homology Modeling, compared to the 

Inward-Open derived from X-ray crystallography. (B) Initial UapA Outward-Open model structure and centroid 

structure of the Outward-Open UapA 100ns standard MD aligned. (C) The binding site residues, E356, Q408, 

F155, of the Outward-Open model structure (yellow) and the centroid of the 100ns Md of the Outward-Open 

UapA model structure (cyan). (D) Superposition of the Outward-Open model structure (yellow), the centroid of 

the 100ns MD of the Outward-Open model structure and the Outward-Open UapA model after 100ns of MD. 

 

outward Outward-occluded inwardInward-occluded
Fig.4: The 3 models of the UapA transporter (homodimer) derived from Targeted MD and the crystallographic one in the inward conformation. Core domain (blue) is moving 
towards the gate domain (red) which is rigid.

outward Outward-occluded inwardInward-occluded
Fig.4: The 3 models of the UapA transporter (homodimer) derived from Targeted MD and the crystallographic one in the inward conformation. Core domain (blue) is moving 
towards the gate domain (red) which is rigid.
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Figure 3.2.8: The RMSD of the Ca atoms of the helices calculated for the 100ns stabilization MD of the model 

UapA in Outward-Open conformation on the centroid structure of the same simulation. 

Figure 3.2.9: (A)The distance calculated between Cg of D366 and Cz of R481 during the 100ns MD simulation 

of the Outward-Open UapA model structure. (B)The distance calculated between Cd of E286 and Cz of R417, 

during the 100ns MD simulation of the Outward-Open UapA model structure. (C) Comparison of the position of 

R417 in the Outward-Open and Inward-Open conformation, which regulates the formation of a salt-bridge 

between R417 and E286. (D) Binding site residues’ topology in the Outward-Open UapA as derived from 100ns 

Md simulation. 
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3.2.6 Comparison of the four UapA models 

 

A comparison of the UapA models and the relative movement of the helices highlights the 

“elevator” mechanism (Figure 3.2.10). As it can be seen the transmembrane segments  

Figure 3.2.10: The conformational change of UapA from Outward-Open model (red) to Inward-Open (blue) 

crystal structure passing through the Occluded state, depicted on the core domain of a single protomer. 

 

including the binding pocket (TMS8, TMS10, TMS3) are the ones displaying the larger 

conformational rearrangement. 

Hereafter follows a comparison of the binding sites of the three conformational states 

that the substrate can be present or absent initiating two different states of the binding site, with 

respect to the distances of the Cb atoms (Figure 3.2.11). The distances are measured in 

Angstrom.  
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Figure 3.2.11: Comparison of the binding sites of the four conformational states with respect to the distances of 
the Cb atoms. (A) crystal structure of UapA with both substrates in, (B) UapA crystal structure with one substrate 
in and one absent, (C) UapA outward occluded without substrates (D) UapA outward occluded with both substates 
present, (E) UapA outward open with one substrate present and one absent. 
 
 

3.2.7 Metadynamics simulations for the IOp-to-IOcc transition step. 

 

3.2.7.1 The Free Energy Surface of the IOp-to-IOcc transition step. 

As described above, starting from the UapA crystal structure the atoms were steered on 

the corresponding atoms of UraA template using targeted MD (Figure 3.2.12A). The 

intermediate structures were extracted from the steering process through RMSD calculation so 

that they create an optimal path of equally distant structures (Figure 3.2.12B). The method was 

parametrized adequately for these systems after several trials. 
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Figure 3.2.12: (A) UapA Inward occluded structure (green) superimposed to the UraA crystal structure (white). 

(B) The RMSD of the intermediate structures/frames between Inward Open and Inward Occlude structure of 

UapA, that were chosen to form the path connecting these two conformations. 

 

One path was introduced for each chain/protomer of the dimeric transporter separately 

as the RMSD calculations presented above, surface accessible area analysis (SASA) and 

principal component analysis (PCA) on both the UapA crystal structure and the IOcc model, 

indicated that the two chains are asynchronous and behave differently. The progress along each 

path was the CV chosen for this Metadynamics simulation (p1.sss, p2.sss), so instead of 

aligning the whole dimeric structure on the other, each protomer was aligned on the 

corresponding of the template during the simulation. The width of the gaussians was calculated 

according to the fluctuation of each CV during a 100ns classical MD of the crystal structure 

(inward open conformation) and followed by a RMSD analysis to decide. The λ was equal to 

135 for protomer A and 136 for protomer B, as indicated by the RMSDs between the five 

frames that identify the path. The ligand was docked in the binding pocket and an upper wall 
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was applied in the crystallographic binding mode, in order to hamper the exit of the substrate 

from the inward open transporter. The steps were parametrized and finally validated for these 

transporters. The calculations were run on multiple nodes with GPU acceleration. All 

calculations were performed on a system that the dimeric protein was embedded in a membrane 

bilayer of DPPC lipids, ergosterol and explicit waters (TIP3). 

It is worth noting that the progress along the path due to the implementation of the bias 

potential, was not identical for the two protomers, supporting their asynchronous movement 

(Figure 3.2.13). 

 

Figure 3.2.13: The progress along the path in the start of metadynamics simulation (upper panel) and close to the 

end (lower panel) due to the implementation of the bias potential indicating that the two protomers perform an 

asynchronous movement as protomer B moves faster along the path. 

 

The CV space of this 160000-atom system was fully investigated until it reached 

convergence and a semi-qualitative Free Energy Surface (FES), in a 1024 ns trajectory. The 

FES derived from this calculation is presented in Figure 3.2.14. 
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Figure 3.2.14: The Free Energy Surface corresponding to the Inward Open to Inward Occluded transition of UapA 

structure. 

 

It appears that in the case studied, the global minimum of the Free Energy surface when 

xanthine is included in both protomers, is the Inward Open state, corresponding to all the points 

in the space f(cv1) =cv2= [1...1.15] for cv1= [1.3..1.4]. The next minimum with higher energy 

corresponds to the points belonging to f(cv1) =cv2= [4.3, 4.4] for cv1= [1.5, 1.8]. More 

explicitly, the next step corresponds to a structure with the one protomer in Inward Open state 

and the other in Inward Occluded. This fact confirms the previously mentioned result, that the 

two protomers are not synchronized. Other intermediate states are observed in the FES area 

[2.3-2.6, 1.4-1.6] and [2.4-2.6, 3.4-3.9] leading to the Inward Occluded state. In the case 

studied, in which only xanthine is included as a substrate, the Inward Occluded state is not 

conformationally identical to the UraA crystal structure (frame 5). It emerges closer to the 

frame 4 which has an RMSD of 0.05 nm (calculated on the Ca atoms) compared to frame 5 (as 

spotted on Figure 3.2.12B). 

 

3.2.7.2 The Inward Occluded Structure through Metadynamics 

Proceeding to the study of the Inward Occluded structure given by the FES, we 

extracted the trajectory frames narrowing down to the ones belonging to the [x:y] coordinates: 

[4.40-4.44 : 4.25-4.30]. The RMSD of these frames compared to the Ca atoms of the helices of 

the Inward Occluded modeled dimeric structure are represented in Figure 3.2.15. The one with 

the lowest RMSD was chosen as the Inward Occluded structure derived from the FES. 
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Figure 3.3.15: The RMSD of the frames derived from the FES compared to the Inward Occluded modeled dimeric 
structure as a result of the steering process. 
 

Comparing the modeled structure for Inward Occluded and the one derived from the 

metadynamics calculations (Figure 3.2.17), we notice an RMSD of 0.29 nm on the overall 

structure, which is very low considering the huge dimeric transporter. Visual inspection of the 

aligned structures shows a great resemblance and no important displacement of the atoms of 

the helices. The FES derived IOcc structure was subjected to MD stabilization of 100ns and 

the plot of the RMSD compared to the average structure denotes that it is a quite stable 

structure. 

 

Figure 3.2.17: The binding site of the modeled Inward Occluded structure (white) aligned on the FES derived 
one (green). 

 

The highest energy of the Inward Occluded state compared to the Inward Open state, 

does not imply that UapA could not reach a state almost identical to UraA, but merely denotes 

that Inward Occluded structure is not favored with this substrate stoichiometry. In any case, 

further investigation should set light in this aspect. 

Further, we surveyed the behavior of the important residues in the essential FES 

minima. In the Inward Open state, all binding site residues namely E356, F155, Q408, F406 

interact steadily with the ligand. Though, the ligand upper wall is often affected meaning that 

F155

E356
D360

Q408
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the ligand is not stable enough in the binding pocket in this conformation and attempts to escape 

towards the intracellular solute. This finding agrees with the results of previous studies in UapA 

crystal structure indicating that xanthine instantly abandons the binding pocket of Inward Open 

UapA, assisted by R481. In the Inward Occluded state, frames have been spotted displaying a 

T-stacking interaction between the F155 and F528. The latter even if it is away from the binding 

site, has been shown to play important role in specificity. All the other binding site residues 

interact constantly with the ligand. 

 

3.2.8 The NAT signature motif and its structural and functional role 

 

The NAT signature motif is a conserved amino acid motif located in TMS10 of all 

NATs and includes residues critical for substrate binding and specificity (Q408, R417) or 

transport catalysis (N409, G411, T416), as shown in systematic mutational analysis on the 

UapA transporter. A sixth residue of the motif, F406, can also moderately contribute to 

specificity according to random genetic screens8. Generally, the five residues (Q408, R417, 

N409, G411, T416) are irreplaceable for wild-type UapA transport activity, however specific 

conserved substitutions might still possess low activity or substrate binding, though with 

modified kinetics1,76,127. In all nucleobases specific UapA homologues the NAT signature motif 

corresponds to the consensus sequence T/S/A/V405-F/Y/S/L406- A/S/T/G/V407-Q/E408-

N409-X-G411-X-X-X-X-T416-R/ K/G417. Crystallography and Homology Modelling 

indicate that the NAT motif, located in the core domain, has a key role in the substrate binding 

site of UapA58,126 or UraA56,57. 

In our metadynamics calculations, the NAT signature motif behaves accordingly to the 

classical MDs of the crystal structure. Q408 forms a bidentate H-bond with the xanthine-

substrate. A407 and F406 also interact with xanthine via backbone H-bonds and p-p stacking, 

respectively, while N409 and T416 seem to be involved in a dynamic H-bond network with 

specific residues in TMS1, TMS3 and TMS8. 

 

3.2.9 Conclusion 

 

UapA transporter has been a great challenge to crystallize as it is a transmembrane 

dimeric protein, resulting in obtaining one crystal structure in inward-open conformation with 

xanthine in the binding pocket. Although this fact provided much information, yet the 

mechanism undergoing for substrate internalization remains unknown. Computational 
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approaches, like standard Molecular Dynamics are also not sufficient to simulate the whole 

conformational change, as that is computationally extremely demanding (1ms scale). Path-

Collective variable metadynamics approach was a useful tool managing to highlight the UapA 

conformational transition from Inward-Open to Inward-Occluded state. The Free Energy 

Surface obtained, revealed that the two UapA protomers are not synchronized, so each one can 

be in different stage of the conformational cycle. That also means that it is not necessary that 

both protomers have the substrate in the binding pocket at the same time. This fact raises the 

hypothesis that the presence of the one substrate in the binding pocket could prevent the 

presence of the other to the other protomer, or that as long as a second substrate binds to the 

other protomer, the release of the first is favored. According to the results presented in this 

study, when both substrates are bound, the Inward-Open conformation is favored, while an 

Inward-Occluded state is less possible considering the higher energy values attained for this 

state in the specific stoichiometry of the system. In other words, it is rather possible that the 

occluded state of the one protomer is energetically favored when the other protomer is empty, 

while as long as another ligand approaches to bind in the second protomer, the Inward-

Occluded state is less preferred compared to the Inward-Open. Further simulations with 

different substrate stoichiometries would set more light in this matter.  

The Outward-Open model structure as resulted from Homology modeling and Targeted 

Molecular Dynamics, led to significant information about gating elements and about the 

elevator mechanism. In particular, the salt bridges R417-E286 and R481-D366, in the lower 

part of UapA seem to stabilize the outward conformation and regulate by their absence the 

substrate internalization.  

 

3.3 Context-dependent cryptic roles of specific residues in substrate selectivity of the 

UapA purine transporter 

Adapted from Kourkoulou, A., Zantza, I., Foti, K., Mikros, E. & Diallinas, G. J. Mol. Biol. 

(2021). 

 

3.3.1 Foundation of the study 

As stated before, a noticeable feature of the NAT family members is the NAT signature 

motif located in TMS10127,184, in which are included residues critical for substrate binding and 

specificity namely Q408, F406, R417, or transport catalysis namely N409, G411, T416. In the 

UapA crystal structure, the xanthine binding mode includes a bidentate between xanthine and 

Q408, one backbone H-bond with A407 and π-π stacking interaction with F40658. Further, 
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N409 and T416 are involved in a dynamic intramolecular H-bond network with specific 

residues in TMS1, TMS3 and TMS8. G411 has a different role associated with UapA-mediated 

transport as G411V is capable of binding, similar to the crystal structure, but not transporting 

the substrate127. Finally, R417 has been linked to uric acid binding affinity. 

Our team has previously shown that the NAT motif appears in two major specificity-

depending versions. In ascorbate-specific NATs the F406 in UapA is substituted by a serine 

(P406S) residue, while the Q408 by a proline (Q408P). Mutant versions of UapA introducing 

residues present in the L-ascorbate transporters proved to have basically no transport activity 

for either purines or L-ascorbate. At the same time, mutations in residues outside the major 

substrate binding site, selected by direct genetic screens, enlarge UapA specificity so that it can 

transport, besides xanthine and uric acid, other purines and uracil. These findings reveal that 

residues outside the main substrate binding site, are also involved in specificity regulation. 

Interesting examples are R48158 of the other protomer which is near xanthine-binding site, 

T526 and F528 in TMS14 but also in the vicinity of the binding site. Mutations in these residues 

showed none or very little measurable affinity for hypoxanthine and adenine1,8,125. In this study 

we initiated an innovative approach to reveal the role of variable NAT signature motif versions 

on specificity via Molecular Dynamics and Docking calculations on UapA accompanied by 

mutational analysis to shed light into observations raised from the functional analysis of the 

mutants. 

 

3.3.2 Context-depended role of the NAT signature motif in determining UapA specificity 

 

Seven UapA versions mutated in the first four residues of the NAT signature motif were 

studied with respect to their function, namely UapA-TYAQ, -TFAE, -TYAE, -SYSQ, - SYSE, 

-SSSQ and -SSSP, where in bold are substitutions relative to the TFAQ (T405-F406-A407- 

Q408) motif present in the wild-type UapA. The broad specificity profile of the various NAT 

signature motif versions was investigated by Kourkoulou et al., using for the first time in UapA 

a Δ7 strain, previously used to reveal cryptic functions of NCS1 transporters95,96,169, which 

genetically lacks all seven major endogenous nucleobase-related transporters (UapA, UapC, 

AzgA, FcyB -high-affinity cytosine/purine transporter168,169-, FurD and FurA - high-affinity 

uracil and allantoin transporters95,186 - and CntA - general nucleoside transporter167. The 

previously used ΔACZ strain which lacks only UapA, UapC and AzgA nucleobase 

transporters96, but this Δ7 strain does not transport any purines, pyrimidines, nucleosides, 

allantoin and nucleobase toxic analogues in a detectable level. As a result, the UapA mutant 
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versions genetically introduced in this strain could be analyzed for their ability to transport any 

purine-related substrate without background “noise”. Moreover, UapA mutants with too little 

transport activity can be measured due to the use of the strong gpdAp promoter. 

Among the constructed mutants, UapA-TFAE, -TYAQ and -SSSQ have been 

previously functionally analyzed in a genetic background (uapA- azgA- uapC- ) that permited 

testing of  purines only. Thus, it was known that residues at positions 406 and especially 408 

(F/Y406 or Q/E408) are critical for UapA specificity. UapA-TFAE sequence, which is 

functional, has acquired the ability to bind (but not to transport) hypoxanthine/guanine, albeit 

with relatively high affinity. The UapA-SSSQ mutant has been shown to lack any measurable 

purine transport capacity8. Finally, this analysis showed that UapA-TYAQ has acquired ability 

for recognition of all natural purines, but with extremely low binding affinities (Ki- ≥ 1 mM)187. 

It is interesting to note that in fungal and bacterial NATs that transport uric acid and xanthine 

406 and 408 positions are occupied by a Phe and a Gln residue, respectively, while bacterial 

uracil transporters have a Tyr and a Glu at these positions. SYSE and SYSQ are found in many 

metazoan NATs, while SSSP sequence is found only in ascorbate- specific NATs. The rest of 

the mutants studied were constructed and studied to inspect the individual role of the 

corresponding residues. 

The experimental part included growth tests and comparative uptake assays, performed 

by A. Kourkoulou. Table 3.3.1 presents the results concerning the transport function and 

specificity of UapA NAT motif mutants. The comparative uptake assays with radiolabeled 

xanthine and growth tests, were in accordance. Based on these, UapA-SYSQ was found to be 

able to recognize and transport UA, X, AD and 5FU, and to at least bind with low affinity also 

HX and U, indicating it as the most efficient and broad-specificity UapA version. In contrast, 

UapA-SYSE, has lost its transport capacity for purines, but acquired higher capacity for 5FU 

accumulation, differing at only a single residue with UapA-SYSQ (i.e. Q408E). A negative 

epistatic interaction between Tyr406 and E408 is assumed since loss of transport capacity is 

mainly due to the combination of these residues, while these two mutations alone do not lead 

to total loss of purine uptake. These results undoubtedly support those complex interactions of 

residues in the NAT signature motif determine UapA specificity, making it rather hard to define 

them. 
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Table 3.3.1: Transport function and specificity of UapA NAT motif mutants 
 

 
Underlined are amino acid replacements in mutant versions of UapA. +++ signifies wild type-like substrate 
binding and transport activity. – stands for 5% transport capacity of wild-type UapA and no indication of binding 
of nucleobases (up to 1 mM) or toxic nucleobase analogues (50–100 lΜ). In between values, +/–, +, ++ reflect 
compromised binding/transport (10–50% of wild-type UapA). UA is uric acid, XA is xanthine, AD is adenine, 
HX is hypoxanthine, , 5FU is 5-flurouracil, U is uracil, 5FC is 5-flurocytosine, C is cytosine, 5FUd is 5-
fluorouridine, Ud is uridine, AA is L-ascorbic acid (1%). This table is based on functional studies (growth tests, 
subcellular localization uptake measurements and transport competition assays) of different mutants expressed in 
a D7 genetic background. 
 

 

3.3.3 Computational analysis gives insights on the specificity modifications of the various 

NAT signature motif versions 

 

To better understand the specificity alterations of UapA, we performed molecular 

simulations of protein-substrate interactions (Figure 3.3.1). The models of UapA-SYSE, 

UapA-SYSQ, and UapA-TFAE have been constructed using as template the crystallized UapA 

structure in the inward-open conformation. Important differences were observed in the 

modelled structures, related to the binding cavity of the transporter due to the presence of the 

F406Y mutation but also to the calculated pKa of acidic residues critical for substrate binding 

(e.g. the invariable E356 and D360 in TMS8 and E408 in TMS10 of UapA-SYSE or UapA-

TFAE). 
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Figure 3.3.1: UapA mutants-substrate interactions as resulted by Molecular Simulations. (A) UapA-SYSE-uracil 
and UraA-uracil interactions. The UapA-SYSE-uracil interaction is stabilized by the formation of four H-bonds 
(depicted as dashed lines) between N1H and N3H with E408 and E356 carboxylates, respectively, C2=O with 
S407 hydroxyl group and C4=O with F155 backbone, as well as, a p-p stacking formed between uracil with both 
F155 and Y406. Notice also that Y406 hydroxyl group forms a H-bond with V153 backbone. The UraA-uracil 
crystallographic structure is also presented on the right for comparison. (B) UapA- SYSE-5FU and UraA-5FU 
interactions. In both structures 5FU is oriented similarly to uracil with the F atom located in a hydrophobic cleft 
and C-F bond parallel to both F155 and Y406 rings. (C) Hypoxanthine interactions with UapA, UapA-TFA E and 
UapA- SYSQ. Hypoxanthine forms two H-bonds with the UapA binding cavity, one between N9H and E356 
carboxylate and the second between C6=O and Q408 amide group. In UapA-TFA E, hypoxanthine N9H and N1H 
both form H-bonds with E408, and E356 carboxylates, respectively, while C6=O forms H-bond with S154 
hydroxyl group and F155 backbone. In UapA-SYSQhypoxanthine interaction E356 is protonated. Hypoxanthine 
H-bond interactions with the binding cavity are between N9H, N3 and E356, as well as, between C6=O and Q408. 
(D) Wild-type UapA-xanthine crystal structure is included for comparison. (E) Wild type UapA with docked 
uracil and 5FU. Both ligands are bound in a mirror image compared to UapA-SYSE and UraA. 
 

More specifically, the calculated pKa of E356 rises from 7.5 in the wild-type (UapA-

TFAQ) to 10.0 in the UapA-SYSE mutant, while that of D360 drops from 9.4 to 7.4. Similar 

pKa values to UapA-SYSE were calculated in UapA-SYSQ. Thus, in both UapA-SYSE and 

UapA-SYSQ E356 is considered protonated, while D360 is considered negatively charged 

(given transport assays are performed at pH 6.8). On the other hand, E408 in both UapA-SYSE 

and UapA-TFAE exhibits a theoretical pKa of 6.8. Alterations in the acidic nature in side 

e
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chains of UapA-SYSQ and UapA-SYSE as compared to wild-type (UapA-TFAQ) or UapA-

TFAE are expected to modify the polar nature of the substrate binding site, and thus might 

affect substrate binding and transport. The other important observation related to the binding 

cavity of these mutants versus the wild-type UapA concerns the formation of a hydrogen bond 

when F406 is mutated to tyrosine between the phenolic hydroxyl and the V153 backbone 

carbonyl group (see Figure 3.4.1A, B). This hydrogen bond stabilizes the main part of the 

binding cavity between TMS3 and TMS10, which is known to form the characteristic beta-

sheet structure in the middle of the transmembrane domain where the substrate is embedded. 

This stabilization does not seem to affect transport activity, but apparently contributes to 

enlarged specificity as UapA-TYAQ recognizes 5FU, hypoxanthine and adenine significantly 

better than UapA-TFAQ. 

In a second step, we used Induced Fit Docking (IFD) calculations in order to elucidate 

the  increased apparent affinity of UapA-SYSE for uracil and 5FU observed. The energetically 

most favourable binding mode of uracil is remarkably similar to the crystal structure of uracil 

bound in UraA, its natural transporter, as presented in the left and right panels of Figure 3.3.1A. 

In UapA-SYSE, uracil is well stabilized between the two acidic side chains E408 and E356, 

forming also π-π stacking interactions with F155 and Y406 and an H-bond with S407 side 

chain. The latter corresponds to a glycine in UraA in this position and to an alanine in UapA, 

conducting them unable to form this interaction via the residue side chain. A quite similar 

binding mode was encountered for 5FU, in both UapA-SYSE and UraA in IFD calculations 

(Figure 3.3.1B), left and right panels, respectively). Notice that the F atom is in a hydrophobic 

cleft in the binding pocket. In this cleft, the C-F bond is parallel to both F155 and Y406 rings, 

while the orientation of the pyrimidine ring is not affected. MM-PBSA and FEP calculations 

were also conducted in order to explain the experimental result showing that UapA-SYSE has 

high capacity and transports 5FU but not uracil. However, according to these calculations, the 

theoretical binding affinities of both 5FU and uracil are almost the same (ΔG5FU=-16.7 kcal/mol 

ΔGURA=-16.9 kcal/mol, ΔΔG=-0.23). Significantly, in wild-type UapA, which does not seem 

to transport uracil or 5FU, these ligands are not similarly positioned in the binding pocket, 

compared to the docking result for UraA or UapA-SYSE, as in their best fit position seem to 

interact via a mirror-image orientation (Figure 3.3.1E). Thus, it becomes evident that 

uracil/5FU binding mode in UraA or UapA-SYSE, both of which recognize and can transport 

these ligands, is distinct from that in wild-type UapA, which cannot transport these 

pyrimidines. However, our docking calculations are not able to explain the reasons that UraA 

recognizes uracil and 5FU with very high affinity (sub micromolar concentration), despite 
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similar binding modes, whereas UapA-SYSE recognizes these two substrates with moderate 

affinities (148–259 lΜ, dependent on the combination of different F528 substitutions and 

SYSE). A profound explanation for this difference is that binding affinities cannot be well 

predicted by docking approaches, while a probable one is that residues outside the binding site, 

distinct in UraA and UapA-SYSE, might be essential for substrate recognition. 

In an effort to further rationalize the specificity of UapA mutants against hypoxanthine, 

IFD calculations were performed considering wild-type (UapA-TFAQ) and mutant variants 

UapA-SYSQ and UapA-TFAE. We need to stress again here that according to functional 

assays, hypoxanthine does not bind to the wild type (UapA-TFAQ), whereas it binds to UapA-

TFAE (with relatively high affinity: 60–70 lΜ) but is not transported and is recognized by 

UapA-SYSQ (with low affinity: ~1 mΜ). In Figure 3.3.1C, are presented the lowest energy 

binding modes of hypoxanthine derived by IFD calculations. It is rather clear that none of them 

is similar to the xanthine-UapA binding mode where Q408 forms two H-bonds with N1H and 

C2=O (Figure 3.3.1D). In the wild-type UapA, the N9H of hypoxanthineinteracts with E356, 

but not the N1H, while a H-bond is formed between Q408 and C6=O forcing the hypoxanthine 

scaffold in a entirely different orientation compared to the orientation of the physiological 

substrates (e.g. xanthine). In UapA-TFAE, the orientation of hypoxanthine enables the two 

positive charges on N9H and N1H42 to interact with the two negative charges of E408 and 

E356, respectively, while the C6=O group forms a H-bond with S154. This can explain the 

relatively high binding affinity of hypoxanthine in this UapA mutant. Nonetheless, this ligand 

is not transported, possibly due to its topological disorientation in the binding site. Finally, in 

UapA-SYSQ, E356 is protonated according to pKa calculations. Due to that protonation, it can 

now interact with N9H and N3 while C6=O interacts with the amide group of Q408. This could 

explain the binding, albeit low affinity, of hypoxanthine in UapA-SYSQ, as compared to the 

wild-type UapA in which we encountered fewer interactions for hypoxanthine. 

 

3.3.4 F528 dynamically interacts with the substrate binding site 

 

It is still under investigation in our group, the functional role of all different UapA 

residues studied herein and the possible structural explanations. Mutations of F528 were 

isolated several times in this and previous work. To rationalize the key-element role of F528 

in affecting specificity either alone or in combination with substitutions in the NAT signature 

motif, we constructed the model of the outward conformation of UapA by homology modelling 

using as query the Band3 crystal structure (anion exchanger of human erythrocyte). Band3, 
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functions as bicarbonate (HCO3-) transporter and is the human structural homologue of UapA. 

Band3 has been crystalized in the outward conformation offering a unique model, for the 

outward conformation of the category of transporters functioning according to the elevator 

mechanism. The relative position of F528 to the position of E356 and Q408 in the modelled 

outward conformation and the inward crystal structure of UapA is depicted in Figure 3.3.2. It 

is clear that, in the outward topology the two residues interact through p-electrons being in very 

close proximity. The distance of the two side chains, as shown in the 100ns MD simulations, 

remains stable at approximately 3.50 Å, indicating a quite stable interaction. In contrast, in the 

inward crystal structure this distance increases to ~6.00 Å,  suggesting a dynamic interaction 

between the substrate binding site and F528, able to explain its critical role in specificity. 

 

 
Figure 3.3.2: UapA outward conformation. (A) The model constructed using Band3 as template is shown mainly 
focusing on the interaction between F528 and E356. The E356 carboxylate group remains almost parallel to the 
F528 phenyl ring (3.5 Angstrom) during the 100 ns MD simulation. (B) The corresponding distance in the inward 
conformation is much higher (pdb structure 5i6c). 
 

3.3.5 Conclusions 

. 

The NAT signature motif in TMS10 is crucial for substrate binding and specificity and 

as we showed, it contributed to the evolution of substrate specificity in the NAT family. In this 

study, we analyzed the NAT motif versions found in several NATs from a functional point of 

view by conducting a series of virtual molecular docking calculations on the constructed mutant 

homology models of UapA and by evaluating experimentally the results expressing in a novel 

genetic system a series of these variant UapA mutants. In UapA-SYSE, uracil is well stabilized 
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in a docking position, similar to the UraA, not encountered in wild-type UapA, although it is 

not transported, while according to experimental results, SYSE led to loss of transport capacity 

for purines but gained a capacity for toxic 5FU accumulation in the context of UapA. We also 

showed that binding of hypoxanthine in UapA-SYSQ is energetically favored compared to 

wild-type (UapA-TFAQ) which agrees with the promiscuous profile of SYSQ revealed by 

growth tests and uptake assays. Finally, computational analysis proposed that F528 interacts 

dynamically with the substrate binding site and specifically with E356, explaining the role of 

F528 in specificity regulation indicated by mutational analysis. 

 

 

3.4 NCS2/NAT family transporters (UapA, XanQ, SmLL9, AncXanQ): Structure, 

function, specificity, mechanism of transportation and crucial amino acids as key factors 

 

3.4.1 The case of SmLL9 transporter 

 

Adapted from “Specificity profile of NAT/NCS2 purine transporters in Sinorhizobium (Ensifer) 

meliloti “ by Maria Botou, Vassilis Yalelis, Panayiota Lazou, Iliana Zantza, Konstantinos 

Papakostas,Vassiliki Charalambous, Emmanuel Mikros, Emmanouil Flemetakis, Stathis 

Frillingos, Molecular Microbiology (March 2020) 

 

3.4.1.1 Foundation of the study 

 

SmLL9 is a transporter specific for xanthine and uric acid of the rhizobial 

species, Sinorhizobium (Ensifer) meliloti which belongs to the NAT/NCS2 family and the 

NAT/COG2233 Cluster 1 179 including also two thoroughly studied homologs, the xanthine-

specific XanQ of E. coli113,188 and the crystallographically resolved xanthine/uric acid 

transporter UapA from Aspergillus nidulans58,76. Interestingly, all homologs of S. 

meliloti cluster along with well-known purine nucleobase transporters, NAT/NCS2 homologs, 

from Escherichia coli or other proteobacteria 113,188–190. However, most other rhizobia contain 

only homologs of the NCS1 family exhibiting very low similarity to the known purine 

transporters or lack NAT/NCS2 homologs. SmLL9 is the first bacterial homolog that transports 

with high affinity both xanthine and uric acid, among other functionally known homologs. The 

XanQ and UacT from E. coli, previously well studied, are specific for xanthine and uric acid 

respectively. The sequence homology of SmLL9 and XanQ is very limited. In detail, it they 
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exhibit 29.8% identity based on MUSCLE alignment and 26.2% identity, 43.9% similarity, 

18.3% gaps based on the EMBOSS Needle tool. Still, both transporters preserve the 

functionally crucial residues in XanQ188 (Table 3.4.1.1). These observations prompted us to 

use molecular dynamics to study the structure-function relationships of SmLL9 in relation to 

XanQ and to experimentally confirm the results with site-directed mutagenesis at important 

amino acid positions. 

 

3.4.1.2 SmLL9 purine nucleobase transporter of S. meliloti has enlarged specificity profile 

 

As a first step, the Prof. Frillingos’ team, analyzed the transport activities of the 

NAT/NCS2 transporters of S. meliloti strain 1,021 for several putative substrates namely 

adenine, guanine, hypoxanthine, xanthine, uric acid, uracil, thymine, and cytosine. It was found 

that none of them was able to transport any pyrimidine nucleobase, but only purines. In detail, 

homologs belonging to NAT/COG2233, are high-affinity transporters of xanthine and/or uric 

acid (except SmWQ0 which seems unable to transport any nucleobase), and homologs that 

belong to AzgA-like/COG2252 are high-affinity transporters of adenine and/or 

guanine/hypoxanthine. Experiments in the Frillingos’ lab have shown that SmLL9 is a high-

affinity transporter for xanthine (KM = 3.3 μΜ), while a lower-affinity transporter for uric acid 

(KM = 27.3 μΜ). The protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 

abolishes the uptake activity of xanthine in SmLL9, indicating a dependency on H+ symport. 

Firstly, and to give an insight into the design of the computational experiments, a range 

of purine analogs as putative competitors were used to compare SmLL9, that transports 

multiple purine substrates, to the xanthine-specific XanQ191 for competition against xanthine 

transport (known appropriate E. coli transporters were used as controls). SmLL9 recognizes 

with high-affinity uric acid, as well as 8-methylxanthine, and 7-methylxanthine which are not 

ligands for XanQ. This highlights that SmLL9 displays broader specificity toward analogs with 

diverse substitutions on the imidazole of the purine substrate. These findings were subjected to 

further investigation through computational calculations. 

 

3.4.1.3 Homology modeling of SmLL9 and comparison with XanQ 

 

As encountered above, SmLL9 is the first bacterial homolog shown to transport with 

high affinity both xanthine and uric acid, as the previously well characterized homologs 

from E. coli XanQ and UacT are specific for xanthine or uric acid, respectively. It is worth 
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noting that SmLL9 is classified in a different clade compared to the one including XanQ and 

UapA188. However, XanQ and SmLL9 share almost 30% identity and 43.9% similarity and 

most of the crucial residues with respect to function in XanQ (based on Cys-scanning 

analysis188) are retained in SmLL9 (Table 3.4.1.1). 
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Table 3.4.1.1: Amino acid differences of SmLL9 at residues that are functionally important in XanQ. The 
information on the functional roles of amino acid residues of XanQ is based on the Cysscanning analysis data 
published previously (references included in the table).
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SmLL9 was used as an input in HHpred search tool for homology detection and 

structure prediction, which ranks UapA58 (PDB ID: 5I6C) first with 100% probability 

(p = 2.5e−40), 24% identity, and 0.38 similarity. The same holds for XanQ with 100% 

probability (p = 6e−43), 30% identity, and 0.54 similarity. Both transporters also exhibit 

homology to UraA57 (PDB ID: 5XLS) with 100% probability (p = 8.9e−40), 24% identity and 

0.42 similarity for SmLL9, and 100% probability (p = 2e−37), 24% identity and 0.38 similarity 

for XanQ. The sequence alignment of SmLL9 and other known NAT/NCS2 homologs is 

depicted in Figure 3.4.1.1. 
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Figure 3.4.1.1: Sequence alignment of SmLL9 and other known NAT/NCS2 homologs in Cluster 1 
(C1_Xanthine-Uric Acid). The alignment shown was prepared with MultAlin (Corpet, 1988). High consensus 
sites (occurring at >90% of the sequences) are shown in red and low consensus sites (>50%) in blue. The 
approximate positions of alpha-helices and beta-sheets shown on top of the sequences and the xanthine-binding 
residues (indicated as small dots) are according to the UapA structure PDB no. 5I6C (Alguel et al., 2016). The 
alignment includes the relevant homologs of S. meliloti analyzed in this study (Q92LL9, Q92LL8, Q92X28, 
Q92WQ0), two homologs (from Acinetobacter calcoaceticus, DOS4X6, and Prevotella copri, OXL43103) 
discovered and annotated as xanthine transporters in a riboswitch-based functional mining study of a gut 
metagenomic library (Genee et al., 2016), and the well-known xanthine and/or uric acid-transporting homologs 
UacT, XanQ and XanP from E. coli K-12 (see text and Table S3), PbuX, PucK and PucJ from Bacillus 
subtilis(Schultz et al., 2001; Saxild et al., 2001), and UapA from Aspergillus nidulans (see text). The UniProt 
accession numbers not given in the figure are: Q46821 (UacT), P42086 (PbuX), O32140 (PucK), O32139 (PucJ), 
A0A229I2P1 (PXL43103), P67444 (XanQ), P0AGM9 (XanP), Q07307 (UapA). 
 

Structural models of both SmLL9 and XanQ were constructed based on homology 

modeling and specific protein-substrate interactions were monitored. The structural models 

were generated as monomers based on homology to the UapA crystal structure of Aspergillus 

nidulans which is in the Inward Open conformation. In order to construct the dimeric form of 
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both models, a 3D superposition on the UapA transporter dimer was performed 

(Figure 3.4.1.2). Each structure was subjected to 40 ns of molecular dynamics simulation in 

the apo form using GROMACS software134 and charmm36 force field135. The protein was 

embedded in DPPC lipid bilayer which was solvated in explicit water. The RMSD of the Cα-

carbons of the a-helices did not exceed 1 Å, affirming the stability of the theoretical model. 

According to the UapA template the 3D models of SmLL9 and XanQ are dimeric and 

each protomer consists of 14 transmembrane segments (TMS) (Figure 3.2.1.2). A core domain 

of (TMS 1–4 and 8–11) and a gate domain (TMS 5–7 and 12–14) combined form the protomer. 

The transmembrane helices have the same length except TMS9 which is longer for XanQ by 

one turn (4 amino acids). The loops connecting the TMS are also of the same length on average 

except the loop between TMS3–4 in XanQ which is longer by 10 amino acids, and the loop 

between TMS4–5 which is shorter by three amino acids. Three exoplasmic loops of both 

bacterial homologs are shorter compared to UapA, by at least 10 amino acids in TMS3–4, 15 

amino acids in TMS5–6, and 12 amino acids in TMS13–14. 

 
Figure 3.4.1.2: Homology modeling and site-directed mutagenesis of SmLL9. (a) Dimeric structural model of 
SmLL9 as viewed parallel to the membrane plane (left) and from the cytoplasmic side (right). Different colors 
highlight the core and the gate domain of each protomer. Residues found to be important with site-directed 
mutagenesis are shown as spheres in red (irreplaceable, involved in substrate binding), gray (irreplaceable, 
involved in H-bond interactions in the vicinity of the binding site), purple (H-bond interactions in the core 
domain), green (crucial for specificity), and yellow (sensitive to inactivation by site-directed alkylation). 
 

Remarkably, in UapA there is a pair of cysteines shown to be rather important for UapA 

and possibly other fungal homologs, as it forms a disulfide bond that is needed for intracellular 

folding in the loop between TMS3–4 which does not exist in these bacterial homologs58, while 

they also lack the 10-residue segment between these cysteines. Concerning the cytoplasmic 

loops, the loop between TMS4–5 in SmLL9 is shorter by one residue relative to UapA resulting 

in the distortion of the small helix between TMS4 and TMS5 found in the UapA crystal 

structure. 
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The distribution of the ionized residues in both SmLL9 and XanQ models is reasonable 

(Figure 3.4.1.3), as they are allocated on the protein surface, most of them at the periplasmic 

and cytoplasmic sides or alongside the pore of the protein. Positive charges face mostly the 

cytoplasm while negative charges the periplasm. 

 
Figure 3.4.1.3: The distribution of the ionized residues in SmLL9 and XanQ models at top and bottom view. 
 

The pKas of the carboxylates in the binding cavity were calculated for both models 

using PDB2PQR version 2.0.0 server192. D266 in SmLL9 and the corresponding D276 in XanQ 

had pKa values higher than 8 and they were considered as protonated in the docking 

calculations. In the case of XanQ the pKa of E272 was 7.5 and thus both the protonated and 

the charged carboxylate form were used in the docking calculations which were performed 

twice. On the other hand, the corresponding to E272 of XanQ in SmLL9, E262, had a pKa 

value equal to 7 and was considered negatively charged in all calculations. 

High similarity between SmLL9, XanQ, UapA, and UraA is observed concerning 

residues crucial for the binding and transport of substrate, specificity, kinetics, and transporter 

function in UapA and UraA that are located in the vicinity of substrate (4.5 Å) in TMS 1, 3, 8, 

and 10, after 3D alignment of the constructed models and the UapA and UraA crystal structures 

(Table 3.4.1.2). 
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Table 3.4.1.2: Residues existing in the substrate binding cavity of Q92LL9, XanQ, UapA and UraA transporters 
in the vicinity of the crystallographic ligand, aligned after superimposition of 3D homology models (SmLL9, 
XanQ) and crystal structures (UapA, UraA). 

 
 

In SmLL9 core domain, a hydrogen bond network formed connects TMS 2, 3, 8, 9, and 

10, similar to the one described for XanQ. The network consists of the side chains of Q90, Q75, 

Q305, D290, and T263 and is divided in two parts, one between Q90-Q75-Q305 (Figure 

3.4.1.4A) and one between D290, T263, and the backbone of Q305. 

 
Figure 3.4.1.4: The Q305-Q90-Q75 network in SmLL9 and its counterpart in UapA. (A) In SmLL9, Q75 (TMS2), 
Q90 (TMS3) and Q305 (TMS10) are aligned along the membrane axis forming a H-bond network of interactions 
between TMs 2, 3 and 10. (B) In UapA, the corresponding interactions are formed between Q130 (TMS2) and 
T405 (TMS10) as well as between M151 (TMS2) and M403 (TMS10). 
 

During the MD simulations the D290 side chain forms strong H-bonds with Q75 and 

Q90 being oriented toward the center of the core domain preserving the interaction with T263 
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(Figure 3.4.1.5). The residues corresponding to Q90 and Q305 In UapA58 are M151 and M403 

which seem to form stabilizing hydrophobic interactions as the two S-CH3 moieties are almost 

parallel and about 4.6 Å apart. 

 
Figure 3.4.1.5: The H-bond network stabilizing the core domain in SmLL9. Shown in the left is the extracellular 
view of the modeled structure with core domain in teal and gate domain in orange. The inset in the right highlights 
the H-bond network present during the major part of the MD simulations where the D290 side chain reorients 
pointing to the central cavity of the core domain and forming strong H-bonds with Q75, Q90 and T263 connecting 
TMS8 and TMS9 with TMS2 and TMS3. 
 

In addition, there is a weak H-bond interaction between Q130 and T405 which is absent 

in SmLL9 because the corresponding residues are Q75 and A307 respectively (Figure 

3.4.1.4B). Thus, the H-bond network of the core domain of the bacterial homologs seems to 

include different types of interactions which are stronger than the ones in UapA. Moreover, 

N311 side chain in SmLL9 exhibits a relative flexibility in MD simulations, as it frequently 

changes orientation forming interactions with H31 on the one side and D266 on the other side 

(Figure3.4.1.6). 
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Figure 3.4.1.6: Distances between A) residues N311 and D266, B) residues N311 and H31 of SmLL9. Distances 
have been monitored throughout the 40 ns MD simulation between A) the amide nitrogen N311 (ND2) and D266 
carboxylate (OD1) and B) the amide oxygen N311 (OD1) and imidazole nitrogen (NE2) H31. 
 

Concerning the binding of the substrates in the binding site, induced fit docking (IFD) 

calculations indicated that SmLL9 and XanQ bind xanthine in a similar manner, in contrast to 

uric acid which is bound in XanQ in a reverse orientation and less optimally compared to 

SmLL9. The results from the IFD calculations are presented later on. 
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3.4.1.5 Key binding-site residues are conserved between SmLL9 and XanQ preserving 

their functional role 

 

Aiming to address the role of key amino acid residues of SmLL9 and understand the 

way it functions as well as its broader specificity compared to XanQ, we performed site-

directed mutagenesis on SmLL9 at positions corresponding to important residues of XanQ 

(Table 3.4.1.1). These residues were either involved in substrate binding or participated in H-

bond interactions at the periphery of the binding site or belonged to the crucial in the 

coordination of substrate binding TMSs 8 and 10 (Figure 3.4.1.2). Residues of SmLL9 that are 

conserved in XanQ were replaced with amino acids with similar side-chain properties. In the 

case that the similar side-chain mutants retained significant activity, they were subjected to 

more extensive mutagenesis. Residues differing from XanQ were substituted by the 

corresponding amino acid occupying the same position in XanQ. In addition, taking advantage 

of the fact that SmLL9 does not contain any native Cys in its sequence, all the residues 

examined were mutagenized also to Cys. 

Mutagenesis data reveal that most SmLL9 mutants display remarkably similar 

properties with the corresponding XanQ mutants studied previously (see Table 3.4.1.1). The 

substrate-binding residues E262 (TMS8) and Q310 (TMS10) are strictly irreplaceable 

concerning function, since mutants E262C, E262D, E262Q, Q310C, Q310E, Q310N are 

inactive for either xanthine or uric acid transport (Figure 3.4.1.7). 

 
Figure 3.4.1.7: Site-directed mutagenesis of SmLL9. Escherichia coli T184 expressing the corresponding 
mutants from pT7-5/SmLL9-BAD were assayed for uptake of [3H]-xanthine (1 μM) (blue bars) or [14C]-uric acid 
(4 μM) (red bars) and the deduced transport rates were expressed as percentages of the rate obtained with wild-
type SmLL9. Values obtained with cells harboring pT7-5/-BAD alone had been subtracted from the sample 
measurements in all cases. Each bar represents the mean of at least three determinations with SD shown. Mutants 
shown in boxes attain negligible protein levels in the E. coli membrane. 
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The same has been shown for the corresponding XanQ mutants at E272193 and Q324184, 

differing only because Q324N and Q324E retain some activity but are grossly impaired in the 

affinity for xanthine or xanthine analogs184. The residues D290 (TMS9), which is central in a 

H-bond network stabilizing the core domain in XanQ188, and N311 (TMS10), which is involved 

in interactions with H31 and D266 at the periphery of the binding site are also irreplaceable, as 

mutants D290C, D290E, D290N, N311C, N311E, N311Q are inactive (Figure 3.4.1.7). The 

same has been shown for the XanQ mutants corresponding to D304193 and N325184. 

Interestingly, N311C and N311E are not detected in the E. coli membrane, pointing to a more 

austere role of N311 in affecting the protein stability/folding relative to N325 in XanQ. The H-

bonding Q or N can replace H31 (TMS1) residues, but C, L, or K cannot (Figure 3.4.1.7). 

Mutant H31K is not detected in the membrane. Similar data have been obtained with the 

corresponding XanQ mutants, with the difference that H31C and H31L in XanQ display low 

transport activity but impaired affinity for xanthine or xanthine analogs193. D266 (TMS8) is 

replaceable only by E or N and irreplaceable by C, H, M, or V (Figure 3.2.1.7), in close 

resemblance with the properties of D276 in XanQ194. As a difference arises that D276E in 

XanQ displays high activity, in contrast to D266E in SmLL9 which transports at a rate of 20% 

relative to wild type (Figure 3.4.1.7) pointing to a more crucial role of this carboxyl group in 

SmLL9. In the uric acid transporter UacT of the NAT/COG2233 Cluster C1_Xanthine-Uric 

Acid195, all residues corresponding to the above six crucial residues of SmLL9 were found to 

be irreplaceable189. Of the corresponding residues in the fungal UapA, the two substrate-

binding residues E356 (TMS8)1 and Q408 (TMS10)127 are also essential and D388 (TMS9) is 

also functionally irreplaceable1, but the other residues are less stringently related with activity: 

N409 (TMS10) is replaceable by Ala, Ser or Gln with retention of wild-type properties, and 

only N409D results in loss of function127, H86 (TMS1) is linked with defects in folding and 

targeting to the plasma membrane as shown with the low-activity mutants H86A, H86K, or 

H86D, while H86N is active and indistinguishable in function from wild type196, and D360 

(TMS8) is replaceable by Ala retaining wild-type properties126. 

S93 (TMS3) is irreplaceable by C while S93C is not detected in the membrane, whereas 

S93N retains the significant xanthine uptake activity but marginal transport activity for uric 

acid (Figure 3.4.1.7). Kinetic analysis shows that S93N transports uric acid with low affinity 

(3-fold higher KM relative to wild type) and low efficiency (10-fold lower Vmax/KM for uric acid 

than for xanthine). In the xanthine-specific XanQ, the corresponding Asn93 is also 

irreplaceable by C with low levels of the N93C mutant in the membrane197, whereas N93S and 
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N93A display high transport activity for xanthine and marginally detectable transport activity 

for uric acid as well197. In the related uric acid transporter UacT, replacement of the 

corresponding T100 by Ala results in significant ability to transport xanthine in addition to uric 

acid189. In the fungal UapA, replacements of the corresponding S154 with A or N lead to defects 

in transport activity and kinetic changes relative to wild type indicative of a role of S154 in 

specificity. The affinity for xanthine in S154N, shows a 5-fold improvement without affecting 

the affinity for uric acid. The affinity for uric acid for S154A shows 7-fold decrease without 

affecting the affinity for xanthine. These mutants are defective in transport of both substrates 

but their relative transport efficiencies for xanthine and uric acid have not been tested198. 

Among the other residues, high transport activities for both uric acid and xanthine 

(Figure 3.4.1.7) and close to wild-type kinetics is displayed by most mutants, with few 

exceptions mentioned below. Met291 (TMS9) is irreplaceable by G and M291G is not detected 

in the membrane, but M291C is highly active (Figure 3.2.1.7), albeit with significantly lower 

affinities (higher KM) relative to wild type for both uric acid and xanthine; in XanQ, G305 at 

the corresponding position has been annotated as important for folding/stability and mutant 

G305C is not detectable in the membrane194. T304 (TMS10) is replaceable by C or P with 

retention of high transport activity for both xanthine and uric acid (Figure 3.4.1.7), although 

T304P displays significantly lower affinities (higher KM) relative to wild type; in XanQ, 

Pro318 at the corresponding position is crucial for stability and detection of the protein in the 

membrane184. V312 (TMS10) is replaceable by C with high activity and small differences from 

wild type in kinetics but irreplaceable by N (Figure 3.4.1.7). Τhe corresponding N326 in XanQ 

is replaceable by C but sensitive to inactivation by alkylation with N-ethylmaleimide184,199, and 

the corresponding V320 in the uric acid transporting homolog UacT is irreplaceable by N189. 

The mutants with Cys replacement in the natively C-less SmLL9 background allow the 

examination of the effects of alkylation of these mutants by sulfhydryl-specific reagents on the 

transport activity. In case an alkylation by the small and relatively hydrophobic N-

ethylmaleimide inhibits an active Cys-mutant, it would be indicative of involvement of the 

corresponding position in the substrate translocation pathway. Thus, if the presence of the 

substrate changes this inhibitory effect, it would indicate a position sensitive to the 

conformational alternations of the transporter or it would show direct involvement in substrate 

binding112,200. Of the nine active Cys-mutants of SmLL9, V270C, I274C, M291C, and T304C 

are not inhibited by N-ethylmaleimide, S251C is inhibited with IC50 = 169 μM, V312C with 

IC50 = 47 μM, and three mutants are inhibited with IC50 = 14–20 μM which remains unchanged 

(A309C, S417C) or increases 3-fold (A265C) in the presence of 1 mM substrate (xanthine). 
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The corresponding alkylation-sensitive mutants of XanQ display very similar responses to N-

ethylmaleimide; V261C is the least sensitive (IC50 = 97 μΜ)194, N326C is inhibited with 

IC50 = 50 μΜ199, A323C with IC50 = 34 μΜ199, N430C with IC50 = 10 μM201, G275C with 

IC50 = 15 μM 194 . A thorough comparison of the effects of the N-ethylmaleimide of mutants 

A265C (TMS8) and A309C (TMS10) on the xanthine transport activity with the corresponding 

effects in XanQ, illustrates that the N-ethylmaleimide sensitivity is, for all mutants, in the same 

IC50 range but the SmLL9 mutants respond differently to the binding of xanthine. For instance, 

the sensitivity of A265C decreases, whereas there is an increase in the sensitivity of G275C in 

XanQ; the sensitivity of A309C remains the same, while the sensitivity of A323C in XanQ 

increases. 

 

3.4.1.6 Mutation of S93 to Asn converts SmLL9 to a xanthine-selective transporter 

 

As derived by the transport kinetics results, there are significant differences in affinity 

(KM value) or efficiency (Vmax/KM value) in several mutants compared to the wild type for 

either xanthine or uric acid uptake or both. Notably, S93N (XanQ has N in the corresponding 

position) mutation transports the uric acid with 10-fold lower efficiency relative to xanthine. 

Compromised efficiencies for uric acid were detected for A265G, A309G, and A309S (6- to 

7-fold lower Vmax/KM relative to xanthine), whereas D266E and D266N display 10- to 12- and 

15-fold lower efficiencies for both the uric acid and xanthine, respectively, compared to the 

wild type. The same is true for A309C and I274S. The xanthine transport efficiency in these 

cases is 12- and 15-fold lower and the uric acid efficiency is 8- and 27-fold lower compared to 

the wild type. Six mutants (H31Q, S93N, D266E, D266N, A309G, V312C) display specifically 

low affinity for uric acid (>3-fold higher KM relative to wild type), whereas M291C and T304P 

have low affinity for both uric acid and xanthine. KM is 2.5- to 3.5-fold higher for xanthine and 

11-fold higher for uric acid relative to wild type. 

Following up on the above results, SmLL9 mutants were subjected to xanthine uptake 

assays in the presence of uric acid, 7-methylxanthine or 8-methylxanthine, which are not 

recognized by the xanthine-specific XanQ, in order to understand the effect of each mutation 

on SmLL9. Each one of the three ligands inhibit most of the mutants displaying Ki values 

similar to wild type, but S93N displays 12-fold lower affinity (12-fold higher Ki) for uric acid. 

Four mutants (H31N, H31Q, A265C, T304P) are inhibited with 3- to 4-fold higher Ki by uric 

acid and five mutants have lower affinity for 7-methylxanthine with 2- to 2.5-fold higher Ki, 

like the A309C, or 8-methylxanthine with 3- to 5-fold higher Ki, like H31N, V312C or both in 
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the case of H31Q, S93N. Of the above mutants, S93N stands out as the one which shows 

reduced affinity for uric acid and, to a lesser extent, for the methyl analogs of xanthine at C8 

or N7 and, also, very low efficiency for uric acid transport (Figure 3.4.1.7). The reciprocal 

mutant (N93S) in XanQ allows marginal uric acid uptake and low-affinity recognition of uric 

acid, 7-methyl and 8-methylxanthine197. A comparison of the effects of uric acid and 8-

methylxanthine on SmLL9 and the relevant SmLL9 and XanQ mutants illustrates that the S93N 

replacement deteriorates the ability of SmLL9 to recognize uric acid and 8-methylxanthine 

imitating partly the properties of XanQ and, more precisely, mimicking the N93S mutant. 

 

3.4.1.7 The important role of S93 in binding uric acid in SmLL9 transporter as revealed 

by Induced Fit Docking calculations (IFD) 

 

Xanthine binds in SmLL9 similarly to UapA, as indicated by the IFD calculations 

(Figure 3.4.1.8). 

 
Figure 3.4.1.8: Structural similarity between the SmLL9 and UapA binding sites. Xanthine substrate (A) in the 
binding cavity of SmLL9 as resulted from IFD calculations and (B) in UapA crystal structure. 
 

The O2 and N1 atoms of xanthine form two H-bonds with the amide of Q310 side chain while 

N7 an H-bond with E262. C6=O forms an H-bond with the A309 backbone NH. The 

stabilization of xanthine is enhanced by π–π stacking interactions with F94 and F308 as in the 

crystal structures of UapA and UraA (Figure 3.4.1.9A). Further, the IFD calculations reveal 

the probable existence of an H-bond network in the vicinity of the substrate between S95-S93-

S306 side chains and A307 backbone C=O. 

In the case of XanQ, xanthine is bound slightly tilted compared to SmLL9, forming H-

bonds between N7 and E272 carboxylate, between N1-H, C2=O and Q310 amide side chain 
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and between C6=O and the backbone NH of A323. Xanthine forms a π–π stacking interaction 

with F322 and a T-stacking with F94 (Figure 3.2.1.9C). Additionally, it is interesting to note 

that during the MD simulations the N93 side chain is relatively flexible, interacting with 

different residues in the vicinity, namely S95, S269, T320, and E272. 

Uric acid binds to SmLL9 with the same geometry and H-bonds as xanthine according 

to IFD calculations (Figure 3.4.1.9B) yet forming an extra hydrogen bond between C8=O and 

the S93 hydroxyl group connecting thus the substrate with the above mentioned S95-S93-S306-

A307 H-bond network. 

In contrast, when uric acid is docked inside XanQ binding cavity, it binds in a reverse 

orientation as N7 and N3 are directed toward E272, and C6=O is oriented toward F94 inversely 

to the corresponding xanthine carbonyl group which points to the E272 side chain (Figure 

3.4.1.9D). Uric acid appears to form two H-bonds between N1H and C2=O and Q324 amide. 

However, the angle between the two planar systems, namely the Q324 amide and the substrate 

aromatic system, is ~45 degrees, less optimal for the formation of strong H-bonds. Moreover, 

the C8=O group is not able to interact with the side chain of N93, which faces toward the 

opposite side of the binding cavity. 
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Figure 3.4.1.9: Structural basis of the interaction of SmLL9 and XanQ with xanthine and uric acid (UA). Low 
energy structures of transporter-substrate complexes as resulted from the induced-fit docking analysis. (a) SmLL9-
xanthine. (b) SmLL9-UA. (c) XanQ-xanthine. (d) XanQ-UA. The H-bond network between S95-S93-S306 is 
illustrated in (a) 
 

Overall, the docking calculations suggest that uric acid does not fit well in the binding 

cavity of XanQ and also the latter displays weaker interaction with uric acid compared to 

xanthine. Uric acid cannot be accommodated in the binding cavity and for that adopts a reverse 

orientation of the purine moiety compared to xanthine. The angle of the H-bond with Q324 is 

not optimal so the interaction is weak and moreover, there is no interaction between C8=O and 

the N93 side chain due to spatial and geometry reasons. It is interesting that, although the major 

difference between XanQ and SmLL9 in the binding cavity is related to residue 93, this 

difference is enough to produce weaker XanQ-uric acid interaction and generate specificity in 
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favor of xanthine. The presence of the H-bond between C8=O of uric acid and S93 hydroxyl 

group is necessary for the molecule to bind to SmLL9 (Figure 3.4.1.9B). This interaction 

stabilizes the pose which is the energetically most favorable and geometrically suitable 

according to the UapA-xanthine based model. This agrees with the mutagenesis data that show 

that the S93N replacement leads to impairment of the uric acid binding and uptake activity. 

 

3.4.1.8 Conclusion 

 

SmLL9 displays substantially a broad substrate profile unlike other corresponding 

homologs in E. coli K-12, which use separate transporters for xanthine or uric acid and adenine 

or guanine/hypoxanthine190. SmLL9 was subjected to in silico calculations and site-directed 

mutagenesis to reveal key factors for its function and its difference from well experimentally-

studied xanthine-specific XanQ of E. coli113, given that the 3D homology models of both the 

transporters can be constructed based on the structurally resolved homologs UapA and UraA. 

The in silico studies reveal that SmLL9 and XanQ share several major functionally important 

residues which have similar roles in both transporters and Mutagenesis data, support these 

findings. The structural models constructed indicate that the xanthine-binding residues 

E262/272 and Q310/324, are involved in important H-bonds at the periphery of the binding 

site residues H31/31, D266/276, D290/304, N311/325. but also residues of the binding-site that 

are highly sensitive to alkylation by N-ethylmaleimide with similar IC50 values namely 

A265/G275, A309/A323. According to the IFD calculations, xanthine is bound to both 

transporters with equivalent interactions, while, SmLL9 has the additional ability to utilize uric 

acid on a very similar molecular background with the xanthine-specific XanQ. Xanthine 

transport kinetics of SmLL9 resemble those of XanQ as indicated by the very similar KM values 

and comparable Ki values for inhibition by oxypurinol and other analogs, supporting the IFD 

results. 

In SmLL9, S93 appears to play a key role in transporter's additional ability to recognize 

and transport uric acid. The IFD analysis for the binding-site interactions of SmLL9 and XanQ 

with xanthine and uric acid highlighted that S93 in SmLL9 is necessary as it forms a H-bond 

with C8=O of uric acid, an interaction that is absent in XanQ. Furthermore, the presence of 

Asn93 instead of S93 in XanQ is enough to weaken the interactions with uric acid in the binding 

cavity of XanQ (Figure 3.4.1.9B,D) consistent with the strict specificity of XanQ relative to 

SmLL9. Confirming the IFD results, the replacement of S93 with Asn leads to a specific >12-
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fold lower affinity for uric acid compared to wild type, and hampers uric acid transport (Figure 

3.4.1.7). 

The importance of S93 from previous findings on other homologous NAT/NCS2 

transporters and its specificity role is supported and even extended by our results. A Ser at this 

position is conserved in TMS3 at the binding site region in all dual-specificity xanthine/uric 

acid NAT/NCS2 transporters. This Ser was shown to impact specificity as indicated in 

mutagenesis studies for XanQ and UapA, though, these studies do not provide strong evidence 

that this Ser is important for binding and transport of uric acid. The crystal structure of UapA 

is in complex with xanthine and the binding of uric acid has not been studied with in silico 

analysis. The relevant UapA mutants S154N and S154A are defective in transport of both 

xanthine and uric acid, although they have different substrate profiles compared to the wild-

type, they retain significant affinity for uric acid. The relative transport efficiencies for the two 

substrates are not specified yet. In XanQ, the relevant mutant N93S hardly binds and transports 

uric acid in addition to xanthine193,197. In UacT, the relevant mutant T100S shows very low 

uptake activity for uric acid and hardly detectable ability to transport xanthine in addition to 

uric acid189 . Thus, the SmLL9 case presented here is the first one to show that a Ser at this 

position is important for the recognition and transport of uric acid. 

In UapA, amino acids participating in gating elements, have been also suggested to 

influence specificity by acting as “selectivity gates” controlling the access of substrates to the 

binding site63,76. In silico and mutational analysis studies have shown that recognition of 

atypical substrates like hypoxanthine and adenine can be achieved, without affecting the 

recognition and transport of the physiological substrates, xanthine or uric acid1,58,126,128. 

However, there is poor evidence for such gating elements in bacterial NAT/NCS2 members. 

Very few mutations outside the binding site of XanQ allowed recognition of non-wild-type 

ligands in addition to xanthine, thus there has been no evidence so far for high-affinity 

recognition or transport at a significant rate for such non wild-type ligands188. 

 

3.4.2 The case of AncXanQ transporter 

 

As adapted from “Identification of New Specificity Determinants in Bacterial Purine 

Nucleobase Transporters based on an Ancestral Sequence Reconstruction Approach” by 

Ekaterini Tatsaki EleniAnagnostopoulou Iliana Zantza Panayiota Lazou Emmanuel Mikros 

Stathis Frillingos, Journal of Molecular Biology (December 2021) 
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3.4.2.1 Foundation of the study 

 

The NAT/NCS2 (Nucleobase-Ascorbate Transporter/Nucleobase-Cation Symporter-2) 

family, the most common nucleobase transporter family in microorganisms as mentioned 

earlier, is present in almost all major phyla of organisms and all domains of life113,195,202, though 

in primates the group is represented by two L-ascorbate transporters homologs, SVCT1 and 

SVCT2, SLC23A3 which is a functionally unknown member and a nucleobase-transporter 

related pseudogene, namely SNBT1/Slc23a47,203. Few homologs have been functionally 

characterized. It is interesting that although all known nucleobase-related eukaryotic homologs 

are of broad specificity2,95,204,205, most known bacterial homologs display distinct and highly 

specific substrate profiles113,190,206,207. 

The folding of NCS2 family transporters is known from the structurally solved uracil 

permease UraA from Escherichia coli in an occluded conformation56,70, and xanthine/uric acid 

permease UapA from Aspergillus nidulans, solved in inward-open conformation. In addition, 

they share structural homology with transporters of at least two additional families (AE/SLC4, 

SulP/SLC26)50–52,55 and appear to function as homodimers. Apart from these transporters, 

several transporters belonging to other families also perform under the elevator mechanism75,83.  

As it has been already shown, specificity is regulated not only from changes in the 

binding pocket, but also from alterations of residues at the interface of the two domains, which 

seem to act by decreasing the restraints for the access of non-canonical substrates to the binding 

site63 and/or uncoupling the elevator from high-affinity binding of substrates82. 

Regarding the diverse substrate profiles and the molecular background of the different 

NAT/NCS2 specificity mechanisms, our knowledge is limited up to the present time to the in-

silico calculations and the rigorous mutational analysis of the fungal UapA, and the bacterial 

XanQ and UraA and the comparative analysis of these homologs with other related 

transporters. 

Here, we investigate the specificity profiles of bacterial NAT/NCS2 transporters by 

using docking and molecular dynamics (MD) calculations, accompanied with an evolutionary 

experimental strategy different from the aforementioned methods, established on ancestral 

sequence reconstruction. Ancestral sequence reconstruction has been used to analyze diverse 

groups of proteins208,209, yielding important conclusions on the molecular basis of the rise of 

different functions and specificities in extant proteins, including studies that have shown that 

few sequence changes and rather simple mechanisms lead to new functions. Application of this 

experimental strategy to transmembrane systems is limited to date, due in part to lack of 
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structural and functional knowledge on an adequate number of homologs in most cases. The 

expansion of available atomic-resolution structures of membrane transport proteins through 

current advances in crystallography and single-particle electron cryo-microscopy210–212, will 

certainly offer a basis for more systematic application of such evolutionary strategies to 

membrane transporters. In this case, we use ancestral protein reconstruction to study the 

evolution of bacterial xanthine permeases of the NAT/NCS2 family. Our results provide 

evidence that the current xanthine-specific transporters, derived from xanthine-guanine 

transporters of broader specificity and the shift from polyspecific transporters to xanthine-

specific ones is associated with few changes outside the binding-site. 

 

3.4.2.2 Structural model of AncXanQ transporter 

As described in the previous section concerning SmLL9 transporter, the xanthine 

permease XanQ of E. coli K-12 tis he only one among the functionally known permeases of 

NAT/NCS2 family that is specific for xanthine and does not transport any other purine or 

pyrimidine. Several well characterized transporters in the XanQ/UapA cluster (or Cluster 

C1_Xanthine-Uric Acid) of NAT/COG2233  subfamily195, like the structurally resolved fungal 

UapA and the rhizobial SmXUacT207, as well as other uric acid-specific like the E. coli UacT189, 

and the rhizobial SmUacT1 and SmUacT2, transport both xanthine and uric acid. Albeit their 

sequence similarity in all key binding-site residues, the xanthine-specific XanQ differs from 

all the above transporters in few functionally relevant amino acid residues (see below). 

The homology model of XanQ has been constructed using UapA crystal structure as a 

template, as described in the previous section. Upon the XanQ model inspection and the 

relative sequence alignment of all the homologs in the XanQ clade (Figure 3.4.1.1), we noticed 

that apart being closely related to each other with >65% pairwise sequence identity, they share 

a signature-motif of four important residues absent in any other NAT/NCS2. With numbering 

according to XanQ, these are: Asn93, which is part of a H-bond network in the periphery of 

the binding site and has been linked with the preference for xanthine over uric acid113,197, A323, 

located in the substrate binding cavity and may also have a role in specificity189,199, Ser/G377, 

next to a conserved Phe/Tyr that contributes to substrate coordination at the broader area of the 

binding site188, and N430, which is distant from the binding site but may influence specificity 

indirectly126,201. Of these residues, Asn93 and N430 are always present in the XanQ clade but 

absent in any other NAT/NCS2 homolog, A323 is invariable in the XanQ clade and 

corresponding to Ala, Gly or Ser in other NAT/NCS2s, and S377 is uniquely present in a subset 
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of the XanQ clade whereas all other bacterial NAT/NCS2s have a Gly at this position (Figure 

3.4.2.1C). 
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Figure 3.4.2.1: Phylogenetic and sequence analysis of AncXanQ. (A) Phylogenetic analysis of the 20 XanQ 
orthologs representing one genome per XanQ-containing species derived from the analysis of fully sequenced 
genomes retrieved from the IGM/M database at JGI. (B) Characteristic amino acid residues found in all (top), all 
gamma-proteobacterial (middle) or all beta-proteobacterial XanQ orthologs (bottom) and their flanking sequence 
context. The residues shown in red and underlined (and numbered according to XanQ) are either important for 
function in XanQ and not conserved in other NAT/NCS2 groups (XanQ-clade signature) or distinguish between 
the gamma- and beta-proteobacterial orthologs and linked with specificity, as shown in the current study. (C) 
Amino acid occupation of the positions highlighted in B in the functionally known proteobacterial homologs of 
the XanQ/UapA cluster. (D) Homology model of AncXanQ based on the inferred amino acid ancestral sequence 
showing separately the region of the core domain (residues 22–135 and 259–352) and the gate domain (residues 
151–229 and 368–445). Positions of amino acids predicted with a posterior probability of <90% (but >50%) or 
<50% are named and shown in orange or red, respectively. The AncXanQ sequence (shown in Supplement, Figure 
S2) was inferred using Maximum Likelihood statistics in MEGA7. (E) Sequence alignment of AncXanQ with 
homologs of the XanQ/UapA cluster. The alignment was prepared with MultAlin. High consensus sites (occurring 
at >90% of the sequences) are shown in red and low consensus sites (>50%) in blue. The positions of alpha-
helices and beta-sheets shown on top of the sequences and the xanthine-binding residues (indicated as dots) are 
according to the UapA structure PDB no. 5I6C (Alguel et al., 2016). The five amino acid residues analyzed in 
this study are indicated with an asterisk on top of the sequences. Apart from the functionally solved members of 
the XanQ clade (AncXanQ, AvpXanQ, XanQ, NmXanQ), the alignment includes UapA (Q07307), E. coli XanP 
(P0AGM9), and the XanP-paralogs AvDGQ0 of Aeromonas veronii (UniProt A0A162I446) and D0S6Q3 of 
Acinetobacter calcoaceticus (UniProt D0S6Q3). 
 
 

So far there has been found none XanQ mutant or other homologs in the XanQ/UapA 

cluster (over 1000 site-directed mutants at more than 80% of the permease residues)189,207, with 

substantially altered profile from the xanthine-specific one113,188. 

In order to discover the basis of this resilient substrate profile of XanQ, we explore the 

putative ancestral protein sequence of the XanQ clade namely AncXanQ and its properties 

regarding substrate specificity, the binding mode of xanthine, guanine and their analogs in the 

AncXanQ binding pocket, starting by constructing the 3D structure of the latter. The homology 

structural model of AncXanQ was constructed by prof. Frillingos’ team, using as a template 

XanQ since the two sequencies share high identity (sequence alignment of AncXanQ with 

homologs of the XanQ/UapA cluster depicted in Figure 3.4.2.1E). The XanQ model was 

constructed in an inward-open conformation because UapA crystal structure58 was used as a 

template which had been crystallized in an inward-open conformation207 (PDB 5I6C), thus the 

AncXanQ model was in an inward-open conformation, too. The alignment of these three 

transporters along with the AncXanQ model has a folding of 14 transmembrane segments 

(TMs), of which TMs 1–4 and 8–11 form the core domain and TMs 5–7 and 12–14 the gate 

domain (Figure 3.4.2.2). All transmembrane helices and interconnecting loops display the 

same length as in XanQ, due to the high identity (76%) shared between the two transporter 

sequences. 
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Figure 3.4.2.2: AncXanQ-5M approximates the profile of the xanthine-specific XanQ. (Α) AncXanQ dimer 
derived from homology modeling. The core domain is shown in red and the gate domain in green. The positions 
of residues S27, A116, T312, S191 and G377 are presented as blue spheres, while the computational predicted 
mode of xanthine in the binding site is highlighted. 
 

The initial apo AncXanQ model was subjected to 50 ns molecular dynamics simulation 

in the apo form embedded in DPPC lipid bilayer solvated with explicit water. The calculated 

RMSD of the Cα-carbons did not exceed 1 Å, indicating the stability of the model structure. 

During the trajectory, we noticed the behavior of important amino acid side chains. F94 of the 

binding site, which has an important “gate-keeping role” as reported for UapA, fluctuates quite 

a lot. Q324 side chain instead of being directed towards the binding site, it is rotated interacting 

with backbone of neighboring residues. 

Upon a close visual inspection of the alignment of AncXanQ, XanQ and UapA, one 

can notice very interesting similarities. In detail, the important binding site residue of UapA, 

E356 and D360, are in a well conserved motif in TMS8, E-X-GD, shared by the three 

transporters, highlighting the important role of this motif mostly in substrate binding and not 

specificity, as these transporters differ in specificity. Moreover, in TMS10 another one more 

important motif namely TFAQNNGV containing the UapA binding site residue Q408, is also 

conserved. at the end of TMS12, the important R481 in UapA as it mediates the release of 

xanthine to the intracellular environment according to standard MD calculations, is not 

conserved in XanQ or AncXanQ, albeit the R478, R479 are fully conserved, raising the 

hypothesis that this fact may display the difference of the mechanism of substrate release. 

Mutations in R481 do not lead to alterations of transport of physiological substrates but rather 

modulate the specificity of the protein allowing low-affinity transport of hypoxanthine or 

adenine. 
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3.4.2.3 Transport assay analysis of AncXanQ 

 

Transport assays conducted by Frillingos research group, indicate that AncXanQ 

displays lower xanthine uptake activity but broader substrate profile than XanQ (3.4.2.3A and 

B). In detail, putative purine and pyrimidine substrates were tested (adenine, guanine, 

hypoxanthine, xanthine, uric acid, uracil thymine, cytosine). AncXanQ was found to transport 

guanine and xanthine, while XanQ transports only xanthine. AncXanQ transports xanthine 

with comparable affinity (KM) to XanQ (6.5 μM and 4.1 μM accordingly) but 5-fold lower 

efficiency (Vmax/KM) (0.37 ml*min−1*mg−1 and 1.83 ml*min−1*mg−1 accordingly). 

Regarding the guanine-transport activity, AncXanQ transports guanine with high affinity (KM 

0.2 μM), which is higher than the one of GhxP, the major guanine-hypoxanthine transporter of 

E. coli K-12190, but lower capacity (Vmax 2.4 nmol*min−1*mg−1), resulting in comparable 

efficiency (Vmax/KM) relative to the modern guanine transporter. Both XanQ191, and 

AncXanQ are inhibited by carbonyl cyanide m-chlorophenyl hydrazone (CCCP), denoting that 

they are proton-gradient dependent. 
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Figure 3.4.2.3: AncXanQ is a broad-specificity guanine/xanthine transporter. (A) E. coli JW4025 and T184 
expressing the indicated permeases through pT7-5/-BAD were assayed for uptake of [3H]-guanine (0.1 μM) and 
[3H]-xanthine (1 μM), respectively, at 25 °C, as shown. Each data point represents the mean and standard 
deviation (SD) from triplicate measurements. (B) E. coli JW4025 expressing AncXanQ (dark green) or GhxP 
(light green) were assayed for initial rates of [3H]-guanine (0.1 μM) uptake and T184 expressing AncXanQ (dark 
red) or XanQ (light red) were assayed for initial rates of [3H]-xanthine (1 μM) uptake, in the absence or presence 
of the indicated non-radiolabeled nucleobases and analogs (1 mM). Transport rates are expressed as percentages 
of the rate obtained in the absence of competitor. Each bar represents the means of five to six determinations with 
standard deviation (SD) shown. The values obtained for the ancestral and the extant transporters were compared 
for each ligand using unpaired two-tailed t-test (as implemented in GraphPad Prism 8.0) and statistically 
significant differences are indicated with one (p < 0.05), two (p < 0.01) or three asterisks (p < 0.001) under each 
pair of histogram bars. Values obtained with cells harboring pT7-5/-BAD alone have been subtracted from the 
sample measurements in all cases. (C) AncXanQ ligands that are not recognized by GhxP (on the left) or XanQ 
(on the right). 
 

The xanthine transport activity of AncXanQ is inhibited by a range of analogs, with 

high affinity, including 7-methylxanthine, 8-methylxanthine, and guanine, which do not serve 

as XanQ ligands (Figure 3.4.2.4). Many purine nucleobases and analogs inhibited the transport 

activity of guanine in AncXanQ with high affinity. These purines include hypoxanthine (HX), 

6-mercaptopurine (6-MP), 6-thioguanine (6-SG), 1-methylguanine (1-MG), and 8-azaguanine 
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(8-azaG), which are high-affinity ligands for GhxP190, but also adenine (A), 2,6-diaminopurine 

(2,6-DAP), 7-methylguanine (7-MG), and xanthine which are not ligands for GhxP (Figure 

3.4.2.4). Overall, AncXanQ recognizes as ligands except guanine and xanthine, adenine and 

hypoxanthine, and all of their analogs tested, except allopurinol and uric acid. This profile is 

different than any modern NAT/NCS2 profile recorded so far for either a bacterial or a 

eukaryotic transporter. 

 
Figure 3.4.2.4: (A) Xanthine and guanine transport rates for AncXanQ and the quintuple mutant AncXanQ-5M 
(S27G/A116L/T312S/S191G/G377S) relative to the xanthine transporter XanQ and the guanine transporter GhxP. 
Initial rates of [3H]-xanthine (1 μM) or [3H]-guanine (0.1 μM) uptake were measured with E. coli T184 or 
JW4025, respectively, expressing the indicated permeases. The results are expressed as percentages of the value 
obtained for XanQ (xanthine uptake, red bars) or GhxP (guanine uptake, green bars). Values obtained with pT7-
5/-BAD alone were subtracted from the sample measurements in all cases. Each bar represents the means of three 
determinations with standard deviation (SD) shown. (B) Comparison of the ligand inhibition profile of AncXanQ-
5M with the profiles of AncXanQ and XanQ, highlighting differences in certain analogs. E. coli T184 expressing 
AncXanQ (dark red), AncXanQ-5M (black) or XanQ (light red) were assayed for initial rates of [3H]-xanthine 
(1 μM) uptake, in the absence or presence of non-radiolabeled analogs (1 mM). 
 

3.4.2.3 Binding mode of xanthine and guanine on AncXanQ 

In order to characterize the binding mode of both the physiological substrates of 

AncXanQ, xanthine and guanine, induced fit docking calculations (IFD) were implemented 

using these ligands, in the binding area of the transporter. Remarkably, xanthine is bound in 

the binding pocket of AncXanQ with the same binding mode and forming the same interactions 

as in UapA and in XanQ in the lowest energy binding pose (Figure 3.4.2.2). In detail, N1H 

and C2=O form bidentate with Q324, N7H forms H-bond with E272 carboxylate, N9 forms H-

bond with backbone carbonyl group and T stacking and p-p interactions with F94 and F322, 

respectively. N93 does not seem to interact with xanthine. 

The selected binding poses showed to be the most energetically favorable are presented 

for guanine and 1-MG Figure 3.4.2.5. In the lowest energy pose (Figure 4(A)) guanine is 

stabilized in AncXanQ by H-bond formation of N1H and C2-NH2 with E272 carboxylate as 

well as N3 with Q324, N7 with F94 backbone carbonyl group and p-p and T stacking 
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interactions with F322 and F94, respectively. In the lowest energy binding pose (Figure 

3.4.2.5C), 1-MG is stabilized in the binding cavity by H-bond formation of C2-NH2 with E272, 

N7 with F94 backbone and p-p and T stacking interactions with F322 and F94, respectively. 

However, in the 1-MG complex, there is a steric clash between the methyl group and the E272 

carboxylate which implies a slight shift compared to guanine resulting in loss of the interaction 

with Q324 (Figure 3.4.2.5C). In the second lowest energy pose (Figure 3.4.2.5B), a H-bond 

is formed between guanine N1H and E272, C6 = O and A323 backbone, N7 and Q324, as well 

as p-p and T stacking interactions with F322 and F94, respectively. In the similar orientation 

but slightly shifted compared to guanine, 1-MG forms H-bonds between N3 and F94 backbone, 

C6 = O and Q324 and p-p stacking interactions with both F322 and F94 in the second lowest 

energy pose (Figure 3.4.2.5D). It is interesting to underline that guanine and consequently 1-

MG, orient the pyrimidine moiety of the purine towards E272 in both cases. 

 

 
Figure 3.4.2.5: Molecular Docking Simulations of the AncXanQ-guanine interactions. Common lowest-energy 

binding modes of guanine and 1-MG are presented. In the first binding mode, guanine (A) and 1-MG (C) are 

oriented so that their C2-NH2 forms a H bond (dashed line) with E272 and their N7 a H bond with the F94 

backbone. In the second binding mode, guanine (B) and 1-MG (D) are oriented so that their C6 = O forms a H 
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bond with the A323 backbone (guanine) or Q324 (1-MG) while N7 in guanine forms a H bond with Q324 and N3 

in 1-MG forms a H bond with the F94 backbone. For further details, see text. 

 

As shown in Figure 3.4.2.6, in the case of the other guanine analogs in the lowest-

energy binding pose with AncXanQ, the orientation of the ligand and the binding interactions 

may vary. Explicitly, hypoxanthine, 6-SG, 7-MG, and adenine in the lowest-energy 

orientations share the same binding pose with guanine and 1-MG in the binding pocket, 

however 2,6-DAP and 6-MP obtain a binding orientation and binding interactions that highly 

resemble those of xanthine. 

 

Figure 3.4.2.6: Binding modes of different inhibitors with AncXanQ. Hypoxanthine, 6-SG and 7-MG (first two 
rows) and adenine (third row, on the right) adopt two low-energy binding modes which are similar to the two 
alternative favored orientations and interactions of guanine and 1-MG (Figure 4). For 6-MP and 2,6-DAP (third 
row, on the left and in the middle), the adopted lowest-energy pose is similar to the favored binding orientation 
and interactions of xanthine (Figure 3.4.2.2). 
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3.4.2.4 Combination of 5 mutations outside the binding site restricts specificity of 

AncXanQ to recognition of xanthine 

 

AncXanQ differs from XanQ at only five amino acid positions predicted to be in 

transmembrane segments, along with variations in conserved hydrophobic residues (Figure 

3(A) and Supplementary Figure S3). These five amino acids are: S27 (Gly in XanQ); A116 

(Leu in XanQ); S191 (Gly in XanQ); T312 (Ser in XanQ); and G377 (Ser in XanQ) and are 

locate outside the binding site. 

A mutant of AncXanQ changing all these five residues to the corresponding of XanQ 

(S27G/A116L/S191G/T312S/G377S) was constructed and named AncXanQ-5M and was 

expressed in the E. coli host membrane normally. AncXanQ-5M transports xanthine but not 

guanine, (Figure 3.4.2.3B), while according to ligand inhibition assays does not recognize 8-

methylxanthine but recognizes 7-methylxanthine with high affinity (Figure 3.4.2.3C). Hence, 

AncXanQ-5M is mimicking the profile of XanQ as a xanthine-specific transporter. 

 

3.4.2.5 The role of Ser/G377 in relevance to the xanthine specificity of XanQ as derived 

from experimental procedures 

Along with AncXanQ and XanQ, two XanQ-homologs, AvXanQ (from Aeromonas 

veronii) and NmXanQ (from Neisseria meningitidis), were studied. AvXanQ and NmXanQ 

conserve the five-residue signature of XanQ and AncXanQ, respectively. Precisely, NmXanQ 

contains the five residues S27/A116/A191/T312/G377 which differs in one residue (A191) 

from AncXanQ (S191). NmXanQ was found to transport both xanthine and guanine. A191S-

NmXanQ mutant, has the same functional properties with NmXanQ, revealing that the 

Ala/S191 site is not important for specificity.  AvXanQ was specific for xanthine. 

Based on the evidence that AncXanQ and NmXanQ are broad-specificity 

xanthine/guanine transporters whereas XanQ, AvpXanQ and AncXanQ-5M are xanthine-

specific, it is affirmed that the combination S27/A116/Ser (or Ala)191/T312/G377 of the five 

residues among XanQ homologs denotes broad specificity for purines for this homolog 

whereas the combination G27/L116/G191/S312/S377 suggests a xanthine-specific homolog. 

Inspecting explicitly the Ser/G377 residue position, it is found located next to a conserved 

Phe/Tyr residue (F376 in XanQ) which has a role of substrate coordinator as it is presented in 

the crystal structures of UraA and UapA56–58. 

The Ser/G377 specificity role was explored by conducting series of experiments using 

mutants of the AncXanQ, NmXanQ, and XanQ. In a first attempt, S377 was mutated to Gly in 
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XanQ, introducing the XanQ-S377G mutant. XanQ-S377G was found to transport xanthine 

with similar kinetic properties as wild-type XanQ but, in addition, displays a high-affinity, 

albeit low-efficiency, transport for guanine, indicating that S377G mutation created a broad 

specificity mutant of XanQ. Also, in XanQ-S377G, xanthine uptake-activity is inhibited by 

guanine with a Ki 42.3 μM, but not by 7-methylxanthine, 8-methylaxanthine and uric acid, and 

at the same time, xanthine, hypoxanthine, 6-thioguanine, 6-mercaptopurine, 1-methylguanine, 

and 7-methylguanine inhibited its guanine uptake-activity, while adenine, 2,6-diaminopurine, 

or 8-azaguanine did not, similarly to NmXanQ. However, XanQ-S377G does not recognize 3-

methylxanthine differing from NmXanQ, AncXanQ, and wild-type XanQ. 

Aside from S377G, the XanQ single mutants: G27S, L116A, G191S and S312T did not 

result in broaden specificity profile. Instead, they displayed the same affinity for xanthine and 

increased efficiency compared to the wild type, while xanthine transport is inhibited only by 

xanthine analogs which are high-affinity ligands of wild-type XanQ (S312T is also inhibited 

by 7-methylxanthine and 8-methylxanthine). The same holds for the 

G27S/L116A/G191S/S312T mutant and the combinations G27S/S377G and 

G27S/L116A/G191S/S312T/S377G which are also xanthine-specific. However, 

G191S/S377G has broadened guanine/xanthine profile similarly to S377G, whereas 

S312T/S377G is xanthine-specific like the wild-type XanQ. Thus, it emerges that the effect of 

S377G (broaden specificity) is suppressed by epistatic interactions with G27S and/or S312T. 

On the other hand, introduction of Ser in lieu of G377 was tested to investigate whether it 

suffices to establish specificity for xanthine in a broaden-specificity permease. Both AncXanQ-

G377S and NmXanQ-G377S preserve the broad-specificity guanine/xanthine profile. The only 

difference obtained was that AncXanQ-G377S recognizes fewer xanthine and guanine analogs 

than wild-type in ligand inhibition analysis. Specifically, it recognizes guanine and guanine-

related ligands of AncXanQ but does not recognize 7-methylxanthine, 8-methylxanthine, 

adenine, 2,6-aminopurine and 8-azaguanine which are high-affinity ligands for wild-type 

AncXanQ. 

 

3.4.2.6 Structural alterations in the XanQ S377G mutant 

The specificity alterations of XanQ caused by the S377G mutation, where further 

computationally investigated. The already constructed model of XanQ was used as the wild-

type structure and for the XanQ-377G a single replacement of S377 to Gly was made. 

Molecular Dynamics simulations of 500 ns were conducted on both the wild-type and the 

XanQ-377G which where embedded in lipid membrane solvated in explicit waters. During the 
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trajectory of the mutated structure, G377 serves primarily in TMS12 tilting. In detail, 

monitoring the angle formed between the Cα atoms of residues 366, 377, and 384, it emerges 

that during the MD simulations, the distribution of angles in 377G-XanQ indicate that TMS12 

bends more frequently towards 160 degrees compared to wild-type. The 5th and 95th 

percentiles of TMS12 tilting angle values are 165 and 176 in the mutant compared to 169 and 

178 in wild type (Figure 3.4.2.7B, Figure 3.4.2.8). 

 

 
 
Figure 3.4.2.7: Molecular Dynamics Simulations of the effect of S377G on XanQ. (A) Overall structural model 
of wild-type XanQ complexed with xanthine highlighting the key binding residues Q324 and E272, the interacting 
pair F376-F94 and TMS12 (in blue). The position of S/G377 is indicated with a yellow sphere and the positions 
of G27, L116, G191 and S312 are indicated with blue spheres. (B) Value distribution of TMS12 tilting angle 
formed between the Cα atoms of residues 366, 377 and 384 in TMS12 in the wild-type XanQ (blue) and S377G 
XanQ (red), represented as population percentages per one-degree interval, as resulted from the 500 ns MD 
calculations after trajectory structure sampling every 60 ps (all data shown in Figure 3.4.2.8). Each one of the 
three lines of each color corresponds to the data from one of the three MD simulations for the relevant permease. 
(C) Structure snapshots of TMS12 presenting the 95th percentile (left) and the 5th percentile (right) of TMS12 
tilting angle value distribution in the wild-type (blue) and S377G XanQ (red). (D) Interaction between F376 
(TMS12) and F94 (TMS3) in the binding site of wild-type XanQ (blue/cyan) and S377G XanQ (red/orange). In 
wild type, a T-stacking interaction is observed between the F376-F94 phenyls in the 80% (blue) of the trajectory, 
while a second conformation exists covering the 3% of the trajectory where no interaction is observed (cyan). In 
the S377G mutant, the F94 dihedral monitored leads to phenyl orientations not suitable for interaction with F376, 
in the 45% of the trajectory (red), or exhibiting a weak interaction, in 43% of the trajectory (orange). 
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Figure 3.4.2.8: Fluctuation of helix 12 (TMS12) bending at residue 377 in wild-type XanQ and XanQ-S377G. 
The angle formed by the Cα atoms of residues 366, 377 and 384 was monitored, in wild-type XanQ (blue) and 
S377G XanQ (red), during a 500-ns MD simulation. The MD simulation was run in triplicate, as shown, and the 
means, SD, minimum values, and percentages of angle values falling above 175 or below 168 degrees are 
indicated next to each MD run. Considering all runs, the mean (±SD) is 173.7 (±0.5) for wild type (n=3) and 170.8 
(±0.6) for the S377G mutant (n=3), whereas the 5th and 95th percentiles are 169.0 (±1.0) and 177.7 (±0.6) for 
wild type (n=3) and 165.3 (±0.6) and 176.0 (±1.0) for the S377G mutant (n=3). 
 

The RMSD of the 377 neighboring Ca residues (373 to 381) also support the previous finding. 

The average and the maximum RMSD values are 1.1 and 1.8 for the wild-type, while 1.6 and 

2.3 for the XanQ-377G, respectively (Table 3.4.1.1). Moreover, G377 interacts appears to 

interact through backbone with T373 of the same TMS, while S377 interacts with T373 not 

only through backbone, but in addition it forms side chain-backbone H-bond involving the 

hydroxyl group of S377. 
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Table 3.4.1.1: The RMSD of the 377 neighboring Ca residues. 

 

 

Further, an interaction between F376 and F94 seems to lead an important role. 

Specifically, F94 lays in the middle of the substrate translocation pathway and interacts directly 

with the substrate (Figure 3.4.2.7A). This finding implies a probable gating role for F94 which 

seems to interact with F376, albeit with a different way in the mutant and in the wild type 

(Figure 3.4.2.7D). The F376 phenyl group was monitored during the MD trajectory and was 

found to have minor fluctuations, being relatively rigid in both wild-type and mutant. On the 

other hand, the F94 phenyl fluctuates between different conformations. Consequently, F94 

leads the different type of interaction with F376. In wild-type XanQ, the dihedrals obtained 

between F94-F376 in the 80% of the trajectory correspond to a well-preserved T-stacking 

interaction, while the second most frequent F94 phenyl conformation is not valid for any 

interaction with F376 and represents only 3% of the trajectory (Figure 3.4.2.7D), upper panel). 

On the contrary, in 377G-XanQ simulation, the 88% of the trajectory corresponds to a non-

interacting or weakly interacting setup of the two phenyl groups (Figure 3.4.2.7D, lower 

panel), although the distance between these phenyl groups appears almost the same in the 

mutant and the wild type (Supplement, Figure 3.4.2.9). In both wild-type and XanQ-377G, 

Q324 rotates in order to form H-bond interactions with TMS10 backbone. 

 

 
 
 
 

 

RMSD resid near 377 

XanQ wt XanQ-377G 

resid 373 to 381 average 1.1 Å 1.6 Å 

resid 373 to 381 max 1.8 Å 2.3 Å 
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Figure 3.4.2.9: Fluctuation of the distance between F376-F94 in wild-type XanQ and XanQ-S377G. The distance 
between the Cγ atoms of F94 and F376 was monitored in wild-type XanQ (blue) and S377G XanQ (red), during 
a 500-ns MD simulation. The MD simulation was run in triplicate, as shown, and the means and SD values are 
indicated next to each MD run. Taking into account all runs, the mean (±SD) is 7.2 (±0.1) for wild type (n=3) and 
7.2 (±0.1) for the S377G mutant (n=3). 
 
UapA (xanthine/uric acid transporter) corresponding residues to F376, S377 and F94 of XanQ 

(xanthine-specific transporter) are F462, S463 and F155. 

This bending of TMS12 affects also the neighboring TMSs. Explicitly, TMS5, another 

gate TMS at the interface of the dimer, which is located next to TMS12 moves towards TMS13-

14 (Figure 3.4.2.10). TMS5, along with TMS12 is opposite to the binding site, implying that 

the translocation of both these helices, changes the environment in the vicinity of the binding 

site. This change could have an important mechanistic and steric impact on the binding of 

various purine molecules to the binding site, affecting specificity. 
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Figure 3.4.2.10: TMS12 (blue) bending affects the neighboring helix TMS5 (yellow) which also moves towards 
TMS13-14. 
 

Concerning the potential epistatic effect of the mutation G27S on the S377G phenotype, 

our MD analysis indicates that by introducing a Ser in the position of G27 in TMS1, two more 

H-bond interactions occur, involving T332 (TMS10) and H31 (TMS1). These H-bonds have a 

key role as part of an extensive H-bond network in the XanQ core domain, which includes 

interactions between D304 (TMS9), Q90 (TMS3), S88 (TMS3), Q75 (TMS2), H31 (TMS1), 

N325 (TMS10) and T321 (TMS10) (Figure 3.4.2.11). This H-bond network has been proposed 

as crucial for the binding and transport of substrate, based on the effect of mutations of H31-

N325 and Gln75-D304. The additional H-bonds between S27 and T332 and between S27 and 

H31 might affect the positioning of F322 and subsequently Q324 of the binding site. The 

rearrangement of the binding site residues could result in restoration of the XanQ-377 

incapability to transport guanine. From another point of view, F322 is also interacting with 



 141 

F94, controlling the fluctuation of the latter, and consequently the F376-F94 hydrophobic 

interaction which was shown above to regulate specificity. 

 
Figure 3.4.2.11: Extensive H-bond network in XanQ (G27S) linking different parts of the core domain. Core 
residue S27 (in XanQ-G27S) is linked with F322 and Q324 in the binding site through H31 and N325; S27 
reinforces the H-bond network by two additional H bonds (a) between its main-chain C=O and H31; (b) between 
its side-chain -OH and T332, leading to repositioning of Q324 and F322 in the binding pocket. This change might 
explain the epistatic effect of G27S on S377G (see text for details). 
 

 

3.4.2.7 Conclusion 

The overall in silico and experimental procedure of this study demonstrate that changes 

outside the binding region of XanQ can affect specificity drastically, as shown with the S377G 

mutant. In details, our MD studies on AncXanQ, indicate that guanine (but also hypoxanthine 

or adenine) is oriented differently in the substrate binding pocket compared to xanthine, even 

though the the same residues confrere the key binding interactions. This difference may explain 

the result that guanine and xanthine inhibit the transport of one another with one to two orders 

of magnitude lower apparent affinity than the affinity values in the transport kinetics assays. 

There is no previous relevant evidence from any structurally solved transporter for the binding 

mode of guanine, in any transporter family. Crystal structures of E. coli enzymes associated 

with guanine typically show bidentate H-bonds of N1H and C2-NH2 or C2-NH2 and N3 with 

a Glu or a backbone carboxylate, as in GuaD, XapA and XGPRTase. Nevertheless, guanine 
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and xanthine binding poses are the same with regard to interactions and orientations, in 

enzymes that utilize both these substrates, like XapA or XGPRTase, unlike the case with 

transporters of guanine and xanthine presented in this thesis. 

Moreover, all permeases and mutants of the XanQ clade analyzed experimentally in this study, 

retain the Asn93 residue and, independently of their substrate profile, are high-affinity 

transporters for xanthine but do not recognize uric acid. Thus, our new data strengthen the 

evidence presented in the previous section, that Asn93 is important for the specificity for 

xanthine. 

Also, our data highlight S377 (TMS12) as an additional important xanthine-specificity-

controlling residue of XanQ transporters. The specificity effect of S377G does not hold in all 

XanQ backgrounds, but coexistence of S377G with G27S or S312T or both (in mutant XanQ-

5M) abolishes the specificity effect and reestablishes the xanthine-specific profile of XanQ. In 

contrast, S377G phenotype is not affected by the coexistence with G191S. The epistatic effect 

of G27S (TMS1) might be attributed to the extensive H-bond network that stabilizes the core 

domain. The additional interactions offered by G27S, result in repositioning of Q324 in the 

binding pocket, which may lead to restoration of the specificity constraints, like the 

abolishment of the binding of guanine and guanine-related analogs, in the S377G mutant. Such 

an epistatic effect is not possible with G191S (TMS6), a gate-domain residue which does not 

participate in a similar H-bond network. 

Further, F376 contributes to substrate coordination in the inward-facing conformation 

of the transporter, as shown by both the structural data on UapA and UraA, and the MD studies 

on XanQ. Mutations that retain the aromatic rings, like F94Y, F376Y, in XanQ do not inhibit 

xanthine binding and transport, but replacement of one of the two phenyl rings leads to loss of 

80–90% (F94C, F376C) or 40–60% of activity (F94I, F376L). F94Y, F94I36 and F376L37 

show changes in specificity. The specificity towards binding and uptake of thymine in UraA 

and other related uracil transporters, is enlarged in the case that the equivalent Phe is mutated 

to Ala. Based on all the above, one can safely assume that the F376-Phe94 deregulation effect 

is correlated to the enlarged specificity of the S377G mutant. Although it is considered here 

that S377G has a role in specificity by causing an indirect effect affecting the binding site, we 

cannot exclude the possibility that S377G could also modify the dynamics of transport by 

uncoupling the sliding of the core domain upon the gate. A similar theory was recently 

proposed for its fungal NAT/NCS2 homologs. Such an effect is difficult to demonstrate with 

regular MD calculations but can clearly be a possibility. This concept is supported by two 

factors. First, S377 in XanQ is in the middle of TMS12, a helix of the gate domain that forms 
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part of the interface on which the core/elevator/binding-site slides, upon substrate loading in 

the binding site. It is reasonable to assume that, by tilting TMS12, S377G affects this elevator-

like motion of the core domain and modulates the kinetics of transport. Several specific 

mutations at the core-gate interface of UapA, a highly selective xanthine and uric acid 

transporter, (e.g. mutations in TMS12, in positions corresponding to M375, I379, R385 in 

XanQ), can lead to enlarged specificity allowing recognition and/or transport of most purines 

and uracil. The effects were proposed to reflect changes in the dynamics of the elevator sliding, 

specifically the sliding of the core domain which includes the binding site against the gate 

domain, rather than changes in residues of the binding site per se. S377G in XanQ might also 

affect specificity via a similar route. Second, S377G does not affect the affinity for xanthine or 

most xanthine analogs, implying that it does not change the overall binding site topology, but 

displays high affinity for guanine and other non-physiological ligands, such as hypoxanthine 

and guanine or hypoxanthine analogs. This leads to the conclusion that a modulation of 

geometry or interactions in the binding site alone would not be sufficient to change the affinity 

for guanine and other analogs from not being recognized at the mM level (wild-type) to low-

micromolar or sub-micromolar affinity (S377G). On the other hand, the effects observed with 

ligands other than guanine were only on recognition/binding (Ki values) and not on transport 

(S377G does not transport the other non-canonical ligands), implying that a component of the 

S377G effect is certainly the modulation of the binding affinity and binding-site interactions. 

Summarizing, it is possible that S377G can affect both the binding of guanine and other non-

canonical substrates and the dynamics of transport. As it was proposed also for UapA, non-

canonical substrates like guanine might also be loaded to the binding site of XanQ, but due to 

different orientation and/or weaker interactions might not release the sliding of the 

elevator/binding-site to the inward conformation. In the S377G mutant, uncoupling of the 

elevator from substrate loading may allow translocation of guanine because of the loosened 

sliding. 
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Fungal infections constitute an emerging threat and a prevalent health problem due
to increasing number of immunocompromised people and pharmacological or other
treatments aiming at viral infections, cancer or allergies. Currently used antifungals suffer
from inefficiency, toxic side effects and developing drug-resistance. Additionally, over the
last two decades no new classes of antifungals have been approved, emphasizing the
urgent need for developing a novel generation of antifungals. Here, we investigate the
antifungal activity of a series of chemically synthesized Hydroxytyrosol (HT) analogs.
HT is one of the major phenolic compounds in olive oil, shown to possess radical-
scavenging antioxidant, antiproliferative, proapoptotic and anti-inflammatory activities.
No previous report has studied HT analogs as antifungals. We show that specific
analogs have broad and strong antifungal activity, significantly stronger than the parent
compound HT. Using Aspergillus nidulans as an in vivo cellular model system, we
show that antifungal HT analogs have an unprecedented efficiency in fungal plasma
membrane destruction. Importantly, antifungal HT analogs did not show toxicity in a
mammalian cell line, whereas no resistance to HT analogs was obtained by standard
mutagenesis. Our results open the way for the development of a novel, efficient and
safer class of antifungals.

Keywords: fungal pathogens, Aspergillus nidulans, plasma membrane, antimicrobial, resistance

INTRODUCTION

In recent years, systemic fungal infections have emerged as an increasingly prevalent health
problem (McCarthy et al., 2017). Infections are rising among immunocompromised patients,
including individuals su�ering from HIV/AIDS or diabetes mellitus, or following organ
transplantations and immunosuppressive chemotherapy during cancer treatment (Low and
Rotstein, 2011). The most clinically significant invasive opportunistic fungal pathogens belong to
one of the four groups: Aspergillus, Candida, Cryptococcus and Pneumocystis, with the first two
being the most important of all fungal pathogens (Köhler et al., 2017). Currently used antifungals
include three major classes of drugs with di�erent mechanisms of action: polyenes (disrupt fungal
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membranes), azoles (inhibit ergosterol biosynthesis), and
echinocandins (inhibit synthesis of cell wall b-glucan)
(Odds et al., 2003). However, all current antifungals su�er
from ine�ciency, toxic side e�ects, drug-drug interactions and
developing drug-resistance (Arendrup, 2014; Cuenca-Estrella,
2014; Fairlamb et al., 2016). In addition, since 2001, no new
classes of antifungals have been approved. This emphasizes the
urgent and critical need for developing a novel generation of
antifungals.

Pharmacological therapies for various bacterial or viral
infections based on natural, mostly herbal, agents are among
the most current therapeutic trends in medicine (Pan et al.,
2013; Li and Weng, 2017). The antifungal activity of a large
number of natural products is well documented (Di Santo,
2010). The most well-known structures exhibiting fungicide
activity are polyenes, oligopeptides, terpenoids and macrolides,
while di�erent other natural products like flavonoids, alkaloids
and phenolic acids have been also reported (Tasleem et al.,
2009; Teodoro et al., 2015). Olive (Olea europaea), extracts has
been reported for their antimicrobial and bacteriostatic activity
since 1970 (Walter et al., 1973). Mild antifungal activity has
been also described for olive leaf extracts (Korukluoglu et al.,
2008) and the major olive phenolic compound oleuropein (Zorić
et al., 2016). Recently, plant extracts and chemically synthesized
related analogs from olive have also shown an antiprotozoan
activity (Belmonte-Reche et al., 2016; Koolen et al., 2017).
Hydroxytyrosol (HT), one of the major phenolic compounds in
olive oil, has recently received particular attention because of
its radical-scavenging, antiproliferative, proapoptotic and anti-
inflammatory activities, which seem to have a counteractive e�ect
on carcinogenesis and other cellular malfunctions in animal trials
and in vitro. Additionally, recent evidence has shown that HT
and its analogs might be promising antibacterial, antiviral or
antiprotozoan agents (Manna et al., 2005; Fernandez-Bolanos
et al., 2008, 2012; Chillemi et al., 2010; Koolen et al., 2017;
Thielmann et al., 2017; Robles-Almazan et al., 2018). However,
no systematic e�ort has been invested in search of novel
antifungals based on HT, except from some reports concerning
yeast species (Pereira et al., 2007; Zoric et al., 2013), or HT
analogs.

Based on some preliminary tests of our lab that showed a
moderate antifungal e�ect of HT and some HT analogs on
Aspergillus nidulans, here we systematically synthesize and test
the antifungal activities of an extended series of novel HT
analogs. The rationale of their synthesis was based mostly on
the possible e�ect of the length and saturation of the fatty acid
chain, and the substitution of the a-carbon of the HT side
chain. We show that several of the synthesized HT analogs
have a very potent and broad antifungal activity against major
fungal pathogens, such as A. fumigatus, A. flavus, Fusarium
oxysporum, A. nidulans and Candida albicans. Importantly,
we reveal that the antifungal activity of HT analogs is
directly related to its rapid destructive e�ect on fungal plasma
membranes, which in turn justifies why resistance mutants
could not be isolated. Our work is expected to open the
way for developing a new class of highly potent novel
antifungals.

RESULTS

Chemical Synthesis of HT Analogs
Twenty three analogs of HT were synthesized as described
in detail in the section “Materials and Methods” and in
Supplementary Material (Supplementary Figure S1). The new
compounds are lipophilic esters of HT bearing modifications on
the a-carbon of the catechol side chain. More precisely, the new
compounds are categorized in 3 di�erent series (Figure 1A).
The compounds of the second series are simple esters of HT
in the aliphatic hydroxyl group, whereas the compounds of
the first series possess a carbonyl group on the a-carbon of
the catechol side chain. The compounds of the third series
possess a hydroxyl group on the a-carbon of the catechol side
chain. In brief, chloride 1 was treated with the sodium salt
of the appropriate acid to a�ord the required keto esters 2-
12 (Figure 1B). The majority of the acids are commercially
available, though the acids for the preparation of ester 9 was
synthesized through a Wittig reaction of methyl 4-methylene
cyclohexane carboxylate. Treatment of the previous compounds
with triethylsilane in trifluoroacetic acid, provided the desired,
fully reduced, lipophilic esters 13-20. It is noteworthy that
this method was successful in yields up to 80%, with high
reproducibility and scale up to grams. Finally, partial reduction
with hydrogenation over Pd/C, provided the hydroxyl derivatives
21-24, as racemic mixtures.

HT Analogs Show High Potential as
Antifungals
The 23 chemically synthesized analogs of HT were tested for their
antifungal potential against A. nidulans, A. fumigatus, A. flavus,
C. albicans and Fusarium oxysporum,which are important fungal
pathogens of animals and/or plants. The rationale for choosing
A. nidulans was also based on its unique amenability as a
model system for genetic and functional analysis, rather than
its pathogenic profile, which would allow the investigation of
the molecular mechanisms underlying of the antifungal action
of HT analogs. All synthesized HT analogs were tested as
described in Materials and methods. We tested all analogs
on solid minimal media at physiological and optimal pH
ranges (5.5–6.8) and temperatures (25–37�C). The e�ect on
C. albicans was also recorded in liquid fresh cultures at their
logarithmic phase of growth. Importantly, similar results were
obtained at the di�erent pH tested and on complete media or
minimal media. Notably, recorded apparent antifungal activities
were significantly higher at 37�C compared to 25�C (see also
later).

Figure 2 and Table 1 highlight our findings and reflects the
outcome obtained through at least three independent growth
tests that showed practically identical results. Nine HT analogs
(2, 4, 5, 10, 11, 15, 16, 18 and 19), shown in Figure 3 had strong
antifungal activity against A. nidulans at 37�C, mostly evident
at 400 µM, and six of them (2, 5, 11, 15, 16 and 19) were also
very active at 25�C. Most of the same nine analogs also had
strong antifungal activity against other fungi tested, at 25�C and
37�C (Figure 2A, Table 1 and test not shown). In particular,
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FIGURE 1 | (A) Structures of Hydroxytyrosol (HT) and general formula of the compounds (B) Reactions and Conditions: a) sodium salt of suitable acid, DMF, 70�C;
b) Et3SiH, CF3COOH, r.t.; c) H2, 10% Pd/C, t-BuOH, 50 psi, r.t.

all nine analogs were extremely toxic to A. fumigatus, leading
to total or extremely severe inhibition of growth at 100 µM.
A. flavus proved to be the most resistant fungus among those
tested, but still several analogs were highly inhibitory for its
growth (2, 5, 11, 15, 16 and 19). Best antifungal agents against
F. oxysporum proved to be analogs 2, 5, 11 and 15. All analogs, at
100 µM, severely inhibited C. albicans growth in liquid cultures
(Figure 2B) or on solid minimal media (not shown) at 37�C.
When liquid cultures were left to grow for more than 24 h after
the initial addition of HT analogs, growth C. albicans resumed
in several cases, but not in the presence of analogs 4 or 15
(Supplementary Figure S2). This indicates that these analogs
had the strongest cytotoxic e�ect or that these compounds
were the most stable under the relative experimental conditions.
Overall, several synthesized analogs of HT have a dramatically

increased antifungal activity, compared to the “mother” natural
compound (HT), and importantly, the most of active of them
are comparable to Amphotericin B (Supplementary Figure S3).
The rationale of this latter comparison becomes apparent
later.

Antifungal HT Analogs Show Variable
Antibacterial Activities
The HT analogs with the highest antifungal activity were also
tested, at a range of 100–200 µM, in fresh exponentially
growing bacterial cultures in order to gain further insight
on their mode of action and as a first step for investigating
their potential use as broad range antimicrobials. Figure 4
shows the results obtained with E. coli and B. subtilis,
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FIGURE 2 | In vivo evaluation of HT analogs as antifungals (A) Growth tests showing the antifungal activity of certain HT analogs against pathogens A. flavus
A. fumigatus, F. oxysporum and A. nidulans. Growth on two concentrations of HT analogs for each microorganism is shown. (B) Growth curve of C. albicans. O.D
stands of Optical Density at 600 nm of liquid cultures recorded hourly. Analogs were added to the cultures at 200 µM. Control stands for cultures were only DMSO
solvent was added in the cultures, at the same concentrations as the analogs.

as typical representatives of G� and G+ bacteria. All
analogs were highly toxic to B. subtilis at 100 µM, but not
at all to E. coli. Pseudomonas species showed di�erential
growth behavior, with P. aeruginosa being fully resistant, but
P. fluorescens highly sensitive at 200 µM (Supplementary
Figure S4). Additional bacterial species were also tested
(Klebsiella, Enterococcus Staphylococcus, Streptococcus and other
G� enterobacteria) showing varying degrees of sensitivity
to HT analogs, but this will be reported elsewhere as the

present work is directed toward the discovery of novel
antifungals.

Antifungal HT Analogs Disrupt the
Structure and Function of A. nidulans
Plasma Membrane
The non-dependence of the antifungal action of the HT analogs
on whether minimal or complete media are used, or the pH
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FIGURE 3 | Specific HT analogs showing strongest antifungal activity.

TABLE 1 | Approximate concentrations of HT analogs that lead to 50% reduction of fungal growth (IC50).

HT 2 4 5 10 11 15 16 18 19

A. nidulans 37oC >400 ⇠50 <100 ⇠50 ⇠100 ⇠50 < 100 <100 ⇠50 ⇠100

A. nidulans 25oC >400 <100 <200 <100 <200 ⇠100 < 200 <200 < 200 < 200

A. fumigatus >400 ⇠50 <100 ⇠50 ⇠50 <100 <50 <100 ⇠50 ⇠50

A. flavus >400 <100 >100 <100 >100 <100 <100 ⇠100 ⇠100 >100

F. oxysporum >400 <50 <50 <50 ⇠100 <50 <50 <200 <200 <200

C. albicans >400 ⇠100 ⇠100 ⇠100 ⇠100 ⇠100 ⇠100 ⇠100 ⇠100 ⇠100

IC50 values shown correspond to the approximate µM concentration of the compounds that reduce the diameter of colony growth by 50% after 4–6 days at 37�C, on
standard agar minimal media. IC50 are estimated by testing growth in the presence of a range of µM concentration (i.e., 0, 50, 100, 200, 400, 500, and 1000 µM). The
values shown were estimated by at least three independent experiments, which showed no significant variation (SD = 20 ± 5%). For one of the most active analogs, 15,
additional experiments performed at a lower concentration range (5, 10, 20, 50, and 100 µM), led to a more precise estimation of IC50, which corresponds to 17 µM.
Most analogs led to total inhibition of growth at 100–400 µM against all fungi tested (see Figure 2).

range, when this was kept within limits proper for fungal
growth, suggested that these compounds might be either taken
up by non-facilitated di�usion, or exert their activity directly
without the need to enter the cell (i.e., on the cell wall
or the plasma membrane). The relatively increased activity
observed at 37�C vs. 25�C in the case of A. nidulans (see
Figure 2) does not distinguish between the two possibilities,
as increased membrane fluidity at a higher temperature would
favor di�usion, as well as, binding of hydrophobic HT analogs
in specific lipids of the fungal membrane. Thus, to investigate
this issue directly we followed the e�ect of all antifungal
HT analogs on the microscopic morphology and the plasma
membrane (PM) of A. nidulans hyphae, using Brightfield and
Epifluorescence microscopy, respectively. For investigating the
e�ect on the plasma membrane we used strains expressing two
GFP-tagged plasma membrane transporters, namely the UapA

uric acid-xanthine transporter (Pantazopoulou et al., 2007) or
the FurA allantoin transporter (Krypotou et al., 2015). Figure 5
summarizes our results. Most HT analogs, when added at final
concentration as low as 37.5 µM, for 0–30 min, had a rapid
and prominent e�ect on plasma membrane integrity, reflected
in dramatic reduction of transporter-associated peripheral GFP
fluorescence signal and concomitant appearance of static, non-
cortical cytosolic membrane fluorescent aggregates (most evident
with analogs 2, 5, 10, 11, 16 or 18). The great majority
of these cytosolic fluorescent aggregates did correspond to
vacuoles or other known endomembrane compartments, as
evidenced by CMAC or FM4-64 staining (not shown). Under
brightfield light we did not notice any dramatic modification
that would be compatible with disruption of the cell wall or
overall hyphae morphology (see also Supplementary Figure S5),
despite a visible increase in vacuole number and size. These
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FIGURE 4 | Antibacterial action of HT analogs against E. coli and B. subtilis. Growth curves on the left show O.D. values recorded hourly at 600 nm. Column bar
graphs on the right show growth after 24 h after the HT analogs addition, at 600 nm. Control stands for samples where only the solvent DMSO was added at a
concentration identical to the one used for the dissolved analogs.

e�ects were practically immediate, becoming evident in 1–
5 min, which also somehow excludes the idea that HT
analogs act primarily by metabolic inhibition of an enzyme.
In general, the relative strength of the detrimental e�ect of
the di�erent HT analogs on the PM was variable, with some
analogs leading to total apparent disintegration, while others
led to significant but not total, of the PM in 10 min. The
concentration used to test the analogs was 37.5 µM in order
to avoid any e�ect of DMSO (the solvent used) on the stable
localization of transporters in the PM, as we have noticed
that DMSO concentrations>50 µM elicit a degree of endocytic
turnover for most transporters studied in our lab (unpublished
observations).

To further examine the nature of the e�ect of HT analogs on
the PM, we also performed direct transport assays of radiolabeled
metabolites, imported by specific transporters, in the presence of
excess analogs. Transport assays used measure initial uptake rates
(at 60 s) of radiolabeled substrates in germinated conidiospores
(Krypotou and Diallinas, 2014). In particular, we tested the
uptake of radiolabeled xanthine, which is specifically transported
by two uptake systems, the UapA (⇠70%) and UapC (⇠30%)
transporters (Pantazopoulou and Diallinas, 2007; Krypotou and
Diallinas, 2014). Results are summarized in Figure 6. HT analogs
2, 4, 5, 10, 11, 15 and 16 reduced xanthine uptake to ⇠20–
40% of the control sample (only DMSO added), whereas the
rest (18 and 19) showed less inhibitory e�ect. Overall, these

results strongly suggested that most HT analogs tested had a
rapid negative e�ect on fungal transport systems. Given that the
relevant xanthine transporters, UapA and UapC, as most fungal
transporters, are H+ symporters, our results can in principle
be explained by two scenarios; either the analogs lead to rapid
disorganization of the PM, or they led to a rapid depolarization
of the membrane, acting as direct H+ gradient uncouplers.
However, the latter case seems unlikely, or secondary, under
the light of the microscopic analysis shown in Figure 5, which
directly confirmed the dramatic e�ect of all HT analogs tested on
the PM within some minutes after their addition to the fungal
cultures. Additionally, the strength of inhibition of transporter-
mediated xanthine uptake by the di�erent HT analogs tested
was in good agreement with the results obtained following their
e�ect on PM integrity (Figure 5) and their in vivo antifungal
activity (Figure 2). We thus conclude that the direct target
of HT analogs is disruption of the fungal PM integrity and
function.

Lack of Resistance to HT Analog
Antifungal Action
Based on our findings that showed that HT analogs act directly
and rapidly on the PM, we presumed that resistance to this
novel type of antifungals will be infrequent if any, similar to
the case of other antimicrobials that target directly the periphery
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FIGURE 5 | Effect of HT analogs on A. nidulans plasma membrane and transporter-mediated uptake of xanthine. Epifluorescence in vivo microscopy showing the
effect of HT analogs (37.5 µM) on the plasma membrane of A. nidulans. The picture shows young hyphae of strains expressing functional GFP-tagged FurA or UapA
transporters as PM molecular markers. FurA expression is stronger than that of UapA, due to transcription via a strong constitutive promoter (gpdAp), while UapA is
transcribed by its native, relatively weak, promoter. Notice that upon addition of most analogs cortical fluorescent labeling is reduced with concurrent appearance of
cytosolic fluorescent foci, which represent membrane aggregates. Scales shown are 10 µM.

of microbes, such as amphotericin B (plasma membrane) or
Echinocandins (cell wall) (Cuenca-Estrella, 2014). To test this, we
performed several experiments of standard u.v. or transposon-
driven mutagenesis as described in Materials and methods of
an appropriate A. nidulans strain (i.e., one carrying the Minos
transposable element (Evangelinos et al., 2015)), and tried to
select mutant colonies resistant to 400 µM of analog 15. We did
not manage to isolate any resistance colony, even in cases were
lethality of u.v. mutagenesis was 93.7%. This apparently negative

result is fully compatible with HT analogs targeting the PM of
A. nidulans.

DISCUSSION

Here, we showed that specific chemically synthesized HT
analogs possess broad and strong antifungal activity due to
an immediate primary e�ect on the fungal plasma membrane.
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FIGURE 6 | Effect of HT analogs on transporter-mediated uptake of xanthine.
% of initial uptake rates are shown as recorded in a standard A. nidulans
strain. Analogs were added at final concentration of 100 µM 10 min prior to
uptake measurements. Control stands for a sample where only the solvent
DMSO was added at a concentration identical to the one used as a solvent in
the analog samples. Control values were arbitrary taken as 100% rate. The
results shown represent averages if three independent assays with SD<15%.

We do not, however, exclude that the HT analogs also have
secondary cytotoxic targets (e.g., cell wall or enzymes), mostly
in other microorganisms, which we did not test directly here.
An additional finding classifies this specific set of compounds
as very promising novel antifungals; lack of detectable fungal
(A. nidulans) resistance due to mutations. The lack of obtaining
spontaneous or mutation-induced resistance to an antifungal is a
strong indication that the primary site of action of this antifungal
is a molecule in the periphery of fungal cells, most probably a
specific lipid of the PM. This is in full agreement with the e�ect
detected herein of the HT analogs on the PM. Moreover, the
lack of resistance resembles cases of other antifungals targeting
the plasma membrane, such as amphotericin B, where only
infrequent resistance is obtained due to mutations a�ecting the
level of ergosterol and phospholipids in the membrane (Cuenca-
Estrella, 2014; Fairlamb et al., 2016). Finally, an other aspect
concerning the promising future of present HT analogs as novel
antifungals is the observation that in preliminary tests analogs 15
and 16, which showed high antifungal activity, showed no toxicity
against a mammalian cell line (see Materials and methods).
Overall, our results open the way for the rigorous development
of a novel, e�cient and maybe safer class of antifungals.
Additionally, the antifungal HT analogs were also shown to also
possess antimicrobial activity against specific G+ bacteria. This
is an interesting, albeit rather preliminary, observation that we
want to exploit in the future as it might give us information on
the exact mechanism of action of interaction of these compounds
with specific membrane lipids.

In several previous studies, HT has been shown to have
variable antibacterial activity at relatively high concentrations,
in the range of 1–4 mM (Capasso et al., 1995; Bisignano
et al., 1999; Medina et al., 2006, 2007; Tafesh et al., 2011;
Medina-Martínez et al., 2016). However, bacterial growth was

never fully inhibited and a general conclusion on the e�ects
of HT on Gram-positive or Gram-negative species could not
be made (Medina-Martínez et al., 2016). To our knowledge,
the only investigations regarding the antifungal potential of
HT are those against medically important Candida spp., which
showed minimal growth inhibitory values ranging between
633 µM and 40 mM (Pereira et al., 2007; Zoric et al., 2013).
Notably, fluorescent dye-exclusion based studies with C. albicans
revealed a membrane associated antifungal mechanism at sub-
inhibitory concentrations (Zoric et al., 2013), in line with results
presented herein. In the past, HT-derived compounds have been
synthesized aiming at analogs with a better hydrophilic/lipophilic
balance (HLB) to increase their cellular uptake and thus enhance
their antioxidant or other unknown activities (Grasso et al.,
2007; Bernini et al., 2012, 2015). However, no previous studies
evaluating synthesized HT analogs as antifungal agents have been
reported. HT derivatives have only recently been shown to have
a very promising antitrypanosomal and antileishmanial activity
(Belmonte-Reche et al., 2016). IC50 values against Trypanosoma
brucei for HT decanoate ester and HT dodecanoate ester were
0.6 and 0.36 µM, respectively. This represented a significant 79–
132 fold improvement in activity compared to HT. Focusing on
structure-activity relationships, the authors found via rational
design several moreHT analogs to have targeted cytotoxic activity
against T. brucei with IC50 values in the low micromolar range.
They concluded that the di-ortho phenolic ring and medium size
alkyl chain are essential for activity, whereas the nature of the
chemical bond among them seems less important. Importantly,
antiprotozoan HT analogs displayed a high selectivity index
against MRC-5, a non-tumoral human cell line, which is in line
with the targeted antimicrobial specificity we also found for
the HT antifungal analogs reported here. Thus, HT is indeed
a highly promising mother compound to develop novel broad
range antimicrobial agents.

Several of the new compounds described here showed varying
degrees of antifungal activity against the tested pathogens,
nevertheless compounds 2, 5, 11, 15, 16 and 19 possessed the
strongest activity, clearly higher than the mother compound
HT. All the active compounds belong to the first and second
series, while compounds of the third series (21, 22, 23, 24;
see Supplementary Figure S1) were non-active. The carbonyl
substituted compounds of the first series, and especially the
alkyl-substituted analogs 2, 5 and 11, were among the most
potent compounds, suggesting that the substitution on the
a-carbon is crucial for the activity. It seems that the presence
of the hydroxyl group, is incompatible with activity, whereas
the carbonyl group increases the antifungal capacity, probably
by increasing the acidity of the catechol moiety. Notably also,
all compounds in this study with an aromatic substitution
(3, 6, 14 and 22; see Supplementary Figure S1) showed no
activity against the tested pathogens, while the alkyl substituted
compounds of first and second series were shown to be potent
antifungals. The role of the double bond of the alkyl side chain
is detrimental for the activity (see Supplementary Figure S1).
Additionally, the role of the branching is not clear since the
branched alkyl chained compounds 2, 5, 10, 11, 16, 18 and
19 showed potent antifungal activity, whereas compounds 9,
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12, 13 and 20 seem to be inactive. Nevertheless, our results
demonstrate that only the alkyl substituted compounds of first
and second series are active against the tested pathogens, with
the most e�ective being those with an alkyl chain of 6 to 10
carbons. These results are also in agreement with the ones against
Trypanosoma brucei for HT decanoate ester and HT dodecanoate
ester (Belmonte-Reche et al., 2016).

According to recent data, alkyl gallates and other amphiphilic
phenols, compounds possessing similar structure to the HT
analogs presented here, have significant antifungal activity
(Kozubek et al., 2001; Kubo et al., 2001b). It is suggested
that their potency may result from the interaction with cell
wall components (phospholipids, etc.); therefore, their activity
is due partly to the ability of these molecules to function
as nonionic surfactants (surface-active compounds), disrupting
the fungi membrane. The mechanism by which surfactants
exert their activity is not entirely understood, it is, however,
hypothesized that, due to their amphiphilic character, they
are inserted into the fungi lipid bilayer (possibly in other
microbial membranes also), where they elicit an immediate
destruction e�ect (Kubo et al., 2001a; Koziróg et al., 2018).
In that aspect, the amphiphilic character of the HT analogs
presented in this work and the experimental evidence for
rapid destruction of the fungus membrane allow us to
reasonably assume that they act primarily as nonionic surfactants,
though other additional molecular interaction could account
for the final e�ect. However, specific structural characteristics
are needed for optimal antifungal activity strongly depended
from a balance between the polar hydrophilic and the non-
polar hydrophobic part of the molecules. The aliphatic ester
side chain (hydrophobic tail) is assumed to interfere with
the cell membrane, while the acidity of the catechol group
(hydrophilic head) seems to be essential for the antifungal
activity. The initial contact with the lipid bilayer should involve
the electrostatic interaction of the catechol system with the
negatively charged phosphate groups of the membrane; thus the
increased acidity of the hydroxyl groups due to the carbonyl
substitution might be essential for activity. The divergence
of the activity in relation to the structure of the alkyl tail
indicates its vital role in the action of the compounds. The
length (6 to 10 carbons) and increased volume because of alkyl
substitutions are fundamental for optimum activity, whereas
the substitution of the a-carbon is critical for the electrostatic
interaction of the hydrophilic head. The rationale for the
role of the side alkyl chain is not entirely understood, and
further research is needed in order to design more e�ective
antifungal agents. Nevertheless, the fact that the HT analogs,
very likely, targets the extra- cytoplasmic region could explain,
as mentioned before, the lack of resistance of the described
molecules.

Although recent technological advances made accessible
unprecedented tools for drug discovery the development of
new molecular sca�olds with demonstrated pharmacological
properties is becoming slower and more expensive. Our study
shows once more that the natural product chemical space
provides the basis of successful design of new small-molecular-
weight molecules with excellent pharmacological properties. As

HT has been shown to undergo rapid oxidation the antifungal
HT analogs described here will, however, need to be tested in vivo
in mouse models and evaluated in respect to their stability or
synergistic or antagonistic e�ects with other antifungals.

MATERIALS AND METHODS

Synthesis of HT Analogs
Chemical synthesis of HT analogs is described in detail in
Supplementary Material. HT analogs were prepared in DMSO
and aliquots and kept at �20�C. For experiments, the final
concentration of DMSO in the medium was<0.1% (v/v) and the
controls received DMSO only.

Fungal and Bacterial Strains and Growth
Media
Standard “wild-type” fungal strains of A. nidulans (FGSC A4),
A. fumigatus (Af293), A. flavus (NRRL3357), F. oxysporum (F3;
(Christakopoulos et al., 1996)) and C. albicans clinical isolate
from the Mycetotheca ATHUM collection of Athens University1
were used. The A. nidulans used contains a mutant allele
(veA1) at the velvet locus, and a standard vitamin auxotrophy
(pabA1 for para-aminobenzoic acid requirement). All other
Aspergilli used correspond to standard strains used for genome
sequencing2. For in vivo epifluorescence microscopy, strains
expressing GFP-tagged functional UapA (Pantazopoulou et al.,
2007) or FurA (Fernandez-Bolanos et al., 2012) transporters were
used. Standard Aspergillus Minimal and Complete Media (MM
and CM) were used for growth of all fungi3. The nitrogen source
used in MM was 10 mM NaNO3. Standard bacterial strains,
coming from an in-house stock, of E. coli (DH5a), P. aeruginosa,
P. fluorescens, Klebsiella sp., B. subtilis and S. aureus were
used. Luria-Bertani medium was used for growth of bacterial
strains.

In vivo Evaluation of HT Analogs as
Antifungals
Fungal strains of A. nidulans, A. fumigatus, A. flavus, F.
oxysporum and C. albicans were tested for their sensitivity/
resistance to di�erent concentrations. Fungal spores of each
strain were used to centrally inoculate a series of 35mm petri
dishes containingMinimal Media (MM) with NaNO3 as nitrogen
source, in the presence or absence of various HT analog
concentrations dissolved in DMSO. Controls without HT analogs
contained solely DMSO. The final concentration range tested for
toxicity of analogs in this work was 0–1000 µM. Figures shown
highlight results using concentrations of 100 or 400 µM. Growth
was followed after for 4–6 days, at 25 or 37�C and di�erent
pH. Approximate concentrations leading to 50% reduction in
the radial diameter of the growing colonies, (IC50), after 2–
4 days (depending on the fungus) were recorded for each

1http://mycetotheca.biol.uoa.gr/
2http://genome.jgi.doe.gov/programs/fungi/index.jsf
3http://www.fgsc.net
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analog. Approximate concentrations leading to no evident fungal
growth were also recorded. For the non-filamentous fungus
C. albicans we performed sensitivity tests in both liquid and
solid cultures. For solid cultures testing, cells from a fresh liquid
culture (O.D.600nm = 0.5 at 10 nm) were streaked on standard
CM containing 100–400 µM of HT analogs, and incubated for
2 days at 37�C. For liquid culture testing, HT analogs were
added, at 100–400 µM, at the start of the exponential phase
(O.D.600nm = 0.5 at 10 nm) of a C. albicans culture and O.D.600nm
measurements were recorded hourly for the next 6 h, and after
24 h. All final values shown in this article are averages of at least
three independent experiments with no significant SD variation
(e.g., <20%).

In vivo Evaluation of HT Analogs as
Antibacterial Agents
Standard bacterial strains of E. coli (DH5a), P. aeruginosa,
P. fluorescens, Klebsiella sp., B. subtilis and S. aureus were
tested for their sensitivity/resistance to di�erent concentrations
of compounds, which proved to act as antifungals. These
tests were carried out either in solid or liquid LB media,
in the presence or absence of 100–500 µM of HT analogs.
Tests on solid media were performed by recording single
colony growth after bacterial streaking. Tests in liquid media
were performed by recording O.D.600nm values (10 nm)
after addition of 100–200 µM of compounds in fresh
exponentially growing bacterial cultures (O.D.600nm = 0.2–
0.4), and comparing these values to control cultures with
no analogs. All final values shown in this article are
averages of at least three independent experiments (SD
variation<15%).

In vivo Epifluorescence Microscopy
Samples for standard inverted epifluorescence microscopy of
A. nidulans strains were prepared as previously described
(Martzoukou et al., 2017). In brief, germlings were incubated
in sterile 35 mm µ-dishes, high glass bottom (ibidi, Germany)
in 2 ml liquid MM with NaNO3 as nitrogen source and
the necessary vitamin supplements for 20 h at 25�C. DMSO
(0.1%) or HT analogs (final concentrations tested 37.5 or
100 µM) dissolved in DMSO were added in samples under
the microscope. Control samples where only DMSO was
added (0.03–0.01%) were also evaluated. Images were taken
before and immediately after the addition of the analogs
(or DMSO) and for a period of up to 30 min. The
strains used express the UapA or the FurA transporter as
protein fluorescent markers specific for the plasma membrane
(Pantazopoulou et al., 2007; Krypotou et al., 2015). Calcuofluor
white staining of cell wall was as described in Martzoukou
et al. (2017). Images were obtained with an AxioCa m HR R3
camera using the Zen lite 2012 software. Contrast adjustment,
area selection and color combining were made using the
Zen 2012 software. Images exported as ti�s were annotated
and further processed in Adobe Photoshop CS4 Extended
version 11.0.2 software for brightness adjustment, rotation and
alignment.

Transport Measurements
Kinetic analysis-[3H]-xanthine (21.6 Ci/mmol, Moravek
Biochemicals, CA, United States) uptake in MM was assayed in
germinating conidiospores of A. nidulans concentrated at 107
conidiospores/100 µL, at 37�C, pH 6.8, as previously described
(Krypotou and Diallinas, 2014). Initial velocities were measured
at 1 min of incubation with concentrations of 0.2–2.0 µM
of [3H]-xanthine at the polarity maintenance stage (3–4 h,
130 rpm).

Mutagenesis
Two U.V. mutagenesis experiments, with lethality rates of 84.1
and 93.7%, were performed at a standard distance of 20 cm
from an Osram HNS30 UV-B/C lamp. 109�10 conidiospores of a
standard wild-typeA. nidulans strain or a strain possessing a dual
transposition system based on the Minos element (Evangelinos
et al., 2015) were irradiated for 4 min and subsequently plated on
MM plus nitrate medium containing 400 µM of the HT analog
15. No colonies appeared after 1-week incubation at 25�C.

Toxicity in a Mammalian Cell Line
N2A mouse neuroblastoma cells were used, in a standard MTT
assay (Berridge et al., 2005), to test the whether antifungal HT
analogs elicit cytotoxicity in a standard mammalian cell line.
Analogs 15 or 16 were tested at two concentrations (100 or
400 µM) as described in materials and methods. The N2Amouse
neuroblastoma cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) that contained 10% fetal bovine serum, 1%
of penicillin and streptomycin in 96-well plates at a density of
15,000 cells/well. A standard MTT assay was used to assess cell
metabolic activity in the absence (addition of solely DMSO) and
presence of HT analogs (Berridge et al., 2005). The cultures were
grown for 6 days at 37�C with 5% CO2. Then the medium
was changed to one containing 100 or 400 µM of 15 or 16
and incubated for 24 h at 37�C with 5% CO2. In all cases
the final concentration of DMSO was0.1%. 20 µl of the dye
MTT (2.5 mg/ml MTT in PBS) was added to each well and
incubated for 4 h. The resulting formazan dye was extracted
with 100 µl isopropanol/HCl (100 ml isopropanol + 833 µl
HCl) and the absorbance was measured spectrophotometrically
at a wavelength of 545 nm. Statistical analysis: All experiments
were repeated three times. One-way ANOVA with Bonferroni’s
Multiple Comparison Test was used to evaluate the statistical
significance of the di�erences. Statistical significance was defined
as p<0.05.
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Soil bacteria that can form nitrogen-fixing symbiotic nodules on 

legumes, collectively called rhizobacteria or rhizobia, have a global 

impact on the sustainable agriculture and the cycling of nitrogen in 

the biosphere. In the symbiotic nodules, rhizobia are differentiated 

to organelle-like bacteroids, which populate the infected plant cells 

and specialize in reducing the atmospheric nitrogen to ammonium. 

The efficiency of this process depends on many factors, a central 

one being the proper exchange of metabolites and ions between the 

two symbionts to allow integration of metabolism in the symbiotic 

nodule. This exchange is mediated by the membrane transporters 

of both rhizobial and plantal origin. A few well-known transporters 

are used in all types of symbiotic nitrogen fixation to transport di-

carboxylic acids from the plant to rhizobium (to feed the TCA cycle) 

and reduced (fixed) nitrogen, mostly as ammonia, from the rhizobium 

to the plant. Apart from these unequivocally needed transporters, 

distinct groups of rhizobia and legume symbionts can use additional 

important metabolite transporters most of which remain unstudied 

to date (Trepolilli et al., 2012; Udvardi and Poole, 2013; Clarke et al., 
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Sinorhizobium (Ensifer) meliloti is a model example of a soil alpha-proteobacterium 

which induces the formation of nitrogen-fixing symbiotic nodules on the leg-

ume roots. In contrast to all other rhizobacterial species, S. meliloti contains mul-

tiple homologs of nucleobase transporter genes that belong to NAT/NCS2 family 

(Nucleobase-Ascorbate Transporter/Nucleobase-Cation Symporter-2). We analyzed 

functionally all (six) relevant homologs of S. meliloti 1,021 using Escherichia coli K-12 as 

a host and found that five of them are high-affinity transporters for xanthine (SmLL9), 

uric acid (SmLL8, SmLL9, SmX28), adenine (SmVC3, SmYE1), guanine (SmVC3), or hy-

poxanthine (SmVC3). Detailed analysis of substrate profiles showed that two of these 

transporters display enlarged specificity (SmLL9, SmVC3). SmLL9 is closely related in 

sequence with the xanthine-specific XanQ of E. coli. We subjected SmLL9 to ration-

ally designed site-directed mutagenesis and found that the role of key binding-site 

residues of XanQ is conserved in SmLL9, whereas a single amino-acid change (S93N) 

converts the xanthine/uric-acid transporter SmLL9 to a xanthine-preferring variant, 

due to disruption of an essential hydrogen bond with the C8 oxygen of uric acid. The 

results highlight the presence of several different purine nucleobase transporters in 

S. meliloti and imply that the purine transport might be important in the nodule sym-

biosis involving S. meliloti.
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2014; Liu et al., 2018). Such metabolite uptake systems might be 

needed for optimal nitrogen fixation in certain plant-rhizobia sym-

bioses but are absent in others. Understanding the function of such 

transporters would reinforce efforts to design and optimize syn-

|_;|b1�rѴ-m|Ŋlb1uo0;�bm|;u-1|bomv�Ő��v�et al.ķ�ƑƏƐѵő�=ou�bm1u;-vbm]�|_;�
efficiency of nitrogen fixation in the root nodules of legumes or even 

extending it to non-leguminous crops (Rogers and Oldroyd, 2014; 

��v�et al.ķ�ƑƏƐѵĸ���;mo��-|bv|-�-m7�	b�omķ�ƑƏƐƖőĺ
Nucleobase/nucleoside transport is a rather neglected theme 

in symbiotic nitrogen fixation systems. Nucleobases imported by 

cytoplasmic membrane transporters can be used in purine-pyrim-

idine salvage pathways to feed the intracellular nucleotide pool or 

in he catabolic pathways to provide the cell with nitrogen sources 

but also with carbon sources (Girke et al.ķ�ƑƏƐƓĸ���-]�buu;Ŋ�-�ou-Ѵ�
et al., 2018). Nucleobase/nucleoside transport and metabolism 

have not been reported to play a central role in the symbiotic ni-

trogen fixation, but it cannot be excluded that some types of rhi-

zobia-legume symbiosis benefit energetically from such processes. 

Our interest on this theme was prompted by the observation that 

one particular rhizobial species, Sinorhizobium (Ensifer) meliloti, 
harbors multiple homologs of nucleobase transporter genes that 

are absent in other rhizobia (see later, Figure 1). These homologs 

belong to NAT/NCS2 family (Nucleobase-Ascorbate Transporter/

Nucleobase-Cation Symporter-2), the largest and evolutionarily 

broader nucleobase transporter family that contains ion gradi-

ent-driven transporters with diverse substrate preferences, ranging 


 ��&!� �ƐՊPhylogenetic analysis of the NAT/NCS2 homologs of Sinorhizobium (Ensifer) meliloti. (a) Distribution of NAT/NCS2 genes 
in Rhizobiales. Fully sequenced genomes were used for tree construction. The phylogenetic tree was based on concatenated sequences 
from four housekeeping genes, atpD (720 bp), recA�ŐѶƕѵ0rőķ�rpoB�ŐƐƐѵƓ�0rő�r-u|b-Ѵ�v;t�;m1;v�-m7�Ɛѵ"�u!���ŐŜƐķƓƕƏ�0rőķ��b|_�-m�o�;u-ѴѴ�
Ѵ;m]|_�ŜƓķƑƒƏ�0rķ�=uol�ѵƕ�];mol;v�o=�!_b�o0b-Ѵ;v�u;|ub;�;7�=uol��������ņ�ĺ�$_;�-m-Ѵ�vbv��-v�r;u=oul;7��b|_�|_;��-�bl�l�Ѵbh;Ѵb_oo7�
Ő��ő�l;|_o7��vbm]�|_;��bl�u-ŝv�|�o�r-u-l;|;u�lo7;Ѵķ�-v�blrѴ;l;m|;7�bm�����ƕĺ���$ņ��"Ƒ�_oloѴo]v�-u;�bm7b1-|;7��b|_�small boxes 
color-coded according to their phylogenetic clustering (red and orange, Cluster 1; blue, Cluster 2 (subgroup R1); light blueķ��Ѵ�v|;u�ѵĸ�green, 
Subfamily 2) (see text and Table S1 for further details). (b) Phylogenetic analysis of the NAT/NCS2 homologs of the organisms shown 
in (a) and the related functionally known homologs of Escherichia coli (GhxP, GhxQ, AdeP, AdeQ, UraA, RutG, XanP, XanQ, UacT). The 
-m-Ѵ�vbv�bm�oѴ�;7�|_;�-lbmo�-1b7�v;t�;m1;v�-m7��-v�r;u=oul;7��b|_����l;|_o7��vbm]�|_;��om;vŊ$-�ѴouŊ$_oum|om�l-|ub�Ŋ0-v;7�lo7;Ѵ�-v�
blrѴ;l;m|;7�bm�����ƕĺ�$_;�r;u1;m|-];�Ő]b�;m�-v�-�7;1bl-Ѵő�o=�|u;;v�bm��_b1_�|_;�-vvo1b-|;7�|-�-�1Ѵ�v|;u;7�|o];|_;u�bv�v_o�m�m;�|�|o�|_;�
branches. Branches with a bootstrap value < 0.7 have been deleted and bootstrap values < 0.9 are not shown in these presentations [Colour 
figure can be viewed at wileyonlinelibrary.com]
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from purine or pyrimidine permeases in bacteria, fungi, plants, and 

animals to Na+-dependent L-ascorbic acid transporters in human 

and other mammals (Gournas et al., 2008; Yamamoto et al., 2010; 

Frillingos, 2012; Bürzle et al., 2013; Girke et al., 2014; Botou et al., 
2018; Chaliotis et al., 2018). Phylogenetically, all homologs of S. 
meliloti cluster together with known purine nucleobase transport-

ers from Escherichia coli or other proteobacteria (Frillingos, 2012; 

Papakostas and Frillingos, 2012; Papakostas et al., 2013; Karena 

et al.ķ�ƑƏƐƔőĺ��ov|�o|_;u�u_b�o0b-�-u;�7;�ob7�o=���$ņ��"Ƒ�_olo-

logs or contain only homologs of the related transporter family 

NCS1 that do not share significant similarity to the known purine 

transporters. Thus, it is conceivable that the purine nucleobase 

transporters may be needed specifically in certain types of nodule 

symbiosis involving S. meliloti.
In this work, we analyze functionally all (six) NAT/NCS2 trans-

porter homologs of S. meliloti strain 1,021 through the heterologous 

expression in E. coli K-12 and show that five of them are high-affinity 

purine transporters with diverse specificity and kinetics, represent-

ing a spectrum of different and complementary purine substrate 

profiles. Two of these transporters display broader specificity than 

their E. coli homologs, similar to fungal homologs. We subjected 

one of them (SmLL9) to rationally designed site-directed mutagen-

esis and delineated key amino acids of the binding-site region that 

are essential for its function or contribute to its broader substrate 

profile. The putative involvement of the above purine nucleobase 

transporters of S. meliloti in nitrogen-fixing symbiosis is discussed.

ƑՊ |Պ!�"&�$"

ƑĺƐՊ|ՊS. meliloti�1om|-bmv�r�|-|b�;�r�ubm;Ŋ|u-mvrou|;u�
];m;v�o=�|_;���$ņ��"Ƒ�=-lbѴ���_b1_�-u;�-0v;m|�bm�
o|_;u�u_b�o0b-

!_b�o0b-�-u;�-�roѴ�r_�Ѵ;|b1�]uo�r�o=��-1|;ub-ĺ��ou;�|_-m�ƐƐƏ�u_b�o-

bial species belonging to 14 genera are known, of which the major-

ity are alpha-proteobacteria classified in the order Rhizobiales and 

some are beta-proteobacteria in the order Burkhorderiales (Berrada 

and Fikri-Benbrahim, 2014; Andrews and Andrews, 2017). About 

80% of these species belong to four genera, Rhizobium, Sinorhizobium 

(Ensifer), Mesorhizobium, or Bradyrhizobium, of Rhizobiales. We per-

=oul;7� -� r_�Ѵo];m;|b1� -m-Ѵ�vbv� o=� ѵƐ� ];mol;v� bm1Ѵ�7bm]� ƒƖ��;ѴѴŊ
known strains of these rhizobia and 22 related non-rhizobial strains 

o=� !_b�o0b-Ѵ;v� 0-v;7� om� |_;�l�Ѵ|bѴo1�v� v;t�;m1;� -m-Ѵ�vbv� Ő��"�ő�
o=�=o�u�_o�v;h;;rbm]�];m;v� Ő-v� bm��o�v-�b�et al., 2015) and inves-

tigated the distribution of putative nucleobase transporter ho-

mologs in these genomes (Figure 1a). The results show lack of NAT/

NCS2 homologs in most of the Rhizobiales except in the genus 

Sinorhizobium (Ensifer), in particular all strains of S. meliloti or S. medi-
cae which contain five or six NAT/NCS2 homologs per strain, and 

sporadic presence in Bradyrhizobium (containing 0–3 homologs per 

strain), Rhizobium (R. tropici), and Mesorhizobium (M. australicum). A 

phylogenetic tree of these rhizobial NAT/NCS2 homologs reveals 

that four Sinorhizobium homologs classify in NAT/COG2233 (in 

Cluster C1_Xanthine-Uric Acid; see Chaliotis et al., 2018) and two in 

AzgA-like/COG2252, whereas the Bradyrhizobium homologs clas-

sify in different clusters of these subfamilies (Figure 1b). Of the six 

Sinorhizobium homologs, only SmVC3 (AzgA-like/COG2252) is con-

sistently present throughout the genus, whereas SmX28, SmLL8, 

SmLL9, SmWQ0 (NAT/COG2233), and SmYE1 (AzgA-like/COG2252) 

are confined in S. meliloti and S. medicae. Based on the known sub-

strate preferences of the related E. coli K-12 homologs (Karatza and 

Frillingos, 2005; Papakostas and Frillingos, 2012; Papakostas et al., 
2013; Karena et al., 2015; Botou et al., 2018), it appears that all 

Sinorhizobium homologs are phylogenetically relevant to the purine 

nucleobase transporters which prefer uric acid (NAT/COG2233) or 

adenine (AzgA-like/COG2252) as substrates (Figure 1b).

A comprehensive analysis of the distribution of the above 

transporter genes in Rhizobiales (Figure S1; Table S1) (Botou et al., 
2020) shows that the four NAT/COG2233 homologs are consistently 

present only in Sinorhizobium (almost invariably in S. meliloti) with 

SmLL9 appearing also in Methylobacterium and Ochrobactrum and 

SmLL8-related sequences in few strains of Bradyrhizobium, whereas 

a different set of NAT/COG2233 homologs (belonging to cluster 

R1 which includes the pyrimidine transporter RutG; Botou et al., 
2018) appears in Bradyrhizobium, Agrobacterium, Methylobacterium, 

Ochrobactrum ,and Brucella. Of the AzgA-like/COG2252 homologs, 

SmVC3 is present consistently in Sinorhizobium, Methylobacterium, 

Ochrobactrum, and Brucella, whereas SmYE1 is present only in 

Sinorhizobium (Figure S1; Table S1).

ƑĺƑՊ|Պ$_;���$ņ��"Ƒ�];m;v�o=�S. meliloti�ƐķƏƑƐ�
;m1o7;�r�ubm;�m�1Ѵ;o0-v;�|u-mvrou|;uv��b|_�
7bv|bm1|�-m7�1olrѴ;l;m|-u��v�0v|u-|;�ruo=bѴ;v

The NAT/NCS2 genes of S. meliloti strain 1,021 were PCR-mobilized 

from the genome, tagged with a biotin-acceptor domain at C-terminus 

and transferred to vector pT7-5 for expression in E. coli K-12, fol-

lowed by immunoblot analysis of the corresponding protein levels 

in the cytoplasmic membrane and analysis of their transport activi-

ties for several putative substrates (adenine, guanine, hypoxanthine, 

xanthine, uric acid, uracil, thymine, and cytosine). The results are 

presented in Figure 2 and Table 1. All of the proteins are expressed 

in the E. coli membrane (Figure 2a). None of the encoded proteins 

was found to transport any pyrimidine nucleobase. Of the purine nu-

cleobases, homologs that belong to NAT/COG2233 transport with 

high-affinity xanthine and/or uric acid (except SmWQ0 which does 

not seem to transport any nucleobase), and homologs that belong 

to AzgA-like/COG2252 transport with high-affinity adenine and/

or guanine/hypoxanthine. SmLL9 is a high-affinity transporter for 

xanthine (K� = 3.3 μΜ) but also transports uric acid with lower af-

finity (K� = 27.3 μΜ); SmLL8 and SmX28 are uric acid transporters 

(K� = 3.5 and 21.4 μΜ, respectively); SmVC3 transports with high-

affinity adenine (K� = 1.5 μΜ), guanine (K� = 2.7 μΜ), and hypox-

anthine (K� = 4.5 μΜ); SmYE1 is specific for adenine (K��Ʒ�Ɛĺѵ�μΜ). 
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Considering both K� and Vmax, the results show that SmLL8 is the 

major transporter for uric acid (5- and 20-fold higher Vmax/K� rela-

tive to SmLL9 and SmX28, respectively) and SmVC3 is the major 

transporter for adenine (4-fold higher Vmax/K� relative to SmYE1) 

(Figure 2b; Table 1). Of the two homologs that transport multiple nu-

cleobase substrates, SmLL9 prefers xanthine (3-fold higher Vmax/K� 

relative to uric acid) and SmVC3 prefers adenine (4-and 9-fold 

higher Vmax/K� relative to guanine and hypoxanthine, respectively) 

(Figure 2b,c; Table 1). The xanthine uptake activity of SmLL9 and 

the adenine uptake activity of SmVC3 are abolished by the protono-

phore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) implying 

|_-|�|_;��-u;�7;r;m7;m|�om��+ symport (Table S2).

ƑĺƒՊ|Պ"l(�ƒ�-m7�"l��Ɩ�-u;�;mѴ-u];7Ŋvr;1b=b1b|��
r�ubm;�m�1Ѵ;o0-v;�|u-mvrou|;uv

The two homologs that transport multiple purine substrates were 

subjected to transport competition assays using a range of purine an-

alogs as putative competitors. Known E. coli transporters were used 

as controls in each case, as appropriate. Thus, SmLL9 was compared 

with the xanthine-specific XanQ (Karatza and Frillingos, 2005) for 

competition against xanthine transport and SmVC3 was compared 

with the adenine-specific AdeP (also known as PurP) (Papakostas 

et al., 2013) for competition against adenine transport. The results 

are presented in Figure 3 and Table 2. As shown, SmLL9 recognizes 


 ��&!� �ƑՊSubstrate preferences of the NAT/NCS2 transporters of Sinorhizobium (Ensifer) meliloti. Escherichia coli K-12 strains expressing 
the corresponding NAT/NCS2 genes of S. meliloti 1,021 through pT7-5/-BAD were assayed for the transporter protein levels in the 
l;l0u-m;�Ő-ő�-m7�=ou�-1|b�;�|u-mvrou|�o=��-ubo�v�v�0v|u-|;v�Ő0ķ�1őĺ�Ő-ő��;l0u-m;�=u-1|bomv�ru;r-u;7�=uol�E. coli T184 expressing the indicated 
S. meliloti�_oloѴo]v��;u;�v�0f;1|;7�|o�"	"Ŋ�����ŐƐƑѷő�-m7��;v|;um�0Ѵo||bm]��vbm]��!�Ŋ1omf�]-|;7�v|u;r|-�b7bmĺ�!;ru;v;m|-|b�;�0Ѵo|v�-u;�
shown. Each lane contains 50 μg of total membrane protein. Also shown are the migration positions of molecular mass standards run in 
parallel. (b) E. coli��)ƒѵƖƑķ��)ƓƏƑƔ�ou�$ƐѶƓ�;�ru;vvbm]�|_;�bm7b1-|;7�S. meliloti homologs were assayed for uptake of [3�œŊ-7;mbm;�-m7�Œ3�œŊ
hypoxanthine, [3�œŊ]�-mbm;ķ�ou�Œ3�œŊ�-m|_bm;�-m7�Œ14C]-uric acid, respectively, at the indicated concentration, at 25°C. The levels achieved 
in each case with the remaining transporters (indistinguishable from cells harboring pT7-5/-BAD alone) are shown in the time curves labeled 
with an n. Each data point represents the mean and SD from triplicate measurements. The major substrates of SmLL9 (xanthine) and SmVC3 
(adenine) are shown as an inset. (c) Comparison of the transport efficiencies (Vmax/K�) of SmVC3, SmYE1, SmLL9, SmLL8 and SmX28 for each 
of the five purine nucleobases (see Table 1 for further details) [Colour figure can be viewed at wileyonlinelibrary.com]
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$u-mvrou|;u "�0v|u-|; KM�ŐμΜ) Vl-��ŐmloѴ�lbm
ƴƐ�l]ƴƐ�ruo|;bmő Vl-�ņKM�ŐμѴ�lbmƴƐ�l]ƴƐ)

SmLL9 Xanthine 3.3 (±0.9) 3.9 (±0.3) 1,182

Uric acid Ƒƕĺƒ�ŐƼѵĺƖő 13.3 (±0.9) 487

SmLL8 Uric acid 3.5 (±1.3) Ѷĺƒ�ŐƼƏĺѵő 2,370

SmX28 Uric acid ƑƐĺƓ�ŐƼѵĺѶő 2.3 (±0.2) 107

SmVC3 Adenine 1.5 (±0.3) Ƒĺѵ�ŐƼƏĺƑő 1,733

Guanine 2.7 (±0.4) 1.3 (±0.1) 482

��ro�-m|_bm; 4.5 (±0.8) 0.9 (±0.1) 200

SmYE1 Adenine Ɛĺѵ�ŐƼƏĺƓő 0.7 (±0.2) 437

Note: Escherichia coli T184 expressing SmLL9, SmLL8, or SmX28 was assayed for initial rates of [3�œŊ�-m|_bm;�ŐƏĺƐŋƐƏƏ�μ�ő�ou�Œ14C]-uric acid (1–
400 μ�ő��r|-h;�-|�ƑƔŦ�ĺ�E. coli��)ƒѵƖƑ�;�ru;vvbm]�"l(�ƒ�ou�"l+�Ɛ��-v�-vv-�;7�=ou�bmb|b-Ѵ�u-|;v�o=�Œ3�œŊ-7;mbm;�ŐƏĺƐŋƓƏ�μ�ő�ou�Œ3�œŊ_�ro�-m|_bm;�
(0.1–40 μ�ő��r|-h;�-|�ƑƔŦ�ĺ�E. coli��)ƓƏƑƔ�;�ru;vvbm]�"l(�ƒ��-v�-vv-�;7�=ou�bmb|b-Ѵ�u-|;v�o=�Œ3�œŊ]�-mbm;�ŐƏĺƐŋƓƏ�μ�ő��r|-h;�-|�ƑƔŦ�ĺ��bm;|b1�
r-u-l;|;uv��;u;�7;|;ulbm;7�=uol�momŊѴbm;-u�u;]u;vvbom�=b||bm]�|o�|_;��b1_-;Ѵbvŋ�;m|;m�;t�-|bomĺ�$_;��-Ѵ�;v�v_o�m�-u;�|_;�l;-mv�o=�-|�Ѵ;-v|�|_u;;�
determinations with SD shown in parentheses.

$���� �ƐՊK� and Vmax values of the Sinorhizobium (Ensifer) meliloti NAT/NCS2 transporters


 ��&!� �ƒՊLigand specificity profiles of SmLL9 and SmVC3. (a) Escherichia coli T184 expressing SmLL9 (red) or XanQ (orange) were 
assayed for initial rates of [3�œŊ�-m|_bm;�ŐƐ�μ�ő��r|-h;�bm�|_;�-0v;m1;�ou�ru;v;m1;�o=�|_;�bm7b1-|;7��-m|_bm;�-m-Ѵo]v�ŐƐ�l�őĺ��-1_�
bar represents the means of three determinations with SD shown. SmLL9 ligands that are not recognized by XanQ are shown on the 
right (see Table 2 for further details). (b) E. coli��)ƒѵƖƑ�;�ru;vvbm]�"l(�ƒ�Őgreen) or AdeP (light green) were assayed for initial rates of 
[3�œŊ-7;mbm;�ŐƏĺƐ�μ�ő��r|-h;�bm�|_;�-0v;m1;�ou�ru;v;m1;�o=�|_;�bm7b1-|;7�-7;mbm;ņ]�-mbm;�-m-Ѵo]v�ŐƐ�l�őĺ��-1_�0-u�u;ru;v;m|v�|_;�
mean and SD of three determinations. SmVC3 ligands that are not recognized by AdeP are shown on the right (see Table 2 for further 
7;|-bѴvőĺ�ƑķѵŊ	��ķ�ƑķѵŊ7b-lbmor�ubm;ĸ�ƑŊ��ķ�ƑŊ-lbmor�ubm;ĸ�ƑŊ
�ķ�ƑŊ=Ѵ�ouo-7;mbm;ĸ�ƑŊ"*ķ�ƑŊ|_bo�-m|_bm;ĸ�ƒŊ�*ķ�ƒŊl;|_�Ѵ�-m|_bm;ĸ�
ѵŊ���ķ�ѵŊ0;m��Ѵ-lbmor�ubm;ĸ�ѵŊ���ķ�ѵŊ0;m�o�Ѵ-7;mbm;ĸ�ѵŊ���ķ�ѵŊ1_Ѵouor�ubm;ĸ�ѵŊ	����ķ�ѵŊŐ7bl;|_�Ѵ-lbmoő;|_�Ѵ-7;mbm;ĸ�ѵŊ��ķ�
ѵŊl;u1-r|or�ubm;ĸ�ѵŊ"�ķ�ѵŊ|_bo]�-mbm;ĸ�ѵŊ"*ķ�ѵŊ|_bo�-m|_bm;ĸ�ƕŊ�*ķ�ƕŊl;|_�Ѵ�-m|_bm;ĸ�ѶŊ�*ķ�ѶŊl;|_�Ѵ�-m|_bm;ĸ��ķ�-7;mbm;ĸ��ѴѴo�ķ�
-ѴѴor�ubmoѴĸ��ķ�]�-mbm;ĸ��*ķ�_�ro�-m|_bm;ĸ�����ķ�o��r�ubmoѴĸ���ķ�r�ubm;ĸ�Ĺ�&ķ��u-1bѴĸ�&�ķ��ub1�-1b7ĸ�*ķ��-m|_bm;�Œ�oѴo�u�=b]�u;�1-m�0;��b;�;7�-|�
wileyonlinelibrary.com]
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with high-affinity uric acid, 8-methylxanthine, and 7-methylxan-

thine which are not ligands for XanQ, highlighting that it displays 

broader specificity toward analogs at the imidazole moiety of pu-

ubm;�v�0v|u-|;ĺ�"l(�ƒ�u;1o]mb�;v��b|_�_b]_Ŋ-==bmb|��]�-mbm;ķ�ѵŊ|_bo-

]�-mbm;ķ�ѵŊ0;m��Ѵ-lbmor�ubm;�Ő��őķ�ou�ѵŊ0;m�o�Ѵ-7;mbm;��_b1_�-u;�
mo|�Ѵb]-m7v�=ou��7;��-v��;ѴѴ�-v�_�ro�-m|_bm;�-m7�ѵŊl;u1-r|or�ubm;�
which are recognized by AdeP with 10- to 100-fold lower affinity; 

purine or 2-fluoroadenine (2-FA) which are high-affinity ligands of 

AdeP are recognized by SmVC3 with lower affinities (Table 2). Thus, 

SmVC3 displays broader specificity than AdeP in recognizing substi-

|�|bomv�-|�rovb|bomv��Ƒ�ou��ѵ�o=�|_;�r�ublb7bm;�lob;|��o=�|_;�r�ubm;�
substrate (Figure 3); it also displays broader specificity than the E. 
coli guanine-hypoxanthine transporter GhxP which does not recog-

mb�;�-7;mbm;�ou�-m��o=�|_;�-m-Ѵo]v�u;|-bmbm]�-m�-lbmo�]uo�r�-|��ѵ�
(Papakostas et al., 2013).

ƑĺƓՊ|Պ�oloѴo]��lo7;Ѵbm]�o=�"l��Ɩ�-m7�b|v�
7b==;u;m1;v�=uol�*-m 

The xanthine/uric acid transporter SmLL9 falls in the NAT/COG2233 

Cluster 1 (C1_Xanthine-Uric Acid) (Chaliotis et al., 2018) which also 

includes two very well studied homologs, the xanthine-specific 

XanQ of E. coli (see Figure 1b) (Frillingos, 2012; Karena et al., 2015) 

and the structurally known xanthine/uric transporter UapA from 

Aspergillus nidulans (Alguel et al.ķ� ƑƏƐѵĸ�	b-ѴѴbm-vķ� ƑƏƐѵőĺ� �|� -Ѵvo� bm-

cludes several other functionally known homologs (Figure S2). Of 

the above, SmLL9 is the first bacterial homolog shown to transport 

with high affinity both xanthine and uric acid, since the previously 

well studied homologs from E. coli are specific for xanthine (XanQ) 

or uric acid (UacT). In addition, SmLL9 classifies in a different clade 

relative to the one including XanQ and UapA (Karena et al., 2015). 

SmLL9 and XanQ share a rather limited sequence homology overall 

ŐƑƖĺѶѷ�b7;m|b|��0-v;7�om��&"����-Ѵb]ml;m|ĸ�ƑѵĺƑѷ�b7;m|b|�ķ�ƓƒĺƖѷ�
vblbѴ-ub|�ķ�ƐѶĺƒѷ�]-rv�0-v;7�om�|_;�����""��;;7Ѵ;�|ooѴőķ�0�|�lov|�
residues found to be crucial for function in XanQ (based on Cys-

scanning analysis; Karena et al., 2015) are retained in both transport-

ers (Table S3). Prompted by these observations, we set to examine 

structure-function relationships of SmLL9 in relation to XanQ using 

molecular dynamics and site-directed mutagenesis at key amino acid 

positions.

�rrѴb1-|bom�o=� |_;���ru;7�v;-u1_� |ooѴ� =ou�_oloѴo]��7;|;1|bom�
and structure prediction for SmLL9 ranks UapA (Alguel et al.ķ�ƑƏƐѵő�
Ő�	���	Ĺ�Ɣ�ѵ�ő�=buv|��b|_�ƐƏƏѷ�ruo0-0bѴb|��Őp�Ʒ�ƑĺƔ;ƴƓƏőķ�ƑƓѷ�b7;m-

tity, and 0.38 similarity and the same holds for XanQ with 100% 

probability (p� Ʒ� ѵ;ƴƓƒőķ� ƒƏѷ� b7;m|b|�ķ� -m7� ƏĺƔƓ� vblbѴ-ub|�ĺ� �o|_�

$���� �ƑՊSubstrate/ligand profiles of SmVC3 and SmLL9

Kb�Őμ�ő�=ou�bm_b0b|bom�o=�Œ3�œŊ�-m|_bm;�Ő*ő��r|-h;�0��o|_;u�m�1Ѵ;o0-v;vņ
-m-Ѵo]v

Kb�Őμ�ő�=ou�bm_b0b|bom�o=�Œ3�œŊ-7;mbm;�Ő�ő��r|-h;�0��o|_;u�
m�1Ѵ;o0-v;vņ-m-Ѵo]v

��1Ѵ;o0-v;�ou�-m-Ѵo]�-v�
1olr;|b|ou "l��Ɩ *-m 

��1Ѵ;o0-v;�ou�-m-Ѵo]�-v�
1olr;|b|ou "l(�ƒ �7;�

Xanthine (K�) 3.3 (±0.9) 4.0 (±0.3) Adenine (K�) 1.5 (±0.2) 1.2 (±0.1)

Uric acid 12.8 (±3.2) ND Guanine 1.9 (±0.3) ND

��ro�-m|_bm; ND ND ��ro�-m|_bm; 1.4 (±0.2) 150.0 (±13.5)

Adenine ND ND Xanthine ND ND

Guanine ND ND Uric acid ND ND

Uracil ND ND Uracil ND ND

2-thioX 77.8 (±15.3) 91.0 (±11.1) Purine (P) ƐƑѵĺƔ�ŐƼƒѵĺѶő 3.4 (±0.4)

ѵŊ|_bo* 219.8 (±9.2) 41.5 (±5.3) 2-FA 72.5 (±20.4) 38.3 (±3.9)

3-methylX 22.3 (±4.4) 70.9 (±9.5) 2-aminoP ND ND

7-methylX 114.8 (±25.4) ND ƑķѵŊ7b-lbmo� 48.3 (±9.4) 8.8 (±3.2)

8-methylX ƐѵƓĺƔ�ŐƼƑƒĺƏő ND ѵŊ1_Ѵouo� ƐѶѶĺƕ�ŐƼƑƐĺѵő 55.0 (±10.2)

Oxypurinol 34.1 (±3.2) ƒƕĺƏ�ŐƼѵĺѶő ѵŊ	���� ƒƕĺѵ�ŐƼƐƓĺƒő ƕƏĺƓ�ŐƼѶĺѵő

Allopurinol ND ND ѵŊ����Ő��ő ƑƖĺƏ�ŐƼѵĺƑő ND

   ѵŊ0;m�o�Ѵ� 70.8 (±19.8) ND

   ѵŊ|_bo]�-mbm; ƐƔƐĺƑ�ŐƼѵĺƖő ND

   ѵŊl;u1-r|o� 20.0 (±4.8) 188.0 (±25.9)

Note: Escherichia coli T184 expressing SmLL9 or XanQ or E. coli��)ƒѵƖƑ�;�ru;vvbm]�"l(�ƒ�ou��7;���-v�-vv-�;7�=ou�bmb|b-Ѵ�u-|;v�o=�Œ3�œŊ�-m|_bm;�
(1 μ�ő�ou�Œ3�œŊ-7;mbm;�ŐƏĺƐ�μ�ő��r|-h;ķ�u;vr;1|b�;Ѵ�ķ�bm�|_;�-0v;m1;�ou�ru;v;m1;�o=�-�1om1;m|u-|bom�u-m];�ŐƏĺƏƐŋƐķƏƏƏ�μΜ) of the indicated 
competitors. The data were analyzed with Prism7 to obtain IC50 and thereof Ki values. Also given are the K� values of the permeases for xanthine and 
adenine. The values shown are the means of at least three determinations with SD shown in parentheses. ND, not detectable inhibition of activity by 
more than 50% at any of the concentrations tested.
�00u;�b-|bomvĹ�ƑŊ
�ķ�ƑŊ=Ѵ�ouo-7;mbm;ĸ�ѵŊ���ķ�ѵŊ0;m��Ѵ-lbmor�ubm;�Ő��őĸ�ѵŊ	����ķ�ѵŊŐ7bl;|_�Ѵ-lbmoő;|_�Ѵ-7;mbm;ĸ��ķ�-7;mbm;ĸ��ķ�r�ubm;ĸ�*ķ�
xanthine.

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5I6C
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transporters also exhibit homology to UraA (Yu et al., 2017) (PDB 

ID: 5XLS) with 100% probability (p�Ʒ�ѶĺƖ;ƴƓƏőķ�ƑƓѷ�b7;m|b|��-m7�ƏĺƓƑ�
similarity for SmLL9, and 100% probability (p�Ʒ�Ƒ;ƴƒƕőķ�ƑƓѷ�b7;m|b|��
and 0.38 similarity for XanQ. Structural models of both SmLL9 and 

XanQ were constructed and specific protein-substrate interactions 

were simulated accordingly. The structural models were generated as 

monomers by homology to the UapA crystal structure of Aspergillus 
nidulans (Alguel et al.ķ� ƑƏƐѵő� 1ouu;vrom7bm]� |o� 1�|orѴ-vlŊ=-1bm]�
conformers. The construction of the dimeric form of both models 

was performed by 3D superposition on the UapA transporter dimer 

(Figure 4a). Further, the structures were subjected to 40 ns molecu-

lar dynamics simulation in the apo form embedded in DPPC lipid bi-

Ѵ-�;u�-m7�voѴ�-|bm]�|_;�l;l0u-m;�0��;�rѴb1b|��-|;u��vbm]��!����"�
(Abraham et al.ķ�ƑƏƐѶő�vo=|�-u;�-m7�1_-ullƒѵ�Ő��-m]�et al., 2017) 

=ou1;�=b;Ѵ7ĺ�$_;�!�"	�o=�|_;��α-carbons of all helices between start-

ing and ending structures did not exceed 1 Å, indicating the stability 

of the theoretical model.

According to the UapA template the 3D models of SmLL9 and 

*-m � -u;� 7bl;ub1� 1omvbv|bm]� o=� ƐƓ� |u-mvl;l0u-m;� v;]l;m|v� Ő$�vő�
for each unit (Figure 4a). Each transporter unit structure is divided 

bm�-�1ou;�7ol-bm� Ő$�v�ƐŋƓ�-m7�ѶŋƐƐő�-m7�-�]-|;�7ol-bm� Ő$�v�Ɣŋƕ�
and 12–14). The transmembrane helices have the same length except 

$�Ɩ��_b1_� bv� v_ou|;u� =ou�"l��Ɩ�0��om;� |�umĺ�$_;� Ѵoorv�1omm;1|bm]�
|_;�$�v�-u;�-Ѵvo�o=�|_;�v-l;�Ѵ;m]|_�om�-�;u-];��b|_�=;��;�1;r|bomvĹ�
|_;� Ѵoor�0;|�;;m�$�ƒŋƓ� bm�*-m �bv� Ѵom];u�0��ƐƏ�-lbmo�-1b7vķ�-m7�
|_;�Ѵoor�0;|�;;m�$�ƓŋƔ�bv�v_ou|;u�0��|_u;;�-lbmo�-1b7vĺ��olr-u;7� 
to UapA, three exoplasmic loops of both bacterial homologs are 

v_ou|;uķ�0��-|�Ѵ;-v|�ƐƏ�u;vb7�;v�Ő$�ƒŋƓőķ�ƐƔ�u;vb7�;v�Ő$�Ɣŋѵőķ�-m7�ƐƑ�


 ��&!� �ƓՊ�oloѴo]��lo7;Ѵbm]�-m7�vb|;Ŋ7bu;1|;7�l�|-];m;vbv�o=�"l��Ɩĺ�Ő-ő�	bl;ub1�v|u�1|�u-Ѵ�lo7;Ѵ�o=�"l��Ɩ�-v��b;�;7�r-u-ѴѴ;Ѵ�|o�
the membrane plane (left) and from the cytoplasmic side (right). Different colors highlight the core and the gate domain of each protomer. 
Residues found to be important with site-directed mutagenesis are shown as spheres in red (irreplaceable, involved in substrate binding), 
]u-��Őbuu;rѴ-1;-0Ѵ;ķ�bm�oѴ�;7�bm��Ŋ0om7�bm|;u-1|bomv�bm�|_;��b1bmb|��o=�|_;�0bm7bm]�vb|;őķ�r�urѴ;�Ő�Ŋ0om7�bm|;u-1|bomv�bm�|_;�1ou;�7ol-bmőķ�]u;;m�
(crucial for specificity), and yellow (sensitive to inactivation by site-directed alkylation). (b) Site-directed mutagenesis of SmLL9. Escherichia 
coli T184 expressing the corresponding mutants from pT7-5/SmLL9-BAD were assayed for uptake of [3�œŊ�-m|_bm;�ŐƐ�μ�ő�Őblue bars) or [14C]-
uric acid (4 μ�ő�Őred bars) and the deduced transport rates were expressed as percentages of the rate obtained with wild-type SmLL9. Values 
obtained with cells harboring pT7-5/-BAD alone had been subtracted from the sample measurements in all cases. Each bar represents the 
mean of at least three determinations with SD�v_o�mĺ���|-m|v�v_o�m�bm�0o�;v�-||-bm�m;]Ѵb]b0Ѵ;�ruo|;bm�Ѵ;�;Ѵv�bm�|_;�E. coli membrane (see 

b]�u;�"ѵő�Œ�oѴo�u�=b]�u;�1-m�0;��b;�;7�-|��bѴ;�omѴbm;Ѵb0u-u�ĺ1olœ

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=5XLS
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u;vb7�;v� Ő$�ƐƒŋƐƓőĺ��o|-0Ѵ�ķ� |_;� Ѵoor�0;|�;;m�$�ƒŋƓ� bm� |_;�0-1-
terial homologs does not contain a pair of cysteines shown to form a 

disulfide bond that is needed for correct intracellular folding in UapA 

and possibly other fungal homologs (Alguel et al.ķ�ƑƏƐѵő�-m7�-Ѵvo�Ѵ-1hv�
the 10-residue segment between these cysteines. Of the cytoplasmic 

Ѵoorvķ�|_;� Ѵoor�0;|�;;m�$�ƓŋƔ�bm�"l��Ɩ� bv�v_ou|;u�0��om;�u;vb7�;�
u;Ѵ-|b�;� |o�&-r��7bv|ou|bm]� |_;� vl-ѴѴ� _;Ѵb�� Ő�Ɛő� |_-|� =oulv�0;|�;;m�
$�Ɠ�-m7�$�Ɣ�bm�|_;�&-r��1u�v|-Ѵ�v|u�1|�u;�Ő�Ѵ]�;Ѵ�et al.ķ�ƑƏƐѵőĺ

In both SmLL9 and XanQ modeled structures the ionized res-

idues are distributed reasonably on the protein surface, most of 

them at the cytoplasmic and periplasmic sides or along the pore in 

the protein interior. Positive charges are mostly located in the cy-

toplasm-facing loops and negative charges in the periplasm-facing 

loops. Both models were subjected to the calculations of pKa for 

carboxylates in the binding cavity using PDB2PQR version 2.0.0 

(Dolinsky et al.ķ�ƑƏƏƓő�v;u�;uĺ�	Ƒѵѵ�bm�"l��Ɩ�-m7�|_;�1ouu;vrom7bm]�
	Ƒƕѵ�bm�*-m ��;u;�=o�m7�|o�_-�;�r�-��-Ѵ�;v�_b]_;u�|_-m�Ѷ�-m7�|_;��
were considered as protonated in the docking calculations. In the 

case of XanQ the theoretical pKa of E272 was 7.5 and thus docking 

calculations were performed twice using the protonated and charged 

1-u0o��Ѵ-|;�=oulķ��_;u;-v��ƑѵƑ�bm�"l��Ɩ��-v�=o�m7�|o�_-�;�-�r�-�
of 7 and was considered as negatively charged in all calculations.

According to the 3D alignment of the constructed models and 

the UapA and UraA crystal structures, residues crucial for the bind-

ing and transport of substrate, specificity, kinetics, and transporter 

function in UapA and UraA that are located in the vicinity of sub-

v|u-|;�ŐƓĺƔ�ܲő�bm�$�v�Ɛķ�ƒķ�Ѷķ�-m7�ƐƏ�;�_b0b|�-�_b]_�vblbѴ-ub|��0;|�;;m�
the four transporters SmLL9, XanQ, UapA, and UraA (Table S4). In the 

core domain, a hydrogen bond network is formed in SmLL9 between 

|_;�vb7;�1_-bmv�o=� ƖƏķ� ƕƔķ� ƒƏƔķ�	ƑƖƏķ�-m7�$Ƒѵƒ�1omm;1|bm]�$�v�
2, 3, 8, 9, and 10, similar to the one described for XanQ (Karena et al., 
2015). The network consists of two parts, the one between Q90-

 ƕƔŊ ƒƏƔ�Ő
b]�u;�"ƒ-ő�-m7�|_;�o|_;u�0;|�;;m�	ƑƖƏķ�$Ƒѵƒķ�-m7�|_;�
0-1h0om;�o=� ƒƏƔĺ�	�ubm]�|_;��	�vbl�Ѵ-|bomv�|_;�	ƑƖƏ�vb7;�1_-bm�
reorients toward the center of the core domain and forms strong 

�Ŋ0om7v��b|_� ƕƔ�-m7� ƖƏ��_bѴ;�h;;rbm]�|_;�bm|;u-1|bom��b|_�$Ƒѵƒ�
(Figure S4). In UapA (Alguel et al.ķ�ƑƏƐѵőķ� |_;�u;vb7�;v�1ouu;vrom7-

bm]�|o� ƖƏ�-m7� ƒƏƔ�-u;��ƐƔƐ�-m7��ƓƏƒ��_b1_�v;;l�|o�v|-0bѴb�;�
|_uo�]_�|_;�_�7uor_o0b1�bm|;u-1|bomv�-v�|_;�|�o�"Ŋ��3 moieties are 

-Ѵlov|�r-u-ѴѴ;Ѵ�bm�-�7bv|-m1;�o=�-0o�|�Ɠĺѵ�ܲ�-m7ķ�bm�-77b|bomķ�|_;u;�bv�-�
�;-h��Ŋ0om7�bm|;u-1|bom�0;|�;;m� ƐƒƏ�Ő1ouu;vrom7bm]�|o� ƕƔő�-m7�
T405 (A307 in SmLL9) which is absent in SmLL9 (Figure S3b). Thus, 

|_;��Ŋ0om7�m;|�ouh�o=�|_;�1ou;�7ol-bm�o=�|_;�0-1|;ub-Ѵ�_oloѴo]v�
is replaced in UapA with a looser network that seems to include dif-

=;u;m|� |�r;v�o=� bm|;u-1|bomvĺ��	�vbl�Ѵ-|bomv�v_o�;7�-Ѵvo� |_-|� |_;�
Asn311 side chain in SmLL9 exhibits a relative flexibility as it is re-

oub;m|;7�7�ubm]�|_;�vbl�Ѵ-|;7�r;ubo7�=oulbm]�bm|;u-1|bomv��b|_��ƒƐ�
=uol�|_;�om;�vb7;�-m7�	Ƒѵѵ�om�|_;�o|_;u�vb7;�Ő
b]�u;�"Ɣőĺ

Induced fit docking (IFD) calculations showed that SmLL9 and 

XanQ bind xanthine in a similar manner, whereas uric acid is bound 

by XanQ in a reverse orientation and less optimally relative to SmLL9. 

The results from the IFD calculations are presented in the final part 

of the Section 2 (see later, Figure 7).

ƑĺƔՊ|Պ�omv;u�-|bom�o=�|_;�=�m1|bom-Ѵ�uoѴ;�o=�h;��
0bm7bm]Ŋvb|;�u;vb7�;v�0;|�;;m�"l��Ɩ�-m7�*-m 

In an attempt to address the role of key amino acid residues of 

SmLL9 and understand the major requirements for its functionality 

and broader specificity than XanQ, we subjected SmLL9 to site-di-

rected mutagenesis at positions corresponding to important resi-

dues of XanQ (Table S3) that are either involved in substrate binding 

ou�r-u|b1br-|;�bm��Ŋ0om7�bm|;u-1|bomv�-|�|_;�r;ubr_;u��o=�|_;�0bm7bm]�
vb|;�ou�0;Ѵom]�|o�$�v�Ѷ�-m7�ƐƏ�|_-|�-u;�1;m|u-Ѵ�bm�|_;�1oou7bm-|bom�
of substrate binding (Figure 4a). Residues of SmLL9 that are con-

served in XanQ were replaced by amino acids with similar side-chain 

properties and additionally, if the similar side-chain mutants retained 

significant activity, they were subjected to more extensive mutagen-

esis; residues differing from XanQ were replaced by the amino acid 

occupying the corresponding position in XanQ. In addition, all the 

residues examined were mutagenized to Cys, taking advantage of 

the fact that SmLL9 does not contain any native Cys in its sequence.

Our mutagenesis data reveal that most SmLL9 mutants display 

remarkably similar properties with the corresponding XanQ mutants 

studied previously (see Table S3). The substrate-binding residues 

�Ѵ�ƑѵƑ�Ő$�Ѷő�-m7��ѴmƒƐƏ�Ő$�ƐƏő�-u;�v|ub1|Ѵ��buu;rѴ-1;-0Ѵ;�=ou�=�m1-
|bomķ�vbm1;�l�|-m|v��ƑѵƑ�ķ��ƑѵƑ	ķ��ƑѵƑ ķ� ƒƐƏ�ķ� ƒƐƏ�ķ� ƒƐƏ��
are inactive for either xanthine or uric acid transport (Figure 4b); 

the same has been shown for the corresponding XanQ mutants 

at Glu272 (Karena and Frillingos, 2009) and Gln324 (Karatza et al., 
ƑƏƏѵőķ��b|_�|_;�7b==;u;m1;�|_-|� ƒƑƓ��-m7� ƒƑƓ��u;|-bm�vol;�-1-
tivity but are grossly impaired in the affinity for xanthine or xanthine 

analogs (Karatza et al.ķ� ƑƏƏѵőĺ� �Ѵvo� buu;rѴ-1;-0Ѵ;� -u;� |_;� u;vb7�;v�
�vrƑƖƏ� Ő$�Ɩőķ� �_b1_� bv� 1;m|u-Ѵ� bm� -� �Ŋ0om7� m;|�ouh� v|-0bѴb�bm]�
the core domain in XanQ (Karena et al.ķ�ƑƏƐƔőķ�-m7��vmƒƐƐ�Ő$�ƐƏőķ�
�_b1_�bv�bm�oѴ�;7�bm�bm|;u-1|bomv��b|_��bvƒƐ�-m7��vrƑѵѵ�Ő
b]�u;�"Ɠő�
at the periphery of the binding site, since mutants D290C, D290E, 

D290N, N311C, N311E, N311Q are inactive (Figure 4b); the same 

has been shown for the corresponding XanQ mutants at Asp304 

(Karena and Frillingos, 2009) and Asn325 (Karatza et al.ķ� ƑƏƏѵőĺ�
Interestingly, N311C and N311E are not detected in the E. coli 
l;l0u-m;�Ő
b]�u;�"ѵőķ�robm|bm]�|o�-�lou;�-�v|;u;�uoѴ;�o=��vmƒƐƐ�bm�
affecting the protein stability/folding relative to Asn325 in XanQ. 

�bvƒƐ� Ő$�Ɛő� bv� u;rѴ-1;-0Ѵ;�0�� |_;��Ŋ0om7bm]� u;vb7�;v� �ou���0�|�
buu;rѴ-1;-0Ѵ;�0���ķ��ķ�ou���Ő
b]�u;�Ɠ0ő�-m7ķ�-77b|bom-ѴѴ�ķ�l�|-m|��ƒƐ��
bv�mo|�7;|;1|;7�bm�|_;�l;l0u-m;�Ő
b]�u;�"ѵőĸ�v|ubhbm]Ѵ��vblbѴ-u�7-|-�
have been obtained with the corresponding XanQ mutants (Karena 

-m7�
ubѴѴbm]ovķ�ƑƏƏƖőķ�|_;�omѴ��7b==;u;m1;�0;bm]�|_-|��ƒƐ��-m7��ƒƐ��
in XanQ display low transport activity but impaired affinity for xan-

|_bm;� ou� �-m|_bm;� -m-Ѵo]v� Ő�-u;m-� -m7� 
ubѴѴbm]ovķ� ƑƏƏƖőĺ� �vrƑѵѵ�
Ő$�Ѷő�bv�u;rѴ-1;-0Ѵ;�omѴ��0����ou���-m7�buu;rѴ-1;-0Ѵ;�0���ķ��ķ��ķ�ou�
(� Ő
b]�u;�Ɠ0őķ� bm�1Ѵov;� u;v;l0Ѵ-m1;��b|_� |_;�ruor;u|b;v�o=��vrƑƕѵ�
bm� *-m � Ő�;ul;Ѵ;h-v� et al.ķ� ƑƏƐƏőĸ� -� 7b==;u;m1;� bv� |_-|� 	Ƒƕѵ�� bm�
*-m �7bvrѴ-�v�_b]_�-1|b�b|�ķ� bm�1om|u-v|� |o�	Ƒѵѵ�� bm�"l��Ɩ��_b1_�
transports at a rate of 20% relative to wild type (Figure 4b) point-

ing to a more crucial role of this carboxyl group in SmLL9. In the 

uric acid transporter UacT which also belongs to the NAT/COG2233 
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Cluster C1_Xanthine-Uric Acid (Chaliotis et al., 2018) and is closely 

related with SmLL8 (Figure 1b), all residues corresponding to the 

above six crucial residues of SmLL9 were found to be irreplaceable 

(Papakostas and Frillingos, 2012). Of the corresponding residues in 

|_;�=�m]-Ѵ�&-r�ķ�|_;�|�o�v�0v|u-|;Ŋ0bm7bm]�u;vb7�;v��Ѵ�ƒƔѵ�Ő$�Ѷő�
(Papageorgiou et al.ķ�ƑƏƏѶő�-m7��ѴmƓƏѶ�Ő$�ƐƏő�Ő�o�h-hb�et al., 2005) 

-u;�-Ѵvo�;vv;m|b-Ѵ�-m7��vrƒѶѶ�Ő$�Ɩő�bv�-Ѵvo�=�m1|bom-ѴѴ��buu;rѴ-1;-0Ѵ;�
(Papageorgiou et al., 2008), but the other residues are less stringently 

u;Ѵ-|;7��b|_�-1|b�b|�Ĺ��vmƓƏƖ�Ő$�ƐƏő�bv�u;rѴ-1;-0Ѵ;�0���Ѵ-ķ�";u�ou��Ѵm�
with retention of wild-type properties, and only N409D results in 

loss of function (Koukaki et al.ķ�ƑƏƏƔőķ��bvѶѵ�Ő$�Ɛő�bv�Ѵbmh;7��b|_�7;-

fects in folding and targeting to the plasma membrane as shown with 

|_;�Ѵo�Ŋ-1|b�b|��l�|-m|v��Ѷѵ�ķ��Ѷѵ�ķ�ou��Ѷѵ	ķ��_bѴ;��Ѷѵ��bv�-1-
tive and indistinguishable in function from wild type (Pantazopoulou 

-m7�	b-ѴѴbm-vķ�ƑƏƏѵőķ�-m7��vrƒѵƏ�Ő$�Ѷő�bv�u;rѴ-1;-0Ѵ;�0���Ѵ-�u;|-bm-

ing wild-type properties (Kosti et al., 2012).

";uƖƒ� Ő$�ƒő� bv� buu;rѴ-1;-0Ѵ;�0����-m7�"Ɩƒ�� bv�mo|�7;|;1|;7� bm�
|_;� l;l0u-m;� Ő
b]�u;� "ѵőķ� �_;u;-v� "Ɩƒ�� u;|-bmv� |_;� vb]mb=b1-m|�

xanthine uptake activity but marginal transport activity for uric acid 

(Figure 4b). Kinetic analysis (Table 3) shows that S93N transports 

uric acid with low affinity (3-fold higher K� relative to wild type) 

and low efficiency (10-fold lower Vmax/K� for uric acid than for xan-

thine, representing a 4-fold increase of this ratio over wild type). In 

the xanthine-specific XanQ, the corresponding Asn93 is also irre-

placeable by C with low levels of the N93C mutant in the membrane 

(Karena and Frillingos, 2011), whereas N93S and N93A display high 

transport activity for xanthine and marginally detectable transport 

activity for uric acid as well (Karena and Frillingos, 2011). In the re-

lated uric acid transporter UacT, replacement of the corresponding 

Thr100 by Ala results in significant ability to transport xanthine in 

addition to uric acid (Papakostas and Frillingos, 2012). In the fungal 

UapA, replacements of the corresponding Ser154 with A or N lead 

to defects in transport activity and kinetic changes relative to wild 

type indicative of a role of Ser154 in specificity. S154N shows 5-fold 

improved affinity for xanthine without affecting affinity for uric acid 

and S154A shows 7-fold decreased affinity for uric acid without 

$���� �ƒՊK� and Vmax values of SmLL9 and mutants

�;ul;-v;

*-m|_bm;�Ő*ő��r|-h; &ub1�-1b7�Ő&�ő��r|-h; !-|bo

KM�ŐμM)
Vl-��
ŐmloѴ�lbmƴƐ�l]ƴƐ)

Vl-�ņKM�
ŐμѴ�lbmƴƐ�l]ƴƐ) KM�ŐμM)

Vl-��
ŐmloѴ�lbmƴƐ�l]ƴƐ)

Vl-�ņKM�
ŐμѴ�lbmƴƐ�l]ƴƐ)

Vl-�ņKM
*ņ&�

SmLL9(wt) 3.3 (±0.9) 3.9 (±0.3) 1,182 Ƒƕĺƒ�ŐƼѵĺƖő 13.3 (±0.9) 487 2.43

�ƒƐ� 9.7 (±2.4) 2.1 (±0.2) ƑƐѵ 37.5 (±13.1) Ɩĺѵ�ŐƼƐĺƓő ƑƔѵ 0.85

�ƒƐ 17.3 (±1.5) 2.2 (±0.1) 127 82.2 (±14.7) 17.7 (±1.7) 215 0.59

S93N 12.9 (±1.0) 1.3 (±0.1) 101 ƕѵĺѵ�ŐƼƐƕĺƓő 0.8 (±0.1) 10 10.10

S251C 4.0 (±0.4) 0.4 (±0.0) 100 ѵƖĺƑ�ŐƼƐƒĺѶő 7.3 (±0.7) 105 0.95

S251V 3.1 (±0.9) 0.7 (±0.1) ƑƑѵ ƔƐĺѶ�ŐƼƐѵĺѶő 9.1 (±1.4) Ɛƕѵ 1.28

�ƑѵƔ� 7.3 (±1.4) 1.1 (±0.1) 151 39.0 (±13.1) Ɩĺѵ�ŐƼƐĺƑő ƑƓѵ ƏĺѵƐ

�ƑѵƔ� 2.3 (±0.8) 3.0 (±0.3) 1,304 ƒƖĺѵ�ŐƼѵĺƓő Ѷĺƒ�ŐƼƏĺѵő 210 ѵĺƑƐ

	Ƒѵѵ� 5.0 (±0.7) Əĺѵ�ŐƼƏĺƏő 120 ƑƒƖĺѵ�ŐƼƒƐĺƓő 9.3 (±0.9) 39 3.08

	Ƒѵѵ� 0.5 (±0.1) 0.04 (±0.01) 80 98.0 (±28.8) ƒĺƐ�ŐƼƏĺѵő 32 2.40

V270C ƑĺƏ�ŐƼƏĺѵő 2.9 (±0.2) 1,450 ѵƑĺƔ�ŐƼƐƏĺѶő 20.2 (±1.7) 323 4.20

V270T 2.5 (±0.5) 1.2 (±0.1) 480 ƑѵĺƐ�ŐƼƓĺƒő 4.0 (±0.3) 153 3.14

I274C 1.8 (±0.4) Əĺѵ�ŐƼƏĺƐő 334 ƑƐĺƏ�ŐƼѵĺƕő 1.4 (±0.2) ѵƕ 4.98

I274S 1.3 (±0.2) 0.1 (±0.0) 77 21.7 (±9.1) 0.4 (±0.1) 18 4.28

�ƑƖƐ� ƒƔĺѶ�ŐƼѵĺƏő 14.5 (±1.3) 405 ƖƒĺƔ�ŐƼѵĺƖő ƑѵĺƑ�ŐƼƏĺƖő 280 1.45

T304C 1.9 (±0.7) 1.1 (±0.1) 579 49.0 (±8.8) ƐƖĺѵ�ŐƼƐĺƔő 400 1.45

T304P 35.4 (±4.2) ƐƓĺѵ�ŐƼƐĺƏő 412 ƕƏĺѵ�ŐƼƔĺƑő 23.3 (±0.9) 330 1.25

A309C 3.0 (±0.9) 0.3 (±0.0) 100 Ƒƕĺѵ�ŐƼƔĺƔő Ɛĺѵ�ŐƼƏĺƐő 58 1.72

A309G ѵĺƕ�ŐƼƐĺƏő 5.8 (±0.3) Ѷѵѵ ƕƓĺѵ�ŐƼѵĺƑő 10.1 (±0.4) 135 ѵĺƓƐ

A309S 2.0 (±0.7) 2.3 (±0.2) 1,150 49.2 (±7.4) ƕĺѵ�ŐƼƏĺѵő 154 7.47

V312C 2.9 (±1.0) 3.7 (±0.4) ƐķƑƕѵ 87.3 (±3.9) 21.9 (±0.5) 251 5.08

S417C 2.7 (±0.9) 0.4 (±0.1) 148 43.4 (±5.8) 2.4 (±0.2) 55 ƑĺѵƖ

S417N 2.9 (±1.3) 0.9 (±0.2) 310 42.8 (±7.4) 5.0 (±0.4) 117 ƑĺѵƔ

Note: Escherichia coli T184 expressing the corresponding constructs were assayed for initial rates of [3�œŊ�-m|_bm;�ŐƏĺƐŋƑƔƏ�μ�ő�ou�Œ14C]-uric acid 
(1–400 μ�ő��r|-h;�-|�ƑƔŦ�ĺ��bm;|b1�r-u-l;|;uv��;u;�7;|;ulbm;7�=uol�momŊѴbm;-u�u;]u;vvbom�=b||bm]�|o�|_;��b1_-;Ѵbvŋ�;m|;m�;t�-|bomĺ�$_;��-Ѵ�;v�
shown are the means of three determinations with SD�v_o�m�bm�r-u;m|_;v;vĺ�*-m|_bm;�ou�&���r|-h;��-v�mo|�7;|;1|-0Ѵ;��b|_�l�|-m|v��ƒƐ�ķ��ƒƐ�ķ�
�ƒƐ�ķ�"Ɩƒ�ķ��ƑѵƑ�ķ��ƑѵƑ	ķ��ƑѵƑ ķ�	Ƒѵѵ�ķ�	Ƒѵѵ�ķ�	Ƒѵѵ�ķ�	Ƒѵѵ(ķ�	ƑƖƏ�ķ�	ƑƖƏ�ķ�	ƑƖƏ�ķ��ƑƖƐ�ķ� ƒƐƏ�ķ� ƒƐƏ�ķ� ƒƐƏ�ķ��ƒƐƐ�ķ��ƒƐƐ�ķ�
N311Q, or V312N, in any of the concentrations tested.



ƐѵƏՊ�|Պ ՊՍ BOTOU eT al.

affecting affinity for xanthine. These mutants are defective in trans-

port of both substrates but their relative transport efficiencies for 

xanthine and uric acid have not been tested (Amillis et al., 2011).

Of the other residues, most mutants display high transport ac-

tivities for both uric acid and xanthine (Figure 4b) and near wild-type 

hbm;|b1v� Ő$-0Ѵ;� ƒőķ��b|_� =;�� ;�1;r|bomv�l;m|bom;7� 0;Ѵo�ĺ��;|ƑƖƐ�
Ő$�Ɩő�bv�buu;rѴ-1;-0Ѵ;�0����-m7��ƑƖƐ��bv�mo|�7;|;1|;7�bm�|_;�l;l-

0u-m;�Ő
b]�u;�"ѵőķ�0�|��ƑƖƐ��bv�_b]_Ѵ��-1|b�;�Ő
b]�u;�Ɠ0őķ�-Ѵ0;b|��b|_�
significantly lower affinities (higher K�) relative to wild type for both 

uric acid and xanthine (Table 3); in XanQ, Gly305 at the correspond-

ing position has been annotated as important for folding/stability 

-m7�l�|-m|��ƒƏƔ��bv�mo|�7;|;1|-0Ѵ;�bm�|_;�l;l0u-m;�Ő�;ul;Ѵ;h-v�
et al.ķ�ƑƏƐƏőĺ�$_uƒƏƓ�Ő$�ƐƏő�bv�u;rѴ-1;-0Ѵ;�0����ou����b|_�u;|;m|bom�
of high transport activity for both xanthine and uric acid (Figure 4b), 

although T304P displays significantly lower affinities (higher K�) rel-

ative to wild type (Table 3); in XanQ, Pro318 at the corresponding 

position is crucial for stability and detection of the protein in the 

membrane (Karatza et al.ķ�ƑƏƏѵőĺ�(-ѴƒƐƑ�Ő$�ƐƏő�bv�buu;rѴ-1;-0Ѵ;�0����
but replaceable by C with high activity (Figure 4b) and small differ-

;m1;v�=uol��bѴ7�|�r;�bm�hbm;|b1v�Ő$-0Ѵ;�ƒőĸ�|_;�1ouu;vrom7bm]��vmƒƑѵ�
in XanQ is replaceable by C but sensitive to inactivation by alkylation 

with N-ethylmaleimide (Karatza et al.ķ� ƑƏƏѵĸ� �;ou]oro�Ѵo�� et al., 
2010), and Val320 in the related uric acid transporting homolog UacT 

is irreplaceable by N (Papakostas and Frillingos, 2012).

The Cys-replacement mutants in the natively C-less SmLL9 back-

ground offer us the possibility to examine the effects of alkylation 

of these mutants by sulfhydryl-specific reagents on the transport 

activity. Inhibition of an active Cys-mutant by alkylation by the 

small and relatively hydrophobic N-ethylmaleimide would indicate 

involvement of the corresponding position in the substrate trans-

location pathway and modification of this inhibitory effect in the 

presence of substrate would indicate a position that is sensitive 

to the conformational alternations of the transporter or involved 

directly in substrate binding (Frillingos et al., 1998; Kaback et al., 
2007). Of the nine active Cys-mutants of SmLL9, V270C, I274C, 

�ƑƖƐ�ķ�-m7�$ƒƏƓ��-u;�mo|�bm_b0b|;7�0��N-ethylmaleimide (Table 4), 

S251C is inhibited with IC50�Ʒ�ƐѵƖ�μ�ķ�(ƒƐƑ���b|_� ��50 = 47 μ�ķ�
and three mutants are inhibited with IC50 = 14–20 μ���_b1_� u;-

l-bmv� �m1_-m];7� Ő�ƒƏƖ�ķ� "ƓƐƕ�ő� ou� bm1u;-v;v� ƒŊ=oѴ7� Ő�ƑѵƔ�ő� bm�
|_;� ru;v;m1;� o=� Ɛ� l�� v�0v|u-|;� Ő�-m|_bm;ő� Ő$-0Ѵ;� Ɠőĺ� $_;� 1ouu;-

sponding alkylation-sensitive mutants of XanQ display very sim-

ilar responses to NŊ;|_�Ѵl-Ѵ;blb7;ĸ� (ƑѵƐ�� bv� |_;� Ѵ;-v|� v;mvb|b�;�
(IC50 = 97 μΜő� Ő�;ul;Ѵ;h-v� et al.ķ� ƑƏƐƏőķ��ƒƑѵ�� bv� bm_b0b|;7��b|_�
IC50 = 50 μΜ (Georgopoulou et al., 2010), A323C with IC50 = 34 μΜ 

(Georgopoulou et al., 2010), N430C with IC50 = 10 μ��Ő�-r-hov|-v�
et al., 2008), G275C with IC50 = 15 μ��Ő�;ul;Ѵ;h-v�et al., 2010). 

A rigorous comparison of the N-ethylmaleimide effects on the xan-

|_bm;�|u-mvrou|�-1|b�b|��o=�l�|-m|v��ƑѵƔ��Ő$�Ѷő�-m7��ƒƏƖ��Ő$�ƐƏő�
with the corresponding effects in XanQ illustrates that the sensi-

tivity to N-ethylmaleimide is in the same IC50 range for all mutants 

but the SmLL9 mutants respond differently to xanthine binding (the 

v;mvb|b�b|��o=��ƑѵƔ��7;1u;-v;vķ��_;u;-v�|_;�v;mvb|b�b|��o=��ƑƕƔ��bm�

$���� �ƓՊSensitivity of single-Cys mutants of SmLL9 to NŊ;|_�Ѵl-Ѵ;blb7;�Ő���ő

�;ul;-v;
*-m|_bm;��r|-h;�
-1|b�b|��Őѷ��|ő

�1|b�b|��u;|-bm;7��b|_�����
ŐƑ�l�ő�Őѷ��m|u;-|;7ő

��ƔƏ�o=�����Őμ�ő�bm�|_;�
-0v;m1;�o=�v�0v|u-|;

��ƔƏ�o=�����Őμ�ő�bm�|_;�ru;v;m1;�o=�
v�0v|u-|;�ŐƐ�l���-m|_bm;ő

SmLL9(wt) 100 112.0 (±1.8) — —

�ƒƐ� ND — — —

S93C ND — — —

S251C ƑѵĺƔ�ŐƼѶĺƐő ƒƏĺѵ�ŐƼѵĺƒő ƐѵƖĺƑ�ŐƼƔƓĺƑő NA

�ƑѵƑ� ND — — —

�ƑѵƔ� 18.7 (±5.5) 0.4 (±0.5) 20.1 (±2.0) ѵƖĺƐ�ŐƼƔĺƓő

	Ƒѵѵ� ND — — —

V270C 152.7 (±23.0) 88.5 (±5.1) — —

I274C ƖƏĺѶ�ŐƼƐѵĺƖő 103.9 (±14.0) — —

D290C ND — — —

�ƑƖƐ� ƒƓĺѵ�ŐƼƕĺƐő ƖƖĺѵ�ŐƼƑĺƐő — —

T304C 107.0 (±9.8) ƐƐѵĺƔ�ŐƼƔĺƏő — —

A309C ƒѶĺƒ�ŐƼƕĺѵő 0.0 (±0.0) 19.2 (±2.4) 21.2 (±3.2)

Q310C ND — — —

N310C ND — — —

V312C ƐƐƓĺѵ�ŐƼƑƑĺѶő 0.2 (±0.2) 47.2 (±2.0) NA

S417C ƐƏѵĺѵ�ŐƼƑƏĺƔő ƑƒĺƔ�ŐƼѵĺƑő 13.9 (±2.3) 15.5 (±1.4)

Note: Escherichia coli T184 expressing the corresponding constructs were assayed for initial rates of [3�œŊ�-m|_bm;�ŐƐ�μ�ő��r|-h;�-|�ƑƔŦ�ķ�-=|;u�-�
10 min preincubation with ΝΕΜ ranging from 0.4 μΜ�|o�Ƒ�l�ķ�bm�|_;�-0v;m1;�o=�ru;v;m1;�o=��-m|_bm;�ŐƐ�l�őķ�-v�bm7b1-|;7ķ�-m7�1olr-u;7��b|_�
1om|uoѴ�1;ѴѴv�ru;bm1�0-|;7�bm�|_;�-0v;m1;�o=�����-m7��-m|_bm;ĺ�$_;�;�r;ubl;m|-Ѵ�7;|-bѴv�-u;�7;v1ub0;7�bm�";1|bom�Ɠĺ�$_;�7-|-�u;=;uubm]�|o�|_;�7ov;Ŋ
7;r;m7;m1;�o=�|_;�����;==;1|��;u;�-m-Ѵ��;7��b|_�Prism7 to obtain IC50 values. The values shown are the means of three to six determinations with 
SD shown in the parentheses. ND indicates not detectable activity. NA indicates that assays were not performed in the corresponding cases.
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XanQ increases; the sensitivity of A309C does not change, whereas 

the sensitivity of A323C in XanQ increases) (Figure 5).

ƑĺѵՊ|Պ!;rѴ-1;l;m|�o=�";uƖƒ��b|_��vm�1om�;u|v�
"l��Ɩ�|o�-��-m|_bm;Ŋv;Ѵ;1|b�;�|u-mvrou|;u

Our transport kinetics results show that several mutants display 

significant differences in affinity (K� value) or efficiency (Vmax/K� 

value) from wild type for either xanthine or uric acid uptake or both 

(Table 3). Notably, S93N transports the uric acid with 10-fold lower 

efficiency relative to xanthine. Compromised efficiencies for uric 

-1b7� -u;� v;;m� -Ѵvo� �b|_� �ƑѵƔ�ķ� �ƒƏƖ�ķ� -m7� �ƒƏƖ"� ŐѵŊ� |o� ƕŊ=oѴ7�
lower Vmax/K��u;Ѵ-|b�;�|o��-m|_bm;őķ��_;u;-v�	Ƒѵѵ��-m7�	Ƒѵѵ��7bv-
play lower efficiencies (10- to 12- and 15-fold, respectively, relative 

to wild type) for both the uric acid and xanthine and the same is true 

for A309C and I274S which transport xanthine with 12- and 15-fold 

lower efficiency and uric acid with 8- and 27-fold lower efficiency 

u;Ѵ-|b�;� |o� �bѴ7� |�r;ĺ� "b�� l�|-m|v� Ő�ƒƐ ķ� "Ɩƒ�ķ� 	Ƒѵѵ�ķ� 	Ƒѵѵ�ķ�
A309G, V312C) display distinctively low affinity for uric acid (>3-

fold higher K�� u;Ѵ-|b�;� |o��bѴ7� |�r;őķ��_;u;-v��ƑƖƐ�� -m7� $ƒƏƓ��
have low affinity for both uric acid (2.5- to 3.5-fold higher K�) and 

xanthine (11-fold higher K�) relative to wild type.

Following up on the above results, we subjected the SmLL9 mu-

tants to xanthine uptake assays in the presence of uric acid, 7-meth-

ylxanthine or 8-methylxanthine (three ligands that are not recognized 

by the xanthine-specific XanQ) in order to understand the effect of 

each replacement on the substrate profile of SmLL9. As shown in 

Table 5, most mutants are inhibited by each one of the three ligands 

with Ki values similar to wild type, but S93N displays 12-fold lower 

affinity (12-fold higher Kiő�=ou��ub1�-1b7ķ�=o�u�l�|-m|v�Ő�ƒƐ�ķ��ƒƐ ķ�
�ƑѵƔ�ķ�$ƒƏƓ�ő�-u;�bm_b0b|;7�0���ub1�-1b7��b|_�ƒŊ�|o�ƓŊ=oѴ7�_b]_;u�Ki, 

and five mutants have lower affinity for 7-methylxanthine (2- to 2.5-

fold higher Ki) (A309C) or 8-methylxanthine (3- to 5-fold higher Ki) 

Ő�ƒƐ�ķ�(ƒƐƑ�ő�ou�0o|_�Ő�ƒƐ ķ�"Ɩƒ�őĺ��=�|_;�-0o�;�l�|-m|vķ�"Ɩƒ��
stands out as the one which shows reduced affinity for uric acid 


 ��&!� �ƔՊSimilar sensitivity to N-ethylmaleimide at key substrate-sensing positions between SmLL9 and XanQ. Escherichia coli T184 
expressing the corresponding single-Cys mutants of SmLL9 or XanQ were analyzed for initial rates of [3�œŊ�-m|_bm;�ŐƐ�μ�ő�|u-mvrou|�-=|;u�
ru;bm1�0-|bom��b|_�����=ou�ƐƏ�lbmķ�-|�ƑƔŦ�ķ�bm�|_;�-0v;m1;�ou�ru;v;m1;�o=��-m|_bm;�Ő*-mő�ŐƐ�l�őķ�-v�bm7b1-|;7ķ�-m7�1olr-u;7��b|_�1om|uoѴ�
1;ѴѴv�ru;bm1�0-|;7�bm�|_;�-0v;m1;�o=�����-m7��-m|_bm;�Őv;;�";1|bom�Ɠ�=ou�=�u|_;u�7;|-bѴvőĺ��-1_�7-|-�robm|�u;ru;v;m|v�|_;�l;-m�-m7�SD of 
triplicate measurements. Data were analyzed with Prism7 to obtain IC50 values. The results with the XanQ mutants replicate previously 
r�0Ѵbv_;7�u;v�Ѵ|v�Ő�ƑƕƔ�Ĺ��;ul;Ѵ;h-v�et al., 2010; A323C: Georgopoulou et al., 2010). The IC50 values deduced (mean ± SE) from the above 
;�r;ubl;m|v�-u;Ĺ�"l��Ɩ�Ő�ƑѵƔ�ő�ƐѶĺƔ�Ƽ�Ƒĺƒ�μΜķ�Ő*-mő�ѵĺѶ�Ƽ�ƐĺƓ�μΜĸ�"l��Ɩ�Ő�ƒƏƖ�ő�ƐƔĺƕ�Ƽ�Ɠĺѵ�μΜ, (Xan) 19.7 ± 4.0 μΜ; XanQ (G275C) 
15.8 ± 1.7 μΜ, (Xan) 8.9 ± 0.8 μΜĸ�*-m �Ő�ƒƑƒ�ő�Ƒѵĺѵ�Ƽ�ƓĺƏ�μΜ, (Xan) 13.2 ± 1.7 μΜ
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(Table 5; Table 3) and, to a lesser extent, for the methyl analogs of 

xanthine at C8 or N7 (Table 5) and, also, very low efficiency for uric 

acid transport (Table 3; Figure 4b). The reciprocal mutant (N93S) in 

XanQ allows marginal uric acid uptake and low-affinity recognition 

of uric acid, 7-methyl and 8-methylxanthine (Karena and Frillingos, 

2011). A comparison of the dose-response inhibitory effects of uric 

acid and 8-methylxanthine on SmLL9 and the relevant SmLL9 and 

XanQ mutants illustrates that the S93N replacement deteriorates 

the ability of SmLL9 to recognize uric acid and 8-methylxanthine 

mimicking in part the properties of XanQ or, more precisely, of the 

�Ɩƒ"�l�|-m|�Ő
b]�u;�ѵőĺ

ƑĺƕՊ|Պ�
	�-m-Ѵ�vbv�bm7b1-|;v�-�uoѴ;�o=�";uƖƒ�bm�0bm7bm]�
�ub1�-1b7

Based on the IFD calculations, SmLL9 binds xanthine similarly to 

&-r��Ő
b]�u;�"ƕőĺ� ƒƐƏ�vb7;�1_-bm�-lb7;�=oulv�|�o��Ŋ0om7v��b|_�
�-m|_bm;��Ƒ�-m7��Ɛ��_bѴ;��ƑѵƑ�-m��Ŋ0om7��b|_��ƕĺ��ѵƷ��=oulv�-m�
�Ŋ0om7��b|_�|_;��ƒƏƖ�0-1h0om;���ĺ�$_;�Ѵb]-m7�bv�v|-0bѴb�;7�-Ѵvo�0��
π–π stacking interactions with F94 and F308 comparable to UapA 

and UraA crystal structures (Figure 7a). In addition, the IFD calcula-

|bomv�v�]];v|�|_;�;�bv|;m1;�o=�-m��Ŋ0om7�m;|�ouh�bm�|_;��b1bmb|��o=�
|_;�v�0v|u-|;�0;|�;;m�"ƖƔŊ"ƖƒŊ"ƒƏѵ�;m7bm]�|o�|_;��ƒƏƕ�0-1h0om;�
C=O.

Equivalently, XanQ interacts with xanthine in a slightly tilted 

oub;m|-|bom�1olr-u;7�|o�"l��Ɩķ�=oulbm]��Ŋ0om7v�0;|�;;m��ƕ�-m7�
�ƑƕƑ�1-u0o��Ѵ-|;ķ�0;|�;;m��ƐŊ�ķ��ƑƷ��-m7� ƒƐƏ�-lb7;�vb7;�1_-bm�
-m7�0;|�;;m��ѵƷ��-m7�|_;�0-1h0om;����o=��ƒƑƒĺ�
ƒƑƑ�=oulv�-�π–π 

stacking interaction with xanthine while F94 a T-stacking (Figure 7c). 

Further to the above interactions, it is interesting to note that during 

|_;��	�vbl�Ѵ-|bomv�|_;��Ɩƒ�vb7;�1_-bm�7bvrѴ-�v�-�u;Ѵ-|b�;�=Ѵ;�b0bѴb|��
bm|;u-1|bm]��b|_�7b==;u;m|�u;vb7�;v�bm�|_;��b1bmb|�ķ�mo|-0Ѵ��"ƖƔķ�"ƑѵƖķ�
T320, and E272.

IFD calculations show that uric acid binds to SmLL9 with the same 

];ol;|u��-m7��Ŋ0om7v�-v��-m|_bm;�Ő
b]�u;�ƕ0őķ��;|�=oulbm]�-m�;�|u-�
hydrogen bond between C8=O and the S93 hydroxyl group connecting 

|_�v�|_;�v�0v|u-|;��b|_�|_;�-0o�;�l;m|bom;7�"ƖƔŊ"ƖƒŊ"ƒƏѵ��Ŋ0om7�
network. In contrast, uric acid binds to XanQ in a reverse orientation 

in the binding cavity with N7 and N3 directed toward E272, while 

�ѵƷ��bv�oub;m|;7�|o�-u7�
ƖƓ�bm�;uv;Ѵ��|o�|_;�1ouu;vrom7bm]��-m|_bm;�
carbonyl group which points to the E272 side chain (Figure 7d). Uric 

�;ul;-v;

Kb�ŐμΜő�=ou�bm_b0b|bom�o=�Œ3�œŊ�-m|_bm;��r|-h;�0��o|_;u�m�1Ѵ;o0-v;v

&ub1�-1b7 ƕŊ�;|_�Ѵ�-m|_bm; ѶŊ�;|_�Ѵ�-m|_bm;

SmLL9(wt) 12.8 (±3.2) 114.8 (±25.4) ƐѵƓĺƔ�ŐƼƑƒĺƏő

�ƒƐ� ƓѵĺѶ�ŐƼƕĺƐő ƐѵƐĺѶ�ŐƼƒƒĺƔő ƓƓƒĺƏ�ŐƼѵƏĺѶő

�ƒƐ ƒѶĺѵ�ŐƼƓĺƓő 234.8 (±27.3) 828.1 (±147.9)

S93N 157.4 (±27.3) 234.0 (±43.1) 541.7 (±107.7)

S251C 9.7 (±0.7) 54.4 (±10.2) 207.8 (±33.4)

S251V ƐѵĺƔ�ŐƼƒĺѵő 127.3 (±18.5) ƐƏƏĺѵ�ŐƼƑƕĺƑő

�ƑѵƔ� 37.3 (±4.5) 88.7 (±8.1) 339.5 (±40.2)

�ƑѵƔ� 5.0 (±0.5) 159.3 (±30.7) ƑƖƖĺѶ�ŐƼƓƓĺѵő

	Ƒѵѵ� 29.1 (±4.5) 21.3 (±2.4) 53.4 (±4.9)

V270C 9.7 (±1.0) 71.0 (±7.4) 159.5 (±18.5)

V270T 11.1 (±1.5) Ѷƕĺѵ�ŐƼƐƐĺƖő ƑƕѵĺƖ�ŐƼѵѵĺѶő

I274C 3.9 (±0.2) 180.5 (±28.2) ƐƕѵĺѶ�ŐƼƒƏĺƕő

I274S 15.5 (±0.7) ƐƑѶĺѵ�ŐƼƓƓĺѵő ѵƒĺƕ�ŐƼѶĺƏő

�ƑƖƐ� ƐѵĺƔ�ŐƼƒĺƓő 150.1 (±28.4) ƒѵѵĺƏ�ŐƼƐƏƑĺƒő

T304C 8.8 (±0.9) ƕƖĺƏ�ŐƼѵĺƖő 209.0 (±21.2)

T304P 52.5 (±10.1) 113.3 (±17.1) 350.0 (±70.5)

A309C 9.0 (±0.8) 289.3 (±43.8) ƒѵƑĺѶ�ŐƼѶƐĺƓő

A309G ƐƓĺѵ�ŐƼƏĺѶő ƒѵĺƖ�ŐƼƑĺƒő 337.8 (±27.0)

A309S 10.7 (±0.8) ƐƔƒĺƒ�ŐƼƐƒĺѵő 273.5 (±47.5)

V312C Ɛƕĺѵ�ŐƼƐĺѵő 202.3 (±19.4) 495.8 (±34.2)

S417C ƖĺƏ�ŐƼƏĺѵő 202.4 (±33.8) 280.9 (±22.0)

S417N 8.1 (±0.8) ƐѶƏĺƏ�ŐƼƓѵĺƔő 102.5 (±19.1)

Note: Escherichia coli T184 expressing the corresponding constructs were assayed for initial rates 
of [3�œŊ�-m|_bm;�ŐƐ�μ�ő��r|-h;�-|�ƑƔŦ�ķ�bm�|_;�-0v;m1;�ou�ru;v;m1;�o=�ƏĺƐŋƐķƏƏƏ�μ��o=��mѴ-0;Ѵ;7�
nucleobases. The data were analyzed with Prism7 to obtain IC50 and thereof Ki values. The values 
shown are the means of three determinations with SD shown in the parentheses.

$���� �ƔՊSpecificity profiles of active 
SmLL9 mutants
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-1b7�-rr;-uv�|o�=oul�|�o��Ŋ0om7v�0;|�;;m� ƒƑƓ�-lb7;�-m7��ub1�-1b7�
�Ɛ��-m7��ƑƷ�ĺ��o�;�;uķ�|_;�-m]Ѵ;�0;|�;;m�|_;�|�o�rѴ-m-u�v�v|;lvķ�
m-l;Ѵ��|_;� ƒƑƓ�-lb7;�-m7�|_;�v�0v|u-|;�-uol-|b1�v�v|;lķ�bv�ŜƓƔ�7;-

]u;;vķ� Ѵ;vv�or|bl-Ѵ� =ou�|_;�=oul-|bom�o=�v|uom]��Ŋ0om7vĺ� �m�-77b|bomķ�
the C8=O group does not interact with the N93 side chain which is 

directed toward the opposite side of the binding cavity.

Overall, the docking calculations suggest that XanQ displays 

weaker interaction with uric acid as compared to xanthine. Uric acid 

cannot be accommodated in the binding cavity adopting a reverse 

orientation of the purine moiety compared to xanthine, while inter-

action with the tilted Q324 seems weaker and there is no interaction 

between C8=O and the N93 side chain. It is interesting that, although 

the major difference between XanQ and SmLL9 in the binding cavity 

is related to residue 93, this difference is enough to produce weaker 

XanQ-uric acid interaction and generate specificity. Uric acid needs 

|_;�ru;v;m1;�o=�|_;��Ŋ0om7�0;|�;;m��ѶƷ��-m7�"Ɩƒ�_�7uo��Ѵ�]uo�r�
to bind to SmLL9 (Figure 7b). This interaction stabilizes the pose 

which is the most energetically favorable and geometrically suitable 

according to the UapA-xanthine based model, in agreement with the 

mutagenesis data showing that the S93N replacement leads specifi-

cally to impairment of the uric acid binding and uptake activity.

ƒՊ |Պ	�"�&""���

The data in this study show that the model rhizobium S. meliloti con-

tains a set of purine nucleobase transporters which display broader 

substrate profiles relative to their homologs from other proteobac-

teria and are uniquely present in the genus Sinorhizobium (Ensifer) 
in contrast to other rhizobia. SmLL9 and SmVC3 are also found in 

few other (non nodulating) genera of Rhizobiales, but the other four 

homologs are present only in Sinorhizobium. The complete set of six 

homologs is present in practically all strains of S. meliloti and S. medi-
cae but not in S. fredii, S. americanum or any other related species 

which contain only SmVC3 and, less consistently, SmLL9, implying 

a recent and significant lineage-specific expansion of this group in 

the S. meliloti/ S. medicae lineage (which diverged from the S. fredii/ 

S. americanum lineage 35 million years ago; based on TimeTree). In 

support of this interpretation, the SmLL9 and SmLL8 genes are found 

in tandem in the S. meliloti/medicae genomes (Galibert et al., 2001; 

Reeve et al., 2010; Nelson et al., 2018), indicative of an evolutionarily 

recent duplication event.

It is interesting that S. meliloti and S. medicae are exclusively asso-

ciated with the effective nodulation of species of the Leguminosae 


 ��&!� �ѵՊ Impairment of the affinity of SmLL9 for uric acid (UA) by replacing Ser93 with Asn. Escherichia coli T184 expressing wild-
type or the corresponding mutant of SmLL9 or XanQ were analyzed for initial rates of [3�œŊ�-m|_bm;�ŐƐ�μ�ő�bm�|_;�ru;v;m1;�o=�&��ou�
8-methylxanthine, as indicated, and compared with control cells assayed in the absence of ligands. Each data point represents the mean 
and SD of triplicate measurements. Data were analyzed with Prism7 to obtain IC50 and thereof Ki values. The results with the XanQ 
mutant N93S replicate previously published results (Karena and Frillingos, 2011). The Ki values deduced from the above experiments 
(mean ± SE) are: SmLL9 (wt) 9.4 ± 1.5 μΜ�Ő&�őķ�ƐƐѵĺƏ�Ƽ�ƐƒĺƔ�μΜ (8-methylxanthine); SmLL9 (S93N) 120.8 ± 12.4 μΜ�Ő&�őķ�ƔƒƔĺƓ�Ƽ�ƕѵĺƓ�μΜ 
(8-methylxanthine); XanQ (N93S) 18.7 ± 2.7 μΜ (8-methylxanthine) (the K� used for this mutant for derivatization of the Ki value is from 
reference Karena and Frillingos, 2011)
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genera Medicago, Melilotus, and/or Trigonella, most of which con-

tain S. meliloti or S. medicae as their primary or even exclusive ni-

trogen-fixing microsymbiont (Berrada and Fikri-Benbrahim, 2014; 

Andrews and Andrews, 2017). These three genera belong to 

Trifolieae, which diverged from the other legume lineages in the in-

verted repeat-lacking clade (IRLC) of the Papilionoideae (Faboideae) 

v�0=-lbѴ��ƒѵ�lbѴѴbom��;-uv�-]o�Ő0-v;7�om�$bl;$u;;ő� Őv;;�-Ѵvo��-�bm�
et al., 2005). The Medicago/Melilotus/Trigonella lineage is estimated 

|o�_-�;�;�oѴ�;7�Ɛѵ�lbѴѴbom��;-uv�-]oĺ�$_;u;=ou;ķ�b|�-rr;-uv�|_-|�|_;�
expansion of the NAT/NCS2 purine transporter genes in S. meliloti 
and S. medicae might have evolved in parallel with their associated 

host plants of the Trifolieae tribe.

Given that the presence of the above NAT/NCS2 homologs is 

confined in S. meliloti and few other alpha-proteobacteria, we cannot 

rule out the possibility that they have been acquired by a relatively 

u;1;m|� _oub�om|-Ѵ� ];m;� |u-mv=;u� Ő��$őĺ� �o�;�;uķ� |_;� ;�b7;m1;� =ou�
��$�bv�u-|_;u�roouĺ�
buv|ķ�|_;v;�|u-mvrou|;uv�7o�mo|�v_-u;�v;t�;m1;�
identity higher than 80%–82% with any distant homolog outside 

alpha-proteobacteria; this identity score is in the same range with 

or lower than the identity of the same transporters with homologs 

bm�!_b�o0b-Ѵ;vĺ�";1om7ķ� |_;bu����1om|;m|� bv�0;|�;;m�ѵƐѷ�-m7�ѵƓѷ�

which is almost average for core genes of S. meliloti and in the upper 

=o�u|_�=ou��$�];m;v�Ő�rv|;bm�et al., 2014). Third, two of these genes 

are chromosomal (SmLL9 and SmLL8), three (SmX28, SmWQ0, SmVC3) 

are in the chromid pSymB which is thought to largely derive from an-

1b;m|���$ķ�-m7�omѴ��om;�ŐSmYE1) is in the megaplasmid pSymA which 

contains the nodulation and nitrogen fixation genes and is considered 

|o�_-�;�oub]bm-|;7�|_uo�]_�u;1;m|���$�Ő7b�;m�o�et al., 2018; Barnett 

et al., 2001).

The type of legume-rhizobia symbiosis involving S. meliloti has 

been studied in the model legume Medicago truncatula. The M. 
truncatula—S. meliloti symbiotic system forms indeterminate-type 

symbiotic nodules in which the infected plant cells contain rhizo-

bia that undergo a process of endoreduplication of their DNA as 

they differentiate to nitrogen-fixing bacteroids (Vinardell et al., 
2003; Udvardi and Poole, 2013; Penterman et al., 2014). The in-

creased needs for nucleotide building blocks during this process 

might be partially covered by the NAT/NCS2 transporters identi-

fied here. In particular, the gene for the adenine/guanine/hypox-

anthine transporter SmVC3 clusters together with several genes 

of adenine/guanine/xanthine metabolism and in tandem with an 

adenine/guanine phosphoribosyl transferase gene (Finan et al., 


 ��&!� �ƕՊStructural basis of the interaction of SmLL9 and XanQ with xanthine and uric acid (UA). Low energy structures of transporter-
substrate complexes as resulted from the induced-fit docking analysis. (a) SmLL9-xanthine. (b) SmLL9-UA. (c) XanQ-xanthine. (d) XanQ-UA. 
$_;��Ŋ0om7�m;|�ouh�0;|�;;m�"ƖƔŊ"ƖƒŊ"ƒƏѵ�bv�bѴѴ�v|u-|;7�bm�Ő-ő�Œ�oѴo�u�=b]�u;�1-m�0;��b;�;7�-|��bѴ;�omѴbm;Ѵb0u-u�ĺ1olœ
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2001), implying involvement of the purines transported by SmVC3 

in purine salvage.

Of the six NAT/NCS2 homologs, SmLL9 and SmVC3 are the most 

efficient and display the broadest specificity for purine substrates 

relative to their paralogs (SmLL8 or SmX8, and SmYE1, respectively). 

The combined functions of SmLL9 (xanthine and uric acid trans-

porter) and SmVC3 (adenine, guanine and hypoxanthine transporter) 

would be sufficient to allow transport of all natural purine nucleo-

0-v;�v�0v|u-|;vĺ��o�;�;uķ�bm�|_;�=;��1-v;v�o=�u_b�o0b-�o|_;u�|_-m�S. 
meliloti/medicae that harbor both SmLL9 and SmVC3 (but not any of 

the other NAT/NCS2 homologs) in their genomes (Table S1), the rel-

evant rhizobia are implicated in different-type SNF systems; S. fredii 
with Papilionoideae forming determinate nodules (Glycine, Vigna), S. 
americanum� �b|_� �blovob7;-;� ŐAcacia), R. tropici CIAT499, and R. 
freirei with Papilionoideae forming determinate nodules (Phaseolus), 

P. sophorae with non-IRLC Papilionoideae forming indeterminate 

nodules (Sophora) (Berrada and Fikri-Benbrahim, 2014; and refer-

ences therein). This observation implies that some function of the 

other NAT/NCS2 homologs might be particularly relevant to the 

symbiotic system between S. meliloti and the Medicago host. SmLL8 

which offers an additional capacity for efficient, high-affinity uptake 

of uric acid (Table 1) might be relevant in this respect. An interesting 

possibility is that uric acid might need to be efficiently imported and 

catabolized in the bacteroid not just as a N source but also to provide 

the microsymbiont with more TCA intermediates through the glyox-

ylate cycle, deriving malate from the glyoxylate produced in the lower 

part of uric acid catabolism through the action of S(-)-ureidoglycolate 

hydrolase (Cusa et al.ķ�ƐƖƖƖĸ���-]�buu;Ŋ�-�ou-Ѵ�et al., 2018).

SmWQ0 is normally expressed in the plasma membrane of E. coli 
as a seemingly full-length protein (Figure 2a) but was not found to 

transport any nucleobase. SmWQ0 is related phylogenetically with 

SmLL9, SmLL8, SmX28 and other xanthine and/or uric-acid transport-

ing homologs (Figure 1b), but does not conserve key residues shown 

to be important for substrate recognition by such homologs (Frillingos, 

ƑƏƐƑĸ� 	b-ѴѴbm-vķ� ƑƏƐѵő� -m7� 0�� o|_;u� �;ѴѴŊv|�7b;7� ��$vņ��"Ƒv� Ő+��
et al., 2017; Botou et al., 2018). Namely, it lacks an aromatic residue 

bm� |_;�0bm7bm]�vb|;�-|�rovb|bomv�o=�
ƖƓ� Ő$�ƒő�ou�
ƒƏѶ� Ő$�ƐƏő� Őm�l-

bering according to SmLL9), it lacks the specificity-related S/T/N93 

Ő$�ƒőķ�-m7�-Ѵvo� Ѵ-1hv��ņ!ņ�ƒƐƖ� bm� |_;���$Ŋvb]m-|�u;�lo|b=� Ő$�ƐƏő�
(Kourkoulou et al., 2018) which has also been related with specificity 

(Figure S2). Another interesting deviation is that SmWQ0 does not re-

|-bm�|_;�v�0v|u-|;Ŋ0bm7bm]� �-|�$�ƐƏ��_b1_�bv�-�1_-u-1|;ubv|b1�o=�|_;�
purine NAT/COG2233 transporters (Figure S2) but has an E instead, 

a characteristic of pyrimidine-transporting homologs (Yamamoto 

et al., 2010; Lu et al., 2011; Yu et al., 2017; Botou et al., 2018). In our 

experiments, we did not detect any statistically significant transport 

activity for uracil or other pyrimidines that could be analyzed kineti-

cally. Overall, this evidence suggests that SmWQ0 may recognize and 

transport a different solute other than nucleobases.

SmLL9 and SmVC3 display substantially broader substrate pro-

files than their corresponding homologs from E. coli K-12, which 

uses separate transporters for xanthine or uric acid and adenine or 

guanine/hypoxanthine (Frillingos, 2013; Papakostas et al., 2013). 

SmVC3, in particular, can use analogs that are not used by either 

the adenine or the guanine/hypoxanthine transporters of E. coli. 
Among these additional purine analogs, SmVC3 recognizes with high 

-==bmb|��|_;�1�|ohbmbm�ѵŊ0;m��Ѵ-lbmor�ubm;�ŐѵŊ����ou���ő�-v��;ѴѴ�-v�
|_;�1�|ohbmbm�-m-Ѵo]�ѵŊ0;m�o�Ѵ-7;mbm;ĺ����-m7�o|_;u�-7;mbm;Ŋ|�r;�
cytokinins are important regulators of the plant-rhizobium interac-

tion leading to nodulation (Gamas et al., 2017). They are produced 

by plant cells in response to rhizobial nodulation (Nod) factors but 

can also be produced by rhizobia or other rhizosphere bacteria and 

used directly as alternative or supplemental nodulation factors by 

rhizobial strains (Cooper and Long, 1994; Giraud et al., 2007; Kisiala 

et al., 2013).

SmLL9 was subjected to site-directed mutagenesis to reveal 

major determinants of its functional profile and its difference from 

the xanthine-specific XanQ of E. coli, taking advantage of the fact 

that XanQ is well studied experimentally (Frillingos, 2012) and that 

both transport proteins can be modeled on the structurally known 

homologs UapA (Alguel et al.ķ� ƑƏƐѵő� -m7�&u-�� Ő���et al., 2011; Yu 

et al., 2017). The mutagenesis data show that SmLL9 and XanQ share 

several key functionally important residues which have similar roles 

in both transporters. This holds true for the xanthine-binding resi-

7�;v��Ѵ�ƑѵƑņƑƕƑ�-m7��ѴmƒƐƏņƒƑƓķ� u;vb7�;v� bm�oѴ�;7� bm� blrou|-m|�
�Ŋ0om7v�-|�|_;�r;ubr_;u��o=�|_;�0bm7bm]�vb|;�Ő�bvƒƐņƒƐķ��vrƑѵѵņƑƕѵķ�
Asp290/304, Asn311/325), but also residues of the binding-site re-

gion that are highly sensitive to alkylation by N-ethylmaleimide with 

similar IC50� �-Ѵ�;v� Ő�Ѵ-ƑѵƔņ�Ѵ�ƑƕƔķ� �Ѵ-ƒƏƖņ�Ѵ-ƒƑƒőĺ� �m� -77b|bomķ�
the kinetic properties of SmLL9 with respect to xanthine transport 

resemble those of XanQ (almost the same K� values, comparable 

Ki values for inhibition by oxypurinol and other analogs). Based on 

the IFD studies, both transporters bind the xanthine substrate with 

equivalent interactions. Thus, SmLL9 has evolved the additional 

property of utilizing uric acid on a very similar molecular background 

with the xanthine-specific XanQ.

Ser93 in SmLL9 appears to be a major determinant for the trans-

rou|;uŝv�-77b|bom-Ѵ�-0bѴb|��|o�u;1o]mb�;�-m7�|u-mvrou|��ub1�-1b7ĺ�$_;�
replacement of Ser93 with Cys results in unstable protein with no 

detectable expression in the membrane, but the replacement with 

Asn specifically impairs uric acid binding (>12-fold lower affinity rel-

-|b�;�|o��bѴ7�|�r;ő�Ő$-0Ѵ;�Ɣĸ�
b]�u;�ѵő�-m7��ub1�-1b7�|u-mvrou|�Ől-u]bm-

ally detectable activity for uric acid while retaining highly significant 

xanthine uptake activity and 10-fold lower transport efficiency with 

uric acid relative to xanthine) (Table 3; Figure 4). These properties 

are corroborated by the IFD analysis for the binding-site interac-

tions of SmLL9 and XanQ with xanthine and uric acid, highlighting 

|_-|�";uƖƒ� bm�"l��Ɩ� bv�m;;7;7�|o��Ŋ0om7��b|_��ѶƷ��o=��ub1�-1b7ķ�
an interaction that is absent in XanQ. Furthermore, the presence of 

Asn93 instead of Ser93 is enough to produce weaker interactions 

with uric acid in the binding cavity of XanQ (Figure 7b,d) consistent 

with the strict specificity of XanQ relative to SmLL9.

Our results on Ser93 confirm and extend previous findings on 

the importance of this residue in other homologous NAT/NCS2 

transporters and its relation with specificity. A Ser at this position 

is conserved in all dual-specificity xanthine/uric acid NAT/NCS2 
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|u-mvrou|;uv�bm�$�ƒ�-|�|_;�0bm7bm]�vb|;�u;]bom�-m7�|_bv�";u�_-v�-Ѵu;-7��
been implicated with specificity from the mutagenesis studies of 

*-m �-m7�&-r�ĺ��o�;�;uķ�|_;�ru;�bo�v�v|�7b;v�7o�mo|�ruo�b7;�1Ѵ;-u�
evidence that this Ser is important for binding and transport of uric 

acid. Although UapA is structurally known, the available crystal struc-

ture of UapA is in complex with xanthine (Alguel et al.ķ�ƑƏƐѵő�-m7�b|v�
interaction with uric acid has not been studied with IFD analysis. The 

relevant mutants S154N and S154A are defective in transport of both 

xanthine and uric acid, retain significant affinity for uric acid although 

differing in substrate profiles from wild type, and their relative trans-

port efficiencies for the two substrates have not been tested (Amillis 

et al., 2011). In XanQ, the relevant mutant N93S shows hardly de-

tectable ability to bind and transport uric acid in addition to xanthine 

(Karena and Frillingos, 2009; Karena and Frillingos, 2011). In UacT, the 

relevant mutant T100S shows very low uptake activity for uric acid 

and hardly detectable ability to transport xanthine in addition to uric 

acid (Papakostas and Frillingos, 2012). Thus, our study with SmLL9 is 

the first one to show that a Ser at this NAT/NCS2 position is import-

ant specifically for the recognition and transport of uric acid.

Other amino acid residues, external to the binding site, have been 

suggested to influence specificity in the fungal UapA by participating 

in gating elements that act as “selectivity gates” controlling the ac-

1;vv�o=�v�0v|u-|;v�|o�|_;�0bm7bm]�vb|;�Ő	b-ѴѴbm-vķ�ƑƏƐƓĸ�	b-ѴѴbm-vķ�ƑƏƐѵőĺ�
��|-|bomv�-|�v�1_�u;vb7�;v��;u;�=o�m7�|o�-ѴѴo��u;1o]mb|bom�o=�-|�r-

ical substrates like hypoxanthine and adenine without affecting the 

recognition and transport of the normal substrates, xanthine or uric 

acid (Papageorgiou et al., 2008; Kosti et al., 2012; Alguel et al.ķ�ƑƏƐѵőĺ�
Evidence for such gating elements in bacterial NAT/NCS2 members 

is poor. The systematic Cys-scanning and site-directed mutagenesis 

of XanQ revealed very few mutations outside the binding site that 

allowed recognition of nonwild- type ligands in addition to xanthine 

and such nonwild-type ligands were never found to be recognized with 

high affinity or transported at a significant rate (Karena et al., 2015). 

In the present study with SmLL9, one of the residues analyzed (S417) 

1ouu;vrom7v�|o�$ƔƑѵ�bm�&-r��Ő$�ƐƓőķ��_b1_�_-v�0;;m�blrѴb1-|;7�-v�0;-

longing to an outward-facing selectivity gate leading toward the bind-

bm]�vb|;ķ�0-v;7�om�|_;�ruor;u|b;v�o=� |_;�l�|-m|v�$ƔƑѵ��-m7�$ƔƑѵ�ķ�
either alone or combined with replacements in other sites (Q113L, 

!ƓѶƐ�ķ� ƓƏѶ�őķ�-m7��	�vbl�Ѵ-|bomv�Ő�-r-];ou]bo��et al., 2008; Alguel 

et al.ķ�ƑƏƐѵőĺ��m�o�u�v|�7�ķ�"ƓƐƕ��-m7�"ƓƐƕ���;u;�mo|�=o�m7�|o�7b==;u�
from wild-type SmLL9 in the affinity for either xanthine or uric acid 

(Table 3) or specificity profile (Table 5) or display any detectable rec-

ognition of other nucleobases (data not shown). Similarly, mutations 

N430S and N430C at the corresponding position of XanQ had not 

revealed any deviation from the wild-type profile (Papakostas et al., 
2008; Papakostas and Frillingos, 2012). Taken together, the current 

data on XanQ and SmLL9 do not seem to support the idea that gating 

elements related with specificity exist in these bacterial NATs/NCS2s.

Based on the evolutionary and specificity profile of the homo-

logs identified here, we propose that, of the S. meliloti (Sm) NAT/

COG2233 transporters, which are closely related to UacT (Figure 1b; 

see also Karena et al., 2015), SmLL8 and SmX28 be renamed to 

SmUacT1 and SmUacT2 (uric acid transporter 1 and 2), respectively, 

and SmLL9 to SmXUacT (xanthine/uric acid transporter); of the 

��]�ŊѴbh;ņ���ƑƑƔƑ�|u-mvrou|;uvķ�"l(�ƒ�0;�u;m-l;7�|o�"l����$�
(adenine/guanine/hypoxanthine transporter) and SmYE1 to SmAdeT 

(adenine transporter).

Apart from the NAT/NCS2 genes analyzed in this study, all S. 
meliloti/medicae genomes contain also one NCS1 homolog each 

(Table S1). Although NCS1 is annotated as a nucleobase-cation 

symporter-1 family, few bacterial members of this family have been 

studied in detail and substrates of known microbial members are 

more diverse than in NAT/NCS2 including also allantoin, hydantoins, 

pyridoxine, thiamine, or nicotinamide riboside (Patching, 2018). The 

S. meliloti homolog (as well as its closely related homologs from 

Mesorhizobium) do not cluster together with any functionally known 

member and are distantly related to YbbW of E. coli K-12 which is 

encoded in an allantoin-catabolizing operon (Cusa et al., 1999) but 

remains unstudied to date.

Another set of genes encoding a candidate purine transport 

system might be the ATP-binding cassette (ABC) genes of an op-

;uom�|_-|� bm1Ѵ�7;v�-Ѵvo�-�];m;�=ou�-7;mbm;�7;-lbm-v;� Ő"�0ƑƐƑƕѶő�
-m7�-�];m;�=ou�m�1Ѵ;ovb7;�_�7uoѴ-v;�Ő"�0ƑƐƑƕƕőĺ�$_bv�����v�v|;lķ�
however, has been annotated as a putative spermidine/putrescine 

(polyamine) transport system which is widely conserved in rhizobac-

teria and other proteobacteria, its homologs including the GABA-

transport system of Rhizobium leguminosarum bv. viciae (White et al., 
2009) and the spermidine/putrescine (PotABCD) transport system 

of E. coli (Igarashi et al., 2001).

In conclusion, the NAT/NCS2 rhizobial purine transporters iden-

tified in this study may play unique roles in the M. truncatula—S. meli-
loti symbiotic system that are yet to be discovered. A comprehensive 

analysis of transcript profiles of the transporters and the relevant pu-

rine metabolism enzymes in the developing symbiotic nodules would 

be very helpful to this end. Since the organelle-like symbiosomes in 

the infected plant cell are enclosed in two membranes, one of rhizo-

bial and one of plantal origin, an investigation of the functional and 

physiological relevance of M. truncatula purine transporters which 

are expressed in the symbiotic nodules would also be important. M. 
truncatula contains a multitude of potential nucleobase transporters, 

distributed in families NAT/NCS2, NCS1, the nucleoside transporter 

family ENT, and the plant-specific families PUP/POP and UPS/NBUT 

(Girke et al., 2014), which remain experimentally untouched to date 

although they include some homologs that are highly expressed spe-

cifically in the root nodules (http://mtgea.noble.org; http://www.jcvi.

org/medicago). Thus, our study opens up a new research direction 

for the evaluation of the role of purine transport and metabolism in 

symbiotic nitrogen fixation systems.

ƓՊ |Պ�*��!����$����!���	&!�"

ƓĺƐՊ|Պ	;vb]m-|bom�o=�|_;���$ņ��"Ƒ�];m;v

The S. meliloti 1,021 genome (http://www.cebit ec.uni-biele feld.de/

CeBiT ec/rhizo gate/) contains six NAT/NCS2 genes, four in subfamily 

http://mtgea.noble.org
http://www.jcvi.org/medicago
http://www.jcvi.org/medicago
http://www.cebitec.uni-bielefeld.de/CeBiTec/rhizogate/
http://www.cebitec.uni-bielefeld.de/CeBiTec/rhizogate/
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NAT/COG2233 (subfamily 1, in Cluster C1_Xanthine-Uric Acid), 

and two in subfamily AzgA-like/COG2252 (subfamily 2/AzgA-like) 

(http://bioinf.bio.uth.gr/nat-ncs2/). The genes (with UniProt ac-

cession numbers for the predicted proteins in parentheses) are: 

SMc02513 (Q92LL9), SMc02512 (Q92LL8), SM_b20134 (Q92X28), 

and SM_b20289 (Q92WQ0) in NAT/COG2233; SM_b21281 

(Q92VC3) and SMa1717 (Q92YE1) in AzgA-like/COG2252. In this 

study, we use the designations SmLL9, SmLL8, SmX28, SmWQ0, 

SmVC3, and SmYE1 to highlight the fact that the corresponding or-

|_oѴo]v�-u;��;u���;ѴѴ�1omv;u�;7�ŐƻƖѵѷ�v;t�;m1;�b7;m|b|�ő�bm�-ѴѴ�|_;�
S. meliloti/medicae (Sm) strains.

ƓĺƑՊ|Պ�-|;ub-Ѵv�-m7�];m;u-Ѵ�1omvb7;u-|bomv

[2,8-3�œŊ-7;mbm;� ŐƒƐĺѶ��b�lloѴƴƐ), [8-3�œŊ]�-mbm;� ŐƑƐĺƑ��b�lloѴƴƐ), 
[2,8-3�œŊ_�ro�-m|_bm;� ŐƑƕĺƕ� �b� lloѴƴƐ), [8-3�œŊ�-m|_bm;�
(22.8 Ci mmolƴƐ), [8-14C]-uric acid (58 mCi mmolƴƐőķ� ŒƔķѵŊ3�œŊ�u-1bѴ�
(32.5 Ci mmolƴƐ), [methyl-3�œŊ|_�lbm;� ŐƔƏĺѵ� �b� lloѴƴƐ), and [3�œŊ
cytosine (18.8 Ci mmolƴƐő� �;u;� =uol��ou-�;h� �bo1_;lb1-Ѵvĺ� �omŊ
radioactive nucleobases and analogs were from Sigma-Aldrich except 

ѵŊŐ7bl;|_�Ѵ-lbmoő�;|_�Ѵ-7;mbm;�-m7�ѵŊ0;m��Ѵ-lbmor�ubm;��_b1_��;u;�
synthesized and kindly provided by Nicole Pouli lab at the Department 

of Pharmaceutical Chemistry, National and Kapodistrian University 

o=� �|_;mvĺ� $_;� -0o�;� |�o� -m-Ѵo]v� -v� �;ѴѴ� -v� ѵŊ0;m�o�Ѵ-7;mbm;�
Ő
b]�u;�ƒ0ő��;u;�ru;r-u;7�bm�7bl;|_�Ѵ�v�Ѵ=o�b7;�Ő	�"�őĺ��-u0om�Ѵ�1�-
anide mŊ1_Ѵouor_;m�Ѵ�_�7u-�om;�Ő����ő��-v�-Ѵvo�ru;r-u;7�bm�	�"�ĺ�
Cell cultures were performed in Luria-Bertani broth (LB) in aerobic 

conditions. For all incubations in liquid media, cells were grown with 

shaking at 220 r.p.m. at 37°C (E. coli cultures) or at 180 r.p.m. at 28°C 

(S. meliloti 1,021). Oligodeoxynucleotides were synthesized from 

��uo=bmv��;molb1v��l0�ĺ��b]_Ŋ=b7;Ѵb|��	���roѴ�l;u-v;��-v� =uol�
Kapa Biosystems. Restriction endonucleases, alkaline phosphatase, 

-m7�$Ɠ�	���Ѵb]-v;��;u;�=uol�$-h-u-��Ѵom|;1_ĺ��ouv;u-7bv_�r;uo�b-
7-v;�Ő�!�őŊ1omf�]-|;7�v|u;r|-�b7bm��-v�=uol��bѴѴbrou;ĺ��ѴѴ�o|_;u�u;--
gents were of analytical grade and obtained from commercial sources.

ƓĺƒՊ|Պ�uo|;o0-1|;ub-Ѵ�v|u-bmvķ�1o7bm]�
v;t�;m1;vķ�-m7�rѴ-vlb7v

The six NAT/NCS2 genes were mobilized with PCR amplification 

from the genome of S. meliloti 1,021. The genomic DNA had been 

isolated from S. meliloti 1,021 cultures grown aerobically on Yeast 

�-mmb|oѴ��uo|_�Ő+��ő�-|�ƑѶŦ�ĺ�
ou�_;|;uoѴo]o�v�;�ru;vvbom�bm�E. coli 
K-12, the coding sequence of each gene was transferred to a previ-

ously described version of plasmid vector pT7-5 which included the 

DNA sequence of the biotin-acceptor domain (BAD) of the oxaloace-

tate decarboxylase from Klebsiella pneumoniae as an insert between 

the ApaI and HindIII sites. This vector is designated pT7-5/-BAD. 

After insertion of the NAT/NCS2 coding sequences in pT7-5/-BAD, 

at the appropriate orientation and frame, the resulting constructs 

contain the BAD sequence as a C-terminal tag of each NAT/NCS2. 

Following expression of these genes, the gene products are bioti-

nylated in vivo during bacterial growth and allow monitoring of the 

protein levels in the E. coli membrane by western blotting (Karatza 

and Frillingos, 2005).

Escherichia coli�$��ƐƏ
ŝ�Ő�m�b|uo];mő��-v��v;7�=ou�bmb|b-Ѵ�ruor-]--
tion of recombinant plasmids to prepare plasmid DNA for sequenc-

ing. E. coli T184 (Teather et al., 1980) was used for expression of the 

pT7-5/-BAD-borne genes from the lacZ promoter/operator by induc-

tion with isopropyl-β-D-1-thiogalactopyranoside (IPTG) and for anal-

ysis of the uptake of xanthine (Karatza and Frillingos, 2005) and of 

uric acid (Papakostas and Frillingos, 2012). Similarly, E. coli��)ƒѵƖƑ�
(Keio collection; adeP knock-out) was used for the analysis of the 

�r|-h;�o=�-7;mbm;�-m7�_�ro�-m|_bm;�-m7��)ƓƏƑƔ�Ő�;bo�1oѴѴ;1|bomĸ�
ghxP knock-out) was used for the analysis of the uptake of guanine 

(Papakostas et al.ķ� ƑƏƐƒőķ� �_;u;-v� �)ƑƓѶƑ� Ő�;bo� 1oѴѴ;1|bomĸ� uraA 

knock-out) was used for the uptake of uracil and thymine (Botou 

et al.ķ�ƑƏƐѶő�-m7��)ƏƒƑƕ� Ő�;bo�1oѴѴ;1|bomĸ�codB knock-out) for the 

uptake of cytosine (Danielsen et al., 1992). The Keio collection sin-

gle-gene knockout strains (Baba et al.ķ�ƑƏƏѵő��;u;�ruo�b7;7�=uol�|_;�
E. coli Genetic Stock Center. All E. coli strains used were transformed 

according to Inoue et al. (1990).

ƓĺƓՊ|Պ�oѴ;1�Ѵ-u�1Ѵombm]

The coding sequences of NAT/NCS2 genes were amplified by PCR 

on the template of genomic DNA and transferred to pT7-5/-BAD by 

restriction fragment replacement between the Bam���-m7�ApaI sites. 

All site-directed mutants of SmLL9 were constructed using two-stage 

Őo�;uѴ-r�;�|;mvbomő���!�Ő�;1hl-m�-m7��;-v;ķ�ƑƏƏƕőĺ�$_;�v;t�;m1;v�
of synthetic oligodeoxynucleotides used for these constructions are 

given in Table S5. The coding sequence of all constructs was verified 

0��7o�0Ѵ;Ŋv|u-m7�	���v;t�;m1bm]�Ő��uo=bmv��;molb1v��l0�őĺ

ƓĺƔՊ|Պ�uo�|_�o=�0-1|;ub-

Escherichia coli Keio collection strains harboring given plasmids were 

grown aerobically at 37°C in LB containing kanamycin (0.025 mg/ml) 

and ampicillin (0.1 mg/ml). E. coli T184 was grown at the same con-

ditions except that streptomycin (0.01 mg/ml) was used instead of 

kanamycin. Fully grown cultures (1 ml) were diluted 10-fold, allowed 

to grow to mid-logarithmic phase to a cell density of ODѵƏƏml = 2.0, 

bm7�1;7��b|_���$��ŐƏĺƔ�l�ő�=ou�-m�-77b|bom-Ѵ�ƐƏƔ�lbm�-|�ƒƕŦ�ķ�-m7�
harvested for use in transport assays or western blotting.

ƓĺѵՊ|Պ$u-mvrou|�-vv-�v�-m7�hbm;|b1�-m-Ѵ�vbv

Escherichia coli ΤƐѶƓķ� �)ƒѵƖƑķ� ou� �)ƓƏƑƔ��;u;��-v_;7� |�b1;� bm�
��bķ�ƏĺƐ��ķ�r��ƕĺƔķ�moul-Ѵb�;7�|o�-m��	420nm of 10.0 (corresponding 

to 35 μg of total protein per 50 μl) in the same buffer and assayed for 

transport of radiolabeled substrates. Alternatively, E. coli� �)ƑƓѶƑ�

http://bioinf.bio.uth.gr/nat-ncs2/
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�;u;�ru;r-u;7� bm����0�==;u� Ő��"�Ɣ�l�ķ� r��ѵĺƔķ� 1om|-bmbm]���Ѵķ�
ƏĺƐƔ��őķ�-v�7;v1ub0;7�Ő�o|o��et al., 2018). Before initiating the trans-

port reaction, the cells were energized by addition of glycerol to a 

=bm-Ѵ�1om1;m|u-|bom�o=�ƑƏ�l��-m7�;t�bѴb0u-|;7�bm�|_;�-vv-��0�==;u�=ou�
3 min at 25°C. All the transport reactions were performed at 25°C. 

After termination of the reactions, samples were rapidly filtered 

through Whatman GF/C filters, washed twice immediately with 3 ml 

o=�b1;Ŋ1oѴ7����0�==;u�Ő��bķ�ƏĺƐ��ķ�r��ƔĺƔķ��b�Ѵķ�ƏĺƐ��ő�-m7�|-h;m�=ou�
liquid scintillation counting. To determine K� and Vmax values for the 

uptake of purine nucleobases, E. coli T184 were assayed for active 

transport of [3�œŊ�-m|_bm;�-|�ƔŋƑƏ�v�-m7�o=�Œ14C]-uric acid at 5–30 s, 

E. coli��)ƒѵƖƑ�=ou�-1|b�;�|u-mvrou|�o=�Œ3�œŊ-7;mbm;�-|�ƔŋƑƏ�v�-m7�o=�
[3�œŊ_�ro�-m|_bm;�-|�ƔŋƐƔ�vķ�E. coli��)ƓƏƑƔ�=ou�-1|b�;�|u-mvrou|�o=�
[3�œŊ]�-mbm;�-|�ƔŋƑƏ�vķ�-|�-�u-m];�o=�v�0v|u-|;�1om1;m|u-|bomvķ�-m7�
7-|-��;u;�=b||;7�|o�|_;��b1_-;Ѵbvŋ�;m|;m�;t�-|bom��vbm]�Prism7.

For competitive inhibition experiments, the uptake rate of [3�œŊ
xanthine (1 μΜ) or [3�œŊ-7;mbm;� ŐƏĺƐ� μΜ) was assayed at 5–20 s in 

the absence or presence of non-radiolabeled analogs. To obtain IC50 

values, the data were fitted to the equation y = B+(T – B)/(1 + 10((log 

��ƔƏ�ƴ�Ѵo]�x)h)) for sigmoidal dose-response (variable slope), using Prism7, 

where x is the concentration variable, y (the transport rate) ranges 

from T (top) to B (bottom) and h� bv�|_;��bѴѴ�1o;==b1b;m|ĺ��m�-ѴѴ�1-v;vķ�h 

�-v�1Ѵov;�|o�ƴƐķ�1omvbv|;m|��b|_�1olr;|b|bom�=ou�-�vbm]Ѵ;�0bm7bm]�vb|;ĺ�
Ki values were calculated from the IC50 values, based on the equation: 

Ki = IC50/[1+(S/K�)] (where S is the concentration of [3�œŊ�-m|_bm;�ou�
[3�œŊ-7;mbm;� �v;7ĸ� -m7�K� is the K� value obtained for the uptake 

of xanthine or adenine by the relevant permease or mutant) (Cheng 

and Prusoff, 1973). It should be noted that the Ki value is an affinity 

constant implying binding to the transporter but does not indicate 

whether the ligand is being transported across the membrane.

$_;�;==;1|�o=�����om�|_;�Œ3�œŊ�-m|_bm;�|u-mvrou|�-1|b�b|��o=�vbm-

gle-Cys mutants was assayed as described previously (Karena et al., 
ƑƏƐƔőĺ�)_;m�-vv-�bm]�|_;�;==;1|�o=����ķ�|u-mvrou|�-vv-�v��;u;�r;u-
=oul;7�bm�|_;�ru;v;m1;�o=�ƑƏ�l��ro|-vvb�l�-v1ou0-|;�-m7�ƏĺƑ�l��
r_;m-�bm;� l;|_ov�Ѵ=-|;� Ő��"őķ� -m� -u|b=b1b-Ѵ� ;Ѵ;1|uomŊ7omou� v�v|;l�
used to energize the E. coli membrane, as described previously (Barnes 

and Kaback, 1971; Konings et al., 1971). E. coli T184 had been prein-

1�0-|;7��b|_�����Őu-m]bm]�=uol�Ɛ�μΜ�|o�Ƒ�l�őķ�=ou�ƐƏ�lbmķ�-|�ƑƔŦ�ķ�
and the reactions stopped by addition of a 10-fold molar excess of 

dithiothreitol (DTT). For incubations in the presence of substrate, xan-

|_bm;�ŐƐ�l�ő��-v�-77;7�bm�E. coli�$ƐѶƓ�rubou�|o�bmb|b-|bom�o=�|_;����Ŋ
reaction. After termination of the reaction, the excess of xanthine was 

u;lo�;7�0���-v_bm]�|_;�v-lrѴ;v�|�b1;��b|_�ƓƏ�lѴ�o=���bķ�ƏĺƐ��ķ�r��
7.5, and thrice with 1 ml of the same buffer. Samples were finally nor-

malized to an OD420nm of 10 for the xanthine transport assay, as above.

ƓĺƕՊ|Պ);v|;um�0Ѵo|�-m-Ѵ�vbv

Escherichia coli�1;ѴѴv��;u;��-v_;7�|�b1;�bm�$ubvŋ��Ѵ�ŐƏĺƏƔ��őķ�r��ѶĺƏķ�
1om|-bmbm]� �-�Ѵ� ŐƏĺƐ��ő� -m7� �-2�	$�� ŐƐ� l�őķ� v�rrѴ;l;m|;7� �b|_�
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) 

ŐƏĺƑ�l�őķ�-m7��v;7�|o�ru;r-u;�l;l0u-m;�=u-1|bomv�0��ovlo|b1�v_o1hķ�

treatment with EDTA/lysozyme, and sonication, as described (Karatza 

-m7�
ubѴѴbm]ovķ� ƑƏƏƔőĺ��;l0u-m;� =u-1|bomv� ru;r-u;7� =uol�ƐƏ�lѴ� 1;ѴѴ�
1�Ѵ|�u;v��;u;�_-u�;v|;7�0���Ѵ|u-1;m|ub=�]-|bom�bm�-m��r|bl-���*Ŋ*��
Ultracentrifuge (Beckman Coulter), normalized to a protein concen-

tration of 100 μg per 50 μl in sample loading buffer, and subjected to 

SDS–PAGE (12%). After electrophoresis, proteins were electroblotted 

|o�-�roѴ��bm�Ѵb7;m;�7b=Ѵ�oub7;�l;l0u-m;�Ő�-u-0Ѵo|��(	
ĸ��-1_;u;�Ŋ
�-];Ѵ��l0�ő�-m7�|_;�BADŊ|-]];7�ruo|;bmv��;u;�ruo0;7��b|_��!�Ŋ
conjugated streptavidin which was used at a dilution of 1:50,000. 

Signals were developed with enhanced chemiluminescence (ECL).

ƓĺѶՊ|Պ�bobm=oul-|b1�-m7�r_�Ѵo];m;|b1�-m-Ѵ�vbv

Comparative analysis of NAT/NSC2 sequences was based on 

���"$Ŋr�v;-u1_�-m7�v;t�;m1;�-Ѵb]ml;m|v��vbm]��&"���� =ou�l�Ѵ-
|brѴ;�-Ѵb]ml;m|v�-m7�����""Ŋ�;;7Ѵ;�=ou�r-bu�bv;�-Ѵb]ml;m|vĺ�$_;�
most recent genome annotations were used for retrieving sequence 

7-|-ĺ� �_�Ѵo];m;|b1� |u;;v� �;u;� 1omv|u�1|;7� �b|_� ����ƕ� Ő��l-u�
et al.ķ�ƑƏƐѵőĺ�
ou�-m-Ѵ�vbv�o=�|_;�r_�Ѵo];m��o=�-Ѵr_-Ŋruo|;o0-1|;ub-�
Ő
b]�u;� Ɛ-őķ� �;� �v;7�l�Ѵ|bѴo1�v� v;t�;m1;� -m-Ѵ�vbv� Ő��"�ő� o=� =o�u�
housekeeping genes (rpoB, atpD, recAķ� Ɛѵ"� u	��ő� Ő-v� bm��o�v-�b�
et al., 2015). Other phylogenetic/taxonomic analyses (Figure S1) 

were based on PhyloT and the TimeTree database (Kumar et al., 
2017). The analysis of the genetic locus of each transporter gene 

�-v�0-v;7�om�bm=oul-|bom�u;|ub;�;7�=uol�|_;��obm|��;mol;��mv|b|�|;�
�m|;]u-|;7��b1uo0b-Ѵ��;mol;v�ş��b1uo0bol;v�Ő�������ņ�ő�-m7�|_;�
Kyoto Encyclopedia of Genes and Genomes (KEGG).

ƓĺƖՊ|Պ�oloѴo]��lo7;Ѵbm]

�oloѴo]�� lo7;Ѵ� 0�bѴ7bm]� �-v� r;u=oul;7� �vbm]� �ubl;� ƑƏƐѶŊƓ�
Ő"1_uक़7bm];uķ� ���ķ� �;�� +ouhķ� �+ķ� ƑƏƐѶőĺ� Ő�-1o0vom� et al., 2002; 

�-1o0vom�et al., 2004).

ƓĺƐƏՊ|Պ�uo|;bm�ru;r-u-|bom�=ou��
	

The protein was prepared for the IFD calculations using the Protein 

Preparation Protocol (Schrödinger Suite 2018, Protein Preparation 

Wizard) implemented in Schödinger suite and accessible within the 

�-;v|uo�ruo]u-l�Ő�-;v|uoķ��;uvbom�ƑƏƐѶŊƓķ�"1_uक़7bm];uķ����ķ��;��
York, NY, 2018). Specifically, the hydrogen atoms were added. The 

orientation of hydroxyl groups of Asn, Gln, and the protonation state 

o=��bv��;u;�or|blb�;7� |o�l-�blb�;�_�7uo];m�0om7bm]ĺ� 
bm-ѴѴ�ķ� |_;�
Ѵb]-m7�ƴ�ruo|;bm�1olrѴ;���-v�u;=bm;7��b|_�-�u;v|u-bm;7�lbmblb�-|bom�
performed by Impref utility, which is based on the Impact molecular 

l;1_-mb1v�;m]bm;� Ő�lr-1|ķ�"1_uक़7bm];uķ����ķ��;��+ouhķ��+ķ�ƑƏƐѵő�
and the OPLS2005 force field, setting a max rmsd of 0.30. Ligand 

preparation for docking was performed with LigPrep (LigPrep, ver-

sion 2018-4, Schrödinger, LLC, New York, NY, 2018) application 

which consists of a series of steps that perform conversions, apply 
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corrections to the structure, generate ionization states and tautom-

ers, and optimize the geometries.

ƓĺƐƐՊ|Պ�m7�1;7Ŋ=b|�7o1hbm]

The IFD protocol (Schrödinger Suite 2018-4 IFD protocol; Glide, 

"1_uक़7bm];uķ����ķ��;��+ouhķ��+ķ�ƑƏƐѵĸ��ubl;ķ�"1_uक़7bm];uķ����ķ��;��
York, NY, 2018), is intended to circumvent the inflexible binding site 

and accounts for the side chain or backbone movements, or both, upon 

ligand binding. In the first stage of the IFD protocol, softened-potential 

docking step, 20 poses per ligand were retained. In the second step, for 

each docking pose, a full cycle of protein refinement was performed, 

with Prime 2018-4 (Prime, version 3.0, Schrödinger, LLC, New York, 

NY, 2018) on all residues having at least one atom within 8 Å of an atom 

in any of the 20 ligand poses. The Prime refinement starts with a con-

formational search and minimization of the side chains of the selected 

residues and after convergence to a low-energy solution, an additional 

minimization of all selected residues (side chain and backbone) is per-

formed with the truncated-Newton algorithm using the OPLS param-

eter set and a surface Generalized Born implicit solvent model. The 

obtained complexes are ranked according to Prime calculated energy 

(molecular mechanics and solvation), and those within 50 kcal/mol of 

the minimum energy structure are used in the last step of the process, 

u;7o1hbm]��b|_��Ѵb7;� Ő"1_uक़7bm];uķ� ���ķ��;��+ouhķ��+ķ� ƑƏƐѵő� �vbm]�
standard precision, and scoring. In the final round, the ligands used in 

the first docking step are redocked into each of the receptor structures 

retained from the refinement step. The final ranking of the complexes 

bv�7om;�0��-�1olrovb|;�v1ou;��_b1_�-11o�m|v�=ou�|_;�u;1;r|ou�ƴ�Ѵb]-m7�
interaction energy (GlideScore) and receptor strain and solvation ener-

gies (Prime energy).

ƓĺƐƑՊ|Պ�oѴ;1�Ѵ-u�	�m-lb1v�vbl�Ѵ-|bomv

The models were minimized and equilibrated further to obtain the 

stable structures. Each model was inserted into a heterogeneous 

fully hydrated bilayer 120 Å × 120 Å × 120 Å, consisting of DPPC 

Ѵbrb7v��vbm]����!��Ŋ�&��-m7����!��ƒѵl�Ő��-m]�et al., 2017) 

force fields for lipids as well as protein. The protein orientation into 

|_;� l;l0u-m;� �-v� 1-Ѵ1�Ѵ-|;7� �vbm]� |_;� ���� v;u�;uĺ� $_;� v|u�1-
tures were then solvated with TIP3P water molecules, neutralizing 

�b|_�1o�m|;u�bomvķ�-m7�-77bm]�ƐƔƏ�l���-+ and Clƴ. The assembled 

vbl�Ѵ-|bom� v�v|;l�1omvbv|;7�o=�ŜƐƐƖķƏƏƏ�-|olvĺ�$_;�0boloѴ;1�Ѵ-u�
v�v|;lv� �;u;� vbl�Ѵ-|;7� �vbm]� �!����"� Ő�0u-_-l� et al., 2018) 

vo=|�-u;ĺ��bmblb�-|bom��-v�1-uub;7�o�|�=ou�ƑķƏƏƏ�v|;rv��b|_�-�v|;r�
vb�;�o=�ƏĺƏƏƐ�h�ņloѴ�-rrѴ�bm]�-�v|;;r;v|�7;v1;m|�-m7�|_;mķ�-�1omf�-

gate gradient algorithm, and system was equilibrated for 15 ns while 

gradually heating and releasing the restraints to expedite stabiliza-

tion. Finally, the system was further simulated free of restraints at 

-�1omv|-m|�|;lr;u-|�u;�o=�ƒƑƒ��=ou�ƓƏ�mv��vbm]��ov;Ŋ�oo�;u�|_;u-
mostat and Parrinello-Rahman semi-isotropic pressure coupling and 

compressibility at 4.5e-5 bar-1. The van der Waals interactions were 

smoothly switched off at 1.2 nm by switching function as electro-

statics, while long-range electrostatic interactions were calculated 

using particle mesh Ewald method.
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(Figures S1–S7 and Tables S1–S5).
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Abstract: Cystathionine �-synthase (CBS) is a key enzyme in the production of the signaling molecule
hydrogen sulfide, deregulation of which is known to contribute to a range of serious pathological states.
Involvement of hydrogen sulfide in pathways of paramount importance for cellular homeostasis
renders CBS a promising drug target. An in-house focused library of heteroaromatic compounds
was screened for CBS modulators by the methylene blue assay and a pyrazolopyridine derivative
with a promising CBS inhibitory potential was discovered. The compound activity was readily
comparable to the most potent CBS inhibitor currently known, aminoacetic acid, while a promising
specificity over the related cystathionine �-lyase was identified. To rule out any possibility that the
inhibitor may bind the enzyme regulatory domain due to its high structural similarity with cofactor
s-adenosylmethionine, di↵erential scanning fluorimetry was employed. A sub-sca↵old search guided
follow-up screening of related compounds, providing preliminary structure-activity relationships
with respect to requisites for e�cient CBS inhibition by this group of heterocycles. Subsequently,
a hypothesis regarding the exact binding mode of the inhibitor was devised on the basis of the
available structure-activity relationships (SAR) and a deep neural networks analysis and further
supported by induced-fit docking calculations.

Keywords: cystathionine �-synthase; hydrogen sulfide; docking-scoring calculations; 7-azido-4-
methylcoumarin assay; pyrazolo[3,4-c]pyridine; Sitemap algorithm; back-propagation DNN; thermal
shift assay; Bateman module

1. Introduction

Endogenously generated hydrogen sulfide, H2S, is a signaling molecule of pivotal importance and its
biosynthesis in mammalian cells is facilitated by three enzymes, cystathionine�-synthase (CBS), cystathionine
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�-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST) [1–4]. Cystathionine �-synthase, or CBS,
is the first enzyme of the transsulfuration pathway in which the potentially toxic metabolite homocysteine is
converted to cysteine [4]. Among others, human CBS catalyzes the condensation of serine and homocysteine
to cystathionine and also utilizes cysteine as a substrate to yield H2S. H2S is considered as an important
biological mediator in a similar fashion to nitric oxide (NO) and carbon monoxide (CO) and CBS is
responsible for 20%–75% of total H2S production and, more specifically, up to 95% of its production
in the brain [5]. The enzyme is located in the central nervous system as well as in other tissues
(cardiovascular and gastrointestinal). CBS is regarded as a highly attractive drug target, as the
development of potent and selective inhibitors may o↵er important therapeutic traits for a series of
pathological states where H2S signaling has a key role [6–11]. CBS overexpression has been reported
in patients with Down syndrome, and leads to perturbation of H2S levels in the human body [12,13].
Interestingly, the CBS gene is located on chromosome 21, the (complete or partial) trisomy which is the
genetic basis of the Down phenotype [14,15]. Inhibition of enzymatic activity in these cases can prevent
chronic exposure of Down syndrome patients to H2S and potential prevention of related neurological
deficits [16,17]. Furthermore, CBS up-regulation has been detected in cancer cells including colon cancer,
ovarian cancer and lung cancer, amongst others [2,8,18–21]. Under these conditions, tumor growth is
facilitated through stimulation of cellular bioenergetics, cell proliferation and angiogenesis [2,22,23].

In terms of structure, CBS is a unique heme-containing pyridoxal 50-phosphate (PLP)-dependent
enzyme that is allosterically activated by s-adenosylmethionine (AdoMet or SAM) [24,25].
The full-length human CBS is a homotetramer consisting by 63 kDa subunits, with each subunit
comprising 551 residues [26]. CBS adopts a three-domain structure encompassing an n-terminal
heme-binding domain, a central catalytic domain (PLP cavity) which is accessible only via a narrow
channel, and a smaller c-terminal allosteric regulatory domain (CBS motif, Bateman module) [27,28].
The cofactor PLP is deeply buried in a cleft between the n- and the c-terminal domains adjacent to
the active site. On the other hand, the heme binding site is located 20 Å away from the active site.
Although heme does not contribute to catalysis, it is believed to contribute to redox regulation of CBS.
The enzyme regulatory domain is responsible for interaction with SAM. When SAM binds to this
domain, it causes allosteric activation of CBS [21,29–31]. In mammals, the catalytic activity of CBS is
increased up to 5-fold by allosteric SAM binding. In its functional form, CBS is believed to form a
domain-swapped dimer where the C-terminal regulatory domain of one subunit is atop the n-terminal
catalytic domain of the other (protein data bank code: 1JBQ) [24,32]. The domains of each subunit are
reoriented upon SAM binding, leading to the aforementioned five-fold increase in catalytic activity.

A series of di↵erent sca↵olds showing a promising inhibitory potential against CBS have been
reported so far, with many of them being structurally unrelated synthetic molecules or natural products
including flavonoids, coumarins and marine metabolites [2,33–36]. Yet, the most potent CBS inhibitor
is a remarkably simple molecule, aminoacetic acid (AOAA), believed to react with PLP toward
the formation of a new external aldimine [3,28,37]. However, AOAA is not selective for CBS, as
it also inhibits CSE and interacts with other PLP-dependent enzymes as well [9]. Such a simple
organic molecule could marginally be considered as a tractable lead for drug development. In this
direction, exploring the available chemical space with the objective to discover new sca↵olds that
can act as promising leads for achieving potent and selective CBS is deemed a highly interesting
screening endeavor [38]. The present study describes the evaluation of a unique small molecule library
particularly rich in heterocyclic drug-like compounds, the discovery of a pyrazolopyridine derivative
as a new selective CBS inhibitor and the elucidation of its inhibitory mode of action. The main results
are derived from a series of orthogonal biochemical and biophysical assays and additional support is
o↵ered by theoretical approaches, including artificial intelligence modeling and molecular simulations.
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2. Results and Discussion

2.1. Rationale and Compound Selection

While there is no determined cocrystal structure of CBS with any of the published inhibitors,
the available crystal structures and previous screening attempts regarding CBS have o↵ered adequate
structural data to support the notion that the protein could be characterized as a druggable target.
This is true regardless of the relatively low hit rates and weak-to-medium inhibitory activities that
have been so far recorded by the aforementioned screening endeavors against CBS. Though functional
CBS comprises a complicated quaternary structure bound to several co-factors by means of their
corresponding binding sites, the capacity of e�cient ligand binding is deemed as particularly promising
as to the active site of the enzyme, which comprises a topologically sound cavity for competitive
inhibition by drug-like small molecule binding [10]. This was verified by a druggability analysis of the
enzyme active site by implementing the Sitemap algorithm (Schrödinger LLC, New York, NY, USA,
2020). The algorithm characterizes binding sites in terms of structural and geometrical features a↵ecting
the a�nity of potential small molecule binders. Such features are solvent exposure, degree of protein
enclosure, hydrophobicity and hydrophilicity, as well as hydrogen bond capacity. Sitemap derives
druggability scores (SiteScore and the variant Dscore), where a SiteScore above 0.8 indicates a druggable
site and a value equal or higher than 1 denotes a particularly promising pocket. The analysis a↵orded
a high score (SiteScore: 1.012; Dscore: 0.973), suggesting a predominantly promising cavity and further
strengthening the hypothesis that, apart from molecules the size of the natural substrates, the enzyme
might also interact with larger molecules that could hence function as modulators. In this direction,
a focused compound collection was devised and a screening campaign was undertaken, aiming at the
discovery of orthosteric CBS inhibitors. The collection was assembled from the in-house repository of
the Pharmacy department of National and Kapodistrian University of Athens (NKUA). The NKUA
repository (approximately 2000 entries) is a proprietary compound library assembled and enriched
over the last years by synthetic molecules, natural products and semi-synthetic analogues derived
from a number of phytochemical and synthetic projects. The library is characterized by high structural
originality, as most of its components are natural products isolated from biodiversity hot-spots and
their related semisynthetic analogues. In the present study, the objective was to sample the variety of
heterocyclic sca↵olds that are present in the abovementioned repository at the most e�cient and timely
fashion. The selection was mainly focused in choosing a representative ensemble of nitrogen-containing
heteroaromatic sca↵olds that could mimic the natural rings of purine or pyrimidine. Such systems
comprise the main core of the repository and, most importantly, fall under regions of chemical space
that are widely accepted as highly promising in terms of biological activity and privileged structural
character. A number of diverse synthetic heterocycles that could be viewed as purine isosteres
were considered, including derivatives that possess a central pyrazolopyridine, pyrrolopyridine,
pyrazolopyrimidine, pyrrolopyrimidine, pyrazolopyrazole, pyrazinopyridine and pyrazolopyridazine
sca↵old (Figure 1A). The collection comprised ~600 molecules of high originality. To achieve higher
diversity and increase the success rate, this in-house collection was further enhanced by the addition of
top-ranked compounds originating from the National Cancer Institute (NCI) Repository and selected
by means of virtual screening. To this end, in silico screening based on rigid docking of the NCI
Repository was performed as a part of the current CBS inhibitor development e↵ort. The virtual
screen utilized our previously developed model [10] (1JBQ crystal structure of CBS) and Glide (Glide
SP algorithm, Schrödinger LLC, New York, NY, USA, 2020) [39–41]. In this instance, the absence of
any inhibitor-CBS co-crystal structure mandates for manual creation of the docking grid (please see
Materials section). The 80 compounds which ranked higher in terms of the GScore scoring function
were selected from the NCI Repository and ordered. The final collection (NKUA repository and NCI
subset) was characterized by a highly satisfactory degree of drug likeness (Figure 1B), thus enabling
e�cient exploration of the bioactivity landscape of N-containing heterocycles (analyzed by Canvas,
Schrödinger LLC, New York, NY, USA, 2020) [42,43]. More specifically, the majority of the compounds
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were found to be in overall good compliance with the Rule-of-Five structural features (Figure 1B).
As to the structural diversity of the collection, a considerable variety in the side chain decorations
and substitution motifs was evident in the number of rings, with 88% of compounds carrying at
least one additional ring system apart from the two-ring heteroaromatic core of purine and 1-ring of
pyrimidine, respectively.
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2.2. Protein Expression and In Vitro Evaluations

Expression and purification of CBS have been described as complicated because of the strong
tendency of the enzyme to aggregate [44–47]. In the present study, the protein was expressed and
purified as described earlier, whereas specific modifications of the isolation procedures were undertaken
as a means to improve both yield and purity of the enzyme. An expression system of the full-length
human CBS was constructed and human CBS was expressed as a glutathione S-transferase (GST)-fusion
protein [48]. A three-step purification workflow was organized, first by using a�nity chromatography
(GSTrap FF column), then by changing bu↵er and pooling high concentration samples into an anion
exchange column (Q Sepharose) and, finally, by gel filtration. Consequently, almost 7.5 mg of highly
pure full-length active human CBS were obtained from 1 L of E. coli overnight culture. As a means to
rule out any possibility that the identified hits could interact with the regulatory domain of CBS due to
their structural resemblance with SAM (see discussion Section 2.3), the aforementioned domain was
also expressed and purified accordingly. The total collection of the in-house heterocyclic structures
(~600 molecules) merged with the top-ranked NCI compounds (80 molecules) were evaluated in vitro
for their CBS inhibitory potency.

Several experimental settings, either biochemical or biophysical, have been described for assessing
the inhibitory potential of small molecules against CBS. Among them, the methylene blue assay is
considered as one of the most robust methods available [49–51]. In the present study, enzymatic activity
of the CBS fusion protein was measured by the ability to produce H2S in a reaction employing l-cysteine
and homocysteine substrates. Quantification of H2S was performed by using a standard curve and a
H2S donor. To confirm the adequate complexation of PLP within the protein during the purification
process, the assay was performed in the presence and absence of 0.01 mM PLP. In this study, to identify
inhibitors, a quick first screening step was performed at a single inhibitor concentration of 50 µM and
compounds that a↵orded higher than 30% CBS inhibition were further validated by additional assays
and structurally analyzed. As expected, a moderate hit rate was determined by the screen, whereas
several molecules emerged as CBS activators (Figure 2A). However, among the assayed molecules,
the pyrazolopyridine derivative 1 was shown to be the most e�cacious inhibitor. This specific molecule
was previously synthesized in our lab as a potential inhibitor of angiogenesis [52]. In this molecule,
the central pyrazolo[3,4-c]pyridine core is substituted by three functional groups which are present in
many bioactive analogues, namely a n1-4-methoxybenzyl group attached to the pyrazole ring together
with a 4-methylpiperazin-1-yl group and a 4-(4-methyl-piperazin-1-yl)phenylamino group connected to
the nucleus (Figure 2B). To confirm the biological activity of the newly discovered pyrazolopyridine hit,
the IC50 value of the inhibitor was determined and directly compared with that of AOAA, calculated
in an identical setting. Notably, the dose-response curves were constructed in the presence of 1 mM of
l-cysteine and 1 mM homocysteine. The IC50 value of 1 was 11 µM, whereas the corresponding value
of AOAA was 8.5 µM (Figure 2B). Of interest, when the new inhibitor 1 was tested against the related
H2S-producing enzyme CSE, it was found to possess considerably lower inhibitory activity (Figure 2C).
The pyrazolopyridine inhibitor was tested against GST-CSE in three di↵erent concentrations in the
presence of 1 mM l-cysteine and 0.01 mM PLP, resulting in no significant inhibitory e↵ect.

For validating the most potent hit identified through the primary screen and rule out any possibility
of undesirable interferences with the assay conditions leading to a false positive result, a parallel setting
for H2S detection by the use of 7-azido-4-methylcoumarin (AzMC) was opted for [53]. The inhibitory
e↵ect of 1 on CBS was confirmed with this H2S detection method as well, although the IC50 value of 1
against CBS by the AzMC assay was determined at 103 µM. This di↵erence likely reflects intrinsic
methodological variations between the two assays that turn to be critical when the assayed compounds
are ionized with pKa values in very close range to the pH of each setting (pH values: 8.2 for methylene
blue; 8 for AzMC assay).
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Figure 2. (A) A scatter plot summarizing obtained results from the single concentration screen
against CBS. (B) The dose-response curves of 1 and AOAA show that the inhibitory activity of the
pyrazolo[3,4-c]pyridine analogue is comparable to the most potent known CBS inhibitor, aminooxyacetic
acid. (C) Evaluation of inhibitory potential of 1 against the related enzyme involved in H2S production
cystathionine �-lyase (CSE), showing specificity of 1 toward CBS as compared to AOAA.

2.3. Di↵erential Scanning Fluorimetry

Even though the whole screening strategy aimed at discovering ligands that target the active site
of CBS, the non-negligible resemblance of 1 with the regulatory domain co-factor SAM in terms of
their heterocyclic sca↵olds prompted the exploration of the possibility that the identified hit inhibits
CBS via allosteric binding. To address this issue, di↵erential scanning fluorimetry experiments were
undertaken as a way to rule out the possibility for binding interactions between 1 and the regulatory
domain of CBS (CBS-RD) [54]. The thermal melt results unambiguously reproduced the previously
reported extensive stabilization that cofactor binding o↵ers to the protein, with DTm values showing
a dose-response increase in biologically relevant concentrations of SAM (+2.98 �C, 100µM SAM;
+12.43 �C, 1 mM SAM; Figure 3A), but failed to show a statistically significant shift for two di↵erent
concentrations of 1 (10 µM and 15 µM; Figure 3B), whereas addition of both SAM and 1 resulted in
melting sigmoidals and respective DTm values that were highly similar to the corresponding of the
SAM/CBS-RD system (+3.62 �C, 100 µM SAM, 10 µM 1; +11.94 �C, 1 mM SAM, 15 µM 1; Figure 3C) [30].
The lack of stabilization upon thermal denaturation of either CBS-RD or the SAM/CBS-RD complex
in the presence of 1 was a clear indication that no significant binding occurs between the inhibitor
and the regulatory component of the enzyme, thus providing validity to the suggestion that 1 is an
orthosteric CBS inhibitor.
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Figure 3. Di↵erential scanning fluorimetry was implemented to identify a possible binding interaction
of the inhibitor 1 with the regulatory domain of CBS (CBS-RD). A series of representative melting
curves as those shown above, suggest that 1 does not bind CBS-RD. (A) Addition of the cofactor
s-adenosylmethionine (SAM) (100 µM, light green, Tm: 31.6 �C; 1 mM, dark green, Tm: 41.0 �C) results
in a dose-response stabilization e↵ect on CBS-RD as compared to the apoprotein (red, Tm: 28.6 �C).
(B) In contrast, no stabilization is monitored by increasing concentrations of 1 (10 µM, light brown, Tm:
28.0 �C; 15 µM, dark brown, Tm: 27.7 �C). (C) Co-administration of SAM and 1 (100 µM SAM, 10 µM
1, light blue, Tm: 32.2 �C; 1 mM SAM, 10 µM 1, dark blue, Tm: 40.5 �C) results in a stabilization and
response that are practically identical to the case where only SAM is bound to CBS-RD, showing that
no binding or any kind of cooperativity takes place between 1 and the SAM-protein complex.

2.4. Structure-Activity Relationships, Neural Networks Modeling and Theoretical Simulations

As a means to explore the structure-activity relationships around the newly discovered CBS
inhibitory core more thoroughly, a sub-sca↵old search was performed and seven derivatives showing
high similarity to 1 were recovered from the in-house repository and successively screened (Table 1).
Derivatives 2, 3, 4 and 8 showed moderate to weak enzyme inhibitory activity when assayed at 100
µM and a dose-dependent biological response, whereas analogues 5, 6 and 7 possessing an aromatic
amino substituent at R1 were not active even at high concentrations (Table 1). Although none of
those analogues showed an improved activity compared to 1, the results provided preliminary yet
interesting structure-activity relationships that were subsequently used in combination with theoretical
simulations to suggest a hypothesis as to the structural basis of CBS inhibition by the aforementioned
pyrazolopyridine inhibitors. Minor structural modifications were found to be of major importance for
the observed biological activity, as in the case of analogue 2. This is the second most active inhibitor,
showing though a considerable decrease of inhibitory potency from 70% to only 30% at 100 µM that
follows a simple removal of the 4-methyl group of the piperazine substituent R1 as compared to 1.
The decrease in activity of 2 was thought of as an indication that the ionization and total charge of
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studied compounds are factors of key importance for CBS inhibition. More specifically, the structural
perturbation involving the transition from 1 to 2 is expected to confer a critical shift not only to the
ionization potential of the two compounds, with the basic character of the less potent inhibitor being
considerably increased, but also to the trend of protonations given that the emergence of a secondary
amine at R1 of 2 reverses the relative order by which the two 4-piperazinyl nitrogens of positions
R1 and R2, respectively, are predicted to be ionized (MarvinSketch, ChemAxon). Indeed, in 1 the
pKa values of the two 4-piperazinyl nitrogens are 7.44 (R1 substituent) and 8.12 (R2 substituent),
whereas in 2 the corresponding numbers are 8.84 (R1 substituent, now a secondary amine) and 7.91
(R2 substituent, a tertiary amine). It is also worth noting that the previously described biological
activity of a series of pyrazolo[3,4-c]pyridines including 1 and 2 as promising angiogenesis inhibitors
was not correlated in terms of structure-activity relationships (SAR) with the CBS-inhibitory potential
presented herein [52]. Indeed, the most potent CBS inhibitor 1 was shown to inhibit angiogenesis
weakly, whereas 2 characterized by the presence of a 3-phenyl group was a very potent inhibitor of
angiogenesis but a marginal inhibitor of CBS.

Table 1. The inhibitory activity of the 8 pyrazolo[3-c], pyridine derivatives against full length CBS.
Percentage enzyme inhibition was measured at a final inhibitor concentration of 100 µM.
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found to be of major importance for the observed biological activity, as in the case of analogue 2. This 
is the second most active inhibitor, showing though a considerable decrease of inhibitory potency 
from 70% to only 30% at 100 ΐM that follows a simple removal of the 4-methyl group of the piperazine 
substituent R1 as compared to 1. The decrease in activity of 2 was thought of as an indication that the 
ionization and total charge of studied compounds are factors of key importance for CBS inhibition. 
More specifically, the structural perturbation involving the transition from 1 to 2 is expected to confer 
a critical shift not only to the ionization potential of the two compounds, with the basic character of 
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inhibition by the aforementioned pyrazolopyridine inhibitors. Minor structural modifications were 
found to be of major importance for the observed biological activity, as in the case of analogue 2. This 
is the second most active inhibitor, showing though a considerable decrease of inhibitory potency 
from 70% to only 30% at 100 ΐM that follows a simple removal of the 4-methyl group of the piperazine 
substituent R1 as compared to 1. The decrease in activity of 2 was thought of as an indication that the 
ionization and total charge of studied compounds are factors of key importance for CBS inhibition. 
More specifically, the structural perturbation involving the transition from 1 to 2 is expected to confer 
a critical shift not only to the ionization potential of the two compounds, with the basic character of 
the less potent inhibitor being considerably increased, but also to the trend of protonations given that 
the emergence of a secondary amine at R1 of 2 reverses the relative order by which the two 4-
piperazinyl nitrogens of positions R1 and R2, respectively, are predicted to be ionized (MarvinSketch, 
ChemAxon). Indeed, in 1 the pKa values of the two 4-piperazinyl nitrogens are 7.44 (R1 substituent) 
and 8.12 (R2 substituent), whereas in 2 the corresponding numbers are 8.84 (R1 substituent, now a 
secondary amine) and 7.91 (R2 substituent, a tertiary amine). It is also worth noting that the 
previously described biological activity of a series of pyrazolo[3,4-c]pyridines including 1 and 2 as 
promising angiogenesis inhibitors was not correlated in terms of structure-activity relationships 
(SAR) with the CBS-inhibitory potential presented herein [52]. Indeed, the most potent CBS inhibitor 
1 was shown to inhibit angiogenesis weakly, whereas 2 characterized by the presence of a 3-phenyl 
group was a very potent inhibitor of angiogenesis but a marginal inhibitor of CBS. 
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inhibition by the aforementioned pyrazolopyridine inhibitors. Minor structural modifications were 
found to be of major importance for the observed biological activity, as in the case of analogue 2. This 
is the second most active inhibitor, showing though a considerable decrease of inhibitory potency 
from 70% to only 30% at 100 ΐM that follows a simple removal of the 4-methyl group of the piperazine 
substituent R1 as compared to 1. The decrease in activity of 2 was thought of as an indication that the 
ionization and total charge of studied compounds are factors of key importance for CBS inhibition. 
More specifically, the structural perturbation involving the transition from 1 to 2 is expected to confer 
a critical shift not only to the ionization potential of the two compounds, with the basic character of 
the less potent inhibitor being considerably increased, but also to the trend of protonations given that 
the emergence of a secondary amine at R1 of 2 reverses the relative order by which the two 4-
piperazinyl nitrogens of positions R1 and R2, respectively, are predicted to be ionized (MarvinSketch, 
ChemAxon). Indeed, in 1 the pKa values of the two 4-piperazinyl nitrogens are 7.44 (R1 substituent) 
and 8.12 (R2 substituent), whereas in 2 the corresponding numbers are 8.84 (R1 substituent, now a 
secondary amine) and 7.91 (R2 substituent, a tertiary amine). It is also worth noting that the 
previously described biological activity of a series of pyrazolo[3,4-c]pyridines including 1 and 2 as 
promising angiogenesis inhibitors was not correlated in terms of structure-activity relationships 
(SAR) with the CBS-inhibitory potential presented herein [52]. Indeed, the most potent CBS inhibitor 
1 was shown to inhibit angiogenesis weakly, whereas 2 characterized by the presence of a 3-phenyl 
group was a very potent inhibitor of angiogenesis but a marginal inhibitor of CBS. 
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In CBS the SAR observations and DSF results seem to favor a hypothesis where the active
compounds bind CBS orthosterically and ligand ionization does not contribute to CBS binding through
any direct interaction but, conversely, it opposes complex stabilization. Ionization can seriously
impact activity either positively, by enhancing binding through charge-assisted hydrogen bonds and
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electrostatic contacts, or negatively by hindering a�nity through repulsions or, more frequently, by the
large desolvation penalties involved in ionic ligand binding. With the objective to further explore
this scenario, a QSAR model was created by utilizing deep neural networks (DNN) and a dataset
comprising the hereby reported and previously published CBS inhibitors (60 actives in total) and
613 inactives. The DNN was constructed using one input layer (243 ⇥ 673 points), three hidden layers
with 20 neurons each and an output layer with two neurons, namely [0 1] for actives compounds and
[1 0] for non-active compounds. The learning workflow was stopped when at least 90% compounds
from each group was correctly predicted. The final model resulted in 100% success for active and
94% success for non-active compounds, values that render the prediction significant. The weighting
factors between the input and the first hidden layers depict the significance of each descriptor to final
decision. Extraction of descriptors with weighting factors greater than 0.8 demonstrated that the most
important for group discrimination were those connected to lipophilicity, suggesting it as a key factor
for e�cient CBS inhibition. This proceeding was in excellent accordance with the hypothesis that the
active pyrazolo[3,4-c]pyridine derivatives show a preference to bind CBS as non-ionized molecules.
To provide additional strength to the hypothesis, molecular simulations of the interaction between 1
and CBS were undertaken. As previously mentioned, no crystal structure of human CBS has been
described in complex with any inhibitor, either substrate-competitive or allosteric. Thus, at present the
exact mode of action of known inhibitors is not unambiguously determined, whereas in several cases
kinetic results are complex indicating that a mixed-mode inhibition may finally prevail [33]. In this
study, in silico experiments were carried out in the catalytic site of the enzyme for estimating the
validity regarding the competitive inhibition hypothesis in direct comparison with the SAR notions
derived via in vitro screening and, further, for evaluating the contribution of each of the chemical
functionalities present in 1 in CBS binding. For enhancing sampling accuracy, induced-fit flexible
protein docking (IFD, Schrödinger LLC, New York, NY, USA, 2020) was applied on top-ranked binding
geometries determined by rigid docking (Glide, Schrödinger LLC, New York, NY, USA, 2020) [55–58].
Overall, docking calculations showed that the dominant binding geometry of 1 would agree, yet not
unambiguously, with the scenario that charge-assisted interactions are not necessary for e�cient 1
binding to CBS (Figure 4). More specifically, the inhibitor binds CBS active site through a network
of hydrogen bonds formed between the N1 pyrazole nitrogen of 1 and the side chain hydroxyl of
T400, the 4-methoxybenzyl moiety at R4 of the inhibitor and side chain of K172, the phenylamino
nitrogen at R2 and Y301, as well as the N4 of piperazine ring at position R1 and the side chain of
Q222, whereas the complex is additionally stabilized by a strong ⇡-⇡ stacking contact between the
phenylamino ring at R4 and Y308. A clear SAR finding was that replacement of the aliphatic piperazine
of R1 by an aromatic ring has a detrimental e↵ect on activity, with the phenylamino analogues 5,
6 and 7 being inactive. The predicted binding geometry could account for this trend to a good
extent. The aforementioned group is positioned in a solvent-exposed and highly polar area of the
binding site where the existence of a hydrogen-bond acceptor could favor interaction with the water
environment and stabilize the ligand through hydrogen bonds with adjacent polar residues E304
and S147. Moreover, the intramolecular interactions between R1 and R4 substituents are expected to
influence free ligand energetics, with stronger stacking in the case of 5, 6 and 7 likely resulting to a shift
toward conformations not favoring protein binding, while an R3 substitution bulkier that H seems
unfavorable for CBS inhibition, as 3 carrying a phenyl group at this position retains only a fraction of
the activity compared to the otherwise commonly substituted 1. The presence of Lys172 in a close
proximity to the bound inhibitor suggests that a coulombic repulsion between the ionic side chain of
Lys172 and the positively charged state of the ligand could be a likely explanation for the increased
IC50 obtained for 2, an analogue predicted to be slightly more basic than 1. It ought to be emphasized
though that a less favorable interaction of the cationic form of 1 with the enzyme cannot be excluded.
Thus, docking calculations using the IFD protocol and the protonated state of 1 have been performed
as well and the most reasonable pose is depicted in Figure S1. Poses where the ligand does not occupy
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the inner side of CBS active site by a geometry which would permit contact of the inhibitor and PLP
were not considered.
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Figure 4. The dominant binding geometry of 1 inside the CBS active site as determined by the induced-fit
algorithm for docking calculations. The inhibitor is anchored to the enzyme by a number of hydrogen
bonds depicted as red dashed lines, whereas a strong stacking interaction between the phenylamino ring
of 1 and Tyr308 (shown as green dashed line) further stabilizes the complex. The two piperazine rings
of the inhibitor are deprotonated, whereas piperazine of R2 is positioned in close proximity to the
catalytic Lys119, covalently attached in this structure to the cofactor pyridoxal aldehyde as a Schi↵ base.
The protein is depicted as a blue ribbon and molecular surface colored according to the electrostatic
potential (red: negative; blue: positive). The ligand and protein interaction geometry demonstrates
high complementarity and an excellent occupancy of the pocket by the inhibitor.

To summarize, a rationally designed screen was devised for facilitating the exploration of
biologically important subdomains in the chemical space that are represented by purine-like and
pyrimidine-like heterocycles. This e↵ort concluded in the discovery of a new sca↵old with interesting
CBS inhibitory properties. The active pyrazolopyridine analogue showed notable potency toward CBS,
whereas a competitive inhibition mode was supported by biophysical analysis. The aforementioned
activity was accompanied by moderate selectivity over the related enzyme CSE that is involved
in sulfur metabolism as well and individually pursued as a drug target. While this selectivity
seemed to be environmentally sensitive, it may provide a rationale and a structural basis for
establishing CBS- or CSE-selective inhibition or concurrent CBS-CSE inhibition. Based on molecular
simulations, fine-tuning of the ionization potential of the novel sca↵old can possibly sustain the
design of such enzyme-selective, optimized pyrazolopyridine-based inhibitors. Moreover, as the
weak inhibitory properties of the discovered hit toward angiogenesis are likely not related to CBS
inhibition, development of dual-specificity analogues seems to be a particularly promising perspective
for this lead. To this end, the predictive aspect of the herein derived DNN model is expected to
sustain optimization of the compound not only by guiding CBS activity enhancement, but also by
rationalizing single- or dual-target specificity requisites. To this respect and in terms of chemistry,
the pyrazolo[3,4-c]pyridine sca↵old presented herein o↵ers a versatile lead and a highly tractable
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starting point for developing optimized, biologically active molecules that are in perfect agreement
with the principles of druglikeness.

3. Materials and Methods

3.1. Expression and Purification of Full Length GST-CBS and His Tag-CBS Regulatory Domain

Cystathionine beta synthase cDNA was cloned into the pGEX-Kg vector to create N-terminal
GSH-S-Transferase (GST) fusion protein. For expression, E. coli expression cells (BL21 CodonPlus
(DE3)) were transformed with the expression vector pGEX-Kg/GST-CBS. A fresh colony was chosen
to grow a 5 mL starter culture in LB medium overnight at 37 �C and 180 rpm. All media were
supplemented with 100 µg/mL ampicillin. The next day, the starter culture was transferred into 1 L
of fresh LB medium containing 75 mg/L d-alanine, until cells reach an OD600 of 0.6. For induction,
isopropyl-beta-d-thiogalactopyranoside (IPTG) was added to a final concentration of 0, 1 mM.
The culture was grown overnight at 30 �C and 180 rpm. The cells were subsequently harvested
at 6000⇥ g for 15 min. After centrifugation, the cell pellet was resuspended in an ice-cold bu↵er
containing 50 mM Tris pH 8.0, 1 mM EDTA, 25 mM DTT, protease inhibitor, 1 mM PMSF, Triton 0.5%,
5 mM PLP and 500 mM NaCl. Cells were lysed by sonication on ice (sonication power ~35%, 20 s
pulse, 45 s pause for 20 min). The cell extract was then centrifuged at 14,000⇥ g for 30 min at 4 �C.
After centrifugation, the soluble fraction containing GST-CBS was loaded onto a GSTrap FF 5 mL
a�nity column. The column was consecutively washed with five column volumes of binding bu↵er.
The protein was eluted with five volume of elution bu↵er 50 mM Tris-HCL, 10 mM reduced GSH,
pH 8.0. Fractions containing highly pure protein were pooled and immediately applied on anion
exchange Q sepharose column fast flow. The column was washed with 20 mM Phosphate bu↵er pH 8.0,
1 mM EDTA and the bound proteins were eluted with a linear gradient of NaCl from 0 to 1.0 M in the
same bu↵er at a flow rate of 2 mL/min. The protein was further purified by gel filtration (Superose
6 prep. 20 mM Phosphate bu↵er pH 8.0, 1 mM EDTA, 500 mM NaCl and 10% glycerol) Finally,
the GST-CBS protein samples were dialyzed and concentrated in 10 mM Sodium Phosphate Bu↵er
pH 8.2, DTT 1 mM and glycerol 5%. The purity of recombinant enzyme was checked by SDS-PAGE
on 12% polyacrylamide gels. The regulatory CBS domain was expressed using the Addgene plasmid
#73238 and purified as previously described [30].

3.2. Sample Preparation and Library Administration

All tested samples were collected in powder and dissolved in 100% DMSO. The stock solutions
were prepared by the use of assay bu↵er (50 mM Sodium Phosphate pH 8.2) at a final DMSO
concentration of 10%. The structural and physicochemical assessment of the collection along with
druggability analysis were performed by the use of Canvas software (Schrödinger LLC, New York,
NY, USA, 2020).

3.3. H2S Detection Using the Methylene Blue Assay

H2S detection production was measured using the methylene blue colorimetric assay. To test
the inhibitory e↵ect of the compounds against CBS, samples were prepared in 100 µL total volume
containing 8 µg of recombinant CBS, 1 mM l-cysteine, 1 mM homocysteine, 0.01 mM PLP and 50 mM
sodium phosphate bu↵er pH 8.2. Initially, after sample preparation all samples were incubated at
37 �C for 1 h. After 60 min, the samples were transferred on ice and 1% zinc acetate was added for
trapping H2S, followed by the addition of 10% trichloroacetic acid for stopping the enzymatic reaction.
Afterwards, freshly prepared solutions of N, n-dimethyl-p-phenylenediamine-sulfate in 7.2 M HCl and
FeCl3 in 1.2 M HCl were added followed by 15 min in the dark resulting in the formation of blue color.
The sample solutions were transferred in transparent 96-well flat blank plates and the absorbance was
measured at 650 nm. H2S quantification was carried out by a standard curve of Na2S (0–250 µM).



Molecules 2020, 25, 3739 12 of 16

3.4. H2S Detection Using the 7-Azido-4-Methylcoumarin Assay

Using 50 mM Tris HCl pH 8 solution and black 96-well plate, 0.5 µg/well of recombinant
CBS was incubated 1 h at 37 �C in presence of various final concentrations of 1 in a total volume
of 100 µL. CBS substrates were then added to reach 200 µL total volume, 2 mM l-cysteine, 2 mM
homocysteine, 0.005 mM PLP and 0.5 mM SAM, as well as the probe 7-azido-4-methylcoumarin (AzMC)
(Sigma-Aldrich, Saint Louis, MO, USA) at a final concentration of 10 µM (pH 8.0). Fluorescence was
measured in kinetic mode at 37 �C with an Infinite 200 Pro reader (Tecan), with excitation and emission
wavelengths of 365 nm and 450 nm, respectively. The IC50 of the inhibitor was calculated using
GraphPad Prism nonlinear fitting curve function.

3.5. Di↵erential Scanning Fluorimetry

The regulatory domain of CBS was assayed at 2 µM in a bu↵er consisting of 10 mM HEPES at
pH 7.8, 150 mM NaCl and 10⇥ SYPRO orange. Ligand concentrations of 10 µM and 15 µM were
assessed, while all experiments were performed without SAM or in the presence of SAM at 100 µM or
1 mM. The BioRad CFX-Connect RT-PCR instrument and white BioRad 96-well plates were utilized.
Relative fluorescence intensities were measured by increasing the temperature from 25 �C to 95 �C
at 0.5 �C/min and the melting curves along with Tm values were calculated by non-linear fitting
of fluorescence units over temperature by using a four-parameter logistic function as provided in
GraphPad Prism v. 7 software.

3.6. Deep Neural Networks

The Deep Neural Network (DNN) algorithm employed is back propagation (BP). The dataset
was based on 673 compounds tested in vitro and was divided to two subsets. The first contained
all molecules (n = 60) showing more than 50% inhibition, labeled as active compounds. The rest of
molecules (n = 613) were labeled non-active compounds. Topological descriptors were calculated from
the molecular descriptors workflow as implemented in Schrodinger Suite 2019. (Schrödinger LLC,
New York, NY, USA, 2020). Initially 277 topological descriptors were predicted. All descriptors with
zero values for all molecules were removed, reducing the final number to 243. The values of each
descriptor were normalized using the unit variance procedure. The training parameters for the DNN
model were set as following: the number of hidden layers was 3; the number of neurons in each
hidden layer was 20; the number of neurons in the output layer was 2, [1 0] for active compounds
and [0 1] for non-active compounds; the activation and transfer functions were both sigmoid function;
all weights of the network were initialized as random values; the number of iterations ranged
from 1000 to 5000; during the gradient descent optimization procedure, the learning rate was 0.01.
All mathematical calculations were run using the software package MATLAB v2018b developed by
MathWorks, USA (http://www.mathworks.com). The descriptors with greater importance were those
connected with lipophilicity, partial equalization of orbital electronegativity, and connectivity indexes
such as Balaban-type connectivity index J.

3.7. Molecular Simulations

The CBS crystal structure deposited under PDB code 1JBQ was selected and prepared for
calculations, utilizing the Protein Preparation module of Maestro software (Schrödinger LLC, New York,
NY, USA, 2020). The docking grid was prepared accordingly and centered manually around three
reference points in the active site of CBS, namely the cofactor PLP and the two active site residues Tyr223
and Gly307. A stepwise workflow was followed, with rigid docking calculations (Glide SP algorithm,
Schrödinger LLC, New York, NY, USA, 2020) deriving ensembles of low-energy binding geometries for
the studied compounds and the induced-fit algorithm (IFD, Schrödinger LLC, New York, NY, USA, 2020)
implemented for optimally exploring the exact binding site of the most interesting analogues in terms of
a flexible protein representation. Marvin was used for drawing, displaying and characterizing chemical

http://www.mathworks.com
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structures, substructures and reactions, Marvin v 17.13.0, 2017, ChemAxon (http://www.chemaxon.com).
The assessment of ionization constants for the compounds was accomplished by MarvinSketch by
using the macro mode and static prefix parameters and considering tautomerization and resonance.

3.8. Statistical Analysis

Statistics and graphs were created by the use of GraphPad Prism version 8.0. Evaluation and
statistical analysis of in vitro screening experiments are represented as the means ± SD. Furthermore,
one-way ANOVA multiple comparison test was performed and p-values less than 0.05 were considered
statistically significant.

Supplementary Materials: The Supplementary Materials are available online.
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Abstract

Members of the ubiquitous Nucleobase Ascorbate Transporter (NAT) family are H+ or Na+ symporters
specific for the cellular uptake of either purines and pyrimidines or L-ascorbic acid. Despite the fact that
several bacterial and fungal members have been extensively characterised at a genetic, biochemical or
cellular level, and crystal structures of NAT members from Escherichia coli and Aspergillus nidulans have
been determined pointing to a mechanism of transport, we have little insight on how substrate selectivity is
determined. Here, we present systematic mutational analyses, rational combination of mutations, and
novel genetic screens that reveal cryptic context-dependent roles of partially conserved residues in the
so-called NAT signature motif in determining the specificity of the UapA transporter of A. nidulans. We
show that specific NAT signature motif substitutions, alone and in combinations with each other or with
distant mutations in residues known to affect substrate selectivity, lead to novel UapA versions possess-
ing variable transport capacities and specificities for nucleobases. In particular, we show that a UapA ver-
sion including the quadruple mutation T405S/F406Y/A407S/Q408E in the NAT signature motif (UapA-
SYSE) becomes incapable of purine transport, but gains a novel pyrimidine-related profile, which can
be further altered to a more promiscuous purine/pyrimidine profile when combined with replacements
at distantly located residues, especially at F528. Our results reveal that UapA specificity is genetically
highly modifiable and allow us to speculate on how the elevator-type mechanism of transport might
account for this flexibility.

! 2021 Elsevier Ltd. All rights reserved.

Introduction

Solute transporters are transmembrane proteins
that mediate the controlled translocation of
nutrients, metabolites and drugs across biological
membranes, and thus their activity is essential for
cell nutrition, detoxification, signalling and
homeostasis. The activity of transporters, similar
to enzymes, is characterized by kinetic
parameters such as affinity for substrate(s), rate of

transport, and specificity. In addition, the apparent
functional capacity of transporters, also similar to
enzymes, depends on regulation of cellular
expression and turnover, and in many cases also
on oligomerization and allostery.1 Being polytopic
transmembrane proteins, transporter function is
also challenged by their continuous and dynamic
interaction with membrane lipids, which drives their
folding, subcellular trafficking, transport activity and
turnover. This in turn signifies that transporter func-
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tional evolution should, in principle, run in parallel
with the evolution of lipid composition of cellular
membranes, specific chaperones necessary for
folding, or other effectors mediating proper subcel-
lular trafficking and turnover.2 Surprisingly, little
effort has been dedicated in understanding how
the function and specificity of transporters evolve.
Addressing the molecular basis of transporter func-
tional evolution, especially in respect to specificity,
is interesting not only for understanding basic
mechanisms governing protein–ligand interactions
in distinct cellular contexts, but is also expected to
be crucial in genome mining and predicting novel
transporter functions of high biotechnical or
biomedical interest. In that direction, we are inter-
ested in understanding how the function and speci-
ficity of members of the ubiquitous Nucleobase
Ascorbate Transporter (NAT) family evolve.
The NAT family (also known as Nucleobase

Cation Symporter 2 or NCS2 family) constitutes a
large group of transporters present in all domains
of life.3–6 Functionally characterised NATs from
bacteria, fungi and plants are specific for nucle-
obases, but rather surprisingly, mammals and other
vertebrates possess NAT homologues that are
specific for L-ascorbate transport, defining the evo-
lutionary distinct SVCT1/SVCT2 (SLC23A1/
SLC23A2) clade, in addition to nucleobase-
specific members, grouped in the SVCT4/SLC23A4
clade.7–9 Interestingly, humans and higher apes
have lost the nucleobase-specific SVCT4/SLC23A4
group, conserving only the SVCT1/2 L-ascorbate-
specific homologues.9 Vertebrates include a third,
phylogenetically distinct, highly conserved, clade
(the SVCT3/SLC23A3-like group) that is expressed
in several tissues, but mostly in the intestine and
kidney (http://www.informatics.jax.org/), which
remains of unknown function and specificity. Plants
also include numerous NATs of unknown speci-
ficity, some of which seem to transport substrates
other than nucleobases or L-ascorbate.10,11 In con-
clusion, NATs constitute an excellent group for
studying transporter molecular and functional evo-
lution because: a) they are present in all major taxa,
b) significant specificity shifts have occurred within
the family, and c) a fungal NAT member (namely
UapA from Aspergillus nidulans; see below) is
among the best-studied eukaryotic transporters in
respect to regulation of expression and turnover,
subcellular trafficking, structure–function relation-
ships, mechanism of transport, specificity, and role
of lipid interactions.12,13

The UapA protein is a specific xanthine-uric acid/
H+ symporter, which can also transport xanthine
analogues, including the commonly used drugs
allopurinol and oxypurinol.14–16 Specific single, dou-
ble or triple mutations can convert UapA into a more
promiscuous nucleobase transporter, able to trans-
port or bind, in addition to uric acid and xanthine,
adenine, hypoxanthine, guanine or uracil, as well
as, several nucleobase analogues.13,17,18 A high-

resolution crystal structure of UapA dimer, where
each monomeric unit consists of a movable core
and a rather stable dimerization domain, trapped
in a cytoplasm-facing conformation, has been
resolved.12 This structure confirmed conclusions
drawn from genetic studies in respect to residues
involved in substrate binding and transport and led
to a possible mechanism of transport via sliding of
the core domain along the dimerization scaffold.13

In the most probable scenario, the mammalian L-
ascorbate transporters have evolved from a clade
of ancient nucleobase transporters.9 This shift in
substrate specificity, from nucleobases to L-
ascorbate, which probably occurred before the
divergence of cartilaginous fishes, is a dramatic
one as these solutes have very different molecular
structures and properties. Nucleobases are planar
molecules with relatively low solubility, whereas L-
ascorbate is non-planar and highly soluble in water.
This difference should necessitate prominent
changes in the architecture of the substrate-
binding site and substrate translocation trajectory,
but maybe also in other regions of the relevant
NATs. We still have no insight on the molecular tra-
jectories and mechanisms that led to this specificity
shift. Here, we present rational and genetic
approaches, combined with relative Molecular
Dynamics, addressing the functional role of a con-
served NAT motif that forms part of the substrate
binding site, within the core domain of UapA.12,19,20

Our results reveal an unexpected context-
dependent cryptic role of specific residues in deter-
mining the specificity of UapA towards nucle-
obases. Our findings also show that genetic
conversion of UapA to an L-ascorbate transporter
might not be simply achieved by modifications of
the NAT signature motif.

Results

Role of the NAT signature motif and rationale
of the current study

Previous systematic mutational analysis in UapA
have shown that a conserved amino acid motif,
named the NAT signature motif, located in the
10th transmembrane segment (TMS10) of all
NATs includes residues critical for substrate
binding and specificity (Q408, R417) or transport
catalysis (N409, G411, T416). These five residues
are practically irreplaceable for wild-type UapA
transport activity, although specific conserved
substitutions might still possess low activity or
substrate binding, albeit with modified
kinetics.13,17,19,21 Random genetic screens have
further shown that a sixth residue of the motif,
F406, can also moderately contribute to speci-
ficity.18 In all UapA homologues that are specific
for nucleobases the NAT signature motif conforms
to the consensus sequence T/S/A/V405-F/Y/S/L406-
A/S/T/G/V407-Q/E408-N409-X-G411-X-X-X-X-T416-R/
K/G417 (numbering refers to UapA), where highly
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conserved residues are shown in bold (Figure 1(A)).
This motif has been shown, via modelling and crys-
tallography, to be a major element of the substrate
binding site located in the core domain of UapA12,20

or UraA, an Escherichia coli homologue specific for
uracil.22,23 In the UapA crystal, Q408 forms a strong
H-bond via its side chains with the substrate (xan-
thine). A407 and F406 also interact with xanthine
via a backbone nitrogen and p-p stacking, respec-
tively, while N409 and T416 seem to be involved
in a network of dynamic intramolecular interactions
with specific residues in TMS1, TMS3 and TMS8.
The flexibility conferred byG411 also proved essen-
tial for transport as replacement by Val traps UapA
in a non-functional substrate-occluded conforma-
tion facing the cytoplasm.12 Finally, specific substi-
tutions of R417 proved crucial in determining the
high affinity of UapA for uric acid compared to xan-
thine. The aforementioned studies on UapA have
been corroborated by mutational and modelling
studies with a number of bacterial NATs.5,24,25

Interestingly, mammalian NATs that evolved to
become highly specific for L-ascorbic acid and

their vertebrate orthologues (SVCT1/SVCT2
group), but also homologues of the vertebrate
SVCT3/SLC23A3 group that remains functionally
uncharacterized, possess modified versions of the
canonical NAT signature motif present in
nucleobase-specific NATs.9 As shown in Figure 1
(A), the two critical differences concern substitu-
tions in the first part of the motif. More specifically,
the aromatic Phe/Tyr residue (F406 in UapA) is sub-
stituted by Ser, while the polar residue Gln/Glu
(Q408 in UapA) is replaced by a Pro. Mutant ver-
sions of UapA with single (F406S and Q408P), dou-
ble (F406S/Q408P) or triple substitutions (T405S/
F406S/A407S and F406S/A407S/Q408P) introduc-
ing residues present in the L-ascorbate transporters
proved to have practically no transport activity for
either purines or L-ascorbate.9 These findings
pointed out that additional amino acids, possibly
outside the major substrate binding site, might need
to be substituted for genetically converting UapA
into an efficient L-ascorbate transporter.
Interestingly, the most prominent specificity

mutations in UapA, selected by direct genetic

Figure 1. Sequence of the NAT signature motif and topological model of UapA highlighting residues critical for
specificity. (A) Alignment of UapA, UapC, AfUapC, Xut1, XanQ, UacT, PbuX, UraA, RutG, Lep1, NAT3, NAT12,
rSNBT1 (SVCT4), SVCT1, SVCT2 and SVCT3. UapC (XP_664334), AfUapC (XP_748919) and Xut1 (XP_715538)
are xanthine-uric acid transporters from A. nidulans, Aspergillus fumigatus and Candida albicans. XanQ (P67444),
UacT (Q46821) and PbuX (P42086) are xanthine and/or uric acid transporters from Escherichia coli and Bacillus
subtilis. RutG (AAC74091) and UraA (P0AGM7) are uracil transporters from E. coli. NAT3 (NP_180219) and NAT12
(NP_850108) are purine-uracil transporters from Arabidopsis thaliana. Lpe1 (Q41760) is a maize xanthine-uric acid
transporter also showing low affinity for uracil. rSNBT1 (SVCT4/SLC23A4) is a rat purine-uracil transporter. hSVCT1
(Q9UHI7) and hSVCT2 (NP_005107) are human L-ascorbate transporters. hSVCT3 (NP_001138361) is a human
transporter of unknown specificity, unrelated to nucleobases, nucleosides or L-ascorbic acid.9 (B) Topology of the
UapA monomeric subunit showing residues affecting (enlarging) UapA specificity: V463, A469 located in TMS12,
T526 and F528 at end of TMS14 (outer gate), R481 in start of TMS13 (inner gate), and Q113 and A441 at two flexible
helical hinges linking the core and dimerization domains. UapA function as a homodimer (monomers A and B). Notice
that R481 of monomeric subunit B (only part of TMS13 of this subunit shown in purple) affects specificity by regulating
the translocation of substrates via the trajectory of the opposite monomeric subunit A. All other specificity mutations
are located in the interface of the core and dimerization domain in each monomer, and thus affect the sliding of the
core, including the substrate binding site, along the dimerization domain (for details see12).
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screens, map outside the major substrate binding
site and the NAT signature motif. These concern
little conserved residues located at the interface of
the core and dimerization domain (V463, A469 in
TMS12), at putative outer (T526 and F528 at the
end of TMS14) or inner (R481 at the start of
TMS13) gates, or at flexible helical hinges linking
the core and dimerization domains (Q113, A441)
(Figure 1(B)).12,13 Most of these mutations enlarge
the specificity of UapA so that it can transport,
besides its natural substrates (xanthine and uric
acid), all natural purines, several purine-analogues
and uracil. Notably however, no mutation converted
UapA into a protein able to transport L-ascorbic
acid.
In the present work we a) developed a novel

strategy for the systematic genetic analysis of
specific UapA residues that are variably
conserved in the NAT signature motif of UapA, b)
used unbiased genetic screens to isolate
revertants of a specific UapA NAT signature motif
mutant incapable of transporting its physiological
substrates, c) run Molecular Dynamics (MDs) for
corroborating major conclusions drawn from
mutational and functional analyses.

Context-depended role of the NAT signature
motif in determining UapA specificity

For the functional analysis of NAT signature motif
mutants we used, for the first time, a genetic system
that allows the characterization of an extended
specificity profile of UapA. This system makes use
of a) the strong gpdAp promoter for expressing
uapA alleles, some of which might exhibit too little
transport activity (<10% of wild-type) to be
measured through expression via the native uapA
promoter, and b) an A. nidulans strain, called D7,
which genetically lacks all seven major
endogenous nucleobase-related transporters, thus
allowing direct functional assessment of any uapA
allele introduced by transformation. More
specifically, the D7 strain includes total deletions
of the endogenous uapA, azgA, uapC, fcyB, furD,
furA and cntA genes. UapC is a paralogue of
UapA exhibiting similar specificity for xanthine and
uric acid, albeit distinct transporter kinetics (i.e.
lower affinity for uric acid relative to xanthine, and
lower transport capacity in general).26 AzgA is a
high-affinity hypoxanthine/adenine/guanine trans-
porter.27 FcyB is a high-affinity cytosine transporter
that also contributes to purine uptake,28,29 FurD and
FurA are high-affinity uracil and allantoin trans-
porters30,31 and CntA is the single general nucle-
oside transporter.32 Due to deletions in the
aforementioned genes, strain D7 has no detectable
transport activity for purines, pyrimidines, nucleo-
sides, allantoin and nucleobase toxic analogues.33

Thus, D7 offers the advantage of scoring, based
on simple growth tests and subsequently direct
transport assays, whether UapA mutant versions,
introduced by genetic transformation, can recog-

nize and transport any nucleobase-related solute.
Since pyrimidines, unlike purines, cannot be used
as N sources in A. nidulans, their accumulation by
UapA mutants can be scored indirectly in growth
tests based on sensitivity of pyrimidine toxic ana-
logues (e.g. 5-fluorouracil/5FU or 5-
fluorocytosine/5FC).33 Allantoin and purine-
nucleosides can be used as N sources in A. nidu-
lans and thus UapA mutations can be scored by
conferring growth on these substrates. Pyrimidine-
nucleoside transport can be scored by sensitivity
to 5-fluorouridine (5FUd). Expression via the gpdAp

promoter and the use of the D7 strain have been
previously used to reveal cryptic functions in the
Fur and Fcy groups of the NCS1 family of
transporters.29,31,33

Using the above system, we functionally analyzed
seven UapA versions mutated in the first four
variable residues of the NAT signature motif.
These are: UapA-TYAQ, -TFAE, -TYAE, -SYSQ, -
SYSE, -SSSQ and -SSSP, where in bold are
substitutions relative to the TFAQ (T405-F406-A407-
Q408) motif present in the wild-type UapA. Among
them, UapA-TFAE, -TYAQ and -SSSQ have been
previously functionally analyzed via expression
from the uapA native promoter and in a genetic
background (uapA- azgA- uapC-) that did not
permit testing of nucleobase-related substrates
other than purines. This previous analysis showed
UapA-TFAE sequence is functional and
additionally has acquired the ability to bind (but
not to transport) hypoxanthine/guanine, albeit with
relatively high affinity,19 whereas UapA-TYAQ has
acquired ability for recognition of all natural purines,
but with extremely low binding affinities (Ki-
! 1 mM).18 Thus, before the present work, it was
known that residues at positions 406 and especially
408 (F/Y406 or Q/E408) are critical for UapA speci-
ficity. Finally, the UapA-SSSQ mutant has been
shown to lack any measurable purine transport
capacity.9

UapA versions carrying TYAQ, TFAE, TYAE,
SYSE, SYSQ, SSSQ or SSSP NAT motif versions
were used to examine the role of specific residues
at critical positions 406 and 408 (i.e. F/Y/S406 and
Q/E/P408) in substrate recognition and transport in
an otherwise wild type UapA context, but also in
variable combinations with neighboring
substitutions at positions 405 or 407, basically
introducing amino acids present in NATs specific
for a L-ascorbic acid (i.e. Ser or Pro) (see Figure 1
(A)). Notice that SYSE is a sequence frequently
present in fungal and metazoan NATs of unknown
function and the one predicted to exist in
phylogenetically reconstructed ancestral fungal
and metazoan NATs (George Diallinas,
unpublished analysis). Notice also that SSSP
introduces the full set of residues found in the
signature motif of L-ascorbic acid NATs.9 By ana-
lyzing these mutants we primarily asked which resi-
dues are critical for restricting or enlarging UapA
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specificity towards nucleobase-related metabolites,
but also tried to understand whether changes in the
NAT signature motif can lead to a relative shift of
specificity from nucleobases to L-ascorbate.
For each of the mutations studied we selected,

purified and analyzed several single-copy
transformants. In all cases uapA mutations were
constructed on a plasmid that carries a fully
functional chimeric uapA-gfp gene so that UapA
subcellular localization and stability could also be
analyzed by fluorescent microscopy. Figure 2
shows growth tests of mutants and control strains
on purines, purine-nucleosides or allantoin as N
sources, and on media containing toxic
concentrations of 5FU, 5FC and 5FUd. As
expected, the negative control strain D7 does not
grow on purines, purine-nucleosides or allantoin
and is resistant to 5FU, 5FC and 5Fud, which is
nearly the mirror image of the growth phenotype
of a standard wild-type A. nidulans strain. The
positive control strain (D7::uapA+) grows on uric
acid and xanthine, but not on other nucleobase-
related compounds tested, and is resistant to 5FU,
5FC and 5FUd, as expected given the specificity
of UapA. Importantly, none of the mutations
analyzed conferred instability or lack of proper
localization of UapA in the plasma membrane
(Figure 2, lowest panel), showing that the
mutations studied have not affected UapA folding
and subcellular trafficking, which in turn strongly
suggested that changes in growth reflect direct
effects on UapA activity.
The NAT motif versions that allowed wild-type

(i.e. TFAQ-like) growth on physiological substrates
of UapA (i.e. uric acid or xanthine) were those
including the TYAQ, TFAE and SYSQ sequences.
Notably, SYSQ conferred growth also on high
adenine concentration, while TYAQ led to very
weak growth on hypoxanthine. In addition, UapA-
TYAQ and more prominently UapA-SYSQ, led to
increased sensitivity to 5FU. This confirmed that
position 406 in UapA (F/Y406) is critical for
specificity, and showed for the first time that the
presence of Tyr residue increases recognition of
5FU. Combinations of mutations further revealed
the contribution of all NAT residues studied in
specificity. For example, the single substitution
Q408E (e.g. TFAE) led to no effect on transport
specificity, at least within the limit of growth tests,
but in combination with other neighboring
substitutions (i.e. in TYAE or SYSE) led to distinct
outcomes. UapA-TYAE could not confer growth
on any purine or other nucleobase-related solutes
and led to resistance to toxic nucleobase
analogues, except from some evidence for
relatively increased 5FU sensitivity, as compared
to wild-type UapA (UapA-TFAQ). UapA-SYSE,
despite showing no apparent transport capacity
for purines, nucleosides or 5FC and 5FUd,
conferred high sensitivity to 5FU, suggesting that
it acts as a 5FU carrier. Notably, UapA versions

carrying NAT sequences mimicking the motif of L-
ascorbic acid transporters showed no apparent
capacity for nucleobase transport (e.g. SSSP),
although the one that conserves Q408 (e.g.
SSSQ) seemed to confer some growth on high
concentration of UA. Both, however, seem to
confer some low level accumulation of 5FU not
seen in the wild-type UapA control (Figure 2).
Thus, all mutant versions of UapA studied seem
to retain some transport capacity, albeit for distinct
substrates. In addition, the growth tests strongly
suggested that all four partially conserved
residues of the first part of the NAT signature
motif of UapA contribute, albeit at different
degrees, to specificity.
We performed direct uptake assays, using

radiolabelled xanthine, in all mutants studied.
Figure 3(A) shows that, in line with growth tests,
UapA-TYAQ and UapA-SYSQ conserve high
capacity for xanthine transport (>70% of wild-type
UapA), whereas all other mutants show very low
relative transport ("10% of wild-type UapA). In the
UapA mutants that conferred highest sensitivity to
5FU, namely UapA-SYSQ and UapA-SYSE, we
also measured their capacity for accumulation of
radiolabelled uracil, which is structurally very
similar to 5FU. Surprisingly, none of the two
mutants showed measurable UapA-mediated
accumulation of uracil. This is discussed further
later. We estimated the Ki values for purines and
uracil in SYSQ and TYAQ mutants, which
conserved considerable transport levels of
radiolabeled xanthine, but also in TFAE. Figure 3
(B) shows that the binding affinity for the
physiological substrates xanthine and uric acid in
all three mutants did not differ significantly from
those of wild-type UapA (i.e. at the 2–15 lΜ
range). However, unlike wild-type UapA, the
mutants exhibited variable, mostly very low but
measurable, binding affinity for adenine,
hypoxanthine or uracil.
We took advantage of the fact that several

mutants tested are sensitive to 5FU to investigate
whether some of them, despite being unable to
transport efficiently purines, can still bind purines
or purine-related compounds. For this, we
performed in vivo competition growth assays
where we scored the reversion of 5FU inhibition in
the presence of excess purines or pyrimidines in
the growth medium (Figure 3(C)). This test
showed that 5FU sensitivity mediated by UapA-
SYSQ is significantly reversed by most
nucleobases tested, while that of UapA-SYSE is
also reduced, but at a lower degree. Notice also
that UapA-TYAQ, which, otherwise, is very similar
in phenotype with UapA-SYSQ (Figs. 2, 3A and
3B), appears to be less efficient in reversing the
5FU sensitivity with some nucleobases (e.g.
xanthine). Finally, the moderate 5FU sensitivity
conferred by UapA-SSSQ and UapA-SSSP was
also reversed by uracil and less so by uric acid.
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In an effort to investigate whether any of the
mutants analyzed also alters the capacity of UapA
in recognizing L-ascorbic acid, we tested the
growth of all mutants in the presence of relatively
high concentration of L-ascorbic acid (50 mM or
1%). Notice that L-ascorbic acid is not taken up by

A. nidulans cells as there is neither a specific
endogenous transporter, nor evidence for passive
diffusion (G. Diallinas, unpublished observations).
Thus, we thought that, if any of the UapA
mutations conferred a capacity for L-ascorbate
accumulation, this might be reflected in an effect
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on the growth phenotype of relative mutants, given
the well-known anti- or pro-oxidant activity of L-
ascorbate.34 None of the UapA mutants altered
the mild toxic effect (i.e. reduced conidiation) of L-
ascorbic acid on A. nidulans growth (not shown).
This result was not however conclusive on whether
any of the UapA mutants can transport or at least
bind L-ascorbic acid(discussed later).
Based on all aforementioned results, Table 1

summarizes the function and specificity of the
different UapA versions analyzed. Notice that
UapA-SYSQ is the most efficient and promiscuous
UapA version, being able to recognize and
transport purines and 5FU, and it can also at least
bind uracil. In contrast, UapA-SYSE, which differs
only at a single residue with UapA-SYSQ (i.e.
Q408E), proves to be a mutant that has lost its
capacity for efficient purine transport, but acquired
a prominent high capacity for 5FU accumulation.
However, also notice that if we compare the
relative transport function and specificity of UapA-
TFAQ versus UapA-TFAE, which differ in the
same residue as UapA-SYSQ differs from UapA-
SYSE, the outcome is different, as replacement
Q408E does not lead to total loss of purine uptake
or acquisition of high capacity for 5FU transport.
This observation clearly shows that UapA
specificity is determined by complex interactions
of residues in the NAT signature motif, difficult to
predict a priori.

Combination of the SYSE sequence with
selected UapA mutations leads to distinct
transport profiles

A SYSE consensus sequence is naturally present
in several NATs, including the metazoan rSNBT1
that functions as promiscuous nucleobase
transporter.7 However, a SYSE sequence within
the context of UapA led to inability for purine trans-
port and acquisition of a capacity for 5FU accumu-
lation, strongly suggesting that the NAT motif
interacts functionally and in a context-dependent
manner with other residues in NATs. To address
this issue, we combined the SYSE sequence with

mutations R481G, T526L, F528M, R481G/T526L
and R481G/F528M. Thesemutations enlarge UapA
specificity to transport, besides its natural sub-
strates uric acid and xanthine, all purines, several
purine analogues and uracil, albeit with low affin-
ity.17,18 Topological evidence based on the UapA
crystal structure and Molecular Dynamics support
that the relevant residues are parts of outer (T526
and F528) or inner (R481) gating elements located
at the two sides of the substrate translocation trajec-
tory in UapA.12

Figure 4(A) summarizes growth tests of
combinations of SYSE with these mutations.
Notice that in all cases the combined mutations
did not affect the proper localization of UapA to
the PM (see right column). As a general picture,
the increased promiscuity of UapA in respect to
purine accumulation caused by F528M, T526L,
R481G, R481G/F528M or R481G/T526L (see
rows 3–7) was significantly suppressed in the
presence of SYSE (see rows 9–13). Only F528M/
SYSE conferred detectable growth on purines,
especially on high concentrations of adenine. In
respect of 5FU toxicity, which was very
high in UapA-SYSE and some specificity mutants
(T526L, R481G/T526L or R481G/F528M), the
simultaneous presence of the SYSE sequence
and specificity mutations led to variable toxicity
levels that could have not been predicted a priori.
For example, the presence of R481G led to partial
suppression of the ability of UapA-SYSE to
accumulate 5FU, as evidenced by increased
resistance to this toxic analogue exhibited by
UapA-R481G/SYSE. The triple mutant UapA-
R481G/T526L/SYSE showed moderate sensitivity
to 5FU, similar to UapA-SYSE, thus ‘masking’ the
hypersensitivity of the parental double UapA-
R481G/T526L mutant, while UapA-R481G/
F528M/SYSE remained hypersensitive to 5FU,
similar to the relative double mutants UapA-
R481G/F528M or UapA-F528M/SYSE.
Furthermore, mutation F528M increased
sensitivity to 5FU in the context of SYSE or/and
R481G, while when it stands alone conferred
reduced sensitivity to this drug. Notice also that

Figure 2. Context-depended role in UapA specificity of variably conserved residues in the NAT signature motif. The
image shows growth tests of UapA mutants and a control strain (referred by the sequence of their NAT motif, e.g.
wild-type UapA is TFAQ, etc.) on toxic nucleobase/nucleoside analogues at 100 lΜ 5FU, 50 lΜ 5FC, 10 lΜ 5FUd
(5FU is 5-fluorouracil; 5FC is 5-flurocytosine; 5FUd is 5-fluorouridine), or on different purines (UA is uric acid; X is
xanthine, HX is hypoxanthine; AD is adenine), nucleosides (INS is inosine; ADO is adenosine, GUO) is guanosine) or
allantoin (ALL), as sole N sources. Concentrations of purine-related substrates used as N sources are in the range of
0.3–2.0 mM. Toxic analogues are scored in the presence of 10 mM sodium nitrate (NO3) as nitrogen source. The
lower panel shows the subcellular localization of UapA mutants, as evidenced via a GFP tag, in all strains analyzed.
All UapA mutant versions shown are analyzed in the isogenic background of D7 strain (see text). A standard wild-type
(wt) strain possessing all relative endogenous nucleobase-related transporters is also shown for comparison in the
first column. Growth tests were performed at 37 "C and pH 6.8. Lower panel: Inverted fluorescence microscopy
images showing localization of the GFP-tagged UapA constructs. Samples were grown for 18 h at 25 "C on MM with
NO3 as N source.
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mutants UapA-F528M, -R481G and -SYSE are
significantly less sensitive to 5FU than their
relative double or triple mutants. Finally, while

single mutation T526L confers hypersensitivity to
5FU, this is compromised in the context of
R481G/SYSE. In conclusion, the functional effect

Figure 3. Transport activity and specificity of UapA NAT motif mutant versions (A) Comparative transport of 0.1 lΜ
of radiolabelled 3H-xanthine expressed as percentages of initial uptake rates (V) compared to the wild-type (UapA)
rate taken as 100%, performed at 37 "C (see Materials and methods). Results shown are the average of triplicate
measurements from 3 independent assays with a SD shown as error bars. (B) Km (xanthine) or Ki (uric acid, adenine,
hypoxanthine, uracil) values estimated via competitive inhibition assays of radiolabelled xanthine uptake (Krypotou
and Diallinas26; see also Materials and methods) in selected mutants. NI stands for no evidence of radiolabeled
xanthine transport inhibition in the simultaneous presence of excess ‘competitor’ nucleobase supplied to up to 1 mM.
>1000 means detectable inhibition, but the Ki value could not be determined given that nucleobases are little soluble
at concentrations !2 mM. Results shown are averages of triplicate measurements from 3 independent assays with
SD values shown. (C) In vivo competition assays scoring the reversion of 5FU (100 lM) growth inhibition in the
presence of excess purines or pyrimidines (2 mM) in the growth medium. Strains and growth conditions are as
described in Figure 2. U is uracil, G is guanine, C is cytosine and T is thymine.
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of the SYSE sequence in the context of UapA
proved highly dependent on the presence of
mutations at residues on R481, T526 or F528.
Notably, none of the above combinations of
mutations conferred to UapA an ability to transport
nucleosides or allantoin. Additionally, we did not
detect any change in A. nidulans growth of strains
containing the aforementioned combinations of
mutations in media containing 0.1–1% (w/v) of L-
ascorbic acid (not shown).
To better rationalize the above observations, we

performed radiolabeled xanthine transport assays
in selected mutants (Figure 4(B)). The presence of
the SYSE sequence dramatically reduced UapA-
mediated xanthine transport, despite the presence
of specificity mutations, which when present in an
otherwise wild-type NAT context (i.e. TFAQ
instead of SYSE) not only enlarged specificity, but
also lead to increased xanthine transport rates.
Given that R481G, T526L, F528M, SYSE
mutations, alone or in specific combinations,
conferred increased capacity for 5FU
accumulation, we tested whether the
corresponding strains also have a capacity for
UapA-mediated transport of uracil, which is very
similar in structure with its toxic analogue 5FU.
Results in Figure 4(C) showed that the SYSE
sequence does not confer to UapA measurable
transport activity for uracil, and also seems to
suppress detectable uracil transport in UapA-
T526L, -R481G/T526L or -R481G/F528M
mutants, which possess a wild-type NAT signature
motif. Taken together, results shown in Figure 4
(A–C) suggest that introducing the SYSE
sequence in the NAT signature motif of UapA

leads to reduced activity for purine or uracil
transport. This negative effect of SYSE seems
only partially suppressed in the context of F528M.
On the other hand, versions of UapA carrying
SYSE alone or in combination with other
mutations lead to accumulation of 5FU, thus
revealing that the transporter is transport-active
for this toxic pyrimidine analogue.
The most probable explanation for the observed

apparent inability of UapA-SYSE to transport
uracil, despite its capacity to lead to significant
5FU accumulation, is that this UapA version has
high-affinity specifically for 5FU, but low affinity for
uracil and nucleobases. Similar situations, where
transporters have increased affinities for chemical
analogues of physiological substrates are known
to exist, and seem to be due to additional
interactions of substituted positions in the
analogues.35,36 To test this possibility, and given
that radiolabelled 5FU is not available, we per-
formed in vivo competition assays in growth tests
wherewe follow the level of 5FU reversion of toxicity
by increasing concentrations of uracil. For this, we
first established the concentration range that 5FU
toxicity is best visualized. We performed these tests
not only for UapA-SYSE, but also for several of the
specificity mutants used in this work. The left panel
of Figure 5(A) shows that most mutants (T526L,
R481G/T526L, R481G/F528M, SYSE, T526L/
SYSE, F528M/SYSE, R481G/F528M/SYSE) were
very sensitive to 5FU at concentrations as low as
10 lΜ. Some mutants (F528M, R481G, R481G/
SYSE or R481G/T526L/SYSE) were more mildly
sensitive to 5FU, showing significantly reduced
growth only at 100 lM of the toxic analogue. In gen-

Table 1 Transport function and specificity of UapA NAT motif mutants

NAT motif

version

UA XA AD HX 5FU

(U)

5FC

(C)

5Fud

(Ud)

AA Comments on UapA function

TFAQ +++ +++ – – – – – – Wt function/specificity

TYAQ +++ +++ + + ++ – – – increased binding/transport promiscuity

TFAE ++ ++ +/– ++ +/– – – – increased binding/transport promiscuity, reduced

affinity and transport of UA, XA

TYAE – – – – +/– – – – loss of purine binding/transport, but gain of

moderate 5FU transport

SSSQ +/– – – – + – – – loss/reduction of purine binding/transport, but gain

of 5FU transport

SYSE – – – – +++ – – – loss/reduction of purine transport but gain of

efficient 5FU transport

SYSQ +++ +++ ++ +/– ++ – – – increased promiscuity for purines and 5FU

SSSP – – – – +/– – – – loss of purine, some gain of very low 5FU transport

Underlined are amino acid replacements in mutant versions of UapA.
+++ signifies wild type-like substrate binding and transport activity. – stands for "5% transport capacity of wild-type UapA and no
indication of binding of nucleobases (up to 1 mM) or toxic nucleobase analogues (50–100 lΜ).
In between values, +/–, +, ++ reflect compromised binding/transport (10–50% of wild-type UapA).
UA is uric acid, XA is xanthine, AD is adenine, HX is hypoxanthine, , 5FU is 5-flurouracil, U is uracil, 5FC is 5-flurocytosine, C is
cytosine, 5FUd is 5-fluorouridine, Ud is uridine, AA is L-ascorbic acid (1%).
This table is based on functional studies (growth tests, subcellular localization uptake measurements and transport competition
assays) of different mutants expressed in a D7 genetic background (see Figs. 2 and 3).
None of the above mutant confers AA, 5FC, 5FUd or nucleoside or allantoin transport
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Figure 4. Combination of the SYSE NAT motif sequence with specificity mutations leads to functionally distinct
UapA versions (Α) Growth tests of strains expressing UapA versions carrying the SYSE sequence in the NAT motif
combined with selected specificity mutations (F528M, T526L, R481G, R481G/F528M or R481G/T526L). Growth
conditions and control strains are as described in Figure 2. Inverted fluorescence microscopy images confirming the
proper localization of all UapA mutant versions to the PM is shown on the last right column. (B) Comparative 3H-
xanthine (0.1lΜ) transport rates in strains expressing UapA versions combining SYSE with selected specificity
mutations (F528M, T526L, R481G, R481G/F528M or R481G/T526L). Details are as in Figure 3A. Standard deviation
is depicted with error bars. (C) Comparative 3H-uracil (0,1 lΜ) transport rates in strains expressing UapA mutant
versions that conferred increased capacity for 5FU accumulation. Details are as in Figure 3A. Standard deviation is
depicted with error bars.
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Figure 5. Relative recognition of 5FU versus uracil as established by growth tests in UapA mutants. (A) Left panel:
Concentration-dependent 5FU toxicity in the mutants. Right panel: In vivo competition of 100 lM 5FU toxicity by
increasing concentration of uracil (range 10–1000 lΜ) in the mutants. Growth conditions are as described in Figure 2.
(B) Km (xanthine) or Ki (uric acid, adenine, hypoxanthine, uracil, 5FU) values estimated via competitive inhibition
assays of radiolabelled xanthine uptake (26; see also Materials and methods) in selected mutants. Details are as
described in Figure 3B. Results shown are averages of triplicate measurements from 3 independent assays with a SD
of < 20%.
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eral, mutants possessing the SYSE sequence are
more sensitive to 5FU, compared to wild-type
UapA. We thus used 100 lM 5FU to perform
in vivo competition assays by uracil. The right panel
of Figure 5(A) shows that uracil competed 5FU tox-
icity, in all cases, but the level of reversion of toxicity
was different in the mutants analysed. Ιn mutants
that are either highly (T526L, R481G/T526L or
R481G/F528M) or moderately (R481G or F528M)
sensitive to 100 lΜ 5FU due to mutations outside
the NAT motif, uracil suppressed toxicity at a con-
centration range of 50–100 lΜ, which suggested
that 5FU and uracil are recognized with comparable
affinities. However, in most mutants having the
SYSE sequence only 10-fold excess uracil (1000
lΜ) could significantly suppress the toxicity of
100 lM of 5FU. These results suggested that the
presence of the SYSE sequence might lead to
either higher affinity for 5FU or lower recognition
of uracil, or both.
To address this issue directly, we estimated the Ki

values for purines, uracil and 5FU in F528M/SYSE,
which was the only combination of SYSE with other
mutations that possessed measurable transport of
radiolabeled xanthine, thus enabling relative
competition assays. As a control for the effect
SYSE on substrate recognition we also estimated
the Ki values of the single mutant F528M and
wild-type UapA. Figure 5(B) shows that UapA-
F528M/SYSE conserves high affinity (low lM
range) for physiological substrates (xanthine and
uric acid), similar to wild-type UapA, but additionally
recognizes adenine, uracil and 5FU with moderate
affinities (275, 102 271 lM, respectively). Notice
that F528M alone can lead to very low apparent
accumulation of adenine or hypoxanthine (see
Figure 4(A)), but in this case transport should
operate via very low affinity, as suggested by the
lack of competition of radiolabeled xanthine by
excess of these purines (see Figure 5(B)). Thus,
the presence of SYSE, at least in the context of
F528M, contributes to better binding of several
non-physiological substrates (adenine, uracil, 5FU),
but does not make a significant distinction between
uracil and 5FU. Thus, the simplest explanation for
the observation that 10-fold excess uracil did not
fully suppress 5FU toxicity in mutants possessing
SYSE (seen in Figure 5A, right panel), is that
moderate affinity binding and low transport of 5FU
is still sufficient to cause cytotoxicity.
We also combined the quadruple SYSE

substitution (residues 405–408) with mutations
N410I and N410V. The rationale for this was the
following. We observed and verified via correlated
sequence conservation algorithms (BIS2Analyzer,
see Materials and methods) that in NAT proteins
the residue analogous to position 410 of UapA is
conserved as an Asn only when the residue at
position 408 is occupied by a Gln (see Figure 1
(A)). In these cases, the NAT protein functions as
a transporter specific for xanthine or uric acid and

xanthine. In cases where the position equivalent
to 410 in UapA is occupied by variable aliphatic
amino acids, while positions 408 is a Glu, the
proteins show reduced specificity towards uric
acid/xanthine, being able to transport most purines
and uracil. In other words, position 410 might have
a ‘cryptic’ role in determining the specificity and in
particular in contributing to acquisition of
increased affinity for uric acid/xanthine binding in a
context-dependent manner. The functional
importance of N410 in UapA has not been tested
before, while mutational studies in the bacterial
XanQ homologue have suggested that residue
N326 (equivalent to N410 in UapA) is not
essential for xanthine transport.24,25,37 Here we
show that the single N410V mutation led to loss of
apparent UapA transport activity of purines, while
N410I had no effect on UapA activity and specificity,
as based on growth assays with uric acid, adenine
and hypoxanthine as sole N sources. However,
either mutation, when combined with the SYSE
sequence, led to loss of any apparent transport of
nucleobases, including a significant reduction in
5FU toxic accumulation (Supplementary FigureS1).
This shows that the presence of aliphatic residues
at 410 is not compatible with SYSE in the UapA
sequence context, contrasting what is observed in
other NATs which naturally possess a SYSE
sequence. Essentially “mirror-image” replacements
at the position equivalent to 410 have been studied
in bacterial xanthine/uric acid-transporting homo-
logues that have a Q408-V410 combination. In
those cases, replacement of the aliphatic residue
Val with Asn leads to functional inactivation: the
single-replacement mutants V312N in UacT37 and
V320N in SmXUacT38 are present at wild-type
levels in the membrane, but are functionally inac-
tive. Thus, re-establishment of the combination
Q408-N410 in the sequence context of those bacte-
rial UapA-homologs is not compatible with (xan-
thine or uric acid) transport activity. This further
highlights the complexity of epistatic interactions
that control the fine functioning of the substrate
binding site in NATs.

Suppressor mutations conferring uric acid
transport in UapA-SYSE support the functional
importance of F528 and reveal new residues
critical for specificity

To further understand the role of the NAT
signature motif in specificity, we took advantage of
the fact that UapA-SYSE has no capacity to
transport purines to isolate revertants, after U.V.
mutagenesis, that confer growth on uric acid as
sole N source. Table 2 and Figure 6(A)
summarize the molecular identity and position of
33 revertants, which all proved to be within the
uapA orf. Revertants concerned 7 amino acid
changes in four residues: L234, E408, A519 and
F528. All mutations, except F528I, were isolated
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several times (2–10 times), showing that
mutagenesis was rather saturated. Mutations in
E408 introduced a Gln residue, thus reverting the
SYSE sequence to SYSQ, which is a mutation
expected to be isolated in this screen given the
fact that UapA-SYSQ was earlier shown to confer
growth on uric acid. Mutations in F528 were:
F528C, F528I, F528S and F528V.

F528 has been previously shown to act as major
specificity element as mutations introducing
aliphatic (Ala, Met) or polar amino acids (Ser, Thr,
Gln or Asn) converted UapA into a promiscuous
purine-uracil transporter (Papageorgiou et al.17

and Amillis et al.39 but also herein). Notably, while
F528 specificity mutations conferred very low affin-
ity transport (>1 mM) for non-physiological purine

Table 2 Profile of SYSE suppressors

Mutation TMS* Domain Codon change Number of isolates

L234M 5 Dimerization CTG ? ATG 2

E408Q 10 Core GAG ? CAG 5

A519P 14a Dimerization GCG ? CCG 3

F528S 14b Dimerization TTT ? TCT 10

F528S 14b Dimerization TTT ? TCA 1

F528C 14b Dimerization TTT ? TGT 6

F528V 14b Dimerization TTT ? GTT 5

F528I 14b Dimerization TTT ? ATT 1

* Based on.12

Figure 6. Characterization of mutations allowing uric acid transport in the UapA-SYSE context (A) Topological
model showing the position of suppressor mutations relative to the NAT motif in UapA (B) Growth tests of
suppressors. Growth conditions and control strains are as described in Figure 2. (C) Comparative 3H-xanthine
(0.1lΜ) transport rates in suppressors. Details are as described in Figure 3A. Standard deviation is depicted with
error bars. (D) Ki/m values (lM) determined using 3H-xanthine uptake competition in suppressors. Details are as
described in Figure 3B. ND indicates not determined. Results shown are the averages of triplicate measurements
from 3 independent assays with a SD of <20%.
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substrates, when combined with Q408E increased
significantly the affinity of UapA for these ‘new’ sub-
strates. Based on the crystal structure of UapA and
Molecular Dynamics12,20 (see also later) F528 is a
residue located at the outward-facing gate of the
substrate translocation trajectory, in the middle of
TMS14 of UapA. Mutation A519P concerned also
a residue in TMS14, but one that has never
appeared in previous genetic screens for specificity
mutants. Introduction of a Pro residue at this posi-
tion might well modify the local structure to
TMS14, and in particular the positioning of T526
and F528, both residues being critical for speci-
ficity.17 Interestingly, the mutation concerning resi-
due L234 (L234M in TMS5) has been isolated
before in a screen searching for revertants of UapA
mutations that led to loss-of-function because of
inefficient dimerization.40 It has then been proposed
that L234M stabilizes the structure of monomeric
UapA units, and thus lead to increased steady state
levels of UapA. How such a mutation can also affect
specificity opens new issues on the role of dimeriza-
tion in finely regulating specificity, as already dis-
cussed in 1,12.
We analysed further the specificity profile of the

revertants isolated by growth tests and uptake
assays, as described earlier. Figure 6(B) shows
that all revertants grow on uric acid (0.5 mM), as
expected given their selection was carried out on
this purine, but showed different levels of growth.
E408Q, F528C and F528V were similar to the
control strain expressing wild-type UapA. F528S,
F528I, A519P and L234M showed relatively
reduced growth, which however improved to
nearly wild-type levels when uric acid was
supplied at 4-fold higher concentration (2 mM).
This suggests that the latter set of mutants might
exhibit reduced uric acid binding affinity (see
later). Most revertants grew equally well on
xanthine, except from L234M, which seemed to be
less efficient in xanthine accumulation. Most
mutants also grew well on adenine, except from
E408Q and L234M, which showed little growth on
0.5 mM adenine. Increased supply of adenine
restored significant growth of E408Q, but only
partially that of L234M. Most mutants, except
F528V showed very little or moderate capacity for
growth on hypoxanthine, both at standard and
high concentrations. In fact, L234M and A519P
mutants showed no evidence for hypoxanthine
growth at all, scoring similarly to the original SYSE
mutant. Finally, some revertants increased the
apparent capacity for 5FU accumulation (F528S,
F528V, F528C, F528I and A519P) or did not
seem to affect significantly (L234M) the existing
level of sensitivity of the original UapA-SYSE
strain, with only E408Q leading to decreased
capacity for 5FU accumulation.
We performed transport assays with

radiolabelled xanthine in all revertants isolated.
Figure 6(C) shows that E408Q has wild-type

transport rates justifying its full growth on uric
acid or xanthine (Figure 6B). Most other mutants
analyzed, except L234M, grew relatively well on
uric acid or xanthine, despite reduced apparent
transport rates of xanthine (~15–28% of wild-type
levels), suggesting that this level of transport is
apparently sufficient for growth (Notice also that
in growth tests the concentration of substrates is
1000-fold higher that the concentration of
radiolabeled substrates in transport assays; for
details see 26). Lastly, L234M that showed the
lowest transport rate (8% of wild-type), also
showed the lowest capacity to grow on xanthine
and uric acid. We also estimated the Ki values
for purines, uracil and 5FU in suppressors
(Figure 6(D)). In general, all suppressors con-
served relatively high or moderate affinity for xan-
thine or uric acid (8–47 M), albeit reduced
compared to wild-type UapA. The moderate
reduction in affinity for the physiological substrates
is probably due, at least in the case of suppres-
sors concerning F528 substitutions, to the pres-
ence of the SYSE sequence. This is concluded
due to previously analyzed single F528 mutations
that do not affect significantly the affinity of UapA
for xanthine and uric acid,17,41 but also when con-
sidering reduced growth on xanthine or uric acid
of relative mutants including SYSE, as shown in
Figure 4(A). Most suppressors also showed mod-
erate affinities for other purines, uracil and 5FU (in
the range of 65–259 lM), with few exceptions of
certain mutants towards specific substrates. Given
that single mutations in F528 do not modify signif-
icantly the affinity for substrates,17,41 the SYSE
sequence should, in principle, be the reason of
acquisition of moderate/low affinity binding of puri-
nes, uracil and 5FU. Thus, while the SYSE
sequence when it stands alone in an otherwise
wild-type UapA context leads to a transporter that
is only able to accumulate low but toxic amounts
of 5FU, when combined with suppressor muta-
tions removing the aromatic Phe residue at posi-
tion 528, it may lead to generation of UapA
versions recognizing and transporting all purines,
uracil and 5FU.
A similar, but not identical, promiscuous profile

has been previously reported when specific
mutations in F528, T526 or R481 are combined
with mutation Q408E (i.e. sequence TFAE in the
NAT motif; see17,41). Thus, the critical substitution
that converts UapA from being highly specific for
xanthine/uric acid to become a more general nucle-
obase transporter is mutation Q408E, a replace-
ment topologically located in the substrate binding
site and specifically concerning a residue known
to interact strongly with substrates.12,13 However,
the potential effect of substitution Q408E to speci-
ficity is revealed only in the simultaneous presence
of specific substitutions of other residues, distant
from the bona fidae binding site, in this case amino
acids R481, T526 or F528.

A. Kourkoulou, I. Zantza, K. Foti, et al. Journal of Molecular Biology xxx (xxxx) xxx

14



Rationalizing specificity modifications via
alteration in NAT signature motif

To better understand the specificity alterations of
UapA, molecular simulations of protein-substrate
interactions were performed (Figure 7). To this
end, the models of UapA-SYSE, UapA-SYSQ,
and UapA-TFAE have been constructed on the
basis of the structure of UapA crystallized in the
inward-open conformation. Important differences
were observed in the modelled structures. These
are related to the binding cavity of the transporter
due to the presence of the F406Y mutation but
also to the calculated pKa of acidic residues
critical for substrate binding (e.g. the invariable
E356 and D360 in TMS8 and E408 in TMS10 of
UapA-SYSE or UapA-TFAE). More specifically, in
UapA-SYSE the calculated pKa of E356 rises
from 7.5 in the wild-type (UapA-TFAQ) to 10.0,
while that of D360 drops from 9.4 to 7.4. Similar
pKa values to UapA-SYSE were calculated in
UapA-SYSQ. Thus, in both UapA-SYSE and
UapA-SYSQ E356 is considered protonated, while
D360 is thought to be negatively charged (given

transport assays are performed at pH 6.8). On the
other hand, E408 in both UapA-SYSE and UapA-
TFAE exhibits a theoretical pKa of 6.8. Alterations
in the acidic character in side chains of UapA-
SYSQ and UapA-SYSE as compared to wild-type
(UapA-TFAQ) or UapA-TFAE are expected to
modify the polar nature of the substrate binding
side, and thus might affect substrate binding and
transport. The other important observation related
to the binding cavity of these mutants versus the
wild-type UapA concerns the formation of a
hydrogen bond when F406 is mutated to Tyr
between the phenolic hydroxyl and the V153
backbone carbonyl (see Figure 7(A), (B)). This
hydrogen bond stabilizes the main part of the
binding cavity between TMS3 and TMS10, which
is known to form the characteristic beta-sheet
structure in the middle of the transmembrane
domain where the substrate is embedded. This
stabilization does not seem to affect transport
activity (see Figure 3(A)), but apparently
contributes to enlarged specificity as UapA-TYAQ
recognizes 5FU, hypoxanthine and adenine

Figure 7. UapA mutants-substrate interactions as resulted by Molecular Simulations. (A) UapA-SYSE-uracil
and UraA-uracil interactions. The UapA-SYSE-uracil interaction is stabilized by the formation of four H-bonds
(depicted as dashed lines) between N1H and N3H with E408 and E356 carboxylates, respectively, C2=O with S407
hydroxyl group and C4=O with F155 backbone, as well as, a p-p stacking formed between uracil with both F155 and
Y406. Notice also that Y406 hydroxyl group forms a H-bond with V153 backbone. The UraA-uracil crystallographic
structure is also presented on the right for comparison (23). (B) UapA- SYSE-5FU and UraA-5FU interactions. In both
structures 5FU is oriented similarly to uracil with the F atom located in a hydrophobic cleft and C-F bond parallel to
both F155 and Y406 rings. (C) Hypoxanthine interactions with UapA, UapA-TFA E and UapA- SYSQ. Hypoxanthine
forms two H-bonds with the UapA binding cavity, one between N9H and E356 carboxylate and the second between
C6=O and Q408 amide group. In UapA-TFA E, hypoxanthine N9H and N1H both form H-bonds with E408, and E356
carboxylates, respectively, while C6=O forms H-bond with S154 hydroxyl group and F155 backbone. In UapA-SYSQ-
hypoxanthine interaction E356 is protonated. Hypoxanthine H-bond interactions with the binding cavity are between
N9H, N3 and E356, as well as, between C6=O and Q408. (D) Wild-type UapA-xanthine crystal structure is included
for comparison.
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significantly better than UapA-TFAQ (see
Figs. 2 and 3(B), (C))
In a second step, we used Induced Fit Docking

(IFD) calculations to try to understand the nature
of increased apparent affinity of UapA-SYSE for
uracil and 5FU. The most energetically favourable
binding structure of uracil exhibits a remarkable
similarity to the crystal structure of uracil bound by
its natural transporter UraA,23 as presented in the
left and right panels of Figure 7(A). In UapA-SYSE,
uracil is well stabilized between the two acidic side
chains E408 and E356 forming also p-p stacking
interactions with F155 and Y406 plus one more H-
bond with S407 side chain. The latter is not present
in UraA having a glycine at this position while UapA
has an alanine. A quite similar positioning resulted
by the IFD calculations also for 5FU, in both
UapA-SYSE and UraA (Figure 7(B), left and right
panels, respectively). Notice that the F atom is
located in a hydrophobic cleft of the binding pocket
where the C-F bond is parallel to both F155 and
Y406 rings, without affecting proper orientation of
the uracil ring. Importantly, in wild-type UapA, which
does not seem to transport uracil or 5FU, these
ligands are not similarly positioned in the binding
pocket, when compared to the docking position in
UraA or UapA-SYSE, as in their best fit position
seem to interact via a mirror-image orientation
(Supplementary Figure S2). Thus, it becomes evi-
dent that uracil/5FU docking in UraA or UapA-
SYSE, both of which recognize and can transport
these ligands, is distinct from that in wild type UapA,
which cannot transport these pyrimidines. Our
docking analysis cannot however rationalize why,
despite similar docking positions, UraA recognizes
uracil and 5FU with very high affinity (sub micromo-
lar concentration), whereas UapA-SYSE recog-
nizes these two substrates with moderate affinities
(148–259 lΜ, depending on the combination of
the SYSE sequence with different F528 substitu-
tions). A probable explanation for this difference,
other than considering that binding affinities cannot
be well predicted by modeling approaches, is that
residues outside the binding site, crucial for recogni-
tion, might be distinct in UraA and UapA-SYSE.
In an effort to further rationalize the specificity of

UapA mutants against hypoxanthine IFD
calculations were performed considering wild type
(UapA-TFAQ) and mutant versions UapA-SYSQ
and UapA-TFAE. Notice again here that functional
assays show that wild type (UapA-TFAQ) does
not bind hypoxanthine, whereas UapA-TFAE
binds with relatively high affinity (60–70 lΜ) but
does not transport hypoxanthine, and UapA-
SYSQ recognizes hypoxanthine with low affinity
(~1 mΜ). The lowest energy binding modes of
hypoxanthine of all three forms are presented in
Figure 7(C). It can be easily noticed that none of
them is similar to the xanthine-UapA binding mode
where Q408 forms two H-bonds with N1H and
C2=O (Figure 7(D)). In the wild type UapA-

hypoxanthine structure N9H, but not N1H,
interacts with E356, while Q408 forms a H-bond
with C6=O forcing the hypoxanthine scaffold in a
completely different orientation compared to the
orientation of physiological substrates (e.g.
xanthine). In UapA-TFAE, hypoxanthine appears
to be oriented in such a way that the two positive
charges on N9H and N1H42 interact with the two
negative charges of E408 and E356, respectively,
while the C6=O group forms a H-bond with S154.
This could explain the relatively high binding affinity
of hypoxanthine in this UapA mutant. However,
probably due to its topological disorientation within
the binding site, this ligand is not transported.
Finally, in UapA-SYSQ, where E356 is protonated,
as deduced from pKa calculations, can now interact
with N9H and N3 while C6=O interacts with Q408
amide group. This might explain the binding of
hypoxanthine by UapA-SYSQ, even with low affin-
ity, as compared to wild-type UapA that makes
fewer interactions.

F528 dynamically interacts with the substrate
binding site

The structural explanation of the functional role of
all different UapA residues studied herein is beyond
the scope of this article and under investigation in
our group. However, in order to rationalize the
importance of F528 mutations isolated several
times in this work, but also previously, as a key
element affecting specificity alone and in
combination with NAT signature motif
substitutions, the model of the outward
conformation of UapA has been constructed by
homology modelling to the anion exchanger
domain of human erythrocyte Band3 crystal
structure.43 Band3 is a human structural homologue
of UapA that functions as bicarbonate (HCO3#)
transporter, which has been crystalized in the out-
ward conformation and represents an excellent
model, if not unique, for the outward conformation
of transporters following the elevator mechanism.
Figure 8 shows the position of F528 relatively to
the position of E356 and Q408 in the modelled out-
ward conformation and the inward crystal structure
of UapA. As can be seen, in the outward topology
the two residues are in very close distance interact-
ing through p-electrons. TheMD calculations shows
that the distance of the two side chains remains
stable ~3.50 !A through the 100 ns simulation, sug-
gesting a quite stable interaction. In contrast, in the
inward crystal structure this distance becomes
~6.00 !A. This suggests a dynamic interaction of
F528 with the substrate binding site that could
explain its critical role in specificity (seeDiscussion).

Discussion

Despite the fact that UapA and bacterial NATs
have been extensively analysed by a plethora of
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mutational studies we still do not know how
specificity is determined by residues outside the
binding site. The recent determination of the
crystal structures of UapA and UraA,
corresponding to inward-facing and occluded
topologies, respectively, has led to formal
identification of a major substrate binding site, but
provided little hints on the issue of specificity. MDs
using UapA, UraA and a handful of NAT structural
homologues (e.g. anion exchanger 1 AE1/Band3
protein and SLC26Dg) caught in distinct
conformations (e.g. outward-open) led to
proposing a sliding-elevator type of transport
mechanism44 and defined a putative substrate
translocation pathway in UapA.12 In addition, based
on MDs, the most prominent specificity mutations
concerned residues R481, T526 or F528, which
are located along the proposed sliding trajectory of
the core domain in the UapA dimer. Still however,
how these mutations affect specificity is poorly
understood.
Here we decided to re-address how UapA

specificity is determined by trying to better
understand the contribution of partially conserved
residues of the NAT signature motif, which is
known to be part of the substrate binding site
located in sliding elevator core domain in all
NATs. Thus, we performed directed mutational
and functional analyses of residues located at
positions 405–408 of the NAT signature motif of
UapA (i.e. TFAQ). The rationale of the mutations
designed was to introduce residues that are
present in other NATs showing distinct
specificities. An important novelty of the present
study was the use of a strain (D7) that genetically
lacks not only a wild-type UapA endogenous copy,
but also all other major transporters related to

purine, pyrimidine, nucleoside or allantoin
transport. The D7 strain has practically no uptake
transport activity for purine-related solutes and
thus any UapA mutant introduced by genetic
transformation in this strain could be analyzed for
its ability to transport any purine-related substrate
in a ‘clean’ background.
Based on the above system we revealed context-

dependent cryptic roles of specific partially
conserved residues located in the first part of the
NAT signature motif. Most impressively,
introducing the SYSE sequence in UapA leads to
a transporter that lost its capacity to transport its
physiological substrates or any other purine, but
gained a capacity for toxic 5FU accumulation. In
addition, combination of SYSE with F528
mutations led to a transporter able to translocate
uracil or 5FU, in addition to purines. These
findings are in line with the observation that
functionally characterized bacterial NATs known to
transport uracil and 5FU (e.g. UraA or RutG)22,45

conserve the Tyr and Glu residues (e.g. possess
the sequence TYG/AE), while the plant and meta-
zoan NATs that recognize purines and uracil,6,10,11

also conserve the Glu residue (e.g. XXXE). In other
words, the presence of a Glu residue seems to dra-
matically increase uracil transport capability, while
the Tyr residue also contributes to that. Our relative
MDs have showed why this might be so. In UapA-
SYSE uracil is well stabilized between E408 and
E356 forming also pi-pi stacking interactions with
F155 and Y406 and one more H-bond with S407
side chain. This docking position of uracil is not
seen with the wild-type UapA. The important
context-dependent role of E408 in UapA specificity
is corroborated by comparing UapA-SYSE and
UapA-SYSQ, the former being rather specific for

Figure 8. UapA outward conformation. (A) The model constructed using Band3 as template is shown mainly
focusing on the interaction between F528 and E356. The E356 carboxylate group remains almost parallel to the F528
phenyl ring (3.5 !A) during the 100 ns MD simulation. (B) The corresponding distance in the inward conformation is
much higher (pdb structure 5i6c).
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5FU accumulation and the latter promiscuous
(transport of purines-uracil-5FU). Relative to these
observations, our MD analysis also revealed possi-
ble interactions that rationalize why UapA-TFAE
binds, but does not transport hypoxanthine, or
why UapA-SYSE with UapA-SYSQ, have very dis-
tinct transport activities and specificities compared
to wild-type UapA.
Among the UapA mutations functionally analyzed

here two were specifically designed to introduce
amino acids found in the NAT signature motif of
mammalian L-ascorbate transporters, namely
SSSP and SSSQ (see Figure 1(A)). The first one
introduces the full set of 4 residues found in L-
ascorbate transporters (SVCT1/2), and the
second conserves the essential for purine binding
Q408. Thus, we tested whether UapA could be
converted to a transporter capable of L-ascorbate
transport, or at least improve its capacity for
binding L-ascorbate. We have recently shown that
wild-type UapA might recognize with extremely
low affinity (Ki ~ 20 mM) L-ascorbic acid,9 but we
were unable to convincingly show any relative
transport activity. Mutant UapA-SSSP, as probably
expected due to replacement of residues critical for
purine recognition (F406 and Q408), lost any
detectable transport activity for xanthine and uric
acid or purines in general. UapA-SSSQ also
showed little, if any, purine transport activity,
despite conserving Q408. This strongly suggests
that the introduction of a series of polar Ser residues
upstream of Q408 is detrimental for purine trans-
port, at least within the context of an otherwise
wild-type UapA sequence. Surprisingly, unlike
wild-type UapA, both UapA-SSSP andUapA-SSSQ
seem to be capable of accumulating low subtoxic
levels of 5FU, judged from the reduction in conid-
iospore production when compared to wild-type
UapA (see Figure 2(A)). However, we failed to
obtain any evidence that UapA-SSSP and UapA-
SSSQ recognize better or transport L-ascorbate.
Given however the limitations of our system for
detecting low-affinity L-ascorbate transport, we can-
not exclude the possibility that UapA-SSSP and
UapA-SSSQ might have an ameliorated capacity
for recognizing this metabolite. It seems that engi-
neering L-ascorbate transport capacity in UapA
may not be feasible by simply introducing residues
that mimic the presumed binding site of L-
ascorbate transporter homologues (e.g. SVCT1/2).
The present work also provides novel findings

concerning how F528, a residue outside the
substrate binding site, might function as a key
amino acid in determining UapA specificity. The
great majority of suppressor mutations that
restored purine (e.g. uric acid) transport in UapA-
SYSE replace F528 with aliphatic or polar
residues. These suppressors in general enlarge
UapA specificity. In previous studies, similar F528
replacements also enlarged UapA specificity, so
that it can transport, albeit with low affinity, all

purines and uracil. The only known substitution in
this residue that conserves a wild-type functional
profile is F528Y,41 strongly suggesting that an aro-
matic ring at residue 528 is responsible for confer-
ring specificity for uric acid or xanthine. How
removing the aromaticity of residue 528 allows
UapA to transport, in addition to its physiological
substrates, all purines and uracil is not clear. How-
ever, our present MD analysis tried to shed some
light into this question. By constructing the outward
topology of UapA we were able to see that F528
approaches very close and probably interacts via
pi-pi stacking with E356, which is a major
substrate-binding residue. This interaction is appar-
ently dynamic, as it is not present in the inward-
facing UapA crystal. One might thus hypothesize
that in the apo state (i.e. no substrate bound) the
F528-E356 interaction ‘locks’ UapA in its outward
topology. Upon substrate (and probably H+) loading
and stabilization between E356 and Q408, the
F528-E356 interaction is lost, and UapA is allowed
to shift to its inward topology via sliding of the eleva-
tor domain. Replacing F528 by small aliphatic
amino acids seems to genetically unlock the sliding
mechanism in a way that becomes less dependent
on substrate/H+ binding, and thus convert UapA into
a more promiscuous transporter for low-affinity sub-
strates. Given that mutations other than those con-
cerning F528, as shown previously,13 but also here
(e.g. L234 and A519), can similarly convert UapA
into a more promiscuous transporter for weakly-
binding substrates, these might also modify
(‘loosen’) the sliding mechanism. A more rigorous
understanding of how specificity is determined in
UapA and other NATs, but also in elevator-type
transporters in general,46 will require more struc-
tural data and relativeMDs involving several distinct
topologies.

Materials and Methods

Media, strains and growth conditions

Standard complete (CM) and minimal media
(MM) for A. nidulans growth were used. Media
and supplemented auxotrophies were used at the
concentrations given in http://www.fgsc.net.47 Glu-
cose 1 % (w/v) was used as carbon source.
10 mM sodium nitrate (NO3) was used as a stan-
dard nitrogen source. Nucleobases, nucleosides
and toxic analogues were used at the following final
concentrations: 5FU, 5FC or 5FUd at 10–100 lΜ,
uric acid, adenine, hypoxanthine, guanine, cyto-
sine, thymine, inosine, adenosine, guanosine,
allantoin at 0.5–2.0 mM, and xanthine at 0.3 mM.
L-ascorbic acid was added at 0.1–1% in the pres-
ence of sodium nitrate as N source. All media and
chemical reagents were obtained from Sigma-
Aldrich (Life Science Chemilab SA, Hellas) or Appli-
Chem (Bioline Scientific SA, Hellas). A DfurD::riboB
DfurA::riboB DfcyB::argB DazgA DuapA DuapC::
AfpyrG DcntA::riboB pabaA1 pantoB100 mutant
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strain, named D7, was the recipient strain in trans-
formations with plasmids carrying uapA alleles
based on complementation of the pantothenic acid
auxotrophy pantoB100.26 pabaA1 is a
paraminobenzoic acid auxotrophy. A. nidulans pro-
toplast isolation and transformation was performed
as previously described.48 Growth tests were per-
formed at 37 " C for 48 h, at pH 6.8. All strains used
in this work are described in Table S1.

Standard molecular biology manipulations and
plasmid construction

Genomic DNA extraction from A. nidulans was
performed as described in FGSC (http://www.fgsc.
net). Plasmids, prepared in E. coli, and DNA
restriction or PCR fragments were purified from
agarose 1% gels with the Nucleospin Plasmid Kit
or Nucleospin ExtractII kit, according to the
manufacturer’s instructions (Macherey- Nagel, Lab
Supplies Scientific SA, Hellas). Standard PCR
reactions were performed using KAPATaq DNA
polymerase (Kapa Biosystems). PCR products
used for cloning, sequencing and re-introduction
by transformation in A. nidulans were amplified by
a high fidelity KAPA HiFi HotStart Ready Mix
(Kapa Biosystems) polymerase. DNA sequences
were determined by VBC-Genomics (Vienna,
Austria). Site directed mutagenesis was carried
out according to the instructions accompanying
the Quik-Change# Site-Directed Mutagenesis Kit
(Agilent Technologies, Stratagene). The principal
vector used for most A. nidulans mutants is a
modified pGEM-T-easy vector carrying a version
of the gpdA promoter, the trpC 30 termination
region and the panB selection marker.31 Mutations
were constructed by oligonucleotide-directed muta-
genesis or appropriate forward and reverse primers
(Table S2). Transformants arising from single copy
integration events with intact uapA ORFs were
identified by Southern and PCR analysis

Correlated sequence conservation algorithm

The BIS2Analyzer (athttp://www.lcqb.upmc.fr/
BIS2Analyzer/) was used for detected residues
co-conserved with specific residues of the NAT
motif. It is an openly accessible server providing
online analysis of co-evolving amino-acid pairs in
protein alignments, especially designed protein
families which typically display a small number of
highly similar sequences.49

Uptake assays

Kinetic analysis of wild-type and mutant UapA
was measured by estimating uptake rates of [3H]-
xanthine uptake (40 Ci mmol#1, Moravek
Biochemicals, CA, USA), as previously described
in.26 In brief, [3H]-xanthine uptake was assayed in
A. nidulans conidiospores germinating for 4 h at
37" C, at 140 rpm, in liquid MM, pH 6.8. Initial veloc-

ities were measured on 107 conidiospores/100 lL
by incubation with concentrations of 0.2–2.0 lΜ of
[3H]-xanthine at 37" C. For the competition experi-
ments, initial uptake rates of [3H]- xanthine were
measured in the simultaneous presence increasing
concentrations (5 lΜ # 1 mM) of various putative
nucleobase-related inhibitors or L-ascorbic acid at
1%, as indicated. [3H]-uracil uptake was also mea-
sured similarly. The time of incubation (1 or 2 min)
was defined through time–course experiments. All
transport assays were carried out at least in two
independent experiments and the measurements
in triplicate. Standard deviation was <20%. Results
were analyzed in GraphPad Prism software.

Isolation and characterization of suppressor
mutations

Suppressor mutations of 109 conidiospores of the
strain UapA-SYSEwere obtained after 3 min 45 sec
exposure at a standard distance of 20 cm from an
Osram HNS30 UV-B/C lamp and subsequent
selection of colonies capable of growing on MM
containing uric acid as sole nitrogen source, at
37 "C. Spores from positive colonies were
collected after 4–8 days and further isolated on
the same selective medium that was used to
obtain the original colonies. Genomic DNA from
34 purified colonies was isolated and the ORF of
UapA was amplified and sequenced. In all cases
the amplified fragments contained a new mutation.

Epifluorescence microscopy

Samples for standard epifluorescence
microscopy were prepared as previously
described.50,51 In brief, sterile 35 mm l-dishes with
a glass bottom (Ibidi, Germany) containing liquid
minimal media supplemented with NaNO3 and 1%
glucose were inoculated from a spore solution and
incubated for 16 h at 25 "C. The samples were
observed on an Axioplan Zeiss phase contrast epi-
fluorescent microscope and the resulting images
were acquired with a Zeiss-MRC5 digital camera
using the AxioVs40 V4.40.0 software. Image pro-
cessing and contrast adjustment were made using
the ZEN 2012 software while further processing of
the TIFF files was made using Adobe Photoshop
CS3 software for brightness adjustment, rotation
and alignment.

Molecular simulations

Protein Model Construction. Models of UapA-
TFAE, UapA-SYSE and UapA-SYSQ were
generated by mutating the specific residues on
Maestro platform (Maestro, version 2018-4,
Schrödinger, LLC, New York, NY, 2018), on the
basis of the structure of UapA crystallized in the
inward-open conformation (PDB ID: 5i6c). In order
to construct the model of UapA outward
conformation Band3 transporter (4yzf) was used
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as template.43 Band3 is an anion exchanger of 14
transmembrane helices, crystallized in the outward
conformation. The model was constructed using
Prime Homology in Prime 2018-4 (Schrödinger,
LLC, New York, NY, 2018), by superimposing
helices one by one and aligning all the important
residues.
Protein Preparation. The protein was prepared

using the Protein Preparation Protocol
implemented in Schödinger suite (Schrödinger
Suite 2018, Protein Preparation Wizard) and
accessible within the Maestro program (Maestro,
version 2018-4, Schrödinger, LLC, New York, NY,
2018). Specifically, at first hydrogen atoms were
added followed by an optimization of the
orientation of hydroxyl groups of Asn, Gln, and of
the protonation state of His in order to maximize
hydrogen bonding. The final step was that of
minimization of the protein, using the OLS3 force
field.52

Ligand preparation Ligand preparation for
docking was performed with LigPrep application
(LigPrep, version 2018-4, Schrödinger, LLC, New
York, NY, 2018), which consists of a series of
steps that perform conversions, apply corrections
to the structure, generate ionization states and
tautomers, and optimize the geometries. The force
field chosen was OPLS3.52

Induced Fit Docking Schrödinger Suite protocol
was used (Schrödinger Suite 2018-4 Induced Fit
Docking protocol; Glide, Schrödinger, LLC, New
York, NY, 2016; Prime, Schrödinger, LLC, New
York, NY, 2018), taking into account the side
chain or backbone movements, or both, upon
ligand binding, thus circumventing an inflexible
binding site. In the first softened-potential docking
step, of the protocol, 20 poses per ligand were
retained. In the second step, for each docking
pose, a full cycle of protein refinement was
performed, with Prime 2018-4 (Prime, version 3.0,
Schrödinger, LLC, New York, NY, 2018) on all
residues within 5 !A of any out of the 20 ligand
poses. The Prime refinement starts by performing
conformational search and by minimizing the side
chains of the selected residues. After
convergence to a low-energy result, an additional
minimization of all selected residues (side chain
and backbone) is performed with the Truncated-
Newton algorithm using the OPLS3 parameter
set52 and a surface Generalized Born implicit sol-
vent model. The ranking of the obtained complexes
is implemented according to Prime calculated
energy (molecular mechanics and solvation), and
the complexes within 30 kcal/mol of the minimum
energy structure are used in the last step of the pro-
cess, redocking with Glide (Schrödinger, LLC, New
York, NY, 2016) using standard precision, and scor-
ing. Finally, the ligands used in the first docking step
are re-docked into each of the receptor structures
retained from the Prime refinement step. The final
ranking of the complexes is performed by a com-

posite score which takes into account the recep-
tor–ligand interaction energy (GlideScore) and
receptor strain and solvation energies (Prime
energy).
Molecular Dynamics (MD). For the construction of

the protein–ligand complex CHARMM-GUI platform
was used. Each model was inserted into a
heterogeneous fully hydrated bilayer
120 !A $ 120 !A $ 120 !A, consisting of DPPC lipids
and ergosterol. The membrane embedded system
was solvated with TIP3P water molecules,
neutralizing with counter ions, and adding 150 mM
Na+ and Cl#. CHARMM36m53 force field was used
for protein and lipids, while the ligand was prepared
using Antechamber54 and the general Amber force
field.55 The protein orientation into the membrane
was calculated using the PPM server.56 The
assembled simulation system consisted of
~130,000 atoms. The systems were simulated
using GROMACS software.57 The models were
minimized and equilibrated to obtain stable struc-
tures. Minimization was carried out for 2,000 steps
with a step size of 0.001 kJ/mol applying a steepest
descent followed by a conjugate gradient algorithm,
and the system was equilibrated for 20 ns by grad-
ually heating and releasing the restraints to expe-
dite stabilization. Finally, the system was further
simulated free of restraints at a constant tempera-
ture of 300 K for 100 ns, using Nose-Hoover ther-
mostat58 and Parrinello-Rahman semi-isotropic
pressure coupling59 and compressibility at 4.5e-5
bar-1. The van der Waals and electrostatic interac-
tions were smoothly switched off at 1.2 nm by
switching function, while long-range electrostatic
interactions were calculated using the particle mesh
Ewald method.60
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Abstract

The relation of sequence with specificity in membrane transporters is challenging to explore. Most rele-
vant studies until now rely on comparisons of present-day homologs. In this work, we study a set of closely
related transporters by employing an evolutionary, ancestral-reconstruction approach and reveal unex-
pected new specificity determinants. We analyze a monophyletic group represented by the xanthine-
specific XanQ of Escherichia coli in the Nucleobase-Ascorbate Transporter/Nucleobase-Cation
Symporter-2 (NAT/NCS2) family. We reconstructed AncXanQ, the putative common ancestor of this
clade, expressed it in E. coli K-12, and found that, in contrast to XanQ, it encodes a high-affinity permease
for both xanthine and guanine, which also recognizes adenine, hypoxanthine, and a range of analogs.
AncXanQ conserves all binding-site residues of XanQ and differs substantially in only five intramembrane
residues outside the binding site. We subjected both homologs to rationally designed mutagenesis and
present evidence that these five residues are linked with the specificity change. In particular, we reveal
Ser377 of XanQ (Gly in AncXanQ) as a major determinant. Replacement of this Ser with Gly enlarges
the specificity of XanQ towards an AncXanQ-phenotype. The ortholog from Neisseria meningitidis retain-
ing Gly at this position is also a xanthine/guanine transporter with extended substrate profile like
AncXanQ. Molecular Dynamics shows that the S377G replacement tilts transmembrane helix 12 resulting
in rearrangement of Phe376 relative to Phe94 in the XanQ binding pocket. This effect may rationalize the
enlarged specificity. On the other hand, the specificity effect of S377G can be masked by G27S or other
mutations through epistatic interactions.
! 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction

Nucleobases are essential to cellular organisms,
as they provide both the coding building blocks of
DNA and/or RNA and core molecular moieties of

key metabolites, energy carriers, coenzymes and
signaling molecules. Transmembrane nucleobase/
nucleoside transporters are needed to import
nucleobases from exogenous sources when de
novo synthesis and recycling from nucleic acids
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are not sufficient. In addition, the imported
nucleobases can be used catabolically as N
sources and, less commonly,28,73 C sources by var-
ious microorganisms when other sources are
scarce or missing.
The most widespread nucleobase transporter

family in microorganisms is the NAT/NCS2
(Nucleobase-Ascorbate Transporter/Nucleobase-
Cation Symporter-2) family. This family is present
in all domains of life and in almost all major phyla
of organisms,21,10,39 but does not include any
nucleobase-transporting homolog in primates
where the group is represented by two L-
ascorbate-transporting homologs (SVCT1,
SVCT2), a functionally unknown member
(SLC23A3) and a nucleobase-transporter related
pseudogene (SNBT1/Slc23a4).63,9 In terms of func-
tional characterization, few homologs are known in
detail. An interesting specificity-related feature is
that most known bacterial homologs display distinct
and highly specific substrate profiles,21,51,7,8

whereas all known nucleobase-related eukaryotic
homologs are of broader specificity.25,41,42,47,48,68

The structural fold of the family is based on the
structurally solved uracil permease UraA from
Escherichia coli (in inward-open and occluded
conformations)46,67 and xanthine/uric acid perme-
ase UapA from Aspergillus nidulans (in inward-
open conformation),2 which also share structural
homology with related transporters of at least two
additional families (AE/SLC4, SulP/
SLC26)4,23,62,13 and appear to function as
homodimers.
The mechanism proposed for these transporters,

as well as several other transporters from diverse
other families,45,22,55 is the so-called elevator-type
mechanism, in which a core (or transport, or eleva-
tor) domain carrying the binding site slides along a
relatively immobile gate (or scaffold, or oligomeriza-
tion) domain with an elevator-like motion alterna-
tively exposing the binding site to either side of the
membrane. It has been proposed that, apart from
changes in the binding pocket per se, certain side
chain alterations at the interface between the gate
and the core domains may affect specificity by loos-
ening constraints for the access of non-canonical
substrates to the binding site17 and/or uncoupling
the elevator from high-affinity binding of
substrates.19

With regard to understanding the diversification in
substrate profiles and the molecular underpinnings
of the different NAT/NCS2 specificities, our
progress is rather limited to date and is based only
on the rigorous mutational analysis of two
xanthine and/or uric acid-transporting homologs,
the fungal UapA,18,40 and the bacterial XanQ,21,37

and comparative analysis of these homologs with
other related present-day transporters.
In this report, we explore the specificity profiles of

bacterial NAT/NCS2 transporters by using a
different, evolutionary strategy, based on ancestral

sequence reconstruction. Since the introduction of
this method,11,61,60 ancestral sequence reconstruc-
tion has been used for analyzing diverse groups of
proteins and yielded important conclusions on the
molecular basis of the emergence of different func-
tions and specificities in extant proteins. Such stud-
ies have shown that new functions often derive from
few sequence changes and rather simple mecha-
nisms which, however, remain cryptic in present-
day homologs due to confounding epistatic effects
from other mutations.27,31,65 Application of this
experimental strategy to membrane solute trans-
porters is limited to date,16,56 due in part to lack of
structural and functional knowledge on an adequate
number of homologs in most cases. The expansion
of available atomic-resolution structures of mem-
brane transport proteins through current advances
in crystallography and single-particle electron
cryo-microscopy,64,57,66 will certainly offer a basis
for more systematic application of such evolutionary
strategies to membrane transporters.
In our current work, we use ancestral protein

reconstruction to study the evolution of bacterial
xanthine permeases of the NAT/NCS2 family. Our
results provide evidence that the modern
xanthine-specific permeases have derived from
xanthine-guanine transporters of broader
specificity and the shift from polyspecific to
xanthine-specific transporters is linked with few
changes outside the binding-site region.

Results

Elucidation of the XanQ clade and
reconstruction of an ancestral XanQ
transporter

The xanthine permease XanQ of E. coli K-12 is
unique among the functionally known permeases
of NAT/NCS2 family as it is specific for xanthine
and not any other purine or pyrimidine
nucleobase. XanQ is classified phylogenetically in
a major cluster of subfamily NAT/COG2233,
namely the XanQ/UapA cluster (or Cluster
C1_Xanthine-Uric Acid).10 The XanQ/UapA cluster
contains several well characterized permeases
which can transport both xanthine and uric acid,
including the structurally known fungal UapA2 and
the rhizobial SmXUacT,8 as well as permeases
specific for uric acid like the E. coli UacT,50 and
the rhizobial SmUacT1 and SmUacT2.8 Although
highly similar in sequence and in all key binding-
site residues, the xanthine-specific XanQ differs
from all the above permeases in few characteristic
amino acid residues that are functionally relevant
(see below).
We performed a detailed phylogenetic analysis of

all homologs of Proteobacteria that belong to the
XanQ/UapA cluster and specified that it comprises
seven major monophyletic subgroups
(Supplement, Figure S1), one of which contains
XanQ and was given the name XanQ clade. All
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homologs in the XanQ clade (Figure 1(A)) are
closely related to each other (>65% pairwise
sequence identity) and share a combination
signature of four important XanQ residues not
found in any other NAT/NCS2 (Figure 1(B)).
These are: Asn93 (numbering according to
XanQ), which participates to a H-bond network
peripheral to the binding site and has been linked
with the specificity preference for xanthine over
uric acid36,21; Ala323, which is in the substrate bind-
ing site and may also confer to specificity24,50; Ser/
Gly377, next to a conserved Phe/Tyr that con-
tributes to substrate coordination at the periphery

of the binding site37; and Asn430, which is distant
from the binding site but may influence specificity
indirectly.52,38 Of these residues, Asn93 and
Asn430 are invariably present in the XanQ clade
but absent in any other NAT/NCS2 homolog,
Ala323 is invariable in the XanQ clade and inconsis-
tently present in other NAT/NCS2s (having Ala, Gly
or Ser at this position), and Ser377 is uniquely pre-
sent in a subset of the XanQ clade whereas all other
bacterial NAT/NCS2s have a Gly at this position
(Figure 1(C)).
Our previous mutagenesis studies of XanQ21,37

and other homologs in the XanQ/UapA cluster,50,8

Figure 1. Phylogenetic and sequence analysis of AncXanQ. (A) Phylogenetic analysis of the 20 XanQ orthologs
representing one genome per xanQ-containing species derived from the analysis of fully sequenced genomes
retrieved from the IGM/M database at JGI. The evolutionary history was inferred by using the Maximum Likelihood
method based on the Jones-Taylor-Thornton matrix-based model as implemented in MEGA7. The tree with the
highest log likelihood is shown. The percentage of trees in which the associated taxa clustered together is shown (as
decimal) next to each branch. Orthologs are denoted by the name of the corresponding species; their GenBank
accession numbers are given in Supplement, Figure S4. For further details, see text and Supplementary Figure S1.
(B) Characteristic amino acid residues found in all (top), all gamma-proteobacterial (middle) or all beta-proteobacterial
XanQ orthologs (bottom) and their flanking sequence context. The residues shown in red and underlined (and
numbered according to XanQ) are either important for function in XanQ and not conserved in other NAT/NCS2 groups
(XanQ-clade signature) or distinguish between the gamma- and beta-proteobacterial orthologs and linked with
specificity, as shown in the current study. (C) Amino acid occupation of the positions highlighted in B in the functionally
known proteobacterial homologs of the XanQ/UapA cluster. (D) Structural homology model of AncXanQ based on the
inferred amino acid ancestral sequence showing separately the region of the core domain (residues 22–135 and 259–
352) and the gate domain (residues 151–229 and 368–445). Positions of amino acids predicted with a posterior
probability of <90% (but >50%) or <50% are named and shown in orange or red, respectively. The AncXanQ
sequence (shown in Supplement, Figure S2) was inferred using Maximum Likelihood statistics in MEGA7.
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which involved over 1000 site-directed mutants at
more than 80% of the permease residues, did not
reveal any XanQ mutant which deviates substan-
tially from the xanthine-specific profile of XanQ. To
address the evolutionary basis of this resilient sub-
strate profile of XanQ, we set to explore the putative
ancestral protein sequence of the XanQ clade and
its substrate specificity properties.
We inferred the putative protein sequence of the

ancestral node of the XanQ clade using Maximum
Likelihood statistics in MEGA7. The ancestral
sequence was reconstructed with high confidence
(Supplement, Figure S2). The posterior
probabilities (PP) for most residues (>80% for
residues predicted to be in transmembrane
segments, and 100% for binding-site residues)
were >90% whereas the few less-certain amino
acid residues fall mostly at tips of transmembrane
helices or at hydrophilic loops of the homology-
modeled protein (Figure 1(D)). The reconstructed
ancestral protein, which was termed AncXanQ,
differs from XanQ at 24% of residues of the
overall sequence and conserves all key residues
predicted to be at the binding site region
(Supplement, Figure S3). A DNA sequence that
codes for this ancestral protein was designed,
codon-optimized for expression in E. coli
(Supplement, Table S1) and produced by gene
synthesis.

The functional profile of AncXanQ

The synthesized coding sequence of AncXanQ
was tagged with a biotin-acceptor domain at C
terminus and transferred to pT7-5 for expression
in E. coli K-12. Western blot analysis of the
protein product of the synthetic gene in the host
cytoplasmic membrane shows that AncXanQ is
stably present in the membrane at levels
comparable to the ones of XanQ control
(Supplement, Figure S5). Transport assay
analysis shows that AncXanQ displays lower
xanthine uptake activity but broader substrate
profile than XanQ (Figure 2(A) and (B)). Of all
putative purine and pyrimidine substrates tested
(adenine, guanine, hypoxanthine, xanthine, uric
acid, uracil thymine, cytosine), AncXanQ
transports guanine and xanthine, in contrast to
XanQ which transports only xanthine. Similar to
the case of XanQ,34 the transport activities of
AncXanQ are inhibited by carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), implying that they
are proton-gradient dependent (Supplement, Fig-
ure S6). AncXanQ transports xanthine with compa-
rable affinity (KM) but 5-fold lower efficiency (Vmax/
KM) relative to XanQ (Table 1). With respect to the
guanine-transport activity, AncXanQ transports
guanine with high affinity (KM 0.2 lM), which is
higher than the one of GhxP, the major guanine-
hypoxanthine transporter ofE. coli K-12,51 but lower
capacity (Vmax), resulting in comparable efficiency

(Vmax/KM) relative to the modern guanine trans-
porter (Table 1).
The xanthine transport activity of AncXanQ is

inhibited with high affinity by a range of analogs,
including 7-methylxanthine, 8-methylxanthine, as
well as guanine, which are not ligands for XanQ
(Figure 2(C); Table 2). The guanine transport
activity of AncXanQ is inhibited with high affinity
by numerous purine nucleobases and analogs,
including hypoxanthine (HX), 6-mercaptopurine (6-
MP), 6-thioguanine (6-SG), 1-methylguanine (1-
MG), and 8-azaguanine (8-azaG), which are high-
affinity ligands for GhxP,51 but also adenine (A),
2,6-diaminopurine (2,6-DAP), 7-methylguanine (7-
MG), and xanthine which are not ligands for GhxP
(Figure 2(C), Table 2). Overall, AncXanQ recog-
nizes as ligands not only guanine and xanthine,
but also adenine and hypoxanthine, and all of their
analogs tested, except allopurinol and uric acid.
This profile is different than any modern NAT/
NCS2 profile recorded thus far for either a bacterial
or a eukaryotic transporter (see Discussion).

Structural model of AncXanQ

In order to address the mode of interaction of
xanthine, guanine and their analogs in the
AncXanQ binding pocket, we constructed a
homology structural model of AncXanQ. This
model was constructed on the template of the
XanQ model which had been reported in an
inward-open conformation8 based on the UapA
(PDB 5I6C) crystal structure.2 AncXanQ model
comprises 14 transmembrane segments (TMs), of
which TMs 1–4 and 8–11 form the core domain
and TMs 5–7 and 12–14 the gate domain (Figure 3
(A)). All transmembrane helices and interconnect-
ing loops display the same length as in XanQ, as
a consequence of the high (76%) identity shared
between the two transporter sequences.
The initial AncXanQ model was subjected to

50 ns molecular dynamics simulation in the apo
form embedded in DPPC lipid bilayer solvated
with explicit water. The Ca-carbons RMSD
calculated did not exceed 1 !A suggesting that the
model structure is stable.

Binding mode of xanthine and guanine on
AncXanQ

Since AncXanQ transports both xanthine and
guanine, induced fit docking calculations (IFD)
was performed to characterize the binding mode
of these ligands in the binding pocket of the
transporter. Xanthine is accommodated in the
binding pocket of AncXanQ exhibiting a
remarkable similarity with the binding mode in
UapA2 and in XanQ8 (Figure 3(A)). Considering that
there are no related structural data for the interac-
tion of guanine in any other NAT/NCS2 transporter,
we decided to retain only the theoretically derived
poses exhibiting similar orientation in the binding

E. Tatsaki, E. Anagnostopoulou, I. Zantza, et al. Journal of Molecular Biology 433 (2021) 167329

4



cavity for guanine and all guanine derivatives iden-
tified experimentally as high-affinity ligands (1-MG,
6-MP, 6-SG, HX, 8-AzaG, 2,6-DAP, 7-MG, A)
(see Table 2). The selected binding poses showed
to be the most energetically favorable and are pre-
sented for guanine and 1-MG in Figure 4. The low-
est energy pose (Figure 4(A)) suggests that the
AncXanQ-guanine structure is stabilized by H-
bond formation of N1H and C2-NH2 with E272 car-
boxylate as well as N3 with Q324, N7 with F94
backbone carbonyl group and p-p and T stacking
interactions with F322 and F94, respectively. In a

similar lowest energy structure (Figure 4(C)), 1-
MG is stabilized in the binding cavity by H-bond for-
mation of C2-NH2 with E272, N7 with F94 backbone
and p-p and T stacking interactions with F322 and
F94, respectively. However, in the 1-MG complex,
the steric interaction between the methyl group
and the E272 carboxylate implies a slight shift com-
pared to guanine resulting in loss of the interaction
with Q324 (Figure 4(C)). In the second lowest
energy pose (Figure 4(B)), a H-bond is formed
between guanine N1H and E272, C6 = O and
A323 backbone, N7 and Q324, as well as p-p and

Figure 2. AncXanQ is a broad-specificity guanine/xanthine transporter. (A) E. coli JW4025 and T184 expressing
the indicated permeases through pT7-5/-BAD were assayed for uptake of [3H]-guanine (0.1 lM) and [3H]-xanthine
(1 lM), respectively, at 25 "C, as shown. Each data point represents the mean and standard deviation (SD) from
triplicate measurements. (B) E. coli JW4025 expressing AncXanQ (dark green) or GhxP (light green) were assayed
for initial rates of [3H]-guanine (0.1 lM) uptake and T184 expressing AncXanQ (dark red) or XanQ (light red) were
assayed for initial rates of [3H]-xanthine (1 lM) uptake, in the absence or presence of the indicated non-radiolabeled
nucleobases and analogs (1 mM). Transport rates are expressed as percentages of the rate obtained in the absence
of competitor. Each bar represents the means of five to six determinations with standard deviation (SD) shown. The
values obtained for the ancestral and the extant transporters were compared for each ligand using unpaired two-tailed
t-test (as implemented in GraphPad Prism 8.0) and statistically significant differences are indicated with one
(p < 0.05), two (p < 0.01) or three asterisks (p < 0.001) under each pair of histogram bars. Values obtained with cells
harboring pT7-5/-BAD alone have been subtracted from the sample measurements in all cases. (C) AncXanQ ligands
that are not recognized by GhxP (on the left) or XanQ (on the right). See Tables 1 and 2 for further details.
Abbreviations of the analogs are as in Table 2.
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Table 1 KM and Vmax values of AncXanQ, XanQ, NmXanQ and mutants.

Permease Xanthine uptake Guanine uptake

KM (lM) mg!1) Vmax (nmol min!1 mg!1) Vmax/KM (ml min!1 mg!1) KM (lM) mg!1) Vmax (nmol min!1) Vmax/KM (ml min!1)

XanQ 4.1 (±0.5) 7.5 (±1.1) 1.83 n.a. n.a.

AncXanQ 6.5 (±0.9) 2.4 (±0.1) 0.37 0.24 (±0.05) 0.25 (±0.02) 1.04

AvpXanQ 8.9 (±2.8) 20.9 (±2.4) 2.35 n.a. n.a.

NmXanQ 11.8 (±3.5) 2.5 (±0.2) 0.21 1.56 (±0.07) 0.17 (±0.01) 0.11

GhxP n.a. n.a. 1.10 (±0.12) 1.02 (±0.09) 0.93

XanQ 4.1 (±0.5) 7.5 (±1.1) 1.83 n.a. n.a.

XanQ-S377G 3.6 (±1.3) 11.8 (±1.2) 2.88 0.57 (±0.18) 0.16 (±0.02) 0.28

XanQ-G27S 12.6 (±2.2) 32.4 (±2.1) 2.57 n.a. n.a.

XanQ-L116A 6.4 (±0.7) 77.1 (±3.1) 12.04 n.a. n.a.

XanQ-G191S 5.6 (±0.6) 55.8 (±2.5) 9.96 n.a. n.a.

XanQ-S312T 2.7 (±0.6) 24.9 (±1.7) 9.22 n.a. n.a.

XanQ-2M (27) 4.1 (±0.5) 28.9 (±1.1) 7.05 n.a. n.a.

XanQ-2M (191) 4.3 (±0.5) 50.8 (±2.8) 12.09 0.68 (±0.05) 0.39 (±0.01) 0.57

XanQ-2M (312) 3.1 (±0.4) 35.1 (±1.2) 11.32 n.a. n.a.

XanQ-4M 7.6 (±0.4) 92.7 (±1.2) 12.20 n.a. n.a.

XanQ-5M 3.5 (±1.2) 45.6 (±4.7) 13.03 n.a. n.a.

AncXanQ 6.5 (±0.9) 2.4 (±0.1) 0.37 0.24 (±0.05) 0.25 (±0.02) 1.04

AncXanQ-G377S 3.4 (±0.7) 2.6 (±0.2) 0.75 0.50 (±0.08) 0.46 (±0.05) 0.92

AncXanQ-S27G 5.8 (±1.1) 4.2 (±0.2) 0.72 1.02 (±0.09) 0.18 (±0.01) 0.18

AncXanQ-2M 6.7 (±0.6) 3.5 (±0.1) 0.52 0.85 (±0.06) 0.42 (±0.01) 0.49

AncXanQ-4M 9.5 (±0.8) 4.9 (±0.2) 0.52 n.a. n.a.

AncXanQ-5M 4.4 (±1.5) 3.9 (±0.3) 0.87 n.a. n.a.

NmXanQ 11.8 (±3.5) 2.5 (±0.2) 0.21 1.56 (±0.07) 0.17 (±0.01) 0.11

NmXanQ-G377S 6.8 (±2.0) 4.2 (±0.7) 0.62 5.01 (±0.75) 0.35 (±0.02) 0.07

NmXanQ-A191S 13.8 (±2.9) 3.1 (±0.2) 0.22 0.76 (±0.13) 0.17 (±0.01) 0.22

E. coli T184 or JW4025 expressing the corresponding constructs were assayed for initial rates of [3H]xanthine or [3H]guanine uptake, respectively, at eight concentrations in the range of 0.01
lΜ to 0.04 mM, at 25 "C. Transport rates were measured at 5–15 sec. Kinetic parameters were determined from non-linear regression fitting to the Michaelis-Menten equation. The values
are the means of three determinations with standard deviations (SD) shown in parentheses. n.a. not applied (due to negligible transport rates at any concentration tested). Abbreviations for
multiple-site mutants: XanQ-2M (27), XanQ-G27S/S377G; XanQ-2M (191), XanQ-G191S/S377G; XanQ-2M (312), XanQ-S312T/S377G; XanQ-4M, XanQ-G27S/L116A/G191S/S312T;
XanQ-5M, XanQ-G27S/L116A/G191S/S312T/S377G; AncXanQ-2M, AncXanQ-S27G/G377S; AncXanQ-4M, AncXanQ-S27G/A116L/S191G/T312S; AncXanQ-5M, AncXanQ-S27G/
A116L/S191G/T312S/G377S.
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T stacking interactions with F322 and F94, respec-
tively. In the similar orientation, 1-MG is shifted
compared to guanine (Figure 4(D)) forming H-
bonds between N3 and F94 backbone, C6 = O
and Q324 and p-p stacking interactions with both
F322 and F94. The lowest-energy AncXanQ-
ligand complexes with the other guanine analogs
are shown in Supplementary Figure S7. Hypoxan-
thine, 6-SG, 7-MG, and adenine adopt the same
two lowest-energy orientations and similar interac-

tions in the binding pocket as guanine and 1-MG,
whereas 2,6-DAP and 6-MP favor a binding orienta-
tion and binding interactions similar to xanthine.

Combination of 5 mutations outside the
binding site restricts specificity of AncXanQ to
recognition of xanthine

Other than conserved hydrophobic-residue
variations, AncXanQ differs from XanQ at only five

Table 2 Specificity profiles of AncXanQ, XanQ, NmXanQ and mutants

Ki (lΜ) for inhibition of xanthine/guanine uptake by other nucleobases or analogs

Permease

Xanthine uptake

G 2-SX 3-MX 6-SX 7-MX 8-MX OxyP

XanQ n.a. 91.1 (±10.1) 71.9 (±9.2) 40.6 (±8.3) n.a. n.a. 29.1 (±3.8)

AncXanQ 51.6 (±10.8) 111.5 (±14.6) 49.6 (±13.3) 31.1 (±14.3) 213.5 (±27.2) 7.3 (±0.5) 7.7 (±2.2)

AvpXanQ n.a. 10.7 (±2.2) 40.4 (±11.0) 7.7 (±1.8) n.a. n.a. 73.1 (±20.4)

NmXanQ 29.0 (±6.0) 38.4 (±5.8) 62.8 (±11.8) 41.3 (±8.5) n.a. n.a. 2.7 (±0.8)

XanQ n.a. 91.1 (±10.1) 71.9 (±9.2) 40.6 (±8.3) n.a. n.a. 29.1 (±3.8)

XanQ-S377G 42.3 (±11.9) 71.5 (±17.4) n.a. 3.0 (±0.8) n.a. n.a. 3.0 (±0.2)

XanQ-G27S n.a. 30.5 (±3.0) 35.1 (±19.4) 12.1 (±3.8) n.a. n.a. 17.1 (±2.5)

XanQ-L116A n.a. 16.5 (±2.7) 34.1 (±8.4) 33.2 (±6.1) n.a. n.a. 17.8 (±5.3)

XanQ-G191S n.a. 32.8 (±6.9) 22.6 (±6.1) 13.6 (±5.0) n.a. n.a. 15.0 (±3.9)

XanQ-S312T n.a. 21.2 (±7.3) 23.7 (±8.1) 24.9 (±3.8) 74.5 (±15.0) 66.0 (±17.5) 23.2 (±4.5)

XanQ-2M (27) n.a. 21.1 (±5.6) 56.1 (±10.6) 16.1 (±2.0) n.a. n.a. 15.6 (±4.1)

XanQ-2M (191) 34.2 (±9.4) 22.8 (±5.8) 30.5 (±5.0) 18.2 (±2.5) n.a. n.a. 19.5 (±2.5)

XanQ-2M (312) n.a. 16.4 (±3.6) 21.0 (±6.8) 14.7 (±6.5) n.a. n.a. 6.2 (±2.3)

XanQ-4M n.a. 82.7 (±14.1) 32.3 (±7.9) n.a. n.a. n.a. 49.5 (±12.0)

XanQ-5M n.a. 48.6 (±7.3) 32.1 (±8.0) 35.6 (±6.7) n.a. n.a. 25.1 (±5.6)

AncXanQ 51.6 (±10.8) 111.5 (±14.6) 49.6 (±13.3) 31.1 (±14.3) 213.5 (±27.2) 7.3 (±0.5) 7.7 (±2.2)

AncXanQ-G377S 33.8 (±5.6) 38.1 (±3.0) 46.9 (±1.8) 12.2 (±1.8) n.a. n.a. 4.2 (±0.7)

AncXanQ-S27G 27.0 (±6.2) 23.2 (±14.6) 33.0 (±6.1) 50.3 (±17.7) n.a. n.a. 24.5 (±8.5)

AncXanQ-2M 16.6 (±3.1) 22.9 (±2.5) 47.8 (±8.6) 26.4 (±4.9) n.a. n.a. 6.4 (±2.8)

AncXanQ-4M n.a. 49.6 (±11.1) 41.2 (±11.8) 2.7 (±0.4) n.a. n.a. 3.1 (±0.2)

AncXanQ-5M n.a. 67.4 (±15.9) 61.3 (±16.9) 46.4 (±12.6) 38.6 (±9.8) n.a. 27.9 (±3.7)

NmXanQ 29.0 (±6.0) 38.4 (±5.8) 62.8 (±11.8) 41.3 (±8.5) n.a. n.a. 2.7 (±0.8)

NmXanQ-G377S 27.6 (±7.0) 62.2 (±12.7) 40.2 (±7.7) 35.6 (±8.7) n.a. n.a. 26.0 (±6.1)

NmXanQ-A191S 24.8 (±6.9) 35.3 (±4.5) 61.1 (±7.6) 39.5 (±6.5) n.a. n.a. 9.8 (±3.1)

Guanine uptake

X HX 6-SG 6-MP 1-MG 7-MG 8-AzaG

AncXanQ 54.9 (±4.0) 5.2 (±0.2) 2.4 (±0.3) 1.9 (±0.2) 2.2 (±0.5) 154.5 (±48.5) 40.2 (±10.1)

NmXanQ 50.6 (±8.5) 21.1 (±5.2) 6.4 (±2.5) 5.6 (±1.0) 22.1 (±5.1) n.a. n.a.

GhxP n.a. 5.7 (±1.1) 3.1 (±0.3) 8.4 (±1.5) 55.1 (±7.4) n.a. 50.5 (±6.9)

XanQ-S377G 22.3 (±5.1) 18.7 (±5.3) 4.5 (±2.1) 15.0 (±2.7) 6.6 (±0.3) 3.6 (±1.5) n.a.

XanQ-2M (191) 32.0 (±5.0) 15.2 (±1.9) 4.1 (±1.5) 9.4 (±2.6) 5.7 (±0.9) 9.9 (±1.6) n.a.

AncXanQ 54.9 (±4.0) 5.2 (±0.2) 2.4 (±0.3) 1.9 (±0.2) 2.2 (±0.5) 154.5 (±48.5) 40.2 (±10.1)

AncXanQ-G377S 35.0 (±7.4) 18.2 (±2.4) 7.1 (±3.9) 8.0 (±1.9) 25.1 (±6.8) 5.1 (±1.5) n.a.

AncXanQ-S27G 36.0 (±9.2) 7.5 (±4.3) 22.6 (±7.0) 13.9 (±3.0) 17.4 (±3.4) 30.1 (±10.0) n.a.

AncXanQ-2M 28.7 (±7.3) 12.8 (±2.2) 8.6 (±1.6) 9.9 (±2.2) 14.2 (±2.9) 32.4 (±10.4) n.a.

NmXanQ 50.6 (±8.5) 21.1 (±5.2) 6.4 (±2.5) 5.6 (±1.0) 22.1 (±5.1) n.a. n.a.

NmXanQ-G377S 30.6 (±4.8) 22.8 (±3.4) 28.4 (±1.3) 6.1 (±8.6) 14.6 (±2.7) n.a. n.a.

NmXanQ-A191S 44.8 (±7.0) 15.2 (±4.6) 6.1 (±1.3) 5.9 (±0.8) 19.8 (±4.6) n.a. n.a.

E. coli T184 or JW4025 expressing the corresponding constructs were assayed for initial rates of [3H]xanthine (1 lM) or [3H]guanine
uptake (0.1 lΜ), respectively, at 25 "C. Transport rates were measured at 5–15 sec, in the absence or presence of the indicated
unlabeled competitors. Competitors were applied at eight concentrations in the range of 0.01 lΜ to 1 mM. The data were analyzed
with Prism7 to deduce IC50 and thereof Ki values. The values are the means of three determinations with standard deviations (SD)
shown in parentheses. n.a. not applied (<40% inhibition of transport activity in any ligand concentration tested). Abbreviations of
nucleobases and analogs: G, guanine; 2-SX, 2-thioxanthine; 3-MX, 3-methylxanthine; 6-SX, 6-thioxanthine; 7-MX. 7-methylxan-
thine; 8-MX, 8-methylxanthine; OxyP, oxypurinol; X, xanthine; HX, hypoxanthine; 6-SG, 6-thioguanine; 6-MP, 6-mercaptopurine; 1-
MG, 1-methylguanine; 7-MG, 7-methylguanine; 8-azaG, 8-azaguanine. Although not shown, adenine and 2,6-diaminopurine inhibit
the guanine uptake activity of AncXanQ with deduced Ki values of 134.9 (±42.2) lΜ and 72.3 (±22.4) lΜ, respectively, but not of any
other permease or mutant presented in the table (see also Figure 2). Abbreviations for multiple-site mutants are as in Table 1.
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amino acid positions predicted to be in
transmembrane segments (Figure 3(A) and
Supplementary Figure S3). The deviating amino
acids of AncXanQ are: Ser27 (Gly in XanQ);
Ala116 (Leu in XanQ); Ser191 (Gly in XanQ);
Thr312 (Ser in XanQ); and Gly377 (Ser in XanQ).
All these sites are outside the binding cavity
(Figure 3(A)). We generated a mutant including all
relevant changes (S27G/A116L/S191G/T312S/G3
77S) (which we named AncXanQ-5M) and found
that this variant is expressed in the E. coli host
membrane normally (Supplement, Figure S5),
transports xanthine with similar kinetic properties
as wild-type AncXanQ, but cannot transport
guanine (Figure 3(B); Table 1). The ligand
inhibition profile of this mutant shows also that it
does not recognize 8-methylxanthine, although it
can still recognize 7-methylxanthine with high
affinity (Figure 3(C); Table 2). Thus, AncXanQ-5M

is a xanthine-specific transporter emulating the
profile of XanQ.

A modern permease of the XanQ clade
recapitulates the profile of AncXanQ

If we consider all modern homologs in the XanQ
clade, the combination of the aforementioned five
characteristic residues of AncXanQ is retained
only in a small set of orthologs which have Ser,
Ala/Thr, Ser/Ala, Thr, and Gly at the relevant
positions (Supplement, Figure S4). These
orthologs come from beta-proteobacteria, primarily
of the genus Neisseria, and constitute a separate
subclade in the XanQ clade (Figure 1(A)). All
other (gamma-proteobacterial) homologs in the
XanQ clade share a combination of Gly, Leu/Ala/
Gln, Gly, Ser/Cys/Ala, and Ser at the relevant
positions, reminiscent of the Gly27/Leu116/Gl

Figure 3. AncXanQ-5M approximates the profile of the xanthine-specific XanQ. (Α) AncXanQ dimer derived from
homology modeling. The core domain is shown in red and the gate domain in green. The positions of residues S27,
A116, T312, S191 and G377 are presented as blue spheres, while the computational predicted mode of xanthine in
the binding site is highlighted. (B) Xanthine and guanine transport rates for AncXanQ and the quintuple mutant
AncXanQ-5M (S27G/A116L/T312S/S191G/G377S) relative to the xanthine transporter XanQ and the guanine
transporter GhxP. Initial rates of [3H]-xanthine (1 lM) or [3H]-guanine (0.1 lM) uptake were measured with E. coli
T184 or JW4025, respectively, expressing the indicated permeases. The results are expressed as percentages of the
value obtained for XanQ (xanthine uptake, red bars) or GhxP (guanine uptake, green bars). Values obtained with pT7-
5/-BAD alone were subtracted from the sample measurements in all cases. Each bar represents the means of three
determinations with standard deviation (SD) shown. (C) Comparison of the ligand inhibition profile of AncXanQ-5M
with the profiles of AncXanQ and XanQ, highlighting differences in certain analogs. E. coli T184 expressing AncXanQ
(dark red), AncXanQ-5M (black) or XanQ (light red) were assayed for initial rates of [3H]-xanthine (1 lM) uptake, in the
absence or presence of non-radiolabeled analogs (1 mM). All other experimental and presentation details are as in
Figure 2(B). The abbreviations are as in Table 2.
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y191/Ser312/Ser377 signature of XanQ. Based on
these observations, we selected to study
experimentally two XanQ-homologs, the one from
Aeromonas veronii (AvXanQ) and the other from
Neisseria meningitidis (NmXanQ), which conserve
the five-residue signature of XanQ and AncXanQ,
respectively. To be precise, NmXanQ contains a
combination of Ser27/Ala116/Ala191/Thr312/Gl
y377 which differs in one residue (Ala191) from
AncXanQ (Ser191). In that case, we engineered
also the NmXanQ mutant A191S (see below).
The corresponding genes were mobilized from

genomic DNA of A. veronii pamvotica (AvpxanQ)
and N. meningitidis isolate W-5295 (NmxanQ) and
expressed through pT7-5 in E. coli K-12 yielding
high protein levels in the host membrane (Figure 5
(A)). AvpXanQ can transport xanthine with affinity
and efficiency comparable to the ones of XanQ
(Figure 5(B); Table 1) and does not transport any
other nucleobase. In contrast, NmXanQ transports

both xanthine and guanine; it transports xanthine
with similar affinity and efficiency as AncXanQ (8-
fold lower efficiency relative to XanQ) and guanine
with 10-fold lower affinity and efficiency than
AncXanQ (similar affinity but 10-fold lower
efficiency relative to the E. coli transporter for
guanine, GhxP) (Figure 5(B); Table 1). The
guanine and xanthine transport activities of
NmXanQ are inhibited by CCCP, implying that
they are proton-gradient dependent (Supplement,
Figure S6). Exactly the same functional properties
are displayed by NmXanQ mutant A191S,
implying that the Ala/Ser191 site is not important
for specificity (Tables 1 and 2).
The xanthine uptake activity of NmXanQ is

inhibited with high affinity by guanine (Ki 29.0 lM)
and by xanthine analogs that are ligands of XanQ
but not by 7-methylxanthine, 8-methylxanthine or
uric acid. The guanine uptake activity of NmXanQ
is inhibited with high affinity by xanthine,

Figure 4. Molecular Docking Simulations of the AncXanQ-guanine interactions. Common lowest-energy binding
modes of guanine and 1-MG are presented. In the first binding mode, guanine (A) and 1-MG (C) are oriented so that
their C2-NH2 forms a H bond (dashed line) with E272 and their N7 a H bond with the F94 backbone. In the second
binding mode, guanine (B) and 1-MG (D) are oriented so that their C6 = O forms a H bond with the A323 backbone
(guanine) or Q324 (1-MG) while N7 in guanine forms a H bond with Q324 and N3 in 1-MG forms a H bond with the
F94 backbone. For further details, see text.
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hypoxanthine, 6-thioguanine, 6-mercaptopurine,
and 1-methylguanine, but not by adenine, 2,6-
diaminopurine, 7-methylguanine or 8-azaguanine
(Figure 5(C); Table 2). These data show that the
ligand profile of NmXanQ is broad but less
promiscuous than the one of AncXanQ. In
contrast, AvpXanQ is a strict xanthine-specific
transporter with a ligand profile very similar to
XanQ (Table 2).

The role of Ser/Gly377 in relevance to the
xanthine specificity of XanQ

Based on the evidence that both AncXanQ and
NmXanQ are broad-specificity xanthine/guanine
permeases whereas XanQ, AvpXanQ and the
mutant AncXanQ-5M are xanthine-specific, it
appears that the five-residue combination Ser27/
Ala116/Ser(or Ala)191/Thr312/Gly377 in the XanQ
clade signifies a permease homolog with broad
specificity for purines whereas the combination
Gly27/Leu116/Gly191/Ser312/Ser377 signifies a
xanthine-specific homolog. Of the five variations,
the reconstructed ancestral sequence of the clade
retains > 90% posterior probability (PP) for Gly377
but lower PP for Ser27 and Thr312 (50%-90%) or
Ala116 and Ser191 (<50%) (Supplement,
Figure S2). Ser/Gly377 is one of the four
characteristic residues of the XanQ clade
(Figure 1(B)) and is next to a conserved Phe/Tyr
(Phe376 in XanQ) which is expected to contribute
to substrate coordination at the inward-facing
permease conformation based on the structural
evidence from UraA,46,67 and UapA.2 To explore
the role of Ser/Gly377 inmore detail, we engineered
and studied a series of mutants in the AncXanQ,
NmXanQ, and XanQ backgrounds.

At first, we asked whether introduction of Gly in
lieu of Ser377 in a xanthine-specific permease
background is sufficient to broaden the specificity.
Indeed, mutant XanQ-S377G was found to yield a
guanine/xanthine-transporting variant which
transports xanthine with similar kinetic properties
as wild-type XanQ but, in addition, displays a
high-affinity, albeit low-efficiency, transport for
guanine (Figure 6(A); Table 1). XanQ-S377G
displays a ligand profile reminiscent of NmXanQ,
as its xanthine uptake activity is inhibited by
guanine (Ki 42.3 lM) (Figure 6(B)) but not by 7-
methylxanthine, 8-methylaxanthine and uric acid,
and its guanine uptake activity is inhibited by
xanthine, hypoxanthine, 6-thioguanine, 6-
mercaptopurine, 1-methylguanine, and 7-
methylguanine, but not by adenine, 2,6-
diaminopurine, or 8-azaguanine (Figure 6(D);
Table 2). However, XanQ-S377G differs from
NmXanQ (and AncXanQ), but also from wild-type
XanQ, by its inability to recognize 3-
methylxanthine. On the other hand, replacement
of Ser377 with Gly in the xanthine-specific mutant
AncXanQ-5M does not restore the broad
specificity profile of AncXanQ; the resulting mutant
(AncXanQ-4M) transports xanthine with similar
kinetic properties as AncXanQ (Table 1) but does
not transport guanine and its xanthine uptake
inhibition profile is very similar to that of XanQ
(Table 2).
Apart from S377G, no other single-replacement

mutant at a position differing from AncXanQ can
broaden the xanthine-specific profile. The
engineered XanQ mutants G27S, L116A, G191S
and S312T were found to transport xanthine with
similar affinity and increased efficiency relative to
wild type but do not transport guanine or any other

Figure 5. NmXanQ is a guanine/xanthine transporter mimicking AncXanQ. (A) Xanthine and guanine transport
rates for NmXanQ and AvpXanQ in comparison to XanQ and AncXanQ. The initial rates of [3H]-xanthine (1 lM) or
[3H]-guanine (0.1 lM) uptake were measured with E. coli T184 or JW4025, respectively, expressing the permeases
through pT7-5/-BAD. The results are expressed as percentages of the value obtained for XanQ (xanthine uptake) (red
bars) or GhxP (guanine uptake; not shown in the figure) (green bars). All other experimental and presentation details
are as in Figure 3(B). (B) Comparison of the ligand inhibition profiles of NmXanQ and AncXanQ, highlighting part of
the analogs assayed. E. coli JW4025 expressing NmXanQ (gray) or AncXanQ (green) were assayed for initial rates of
[3H]-guanine (0.1 lM) uptake, in the absence or presence of non-radiolabeled analogs (1 mM). All other experimental
and presentation details are as in Figure 2(B). Abbreviations of analogs are as in Table 2.
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nucleobase (Table 1); their xanthine transport
activity is inhibited only by xanthine analogs that
are high-affinity ligands of wild-type XanQ, except
for S312T which is also inhibited by 7-
methylxanthine and 8-methylxanthine (Table 2). In
addition, the engineered quadruple mutant G27S/
L116A/G191S/S312T was found to be specific for
xanthine transport and display a ligand profile
similar to wild-type XanQ (Figure 6(A); Tables 1
and 2). When G27S or G27S/L116A/G191S/
S312T is combined with S377G, the resulting
mutants are also xanthine-specific (Figure 6(A)
and (C); Table 1), showing a substrate/ligand-
profile indistinguishable from wild-type XanQ
(Table 2). We also tested if the combination of
S377G with G191S or S312T alone affects the
specificity and found that G191S/S377G is
indistinguishable from S377G in having a similarly
broadened guanine/xanthine profile whereas
S312T/S377G is xanthine-specific like wild-type
XanQ (Figure 6(C); Tables 1 and 2). Thus, it
appears that the effect of S377G in broadening
the specificity of XanQ is suppressed by epistatic
interactions with G27S and/or S312T.

We then tested whether introduction of Ser in lieu
of Gly377 in a xanthine/guanine permease
background is sufficient to establish specificity for
xanthine. We engineered the G377S replacement
in AncXanQ and NmXanQ and found that both
AncXanQ-G377S and NmXanQ-G377S yield
broad-specificity guanine/xanthine permeases
mimicking the wild-type controls. NmXanQ-G377S
is essentially indistinguishable from wild-type
NmXanQ in either the kinetic properties for
xanthine and guanine transport (Figure 7(A);
Table 1) or the ligand-recognition profile (Figure 7
(B); Table 2). AncXanQ-G377S is also
comparable with wild type in xanthine and guanine
transport kinetics but recognizes fewer xanthine
and guanine analogs than wild type in ligand
inhibition analysis; it recognizes guanine and most
of the guanine-related ligands of AncXanQ but
does not recognize 7-methylxanthine, 8-
methylxanthine, adenine, 2,6-aminopurine and 8-
azaguanine which are high-affinity ligands for wild-
type AncXanQ (Figure 7(B) and (D); Table 2),
yielding a profile that is more similar to those of
NmXanQ and NmXanQ-G377S.

Figure 6. The S377G replacement changes XanQ to a guanine/xanthine transporter. (A) and (C). Xanthine and
guanine transport rates for XanQ and the indicated mutants. All experimental and presentation details are as in
Figure 5(A). (B) E. coli T184 expressing XanQ (wild-type) or XanQ-S377G were analyzed for initial rates of [3H]-
xanthine (1 lM) in the presence of guanine, as indicated, and compared with control cells assayed in the absence of
guanine. Each data point represents the mean and standard deviation (SD) of triplicate measurements (after
subtraction of values obtained with pT7-5/-BAD alone, in all cases). Data were analyzed with Prism7 to obtain IC50

and thereof Ki values. The guanine Ki value deduced from the above experiment (mean ± standard error) for XanQ-
S377G is 35.4 ± 10.1 lΜ. (D) Comparison of the ligand inhibition profiles of XanQ-S377G (black) and NmXanQ
(gray), highlighting part of the analogs assayed. Experimental and presentation details are as in Figure 5(B).
Abbreviations of analogs and mutants are as in Table 2.
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Prompted by the data that AncXanQ-G377S
retains a broad-specificity guanine/xanthine profile
whereas AncXanQ-5M (S27G/A116L/S191G/T312
S/G377S, which includes G377S) and AncXanQ-
S27G/A116L/S191G/T312S are xanthine-specific,
we asked whether the xanthine-specificity shift is
related to S27G or an epistatic interaction of
G377S with S27G, as in the XanQ case.
However, we engineered AncXanQ-S27G and
AncXanQ-S27G/G377S and found that both
mutants yield broad-specificity guanine/xanthine
permeases with transport kinetics (Figure 7(C);
Table 1) and ligand profiles (Figure 7(D); Table 2)
similar to AncXanQ-G377S.

Structural alterations in the XanQ S377G
mutant

To better understand the specificity alterations of
XanQ observed due to the S377G mutation, 500 ns
MD simulations were performed on both the wild
type and the mutated 377G-XanQ. It appears that

in the mutated structure Gly377 serves in helix
tilting as the 365–377 part of TM12 helix in 377G-
XanQ appears to bend in a greater percentage
compared to wild type XanQ, as shown by
monitoring the angle formed between the Ca
atoms of residues 366, 377, and 384
(Supplement, Figure S8). The distribution of
angles during the MD simulations shows that
TM12 in 377G-XanQ bends more frequently
towards 160 degrees compared to wild type and
the 5th and 95th percentiles of TM12 tilting angle
values are 165 and 176 in the mutant compared
to 169 and 178 in wild type (Figure 8(B)). Another
observation of the MD simulations is related to the
interaction between F376 and F94. F94 lays in the
middle of the translocation pathway and interacts
directly with the ligand (Figure 8(A)) playing
probably a gating role and appears to interact
differently with F376 in the mutant compared to
the wild type (Figure 8(D)). Specifically, the F376
phenyl group is relatively rigid in both wild type
and mutant but the F94 phenyl fluctuates between

Figure 7. The G377S replacement does not restrict specificity of AncXanQ. (A) and (C). Xanthine and guanine
transport rates for AncXanQ, NmXanQ, and the indicated mutants. All experimental and presentation details are as in
Figure 5(A). (B) E. coli T184 expressing AncXanQ or AncXanQ-G377S were analyzed for initial rates of [3H]-xanthine
(1 lM) in the presence of guanine, as indicated, and compared with control cells assayed in the absence of guanine.
Each data point represents the mean and standard deviation (SD) of triplicate measurements (after subtraction of
values obtained with pT7-5/-BAD alone, in all cases). Data were analyzed with Prism7 to obtain IC50 and thereof Ki

values. The guanine Ki values deduced from the above experiment (mean ± standard error) are 48.4 ± 9.2 lΜ
(AncXanQ) and 34.8 ± 8.3 lΜ (AncXanQ-G377S). (D) Comparison of the ligand inhibition profiles of AncXanQ-
G377S (black), AncXanQ-2M (S27G/G377S) (gray) and NmXanQ-G377S (light gray), highlighting part of the analogs
assayed. Experimental and presentation details are as in Figure 5(B). Abbreviations of analogs and mutants are as in
Table 2.
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different conformations leading to different
interactions. In wild type XanQ, a well-preserved
T-stacking interaction is observed in the 80% of
the trajectory, while the second most frequent
phenyl conformation which is not valid for any
interaction with F376 accounts for only 3%
(Figure 8(D), upper panel). In contrast, in 377G-
XanQ, 88% of the obtained dihedrals correspond
to a non-interacting or weakly interacting setup of
the two phenyl groups (Figure 8(D), lower panel)
although the distance between the two phenyl
groups appears almost the same in the mutant
and the wild type (Supplement, Figure S9).

Regarding the potential epistatic effect of the
mutation G27S on the S377G phenotype, our MD
analysis indicates that the introduction of Ser in
place of Gly27 at TM1 adds two key H-bond
interactions, with T332 (TM10) and His31 (TM1),
on an extensive network of H bonds that runs the
core domain of XanQ including interactions
between residues at TM9 (Asp304), TM3 (Gln90,
Ser88), TM2 (Gln75), TM1 (His31) and TM10
(Asn325, Thr321) (Supplement, Figure S10).
Interactions in this network have been proposed to
be crucial for the binding and transport of
substrate, based on the properties of the XanQ

Figure 8. Molecular Dynamics Simulations of the effect of S377G on XanQ. (A) Overall structural model of wild-type
XanQ complexed with xanthine highlighting the key binding residues Q324 and E272, the interacting pair F376-F94
and TM12 (in blue). The position of S/G377 is indicated with a yellow sphere and the positions of G27, L116, G191
and S312 are indicated with blue spheres. (B) Value distribution of TM12 tilting angle formed between the Ca atoms of
residues 366, 377 and 384 in TM12 in the wild-type XanQ (blue) and S377G XanQ (red), represented as population
percentages per one-degree interval, as resulted from the 500 ns MD calculations after trajectory structure sampling
every 60 ps (all data shown in Figure S8). Each one of the three lines of each color corresponds to the data from one
of the three MD simulations for the relevant permease. (C) Structure snapshots of TM12 presenting the 95th
percentile (left) and the 5th percentile (right) of TM12 tilting angle value distribution in the wild-type (blue) and S377G
XanQ (red). (D) Interaction between F376 (TM12) and F94 (TM3) in the binding site of wild-type XanQ (blue/cyan)
and S377G XanQ (red/orange). In wild type, a T-stacking interaction is observed between the F376-F94 phenyls in
the 80% (blue) of the trajectory, while a second conformation exists covering the 3% of the trajectory where no
interaction is observed (cyan). In the S377G mutant, the F94 dihedral monitored leads to phenyl orientations not
suitable for interaction with F376, in the 45% of the trajectory (red), or exhibiting a weak interaction, in 43% of the
trajectory (orange).
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mutants at His31-Asn325,35,21 and Gln75-
Asp304.37 The additional H-bonds between
Ser27-Thr332 and between Ser27-His31 can affect
the positioning of Phe322 and Gln324 in the binding
site resulting in restoration of constraints for the
binding and transport of guanine in the context of
the S377G mutant.

Discussion

The work presented here promotes our
knowledge on the NAT/NCS2 purine permeases
in three directions. First, it presents evidence that
bacterial NAT/NCS2s which are strictly specific for
xanthine may have arisen from the evolution of
purine transporters with more versatile, broad
substrate profile. Second, it demonstrates that,
apart from transporters specializing in xanthine
(and/or uric acid) and transporters specializing in
guanine (and hypoxanthine and/or adenine) that
belong to separate subfamilies (NAT/COG2233
and AzgA-like/COG2252, respectively), NAT/
NCS2 contains also transporters specific for both
xanthine and guanine, like the N. meningitidis
XanQ. Third, it demonstrates that changes outside
the binding region of XanQ can affect specificity
drastically, as shown with the S377G mutant, and
that these effects are sensitive to small additional
changes that might have epistatic consequences
on them, depending on the molecular context, as
shown with G27S. The above findings were based
on a line of experiments that stemmed from
application of an ancestral resurrection approach
on a set of closely related transporter homologs,
indicating the power of such an experimental
strategy for specificity-related studies in
transporters.
Our results suggest that a potential ancestral form

of the xanthine-specific XanQ was actually a broad-
specificity purine permease for both xanthine and
guanine which could recognize with high affinity a
range of purine bases and analogs. From an
evolutionary point of view, this implies loss of the
ability to bind and transport guanine and guanine-
related analogs in the lineage of the orthologs of
gamma-proteobacteria. In parallel, these xanthine-
specific orthologs appear to have increased
efficiency for xanthine transport relative to
AncXanQ, as exemplified by the orthologs from
E. coli and A. veronii. On the other hand, the
orthologs from beta-proteobacteria (Neisseriales)
seem to have retained efficiency for both xanthine
and guanine, with transport efficiency and affinity
similar to AncXanQ for xanthine but lower than
AncXanQ for guanine, as exemplified by the
ortholog from N. meningitidis. Interestingly, E. coli
and A. veronii retain a separate homolog, in a
distantly related group of the family (the AzgA-like/
COG2252 subfamily), which is specific for guanine
(and hypoxanthine) uptake,51 whereas Neisseriales

do not contain such a homolog (Supplement,
Figure S11).
Another interesting feature is the sporadic

presence of XanQ orthologs in proteobacteria. As
shown in Figure 1A, the XanQ clade is confined to
few proteobacterial orthologs. A survey of
representative genomes of Enterobacterales
shows that XanQ is absent in most of them
(Supplement, Figure S12). In the Escherichia/
Shigella group, XanQ is retained with strong
sequence conservation in all strains of E. coli but
is absent in E. fergusonii and all strains of Shigella
(Supplement, Source File S4). In Aeromonas,
XanQ is also absent in some strains including all
strains of A. salmonicida and A. caviae
(Supplement, Source File S4). In Neisseria, XanQ
is absent from N. gonorrhoeae but well conserved
in sequence in all other strains (Supplement,
Source File S4). Despite the absence of xanQ in
several related genomes, the amino acid
sequence of XanQ remains relatively unchanged
in all other genomes of the same phylogenetic
group. It is evident that the genomes lacking xanQ
are primarily of pathogenic strains that are host-
restricted and display reduced effective population
sizes relative to their versatile-host counterparts, a
condition that leads to global gene losses due to
neutral drift rather than selection,49 applied mostly
to less conserved/constrained genes. Such effects
have been shown clearly with Shigella30 and sev-
eral other bacteria.6 However, given that the
sequence of XanQ orthologs is well conserved,
the absence/loss of xanQ in Shigella, A. salmoni-
cida and the other relevant species/strains may
point to a more specific, functionally constrained
role of XanQ.
In E. coli K-12, xanQ is part of a gene cluster

related with purine catabolism72 which also includes
genes for transporters of hypoxanthine/guanine
(GhxQ)51 and of uric acid (UacT).50 This genetic
locus is conserved in all genomes of the Escheri-
chia/Shigella group. In Shigella, xanQ (and ghxQ)
are missing but uacT (in most of the strains) and
the catabolic genes are conserved. The absence
of XanQ can be functionally replaced by its paralog
XanP which has also been shown to transport xan-
thine34 and is present in all Escherichia/Shigella
genomes. Similarly, the absence of GhxQ is
replaceable by its conserved paralog GhxP.51 A
similar case is seen in Aeromonas, where xanQ (to-
gether with ghxQ and uacT) is part of a homologous
purine catabolic gene cluster which is present even
in the genomes lacking the corresponding trans-
porter genes. Overall, the function of XanQ appears
to be redundant in several genomes, but important
in other related ones. In E. coli K-12 or A. veronii
pamvotica, the only other NAT/NCS2 that can be
linked with transport of xanthine is the XanQ-
paralog XanP, but we have found that this paralog
attains very low (E. coli XanP)34 or negligible protein
levels (A. veronii XanP) (Lazou and Frillingos,

E. Tatsaki, E. Anagnostopoulou, I. Zantza, et al. Journal of Molecular Biology 433 (2021) 167329

14



unpublished) in the membrane of E. coli host. No
other nucleobase transporter from the NAT/NCS2
or the NCS154 family can complement for xanthine
uptake in these two bacteria (Botou, Lazou and Fril-
lingos, unpublished). Thus, XanQ is probably
needed as a xanthine transporter at least in these
microorganisms. It is also interesting to note that
XanP (and GhxP/GhxQ) are absent from the gen-
omes of Neisseriales that have (a guanine-
xanthine transporting) XanQ, whereas other beta-
proteobacteria (Burkhorderiales) that lack XanQ
retain both a XanP-related homolog (Figure S1)
and a GhxP/GhxQ-related homolog in the AzgA-
like/COG2252 clade (Figure S11).
On the structure-functional front, our results show

for the first time a guanine/xanthine substrate profile
for a bacterial NAT/NCS2 transporter, i.e. the XanQ
of N. meningitidis. This homolog is shown to
transport xanthine and guanine but also recognize
with high affinity hypoxanthine and several
analogs (6-SG, 6-MP, 1-MP) in addition to the
ligands recognized by xanthine-specific XanQs
(oxypurinol, 3-MX, 2-SX, 6-SX). This Neisseria
XanQ combines properties of two separate
transporters that are used in E. coli for transport of
xanthine (XanQ) and guanine (GhxP). It
cumulatively accepts practically all XanQ and
GhxP ligands and has similar KM values for
xanthine and guanine with XanQ and GhxP,
respectively, differing only in having 10-fold lower
transport efficiencies (Table 1). These properties
are reminiscent of but not identical to the profile of
its putative evolutionary precursor AncXanQ,
which has a broader range of ligands (including
analogs that are not ligands for XanQ or GhxP;
see Figure 2(C)) and is a more efficient
transporter for guanine. It is important to point out
that the specificity profile of Neisseria XanQ would
have been impossible to hypothesize without the
knowledge on AncXanQ which prompted us to
search for the properties of XanQ in N.
meningitidis. This result highlights the inadequacy
of phylogenetic evidence for predicting the
substrate profile of even very closely related
transporter homologs if “dense” functional data
are unavailable and, also, the importance of the
ancestral-reconstruction approach in this respect.
From our MD studies with AncXanQ, it appears

that guanine (but also hypoxanthine or adenine) is
oriented differently than xanthine in the substrate
binding pocket even though the key binding
interactions are conferred by the same residues
(compare Figures 3(A) and 4(A),(B)). This
difference may explain the finding that guanine
and xanthine inhibit the transport of one another
with one to two orders of magnitude lower
apparent affinity (Ki about 50 lM) than the affinity
values deduced from the transport kinetics assays
(KM < 0.5 lM for guanine and 6.5 lM for
xanthine). The same trend is seen with all
guanine/xanthine permeases and mutants in the

XanQ clade (Tables 1 and 2). Regarding the
binding mode of guanine, there is no previous
relevant evidence from any structurally solved
transporter, either in NAT/NCS2 or in any other
family. Crystal structures of E. coli enzymes
associated with guanine typically show bidentate
H-bonds of N1H and C2-NH2 or C2-NH2 and N3
with a Glu or a backbone carboxylate, as in
GuaD,58 XapA14 and XGPRTase,69 reminiscent of
the binding mode in Figure 4(A). However,
enzymes that utilize both guanine and xanthine like
XapA or XGPRTase bind guanine and xanthine with
similar interactions and orientations, unlike the case
with transporters of guanine and xanthine pre-
sented here.
All orthologs in the XanQ clade share high

pairwise sequence identity (65–99%), an identical
set of binding site residues, and some
characteristic conserved residues that are
functionally relevant, based on the mutational
analysis ofE. coli XanQ.21,37 Strikingly, as well, they
all share a rarely appearing Asn93 (TM3) in the
binding site region which is exclusive to the XanQ
clade and has been linked with the specificity pref-
erence for xanthine over uric acid, based on numer-
ous mutagenesis studies.35,36,3,50,8 All permeases
and mutants of the XanQ clade analyzed in the cur-
rent study retain this Asn93 residue and, indepen-
dent of their particular substrate profile shown, are
high-affinity transporters for xanthine but do not rec-
ognize uric acid. Thus, our new data strengthen the
evidence that Asn93 is important for the specificity
for xanthine. Furthermore, our data reveal Ser377
(TM12) as an additional important site controlling
the xanthine specificity of XanQ transporters.
Ser377 had been changed to Cys, Ala, or Thr in

the context of our Cys-scanning mutagenesis
studies of XanQ,37 but those replacements did not
reveal any effect on specificity. S377C and S377A
do not differ significantly from wild type in transport
activity, kinetics, or specificity profile, whereas
S377T is inactive for xanthine transport although
expressed normally and stably in the membrane
and S377C activity is inhibited by 65% upon deriva-
tization of the Cys with N-ethylmaleimide. S377C
and S377A are not inhibited by guanine and
S377A has been tested and found unable to trans-
port guanine to any significant extent whatsoever.37

In the light of those findings, our current evidence
that S377G enlarges the profile of XanQ, allowing
transport of guanine and high-affinity binding of
many guanine-related analogs (Figure 5,Table 2),
points to a distinctive effect of the Gly replacement,
consistent with the MD data. Gly377 in S377G is sit-
uated in the middle of transmembrane helix 12 and
the tilting of the helix promoted by this Gly deregu-
lates the interaction of Phe376 with Phe94 in the
binding site (Figure 7). Phe376 and Phe94 are
replaceable functionally but contribute to coordina-
tion of substrate in the binding site. Both are con-
served as aromatic residues in NAT/NCS2
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transporters of the NAT/COG2233 clade. Phe94
offers a stacking interaction with the ring of the
nucleobase substrate and, also, a H bond from
the amidic backbone nitrogen. Phe376 contributes
to substrate coordination in the inward-facing con-
formation of the transporter. These conclusions
derive from both the structural data on UapA2 and
UraA46,67 and the MD studies on XanQ.37,8 Muta-
tions that retain the aromatic rings (F94Y, F376Y)
in XanQ do not inhibit xanthine binding and trans-
port, but replacement of one of the two phenyl rings
leads to loss of 80–90% (F94C, F376C) or 40–60%
of activity (F94I, F376L). F94Y, F94I36 and F376L37

show subtle changes in specificity, including a drop
in the affinity for 3-MX with F94I, reminiscent of the
loss of affinity for 3-MX seen with S377G (Table 2).
In UraA and related uracil transporters, mutation of
the equivalent Phe to Ala leads to enlargement of
specificity towards binding and uptake of thymine.7

Based on all the above, it is reasonable to assume
that the Phe376-Phe94 deregulation effect (Fig-
ure 7) is linked with the enlarged specificity of the
S377G mutant.
Although the specificity effect of S377G is

rationalized here as an indirect effect on the
binding site region, we cannot rule out the
possibility that S377G might also change the
dynamics of transport by uncoupling the sliding of
the core (elevator) domain from substrate loading,
in analogy with what was recently proposed for its
fungal NAT/NCS2 homologs.19 Such an effect is dif-
ficult to demonstrate with limited MD calculations
but can clearly be a possibility. There are two lines
of evidence that support this notion. First, S377 in
XanQ is in the middle of TM12, a helix of the gate
(scaffold) domain that forms part of the interface
on which the core/elevator/binding-site slides, upon
substrate loading in the binding site. It is reasonable
to assume that, by tilting TM12 (Figure 8), S377G
affects this elevator-like motion of the core domain
and modulates the kinetics of transport. Several
specific mutations at the elevator-scaffold interface
in the fungal UapA (including mutations at TM12, at
positions corresponding to M375, I379, R385 in
XanQ) can broaden the specificity of this highly
selective xanthine and uric acid transporter to allow
recognition and/or transport of most purines or,
even, uracil, and the effects were proposed to
reflect changes in the dynamics of sliding of the core
(elevator) domain, which includes the binding site,
rather than changes in residues of the binding site
per se.19 S377G in XanQ might also affect speci-
ficity via a similar route. Second, S377G does not
affect the affinity for xanthine or most xanthine ana-
logs (based on the relevant KM and Ki values,
Tables 1 and 2), implying that it does not change
the overall binding site topography, but displays
high affinity for guanine and other non-canonical
ligands (hypoxanthine and guanine/hypoxanthine
analogs), implying that the change in the affinity
for guanine and other analogs from non-

recognition at the mM level (wild-type) to low-
micromolar or sub-micromolar affinity (S377G) can-
not be due to a modulation of geometry/interactions
in the binding site alone. On the other hand, the
effects observed with ligands other than guanine
were only on recognition/binding (Ki values) and
not on transport (S377G does not transport the
other non-canonical ligands), implying that modula-
tion of the binding affinity and binding-site interac-
tions is certainly a component of the S377G
effect. In summary, it is probable that S377G can
affect both the binding of guanine and other non-
canonical substrates and the dynamics of transport.
By analogy with the case proposed for UapA,19 non-
canonical substrates like guanine might also load to
the binding site of XanQ, but due to distinct orienta-
tion and/or weaker binding might not unleash the
sliding of the elevator/binding-site to the inward con-
formation. In the S377G mutant, uncoupling of the
elevator from substrate loading may allow translo-
cation of guanine because of the loosened or leaky
sliding.
The specificity effect of S377G does not hold in all

XanQ backgrounds. Coexistence of S377G with
G27S or S312T or both (in mutant XanQ-5M)
abolishes the specificity effect and reestablishes
the xanthine-specific profile of XanQ. In contrast,
coexistence with G191S does not affect the
S377G phenotype. As shown in Supplementary
Figure S9, the epistatic effect of G27S (TM1)
might be due to reinforcement of an extensive H-
bond network that stabilizes the core domain37;
the additional interactions offered by G27S result
in repositioning of the guanine/xanthine-binding
residue Gln324 in the binding pocket, which may
lead to restoration of the specificity constraints
(i.e. abolishment of the binding of guanine and
guanine-related analogs) in the context of the
S377Gmutant. Such an epistatic effect is not possi-
ble with G191S (TM6), a replacement at a gate-
domain residue not participating in a similar H bond
network.
The reverse mutation, G377S, was shown not to

affect specificity in the broad-specificity guanine/
xanthine permeases AncXanQ or NmXanQ. The
same is true of the replacement S27G or the
combined S27G/G377S mutant in AncXanQ.
However, combination of four or five mutations
including S27G or S27G/G377S in addition to
A116L/S191G/T312S leads to restriction of
specificity by abolishing guanine-related
recognition and transport. This result is difficult to
interpret but shows clearly that different epistatic
interactions are possible in slightly different
molecular backgrounds. In AncXanQ, for example,
T312S might be more important for restricting
specificity than S27G or G377S.
Thus, our mutagenesis data reveal that context-

dependent epistatic interactions involving residues
outside the binding site might have shaped the
evolution of specificity in the bacterial XanQ clade.
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Interestingly, cryptic and context-dependent
epistatic interactions between spatially distinct
mutations have also been suggested to be critical
for the evolution of NAT/NCS2 specificity in the
fungal homolog UapA and related eukaryotic
transporters.40 In the latter case, the potential
context-dependent interactions involved specific
mutations of UapA at the so-called NAT/NCS2 sig-
nature motif in TM10 and distantly located residues,
especially F528 in TM14, combinations of which
were found to change UapA from a xanthine and
uric acid specific transporter to a transporter with
a more promiscuous purine/pyrimidine profile.
Thus, both bacterial and fungal permeases of the
XanQ/UapA cluster appear to be genetically highly
modifiable in terms of their substrate profiles and
the combinations of replacements associated with
such modifiability begin to provide clues on how
their specificity might have evolved.
In summary, we showed that relatively few

residues outside the binding site can control
specificity of the purine permeases of the XanQ
clade and could have been important for the
evolution of xanthine-specific variants from
broader-specificity transporters. Change of even
one of these residues (S377G) would allow
evolvability of a present-day XanQ from xanthine-
specific to xanthine/guanine transporter. This
amino acid difference is actually present in the
xanthine/guanine-transporting XanQ from
Neisseria genomes that lack a guanine-
transporting GhxP/GhxQ homolog. The reverse
change (G377S) is not sufficient to restrict the
specificity of this present-day XanQ to xanthine
and combination of several different changes
would be needed in this case, as implied by the
mutagenesis of AncXanQ. Thus, some of the
other differences may represent “restrictive”
mutations that minimize the odds for a stochastic
loss of the guanine-transporting ability of XanQ in
bacteria lacking a backup for guanine transport.
Inversely, differences at the same sites, especially
S27G (Figure S9) or T312S, may represent
“permissive” mutations that would facilitate
adoption of a new, guanine-transporting function
upon occurrence of a critical additional change
(S377G) in the xanthine-specific XanQ background.

Materials and methods

Phylogenetic analysis of the XanQ/UraA
cluster of NAT/NCS2 family and elucidation of
the XanQ clade

We first performed a detailed phylogenetic
analysis of the homologs from Proteobacteria that
belong to the XanQ/UapA cluster of the NAT/
NCS2 family. As shown previously,37 the NAT/
NCS2 homologs falling in the XanQ/UapA cluster
derive primarily from bacteria (phyla Proteobacte-
ria, Firmicutes, Actinobacteria, Cyanobacteria, Bac-
teroidetes), but also archaea, protists, and fungi.

The homologs from Proteobacteria are distributed
to at least 5 distinct monophyletic groups, one of
which includes XanQ.37 For a more detailed analy-
sis, we selected all genomes in phylum Proteobac-
teria from the IGM/M database at JGI with a
genome status Finished (2,795 in total, as of Jan.
2017). The genomes were classified according to
class (Alpha-, Beta-, Gamma-, Delta-, Epsilon- pro-
teobacteria). Using E. coli XanQ as a query we per-
formed BLAST-p search in each one of the five
classes and retrieved all homologous sequences
(cutoff E value 1e-5). These sequences were sub-
jected to Neighbor Joining phylogenetic analysis
with MEGA743 to identify all homologs pertaining
to the XanQ/UapA cluster. We then selected and
pooled all homologs of the XanQ/UapA cluster from
the five analyses, yielding a total of 1,652
sequences. We reduced the data size by taking
homologs from only one strain per species (select-
ing a strain containing the maximum number of
homologs for each species), which reduced the
number of sequences to 442 and, at a second step,
one species per genus (selecting a strain containing
themaximum number of homologs for each genus),
which reduced the number of sequences to 150.
Both sets of sequences were subjected to Maxi-
mum Likelihood (ML) phylogenetic analysis. The
results for the set of 150 sequences is shown in
Supplementary Figure S1.
The inferred phylogenetic tree shows that the

XanQ/UapA cluster is split in two major groups,
the one including the E. coli xanthine permease
XanQ and the other the uric acid permeases
UacT, SmUacT1, SmUacT2, and the xanthine/uric
acid permease SmXUacT (Figure S1). The XanQ-
containing group comprises four subgroups, one
of which is a monophyletic group of 12 (when
considering the set of homologs representing one
species per genus) or 20 sequences (when
considering the set representing one strain per
species) including the sequence of XanQ from
E. coli K-12. We refer to this small monophyletic
group as the XanQ clade.

Ancestral sequence reconstruction of the
common ancestor of the XanQ clade

Our ancestral reconstruction protocol is based on
the workflow implemented by Thornton.60 We
applied this protocol to the XanQ clade in an effort
to understand the unique specificity of XanQ in the
NAT/NCS2 family. The most likely amino acid
sequence of the ancestral node of the XanQ clade
was inferred using Maximum Likelihood statistics
in MEGA7 (see Supplement, Source File S1, for
an account of all Posterior Probabilities for each
amino acid at each position of the inferred
sequence). A DNA sequence that codes for this pro-
tein sequence was designed, codon-optimized for
expression in E. coli and synthesized commercially
(Eurofins Genomics GmbH, Ebersberg, Germany).
The synthesized nucleotide sequence was cloned
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into plasmid vector pT7-5/-BAD (see below) using
BamHI and ApaI sites that had also been engi-
neered in the synthetic construct.

Materials and general considerations for wet-
lab experiments

[2,8-3H]-adenine (31.8 Ci mmol!1), [8-3H]-
guanine (21.2 Ci mmol!1), [2,8-3H]-hypoxanthine
(27.7 Ci mmol!1), [8-3H]-xanthine
(22.8 Ci mmol!1), [8-14C]-uric acid
(58 mCi mmol!1), [5,6-3H]-uracil (32.5 Ci mmol!1),
[methyl-3H]-thymine (50.6 Ci mmol!1) and [3H]-
cytosine (18.8 Ci mmol!1) were from Moravek
Biochemicals (Brea, CA). Non-radioactive
nucleobases and analogs were from Sigma-
Aldrich (St. Louis, MO). Carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) (Sigma-Aldrich)
was prepared in dimethyl sulfoxide (DMSO). Cells
were grown in Luria-Bertani broth (LB) in aerobic
conditions. For all liquid media cultures, cells were
grown with shaking at 220 r.p.m. at 37 "C.
Oligodeoxynucleotides were synthesized from
Eurofins Genomics GmbH. High-fidelity DNA
polymerase was from Kapa Biosystems;
restriction endonucleases, alkaline phosphatase
and T4 DNA ligase from Takara Clontech;
horseradish peroxidase (HRP)-conjugated
streptavidin from Millipore. All reagents were of
analytical grade and obtained from commercial
sources.

Bacterial strains, coding sequences and
plasmids

Genomic DNA of Neisseria meningitidis (strain
ID: 41,615 isolate W-5295) was obtained from the
National Meningitis Reference Laboratory,
Department of Public Health Policy, School of
Public Health, University of West Attica, Athens,
Greece (kindly prepared and provided by Dr.
Konstantinos Kesanopoulos), and used as a
template for amplification of gene NmxanQ. N.
meningitidis NmXanQ is identical to NCBI Ref.
Seq. WP_002221138. Aeromonas veronii
pamvotica was isolated from surface sediments of
Lake Pamvotis (Ioannina, Greece). Genomic DNA
of this strain (GenBank no. NZ_
MRUI01000001.1) was used as a template for
amplification of gene AvpxanQ. AvpXanQ is
GenBank no. OLF59922.1. XanQ (UniProt no.
P67444) was mobilized from E. coli T184
(lacI+O+Z!Y!(A), prsL, met!, thr!, recA, hsdR/F΄,
lacIqO+ZD118).59 The sequence of anc-xanQ was
produced by gene synthesis (Eurofins Genomics
GmbH) (see above).
The coding sequences of genes were transferred

to a previously described version of plasmid vector
pT7-5 including the DNA sequence of the biotin-
acceptor domain (BAD) of the oxaloacetate
decarboxylase from Klebsiella pneumoniae as an
insert between the ApaI and HindIII sites. This

vector is designated pT7-5/-BAD. After insertion of
the NAT/NCS2 coding sequences in pT7-5/-BAD,
at the appropriate orientation and frame, the
resulting constructs contain the BAD sequence as
a C-terminal tag of each NAT/NCS2. Following
expression of these genes, the gene products are
biotinylated in vivo during bacterial growth and
allow monitoring of the protein levels in the E. coli
membrane by western blotting.34

E. coli TOP10F´ (Invitrogen) was used for initial
propagation of recombinant plasmids to prepare
plasmid DNA for sequencing. E. coli T18459 was
used for expression of the pT7-5/-BAD-borne genes
from the lacZ promoter/operator by induction with
isopropyl-b-D-1-thiogalactopyranoside (IPTG) and
for analysis of the uptake of xanthine34 and of uric
acid.50 Similarly, E. coli JW4025 (Keio collection;
ghxP knock-out) was used for the analysis of the
uptake of guanine51 and JW3692 (Keio collection;
adeP knock-out) was used for the analysis of the
uptake of adenine and hypoxanthine, whereas
JW2482 (Keio collection; uraA knock-out) was used
for the uptake of uracil and thymine7 and JW0327
(Keio collection; codB knock-out) for the uptake of
cytosine (Danielsen et al., 1992). The Keio collec-
tion single-gene knockout strains5 were provided
from the E. coli Genetic Stock Center. All E. coli
strains used were transformed according to Inoue
et al.33

Molecular cloning

The coding sequences of NAT/NCS2 genes were
amplified by PCR on the template of genomic DNA
and transferred to pT7-5/-BAD by restriction
fragment replacement between the BamHI and
ApaI sites. All site-directed mutants of AncXanQ,
XanQ or NmXanQ were constructed using two-
stage (overlap extension) PCR.29 The sequences
of synthetic oligodeoxynucleotides used as PCR
primers are given in Supplement, Table S2. The
coding sequence of all constructs was verified by
double-strand DNA sequencing (Eurofins Geno-
mics GmbH).

Growth of bacteria

E. coli Keio collection strains harboring given
plasmids were grown aerobically at 37 "C in LB
containing kanamycin (0.025 mg/ml) and ampicillin
(0.1 mg/ml). E. coli T184 was grown at the same
conditions except that streptomycin (0.01 mg/mL)
was used instead of kanamycin. Fully grown
cultures (1 mL) were diluted 10-fold, allowed to
grow to mid-logarithmic phase to a cell density of
OD600 nm 2.0, induced with IPTG (0.5 mM) for an
additional 105 min at 37 "C, and harvested for use
in transport assays or western blotting.
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Transport assays and kinetic analysis

E. coli Τ184, JW4025 or JW3692 were washed
twice in KPi, 0.1 M, pH 7.5, normalized to an
OD420 nm of 10.0 (corresponding to 35 lg of total
protein per 50 lL) in the same buffer and assayed
for transport of radiolabeled substrates. E. coli
JW2482 were prepared in MK buffer (MES 5 mM,
pH 6.5, containing KCl, 0.15 M), as described.7

Before initiating the transport reaction, the cells
were energized by addition of glycerol to a final con-
centration of 20 mM and equilibrated in the assay
buffer for 3 min at 25 "C. All the transport reactions
were performed at 25 "C. After termination of the
reactions, samples were rapidly filtered through
Whatman GF/C filters, washed twice immediately
with 3 mL of ice-cold KL buffer (KPi, 0.1 M, pH
5.5, LiCl, 0.1 M) and taken for liquid scintillation
counting. To determine KM and Vmax values for the
uptake of purine nucleobases, E. coli T184 were
assayed for active transport of [3H]-xanthine and
E. coli JW4025 for active transport of [3H]-
guanine, at 5–15 s, at a range of substrate concen-
trations, and data were fitted to the Michaelis-
Menten equation using Prism7.
For competitive inhibition experiments, the

uptake rate of [3H]-xanthine (1 lM) or [3H]-
guanine (0.1 lM) was assayed at 5–15 s in the
absence or presence of non-radiolabeled analogs.
To obtain IC50 values, the data were fitted to the
equation y = B+(T – B)/(1 + 10 ((log IC50 – log x) h))
for sigmoidal dose–response (variable slope),
using Prism7, where x is the concentration
variable, y (the transport rate) ranges from T (top)
to B (bottom) and h is the Hill coefficient. In all
cases, h was close to !1, consistent with
competition for a single binding site. Ki values
were calculated from the IC50 values, based on
the equation: Ki = IC50/[1+(S/KM)] (where S is the
concentration of [3H]-xanthine or [3H]-guanine
used; and KM is the KM value obtained for the
uptake of xanthine or guanine by the relevant
permease or mutant).12 It should be noted that the
Ki value is an affinity constant implying binding to
the transporter but does not indicate whether the
ligand is being transported across the membrane.

Western blot analysis

E. coli cells were washed twice in Tris-HCl
(0.05 M), pH 8.0, containing NaCl (0.1 M) and
Na2EDTA (1 mM), supplemented with 4-(2-
aminoethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF) (0.2 mM), and used to
prepare membrane fractions by osmotic shock,
treatment with EDTA/lysozyme and sonication, as
described.34 Membrane fractions prepared from
10 mL cell cultures were harvested by ultracentrifu-
gation in an Optima MAX-XP Ultracentrifuge (Beck-
man Coulter), normalized to a protein concentration
of 100 lg per 50 lL in sample loading buffer, and
subjected to SDS-PAGE (12%). After electrophore-

sis, proteins were electroblotted to a polyvinylidene
difluoride membrane (Parablot PVDF; Macherey-
Nagel GmbH) and the BAD-tagged proteins were
probed with HRP-conjugated streptavidin which
was used at a dilution of 1:50,000. Signals were
developed with enhanced chemiluminescence
(ECL).

Molecular simulations

Protein model construction. A homology model
of XanQ has already been constructed in an
inward-open conformation8 based on the UapA
structure 5I6C.2 The XanQ model was used as a
template to generate AncXanQ model (see Supple-
ment, Source File S2 and Source File S3) by
HomologyModeling using Prime 2018–4 (Schrödin-
ger, LLC, New York, NY, 2018) on Maestro platform
(Maestro, version 2018–4, Schrödinger, LLC, New
York, NY, 2018). The two transporters, AncXanQ
and XanQ, share 76% sequence identity.

Protein preparation. The modeled transporter
was prepared using the Protein Preparation
Protocol implemented in Schödinger suite
(Schrödinger Suite 2018, Protein Preparation
Wizard) which is accessible within the Maestro
suite (Maestro, version 2018–4, Schrödinger, LLC,
New York, NY, 2018). The preparation procedure
starts by adding at first hydrogen atoms. Then, we
performed optimization of the orientation of
hydroxyl groups of Gln and Asn and of the
protonation state of His guided by the
maximization of hydrogen bonding. The final step
was energy minimization of the transporter, using
the OPLS3 force field.26

Ligand preparation. Ligand preparation was
performed with LigPrep application (LigPrep,
version 2018–4, Schrödinger, LLC, New York, NY,
2018), which consists of a series of steps that
perform conversions, apply corrections to the
structure, generate ionization states and
tautomers, and optimize the geometries. The force
field used was OPLS3.26

Induced-fit docking (IFD). For IFD, Schrödinger
Suite protocol was used (Schrödinger Suite 2018–
4 Induced Fit Docking protocol; Glide,
Schrödinger, LLC, New York, NY, 2016; Prime,
Schrödinger, LLC, New York, NY, 2018), taking
into account both the side chain or backbone
movements, upon ligand binding. In the first
softened-potential docking step, of the protocol,
20 poses per ligand were retained. In the second
step, for each docking pose, a full cycle of protein
refinement was performed, with Prime 2018–4
(Prime, version 3.0, Schrödinger, LLC, New York,
NY, 2018) on all residues within 5 !A of any out of
the 20 ligand poses. The Prime refinement starts
by performing conformational search and by
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minimizing the side chains of the selected residues.
After convergence to a low-energy result, an
additional minimization of all selected residues
(side chain and backbone) is performed with the
Truncated-Newton algorithm using the OPLS3
parameter set26 and a surface Generalized Born
implicit solvent model. The ranking of the obtained
complexes is implemented according to Prime cal-
culated energy (molecular mechanics and solva-
tion), and the complexes within 30 kcal/mol of the
minimum energy structure are used in the last step
of the process, redocking with Glide (Schrödinger,
LLC, New York, NY, 2016) using standard preci-
sion, and scoring. Finally, the ligands used in the
first docking step are redocked into each of the
receptor structures retained from the Prime refine-
ment step. The final ranking of the complexes is
performed by a composite score which takes into
account the receptor ! ligand interaction energy
(GlideScore) and receptor strain and solvation
energies (Prime energy).

Molecular dynamics (MD). In order to construct
the protein–ligand complex we used the
CHARMM-GUI platform. Each model was inserted
into a heterogeneous fully hydrated bilayer 120 !A
" 120 !A " 120 !A, consisting of DPPC lipids. The
membrane embedded system was solvated with
TIP3P water molecules, neutralizing with counter
ions, and adding 150 mM Na+ and Cl!.
CHARMM36m32 force field was used for protein
and lipids, while the ligand was prepared using
Antechamber70 and the general Amber force field.71

The protein orientation in the membrane was calcu-
lated using the PPM server.44 The assembled sim-
ulation system consisted of #130,000 atoms. The
systems were simulated using GROMACS soft-
ware.1 The models were energy-minimized and
equilibrated to obtain stable structures. Minimiza-
tion was carried out for 2000 steps with a step size
of 0.001 kJ/mol applying a steepest descent fol-
lowed by a conjugate gradient algorithm, and the
systemwas equilibrated for 20 ns by gradually heat-
ing and releasing the restraints to expedite stabiliza-
tion. Finally, the system was further simulated free
of restraints at a constant temperature of 300 K
for 100 ns, using Nose-Hoover thermostat20 and
Parrinello-Rahman semi-isotropic pressure cou-
pling53 and compressibility at 4.5e-5 bar-1. The
van der Waals and electrostatic interactions were
smoothly switched off at 1.2 nm by switching func-
tion, while long-range electrostatic interactions
were calculated using the particle mesh Ewald
method.15 The calculations performed were of
500 ns in time length. Each calculation was pro-
duced three times using different seed numbers.
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(2014). Biochemical characterization and structure-function
relationship of two plant NCS2 proteins, the nucleobase

transporters NAT3 and NAT12 from Arabidopsis thaliana.
BBA-Biomembr. 1838, 3025–3035. https://doi.org/10.1016/

j.bbamem.2014.08.013.
49. Mira, A., Ochman, H., Moran, N.A., (2001). Deletional bias

and the evolution of bacterial genomes. Trends Genet. 17,
589–596. https://doi.org/10.1016/s0168-9525(01)02447-7.

50. Papakostas, K., Frillingos, S., (2012). Substrate selectivity
of YgfU, a uric acid transporter from Escherichia coli. J.

Biol. Chem. 287, 15684–15695. https://doi.org/10.1074/jbc.
M112.355818.

51. Papakostas, K., Botou, M., Frillingos, S., (2013). Functional
identification of the hypoxanthine/guanine transporters

YjcD and YgfQ and the adenine transporters PurP and
YicO of Escherichia coli K-12. J. Biol. Chem. 288, 36827–

36840. https://doi.org/10.1074/jbc.M113.523340.
52. Papakostas, K., Georgopoulou, E., Frillingos, S., (2008).

Cysteine-scanning analysis of putative helix XII in the YgfO
xanthine permease: Ile-432 and Asn-430 are important. J.

Biol. Chem. 283, 13666–13678. https://doi.org/10.1074/jbc.
M800261200.

53. Parrinello, M., Rahman, A., (1981). Polymorphic transitions
in single crystals: A new molecular dynamics method. J.

Appl. Phys. 52, 7182–7190. https://doi.org/10.1063/
1.328693.

54. Patching, S.G., (2018). Recent developments in
nucleobase cation symporter-1 (NCS1) family transport

proteins from bacteria, archaea, fungi and plants. J. Biosci.
43, 797–815. https://doi.org/10.1007/s12038-018-9780-3.

55. Sauer, D.B., Trebesch, N., Marden, J.J., Cocco, N., Song,

J., Koide, A., Koide, S., Tajkhorshid, E., et al., (2020).
Structural basis for the reaction cycle of DASS

dicarboxylate transporters. eLife 9, https://doi.org/
10.7554/eLife.61350 e61350.

56. Savory, F.R., Milner, D.S., Miles, D.C., Richards, T.A.,
(2018). Ancestral function and diversification of a

horizontally acquired oomycete carboxylic acid
transporter. Mol. Biol. Evol. 35, 1887–1900. https://doi.

org/10.1093/molbev/msy082.
57. Seeger, M.A., (2018). Membrane transporter research in

times of countless structures. BBA-Biomembr. 1860, 804–
808. https://doi.org/10.1016/j.bbamem.2017.08.009.

58. Shek, R., Hilaire, T., Sim, J., French, J.B., (2019).
Structural determinants for substrate selectivity in

guanine deaminase enzymes of the amidohydrolase
superfamily. Biochemistry 58, 3280–3292. https://doi.org/

10.1021/acs.biochem.9b00341.
59. Teather, R.M., Bramhill, J., Riede, I., Wright, J.K., Furst,

M., Aichele, G., Wilhelm, V., Overath, P., (1980). Lactose
carrier protein of Escherichia coli: Construction and

expression of plasmids carrying the Y gene of the lac
operon. Eur. J. Biochem. 108, 223–231. https://doi.org/

10.1111/j.1432-1033.1980.tb04715.x.

60. Thornton, J.W., (2004). Resurrecting ancient genes:
experimental analysis of extinct molecules. Nat. Rev.

Genet. 5, 366–375. https://doi.org/10.1038/nrg1324.
61. Thornton, J.W., Need, E., Crews, D., (2003). Resurrecting

the ancestral steroid receptor: ancient origin of estrogen

signaling. Science 301, 1714–1717. https://doi.org/
10.1126/science.1086185.

62. Thurtle-Schmidt, B.H., Stroud, R.M., (2016). Structure of
Bor1 supports an elevator transport mechanisms for SLC4

anion exchangers. Proc. Natl. Acad. Sci. USA 113, 10542–
10546. https://doi.org/10.1073/pnas.1612603113.

63. Yamamoto, S., Inoue, K., Murata, T., Kamigaso, S.,
Yasujima, T., Maeda, J., Yoshida, Y., Ohta, K., Yuasa,

H., (2010). Identification and functional characterization of
the first nucleobase transporter in mammals: implication in

the species difference in the intestinal absorption
mechanism of nucleobases and their analogs between

higher primates and other mammals. J. Biol. Chem. 285,
6522–6531. https://doi.org/10.1074/jbc.M109.032961.

64. Yan, N., (2017). A glimpse of membrane transport through
structures-advances in the structural biology of the GLUT

glucose transporters. J Mol Biol. 429, 2710–2725. https://
doi.org/10.1016/j.jmb.2017.07.009.

65. Yang, G., Miton, C.M., Tokuriki, N., (2020). A mechanistic
view of enzyme evolution. Protein Sci. 29, 1724–1747.

https://doi.org/10.1002/pro.3901.
66. Yao, X., Fan, X., Yan, N., (2020). Cryo-EM analysis of a

membrane protein embedded in the liposome. Proc. Natl.
Acad. Sci. USA 117, 18497–18503. https://doi.org/

10.1073/pnas.2009385117.
67. Yu, X., Yang, G., Yan, C., Baylon, J.L., Jiang, J., Fan, H.,

Lu, G., Hasegawa, K., et al., (2017). Dimeric structure of
the uracil:proton symporter UraA provides mechanistic

insights into the SLC4/23/26 transporters. Cell Res. 27,
1020–1033. https://doi.org/10.1038/cr.2017.83.

68. Yuasa, H., Yasujima, T., Inoue, K., (2020). Current
understanding of the intestinal absorption of nucleobases

and analogs. Biol. Pharm. Bull. 43, 1293–1300. https://doi.

org/10.1248/bpb.b20-00342.
69. Vos, S., Parry, R.J., Burns, M.R., de Jersey, J., Martin, J.L.,

(1998). Structures of free and complexed forms of
Escherichia coli xanthine-guanine

phosphoribosyltransferase. J. Mol. Biol. 282, 875–889.
https://doi.org/10.1006/jmbi.1998.2051.

70. Wang, J., Wang, W., Kollman, P.A., Case, D.A., (2006).
Automatic atom type and bond type perception in molecular

mechanical calculations. J. Mol. Graph. Model. 25, 247–
260. https://doi.org/10.1016/j.jmgm.2005.12.005.

71. Wang, J., Wolf, R.M., Caldwell, J.W., Kollman, P.A., Case,
D.A., (2004). Development and testing of a general amber

force field. J. Comput. Chem. 25, 1157–1174. https://doi.
org/10.1002/jcc.20035.

72. Xi, H., Schneider, B.L., Reitzer, L., (2000). Purine
catabolism in Escherichia coli and function of xanthine

dehydrogenase in purine salvage. J. Bacteriol. 182, 5332–
5341. https://doi.org/10.1128/jb.182.19.5332-5341.2000.

73. Zhu, D., Wei, Y., Yin, J., Liu, D., Ang, E.L., Zhao, H.,
Zhang, Y., (2020). A pathway for degradation of uracil to

acetyl coenzyme A in Bacillus megaterium. Appl. Environ.
Microbiol. 86, e02837–e2919. https://doi.org/10.1128/

aem.02837-19.

E. Tatsaki, E. Anagnostopoulou, I. Zantza, et al. Journal of Molecular Biology 433 (2021) 167329

23

https://doi.org/10.1038/nature09885
https://doi.org/10.1038/nature09885
https://doi.org/10.1016/j.febslet.2008.12.048
https://doi.org/10.1016/j.bbamem.2014.08.013
https://doi.org/10.1016/j.bbamem.2014.08.013
https://doi.org/10.1016/s0168-9525(01)02447-7
https://doi.org/10.1074/jbc.M112.355818
https://doi.org/10.1074/jbc.M112.355818
https://doi.org/10.1074/jbc.M113.523340
https://doi.org/10.1074/jbc.M800261200
https://doi.org/10.1074/jbc.M800261200
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1007/s12038-018-9780-3
https://doi.org/10.7554/eLife.61350
https://doi.org/10.7554/eLife.61350
https://doi.org/10.1093/molbev/msy082
https://doi.org/10.1093/molbev/msy082
https://doi.org/10.1016/j.bbamem.2017.08.009
https://doi.org/10.1021/acs.biochem.9b00341
https://doi.org/10.1021/acs.biochem.9b00341
https://doi.org/10.1111/j.1432-1033.1980.tb04715.x
https://doi.org/10.1111/j.1432-1033.1980.tb04715.x
https://doi.org/10.1038/nrg1324
https://doi.org/10.1126/science.1086185
https://doi.org/10.1126/science.1086185
https://doi.org/10.1073/pnas.1612603113
https://doi.org/10.1074/jbc.M109.032961
https://doi.org/10.1016/j.jmb.2017.07.009
https://doi.org/10.1016/j.jmb.2017.07.009
https://doi.org/10.1002/pro.3901
https://doi.org/10.1073/pnas.2009385117
https://doi.org/10.1073/pnas.2009385117
https://doi.org/10.1038/cr.2017.83
https://doi.org/10.1248/bpb.b20-00342
https://doi.org/10.1248/bpb.b20-00342
https://doi.org/10.1006/jmbi.1998.2051
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1128/jb.182.19.5332-5341.2000
https://doi.org/10.1128/aem.02837-19
https://doi.org/10.1128/aem.02837-19


  
 

 
 

UUDFLO/H+ V\PSRUW E\ WKH FXUE WUDQVSRUWHU FKDOOHQJHV WKH URFNLQJ-1 

EXQGOH PHFKDQLVP RI WUDQVSRUW LQ APC WUDQVSRUWHUV 2 

 3 

IOiaQa ZaQW]a,1 GeRUgia F. PaSadaNi,2� SWefaQR RaQiROR,3�YiaQQiV P\UUiV,2 GeRUge 4 

LaPbUiQidiV,1 ViWWRUiR LiPRQgeOOi,3,4* GeRUge DiaOOiQaV,2,5* EPPaQXeO MiNURV1,6* 5 

  6 
1DeSaUWPeQW Rf PhaUPac\, NaWiRQaO aQd KaSRdiVWUiaQ UQiYeUViW\ Rf AWheQV, PaQeSiVWiPiRSROiV, 7 

AWheQV, 15771, GUeece. 8 

2DeSaUWPeQW Rf BiRORg\, NaWiRQaO aQd KaSRdiVWUiaQ UQiYeUViW\ Rf AWheQV, PaQeSiVWiPiRSROiV, 9 

AWheQV, 15781, GUeece. 10 

3FacXOW\ Rf BiRPedicaO ScieQceV, EXOeU IQVWiWXWe, UQiYeUViWj deOOa SYi]]eUa iWaOiaQa (USI), LXgaQR, 11 

6900, SZiW]eUOaQd 12 

4DeSaUWPeQW Rf PhaUPac\, UQiYeUViW\ Rf NaSOeV ³FedeUicR II´, NaSOeV, 80131, IWaO\ 13 

5IQVWiWXWe Rf MROecXOaU BiRORg\ aQd BiRWechQRORg\, FRXQdaWiRQ fRU ReVeaUch aQd TechQRORg\, 14 

HeUaNOiRQ, 70013, GUeece. 15 

6Athena Research and Innovation Center in Information Communication & Knowledge 16 

Technologies, Marousi, 15125, Greece.  17 

 18 

CRUUHVSRQGLQJ AXWKRUV 19 

*ViWWRUiR LiPRQgeOOi, YiWWRUiROiPRQgeOOi@gPaiO.cRP 20 

*GeRUge DiaOOiQaV, diaOOiQa@biRO.XRa.gU 21 

*EPPaQXeO MiNURV PiNURV@ShaUP.XRa.gU 22 

 23 

� These authors contributed equally to this work. 24 

 25 

Key words: Aspergillus nidulans/NCS1/fungal/specificity/structure-function 26 

 27 

 28 

 29 

 30 

 31 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.03.28.486045doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.28.486045


Abstract 32 

 33 

Transporters mediate the uptake of solutes, metabolites and drugs across the cell membrane. The 34 

eukaryotic FurE nucleobase/H+ symporter of Aspergillus nidulans has been used as a model protein 35 

to address structure-function relationships in the APC transporter superfamily, members of which 36 

are characterized by the LeuT-fold and seem to operate by the so-called µrocking-bundle¶ 37 

mechanism. In this study, we reveal the binding mode, translocation and release pathway of 38 

uracil/H+ by FurE, using path collective variable, funnel metadynamics and rationally designed 39 

mutational analysis. OXU VWXd\ UeYeaOV a VWeS-ZiVe, iQdXced-fiW, PechaQiVP Rf RUdeUed VeTXeQWiaO 40 

WUaQVSRUW Rf SURWRQ aQd XUaciO, Zhich iQ WXUQ VXggeVWV WhaW Whe FXUE V\PSRUWeU, aQd SURbabO\ 41 

VWUXcWXUaOO\ ViPiOaU WUaQVSRUWeUV, fXQcWiRQV aV a PXOWi-VWeS gaWed SRUe, UaWheU WhaQ ePSOR\iQg 42 

µURcNiQg¶ Rf cRPSacW dRPaiQV, aV geQeUaOO\ SURSRVed fRU APC WUaQVSRUWeUV. IQ addiWiRQ, RXU ZRUN 43 

fXUWheU VXSSRUWV Whe ePeUgiQg cRQceSW WhaW VSecific eOePeQWV Rf c\WRVROic WeUPiQaO UegiRQV Rf 44 

WUaQVSRUWeUV PighW be fXQcWiRQaOO\ iPSRUWaQW. 45 

 46 

Introduction 47 

 48 

SecRQdaU\ acWiYe WUaQVSRUWeUV aUe WUaQVPePbUaQe SURWeiQV WhaW PediaWe Whe WUaQVSRUW Rf QXWUieQWV, 49 

PeWabROiWeV aQd dUXgV iQ RU RXW Rf ceOOV. The\ VeOecW aQd WUaQVORcaWe WheiU VXbVWUaWeV XViQg Whe eQeUg\ 50 

SURYided b\ Whe eOecWURchePicaO gUadieQW Rf Whe PePbUaQe, Yia a PechaQiVP WhaW iQYROYeV Whe 51 

V\PSRUW RU aQWiSRUW Rf PRVWO\ Na+/H+ caWiRQV ZiWh RWheU VROXWeV. SWUXcWXUaO VWXdieV UeYeaOed WhaW 52 

aOWhRXgh VecRQdaU\ acWiYe WUaQVSRUWeUV Pa\ be VWUXcWXUaOO\, fXQcWiRQaOO\ RU eYROXWiRQaU\ diVWiQcW, 53 

Whe\ VhaUe cRPPRQ fROdV, Zhich aUe UeOaWed WR VSecific SURWeiQ cRQfRUPaWiRQaO chaQgeV aVVRciaWed 54 

ZiWh Whe WUaQVSRUW c\cOe. The geQeUaO PRdeO fRU Whe WUaQVSRUW PechaQiVP iV NQRZQ aV Whe 55 

µaOWeUQaWiQg-acceVV PRdeO¶, ZheUe Whe WUaQVSRUWeU acceSWV RU UeOeaVeV Whe VXbVWUaWe aW RQe Vide Rf Whe 56 

ceOO PePbUaQe b\ chaQgiQg cRQfRUPaWiRQV fURP aQ RXWZaUd-RSeQ (OO) VWaWe faciQg Whe 57 

e[WUaceOOXOaU eQYiURQPeQW WR aQ iQZaUd-RSeQ (IO) VWaWe faciQg Whe c\WRVRO.1±5 DeSeQdiQg RQ Whe 58 

fROdiQg aQd VSecific cRQfRUPaWiRQaO UeaUUaQgePeQWV Rf Whe WUaQVSRUWeU, WhUee PaMRU PechaQiVPV 59 

haYe beeQ SURSRVed, QaPeO\ Whe URcNeU-VZiWch, Whe URcNiQg-bXQdOe aQd Whe VOidiQg-eOeYaWRU.5±9 60 

IPSRUWaQW VWUXcWXUaO aQd fXQcWiRQaO iQfRUPaWiRQ abRXW Whe URcNiQg-bXQdOe PechaQiVP, Zhich 61 

chaUacWeUi]eV RQe Rf WZR OaUgeVW WUaQVSRUWeU faPiOieV, Whe VR-caOOed APiQR Acid-PRO\aPiQe-62 

OUgaQRcaWiRQ (APC) VXSeUfaPiO\, UiVe fURP VePiQaO VWXdieV RQ Whe bacWeUiaO WUaQVSRUWeU LeXT, 63 

VSecific fRU OeXciQe aQd aOaQiQe.3,5,10 LeXT adRSWV Whe 5+5 heOicaO iQYeUWed UeSeaW (5HIRT), fRUPed 64 
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b\ Whe fiUVW 10 WUaQVPePbUaQe heOiceV ZhRVe VWUXcWXUaO eOePeQWV aQd cRQfRUPaWiRQaO chaQgeV 65 

deWeUPiQe VXbVWUaWe UecRgQiWiRQ aQd WUaQVSRUW. IQ WRWaO, LeXT aQd PRVW APC WUaQVSRUWeUV SRVVeVV 66 

WZeOYe WUaQVPePbUaQe Į-heOicaO VegPeQWV (TMSV), hRZeYeU Whe UROe Rf TMS11 aQd TMS12 iV QRW 67 

\eW cOaUified. The URcNiQg-bXQdOe PRdeO aVVXPeV WhaW WUaQVORcaWiRQ Rf Whe VXbVWUaWe fROORZiQg Whe 68 

OO-WR-IO cRQfRUPaWiRQaO chaQge iV faciOiWaWed b\ Whe UeOaWiYe PRWiRQ beWZeeQ WZR PRWifV, Whe VR-69 

caOOed µhaVh¶/VcaffROd dRPaiQ (TMS3, TMS4, TMS8, TMS9) aQd Whe µbXQdOe¶/cRUe dRPaiQ (TMS1, 70 

TMS2, TMS6, TMS7), ZiWh TMS5 aQd TMS10 fXQcWiRQiQg aV gaWeV. IW haV beeQ VXggeVWed WhaW 71 

VXbVWUaWe biQdiQg iQ Whe OO cRQfRUPaWiRQ iV aVViVWed b\ Whe ViPXOWaQeRXV biQdiQg Rf a SRViWiYe 72 

chaUge iRQ (Na+ RU H+), Zhich eOiciWV Whe cRQfRUPaWiRQaO chaQge Rf Whe SURWeiQ WRZaUdV Whe IO 73 

cRQfRUPaWiRQ. ThiV PechaQiVP Rf VXbVWUaWe WUaQVORcaWiRQ haV beeQ VXSSRUWed b\ VWXdieV RQ Whe 74 

eXNaU\RWic dRSaPiQe (DAT)11 aQd VeURWRQiQ (SERT)12 WUaQVSRUWeUV (QeXURWUaQVPiWWeU/VRdiXP 75 

V\PSRUWeU faPiO\-NSS), aQd a QXPbeU Rf PRVWO\ SURNaU\RWic WUaQVSRUWeUV.13-22  76 

AOWhRXgh aOO WUaQVSRUWeUV cRQfRUPiQg WR Whe 5+5 APC VWUXcWXUe VhaUe Whe VaPe µbXQdOe-haVh¶ fROd, 77 

WRSRORgicaO diffeUeQceV haYe beeQ fRXQd dXUiQg Whe WUaQViWiRQ fURP Whe OO WR Whe IO VWaWe. LeXT 78 

aQd MhVT cU\VWaO VWUXcWXUeV VXggeVW WhaW Whe µbXQdOe¶ dRPaiQ (TMS1, TMS2, TMS6, TMS7) 79 

XQdeUgReV VigQificaQW cRQfRUPaWiRQaO chaQgeV dXUiQg Whe OO/IO WUaQViWiRQ, SiYRWiQg aURXQd Whe 80 

µhaVh¶ dRPaiQ (TMS3, TMS4, TMS8, TMS9), ZhiOe WheUe aUe WZR addiWiRQaO UeaUUaQgePeQWV 81 

fXQcWiRQiQg aV RSeQiQg-cORViQg gaWeV. IQ LeXT, VSecificaOO\, Whe diVSOacePeQW Rf TMS1b, TMS6a 82 

acWV aV aQ e[WUaceOOXOaU gaWe, aORQg ZiWh a 45-degUee NiQN Rf Whe TMS1a fROORZed b\ a ORcaO 83 

XQZiQdiQg Rf TMS5, Zhich fXQcWiRQV aV Whe iQWUaceOOXOaU gaWe. IQ cRQWUaVW, Whe MhS1 WUaQVSRUWeU 84 

WUaQViWV fURP Whe RXWZaUd- WR Whe iQZaUd-VWaWe b\ URcNiQg a PRbiOe µhaVh¶ PRWif aURXQd Whe µbXQdOe¶ 85 

dRPaiQ, Zhich aOVR SURPRWeV TMS10 WR PRYe WRZaUdV TMS1b aQd TMS6a WR SacN Whe VXbVWUaWe iQ 86 

Whe RccOXded cRQfRUPaWiRQ. AddiWiRQaOO\, a fOe[ibOe TMS5 beQdiQg, UaWheU WhaQ PRYePeQWV iQ 87 

TMS1a Rf LeXT, RSeQV Whe iQZaUd faciQg caYiW\ aQd faciOiWaWeV VXbVWUaWe UeOeaVe, WhXV fXQcWiRQiQg 88 

aV Whe iQQeU gaWe. 89 

SeYeUaO fXQgaO PePbeUV Rf Whe QXcOeRbaVe caWiRQ V\PSRUWeU 1 (NCS1) faPiO\, Zhich aUe 90 

VWUXcWXUaOO\ UeOaWed WR Whe APC VXSeUfaPiO\, haYe beeQ e[WeQViYeO\ VWXdied b\ DiaOOiQaV aQd cR-91 

ZRUNeUV, XQYeiOiQg iPSRUWaQW iQfRUPaWiRQ abRXW UegXOaWiRQ Rf e[SUeVViRQ, VXbceOOXOaU WUafficNiQg 92 

aQd WXUQRYeU, WUaQVSRUW NiQeWicV, aQd VXbVWUaWe VSecificiW\.23±29 TUaQVSRUWeUV Rf WhiV faPiO\ fXQcWiRQ 93 

aV H+ V\PSRUWeUV VeOecWiYe fRU XUaciO, c\WRViQe, aOOaQWRiQ, XUidiQe, WhiaPiQe RU QicRWiQaPide UibRVide 94 

aQd VecRQdaUiO\ fRU XUic acid aQd [aQWhiQe.23,24,30 IQ SUeYiRXV VWXdieV, Ze haYe PRdeOed VeYeUaO 95 

NCS1 WUaQVSRUWeUV Rf AVSeUgillXV QidXlaQV XViQg Whe SURNaU\RWic MhS1 beQ]\O-h\daQWRiQ/Na+ 96 

WUaQVSRUWeU aV a VWUXcWXUaO WePSOaWe, aQd aVVeVVed VWUXcWXUe-fXQcWiRQ UeOaWiRQVhiSV Yia e[WeQViYe 97 
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PXWaWiRQaO aQaO\VeV. FURP WheVe VWXdieV, Ze defiQed Whe VXbVWUaWe biQdiQg ViWe aQd UeYeaOed Whe 98 

iPSRUWaQW UROe Rf Whe c\WRVROic N-aQd C-WeUPiQaO VegPeQWV iQ UegXOaWiQg eQdRc\Wic WXUQRYeU, 99 

WUaQVSRUW NiQeWicV aQd VXUSUiViQgO\ VXbVWUaWe VSecificiW\,25-29 Whe iPSRUWaQce Rf N-WeUPiQXV iQ 100 

WUaQVSRUWeU fXQcWiRQ haV beeQ aOVR SURYed iQ Whe caVe Rf hSERT.31 101 

HeUe, Ze VRXghW WR deVcUibe Whe fXQcWiRQaO cRQfRUPaWiRQaO chaQgeV aVVRciaWed ZiWh Whe WUaQVSRUW 102 

acWiYiW\ Rf Whe PRVW e[WeQViYeO\ VWXdied fXQgaO NCS1 PePbeU, QaPeO\ Whe FXUE XUaciO/XUic 103 

acid/aOOaQWRiQ WUaQVSRUWeU, fURP Whe OO WR Whe IO VWaWe. TR WhiV eQd, Ze ePSOR\ed PeWad\QaPicV 104 

caOcXOaWiRQV32 aQd addiWiRQaO PXWaWiRQaO aQaO\VeV, UaWiRQaOO\ deVigQed WR aVVeVV RXU iQ VilicR 105 

fiQdiQgV. OYeUaOO, Ze ZeUe abOe WR chaUacWeUi]e Whe OaUge-VcaOe cRQfRUPaWiRQaO chaQgeV Rf FXUE fURP 106 

Whe OO WR Whe IO VWaWe, iQcOXdiQg VeYeUaO iQWeUPediaWe VWaWeV, eOXcidaWiQg Whe UROe aQd Whe 107 

iQWeUQaOi]aWiRQ RUdeU Rf bRWh VXbVWUaWe (XUaciO) aQd H+ (iQ Whe fRUP Rf H3O+) aQd WheiU biQdiQg PRdeV, 108 

WhXV SURYidiQg a cRPSUeheQViYe QRYeO SicWXUe WhaW chaOOeQgeV aVSecWV Rf Whe Uigid-dRPaiQ URcNiQg 109 

PechaQiVP Rf APC WUaQVSRUWeUV. 110 

 111 

RHVXOWV 112 

 113 

FXUE 3D VWUXFWXUH  114 

The FXUE VWUXcWXUe iQ WhUee diffeUeQW cRQfRUPaWiRQaO VWaWeV, OXWZaUd OSeQ (OO), OccOXded (Occ) 115 

aQd IQZaUd OSeQ (IO), ZaV bXiOW WhURXgh hRPRORg\ PRdeOiQg XViQg Whe cRUUeVSRQdiQg MhS1 cU\VWaO 116 

VWUXcWXUeV (FLJXUH 1 DQG FLJXUH S1).20±22  USRQ YiVXaO iQVSecWiRQ Rf Whe VWUXcWXUeV, iW ePeUgeV WhaW 117 

iQWeUacWiRQV beWZeeQ UeVidXeV aUe e[SecWed WR be cUXciaO fRU Whe VWUXcWXUe aQd fXQcWiRQ Rf Whe 118 

WUaQVSRUWeU. FRU e[aPSOe, R123 (TMS3) caQ fRUP a VaOW bUidge ZiWh D261 (TMS6), PiPicNiQg Whe 119 

iQWeUacWiRQ RbVeUYed iQ MhS1 beWZeeQ K110 (TMS3) aQd D229 (TMS6) (FLJXUH S2A). AQRWheU 120 

iPSRUWaQW iQWeUacWiRQ iV beWZeeQ E51 aW Whe edge Rf TMS1a aQd K199 Rf TMS5 (FLJXUH S2B). 121 

IQWeUeVWiQgO\, iQ bRWh OO aQd Occ caVeV, Whe K199 Vide-chaiQ aPiQR gURXS iV ViWXaWed iQ Whe SRViWiRQ 122 

Rf Whe cR-cU\VWaOOi]ed Na+ caWiRQ iQ Whe Occ cRQfRUPaWiRQ Rf MhS1 aQd YeU\ cORVe WR WhaW Rf Whe 123 

VecRQd Na+ (Na2) SUeVeQW iQ Whe eTXiYaOeQW VWUXcWXUe Rf LeXT (FLJXUH S2C). AddiWiRQaOO\ K252 124 

(TMS6), Zhich haV beeQ VhRZQ WR affecW VXbVWUaWe VSecificiW\,28 PighW aOVR fRUP a VecRQd VaOW bUidge 125 

ZiWh E51 (FLJXUH S2B). FiQaOO\, Whe c\WRSOaVPicaOO\ ORcaWed N-WeUPiQaO D28 aSSeaUV WR iQWeUacW  126 

ZiWh K188 (TMS5) iQ OO, aV aOVR UeSRUWed b\ PaSadaNi eW al., 29 aQd ZiWh R264 iQ Occ (FLJXUH 127 

S2A). ASaUW fURP Whe afRUePeQWiRQed µVWaWic¶ VaOW bUidgeV, addiWiRQaO iQWeUacWiRQV, SRVVibO\ iQYROYed 128 

iQ Whe fXQcWiRQ Rf Whe RXWeU gaWe cRXOd be beWZeeQ Whe Q59, T63, S64 Vide chaiQV (TMS1b) aQd 129 
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F385, S386 (TMS10) (FLJXUH S2D), ZhiOe h\dURShRbic iQWeUacWiRQV iQYROYiQg W39 PighW cRQWURO 130 

Whe iQQeU gaWe.  131 

 132 

MXWDWLRQDO DQDO\VLV FRQILUPV WKH FUXFLDO UROH RI VSHFLILF UHVLGXHV LQ FXUE WUDQVSRUW IXQFWLRQ  133 

The FXUE VWUXcWXUaO PRdeOV highOighW WZR VaOW bUidgeV, R123-D261 aQd E51-K199, aQd a SROaU 134 

iQWeUacWiRQ beWZeeQ Q59 aQd S384 RU S386 aV cUXciaO iQ Whe cRQfRUPaWiRQaO WUaQViWiRQV Rf FXUE. 135 

AddiWiRQaO UeVidXeV SUedicWed WR be UeOaWed WR cRQfRUPaWiRQaO chaQgeV ZeUe W39, T63, S64, R193, 136 

F196, R264, N347 aQd F385. IQ RUdeU WR VXSSRUW WheVe SUedicWiRQV, Ze SeUfRUPed UeVSecWiYe AOa 137 

VXbVWiWXWiRQV. OWheU UeVidXeV SUedicWed WR be iPSRUWaQW fRU WUaQVSRUW acWiYiW\, VXch aV Whe iQWeUacWiRQ 138 

Rf D28 ZiWh K188, aQd Whe cUiWicaO UROe Rf K252 iQ VXbVWUaWe biQdiQg aQd VSecificiW\, haYe beeQ 139 

SUeYiRXVO\ VWXdied b\ aQaORgRXV AOa VXbVWiWXWiRQV.29 MXWaWed YeUViRQV Rf FXUE, C-WeUPiQaOO\ Wagged 140 

ZiWh GFP, ZeUe aQaO\]ed iQ aQ A. QidXlaQV (ǻ7) VWUaiQ WhaW geQeWicaOO\ OacNV aOO PaMRU QXcOeRbaVe-141 

UeOaWed WUaQVSRUWeUV, aV SUeYiRXVO\ deVcUibed28,29
. FLJXUH 2A (XSSeU OefW SaQeO) VXPPaUi]eV gURZWh 142 

SheQRW\SeV Rf PXWaQWV aQd cRQWURO VWUaiQV. AV e[SecWed, Whe SRViWiYe cRQWURO VWUaiQ e[SUeVViQg ZiOd-143 

W\Se FXUE gURZV RQ aOOaQWRiQ aQd XUic acid aQd iV VeQViWiYe WR 5-fOXRURXUaciO (5-FU), ZheUeaV Whe 144 

QegaWiYe cRQWURO VWUaiQ QRW e[SUeVViQg FXUE VhRZV a N VWaUYaWiRQ gURZWh SheQRW\Se aQd iV UeViVWaQW 145 

WR 5-FU. AOa VXbVWiWXWiRQV iQ UeVidXeV SUedicWed WR fRUP Whe WZR PaMRU VaOW bUidgeV (R123-D261 aQd 146 

E51-K199) VcRUed aV ORVV-Rf-fXQcWiRQ PXWaWiRQV, UefOecWed iQ abROiVhPeQW RU dUaPaWic UedXcWiRQ Rf 147 

gURZWh RQ aOOaQWRiQ RU XUic acid aQd UeOaWiYeO\ iQcUeaVed UeViVWaQce WR 5-FU, PRVWO\ eYideQW iQ 148 

R123A aQd D261A. SiPiOaU dUaPaWic ORVV Rf FXUE WUaQVSRUW acWiYiW\ ZaV RbWaiQed iQ R264A aQd 149 

F385A PXWaQWV, ZhiOe Q59A aQd S386A FXUE YeUViRQV VeeP WR haYe ORVW WheiU WUaQVSRUW acWiYiW\ fRU 150 

XUic acid RU 5-FU, bXW cRQVeUYed VRPe caSaciW\ fRU aOOaQWRiQ WUaQVSRUW. ThXV, Whe PXWaWiRQaO aQaO\ViV 151 

cRQfiUPV Whe eVVeQWiaO fXQcWiRQaO UROe Rf Whe iQWeUacWiRQV beWZeeQ R123-D261, E51-K199 aQd Q59-152 

S385-S386, aV ZeOO aV Whe iPSRUWaQce Rf R264, Zhich iV SUedicWed WR iQWeUacW ZiWh N-WeUPiQaO D28.  153 

The PXWaWiRQaO aQaO\ViV aOVR UeYeaOed aQ iPSRUWaQW UROe Rf W39, aV iWV VXbVWiWXWiRQ Oed WR ORVV Rf 154 

FXUE-PediaWed XUic acid aQd aOOaQWRiQ WUaQVSRUWeU, aOWhRXgh 5-FU WUaQVSRUW WR WhiV dUXg iV UeWaiQed. 155 

OXU fiQdiQgV fXUWheU VhRZed WhaW AOa VXbVWiWXWiRQ Rf T63, S64, R193 RU F196 haYe PRdeUaWe 156 

QegaWiYe effecWV RQ FXUE aSSaUeQW acWiYiW\, UefOecWed iQ UedXcWiRQ Rf gURZWh RQ XUic acid aQd VRPe 157 

iQcUeaVe iQ 5-FU UeViVWaQce (e.g., F196A), ZheUeaV UeVidXeV N347 aQd S384 SURYed QRQ-eVVeQWiaO 158 

fRU FXUE acWiYiW\.  159 

ESifOXRUeVceQce PicURVcRSic aQaO\ViV, VhRZQ iQ Whe UighW SaQeO Rf FLJXUH 2A, cRQfiUPed WhaW 160 

PXWaWiRQaO diVUXSWiRQ Rf Whe PaMRU iQWeUacWiRQV WeVWed (R123-D261, E51-K199 aQd Q59-F385-S386) 161 

did QRW affecW Whe QRUPaO PM ORcaOi]aWiRQ aQd VWabiOiW\ Rf FXUE, Zhich cRQfiUPV WhaW Whe aVVRciaWed 162 
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gURZWh defecWV iQ VSecific PXWaQWV UefOecW defecWV iQ FXUE WUaQVSRUW acWiYiW\ SeU Ve, UaWheU WhaQ aQ 163 

effecW RQ SURWeiQ fROdiQg RU VXbceOOXOaU WUafficNiQg. DiUecW WUaQVSRUW aVVa\V VhRZed WhaW FXUE-164 

PediaWed UadiROabeOed XUaciO WUaQVSRUW ZaV abROiVhed iQ Whe UeVSecWiYe PXWaQWV (FLJXUH 2B).  165 

NRWiceabO\, RQO\ iQ Whe caVe Rf R264A PXWaQW Whe aSSaUeQW ORVV-Rf-fXQcWiRQ SURYed WR be Whe UeVXOW 166 

Rf abROiVhPeQW Rf WUafficNiQg WR Whe PM, dXe WR ER-UeWeQWiRQ Rf FXUE. IQ cRQcOXViRQ, PXWaWiRQV Rf 167 

UeVidXeV SURSRVed, Yia hRPRORg\ PRdeOiQg aQd iQiWiaO MDV, WR be fXQcWiRQaOO\ iPSRUWaQW YaOidaWed 168 

Whe VWUXcWXUaO PRdeOV cRQVWUXcWed. 169 

 170 

TKH ELQGLQJ PRGH RI K\GURQLXP 171 

CRQWUaVWiQgO\ WR MhS1, Zhich iV a Na+-dUiYeQ NCS1 V\PSRUWeU, aOO chaUacWeUi]ed fXQgaO NCS1 172 

WUaQVSRUWeUV fXQcWiRQ Yia SURWRQ (H+) V\PSRUW. NeYeUWheOeVV, SURWRQ iQWeUacWiRQV aUe QRW eOXcidaWed 173 

fRU QRQe Rf WheP, iQcOXdiQg FXUE. IQ a fiUVW VWeS Ze aVSiUe WR deWeUPiQe SRVVibOe iQWeUacWiRQV 174 

iPSO\iQg Whe SURWRQ aQd UeVidXeV ORcaWed WRZaUdV Whe RXWeU gaWe Rf Whe WUaQVSRUWeU. IQ WhiV aVSecW Ze 175 

iQYeVWigaWed Whe biQdiQg Rf a h\dURQiXP PROecXOe (H3O+) WR FXUE b\ ePSOR\iQg FXQQeO-176 

MeWad\QaPicV (FM), deYeORSed b\ RXU gURXS aQd ZideO\ XVed WR VWXd\ OigaQd-SURWeiQ V\VWePV.33 177 

DXUiQg Whe FM caOcXOaWiRQV Whe ZhROe biQdiQg SaWhZa\ ZaV ViPXOaWed aQd aOO SRVVibOe biQdiQg ViWeV 178 

ZeUe eQeUgeWicaOO\ eYaOXaWed (FLJXUH S3A). The SUefeUeQWiaO biQdiQg ViWe Rf h\dURQiXP ZaV 179 

ideQWified aV Whe ORZeVW eQeUg\ VWaWe iQ Whe BiQdiQg FUee EQeUg\ SXUface (BFES) (FLJXUH 3A) aQd 180 

SURYed WR be Whe VaPe ViWe ideQWified fRU Na+ iQ bRWh MhS1 aQd LeXT VRdiXP cR-cU\VWaOOi]ed 181 

VWUXcWXUeV. ThiV ViWe, ORcaWed aW Whe iQWeUface Rf TMSV 1 aQd 8, iQYROYeV E51 (TMS1b) aQd T336 182 

(TMS8), Whe OaWeU UeVidXe cRQVeUYed aOVR iQ LeXT aQd MhS1 (FLJXUH 3B). The VWUXcWXUaO VWabiOiW\ 183 

Rf Whe biQdiQg cRPSOe[ FXUE/H3O+ ZaV fXUWheU aVVeVVed b\ a 150 QV MD ViPXOaWiRQ.  184 

 185 

TKH ELQGLQJ PRGH RI XUDFLO 186 

Ne[W, Ze ViPXOaWed Whe biQdiQg SURceVV Rf XUaciO (KP = 1 PM) WR iWV SXWaWiYe biQdiQg ViWe iQ FXUE 187 

XViQg FM. The SXWaWiYe biQdiQg ViWe ZaV cRQfiQed beWZeeQ TMS1, TMS3, TMS6 aQd TMS8 aV 188 

VXggeVWed b\ SUeYiRXV PXWageQeViV daWa, aV ZeOO aV VWUXcWXUaO VWXdieV RQ MhS1 aQd RWheU NCS1 189 

WUaQVSRUWeUV.26 AV SeUfRUPed iQ Whe caVe Rf H3O+, Ze ViPXOaWed Whe biQdiQg SURceVV Rf XUaciO fURP 190 

iWV fXOO\ VROYaWed VWaWe WR Whe biQdiQg ViWe iQ Whe Occ VWaWe, XViQg Whe XUaciO diVWaQce WR Whe biQdiQg 191 

ViWe aV CV. UUaciO VWaUWiQg VWUXcWXUe ZaV geQeUaWed b\ dRcNiQg caOcXOaWiRQV, Zhich dReV QRW affecW 192 

Whe fiQaO UeVXOW ViQce FM caOcXOaWiRQV e[SORUe aOO Whe SRVVibOe biQdiQg SRVeV. TR eQVXUe a Zide aUea 193 

VaPSOiQg aURXQd Whe biQdiQg ViWe Ze haYe VeW a OaUge cRQe VecWiRQ iQ Whe FM ViPXOaWiRQ (FLJXUH 194 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.03.28.486045doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.28.486045


S3B). H3O+ ZaV aOVR iQcOXded aW Whe biQdiQg PRde SUeYiRXVO\ ideQWified accRUdiQg WR Whe e[iVWiQg 195 

OiWeUaWXUe.19,22  196 

DeUiYed fURP Whe gORbaO PiQiPXP Rf Whe ǺFES (FLJXUH 3C), Whe VeOecWed PRdeO Rf XUaciO biQdiQg 197 

PRde (FLJXUH 3D) ZaV fRXQd WR be UePaUNabO\ ViPiOaU WR WhaW Rf (5S)-5-beQ]\OiPida]ROidiQe-2,4-198 

diRQe (h\daQWRiQ aQaORgXe) iQ Whe MhS1 cU\VWaO VWUXcWXUe (FLJXUH S4).22 IQ PRUe deWaiO, Ze RbVeUYed 199 

H-bRQd iQWeUacWiRQV beWZeeQ T254 (TMS6) aQd XUaciO C2=O, N341 (TMS8) aQd XUaciO C4=O aQd 200 

N3, aQd ʌ-ʌ VWacNiQg iQWeUacWiRQV beWZeeQ W130 (TMS3) aQd XUaciO. TZR addiWiRQaO PiQiPa ZeUe 201 

fRXQd aW higheU eQeUg\ YaOXeV WhaW UeSUeVeQW SURbabOe iQWeUPediaWe biQdiQg SRVeV Rf Whe OigaQd aORQg 202 

iWV SaWh WR Whe fiQaO biQdiQg ViWe. UUaciO aSSeaUV fiUVW WR iQWeUacW ZiWh Q59 (TMS1b), Yia a bideQWaWe 203 

iQWeUacWiRQ ZiWh N3 aQd C2=O, aQd a ʌ-ʌ VWacNiQg ZiWh W307 (L7 ORRS) (FLJXUH 3C). SXbVeTXeQWO\, 204 

iW PRYeV ORZeU iQ Whe FXUE biQdiQg caYiW\, ZheUe iW iQWeUacWV ZiWh Q137 (TMS3) Yia a bideQWaWe 205 

bRQd iQYROYiQg C4=O aQd N3 (FLJXUH 3D). FiQaOO\, XUaciO aQd W130 bRWh iQWeUacWed ZiWh F385 206 

(TMS10) WhURXgh ʌ-ʌ aQd T-VhaSed VWacNiQg iQWeUacWiRQV. 207 

 208 

TKH FRQIRUPDWLRQDO WUDQVLWLRQ RI FXUE IURP OO WR IO  209 

TR WhRURXghO\ deVcUibe Whe OaUge-VcaOe cRQfRUPaWiRQaO WUaQViWiRQ Rf FXUE, aQd Whe UeOaWiYe RUdeU ZiWh 210 

Zhich h\dURQiXP aQd XUaciO aUe WUaQVSRUWed, Ze ePSOR\ed a diPeQViRQaOiW\ UedXcWiRQ aSSURach, 211 

caOOed SaWh cROOecWiYe YaUiabOeV (PCVV).34 IQ WhiV caVe, Whe afRUePeQWiRQed WUaQViWiRQV caQ be 212 

diVcUeWi]ed b\ SURYidiQg a VeW Rf fUaPeV deVcUibiQg Whe UeTXiUed PRYePeQW (Vee MeWhRdV). TheVe 213 

fUaPeV iQcOXde Whe SRViWiRQV Rf Ne\ aWRPV fURP Whe begiQQiQg WR Whe eQd Rf Whe cRQfRUPaWiRQaO 214 

chaQge, aOORZiQg XV WR WUacN Whe WUaQViWiRQ VWage dXUiQg Whe ViPXOaWiRQ aQd aOVR acceOeUaWe iWV 215 

VaPSOiQg WhURXgh MeWad\QaPicV. The ZhROe WUaQViWiRQ Rf FXUE fURP OO WR IO ZaV iQYeVWigaWed 216 

WhURXgh WZR VeW Rf ViPXOaWiRQV, Whe fiUVW deVcUibiQg Whe OO-WR-Occ WUaQViWiRQ aQd Whe VecRQd Whe 217 

Occ-WR-IO. FRU each Rf WheP, fRXU V\VWePV ZeUe iQYeVWigaWed cRQVideUiQg aOO SRVVibOe cRPbiQaWiRQV 218 

Rf OigaQd VWRichiRPeWU\: i) FXUE -H3O+ - XUaciO (aSR); ii) FXUE + H3O+ - XUaciO; iii) FXUE - H3O+ + 219 

XUaciO; iY) FXUE + H3O+ + XUaciO (Whe WRWaO ViPXOaWiRQ WiPe fRU each PeWad\QaPicV iV VhRZQ iQ TDEOH 220 

S1). IQ Whe ViPXOaWiRQV ZheUe h\dURQiXP aQd XUaciO aUe SUeVeQW, Whe\ RccXS\ Whe biQdiQg PRde 221 

SUeYiRXVO\ ideQWified. FXUE VWUXcWXUeV UeSUeVeQWiQg Whe gORbaO PiQiPXP aW Whe caOcXOaWed FES ZeUe 222 

e[WUacWed aQd cOXVWeUed. The ceQWURid VWUXcWXUe Rf Whe PRVW SRSXOaWed cOXVWeU ZaV VeOecWed aQd 223 

VXbMecWed WR a 100QV VWaQdaUd MD ViPXOaWiRQ iQ RUdeU WR aVVeVV iWV VWabiOiW\. The iQWeUacWiRQV 224 

beWZeeQ Whe PRVW iPSRUWaQW UeVidXeV ZeUe PRQiWRUed ZiWhiQ Whe e[WUacWed VWUXcWXUeV aQd VWaWiVWicV 225 

aUe VhRZQ iQ FLJXUH 4A. 226 

 227 
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TKH OO-WR-OFF WUDQVLWLRQ  228 

i) ASR VWaWe (FXUE - H3O+ - XUacil) - The FES VhRZV RQe ViQgOe, Zide eQeUg\ PiQiPXP beWZeeQ 229 

OO aQd Occ (FLJXUH 4B) iQdicaWiQg a UeOaWiYe cRQfRUPaWiRQaO fOe[ibiOiW\ Rf FXUE ZheQ QR OigaQd iV 230 

SUeVeQW, cRQfiUPed aOVR b\ VWaQdaUd MD ViPXOaWiRQV (FLJXUH S5). NRWabO\, iQ Whe eQeUg\ PiQiPXP 231 

VWUXcWXUeV Whe iQiWiaO SaUW Rf TMS10 iV SRViWiRQed PXch cORVeU WR TMS1a ZiWh UeVSecW WR Whe VWaUWiQg 232 

OO VWaWe. The UeOaWiYe RUieQWaWiRQ beWZeeQ µhaVh¶ aQd µbXQdOe¶ PRWiYeV UePaiQed YeU\ ViPiOaU WR 233 

MhS1.The PRVW VWabOe iQWeUacWiRQV iQ Whe aSR VWaWe aUe eQgaged b\ K199-T336, E51-T336 aQd 234 

R123-D261, ZhiOe E51-K199 aQd R264-D28 iQWeUacW aW a PiQRU e[WeQW (FLJXUH 4A). AddiWiRQaOO\, 235 

S386 aQd Q59 caQ fRUP a ZaWeU bUidge (FLJXUH S6), ZhiOe Q134 iQWeUacWV ZiWh T336 WhURXgh a 236 

ZaWeU PROecXOe (FLJXUH S7A). 237 

ii) H\dURQiXP bRXQd (FXUE + H3O+ - XUacil) - WheQ H3O+ caWiRQ iV bRXQd WR FXUE, Whe FES iV 238 

UaWheU ViPiOaU WR WhaW Rf Whe aSR fRUP, aObeiW Whe PiQiPXP iV QaUURZeU iQdicaWiQg a UedXced fOe[ibiOiW\ 239 

Rf Whe WUaQVSRUWeU aQd iQ SaUWicXOaU Rf TMS10 (FLJXUH 4B). ThiV fiQdiQg VXggeVWV WhaW Whe SUeVeQce 240 

Rf H3O+ iQfOXeQceV Whe fUee eQeUg\ OaQdVcaSe, OeadiQg TMS10 iQ a SRViWiRQ cRPSeWeQW WR biQd Whe 241 

VXbVWUaWe. MRUe VSecificaOO\, H3O+ eQgageV iQ a VaOW bUidge ZiWh E51 aQd H-bRQd ZiWh T336, 242 

diVUXSWiQg Whe bRQd beWZeeQ K199 aQd E51, beWZeeQ E51 aQd T336, aQd Whe ZaWeU bUidge beWZeeQ 243 

Q134 aQd T336. CRQVeTXeQWO\, T336 iQWeUacWV RQO\ ZiWh K199 VR WhaW Whe H-bRQd beWZeeQ T336 244 

aQd Q134 iV ORVW, PaNiQg Q134 aYaiOabOe WR iQWeUacW ZiWh XUaciO (FLJXUH S7B).  245 

iii) UUacil bRXQd (FXUE - H3O+ + XUacil) ± WheQ RQO\ XUaciO iV bRXQd WR FXUE, Whe FES PiQiPXP 246 

ZaV ORcaWed cORVe WR Whe Occ VWaWe (FLJXUH 4B). HRZeYeU, iQ WhiV SRVe Whe fiUVW SaUW Rf TMS10 iV VWiOO 247 

UeOaWiYeO\ diVWaQW WR TMS1a. UQbiaVed MD ViPXOaWiRQV SeUfRUPed RQ WhiV V\VWeP VhRZ WhaW XUaciO 248 

iV QRW VWabOe iQ Whe biQdiQg SRcNeW, OeaYiQg Whe biQdiQg PRde afWeU 20QV, ZhiOe TMS10 fOXcWXaWed 249 

beWZeeQ aQ OO aQd Occ VWaWe (FLJXUH S5). 250 

iY) H\dURQiXP aQd XUacil bRXQd (FXUE + H3O+ + XUacil) - IQ Whe caVe bRWh h\dURQiXP aQd XUaciO 251 

aUe bRXQd, Whe ORZeVW eQeUg\ PiQiPXP UeSUeVeQWV Whe Occ VWaWe (FLJXUH 4B). CRPSaUiQg WhiV FXUE 252 

VWaWe WR Whe cU\VWaOOi]ed Occ VWaWe Rf MhS1, PiQRU diffeUeQceV aUe RbVeUYed iQ TMS5, ZheUe a WiOW 253 

ZaV QRWed WRZaUdV Whe IO cRQfRUPaWiRQ, aQd iQ TMS3 aQd TMS9. A QeWZRUN Rf iQWeUacWiRQV 254 

beWZeeQ F385, S386, F388, L389 ZiWh Q59, V60 aQd W130 cRQWUibXWeV iQ VWabiOi]iQg TMS10 iQ Whe 255 

RccOXded SRViWiRQ, ZiWh a cRQVeTXeQW PRWiRQ Rf TMS9, Zhich hRZeYeU iV QRW RbVeUYed iQ Whe MhS1 256 

cU\VWaO VWUXcWXUe. FXUWheUPRUe, Whe VOighW WiOW Rf TMS5 VXggeVWV WhaW FXUE iQ Occ haV aOUead\ PRYed 257 

iQ a cRQfRUPaWiRQ cORVeU WR Whe IO VWaWe, fRUeVhadRZiQg a ORZ eQeUg\ baUUieU beWZeeQ Whe RccOXded 258 

aQd aQ IQZaUd OccOXde VWaWe (IOcc). AddiWiRQaOO\, biQdiQg Rf XUaciO VWabiOi]eV Q134 WhURXgh aQ H-259 
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bRQd, iQ a SRViWiRQ caSabOe Rf PaNiQg aQ H-bRQd QeWZRUN ZiWh Q59 aQd ZaWeU PROecXOeV. S386 260 

(TMS10) caQ iQWeUacW ZiWh Q59 eiWheU Yia a ZaWeU PROecXOe RU diUecWO\ (FLJXUH S6).  261 

TaNeQ WRgeWheU, RXU UeVXOWV SURYide XQSUecedeQWed VWUXcWXUaO iQVighW iQWR Whe OO-WR-Occ WUaQViWiRQ 262 

Rf FXUE. IQ deWaiO, iW iV cOeaUO\ VhRZQ WhaW Whe SUeVeQce Rf h\dURQiXP VWabiOi]eV Whe FXUE 263 

cRQfRUPaWiRQ cRPSeWeQW fRU biQdiQg Whe XUaciO aQd WhaW Whe biQdiQg Rf bRWh h\dURQiXP aQd XUaciO iV 264 

QeceVVaU\ WR ORcN FXUE iQ Occ VWaWe. OXU RbVeUYaWiRQV agUeeV ZiWh e[SeUiPeQWaO daWa cRQceUQiQg 265 

MhS1, ZheUe Whe V\PSRUWed Na+ iQcUeaVe VXbVWUaWe affiQiW\ ZiWhRXW iQdXciQg PaMRU cRQfRUPaWiRQ 266 

chaQgeV,19,35 ZhiOe iQ LeXT Na+ biQdiQg VhifWV Whe cRQfRUPaWiRQaO eTXiOibUiXP WR Whe Occ VWaWe.36,37 267 

Occ VWaWe iQ FXUE iV a YeU\ VWabOe VWaWe aV dePRQVWUaWed b\ Whe ORZ RMSD YaOXeV (a1 c) cRPSXWed 268 

fRU Whe bacNbRQe CĮ aWRPV Rf Whe WUaQVSRUWeU iQ XQbiaVed MD caOcXOaWiRQV. AddiWiRQaOO\, Whe bUeaN 269 

Rf iQiWiaO bRQdV WhaW VWabiOi]ed TMS5 iQ a cORVed SRViWiRQ aQd UeWaiQed a VWabOe µhaVh-bXQdOe¶ dRPaiQ 270 

RUieQWaWiRQ (K199-E51, K199-T336, E51-T336), aOORZ Whe FXUE VWUXcWXUe WR PRYe WRZaUdV IO VWaWe. 271 

 272 

TKH OFF-WR-IO WUDQVLWLRQ 273 

i) H\dURQiXP aQd XUacil bRXQd (FXUE + H3O+ + XUacil)- WheQ XUaciO aQd H3O+ aUe bRWh bRXQd WR 274 

FXUE, Whe WUaQVSRUWeU aVVXPeV a ORZ eQeUg\ VWUXcWXUe WhaW aSSURacheV Whe IO VWaWe, aObeiW QRW 275 

UeachiQg iW. ThiV caQ be defiQed aV Whe IQZaUd OccOXded (IOcc) VWaWe. HeUe, TMS3 iV WiOWed, iQdXciQg 276 

TMS4 aQd TMS5 WR aVVXPe a VePi-RSeQ VWaWe. AW Whe VaPe WiPe Whe ceQWUaO SaUW Rf TMS8 iV WiOWed 277 

aZa\ fURP TMS1a. The TMS3 PRWiRQ iV chaUacWeUi]ed b\ Whe bUeaN Rf Whe eOecWURVWaWic iQWeUacWiRQ 278 

beWZeeQ D261 (TMS6) aQd R123 (TMS3) (FLJXUH 4A), Zhich iQVWead iQWeUacWV ZiWh T254 Rf Whe 279 

XUaciO biQdiQg ViWe aQd XUaciO iWVeOf. H3O+ iQ a PRUe iQWeUiRU SRViWiRQ, aSSURacheV D28 iQ Whe N-280 

WeUPiQaO ORRS. IQ addiWiRQ, Whe E51 Vide chaiQ URWaWeV fROORZiQg Whe caWiRQ PRWiRQ aQd WhiV UeVXOWV iQ 281 

a PRUe VWabOe iQWeUacWiRQ ZiWh K252 (FLJXUH 4A). 282 

ii) UUacil bRXQd (FXUE - H3O+ + XUacil) ± IQ WhiV VWaWe, Whe FES VhRZV a PiQiPXP cORVe WR Whe IO 283 

cRQfRUPaWiRQ. SXch PiQiPXP iV QaUURZ, cRQfiQed b\ a high-eQeUg\ baUUieU (FLJXUH 4C). ThiV 284 

fiQdiQg VXggeVWV WhaW fiUVW H3O+ XQbiQdV FXUE, WheQ Whe WUaQVSRUWeU iV VWabiOi]ed iQ a cORVe-WR-IO 285 

cRQfRUPaWiRQ XVefXO fRU XUaciO UeOeaVe. CRPSaUed WR Whe MhS1 iQZaUd VWUXcWXUe, Whe WiOW Rf TMS5 iV 286 

PRUe SURQRXQced, ZhiOe TMS8 iV QRW WiOWed aQ\PRUe OeadiQg WR a Pa[iPXP diVWaQce fURP TMS1a. 287 

BRWh cRQfRUPaWiRQaO chaQgeV eOiciW a UeaUUaQgePeQW Rf Whe RWheU heOiceV Rf Whe ³haVh´ PRWif TMS3, 288 

TMS4 aQd TMS9 (FLJXUH S8). 289 

iii) ASR VWaWe (FXUE - H3O+ - XUacil) - IQ Whe aSR V\VWeP, Whe FES VhRZV Whe ORZeVW eQeUg\ PiQiPXP 290 

cORVe WR IO, iQ a SRViWiRQ ViPiOaU WR Whe XUaciO bRXQd VWaWe. HRZeYeU, heUe Whe PiQiPXP iV ZideU, 291 

iQdicaWiQg a OaUgeU cRQfRUPaWiRQaO fUeedRP Rf Whe WUaQVSRUWeU iQ Whe aSR VWaWe. TMS5 iV UaWheU 292 
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fOe[ibOe, ZhiOe TMS3 iV VOighWO\ beQW if cRPSaUed ZiWh Whe Occ VWaWe. AV FXUE aVVXPeV Whe aSR VWaWe 293 

afWeU Whe UeOeaVe Rf bRWh Whe OigaQdV, VXch cRQfRUPaWiRQaO fUeedRP PighW be iQVWUXPeQWaO WR faYRU 294 

Whe UeYeUVe WUaQViWiRQ Rf Whe WUaQVSRUWeU WR Whe RXWZaUd VWaWe. The FXUE fOe[ibiOiW\ ZaV cRQfiUPed b\ 295 

VWaQdaUd MD ViPXOaWiRQV caUUied RXW RQ Whe VWUXcWXUe Rf Whe PiQiPXP.  296 

iY) H\dURQiXP bRXQd (FXUE + H3O+ - XUacil) - WheQ RQO\ H3O+ iV bRXQd WR FXUE, Whe eQeUg\ 297 

PiQiPXP VWUXcWXUe iV beWZeeQ Occ aQd IO (FLJXUH 4C), ZiWh TMS5 YeU\ cORVe WR Whe SRViWiRQ 298 

aVVXPed iQ Occ. ThiV hiQWV WhaW iQ Whe abVeQce Rf XUaciO Whe SURWeiQ iV QRW abOe WR Ueach Whe IO VWaWe. 299 

OXU caOcXOaWiRQV VhRZ WhaW ZheQ H3O+ iV VWiOO bRXQd WR Whe SURWeiQ Whe cRQfRUPaWiRQ iV VWabiOi]ed 300 

iQ aQ iQWeUPediaWe VWaWe beWZeeQ Occ aQd IO. ThiV VXggeVWV WhaW Whe VeTXeQce Rf eYeQWV iQcOXdeV 301 

fiUVW diVORcaWiRQ aQd diVVRciaWiRQ Rf Whe H3O+, ZhiOe XUaciO iV Qeeded iQ RUdeU WR VhifW Whe Occ WR Whe 302 

fiQaO IO VWaWe. FXUWheUPRUe, WhiV WUaQViWiRQ fURP Occ WR IO iV UeOaWed WR TMS3 aQd TMS8 WiOWiQg, a 303 

VhifW aVVRciaWed aOVR ZiWh bRWh H3O+ aQd VXbVWUaWe iQWeUacWiRQV. 304 

 305 

TKH LQWHUQDOL]DWLRQ SDWKZD\ RI H3O+ FDWLRQ 306 

BaVed RQ RXU PCV caOcXOaWiRQV RQ Whe FXUE Occ-WR-IO WUaQViWiRQ, h\dURQiXP iV Whe fiUVW WR be 307 

UeOeaVed iQ Whe iQWUaceOOXOaU eQYiURQPeQW. TheUefRUe, Ze iQYeVWigaWed Whe XQbiQdiQg Rf H3O+ fURP 308 

Whe WUaQVSRUWeU b\ PeaQV Rf FM ViPXOaWiRQV (FLJXUH S3C). OXU UeVXOWV VhRZ WhaW h\dURQiXP iV abOe 309 

WR PRYe WRZaUdV Whe iQWUaceOOXOaU UegiRQ Rf FXUE SaVViQg WhURXgh diffeUeQW biQdiQg PRdeV (FLJXUH 310 

5A, 5B). FiUVW, H3O+ bUeaNV Whe iQWeUacWiRQV ZiWh T336 WR H-bRQd ZiWh S339, ZhiOe PaiQWaiQiQg Whe 311 

VaOW bUidge ZiWh E51. ThiV cRUUeVSRQdV WR PiQiPXP D iQ Whe FES UeSRUWed iQ FLJXUH 5A. TheQ, 312 

h\dURQiXP biQdV WR a cOefW cUeaWed b\ F47, F262 aQd E51, cRUUeVSRQdiQg WR PiQiPXP C (FLJXUH 313 

5A). AfWeUZaUdV, Whe iQWeUacWiRQ ZiWh E51 iV ORVW aQd H3O+ biQdV WR D28, D26 Rf Whe c\WRVROic N-314 

WeUPiQaO WeUPiQXV29 aQd N347, cRUUeVSRQdiQg WR PiQiPXP B Rf Whe FES (FLJXUH 5A). FiQaOO\, H3O+ 315 

UeacheV Whe ORZeVW eQeUg\ SRVe A, biQdiQg WR D28 aQd D26 (FLJXUH 5B), befRUe beiQg fXOO\ UeOeaVed 316 

iQ Whe c\WRSOaVP. The PRWiRQ Rf E51 aORQg ZiWh Whe H3O+ XQbiQdiQg eOiciW a bUeaN Rf E51-K199 317 

aQd D28-R264 iQWeUacWiRQV (FLJXUH 4A). NRWabO\, RXU ViPXOaWiRQV iQdicaWe WhaW Whe fOe[ibiOiW\ Rf Whe 318 

c\WRVROic N-WeUPiQaO VegPeQW Rf FXUE SOa\V a PaMRU UROe iQ Whe UeOeaVe Rf h\dURQiXP iQ Whe 319 

c\WRSOaVP. 320 

 321 

TKH LQWHUQDOL]DWLRQ SDWKZD\ RI XUDFLO 322 

OQce h\dURQiXP XQbiQdV, XUaciO caQ be UeOeaVed iQ Whe iQWUaceOOXOaU eQYiURQPeQW. We iQYeVWigaWed 323 

Whe XQbiQdiQg Rf XUaciO fURP Whe FXUE IO VWaWe iQYeVWigaWiQg aOO Whe SRVVibOe e[iWiQg SaWhZa\V fURP 324 
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Whe biQdiQg SRcNeW WR Whe TMS5 iQQeU gaWe (FLJXUH S3D). The FES aQd Whe OigaQd eQeUgeWicaOO\ 325 

UeOeYaQW SRVeV aUe UeSUeVeQWed iQ FLJXUH 5C, 5D, UeVSecWiYeO\. DXUiQg XUaciO XQbiQdiQg WhUee 326 

UeVidXeV, W130, E51 aQd W39, SOa\ a PaMRU UROe (FLJXUH 5D). W130 NeeSV a YeUWicaO cRQfRUPaWiRQ 327 

WR Whe ] a[iV Rf Whe PePbUaQe, WhXV cORViQg de facWR Whe acceVV WR Whe e[WUaceOOXOaU SaUW, ZhiOe E51 328 

fRUPV a H-bRQd ZiWh XUaciO faYRUiQg Whe WUaQVORcaWiRQ Rf Whe OigaQd WRZaUdV Whe TMS5 iQQeU gaWe. 329 

FiQaOO\, W39 fRUPV ʌ-ʌ aQd T-VhaSed VWacNiQg iQWeUacWiRQV ZiWh XUaciO MXVWif\iQg Whe UeOeYaQce Rf 330 

W39 aV highOighWed b\ PXWageQeViV daWa. IW VhRXOd be QRWiced WhaW W39 (TMS1) iV SaUW Rf a 331 

h\dURShRbic cOefW cRQViVWiQg Rf F262 (TMS6), Y265 (TMS6), V343 (TMS8) aQd V189 (TMS5) 332 

cRQWUibXWiQg WR Whe VWabiOiW\ Rf Whe OO aQd Occ VWaWeV ZheUe TMS1a, TMS6b, TMS8 aQd TMS5 aUe 333 

cORVe, ZhiOe iQ IO TMS8 aQd TMS5 PRYe aZa\ aV H3O+ aQd XUaciO aUe WUaQVSRUWed iQWUaceOOXOaUO\.  334 

 335 

DLVFXVVLRQ 336 

HeUe Ze XVed Whe e[WeQViYeO\ VWXdied aW Whe geQeWic aQd fXQcWiRQaO OeYeO FXUE SURWeiQ, a eXNaU\RWic 337 

WUaQVSRUWeU WhaW iV VWUXcWXUaOO\ ViPiOaU WR APC VXSeUfaPiO\ PePbeUV, WR addUeVV Whe PechaQiVP Rf 338 

VXbVWUaWe/H+ V\PSRUW XViQg VWaWe-Rf-aUW fUee-eQeUg\ caOcXOaWiRQV, QaPed fXQQeO-PeWad\QaPicV 339 

(FM), fRcXViQg RQ Whe cRQfRUPaWiRQaO UeaUUaQgePeQWV Rf Whe WUaQVSRUWeU VWUXcWXUe WhaW accRPSaQ\ 340 

WUaQVSRUW caWaO\ViV. AW YaUiaQce ZiWh RWheU biQdiQg PROecXOaU ViPXOaWiRQ PeWhRdV, FM aOORZV Whe 341 

VaPSOiQg Rf Whe biQdiQg SURceVV ZiWhRXW NQRZiQg a SUiRUi Whe biQdiQg PRde Rf Whe OigaQd(V), aQd 342 

WhXV SURYideV a XQiTXe aQd WhRURXgh cOaVVificaWiRQ Rf aOO SRVVibOe biQdiQg PRdeV. IPSRUWaQWO\, 343 

UaWiRQaO PXWaWiRQaO aQaO\ViV YaOidaWeV Whe RXWcRPe aQd cRQcOXViRQV RbWaiQed Yia Whe WheRUeWicaO FM 344 

caOcXOaWiRQV. OYeUaOO, WhiV ZRUN UeYeaOV Whe RSeUaWiRQ PRde aQd ideQWifieV Whe VWeS-ZiVe 345 

cRQfRUPaWiRQaO chaQgeV WhaW XQdeUOie Whe V\PSRUW Rf XUaciO/H+ b\ FXUE. OXU SUiQciSaO fiQdiQgV aUe 346 

highOighWed VchePaWicaOO\ iQ FLJXUH 6 aQd diVcXVVed iQ PRUe deWaiO beORZ. 347 

A SUiQciSaO QRYeOW\ Rf WhiV ZRUN iV WhaW iW addUeVVeV SURWRQ V\PSRUW, b\ iQWURdXciQg H3O+ aV a 348 

VecRQd diVWiQcW VXbVWUaWe. ThXV, Ze RbWaiQed cRPSeOOiQg eYideQce WhaW dXUiQg Whe ZhROe SURceVV 349 

H3O+ iQWeUacWV ZiWh WhUee QegaWiYeO\ chaUged UeVidXeV, QaPeO\ E51, D28 aQd D26. The iQiWiaO 350 

biQdiQg ORcaWiRQ Rf H3O+ (E51) ZaV fRXQd WR be e[acWO\ aW Whe VaPe SOace ZheUe Na+ iV cR-351 

cU\VWaOOi]ed iQ Whe hRPRORgRXV SURNaU\RWic WUaQVSRUWeU MhS1. H3O+ biQdiQg VWabiOi]ed Whe UaWheU 352 

fOe[ibOe aSR VWUXcWXUe iQ aQ iQWeUPediaWe cRQfRUPaWiRQ beWZeeQ Whe iQiWiaOO\ cRQVWUXcWed OO aQd 353 

Occ PRdeOV (i.e. RXWZaUd-RccOXded RU OOcc). FXUE-H3O+ iQWeUacWiRQ ZaV fRXQd WR WUiggeU ORcaO 354 

aPiQR acid UeaUUaQgePeQWV WhaW SeUPiW Q134 WR biQd XUaciO, ZiWhRXW SURPRWiQg RWheU PaMRU SURWeiQ 355 

cRQfRUPaWiRQaO chaQgeV, UaWheU ViPiOaU WR ZhaW haV beeQ fRXQd iQ MhS1.21,35 ThiV ORcaO d\QaPic 356 
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chaQge eOiciWed b\ caWiRQ-biQdiQg aORQe diffeUV iQ RWheU APC WUaQVSRUWeUV, VXch aV LeXT, dDAT, 357 

hDAT aQd SERT, ZheUe Na+ biQdiQg faYRUV a fXOO\ Occ cRQfRUPaWiRQ.11,12,37,38 IQ FXUE, RQO\ ZheQ 358 

bRWh VXbVWUaWe (XUaciO) aQd H3O+ aUe bRXQd, Whe ORZeVW eQeUg\ cRQfRUPaWiRQ VhifWed WRZaUdV Whe Occ 359 

VWUXcWXUe, a VWaWe ZheUe  bRWh TMS10 (RXWeU gaWe) aQd TMS5 (iQQeU gaWe) aUe cORVed. NRWiceabO\, iQ 360 

Whe FXUE Occ VWaWe Ze deWecWed UeOaWiYeO\ VPaOO chaQgeV iQ Whe µhaVh¶ heOiceV. MRUe VSecificaOO\, Whe 361 

UeOaWiYe PRWiRQ Rf W130 (TMS3) iQWeUacWiQg ZiWh XUaciO eOiciWed a VPaOO beQd iQ Whe OaVW SaUW Rf 362 

TMS3 aVViVWed b\ a G132, aQd WhiV ZaV fROORZed b\ a ViPiOaU beQd Rf Whe fiUVW SaUW Rf TMS8. 363 

FXUWheUPRUe, TMS9 fROORZed Whe PRYePeQW Rf TMS10 aQd iQdXced a VPaOO VhifW WR TMS4 (Vee 364 

FLJXUH 4). A QeWZRUN Rf iQWeUacWiRQV beWZeeQ TMS10 aQd TMS1b UeVidXeV, QaPeO\ F385, L389 365 

aQd Q59, aOVR cRQWUibXWed WR Whe VWabiOi]aWiRQ Rf Whe Occ VWaWe aQd SOa\ a cUiWicaO UROe iQ Whe VXbVWUaWe 366 

VSecificiW\, aV VXSSRUWed b\ Whe PXWaWiRQaO aQaO\ViV.  367 

AfWeU acTXiUiQg Whe Occ VWUXcWXUe, ZiWh XUaciO aQd H3O+ bRXQd, FXUE aVVXPeV aQ iQWeUPediaWe 368 

VWUXcWXUe beWZeeQ Occ aQd IO (i.e., iQZaUd-RccOXded RU IOcc), ZheUe H3O+ caWiRQ PRYed WRZaUdV 369 

Whe iQWUaceOOXOaU dRPaiQ. IQ WhiV VWaWe, Whe N-WeUPiQaO D28 ORVeV Whe iQWeUacWiRQ ZiWh R264 iQ RUdeU 370 

WR be eQgaged iQ Whe WUaQVORcaWiRQ Rf H3O+, ZhiOe RWheU cUiWicaO UeaUUaQgePeQWV iQYROYed K199-E51-371 

K252 aQd R123-D261 iQWeUacWiRQV. TheVe eYeQWV aOVR WUiggeU a UeOaWiYe PRWiRQ Rf TMS3, TMS4 aQd 372 

Whe fiUVW SaUW Rf TMS5, fROORZed b\ a PaMRU WiOW Rf TMS8 (Vee FLJXUH S8). IQ WhiV IOcc VWaWe, iQ 373 

Zhich bRWh XUaciO aQd H3O+ aUe VWiOO bRXQd, Ze RbVeUYed aQ iQiWiaO beQdiQg Rf Whe fiUVW SaUW Rf Whe 374 

XQOeaVhed TMS5 (aW P204), Zhich UefOecWV Whe RSeQiQg aQ iQQeU gaWe. IQ bRWh LeXT39 aQd DAT40, 375 

WZR VRdiXP biQdiQg ViWeV haYe beeQ ideQWified aQd UeOaWed WR bRWh Occ VWaWe VWabiOi]aWiRQ aQd 376 

VXbVWUaWe iQWeUQaOi]aWiRQ.10 IQ FXUE, K199 Vide chaiQ gURXS iV ORcaWed iQ Whe VaPe SRViWiRQ Rf Na iRQ 377 

iQ MhS1 aQd Na2 iQ LeXT, aQd cRUUeVSRQdV WR K158 iQ AScT, Zhich iV Whe RQO\ SURWRQ V\PSRUWeU 378 

cU\VWaOi]ed WRda\.18,41 IQ addiWiRQ, Whe fOe[ibOe Vide chaiQ Rf K252 ZaV YeU\ RfWeQ ORcaWed cORVe WR 379 

Whe LeXT Na1 ViWe, iQ RXU ViPXOaWiRQV. BRWh K199 aQd K252 UeVidXeV haYe beeQ ideQWified 380 

e[SeUiPeQWaOO\ aV cUXciaO fRU VXbVWUaWe VSecific UecRgQiWiRQ aQd WUaQVSRUW Yia WheiU iQWeUacWiRQ ZiWh 381 

E51, WUiggeUiQg Whe QeceVVaU\ SURWeiQ cRQfRUPaWiRQaO aOWeUaWiRQV fRU WUaQVSRUW acWiYiW\ (FLJXUH 4). IW 382 

WhXV VeePV WhaW VSecific O\V UeVidXeV iQ H+ V\PSRUWeUV PighW aOOeYiaWe Whe Qeed fRU Na biQdiQg 383 

Qeeded iQ RWheU APC caUUieUV. 384 

FURP Whe IOcc, iQ RUdeU WR Ueach Whe IO VWaWe fURP, RXU ViPXOaWiRQV VhRZed WhaW H3O+ PXVW be 385 

UeOeaVed fiUVW, aV RQO\ iQ WhiV caVe Whe FES iV VhifWed WR IO. A ViPiOaU fiQdiQg haV beeQ fRXQd  iQ DAT 386 

aQd LeXT.39,42±46 NRWabO\, hRZeYeU, iQWeUQaOi]aWiRQ Rf H3O+  ZaV accRPSaQied b\ QeXWUaOi]aWiRQ Rf 387 

D28 aQd D26 aQd VXbVeTXeQW UeORcaWiRQ Rf Whe c\WRSOaVPic N-WeUPiQaO VegPeQW NQRZQ aV LID.29 388 

AW WhiV VWaWe, ZheQ XUaciO iV Uead\ WR OeaYe Whe WUaQVSRUWeU, TMS5 (Whe iQQeU gaWe) RSeQV, Whe XSSeU 389 
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SaUW Rf TMS3 beQdV, TMS8 iV QRW WiOWed aQ\PRUe, ZhiOe TMS4 aQd TMS9 aUe UeORcaWed fROORZiQg 390 

Whe PRYePeQWV Rf TMS5, TM8 aQd TMS3 (FLJXUH S8). H3O+ UeOeaVe iQWeUUXSWed Whe E51-H3O+-391 

T336 iQWeUacWiRQ bUidgiQg Whe µhaVh¶ aQd µbXQdOe¶ PRWiYeV. ThiV aOORZed Whe PiddOe SaUW Rf TMS8 392 

WR VhifW aZa\ fURP TMS1, Zhich iQ WXUQ UeVXOWed iQ Pa[iPXP TMS5 beQdiQg, cUeaWiQg VXfficieQW 393 

VSace fRU XUaciO WR be iQ cRQWacW ZiWh Whe iQWUaceOOXOaU PediXP aQd OeaYe Whe biQdiQg ViWe. ThiV iV 394 

SRVVibOe RQO\ b\ bUeaNiQg a QeWZRUN Rf iQWeUacWiRQV beWZeeQ UeVidXeV TMS1a, TMS6b, TMS8 aQd 395 

Whe c\WRVROic N-WeUPiQaO LID, a chaQge aOVR cRQWUibXWiQg WR VXbVWUaWe VSecificiW\. OYeUaOO, SURWRQ 396 

UeOeaVe WUiggeUV cRQceUWed cRQfRUPaWiRQaO beQdiQg iQ TMS3, TMS5 aQd TMS8, SRVVibOe dXe WR Whe 397 

SUeVeQce Rf G132, P204 aQd G335, UeVSecWiYeO\. IPSRUWaQWO\, WheVe fiQdiQgV VXggeVW a deYiaWiRQ 398 

fURP Whe Uigid-bRd\ PRWiRQ Rf Whe µhaVh¶ PRWif, VhRZQ iQ MhS1 b\ VSiQ OabeO e[SeUiPeQWV, RU Whe 399 

URcNiQg Rf Whe µbXQdOe¶ dRPaiQ iQ RWheU APCV.35 400 

AfWeU VXbVWUaWe diVVRciaWiRQ FXUE iV iQ Whe aSR fRUP, aQd Whe eQeUg\ PiQiPXP VWUXcWXUe iV cORVe 401 

WR IO (FLJXUH 4). ThiV fiQdiQg agUeeV ZiWh Whe eYideQce WhaW MhS1 haV beeQ cU\VWaOi]ed aOVR iQ Whe 402 

aSR fRUP cRQfRUPaWiRQ.20 HRZeYeU, Whe FES PiQiPXP iQ Whe aSR fRUP iV Zide, VXggeVWiQg WhaW Whe 403 

WUaQVSRUWeU PighW aVVXPe VeYeUaO aOWeUQaWiYe cRQfRUPaWiRQV beWZeeQ Occ aQd IO. The facW WhaW Whe 404 

SUeVeQce Rf H3O+ VWabiOi]eV a FXUE VWaWe cORVe WR Occ (FLJXUH 4C) SURPSWV WR VXggeVW WhaW H3O+ 405 

biQdiQg PighW be eVVeQWiaO aOVR fRU Whe bacNZaUd WUaQViWiRQ of FXUE WR OO.  406 

IQ cRQcOXViRQ, Ze VhRZed WhaW H+/XUaciO biQdiQg aQd WUaQVSRUW VhaSe Whe eQeUg\ OaQdVcaSe b\ 407 

eOiciWiQg iQdXced-fiW cRQfRUPaWiRQaO chaQgeV WhaW Oead WR VeTXeQWiaO PRYePeQWV Rf VSecific TMS 408 

SUiQciSaOO\ iQ Whe µhaVh¶ dRPaiQ, aQd OeVV VR iQ Whe µbXQdOe¶ dRPaiQ, aVVRciaWed aOVR ZiWh RSeQiQg 409 

aQd cORViQg Rf RXWeU (TMS10) aQd iQQeU (TMS5) gaWeV. OXU UeVXOWV iQfeU WhaW Whe µhaVh¶ PRWif heOiceV 410 

e[hibiW fOe[ibiOiW\ aQd WiOW XSRQ VXbVWUaWe biQdiQg iQ Whe OO-WR-Occ cRQfRUPaWiRQaO UeaUUaQgePeQW, 411 

ZhiOe iQ Whe Occ-WR-IO TMS3, TMS5 aQd TMS8 e[hibiW ORcaO VXbVWUaWe biQdiQg-deSeQdeQW 412 

fOe[ibiOiW\, TXeVWiRQiQg Whe Uigid URcNiQg-PRYePeQW Rf eiWheU Whe µbXQdOe¶ RU Whe µhaVh¶ PRWif, aV 413 

SURSRVed fRU LeXT RU MhS1, UeVSecWiYeO\. ThXV, Whe XQified SicWXUe ePeUgiQg fURP WhiV ZRUN iV WhaW 414 

Whe FXUE V\PSRUWeU, aQd SURbabO\ RWheU hRPRORgRXV caUUieUV, PighW fXQcWiRQ aV a PXOWi-VWeS gaWed 415 

SRUe, UaWheU WhaQ ePSOR\iQg dUaPaWic chaQgeV iQ Uigid bRd\ cRPSacW dRPaiQV. FiQaOO\, WhiV ZRUN 416 

VWURQgO\ VXSSRUWV Whe iPSRUWaQce Rf Whe c\WRVROic N-WeUPiQaO LID VeTXeQce fRU cRPSOeWiRQ Rf 417 

VXbVWUaWe UeOeaVe iQ Whe c\WRSOaVP, aV aOVR VXggeVWed b\ PXWaWiRQaO aQaO\ViV.50  418 

 419 

MDWHULDOV DQG PHWKRGV 420 

PURWHLQ MRGHO CRQVWUXFWLRQ 421 
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MRdeO Rf FXUE ZaV cRQVWUXcWed baVed RQ hRPRORg\ PRdeOiQg XViQg PUiPe 2018-4 (SchU|diQgeU, 422 

LLC, NeZ YRUN, NY, 2018) RQ MaeVWUR SOaWfRUP (MaeVWUR, YeUViRQ 2018-4, SchU|diQgeU, LLC, NeZ 423 

YRUN, NY, 2018). MhS1 ZaV XVed aV TXeU\ iQ Whe WhUee cRQfRUPaWiRQV: OO(2JLN), Occ(4D1B), 424 

IO(2X79), VhaUiQg ZiWh FXUE a 35% ViPiOaUiW\, ZhiOe Whe VeTXeQce aOigQPeQW ZaV fRUPXOaWed 425 

accRUdiQg WR SUeYiRXV ZRUN.29 IQ RUdeU WR cRUUecWO\ UeSUeVeQW TMS9 iQ Whe caVe Rf IO aV iQ 2X79 IO 426 

MhS1 cU\VWaO VWUXcWXUe a SaUW Rf iW ZaV cRiO, Ze VWaUWed ZiWh Whe OO FXUE VWUXcWXUe aQd XViQg 427 

TaUgeWed MROecXOaU D\QaPicV iQ SOXPed-Y2 VRfWZaUe,51 a cRQVWaQW fRUce Rf 500000 NM/(PRO*QP2) 428 

ZaV aSSOied RQ Whe Ca aWRPV Rf Whe heOiceV WR cUeaWe FXUE iQ RccOXded aQd iQZaUd VWaWe. The cRQVWaQW 429 

fRUce ZaV gUadXaOO\ WXUQed WR ]eUR aQd Whe V\VWeP ZaV fXUWheU VXbMecWed WR VWabiOi]aWiRQ. 430 

S\VWHP SHWXS 431 

IQ RUdeU WR cRQVWUXcW Whe SURWeiQ-OigaQd cRPSOe[ CHARMMဨGUI52 SOaWfRUP ZaV XVed. Each 432 

PRdeO ZaV iQVeUWed iQWR a heWeURgeQeRXV fXOO\ h\dUaWed biOa\eU 120 c î 120 c î 120 c, cRQViVWiQg 433 

Rf YOPC, POPI OiSidV aQd eUgRVWeURO aW a UaWiR Rf 40:40:20. The PePbUaQe ePbedded V\VWeP ZaV 434 

VROYaWed ZiWh TIP3P ZaWeU PROecXOeV. The VROXWiRQ cRQWaiQed QeXWUaOi]iQg cRXQWeU iRQV aQd 150 435 

PM Na+ aQd 150 PM COí. IQ Whe caVe WhaW H3O+ ZaV SUeVeQW, a ZaWeU PROecXOe ZaV UeSOaced, aQd 436 

Whe V\VWeP ZaV QeXWUaOi]ed ZiWh CO- cRXQWeU iRQV. The aVVePbOed ViPXOaWiRQ V\VWeP cRQViVWed Rf 437 

a160,000 aWRPV. 438 

MROHFXODU D\QDPLFV (MD) / MHWDG\QDPLFV 439 

AOO ViPXOaWiRQV ZeUe cRQdXcWed XViQg GROMACS VRfWZaUe, YeUViRQ 2019.2.53 CHARMM36P54 440 

fRUce fieOd ZaV chRVeQ fRU SURWeiQ aQd OiSidV, H3O+ ZaV SURYided fRUP BU\ce gURXS55 ZhiOe Whe 441 

OigaQd aQd H3O+ ZeUe SUeSaUed XViQg AQWechaPbeU56 aQd Whe geQeUaO APbeU fRUce fieOd.57 The 442 

SURWeiQ RUieQWaWiRQ iQWR Whe PePbUaQe ZaV caOcXOaWed XViQg Whe OPM daWabaVe Rf Whe PPM VeUYeU.58 443 

AOO PRdeO V\VWePV ZeUe PiQiPi]ed aQd eTXiOibUaWed WR RbWaiQ VWabOe VWUXcWXUeV. MiQiPi]aWiRQ ZaV 444 

caUUied RXW fRU 5,000 VWeSV ZiWh a VWeS Vi]e Rf 0.001 NJ/PRO aSSO\iQg a VWeeSeVW deVceQW fROORZed b\ 445 

a cRQMXgaWe gUadieQW aOgRUiWhP, aQd Whe V\VWeP ZaV eTXiOibUaWed fRU 20QV b\ gUadXaOO\ heaWiQg aQd 446 

UeOeaViQg Whe UeVWUaiQWV WR e[SediWe VWabiOi]aWiRQ. FiQaOO\, Whe V\VWeP SURceeded WR fXUWheU ViPXOaWiRQV 447 

fUee Rf UeVWUaiQWV aW a cRQVWaQW WePSeUaWXUe Rf 300K XViQg NRVe-HRRYeU WheUPRVWaW,59 Whe SUeVVXUe 448 

ZaV NeSW cRQVWaQW aW 1 baU XViQg PaUUiQeOORဨRahPaQ VePiဨiVRWURSic SUeVVXUe cRXSOiQg60 aQd 449 

cRPSUeVVibiOiW\ aW 4.5eဨ5 baU-1. The YaQ deU WaaOV aQd eOecWURVWaWic iQWeUacWiRQV ZeUe VPRRWhO\ 450 

VZiWched Rff aW 1.2 QP, ZhiOe ORQgဨUaQge eOecWURVWaWic iQWeUacWiRQV ZeUe caOcXOaWed XViQg Whe SaUWicOe 451 

PeVh EZaOd PeWhRd.61 AOO bRQdV ZeUe cRQVWUaiQed XViQg Whe LINCS aOgRUiWhP,62 aOORZiQg a WiPe-452 

VWeS Rf 2.0 fV. The WUaMecWRUieV ZeUe fXUWheU e[aPiQed fRU VWUXcWXUaO VWabiOiW\ b\ RMSD caOcXOaWiRQ 453 
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Rf SURWeiQ Ca (XS WR 1.2 c) aQd b\ YiVXaO iQVSecWiRQ ZiWh VMD SOaWfRUP63 WhXV eQVXUiQg WhaW Whe 454 

WheUPaOi]aWiRQ did QRW caXVe aQ\ VWUXcWXUaO diVWRUWiRQ. 455 

FRU PeWad\QaPicV32,33,34,64 ViPXOaWiRQV Whe SOXPed-Y2 VRfWZaUe ZaV XVed.51  456 

FXQQHO-MHWDG\QDPLFV IRU H3O+ FDWLRQ.  457 

a) The FXUE WUaQVSRUWeU XVed ZaV iQ RXWZaUd-RSeQ (OO) cRQfRUPaWiRQ. SiQce QR daWa aUe aYaiOabOe 458 

cRQceUQiQg Whe biQdiQg ViWe Rf Whe H3O+ caWiRQ, a Zide aUea aURXQd Whe eTXiYaOeQW RQe Rf Whe Na+ 459 

caWiRQ iQ MhS1 ZaV ciUcXPYeQWed b\ Whe fXQQeO cRQe. The cRQe¶V VWaUWiQg SRiQW ZaV T332 Ca, ZhiOe 460 

Whe c\OiQdeU had a diUecWiRQ WRZaUdV Whe e[WUaceOOXOaU ZaWeUV. The fXQQeO had a VZiWchiQg SRiQW 461 

beWZeeQ Whe cRQe aQd c\OiQdeU UegiRQ aW 4.0 QP, Whe aPSOiWXde Rf Whe cRQe ZaV 0.27 Uad, Whe UadiXV 462 

Rf Whe c\OiQdeU VecWiRQ fRU Whe XQbRXQd UegiRQ aW 0.1 QP, Whe PiQiPXP aQd Pa[iPXP YaOXe VaPSOed 463 

aV SURMecWiRQ Rf Whe OigaQd¶V ceQWeU Rf PaVV (COM) aORQg Whe fXQQeO a[iV ZaV aW 0.25 aQd 4.6 QP 464 

UeVSecWiYeO\, aV ORQg aV, Whe ORZeVW aQd higheVW YaOXe fRU fSV.OS XVed WR cRQVWUXcW Whe fXQQeO-VhaSe 465 

UeVWUaiQW SRWeQWiaO ZaV aW 0.00 aQd 4.8 QP UeVSecWiYeO\. The YaOXe fRU Whe VSUiQg cRQVWaQW Rf Whe 466 

fXQQeO-VhaSe UeVWUaiQW SRWeQWiaO ZaV VeW WR 5000 NM/(PRO*QP2). AV cROOecWiYe YaUiabOe (CV) ZaV 467 

VeOecWed Whe diVWaQce beWZeeQ Whe Ca aWRP Rf T332 aQd Whe ceQWeU Rf PaVV Rf H3O+ caWiRQ. The 468 

ZidWh Rf Whe GaXVViaQ fXQcWiRQV ZaV VeW WR 0.05 QP, Whe heighW WR 2 NM/PRO aQd Whe deSRViWiRQ VWUide 469 

WR 500 ViPXOaWiRQ VWeSV. The UeVcaOiQg facWRU Rf Whe GaXVViaQ fXQcWiRQ¶V heighW ZaV 20 aV Ze 470 

SeUfRUPed ZeOO-WePSeUed PeWad\QaPicV.  471 

b) The VWXd\ Rf biQdiQg/XQbiQdiQg SURceVV Rf Whe H3O+ caWiRQ iQ Whe c\WRSOaVPic VROYeQW ZaV 472 

iQiWiaWed b\ XViQg ZeOO-WePSeUed PeWad\QaPicV ZiWh Whe FM PeWhRd RQ FXUE iQ Whe Occ VWaWe Rf 473 

FXUE. UUaciO ZaV iQcOXded iQ Whe V\VWeP, SOaced aW Whe biQdiQg ViWe, ZheUeaV aQ XSSeU ZaOO Rf 20000 474 

NM/(PRO*QP2) eQfRUced Whe COM iQ diVWaQceV ORZeU WhaQ 0.9 QP fURP Whe Cg Rf N341. The 475 

cRQVWUXcWed fXQQeO iQcOXded aOO Whe SRVVibOe URXWeV WhaW cRXOd Oead Whe H3O+ WR Whe e[iW WR Whe 476 

c\WRSOaVP. The cRQe UegiRQ VWaUWed aW Ca Rf S56. The diUecWiRQ Rf Whe fXQQeO a[iV ZaV c\WRSOaVP-477 

RUieQWed SaVViQg WhURXgh AVS348 Cb aWRP. The VZiWchiQg SRiQW beWZeeQ Whe cRQe aQd Whe c\OiQdeU 478 

UegiRQ ZaV aW 3.6 QP, Whe aPSOiWXde Rf Whe cRQe VecWiRQ ZaV VeW WR 0.5 Uad aQd Whe UadiXV Rf Whe 479 

c\OiQdeU fRU Whe XQbRXQd UegiRQ WR 0.1 QP. The PiQiPXP aQd Pa[iPXP YaOXe VaPSOed aV 480 

SURMecWiRQ Rf Whe OigaQd¶V COM aORQg Whe fXQQeO a[iV ZaV VeW WR 0.29 aQd 4.2 QP UeVSecWiYeO\, Whe 481 

ORZeVW aQd higheVW YaOXe fRU fSV.OS XVed WR cRQVWUXcW Whe fXQQeO-VhaSe UeVWUaiQW SRWeQWiaO ZaV VeW WR 482 

0.2 aQd 4.3 QP UeVSecWiYeO\, ZhiOe, Whe YaOXe fRU Whe VSUiQg cRQVWaQW Rf Whe fXQQeO-VhaSe UeVWUaiQW 483 

SRWeQWiaO WR 7000 NM/(PRO*QP2). AV CV ZaV VeOecWed Whe diVWaQce beWZeeQ Whe Ca Rf E51 aQd Whe 484 

ceQWeU Rf PaVV Rf H3O+ caWiRQ. The ZidWh Rf Whe GaXVViaQ fXQcWiRQV ZaV caOcXOaWed aW 0.01 QP, Whe 485 
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heighW ZaV aUUaQged aW 2 NM/PRO ZiWh a UeVcaOiQg facWRU Rf Whe GaXVViaQ fXQcWiRQ aW 20 aQd Whe 486 

deSRViWiRQ VWUide ZaV VeW WR 500 ViPXOaWiRQ VWeSV. 487 

FXQQHO-MHWDG\QDPLFV IRU UUDFLO  488 

a) FM ZeUe SeUfRUPed aiPiQg WR highOighW Whe biQdiQg PRde Rf XUaciO iQ Whe biQdiQg ViWe aQd Whe 489 

biQdiQg PechaQiVP aV iW aSSURacheV Whe biQdiQg SRcNeW fURP Whe e[WUaceOOXOaU. FXUE ZaV iQ Whe 490 

RccOXded VWaWe aQd Whe H3O+ caWiRQ ZaV iQcOXded iQ Whe V\VWeP, aV iQ cU\VWaOORgUaShic UeVXOWV Rf 491 

RWheU WUaQVSRUWeUV, iQ SaUWicXOaU MhS1, iRQ aQd VXbVWUaWe cR-e[iVW iQ Whe Occ VWaWe . IQ deWaiO, Whe 492 

fXQQeO XVed, RUieQWed fURP Ca aWRP Rf V323 deeS iQ Whe biQdiQg aUea, ZiWh diUecWiRQ Rf Whe fXQQeO 493 

a[iV WR Whe e[WUaceOOXOaU VROXWe. The VZiWchiQg SRiQW beWZeeQ Whe cRQe aQd c\OiQdeU UegiRQ ZaV VeW 494 

WR 2.7 QP, Whe aPSOiWXde Rf Whe cRQe VecWiRQ WR 0.37 Uad, Whe UadiXV Rf Whe c\OiQdeU VecWiRQ fRU Whe 495 

XQbRXQd UegiRQ WR 0.1 QP, Whe PiQiPXP aQd Pa[iPXP YaOXe VaPSOed aV SURMecWiRQ Rf Whe OigaQd¶V 496 

COM aORQg Whe fXQQeO a[iV WR 0.2 aQd 3.3 QP UeVSecWiYeO\, Whe ORZeVW aQd higheVW YaOXe fRU fSV.OS 497 

XVed WR cRQVWUXcW Whe fXQQeO-VhaSe UeVWUaiQW SRWeQWiaO WR 0.05 aQd 3.6 QP UeVSecWiYeO\. The YaOXe fRU 498 

Whe VSUiQg cRQVWaQW Rf Whe fXQQeO-VhaSe UeVWUaiQW SRWeQWiaO ZaV 30000 NM/(PRO*QP2). AV CV ZaV 499 

VeOecWed Whe diVWaQce beWZeeQ Whe Ca Rf N341 aQd Whe ceQWeU Rf PaVV Rf XUaciO. The ZidWh Rf Whe 500 

GaXVViaQ fXQcWiRQV ZaV 0.01 QP, Whe heighW ZaV aUUaQged aW 2 NM/PRO aQd Whe deSRViWiRQ VWUide aW 501 

500 ViPXOaWiRQ VWeSV. The UeVcaOiQg facWRU Rf Whe GaXVViaQ fXQcWiRQ¶V heighW ZaV 20.  502 

b) The XUaciO iQWeUQaOi]aWiRQ SURceVV ZaV iPSOePeQWed XViQg agaiQ, ZeOO-WePSeUed PeWad\QaPicV 503 

ZiWh Whe FM PeWhRd, RQ FXUE WUaQVSRUWeU iQ IO cRQfRUPaWiRQ cRQWaiQiQg XUaciO aQd QRW H3O+, aV 504 

Whe OaWWeU ZaV aOUead\ SURYed fURP PCV ViPXOaWiRQV WhaW OeaYeV fiUVW Whe WUaQVSRUWeU iQ RUdeU WR aOORZ 505 

XUaciO WR e[iW WRR (Vee MaiQ Te[W). The fXQQeO ZaV cRQVWUXcWed aV WR iQcOXde aOO Whe SRVVibOe e[iWiQg 506 

SaWhZa\V fURP Whe biQdiQg SRcNeW WR Whe TMS5 RXWeU gaWe. The cRQe UeVWUaiQW VWaUWed aW bacNbRQe 507 

C aWRP Rf PF53, ZhiOe Whe diUecWiRQ Rf Whe fXQQeO a[iV ZaV c\WRSOaVP-RUieQWed SaVViQg WhURXgh 508 

S342 O aWRP. The VZiWchiQg SRiQW beWZeeQ Whe cRQe aQd Whe c\OiQdeU UegiRQ ZaV VeW WR 3.4 QP, Whe 509 

aPSOiWXde Rf Whe cRQe VecWiRQ WR 0.49 Uad aQd Whe UadiXV Rf Whe c\OiQdeU fRU Whe XQbRXQd UegiRQ WR 510 

0.1 QP. The PiQiPXP aQd Pa[iPXP YaOXe VaPSOed aV SURMecWiRQ Rf Whe OigaQd¶V COM aORQg Whe 511 

fXQQeO a[iV ZaV VeW WR 0.21 aQd 4.1 QP UeVSecWiYeO\, Whe ORZeVW aQd higheVW YaOXe fRU fSV.OS XVed WR 512 

cRQVWUXcW Whe fXQQeO-VhaSe UeVWUaiQW SRWeQWiaO ZaV VeW WR 0.1 aQd 4.2 QP UeVSecWiYeO\, ZhiOe, Whe YaOXe 513 

fRU Whe VSUiQg cRQVWaQW Rf Whe fXQQeO-VhaSe UeVWUaiQW SRWeQWiaO ZaV VeW WR 30000 NM/(PRO*QP2). AV 514 

CV ZaV chRVeQ Whe diVWaQce beWZeeQ Whe bacNbRQe Rf A50 aQd Whe ceQWeU Rf PaVV Rf XUaciO. The 515 

ZidWh Rf Whe GaXVViaQ fXQcWiRQV ZaV caOcXOaWed aW 0.01 QP, Whe heighW ZaV aUUaQged aW 2 NM/PRO ZiWh 516 

a UeVcaOiQg facWRU Rf Whe GaXVViaQ fXQcWiRQ aW 20 aQd Whe deSRViWiRQ VWUide ZaV VeW WR 500 ViPXOaWiRQ 517 

VWeSV.  518 
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MHWDG\QDPLFV SLPXODWLRQV ZLWK PDWK CROOHFWLYH 9DULDEOH (PC9):  519 

a) OO-WR-Occ SaWh: IQ WhiV caVe Ze XVed Whe CĮ aWRPV Rf Whe UeVidXeV beORQgiQg WR FXUE heOiceV 520 

iQYROYed iQ haVh aQd bXQdOe PRWif. ThiV chRice ZaV fRXQd WR be aSSURSUiaWe becaXVe Whe caOcXOaWed 521 

FESV ZeUe ZeOO UeSURdXcibOe. The iQiWiaO SaWh ZaV RbWaiQed WhURXgh a caUefXOO\ chRVeQ VeW Rf fUaPeV 522 

ZiWh eTXaOO\ diVWaQW RMSDV, deUiYed fURP a VWeeUed MD ViPXOaWiRQ ZheUe Whe OO FXUE ZaV biaVed 523 

WR Occ cRQfRUPaWiRQ XViQg a VWabOe fRUce RQ Ca aWRPV Rf heOiceV. 6 fUaPeV ZeUe XVed WR cRQVWUXcW 524 

Whe SaWh iQ WRWaO, ZhiOe Whe aYeUage diVWaQce beWZeeQ adMaceQW fUaPeV ZaV 0.13 QP. The RMSD 525 

PaWUi[ ZaV cRQVWUXcWed aQd SORWWed, cRQfiUPiQg WhaW Whe fUaPeV ZheUe aSSURSUiaWe fRU Whe 526 

caOcXOaWiRQ. The Ȝ YaOXe caOcXOaWed fRU V ZaV eTXaO WR 200 QP2. The ZidWh Rf Whe GaXVViaQ fXQcWiRQV 527 

fRU hiOOV deSRViWiRQ ZaV 0.035 QP2 baVed RQ Whe VWUXcWXUe fOXcWXaWiRQ iQ XQbiaVed MD, Whe heighW 528 

ZaV aUUaQged aW 0.5 NM/PRO aQd Whe deSRViWiRQ VWUide aW 500 ViPXOaWiRQ VWeSV. AQ XSSeU ZaOO Rf 529 

500000 NM/(PRO*QP2) ZaV VeW WR cRQVWUaiQ Whe diVWaQce fURP Whe SaWh aW a YaOXe ORZeU WhaQ 0.06, 530 

baVed iQ XQbiaVed MD ViPXOaWiRQV Rf PRUe WhaQ 200 QV ZheUe Whe cY¶V fOXcWXaWiRQ did QRW Ueach 531 

YaOXeV higheU WhaQ 0.03. If XUaciO iV SaUW Rf Whe V\VWeP, iW iV cRQVWUaiQed iQ Whe SUeYiRXVO\ caOcXOaWed 532 

SRViWiRQ iQ Whe biQdiQg ViWe ZiWh a diVWaQce UeVWUaiQW Rf 20000 NM/(PRO*QP2) aW 0.7 QP beWZeeQ Whe 533 

ceQWeU Rf PaVV Rf Whe VXbVWUaWe aQd Cd aWRP Rf Q134. The VaPe cRQVWUaiQW ZaV aSSOied RQ Whe 534 

diVWaQce Rf H3O+ caWiRQ fURP Cd aWRP Rf E51 aW 0.45 QP. 535 

b) The VaPe UaWiRQaOe aQd PeWhRd ZeUe XVed iQ Whe Occ-WR-IO caVe. HeUe, Whe Ȝ YaOXe fRU V ZaV 536 

eTXaO WR 110 QP-2, Whe ZidWh Rf Whe GaXVViaQ fXQcWiRQV fRU hiOOV deSRViWiRQ ZaV 0.037 QP2, Whe XSSeU 537 

ZaOO Rf 500000 NM/(PRO*QP2) ZaV VeW WR cRQVWUaiQ Whe ] aW a YaOXe ORZeU WhaQ 0.1. 538 

MHGLD, VWUDLQV DQG JURZWK FRQGLWLRQV 539 

SWaQdaUd cRPSOeWe (CM) aQd PiQiPaO Pedia (MM) fRU A. QidXlaQV gURZWh ZeUe XVed, 540 

VXSSOePeQWed ZiWh QeceVVaU\ aX[RWURShieV aW cRQceQWUaWiRQV giYeQ iQ hWWS://ZZZ.fgVc.QeW. GOXcRVe 541 

1% (Z/Y) ZaV XVed aV caUbRQ VRXUce. 10 PM Rf VRdiXP QiWUaWe (NO3
-) RU 0.5 PM Rf XUic acid (UA), 542 

[aQWhiQe (XAN) RU aOOaQWRiQ (ALL) ZeUe XVed aV QiWURgeQ VRXUceV. The XUaciO WR[ic aQaORg 5-FU 543 

ZaV XVed aW 100 ȝȂ iQ Whe SUeVeQce Rf 10 PM NO3
- aV N VRXUce. AOO Pedia aQd chePicaO UeageQWV 544 

ZeUe RbWaiQed fURP SigPa-AOdUich (Life ScieQce ChePiOab SA, HeOOaV) RU ASSOiCheP (BiROiQe 545 

ScieQWific SA, HeOOaV).  546 

A ǻfXUD::UibRBǻfXUA::UibRBǻfc\B::aUgBǻa]gAǻXaSAǻXaSC::AfS\UGǻcQWA::UibRB SabaA1 547 

SaQWRB100 PXWaQW VWUaiQ QaPed ǻ7, ZaV Whe UeciSieQW VWUaiQ iQ WUaQVfRUPaWiRQV ZiWh SOaVPidV 548 

caUU\iQg FXUE PXWaQW YeUViRQV, baVed RQ cRPSOePeQWaWiRQ Rf Whe SaQWRWheQic acid aX[RWURSh\ 549 

SaQWRB100.65 The ǻ7 VWUaiQ haV aQ iQWacW eQdRgeQRXV FXUE geQe WUaQVSRUWeU, bXW WhiV iV YeU\ OiWWOe 550 

e[SUeVVed XQdeU VWaQdaUd cRQdiWiRQV aQd WhXV dReV QRW cRQWUibXWe WR deWecWabOe WUaQVSRUW Rf iWV 551 
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Sh\ViRORgicaO VXbVWUaWeV (UA, ALL) RU WR VeQViWiYiW\ iQ 5-FU26A. QidXlaQV SURWRSlaVW iVRlaWiRQ aQd 552 

WUaQVfRUPaWiRQ ZaV SeUfRUPed aV SUeYiRXVl\ deVcUibed.66 GURZWh WeVWV ZeUe SeUfRUPed aW 37 �C fRU 553 

48ௗh, aW SHௗ6.8. 554 

SWDQGDUG PROHFXODU ELRORJ\ PDQLSXODWLRQV DQG SODVPLG FRQVWUXFWLRQ 555 

GeQRPic DNA e[WUacWiRQ fURP A. QidXlaQV ZaV SeUfRUPed aV deVcUibed iQ FGSC 556 

(hWWS://ZZZ.fgVc.QeW). POaVPidV, SUeSaUed iQ EVcheUichia cRli, aQd DNA UeVWUicWiRQ RU PCR 557 

fUagPeQWV ZeUe SXUified fURP agaURVe 1% geOV ZiWh Whe NXcOeRVSiQ POaVPid KiW RU NXcOeRVSiQ 558 

E[WUacW II NiW, accRUdiQg WR Whe PaQXfacWXUeU'V iQVWUXcWiRQV (MacheUe\±NageO, Lab SXSSOieV 559 

ScieQWific SA, HeOOaV). SWaQdaUd PCR UeacWiRQV ZeUe SeUfRUPed XViQg KAPATaT DNA SRO\PeUaVe 560 

(KaSa BiRV\VWePV). PCR SURdXcWV XVed fRU cORQiQg, VeTXeQciQg aQd Ue-iQWURdXcWiRQ b\ 561 

WUaQVfRUPaWiRQ iQ A. QidXlaQV ZeUe aPSOified b\ a high-fideOiW\ KAPA HiFi HRWSWaUW Read\ Mi[ 562 

(KaSa BiRV\VWePV) SRO\PeUaVe. DNA VeTXeQceV ZeUe deWeUPiQed b\ VBC-GeQRPicV (VieQQa, 563 

AXVWUia). SiWe-diUecWed PXWageQeViV ZaV caUUied RXW accRUdiQg WR Whe iQVWUXcWiRQV accRPSaQ\iQg Whe 564 

QXiN-ChaQge� SiWe-DiUecWed MXWageQeViV KiW (AgiOeQW TechQRORgieV, SWUaWageQe). The SUiQciSaO 565 

YecWRU XVed fRU PRVW A. QidXlaQV PXWaQWV iV a PRdified SGEM-T-eaV\ YecWRU caUU\iQg a YeUViRQ Rf 566 

Whe gSdA SURPRWeU, Whe WUSC 3ƍ WeUPiQaWiRQ UegiRQ aQd Whe SaQB VeOecWiRQ PaUNeU.26 MXWaWiRQV iQ 567 

FXUE ZeUe cRQVWUXcWed b\ ROigRQXcOeRWide-diUecWed PXWageQeViV RU aSSURSUiaWe fRUZaUd aQd UeYeUVe 568 

SUiPeUV. TUaQVfRUPaQWV ZiWh iQWacW FXUE aOOeOeV ZeUe ideQWified b\ PCR aQaO\ViV. 569 

ESLIOXRUHVFHQFH PLFURVFRS\ 570 

SaPSOeV fRU VWaQdaUd eSifOXRUeVceQce PicURVcRS\ ZeUe SUeSaUed aV SUeYiRXVO\ deVcUibed.67  571 

IQ bUief, VWeUiOe 35-PPௗO-diVheV ZiWh a gOaVV bRWWRP (Ibidi, GeUPaQ\) cRQWaiQiQg OiTXid MM 572 

VXSSOePeQWed ZiWh NaNO3 aQd 0.1% gOXcRVe ZeUe iQRcXOaWed fURP a VSRUe VROXWiRQ aQd iQcXbaWed 573 

fRU 18ௗh aW 25ௗ�C. The iPageV ZeUe RbWaiQed XViQg aQ iQYeUWed ZeiVV A[iR ObVeUYeU Z1 eTXiSSed 574 

ZiWh aQ A[iR CaP HR R3 caPeUa. IPage SURceVViQg aQd cRQWUaVW adMXVWPeQW ZeUe Pade XViQg Whe 575 

ZEN 2012 VRfWZaUe ZhiOe fXUWheU SURceVViQg Rf Whe TIFF fiOeV ZaV Pade XViQg AdRbe PhRWRVhRS 576 

CS3 VRfWZaUe fRU bUighWQeVV adMXVWPeQW, URWaWiRQ, aOigQPeQW aQd aQQRWaWiRQ.    577 

USWDNH DVVD\V 578 

FXUE WUaQVSRUW acWiYiW\ ZaV PeaVXUed b\ eVWiPaWiQg XSWaNe UaWeV Rf [3H]-XUaciO (40ௗCiௗPPRO-1, 579 

MRUaYeN BiRchePicaOV, CA, USA), aV SUeYiRXVO\ deVcUibed.65  580 

IQ bUief, [3H]-XUaciO XSWaNe ZaV aVVa\ed iQ A. QidXlaQV cRQidiRVSRUeV geUPiQaWiQg fRU 4ௗh aW 37ௗ�C, 581 

aW 140ௗUSP, iQ OiTXid MM (SHௗ6.8). IQiWiaO YeORciWieV ZeUe PeaVXUed RQ 107 cRQidiRVSRUeV/100ௗȝL 582 

iQcXbaWed ZiWh A cRQceQWUaWiRQ Rf 0.2ȝȂ Rf [3H]-XUaciO aW 37ௗ�C. AOO WUaQVSRUW aVVa\V ZeUe caUUied 583 
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RXW iQ WUiSOicaWeV iQ aW OeaVW WZR iQdeSeQdeQW e[SeUiPeQWV. ReVXOWV ZeUe aQaO\]ed XViQg Whe GUaShPad 584 

PUiVP VRfWZaUe. SWaQdaUd deYiaWiRQ ZaV OeVV WhaQ 20% iQ aOO caOcXOaWiRQV.  585 
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FLJXUH 1 MRGHO VWUXFWXUHV RI FXUE. The WhUee hRPRORg\ PRdeOV, OXWZaUd OSeQ (OO), 798 

OccOXded (Occ), IQZaUd OSeQ (IO), baVed RQ cRUUeVSRQdiQg MhS1 WePSOaWe cU\VWaO VWUXcWXUeV aUe 799 

VhRZQ iQ Vide YieZ (RUieQWaWiRQ SaUaOOeO WR Whe PePbUaQe OiSidV). The µbXQdOe¶ heOiceV aUe cRORUed 800 

bOXe, Whe µhaVh¶ heOiceV aUe cRORUed c\aQ, Whe RXWeU aQd iQQeU gaWeV aUe cRORUed Ued, aQd Whe TMS11, 801 

aQd TMS12 aUe gUe\. The \eOORZ daVhed OiQeV UeSUeVeQW Whe PePbUaQe SOaQe. 802 

FLJXUH 2: FXQFWLRQDO DQDO\VLV RI FXUE PXWDQWV. (A) GURZWh WeVWV Rf iVRgeQic VWUaiQV e[SUeVViQg 803 

diVWiQcW FXUE PXWaQW YeUViRQV iQ a ǻ7 geQeWic bacNgURXQd (i.e., geQeWicaOO\ OacNiQg RWheU 804 

QXcOeRbaVe-UeOaWed WUaQVSRUWeUV), cRPSaUed WR a SRViWiYe (FXUE) aQd a QegaWiYe (ǻ7) cRQWURO VWUaiQ 805 
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(fRU VWUaiQ deWaiOV Vee PaWeUiaOV aQd PeWhRdV). NO3, UA, ALL, XaQ deQRWe MM VXSSOePeQWed ZiWh 806 

QiWUaWe, XUic acid, aOOaQWRiQ RU [aQWhiQe aV VROe N VRXUce. 5FU iV MM+NO3 VXSSOePeQWed ZiWh 5-807 

FU. WT deQRWeV a VWaQdaUd A. QidXlaQV ZiOd-W\Se VWUaiQ e[SUeVViQg aOO PaMRU QXcOeRbaVe 808 

WUaQVSRUWeUV. IQ YiYR eSifOXRUeVceQce PicURVcRS\ Rf Whe VaPe VWUaiQV iV VhRZQ iQ Whe UighW SaQeO.  AOO 809 

FXUE PXWaQWV aUe fXQcWiRQaOO\ Wagged ZiWh GFP. NRWice WhaW aOO FXUE PXWaQW YeUViRQV, e[ceSW 810 

R264A, e[hibiW QRUPaO (i.e., ZW FXUE-OiNe) SOaVPa PePbUaQe ORcaOi]aWiRQ aQd YacXROaU WXUQRYeU.  811 

R264A iV WUaSSed iQ Whe SeUiQXcOeaU ER UiQgV, W\SicaO Rf PiVfROded YeUViRQV Rf FXUE RU RWheU 812 

WUaQVSRUWeUV (fRU deWaiOV Vee MaWeUiaOV aQd PeWhRdV) (B) DiUecW XSWaNe aVVa\V Rf VeOecWed FXUE 813 

PXWaQWV, XViQg 0.2 ȝȂ [3H]-UadiROabeOed XUaciO. The figXUe VhRZV UeOaWiYe % iQiWiaO XSWaNe UaWeV (1 814 

PiQ) Rf PXWaQWV, ZheQ ZiOd-W\Se FXUE WUaQVSRUW iV WaNeQ aV 100%, SeUfRUPed ZiWh 107 geUPiQaWed 815 

cRQidiRVSRUeV, aV deVcUibed b\ KU\SRWRX aQd DiaOOiQaV, 2014 (fRU deWaiOV Vee MaWeUiaOV aQd 816 

PeWhRdV) 817 

FLJXUH 3: UUDFLO DQG H3O+ LQWHUQDOL]DWLRQ DV VLPXODWHG E\ FXQQHO MHWDG\QDPLFV.  (A) The 818 

ǺFES Rf H3O+ biQdiQg SURceVV. CRQWRXU OiQeV aUe VhRZQ eYeU\ 2 NcaO/PRO. (B) The biQdiQg PRde 819 

Rf H3O+ caWiRQ iQ FXUE WUaQVSRUWeU aV deUiYed fURP Whe gORbaO eQeUg\ PiQiPXP iQ Whe FES. (C) The 820 

ǺFES Rf XUaciO biQdiQg SURceVV iQ FXUE WUaQVSRUWeU. (D) The iQWeUPediaWe VWaWeV (ORcaO PiQiPa iQ 821 

Whe ǺFES) Rf XUaciO eQWeUiQg FXUE WUaQVSRUWeU aQd Whe biQdiQg PRde iQ Whe biQdiQg ViWe (iQVeW) aV 822 

deUiYed fURP Whe ǺFES iQ C. 823 

FLJXUH 4. FXUE VWUXFWXUDO DOWHUDWLRQV, UHVLGXH LQWHUDFWLRQV DQG FUHH EQHUJ\ SXUIDFH SORWV 824 

GXULQJ WUDQVSRUW FRQIRUPDWLRQDO FKDQJHV. (A) Side chaiQ iQWeUacWiRQV Rf iPSRUWaQW UeVidXeV haYe 825 

beeQ PRQiWRUed iQ aOO VWUXcWXUeV cROOecWed iQ each FES gORbaO PiQiPXP aQd aUe UeSUeVeQWed aV 826 

SeUceQWage RYeU Whe eQVePbOe Rf Whe VWUXcWXUeV. (B) The FESV Rf Whe OO-WR-Occ WUaQViWiRQ XViQg 827 

diffeUeQW VWRichiRPeWU\ Rf OigaQdV bRXQd WR Whe WUaQVSRUWeU (cRORXU cRde: SURWeiQ iQ Whe aSR fRUP iQ 828 

bOXe, cRPSOe[ed RQO\ ZiWh H3O+ iQ c\aQ, cRPSOe[ed ZiWh bRWh XUaciO aQd H3O+ iQ gUeeQ, cRPSOe[ 829 

RQO\ ZiWh XUaciO iQ gUe\). Each WicN iQ Whe [ a[iV UeSUeVeQWV RQe XQiW. (C) The FESV Rf Whe Occ-WR-830 

IO WUaQViWiRQ aUe VhRZQ XViQg diffeUeQW VWRichiRPeWU\ Rf OigaQdV bRXQd WR Whe WUaQVSRUWeU. The 831 

V\VWeP cRQWaiQiQg bRWh XUaciO aQd H3O+ iV UeSUeVeQWed iQ Ued, Whe V\VWeP cRQWaiQiQg RQO\ XUaciO iV 832 

UeSUeVeQWed iQ bURZQ, Whe aSR fRUP iV UeSUeVeQWed iQ PageQWa, Whe V\VWeP cRQWaiQiQg RQO\ H3O+ iV 833 

UeSUeVeQWed iQ \eOORZ. 834 

FLJXUH 5. TKH XQELQGLQJ SURFHVV RI H3O+ DQG XUDFLO WR WKH F\WRSODVP DV VLPXODWHG E\ FXQQHO 835 

MHWDG\QDPLFV.  (A) The ǺFES Rf H3O+ iQWeUQaOi]aWiRQ SURceVV. The VeSaUaWiRQ beWZeeQ cRQWRXUV 836 

iV 2 NcaO/PRO. (B) The biQdiQg ViWeV Rf H3O+ caWiRQ iQ FXUE WUaQVSRUWeU aORQg Whe iQWeUQaOi]aWiRQ 837 

SaWhZa\, aV deUiYed fURP Whe ORZ eQeUg\ VWaWeV iQ Whe ǺFES iQ A. IQ RUaQge iV UeSUeVeQWed Whe 838 
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c\WRVROic N-WeUPiQaO LID ZheQ H3O+ iV bRXQd iQ D26, D28 aQd N347, ZhiOe iQ \eOORZ ZheQ H3O+ 839 

iV UeOeaVed iQ Whe c\WRSOaVP. (C) The ǺFES Rf XUaciO iQWeUQaOi]aWiRQ SURceVV. The VeSaUaWiRQ beWZeeQ 840 

cRQWRXUV iV 2 NcaO/PRO. (D) The iQWeUPediaWe VWaWeV Rf XUaciO iQWeUQaOi]aWiRQ SaWhZa\ ZhiOe e[iWiQg 841 

Whe FXUE WUaQVSRUWeU, aV deUiYed fURP Whe ǺFES iQ C. 842 

FLJXUH 6: SFKHPDWLF UHSUHVHQWDWLRQ RI WKH WUDQVSRUW PHFKDQLVP. The PRbiOe FXUE µhaVh¶ 843 

PRWif heOiceV (TMS3, TMS4, TMS8, TMS9) aQd RXWeU aQd iQQeU gaWeV (TMS10 aQd TMS5) aUe 844 

VhRZQ UeOaWiYe WR Whe µbXQdOe¶ PRWif, VhRZQ aV c\aQ bacNgURXQd, Zhich iV cRQVideUed UeOaWiYeO\ 845 

iPPRbiOe dXUiQg XUaciO aQd H3O+ iQWeUQaOi]aWiRQ. IQ Whe OXWZaUd OSeQ (OO) VWaWe, FXUE iV iQ aSR 846 

fRUP. H3O+ biQdiQg UeVXOWV iQ ORcaO UeVidXe UeaUUaQgePeQW bXW dReV QRW caXVe UeaUUaQgePeQW Rf Whe 847 

gURVV WeUWiaU\ VWUXcWXUe. UUaciO biQdiQg iQdXceV Whe cORViQg Rf WheTMS10 RXWeU gaWe (VaOPRQ) aQd 848 

Whe NiQN aQd WiOW Rf TMS8 (gUeeQ) aQd TMS3 (c\aQ), UeVSecWiYeO\, UeachiQg Whe OccOXded (Occ) 849 

VWaWe. H3O+ PRYeV WRZaUd Whe TMS5 iQQeU gaWe (Ued), Zhich VOighWO\ beQdV, ZhiOe TMS3 aQd TMS8 850 

aOVR diVSOa\ VWUXcWXUaO UeaUUaQgePeQWV, iQiWiaWiQg Whe IQZaUd OccOXded (IOcc) VWaWe. AfWeU H3O+ iV 851 

UeOeaVed iQ Whe iQWUaceOOXOaU VSace, TMS5 beQdV PRUe, ZhiOe TMS8 iV QRW WiOWed aQ\PRUe PRYiQg 852 

aZa\ fURP Whe µbXQdOe¶. TMS4 aQd TMS9 aUe VhifWed b\ TMS5, TMS8 aQd TMS3 beQdiQg 853 

iQWURdXciQg Whe IQZaUd OSeQ (IO) cRQfRUPaWiRQ. AfWeU Whe UeOeaVe Rf bRWh H3O+ aQd XUaciO, TMS5 854 

VOighWO\ UeWXUQV WR Whe SUeYiRXV beQd SRViWiRQ. AQ iQZaUd-faciQg XQNQRZQ UeWXUQ VWaWe, SURbabO\ 855 

iQWURdXced b\ a H3O+, iV UeSUeVeQWed iQ gUe\. 856 

 857 

Supplementary Materials 858 

SXSSRUWiQg PaWeUiaO fiOe cRQWaiQV TabOe S1: The ViPXOaWiRQ WiPe Rf each caVe Rf Whe PCV 859 

MeWad\QaPicV ViPXOaWiRQV. FigXUeV S1-S8: AOigQPeQW Rf FXUE aQd MhS1, DeWaiOV Rf iQWeUacWiRQV 860 

beWZeeQ UeVidXeV iQ FXUE PRdeOV, ReOaWiYe RUieQWaWiRQ Rf WUaQVPePbUaQe heOiceV Rf Whe µhaVh¶ PRWif 861 

cRPSaUed WR Whe µbXQdOe¶, FXQQeO diPeQViRQV XVed fRU Whe fRXU caVeV Rf FM ViPXOaWiRQV CRPSaUiVRQ 862 

Rf Whe biQdiQg PRde Rf VXbVWUaWeV iQ FXUE aQd MhS1, RMSD diagUaPV, SXbVWUaWe-UeVidXe 863 

iQWeUacWiRQV iQ diffeUeQW iQWeUPediaWe cRQfRUPaWiRQV aQd cRQfRUPaWiRQaO chaQgeV Rf µhaVh¶ PRWif 864 

heOiceV dXUiQg Occ WR IO WUaQViWiRQ. 865 
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 869 

FLJXUH 1 MRGHO VWUXFWXUHV RI FXUE. The WhUee hRPRORg\ PRdeOV, OXWZaUd OSeQ (OO), OccOXded 870 

(Occ), IQZaUd OSeQ (IO), baVed RQ cRUUeVSRQdiQg MhS1 WePSOaWe cU\VWaO VWUXcWXUeV aUe VhRZQ iQ 871 

Vide YieZ (RUieQWaWiRQ SaUaOOeO WR Whe PePbUaQe OiSidV). The µbXQdOe¶ heOiceV aUe cRORUed bOXe, Whe 872 

µhaVh¶ heOiceV aUe cRORUed c\aQ, Whe RXWeU aQd iQQeU gaWeV aUe cRORUed Ued, aQd Whe TMS11, aQd 873 

TMS12 aUe gUe\. The \eOORZ daVhed OiQeV UeSUeVeQW Whe PePbUaQe SOaQe. 874 
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 877 

FLJXUH 2: FXQFWLRQDO DQDO\VLV RI FXUE PXWDQWV. (A) GURZWh WeVWV Rf iVRgeQic VWUaiQV e[SUeVViQg 878 

diVWiQcW FXUE PXWaQW YeUViRQV iQ a ǻ7 geQeWic bacNgURXQd (i.e. geQeWicaOO\ OacNiQg RWheU QXcOeRbaVe-879 

UeOaWed WUaQVSRUWeUV), cRPSaUed WR a SRViWiYe (FXUE) aQd a QegaWiYe (ǻ7) cRQWURO VWUaiQ (fRU VWUaiQ 880 

deWaiOV Vee PaWeUiaOV aQd PeWhRdV). NO3, UA, ALL, XaQ deQRWe MM VXSSOePeQWed ZiWh QiWUaWe, 881 

XUic acid, aOOaQWRiQ RU [aQWhiQe aV VROe N VRXUce. 5FU iV MM+NO3 VXSSOePeQWed ZiWh 5-FU. WT 882 

deQRWeV a VWaQdaUd A. QidXlaQV ZiOd-W\Se VWUaiQ e[SUeVViQg aOO PaMRU QXcOeRbaVe WUaQVSRUWeUV. IQ YiYR 883 

eSifOXRUeVceQce PicURVcRS\ Rf Whe VaPe VWUaiQV iV VhRZQ iQ Whe UighW SaQeO.  AOO FXUE PXWaQWV aUe 884 

fXQcWiRQaOO\ Wagged ZiWh GFP. NRWice WhaW aOO FXUE PXWaQW YeUViRQV, e[ceSW R264A, e[hibiW QRUPaO 885 

(i.e. ZW FXUE-OiNe) SOaVPa PePbUaQe ORcaOi]aWiRQ aQd YacXROaU WXUQRYeU.  R264A iV WUaSSed iQ Whe 886 

SeUiQXcOeaU ER UiQgV, W\SicaO Rf PiVfROded YeUViRQV Rf FXUE RU RWheU WUaQVSRUWeUV (fRU deWaiOV Vee 887 

MaWeUiaOV aQd PeWhRdV) (B) DiUecW XSWaNe aVVa\V Rf VeOecWed FXUE PXWaQWV, XViQg 0.2 ȝȂ [3H]-888 

UadiROabeOed XUaciO. The figXUe VhRZV UeOaWiYe % iQiWiaO XSWaNe UaWeV (1 PiQ) Rf PXWaQWV, ZheQ ZiOd-889 

W\Se FXUE WUaQVSRUW iV WaNeQ aV 100%, SeUfRUPed ZiWh 107 geUPiQaWed cRQidiRVSRUeV, aV deVcUibed 890 

b\ KU\SRWRX aQd DiaOOiQaV, 2014 (fRU deWaiOV Vee MaWeUiaOV aQd PeWhRdV)  891 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.03.28.486045doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.28.486045


 892 

 893 

FLJXUH 3: BLQGLQJ RI H3O+ DQG XUDFLO DV VLPXODWHG E\ FXQQHO MHWDG\QDPLFV.  (A) The 894 

ǺFES Rf H3O+ biQdiQg SURceVV. CRQWRXU OiQeV aUe VhRZQ eYeU\ 2 NcaO/PRO. (B) The biQdiQg 895 

PRde Rf H3O+ caWiRQ iQ FXUE WUaQVSRUWeU aV deUiYed fURP Whe gORbaO eQeUg\ PiQiPXP iQ Whe 896 

FES. (C) The ǺFES Rf XUaciO biQdiQg SURceVV iQ FXUE WUaQVSRUWeU. (D) The iQWeUPediaWe 897 

VWaWeV (ORcaO PiQiPa iQ Whe ǺFES) Rf XUaciO eQWeUiQg FXUE WUaQVSRUWeU aQd Whe biQdiQg PRde 898 

iQ Whe biQdiQg ViWe (iQVeW) aV deUiYed fURP Whe ǺFES iQ C. 899 
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 902 

 903 

FLJXUH 4. FXUE VWUXFWXUDO DOWHUDWLRQV, UHVLGXH LQWHUDFWLRQV DQG FUHH EQHUJ\ SXUIDFH SORWV 904 

GXULQJ WUDQVSRUW FRQIRUPDWLRQDO FKDQJHV. (A) Side chaiQ iQWeUacWiRQV Rf iPSRUWaQW UeVidXeV haYe 905 

beeQ PRQiWRUed iQ aOO VWUXcWXUeV cROOecWed iQ each FES gORbaO PiQiPXP aQd aUe UeSUeVeQWed aV 906 

SeUceQWage RYeU Whe eQVePbOe Rf Whe VWUXcWXUeV. (B) The FESV Rf Whe OO-WR-Occ WUaQViWiRQ XViQg 907 

diffeUeQW VWRichiRPeWU\ Rf OigaQdV bRXQd WR Whe WUaQVSRUWeU (cRORXU cRde: SURWeiQ iQ Whe aSR fRUP iQ 908 

bOXe, cRPSOe[ed RQO\ ZiWh H3O+ iQ c\aQ, cRPSOe[ed ZiWh bRWh XUaciO aQd H3O+ iQ gUeeQ, cRPSOe[ 909 

RQO\ ZiWh XUaciO iQ gUe\). Each WicN iQ Whe [ a[iV UeSUeVeQWV RQe XQiW. (C) The FESV Rf Whe Occ-WR-910 

IO WUaQViWiRQ aUe VhRZQ XViQg diffeUeQW VWRichiRPeWU\ Rf OigaQdV bRXQd WR Whe WUaQVSRUWeU. The 911 

V\VWeP cRQWaiQiQg bRWh XUaciO aQd H3O+ iV UeSUeVeQWed iQ Ued, Whe V\VWeP cRQWaiQiQg RQO\ XUaciO iV 912 
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UeSUeVeQWed iQ bURZQ, Whe aSR fRUP iV UeSUeVeQWed iQ PageQWa, Whe V\VWeP cRQWaiQiQg RQO\ H3O+ iV 913 

UeSUeVeQWed iQ \eOORZ. 914 

  915 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.03.28.486045doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.28.486045


 916 

 917 

FLJXUH 5. TKH XQELQGLQJ SURFHVV RI H3O+ DQG XUDFLO WR WKH F\WRSODVP DV VLPXODWHG E\ FXQQHO 918 

MHWDG\QDPLFV.  (A) The ǺFES Rf H3O+ iQWeUQaOi]aWiRQ SURceVV. The VeSaUaWiRQ beWZeeQ cRQWRXUV 919 

iV 2 NcaO/PRO. (B) The biQdiQg ViWeV Rf H3O+ caWiRQ iQ FXUE WUaQVSRUWeU aORQg Whe iQWeUQaOi]aWiRQ 920 

SaWhZa\, aV deUiYed fURP Whe ORZ eQeUg\ VWaWeV iQ Whe ǺFES iQ A. IQ RUaQge iV UeSUeVeQWed Whe 921 

c\WRVROic N-WeUPiQaO LID ZheQ H3O+ iV bRXQd iQ D26, D28 aQd N347, ZhiOe iQ \eOORZ ZheQ H3O+ 922 

iV UeOeaVed iQ Whe c\WRSOaVP. (C) The ǺFES Rf XUaciO iQWeUQaOi]aWiRQ SURceVV. The VeSaUaWiRQ beWZeeQ 923 

cRQWRXUV iV 2 NcaO/PRO. (D) The iQWeUPediaWe VWaWeV Rf XUaciO iQWeUQaOi]aWiRQ SaWhZa\ ZhiOe e[iWiQg 924 

Whe FXUE WUaQVSRUWeU, aV deUiYed fURP Whe ǺFES iQ C. 925 

  926 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 14, 2022. ; https://doi.org/10.1101/2022.03.28.486045doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.28.486045


 927 

 928 

FLJXUH 6: SFKHPDWLF UHSUHVHQWDWLRQ RI WKH WUDQVSRUW PHFKDQLVP. The PRbiOe FXUE µhaVh¶ PRWif 929 

heOiceV (TMS3, TMS4, TMS8, TMS9) aQd RXWeU aQd iQQeU gaWeV (TMS10 aQd TMS5) aUe VhRZQ 930 

UeOaWiYe WR Whe µbXQdOe¶ PRWif, VhRZQ aV c\aQ bacNgURXQd, Zhich iV cRQVideUed UeOaWiYeO\ iPPRbiOe 931 

dXUiQg XUaciO aQd H3O+ iQWeUQaOi]aWiRQ. IQ Whe OXWZaUd OSeQ (OO) VWaWe, FXUE iV iQ aSR fRUP. H3O+ 932 

biQdiQg UeVXOWV iQ ORcaO UeVidXe UeaUUaQgePeQW bXW dReV QRW caXVe UeaUUaQgePeQW Rf Whe gURVV WeUWiaU\ 933 

VWUXcWXUe. UUaciO biQdiQg iQdXceV Whe cORViQg Rf WheTMS10 RXWeU gaWe aQd Whe NiQN aQd WiOW Rf TMS8 934 

aQd TMS3, UeVSecWiYeO\, UeachiQg Whe OccOXded (Occ) VWaWe. H3O+ PRYeV WRZaUd Whe TMS5 iQQeU 935 

gaWe, Zhich VOighWO\ beQdV, ZhiOe TMS3 aQd TMS8 aOVR diVSOa\ VWUXcWXUaO UeaUUaQgePeQWV, iQiWiaWiQg 936 

Whe IQZaUd OccOXded (IOcc) VWaWe. AfWeU H3O+ iV UeOeaVed iQ Whe iQWUaceOOXOaU VSace, TMS5 beQdV 937 

PRUe, ZhiOe TMS8 iV QRW WiOWed aQ\PRUe PRYiQg aZa\ fURP Whe µbXQdOe¶. TMS4 aQd TMS9 aUe 938 

VhifWed b\ TMS5, TMS8 aQd TMS3 beQdiQg iQWURdXciQg Whe IQZaUd OSeQ (IO) cRQfRUPaWiRQ. AfWeU 939 

Whe UeOeaVe Rf bRWh H3O+ aQd XUaciO, TMS5 VOighWO\ UeWXUQV WR Whe SUeYiRXV beQd SRViWiRQ. AQ iQZaUd-940 

faciQg XQNQRZQ UeWXUQ VWaWe, SURbabO\ iQWURdXced b\ a H3O+, iV UeSUeVeQWed iQ gUe\. 941 
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