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Περίληψη
Οι μεταφορείς είναι διαμεμβρανικές πρωτεΐνες που πραγματοποιούν την επιλεκτική
μεταφορά ουσιών μέσω των μεμβρανών. Τα μέλη της οικογένειας μεταφορέων NAT
(Nucleobase Ascorbate Transporter family) είναι συμμεταφορείς H+ ή Na+ ειδικοί για την
πρόσληψη είτε πουρινών και πυριμιδινών είτε L-ασκορβικού οξέος [1]. Παρά το γεγονός ότι
αρκετά μέλη έχουν μελετηθεί εκτενώς σε γενετικό, βιοχημικό και κυτταρικό επίπεδο και οι
δομές μελών από το βακτήριο Escherichia coli and τον μύκητα Aspergillus nidulans έχουν
δημοσιευθεί παρέχοντας μια πληθώρα δεδομένων για τον μηχανισμό λειτουργίας, τα
υπάρχοντα δεδομένα δεν είναι ικανά να εξηγήσουν πλήρως το πως καθορίζεται η
εκλεκτικότητα των υποστρωμάτων [2,3]. Καλά χαρακτηρισμένα μέλη από τα βακτήρια, τους
μύκητες και τα φυτά μεταφέρουν ειδικά πουρίνες η/και πυριμιδίνες ενώ τα θηλαστικά και
άλλα σπονδυλωτά διαθέτουν μέλη που είναι ειδικά για L-ασκορβικό οξύ (SVCT1/2) αλλά και
μέλη ειδικά για νουκλεοτιδικές βάσεις (π.χ. rSNBT1) [4,5]. Τα σπονδυλωτά διαθέτουν ένα
επιπλέον παράλογο άγνωστης λειτουργιας (SVCT3) [5].
Οι δομές από δυο μέλη της NAT οικογένειας είναι γνωστές [2,3,6]. Αυτές είναι η δομή
του μεταφορέα ουρακίλης της E.coli UraA και του μεταφορέα ουρικού οξέος-ξανθίνης του A.
nidulans UapA. Και οι δυο πρωτεΐνες αποτελούνται από 14 διαμεμβρανικά τμήματα που
χαρακτηρίζονται από δύο ανεστραμμένες επαναλήψεις (7+7) που αντιστοιχούν σε δύο
επικράτειες, την επικράτεια πυρήνα (core domain) και την επικράτεια διμερισμού
(dimerization domain). Και οι δύο πρωτεΐνες σχηματίζουν διμερή, ο σχηματισμός των οποίων
είναι απαραίτητος για την λειτουργία των μεταφορέων. Ο UapA είναι ένας συμμεταφορέας
ουρικού οξέος-ξανθίνης/H+ του μύκητα A. nidulans και θεωρείται το πρότυπο, ευκαρυωτικό
μέλος αυτής της οικογένειας επειδή είναι ένας από τους πιο εκτενώς χαρακτηρισμένους
ευκαρυωτικούς μεταφορείς σε ότι αφορά τις σχέσεις-δομής λειτουργίας, την εκλεκτικότητα
υποστρώματος, την ρύθμιση της έκφρασης και την υποκυτταρική διακίνηση [7].
Όλοι οι ΝΑΤ μεταφορείς περιέχουν ένα συντηρημένο μοτίβο στο 10ο διαμεμβρανικό
τμήμα που ονομάστηκε ιστορικά σαν αλληλουχία-αναγνώρισης ΝΑΤ (NAT signature motif) το
οποίο περιλαμβάνει κατάλοιπα που είναι απαραίτητα για την δέσμευση υποστρώματος και
την εκλεκτικότητα ή για την κατάλυση της μεταφοράς [1,8]. Προηγούμενες μελέτες στον
UapA έδειξαν ότι οι περισσότερες μεταλλαγές που επηρεάζουν την εκλεκτικότητα του, που
έχουν προκύψει από τυχαίες μεταλλαξιγενέσεις, βρίσκονται εκτός της θέσης δέσμευσης
υποστρώματος και της αλληλουχίας-μοτίβου ΝΑΤ [9–11].

Από αυτές οι πιο γνωστές
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μεταλλαγές αφορούν τα κατάλοιπα Arg481, Thr526 και Phe528 που εντοπίζονται κατά μήκος της
πορείας κύλισης της επικράτειας πυρήνα πάνω στο διμερές.
Επιπλέον, πρόσφατες μελέτες έδειξαν ότι συγκεκριμένες αληλλεπιδράσεις του UapA
με μεμβρανικά λιπίδια στην επιφάνεια διμερισμού είναι απαραίτητες για τον σχηματισμό
ή/και την σταθερότητα των λειτουργικών διμερών [12]. Πιο συγκεκριμένα, κατά την
διαδικασία απομόνωσης του UapA συγκατακρημνίζονται και λιπίδια και η απομάκρυνση
αυτών των λιπιδίων οδηγεί σε διάλυση του διμερούς συμπλόκου σε μονομερή. Προσθήκη
φωσφο-ινοσιτιδίων

(PIs)

ή

φωσφατιδυλοαιθανολαμίνης

(PEs)

οδήγησε

στον

επανασχηματισμό του διμερούς. Προσομοιώσεις μοριακής δυναμικής (MDs) προέβλεψαν
την ύπαρξη μιας ειδικής θέσης δέσμευσης λιπιδίων στην επιφάνεια διμερισμού που
αποτελείται από τρία κατάλοιπα αργινίνης Arg287, Arg478 και Arg479. Η αντικατάσταση αυτών
των καταλοίπων οδήγησε σε πλήρη απώλεια λειτουργίας η οποία οφείλεται στην απώλεια
σχηματισμού του λειτουργικού διμερούς

σε μεγάλο ποσοστό της πρωτεΐνης όπως

αποδείχτηκε από φασματομετρία μάζας (native MS) και δοκιμασίες εντοπισμού πρωτεϊνικών
αλληλεπιδράσεων με το σύστημα BiFC.
H παρούσα διατριβή είναι χωρισμένη σε τρία κεφάλαια. Στο πρώτο ερευνήθηκε η
μοριακή βάση της εξειδίκευσης υποστρώματος στην ΝΑΤ οικογένεια και μελετήθηκε η
εξέλιξη των μεταφορέων ασκορβικού πραγματοποιώντας αρχικά μια εκτενή φυλογενετική
ανάλυση και στη συνέχεια μεταλλαγές στο μοτίβο ΝΑΤ του UapA. Την παραπάνω
συστηματική μεταλλαξιγένεση ακολούθησε ορθολογικά σχεδιασμένος συνδυασμός
υποκαταστάσεων ενώ απομονώθηκαν νέες επιπλέον υποκαταστάσεις μέσω τυχαίων
μεταλλαξιγενέσεων. Τα αποτελέσματα συνολικά υποστηρίζουν ότι ο ρόλος κάποιων μερικώς
συντηρημένων καταλοίπων του μοτίβου NAT στην εξειδίκευση του μεταφορέα UapA
εξαρτάται από την ύπαρξη συγκεκριμένων αμινοξέων σε άλλες θέσεις. Επιπλέον
παρουσιάζονται νέα δεδομένα για το πώς το κατάλοιπο Phe528, που βρίσκεται εκτός της
θέσης πρόσδεσης υποστρώματος, μπορεί να επηρεάζει την εκλεκτικότητα του UapA.
Tο δεύτερο μέρος αυτής της διατριβής αφορά τον ρόλο των αλληλεπιδράσεων του
UapA με λιπίδια στη λειτουργία, τη σταθερότητα και τη μεταφορά του στη μεμβράνη. Πιο
συγκεκριμένα, εξετάστηκε περαιτέρω ο ρόλος των αλληλεπιδράσεων στην επιφάνεια
διμερισμού και διερευνήθηκε ο πιθανός ρόλος άλλων αλληλεπιδράσεων, που έχουν
προβλεφθεί από MDs, στην περιφέρεια της επικράτειας πυρήνα του UapA. Βρέθηκε πως
διακριτές αλληλεπιδράσεις του UapA με μεμβρανικά λιπίδια είναι απαραίτητες για τον
εξαρχής σχηματισμό διμερών στο ενδοπλασματικό δίκτυο, ή την έξοδο από αυτό και την
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περαιτέρω στόχευση του στη μεμβράνη. Επιπλέον, μέσω τυχαίων μεταλλαξιγενέσεων
απομονώθηκαν μεταλλαγές που επαναφέρουν τον σχηματισμό διμερών ή/και τη στόχευση
στη μεμβράνη.
Τέλος, στο τρίτο μέρος, χρησιμοποιώντας αποτελέσματα της παρούσας διατριβής
έγινε για πρώτη φορά λειτουργική ετερόλογη έκφραση μιας NAT ομόλογης πρωτεΐνης από
τα θηλαστικά στον A. nidulans.
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Abstract
Transporters are transmembrane proteins that mediate the selective translocation of solutes
across biological membranes. 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 [1]. Despite the fact that several members have been
extensively characterized 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, the current knowledge cannot explain how substrate selectivity
is determined [2,3]. Functionally characterized NATs from bacteria, fungi and plants are
specific for nucleobases, but rather surprisingly, mammals and other vertebrates possess NAT
homologues that are specific for L-ascorbate transport (SVCT1/2) in addition to nucleobase
specific members (i.e. rSNBT1) [4,5]. Vertebrates also include a third distinct paralogue of
unknown function called SVCT3 [5].
High-resolution crystal structures from two NAT members have been obtained [2,3,6].
These are the UraA uracil transporter of E. coli and the UapA uric acid-xanthine transporter of
A. nidulans. Both proteins are composed of 14 transmembrane segments characterized by a
7 helix inverted repeat (7+7) forming a core and a dimerization domain. Additionally, these
proteins exist as dimers, the formation of which is essential for transport activity. UapA is
considered the prototypic eukaryotic member of this family as it is one of the most extensively
studied eukaryotic transporters in respect to structure-function relationships, substrate
specificity, regulation of expression and subcellular trafficking.
All NATs include a highly conserved motif in TMS10 historically referred as the NAT
signature motif which includes residues critical for substrate binding and specificity or
transport catalysis [1,8]. Previous studies on UapA reported that most specificity substitutions
in UapA, selected by direct genetic screens, map outside the major substrate binding site and
the NAT signature motif [9,10,13]. The most prominent specificity substitutions concerned
residues Arg481, Thr526 or Phe528, which are located along the proposed sliding trajectory of the
core domain in the UapA dimer.
Moreover, it has been shown recently that specific interactions with plasma
membrane phospholipids at the dimer interface of UapA are essential for the formation
and/or stability of functional dimers [12]. More specifically, UapA co-purifies with lipid and
delipidation results in dissociation into monomers. Addition of PIs or PEs resulted in the re-
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formation of the UapA dimer. MDs predicted a specific lipid binding site at the dimer interface
that is formed by three arginine residues Arg287, Arg478 and Arg479. Replacement of these
arginines by alanine residues led to total loss of UapA function and both native MS and
bifluorescence complementation (BiFC) assays indicated that a major fraction of UapA cannot
dimerize.
This study is divided in three distinct chapters. In the first one the molecular aspects
of NAT substrate specificity and the evolution of ascorbate transporters were investigated by
making at first an extensive phylogenetic analysis and then a mutational analysis on the NAT
signature motif of UapA. This mutational analysis was coupled with a rational combination of
substitutions while new substitutions were also isolated by novel genetic screens. Overall, the
results revealed cryptic context-dependent roles of partially conserved residues in the NAT
signature motif in determining the specificity of the UapA transporter. Additionally we
provided novel findings concerning how Phe528, a residue outside the substrate binding site,
might function as a key amino acid in determining UapA specificity.
The second part of the study was focused on the role of lipid interactions in UapA
function, stability and trafficking. In particular, the role of UapA-lipid interactions at the dimer
interface was further examined and the possible role of other predicted, by MDs, interactions
at the membrane facing regions of the core domain of the UapA dimer was identified. We
found that distinct interactions of UapA with membrane lipids are essential for ab initio
formation of functional dimers in the ER, or ER exit and further subcellular trafficking.
Additionally, through genetic screens, we identified substitutions that restore defects in dimer
formation and/or trafficking.
Finally, in the third part of the present study, using knowledge acquired from this work
we achieved for the first time the functional expression of a mammalian NAT homologue in
A. nidulans.
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Introduction
1.1 Transporters
1.1.1 Membrane transport systems
Nutrients, ions and generally most micro- or macro-polar molecules are dependent on
membrane proteins in order to enter or exit the cell. Simple diffusion of molecules through
the membrane is possible only for non-polar molecules such as steroids, O2 and CO2 and small
uncharged polar molecules such as ethanol and glycerol (Figure 1.1). Most of the other
molecules move through membranes via two types of transmembrane transport proteins,
transporters and channels/pores. The major difference concerns their mechanism of function
(see later) [7,14]. Transport proteins fulfill essential functions in living cells as they 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
mechanosensing. Their importance is reflected by their association with many diseases
including autism, epilepsy, cystic fibrosis and neurodegeneration ([15–17] and references
therein). Transporters are also involved directly in drug sensitivity or resistance as gateways
or efflux proteins. It is worth to mention that the targets of the two of the most widely
prescribed drugs in the world, fluoxetine (Prozac) and omeprazole (Prilosec) are membrane
transport proteins.

Figure
1.1.
Membrane
permeability
graph.
This
figure
https://www.studyblue.com/notes/note/n/chapter-4/deck/5796523.

is

adapted

from
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Transporters, also known as permeases or carriers, are polytopic transmembrane
proteins that comprise a substrate binding site and their transport mechanism includes major
conformational changes that result to either a structure being open to the one side of the
membrane or to the other (Figure 1.2). In other words, the binding site is not accessible from
both sides of the membrane simultaneously [7,14]. On the contrary, channels/pores do not
have binding sites and can be open to both environments at the same time (Figure 1.2).
Channels/pores are made by several transmembrane segments (TMSs) like transporters but
often two or more subunits associate to create the functional unit. The term channels refers
to proteins that are either in an open or a closed state whereas pores are continuously open
and active. Opening and closing of channels is regulated by gating domains or gates in
response to signals like ligand binding or membrane voltage changes [7,14,18]. As channels
do not possess a binding site, selectivity is controlled by selectivity filters that restrict the size
of the hole. Their charge is also adapted to the substrate ion. As a result of their mechanism
channels/pores are much faster than transporters, translocating up to 108 molecules/s while
transporters have a relatively low turnover rate with approximately 200-50000 molecules/s
[19].

Figure 1.2. Transporters vs Channels. Schematic representation of the mechanism of function of a
transporter (top) and a channel (bottom). Transport mechanism of a transporter includes major
conformational changes so that the binding site is not accessible from both sides of the membrane
simultaneously. Channels, on the other hand, have an open and a close state and when open substrate
has access from both sides of the membrane and molecules move from the area of higher to lower
concentration. This figure is adapted from [20].
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Based on the consumption of energy, a transport system can be classified as passive
or active. Passive transport does not have a requirement for energy spending as it concerns
transport of molecules down their electrochemical-concentration gradient. Active transport
instead requires energy in order to move molecules from an area of lower to higher
concentration. Energy can be provided either directly (primary active transport) for example
from ATP-hydrolysis or from the electrochemical potential difference (secondary active
transport). Passive transport can be performed by both transporters (facilitated diffusion) and
channels (passive diffusion) whereas active transport is only executed by transporters. In the
first case transporters are called facilitators. Primary active transport is performed by
transporters that most of them are also ATPases proteins hydrolyzing ATP to provide the
energy needed for transport. There are four types of primary active transporters: P-type
ATPases also referred as pumps e.g. Na+-K+ ATPase, F-ATPases e.g. mitochondrial ATP
synthase, V-ATPases and ABC transporters e.g. CFTR. On the other hand, secondary active
transport is carried out by transporters that couple the movement of a driving ion down its
electrochemical gradient to the movement of another molecule or ion against its
concentration gradient. It is considered as a type of active transport as it takes advantage of
the electrochemical gradients made by primary active transport. Secondary active
transporters can be symporters, such as the glucose symporter SGLT1, if transport of the
substrates is in the same direction or antiporters if the substrates move in opposite directions.
Figure 1.3 summarizes all the transport systems discussed above.

Figure 1.3. Mechanisms of membrane transport. Blue arrows indicate the concentration gradient of
the transported molecule. The term carrier historically refers to the transport mechanism of
transporters. Refers to a protein that uploads substrates from one side of the membrane, “swims”
across the membrane, and translocate them to the other side [20]. This figure is adapted from
http://www.physiologyweb.com.
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1.1.2 Transporter classification
As mentioned before, membrane transport is accomplished by a wide variety of
transmembrane proteins. Transporters represent a diverse group of proteins functioning as
facilitators, pumps, group translocators, electron carriers, symporters and antiporters. Their
study has grown dramatically over the past few years mainly due to progresses in the
experimental methods and their biological and medical importance. Secondary active
transporters are related with many human diseases and drug resistance/sensitivity as they
transport a large variety of substrates involved in many physiological processes.
The Transporter Classification Database or TCDB has classified all kind of transport
proteins based on a functional/phylogenetic hierarchical system [21]. All proteins are
classified in classes, subclasses, families, subfamilies and transport systems. Over the years
several families have been organized into sequence divergent superfamilies. The two largest
superfamilies of transporters are the ATP-binding cassette (ABC) superfamily that consists of
primary active transporters and the Major Facilitator Superfamily (MFS) which is mostly
constituted by secondary active transporters. Of particular interest is also the Amino acidPolyamine-organoCation (APC) superfamily that is the second largest superfamily of
secondary active transporters.

1.1.2.1 Evolution of protein families
A protein family is a group of proteins that share a common ancestor, reflected by their
sequence similarity which is the clearest indicator of common ancestry, related functions and
structural similarities. Protein families are often organized into hierarchies, with proteins
subdivided into smaller, more closely related groups. The term superfamily is often used for
large groups of distantly related proteins whose association is not reflected in sequence
similarity, but only in shared structural features. Proteins that are closely related within a
protein family belong to a protein subfamily, class etc.
Protein families are basically created by two major events. Firstly, when parent
species are separated into two genetically isolated descendent species, the descendent
genes/proteins can independently accumulate mutations and thus variations. The resulting
proteins that share the same function in different species are called orthologs. Secondly, a
gene duplication event can create a second copy of a gene that is free to acquire independent
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random mutations as the original copy continues to perform its function [22,23]. In this case
the two homologous genes/proteins are called paralogs and usually have similar but not
identical functions. Thus duplication creates redundancy and redundancy may provide the
material for novelty. In the course of evolution, several gene/protein families, especially in
eukaryotes, undergo extreme expansions and contractions sometimes together with whole
genome duplications.
Maintenance of the gene duplicates has been explained by different evolutionary
scenarios, such as dosage effects, neo-functionalization or sub-functionalization [24]. The first
scenario refers to the fixation of duplicate genes driven by positive selection for increased
gene dosage [25]. Neo-functionalization is the process by which, after gene duplication, one
copy retains the original function of the gene, while the second copy, free from selective
pressure, acquires mutations and explores novel functions. If a new function is beneficial,
natural selection positively “selects” for it and becomes fixed in the population. Finally subfunctionalization occurs when the two paralogs retain a subset of the ancestral functions. This
model requires the existence of a multi-functional pre-duplication protein and introduces the
possibility that positive selection pressure might drive evolution after gene duplication event.
Thus novelty might also arise via side-activities or sub-functions of proteins, which are
optimized in the course of evolution and under specific selective pressures.

1.1.2.2 Major Facilitator Superfamily (MFS)
The major facilitator superfamily (MFS) is a ubiquitous superfamily that includes both
facilitators (uniport) and secondary active transporters with the latter being driven by the cotransport (symport or antiport) of either protons (H+) or sodium ions (Na+). Up to date, TCDB
classifies the primary MFS group (“canonical” MFS family) into 89 families, but 15 more
families, such as the Glycoside-Pentoside-Hexuronide (GPH):Cation symporter family and the
ATP:ADP Antiporter (AAA) family, are also clustered together as distant members [26]. MFS
transporters were initially identified as sugar transporters but today the MFS superfamily is
known to consist of members moving also a variety of other small solutes such as amino acids,
organic and inorganic anions, siderophores, drugs, neurotransmitters, but not
macromolecules [26]. Bacterial members transport mostly nutrients, such as the well-studied
lactose permease LacY, the glycerol-3-phosphate transporter GlpT and the xylose/H+
symporter XylE, although some members function as efflux pumps for toxic compounds.
Similarly, human MFS members are responsible for functions such as nutrient absorption and
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transport and renal and hepatic clearance but also for transport of other molecules including
signaling molecules ([27] and references therein). The best studied eukaryotic members are
the glucose transporters GLUT1, GLUT2, GLUT3, and GLUT4.
The crystal structure of a number of MFS transporters, most from bacteria, have been
solved. The first known structures were those of the LacY and GlpT of E. coli that were
published in 2003 [28,29]. Recently, the structures of the first three eukaryotic members have
been resolved. These include the fungal phosphate transporter PiPT [30], the plant nitrate
transporter NRT1.1 [31] and the human glucose transporter GLUT1 [32]. Most proteins consist
of 400-600 amino acid residues. All known MFS structures share a common protein-fold
known as the MFS fold (Figure 1.4a). This is characterized by twelve transmembrane segments
(TMSs) organized into two symmetrically related domains of six TMSs (6+6) that are connected
by a cytoplasmic loop [33]. Each one of these two domains, referred as the N- and C-terminal
domains, is made of two structurally inverted repeats composed of three segments (TMS1-3
and 4-6 in the N-domain and TMS7-9 AND 10-12 in the C-domain). In other words the MFS
fold is made up of four structural repeats comprised of three TMSs. Some members may
contain extra TMSs that seem to contribute to stabilization of the overall structure.
Additionally, few MFS transporters are composed of 24 TMSs as a result of duplication or
fusion to other functional domains resulting in proteins with dual functions [34]. The MFS
transporters seem to function as monomers although there is evidence of oligomerization in
some plant members [35]. For example, NRT1.1 structure revealed that this transporter can
homodimerize [31]. Furthermore, the oligomerization state of this transporter is regulated by
the phosphorylation of a Thr residue that seems to decouple the dimer in order to adjust
affinity [31,36].

1.1.2.3 Amino acid-Polyamine-organoCation (APC) superfamily
The APC superfamily is the second largest superfamily of secondary carriers being also present
in all domains of life. It consists of numerous families of transporters that move amino acids,
peptides, purines, pyrimidines, metal ions, vitamins etc. and function as solute/cation
symporters or solute/solute antiporters [37]. Based on TCDB, besides the APC family other 17
families are categorized in this superfamily including the Neurotransmitter Sodium Symporter
(NSS) family, the Nucleobase Cation Symporter-1 (NCS1) Family, the Nucleobase/Ascorbate
Transporter (NAT) or Nucleobase Cation Symporter-2 (NCS2) Family, the Sulfate Permease
(SulP) Family and the Anion Exchanger (AE) Family. Members of the Spore Germination
28

Protein (SGP) subfamily (within the APC family) are amino acid receptors rather than
transporters truncated at their C-termini.

Figure 1.4. Common folds of secondary active transporters. (A) Representation of the MFS fold. (B)
Representation of the LeuT fold. The figure is adapted from [20].

A large number of high resolution crystal structures of APC proteins from different
families is published. The structure of most members contains a 5+5 topology known as the
LeuT fold (Figure 1.4b) [38]. LeuT is an amino acid/sodium symporter from Aquifex aeolicus,
homolog of the sodium-dependent neurotransmitter transporter from the NSS family. The
LeuT fold consists of two structurally inverted repeats of five TMSs (TMSs1–5 and TMSs 6–10)
that form two structurally distinct bundles referred as the scaffold and core domain [39]. The
first segments of each domain (TMS1 and 6) are discontinuous, made up by two α-helices
connected by a highly conserved unwound sequence that is important for the transport
mechanism of transporters with the LeuT fold [40]. Two families, SulP and NCS2, display a
different structure, adopting a 7+7 topology. Vastermark et al. [41] showed that both
topologies share structural features confirming their possible relationship, and proposed an
evolutionary pathway for their creation. The 7+7 topology is also found in other transporters
classified within the APC family, such as the plant boron transporters Bor1-3 and the human
Band3 anion exchanger. Apart from the 5+5 or 7+7 fold many members have extra TMSs at
the N or C-terminus or in the middle of the inverted repeats.
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1.1.2.3.1 Nucleobase Cation Symporter-1 (NCS1) Family
The NCS1 family includes over 1000 currently sequenced proteins from archaea, bacteria,
fungi and plants but seem to be absent from other domains of life. They are H+/Na+ symporters
specific for the uptake of purines, pyrimidines and related metabolites. NCS1 proteins are
usually 419-635 residues long and possess twelve putative α-helical TMSs interconnected with
rather short loops and cytosolic N- and C-termini. TMSs 1–10 are arranged as the LeuT-fold,
while the last two TMSs (11 and 12) appear crucial for the oligomerization state of some NCS1like transporters and not the transport mechanism. Fungal NCS1 transporters are classified
into two sub-families, the Fcy-like and the Fur-like transporters based on their primary amino
acid sequences and specificity profiles [42,43]. These two fungal NCS1 sub-families along with
the plant homologues seem to originate through independent horizontal transfers from
prokaryotes and probably expanded in number due to repeated duplication [43].

1.1.2.3.2 Nucleobase/Ascorbate Transporter (NAT) or Nucleobase Cation
Symporter-2 (NCS2) Family
Besides NCS1, NAT/NCS2 is another distinct family that includes members highly specific for
purines and pyrimidines. The NAT/NCS2 family is thought to contain two distinct clusters, one
with transporters that recognize 2-oxypurines (xanthine, uric acid) and are members of the
NAT (Nucleobase Ascorbate Transporter)/NCS2 family, and another with transporters
recognizing 2-non-oxypurines (hypoxanthine, guanine and adenine), which form a distinct
cluster known as AzgA-like and are distant structural homologues with NATs [44]. In contrast
to the NCS1, the NAT family is present in all domains of life with few notable exceptions. NATs
are made of 414-650 residues and are highly specific for either nucleobases/H+ or Lascorbate/Na+ [1]. All bacterial NATs are highly specific for either uracil or xanthine or uric
acid, while the fungal and plant members are specific for either xanthine-uric acid, or for
adenine-guanine-hypoxanthine-uracil (only in plants). Mammalian NATs, that correspond to
the human solute carrier family SLC23, are specific for L-ascorbate (hSVCT1 and hSVCT2 in
human) however there is a case reported of a NAT transporter from rat, called rSNBT1, which
is specific for nucleobases [5]. Mammals also include a third homologue called SVCT3 however
its function is unknown. Moreover, NAT is one of the two families of the APC superfamily
adopting a 7+7 fold. High resolution structures of the bacterial uracil transporter UraA and the
eukaryotic uric acid/xanthine transporter from A. nidulans UapA (Figure 1.5) are published
[2,6]. These structures showed that the 14 transmembrane segments are organized into a
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core (TMSs 1–4 and 8–11) and a gate/dimerization domain (TMSs 5–7 and 12–14).
Additionally, these structures revealed a pair of antiparallel β-strands located between TMS 3
and TMS 10 that were shown to be important for structural organization and substrate
recognition. UapA structure and subsequent publications on UraA further confirmed that
NATs dimerize and that the dimer is probably the functional unit [2].

Figure 1.5. Topology diagram of UapA (7+7 fold). TMSs of the core domain are colored red and TMS of
the dimerization/gate domain blue. The half helices and short β-strand regions of TMS 3 and 10 are
colored yellow and green, respectively (both are part of the core domain). A schematic of xanthine is
also included colored cyan. This figure is adapted from [2].

1.1.2.3.3 Anion Exchanger (AE) Family
Members of the AE family are present in bacteria, fungi, plants and animals. Characterized
members perform mainly four different transport reactions that include bicarbonate: HCO3/Cl- exchange, Na+/HCO3- cotransport, Na+-HCO3/H+-Cl− exchange and boric acid (boron) efflux
([38] and references therein). In certain cell types have also been detected Na+ driven Cl/HCO3- exchange and K+/HCO3- exchange activities. Bacterial members are still
uncharacterized. Plants and yeast contain anion transporters. Humans code for 10 AEs that
perform sodium independent Cl-HCO3- exchange (e.g. AEs 1-3), Na+-coupled anion exchange
(e.g. NDCBE), and Na+/HCO3- cotransport (e.g. NBCn1, NBCe1 and NBCe2). Animal AE proteins
consist of 900-1250 residues that form homodimeric complexes and interact via their Nterminal domains with cytoskeletal proteins. Their structure is made up of 14 TMSs with
cytoplasmic relatively long N-terminal and short C-terminal regions. Although the C-terminal
is small it contains binding motifs important for trafficking, protein-protein interactions etc.
The crystal structure of the C-terminal anion exchanger domain (CTD) of AE1 (also known as
band 3 or SLC4A1) has been published [45]. AE1 is a glycoprotein built from two domains, a
cytosolic N-terminal domain that functions as an anchoring point for other proteins and an
31

integral membrane domain that catalyzes anion exchange. As mentioned before, the AE1CTD
adopts a 7+7 fold and its structure is very similar to the structure of the NAT members,
although they have very small sequence identity. Similarly to NATs, AE1CTD dimerizes, but
dimerization seems not necessary for transport ([45] and references therein).

1.1.3 Mechanisms of transporter function
All transporters seem to alternate between two distinct conformations, an outward- and an
inward-facing conformation (as suggested by the so-called alternating access model;
[20,33,46] and references therein). Substrate accessibility is achieved by the opening of the
major substrate binding site to either the extracellular or the intracellular space (outward- or
inward facing respectively), via significant rearrangement of the transmembrane body of
transporters. In addition, besides the gross transition from the outward- to the inward-facing
conformation, local conformational changes occur that control the closing and opening of
extracellular and intracellular gates. The existence of gates is an additional control element in
transport catalysis and avoidance of substrate leakage in the wrong direction that also
contributes to the specificity determination. Current evidence supports the idea that gating
closure may be ahead of the alteration from the outward- to the inward-facing conformation
[14]. Thus, 5 transporter states have been recognized; 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.

1.1.3.1 Rocker-switch mechanism
The rocker-switch mechanism describes two structurally symmetric domains moving around
a binding site that locates at the interface, approximately halfway across the membrane
(Figure 1.6a) [47,48]. The two structurally similar bundles form a characteristic V-shaped
architecture so that a barrier is formed between them, present either at the one side or the
other. During transport this barrier moves from the one side and re-forms on the other
(moving barrier mechanism) [33,49,50]. Thus, moving barrier transporters work with two
separate “thick” gates. The binding site is at first accessible from the one side, a
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conformational change closes the path (gate closure) and a new path opens on the other side
(gate opening). In the simplest version of this mechanism the substrate binds symmetrically
(e.g. SWEETs transporters) [51–53] but substrate binding can also be asymmetric to varying
degrees (e.g. MFS transporters) [48,54]. Accordingly, in SWEET transporters the occluded
conformation is mainly symmetric forming an O-like shape while in most occluded MFS
structures, with the exceptions of EmrD and OxlT, cavities still have a clear orientation ([33]
and references therein). In these cases the states are typically referred to as outwardoccluded or inward-occluded conformations. Additionally, substrate binding induces the local
movement of the gating helices located in one or both of the two domains that occlude the
substrate from the outside or the inside achieving alternating access. These helices in MFS
transporters are often discontinuous i.e. containing an unwound region [55,56]. Finally, it has
been proposed for some MFS transporters that the breakage and re-formation of salt bridges
controls transition between the two states [48,57,58]. Substrate binding seems to induce
direct or indirect movements of helices involved in a salt bridge network resulting in saltbridge breakage.

Figure 1.6. Mechanisms of alternating
access. Schematic representation of the
(A) rocker switch mechanism, (B) rocking
bundle and (C) elevator-like mechanism.
The substrate is presented with a green
sphere and gates are depicted as a thick
line over the substrate. In (B) and (C) the
core domain is colored pink while the
scaffold
(in
the
rocking-bundle
mechanism) or dimerization/gate (in the
elevator mechanism) domain blue. This
figure is adapted from [33].
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1.1.3.2 Rocking-bundle mechanism
The prototypical example of a transporter moving with the rocking-bundle mechanism is LeuT
[59]. In contrast to the rocking-switch, transporters with this mechanism contain two domains
that are structurally dissimilar (referred as scaffold and core domains), with one domain
predominantly rocking around the other [60]. In both cases the substrate binding site is
centrally located, a moving barrier mechanism is used and substrate binding is associated with
local rearrangements of gating elements, often formed by discontinuous helices (Figure 1.6b).
However, the gates in transporters with the rocking-bundle mechanism are more fine and
gating rearrangements vary substantially among them [33]. Additionally, ionic interactions
seem to also be important for LeuT function as an important salt bridge that is conserved is
formed during gating [61,62]. Finally, rocking bundle proteins include more complex transport
pathways, probably as a result of substrate transport coupling with the movement of a driving
ion, whereas most facilitators (passive transport) use the apparently “simpler” rocker-switch
mechanism [33].

1.1.3.3 Elevator mechanism
The third major mechanism, the elevator mechanism is performed by transporters made up
of two distinct domains, similar to transporters functioning with the rocking bundle
mechanism [33]. The defining feature of this mechanism is that the substrate binding site
locates exclusively in one of the two domains and more specifically in the core domain (or
elevator domain), which slides through the lipid bilayer supported by the dimerization/gate
domain (referred also as scaffold domain; Figure 1.6c). Thus, the substrate is carried across
the membrane by only one domain, in contrast to the previously described mechanisms. Due
to this vertical translocation the mechanism has been described also as the moving carrier
mechanism [63]. The term fixed barrier was also used but is not totally representative as some
elevator proteins may not have a fixed barrier (see also later). The dimerization/scaffold
domain is rigid and immobile, but seems to provide most of the gating elements and mediates
oligomerization, as transporters with this mechanism are usually dimers or trimmers [33]. 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
gates [63]. Classification is possible only for proteins that their structure is determined in all
different conformational states, thus the mechanism of many elevator proteins has not been
experimentally confirmed.
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The human neutral amino acid exchanger ASCT2 that belongs to the SLC1 family uses
the fixed barrier with a one-gate mechanism [64]. The transport domain of this transporter
contains two structural elements called helical hairpins (HPs). The HP2 changes positions in
the transition between the inward- and the outward-facing conformations and works both as
an extracellular and an intracellular gate [64,65]. This mechanism is probably conserved in the
SLC1 family [66,67] and likely in also other transporters such as the members of the
Phosphotransferase System (PTS) [68–70]. The scaffold domain includes also two highly tilted
helices that determine the minimal distance that the substrate-binding site moves, and have
been named as the fixed barrier [63].
Transporters using the fixed-barrier with a two-gate elevator mechanism use different
gates on the extra- and intra-cellular sides [63]. The nucleoside transporter CNT of the SLC8
family is the only elevator transporter with published structures in multiple intermediate
conformations [71]. CNT uses this mechanism using a half-TM as an extracellular gate and an
HP as an intracellular gate. Two other TMSs of the scaffold domain form the fixed barrier. The
location of the binding site in transporters using this mechanism is at the interface between
the two domains but the substrate makes more interactions with the core domain. It has been
proposed that the location of the binding site is the reason for the existence of two gates as
transporters using the first type have an occluded binding site within the core domain [33].
Most elevator-transporters conserve a binding site at the interface of the two domains
suggesting that they may also use this mechanism. Examples include transporters of the AbgT
family [72], anion exchanger 1 (AE1) [45], and UapA and UraA from the NAT family [2,6].
The last type, the moving-barrier with a two-gate mechanism has been described for
the bile acid transporter ASBT [63,73,74]. This transporter combines sliding of the transport
domain relative to the scaffold, thus an elevator movement, with a moving barrier, which is
used by non-elevator mechanisms. Additionally, the transport domain of ASBT, but also the
sodium-proton antiporters NapA and NhaA, does not contain HPs [75–78]. Finally, it should
be noticed that ASBT is one of the elevator few transporters that is monomeric.

1.2 Study of purine/pyrimidine transporters of the model fungus A.
nidulans
Several aspects of transporter biology, such as structure-function relationships, substrate
specificity, regulation of expression and subcellular trafficking, have been studied in our lab
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using the fungus Aspergillus nidulans as a model system. The transporters of interest are
mostly nucleobase transporters of the NCS1 and the NAT/NSC2 families. Knowledge on how
nucleobase transporters work has an obvious scientific interest as the metabolism of
nucleobases is implicated in different diseases, but are also used as antimetabolites against
several infections and cancer [79,80]. Understanding the structure-function relationships of
these transporters will be also important for drug design [81].

1.2.1 The life cycle of A. nidulans
A. nidulans (also referred to as Emericella nidulans) is a homothallic filamentous fungus that
is widespread and grows commonly on plants, soil, decaying organic matter, in/on animal
systems but also in indoor environments such as damp walls. The term ‘homothallic’ refers to
the ability of an organism, to reproduce sexually and thus having no mating types. The
Aspergillus genus belongs to the phylum of Ascomycota and more specifically to the
Pezizomycotina subphylum and the class of Eurotiomycetes [82,83]. The other two subphyla,
Saccharomycotina and Taphrinomycotina, contain yeast-like taxa. As a member of the
Ascomycota phylum, A. nidulans produces saclike structures named “ascus” that are formed
as a result of its sexual cycle (see also later). Aspergillus species have both medical and
commercial importance as some species can cause infections in humans or animals (e.g. A.
fumigatus) while others are used for the production of natural products or enzymes (e.g. A.
niger is the major source of citric acid).
A. nidulans can reproduce through three reproductive sub-cycles, the asexual, the
sexual and the parasexual (Figure 1.7) [84]. During the asexual cycle, it grows by apical
extension of multinucleate cells called hyphae that, under the appropriate conditions, form
asexual reproductive structures called conidiophores (Figure 1.7 blue colored part). These
structures are formed after differentiation of some hyphal cells into foot cells that create long
stalks with a vesicle at their end. The vehicle gives rise through budding to a layer of 50-70
sterigmata called metulae. These in turn bud and form another layer of sterigmata called
phialides that produce long chains of mitotically derived uninucleate spores called
conidiospores (asexual spores; they confer A. nidulans green colour). Conidiospores are
dispersed from the conidiophores and under favourable conditions germinate and produce
haploid vegetative filamentous hyphae.
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Figure 1.7. Diagrammatic representation of A. nidulans life cycle. Three different cycles exist: Sexual
(colored pink), asexual cycle (colored blue) and parasexual cycle (colored yellow). The figure is from
[84].

A hypha can enter the sexual cycle when conditions for vegetative growth are
restraining and sexual spores, called ascospores, are generally recruited for long-term survival
(Figure 1.7 pink colored part) [84]. During the sexual cycle two hyphae of the same (selfing) or
two distinct individuals (heterothallic) fuse and form a heterokaryon that contains nuclei from
both parental hyphae. The end of an ascogenous heterokaryon contains a uninucleate tip cell,
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a binucleate penultimate cell and a uninucleate basal cell. The penultimate cell differentiates
and increases in size to become an ascus and its two nuclei are fused creating a diploid cell.
Then due to meiosis in the penultimate cell four nuclei are produced and the tip cell fuses with
the basal cell to generate a binucleate cell. The four nuclei divide mitotically to generate eight
nuclei that are sorted in eight ascospores and each nuclei undergoes again mitosis resulting
in eight mature binucleate ascospores (in an ascus). The binucleate cell that was created by
the tip and the basal cell repeats this process and creates a second ascus. All the asci are
dispersed in sexual reproductive structures called cleistothecia that are surrounded by thickwalled nursing cells called Hülle cells [85]. These cells provide nutrients for the developing
cleistothecia that mature and contain more than 10,000 binucleate ascospores, generated by
a single ascogenous hypha in the ascus. Ascospores can germinate and enter the vegetative
growth. Heterokarya can instead of entering the sexual cycle transform to a diploid or
homokaryon (parasexual cycle; Figure 1.7 yellow colored part) [84]. If a heterokaryon is
formed there is a 10−6 probability of nuclei fusion and creation of stable heterozygous diploid
nuclei that generate diploid mycelia with the same architecture as the haploid ones. Diploids
can revert to haploids involving mitotic non-disjunctions which results in random
chromosome reassortments and production of aneuploid and haploid cells. Mitotic
recombination is also possible leading in exchange of genes on chromosomes [86].

1.2.2 Dissection of structure function relationships of transporters in A. nidulans
At least 10-12% of the genome of filamentous fungi codes for transporters. Aspergilli seem to
possess more than 120 different families of transporters with some of them appearing only
within the genus, others being fungus-specific and others being present in all domains of life
[7]. A. nidulans encodes twelve transporters of the NSC1 family, from both Fcy and Fur
subfamilies, two members of the canonical NAT/NCS2 family, UapA and UapC, and a single
AzgA-like purine transporter.
Model fungi, such as A. nidulans, provide unique classical and reverse genetic tools
for the study of many aspects of transporter biology, including the study of structure-function
relationships. In addition, a major advantage of using specifically A. nidulans for studying
purine and pyridine transporters is that purines can be catabolized and used as sole nitrogen
sources, while several purine or pyrimidine analogues, incorporated in the cell specifically by
nucleobase transporters, lead to severe cytotoxicity. Thus, mutations in nucleobase
transporters are reflected in inability for growth on purines and/or resistance to cytotoxic
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nucleobase analogues, making growth tests on different nucleobases a quick and easy way to
test transporter function and specificity. Additionally these features allow the use of direct
and unbiased genetic screens for selecting mutations that confer altered specificity to a
transporter or restore function of inactive mutants [7]. These screens can reveal the
importance of residues or interactions between residues that could have not been predicted
a priori.
A. nidulans also provides easy and rapid functional assays of transport activities by
measuring the kinetics of uptake of radiolabeled nucleobases in easily manipulated
germinated conidiospores [87]. Similar to enzymes, most transporters have a single substrate
binding-site and thus their activity follows Michaelis-Menten kinetics. These assays are used
to measure the apparent Km value, also referred as the Michaelis-Menten constant, that is
defined as the substrate concentration that gives half-maximal velocity of an
enzymatic/transport reaction and provides information on the affinity by which an enzyme or
transporter binds a substrate. The apparent Vm value, that is the concentration of substrate
accumulated within a specific number/mass of cells in a specific period of time, can also be
measured. Finally, A. nidulans permits the study of subcellular expression of any transporter
functionally tagged with GFP, or other fluorescent epitopes (usually at their C-terminus), in
living cells growing under specific, well-defined and fully controllable physiological or stress
conditions [7]. Importantly, NATs conserve wild-type kinetics and specificity when tagged with
GFP while NCS1 transporters are differentially sensitive to GFP tagging. Thus epifluorescence
in vivo microscopy can be used to distinguish mutations that affect subcellular trafficking,
stability and turnover, from those affecting transport activity per se. In recent years, the
unique genetic tools of A. nidulans have been combined with the tools of uptake assays, GFPtagging, in silico modelling and crystallography, specifically for the study of nucleobase
transporters.

1.3 Structure-function relationships in the NAT/NCS2 family
This thesis was focused on the study of transporters of the NAT family, and more specifically,
on UapA. As mentioned before the NAT family consists of secondary transporters that are
made of 414-650 residues and are highly specific for either nucleobases/H+ or Lascorbate/Na+. Bacteria, fungi, plants and mammals possess nucleobase-specific members
while only mammals contain L-ascorbate specific members (SVCT1/2). Mammals also code for
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SVCT3 homologues with unknown function. More than 24 members have been functionally
characterized via direct assessment of their transport activities or indirectly via genetic and
physiological studies (Table 1.1), but the most extensively studied members come from E. coli
and A. nidulans.

1.3.1 Highly conserved motifs essential for transport function
Previous studies have established the existence of a small number of amino acid residues that
are critical for NAT function. Most of these residues fall within three motifs that are highly
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conserved in all NATs, in TMS1, TMS8 and TMS10. The first motif in TMS1 is a two-amino acid
residue motif and is almost absolutely conserved in all NATs as Gln-His (only few homologues
have other versions like Thr-His or Gln-Gln). In the xanthine permease XanQ from E. coli, His31
in this motif is crucial for affinity and specificity and the presence of an uncharged residue
capable of making hydrogen bonds at this position is essential for high affinity binding and
transport [88]. Based on homology modelling this crucial hydrogen interaction seems to be
with Asn325, whose role will be discussed later. A network of hydrogen bonds between TMS1,
TMS3 and TMS10 including the corresponding structurally analogous residues (His86 and
Asn409) seems to be crucial also for function and stability of UapA [11,89]. Additionally a
similarly positioned His residue (His51) affected affinity and specificity of SVCT1 and is
important for SVCT2 transport activity [90]. The Gln residue of this motif is also crucial for
transport catalysis in both UapA (Gln85) and SVCT1 (Gln50), being probably part of this
hydrogen bond network [11,89,90]. Contrary to the above observations, the corresponding
residue in XanQ, which possess a Thr at this position (Thr30), does not seem to have a similar
role [88].
The motif in TMS8 conforms to the sequence Glu-X-X-Gly-Asp/His/Gly where with
bold are the most prominently conserved residues. The first residue of this motif is almost
totally conserved in all NATs as a Glu. In UapA this residue (Glu356) is essential for substrate
binding and transport and similarly, in XanQ Glu272 is irreplaceable in respect to transport
[10,88]. In the crystals of both UapA and UraA this residue is one of the residues binding
xanthine or uracil, respectively [2,3,6]. The fifth residue of the motif is necessary for xanthine
transport in XanQ (Asp276), while mutations to His or Ala in UapA (Asp360) significantly reduce
transport activity [11,91]. Several data on UapA supported the involvement of this residue in
binding and symport of H+ and an indirect role in substrate translocation, possibly through an
interaction network with Asn410 and Thr405 that strengthens TMS8-TMS10 association [11]. In
UraA, it corresponds to a His residue (His245) that has been proposed to be important for a
proton-coupled mechanism of uracil transport [3,6]. The fourth residue of the motif that is
almost totally conserved as a Gly has been studied only in XanQ (Gly275), where Cys
replacement does not affect transport activity, but confers high sensitivity to inactivation by
site-directed alkylation [91]. This means that this residue either plays a role at the periphery
of the binding site conferring conformational flexibility, or allows substrate release from the
binding pocket. Overall, the Glu-X-X-Gly-Asp/His/Gly motif seems to form an α-helical face at
the cytoplasmic end of TM8 that is critical for transport in all studied NATs.
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Finally, in TMS10 there is a longer motif that conforms to the sequence Gln/Glu/ProAsn-X-Gly-X-X-X-X-Thr-Gly/Arg/Lys, and which is historically referred to as the NAT signature
motif. Direct structural evidence has shown that the first residue in this motif interacts
strongly with substrates, in both the UapA and UraA crystal structures. In UapA this residue is
a Gln (Gln408), whereas in UraA is a Glu (Glu290) [2,3,6]. Mutagenesis in UapA, UraA, but also
XanQ (Gln324), confirmed that this residue is critical for substrate binding and transport
catalysis [6,8,92]. The well-conserved Asn at the second position is also irreplaceable for UapA
(Asn409) and XanQ (Asn325) transport catalysis, but is not involved in substrate binding. As
mentioned before, this residue seems to be involved in a network of critical intramolecular
interactions in UapA and XanQ [11] . However, in UraA where an interaction of Asn291 with
TMS1 is also present, the effect of substitutions of this residue are not as dramatic as in UapA
[6]. The third residue of the motif, that is variably conserved, is Asn410 in UapA and as
mentioned previously seems to participate together with Asp360 in the interaction network
between TMS8 and TMS10. The same residue in XanQ (Asn326) is not important for transport
function, but the single-Cys substitution of this residue is highly sensitive to inactivation by
site-directed alkylation. The fourth residue of the motif is highly conserved among NATs as a
Gly. In UapA (Gly411) and XanQ (Gly327) substitutions of this residue affect both transport
kinetics (Km, V) and specificity, whereas in XanQ Cys substitution is also sensitive to
inactivation by site-directed alkylation [8,92,93]. Importantly, the crystallized version of UapA
contained the G411V mutation, which does not prevent xanthine binding, but still scores as a
loss of function mutant [2,8]. This mutation does not seem to affect the local protein
conformation (comparing TMS10 in the UapA crystal with UraA), but probably hinders the
core domain from sliding on the dimerization domain (see later). Regarding the two last
residues of the motif, Thr is highly conserved, while the last residue is variably conserved as
Gly, Arg or Lys. Substitutions of these residues in both UapA (Thr416 and Arg417) and XanQ
(Thr332 and Gly333) affected kinetics or specificity to a varying extend [8,92]. Importantly
residue Arg417 has been shown to be important specifically for increasing uric acid binding
affinity in UapA [94].
Three additional amino acid residues located upstream of the NAT signature motif are
also conserved among NATs (Thr/Ser-Phe/Tyr/Ser-Ala/Ser) and can be included in an
extended version of the motif. In the UapA crystal two of them, Phe406 and Ala407, interact
directly with the substrate via π-π stacking and hydrogen bonding (with Ala407 main chain),
respectively [2]. F406Y was selected as a UapA substitution conferring growth on low
concentration of adenine [9]. In a wild-type UapA context, F406Y did not significantly affect
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transport activity for physiological substrates, but improved binding of other purines. In XanQ
replacement of this residue to Cys (Phe322) did not affect transport function [92]. The crystal
structure and mutagenesis of UraA showed similar results concerning the analogous residues
(Tyr288 and Gly289) [3,6]. Ala407 was only studied in UapA in a A407S/Q408P mutant that mimics
residues found in L-ascorbate NATs and which has totally lost its capacity for purine uptake
[11]. In XanQ, Ala323 was found to tolerate replacement with Cys, but showed strong inhibition
by site-directed alkylation [92]. Finally, the first residue has only been studied in XanQ, where
replacement by a Cys residue (T321C) decreased transport activity [92].

1.3.2 Residues affecting UapA specificity-Gating elements
Previous studies on UapA revealed a number of specificity mutations concerning partially or
non-conserved residues that map outside the major substrate binding site. These residues are
located either at putative hinge regions distant from the substrate binding site between the
two domains or at the interface between the dimerization and the core domain near the
substrate-binding site (Figure 1.8) [2,9,10]. Additionally, mutations in residue Arg481 arise
often in genetic screens selecting for UapA mutants capable of importing other purines. This
residue is even further distant from the major substrate binding site. These substitutions do
not affect the apparent Km, but increase 1.5-2.0-fold the apparent rate of transport of
physiological substrates and enlarge UapA specificity by allowing low-affinity transport of
several nucleobases, such as hypoxanthine and/or adenine [9,10].
Gln113 (TMS2) and Ala441 (in the helix 3 between TMS11 and TMS12; Figure 1.8) are
located in flexible helical hinges ‘distant’ from the binding site. Q113L was isolated as a
substitution conferring UapA-mediated growth on 2 mM adenine and as a second site
suppressor allowing growth of UapA-F528S (its role will be discussed later) on 0.5 mM adenine
[9,10]. Q113E did not have the same effect as Q113L, while Q113K scored as a loss of function
mutation due to defective plasma membrane localization [10]. Ala441 is very close structurally
to Gln113, and was also isolated as a suppressor of UapA-F528S on 0.5 mM adenine [2,9].
A441V alone was able to confer growth on 0.5 mM adenine and hypoxanthine as Q113L, and
both mutations significantly increased affinity for hypoxanthine and uracil, but not for adenine
[9,10]. Subsequently, it has been shown that growth on adenine in these mutants is due to
increased transport capacity, rather than substrate binding affinity. Gln113 is not conserved,
while Ala441 is relatively well conserved, although in some NATs is replaced by other residues
(Gly, Ser, Thr or Pro).
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Substitutions of residues Val463 and Ala469 in TMS12 were also selected in the genetic
screen using UapA-F528S, mentioned previously. V463I and A469E alone affected UapA
transport specificity similarly to Gln113 and Ala441, as they all conferred growth on high
concentrations of adenine and hypoxanthine (2 mM). Overall, these mutants acquired low
(adenine and hypoxanthine) or moderate (uracil) affinity for non-native substrates, without
affecting significantly the affinity for physiological substrates, although A469E decreased the
affinity specifically for uric acid by 8.5-fold. Noticeably, other NAT homologues with no (e.g.
XanQ, XanP and PbuX) or moderate (e.g. UapC and Xut1) affinity for uric acid, do not possess
an Ala residue at the analogous position of Ala469. Residue Val463 of UapA is conserved as a Val
or an Ile in other NATs, while Ala469 is more variable, with other NATs possessing Arg, Ser or
Lys. In conclusion, specific substitutions of these residues confer low affinity transport of
nucleobases other than uric acid and xanthine in UapA, leading to the hypothesis that
residues at one side of TMS12 might be elements of the substrate translocation pathway [11].

Figure 1.8. Location of residues involved in UapA
substrate specificity. Helical regions of the core and
dimerization domain are colored red and blue
respectively. The half helices and short β-strand regions
of TMS 3 and 10 are colored yellow and green,
respectively. Xanthine is shown in cyan stick model.TM
13 from the opposite monomer is shown in light blue
and its surface is indicated by the black dotted line.
Residues involved in substrate specificity are shown in
magenta stick model and labelled. The figure is adapted
from [2]

Substitutions of residues Thr526 and Phe528, located in TMS14 (scaffold/dimerization
domain), also enlarge UapA specificity in respect to nucleobases. Mutation F528S was
originally selected as a suppressor mutation of the cryo-sensitive UapA-Q408E mutant
suggesting that this residue interacts functionally with the NAT signature motif [95]. Thr526
substitutions (T526M, T526L) appeared in the genetic screen for UapA mutants allowing
growth on 2 mM adenine, together with mutations in Gln113. Substitutions of these two
residues conferred UapA-mediated growth on high concentration of adenine or hypoxanthine
(2 mM), without significantly increasing the relative affinities for these non-native substrates
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[9,10]. Based on these findings and their topology, it has been proposed that these two
residues act as outward-facing gating elements that select which purines can have access to
the major substrate binding site of UapA, which in turn could explain why specific
substitutions of these residues might loosen substrate selectivity [9,11]. The existence of
selective gating elements in transporters was later supported by structural studies in other
transporters ([7] and references therein).
Phe528 and Thr526 are only partially conserved, and noticeably also, TMS14 shows
significant structural differences in different NATs [11,96]. Substitutions of the corresponding
residues in XanQ (Asn430 and Ile432) suggested that they contribute to the determination of the
transport kinetics of xanthine and only partially to specificity allowing transport of some
xanthine analogs with bulky groups. [96]. Also in XanQ, protection from alkylation in the
presence of 2-thioxanthine in the N430C mutant, together with the position of this residue
distal from the substrate binding site (based on the structural model), suggested that TMS14
possibly has a conformational interaction with TMS10 or other TMSs of the core domain [97].
These observations suggested that in XanQ residues Asn430 and Ile432 function as a substrate
filter rather than a selectivity gate [14].
Finally, specificity mutations via substitutions of Arg481, located in TMS13, appeared
with a great frequency, also in the genetic screen using UapA-F528S [9]. Originally, three
different substitutions were selected: R481G, R481L and R481Q. These substitutions alone
conferred growth on 0.5 mM adenine and hypoxanthine and prominently on 2 mM, without
increasing the relative binding affinities. This Arg-residue is conserved only in fungal NATs,
whereas bacterial, plant and animal homologues, have Leu, Ile, Thr or Lys residues. Two
observations suggested that Arg481 might act as an inward-facing gating element. Firstly,
deletion of Arg481 or relocation of its position by the insertion of two amino acids (Ala-Gly)
before it, resulted in UapA instability and increased turnover [9]. Most importantly,
combination of Arg481 substitutions with substitutions in the proposed outward-facing gating
elements (e.g. F528S or T526M) resulted in an additive effect in enlarging specificity. At that
time, Molecular Dynamics and the topology of Arg481 relative to the substrate binding site,
could not explain how Arg481 might function as a gating element in the UapA modeled
structure. However, in 2016 when the crystal structure of UapA became available, the role
of this residue was clarified as it was revealed that UapA forms functional dimers and that
Arg481 is close to the binding site of the opposite protomer (see also later) [2].
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1.3.3 Crystal structures
The crystal structures of two members of the NAT family have been published until now, one
is the bacterial uracil transporter UraA (two structures in different conformations) and the
other is UapA [2,3,6]. Structures of eight structural homologues have been also reported,
which belong either to the SLC4 (including AE members) or the SLC26 (including SulP
members) family (Table 1.2). The SLC4 members whose structure has been resolved are the
borate efflux transporter Bor1 from Arabidopsis thaliana, the Bor1p from Saccharomyces
mikatae, the human anion exchanger 1 Band3 protein and the human Na+-coupled acid-base
transporter NBCe1 [45,98–100]. The members of the SLC26 family are the proton-coupled
putative fumarate 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 [101–104]. UraA, UapA, Bor1p, SLC26Dg, BicA,
Slc26a9 and SLC26A9 structures are all available in an inward-open conformation, with UraA
being crystalized also in an occluded conformation (all except Bor1p, SLC26Dg and Slc26a9
include a substrate). The crystal structures of Band3 and NBCe1 are available in an outwardopen conformation with no substrate. As mentioned before all of these proteins are
composed of 14 TMSs that are organized into a pair of 7+7 inverted repeats that constitute
the core and dimerization/gate domain.

The crystal structure of UapA confirmed all the assumptions made based on the
genetic, biochemical and in silico predicted data [2,11]. Crystallization was not successful for
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the purified wild-type UapA, which was rather unstable, but for a more stable mutant
including mutation G411V and an N-terminal truncation (Δ1-11). This mutant can bind, but
cannot transport, xanthine, and is normally targeted to the plasma membrane. The crystal
structure provided a structural rationale concerning the function of residues proposed to be
involved in substrate binding and transport, along with the predicted orientation of xanthine
within the binding site and its specific interactions. Additionally, the topology of several
residues affecting specificity could be justified as they localize in the binding site (Phe406,
Gln408), close to it (Phe155), along the putative substrate translocation trajectory (Thr526, Phe528,
Val463 and Ala469, or Arg481 facing the substrate trajectory of the opposite protomer), or in
hinge regions connecting the core and scaffold domains (Gln113, Ala441). Main conclusions from
the crystal structure was the confirmation of the formation of UapA dimers and the evidence
supporting that dimerization is required for function. The dimer has an extensive interface of
up to 6 000 Å2 involving only TMSs (12, 13 and 14) of the dimerization/gate domain. TMS13
seems very important for dimerization as it is fitted into a cleft formed in the opposite
monomer. Co-expression experiments of the endogenous WT UapA with each one of four
kinetically distinct UapA mutants corroborated for the importance of dimerization in transport
function. A key feature of the NAT structure, as demonstrated by all similar crystal structures,
is the existence of a pair of antiparallel β-strands located between TM3 and TM10. More
specifically TMS3 and TMS10 helices only extend halfway through the protein. Before these
two helices two short β-strands and random coils are placed in the center of the protein that
crossover forming part of the substrate binding site. Additionally, the structure explained the
functional role of Arg481. As discussed in the previous section, the effect of Arg481 could not be
understood considering the monomer form but the structure showed that the side chain of
Arg481 extends towards the substrate-binding site of the other monomer in a 12 Å distance
from xanthine. Molecular dynamics suggested a translocation pathway for the movement of
xanthine from the binding site to the inside of the cell in which movement of the substrate is
closely associated with reorientation of the side chain of Arg481 from the opposite monomer.
On the pathway to the cytoplasm xanthine forms transient H-bond and π-π stacking
interactions with Arg481 reaching a minimum 2 Å distance.
The structure of UraA in the inward-open conformation revealed a monomer in the
crystal packing, but the structure published later in the occluded conformation revealed a
homodimeric organization [3,6]. UraA dimerization is mediated through the dimerization/gate
domains like UapA but the buried surface area is lower (~2 400 Å2). Dimerization was further
supported by systematic in vitro and in vivo characterizations which showed that UraA exists
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in an equilibrium between the monomer and dimer form and that dimerization is required for
transport activity [3]. UraA contains substantially shorter loop regions than UapA. The
occluded conformation also contained a β-hairpin in the connecting segment between TM13
and TMS14 not seen in the previous structure. Additionally the new structure revealed the
importance of two water molecules for substrate coordination through mediation of
hydrogen bonds. The presence of these water molecules creates a hydrogen bond network
involving Glu241 and His245 (Glu356 and Asp360 in UapA) that can provide a path for H+
translocation. Molecular dynamics performed to investigate the role of these residues in H+
translocation revealed that protonation of Glu241 resulted in disruption of the hydrogen bond
network that keeps uracil bound, while protonation of His245 further stabilizes it, without
interacting directly but by stabilizing the position of Glu241.
Molecular dynamics in both NAT members and their structural homologues coupled
with the genetic analyses in UapA and XanQ, supported that these transporters function via
the elevator mechanism. The structures showed that the substrate is coordinated
predominantly by residues in the core domain, which is a characteristic of this mechanism.
Comparing the structures of Band 3 (outward conformation) with UapA (inward
conformation) the movements of the core domain against the dimerization domain represent
an elevator mechanism. Additionally the tight interaction between the two dimerization/gate
domains of the two monomers in UapA suggests that it would probably remain relatively static
complying also for an elevator mechanism. However the comparison between the UraA
occluded structure and UapA inward structure showed local rearrangements in the
dimerization/gate domain. Of course these changes could be a result of sequence differences
between bacterial and fungal homologs but at least the changes seen in TMS5 and TMS12 are
also shown comparing the two UraA structures suggesting that they are part of the
mechanism.

1.3.4 Study of mammalian NAT homologs
Most information about the NAT family comes from the bacterial and fungal members. This is
mainly due to the developed tools, mentioned previously, in such systems that allow the quick
and easy construction and study of mutants. Studies made until now have followed three
major approaches, the forward and reverse genetic analysis of UapA, the systematic Cysscanning and site-directed mutagenesis of XanQ and other bacterial members and
mutagenesis of selected residues based on the crystal structure of UraA. Additionally, the role
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of conserved His residues in SVCT1 and SVCT2 have been studied [90], but information on
other residues is missing.
The mammalian homologues, SVCT1 and SVCT2, are important for vitamin C (Lascorbic acid) homeostasis which is used in a variety of biochemical processes ([5] and
references therein). Most eukaryotes can synthesize enzymatically vitamin C via the
gulonolactone oxidase pathway but some exceptions including humans, monkeys and guinea
pigs lack the enzyme L-gulono- γ-lactone oxidase which catalyzes the last step. These
organisms have evolved other mechanisms in order to retrieve vitamin C such as taking it from
their diet. Vitamin C uptake is mediated by either the sodium-dependent transporters of the
NAT family (SVCT1/2) or by glucose transporters (GLUTs) that transport its oxidized form
dehydroascorbic acid (DHA) [5]. Knockouts of SVCT1/2 genes in mice resulted in severe health
problems or death after birth.
An approach for studying structure-function relationships in transporters of higher
organisms is to express them in model organisms, such as A. nidulans. Unfortunately longstanding efforts in our lab and many others to functionally express mammalian solute
transporters, including hSVCT1/2, rSNBT1 or the NAT homologue from Drosophila
melanogaster CG6293, in A. nidulans or yeast have failed. In all cases, transporters were
retained in the fungal ER. This is probably a result of misfolding due to the different membrane
environment, such as the presence of ergosterol in fungi instead of cholesterol found in
mammalian membranes, or defects in recognition by the COPII packaging machinery for ER
exit. Additionally, a study on the human SVCT1 transporter revealed that two residues Asn138
and Asn144 are active consensus glycosylation sites and that glycosylation is essential for
functional expression of hSVCT1 [105]. Thus, glycosylation may also be a downstream
bottleneck for the functional expression of mammalian transporters in model fungi.

1.4 Transporter-lipid interactions
Membrane transporters fold, traffic and function being in continuous contact with the lipid
bilayer. It has long been understood that membrane lipids surrounding transporters and other
proteins are not just a two-dimensional fluid in which membrane proteins freely diffuse.
However the study of the functional and structural dependence of transporters on specific
membrane lipids has recently begun to be explored in detail. For example, the structure of
the betaine transporter BetP, which adopts the LeuT-fold, revealed the presence of lipids
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specifically bound to residues important in both transport and regulation and it has been
proposed that these lipids are required for monomer stabilization and oligomerization [106].

1.4.1 Membrane lipids
There are four major types of lipid in membranes, glycerophospholipids, glycolipids,
sphingolipids and sterols (Figure 1.9) [107]. The glycerophospholipids are the most abundant
type and they consist of a glycerol moiety esterified with two fatty acids at the 1- and 2hydroxy positions and with a phosphate group at the 3-hydroxy position (phosphatidic acid or
PA) [108]. The phosphate groups can be esterified with many different molecules creating a
wide variety of different lipids. Esterification with choline, ethanolamine, inositol, serine,
glycerol

and

phosphatidylglycerol

phosphatidylethanolamine

(PE),

creates

phosphatidylinositol

phosphatidylcholine
(PI),

phosphatidylserine

(PC),
(PS),

phosphatidylglycerol (PG) and cardiolipin respectively. The glycerophospholipids are often
called as phospholipids (PLs) but there are also sphingolipids with a phosphate group
[107,108]. Sphingolipids are made of a sphingosine molecule linked to a fatty acid by an amide
bond, and esterified to the primary hydroxyl group with a phosphorylalcohol (sphingomyelin)
or a carbohydrate unit (glycolipids) [108]. Chloroplasts contain another type of glycolipids
called galactolipids that have a similar structure to the glycerophospholipids, although
without a phosphate group at the 3-hydroxy position. They have instead a mono or
disaccharide that can also be sulfated. Finally sterols consist of four fused cycloalkane rings
with a hydroxyl group at the 3-position of the A-ring (Figure 1.10) [109]. Sterols found in plants
are called phytosterols while sterols of animals are called zoosterols [108]. The predominant
sterol in higher eukaryotes is cholesterol while fungi produce ergosterol that serves many of
cholesterol’s functions.

Figure 1.9 Main types of membrane lipids (the picture is adapted from [108]).
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Figure 1.10. Chemical structure of two common sterols
with atom numbering (the picture is adapted from
[110]).

Lipids can be also categorized based on their position and affinity regarding
membrane proteins into three groups: bulk, annular and non-annular lipids [111,112]. Bulk
lipids are not in contact with the membrane protein and thus do not interact with it (Figure
1.11) [113]. Annular lipids are in direct contact with the membrane protein mediating
between the protein and the rest of the lipid environment [111,112]. Their interactions with
proteins are not stable as they exchange very fast with the rest of the lipid environment [114].
On the contrary, non-annular lipids, also referred as structural lipids, bind tightly to membrane
proteins so that they often remain bound after purification and crystallization [113]. They are
found in protein cavities and between transmembrane helices or protein monomers.

Figure 1.11. Types of lipids based on their affinity to the membrane protein of interest. Annular lipids
(orange) form a belt around the protein being in frequent and close contact with it. Non-annular lipids
(red) are bound in particular sites on a protein such as protein surface cavities, between
transmembrane helices of a protein or at the protein-protein interfaces. Bulk lipids (green) show lower
binding affinity for membrane proteins and thus usually do not make contact with them. The figure is
adapted from [113].
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1.4.2 Functional protein-lipid interactions
The role of protein-lipid interactions has only recently been studied extensively due to
technical difficulties resulting from their transient nature. The role of bulk lipids still remains
unclear. On the contrary, many studies have shown the importance of non-annular (specific)
lipids in both structure and function of many membrane proteins. Proteins may contain
specific binding sites for certain lipids [106,115,116]. For example cardiolipin proved to be
essential for LeuT dimerization and molecular dynamics predicted binding of cardiolipin and
phospholipids at the dimer interface [117]. In this study the authors also correlated the
presence of interfacial lipids with the interfacial strength via a bioinformatic analysis of all of
the α-helical oligomeric transmembrane proteins with known structures and suggested that
lipids are critical for stabilizing weak dimer interfaces. Additionally, resistance to unfolding
correlated with specific lipid binding events in the channels MscL from Mycobacterium
tuberculosis and AmtB from E. coli and aquaporin Z AqpZ from E. coli [118]. Recent studies
also suggested that lipid interactions can also be important for membrane protein
stabilization. For example, annular interactions were showed to be critical for stabilization of
the elevator-type Na+/H+ exchanger NapA from Thermus thermophilus [116]. More
specifically, it has been shown that NapA did not co-purify with lipids, unlike many other
membrane proteins, but addition of increasing amounts of lipids resulted in a concentrationdependent increase in lipid-protein complexes with no apparent saturation, that is indicative
of non-specific binding. Lipids seemed to protect the protein structure from destabilization by
packing around the dimer domains and the core-dimer interface.
Specific lipid interactions proved also critical for the dimerization of UapA [12]. As
mentioned previously, structure analysis and mutagenesis data showed that UapA forms
functional dimers [2]. UapA co-purifies with lipids and analysis of the lipid extract showed that
these lipids were mostly PE, PI and PC [12]. Delipidation of the purified protein significantly
decreased the abundance of the dimer form but addition of either PI or PE or an equimolar
mixture of PI and PE restored the UapA dimer. These experiments were performed for a
transport inactive, conformationally locked mutant of UapA (G411VΔ1-11) that was also
crystallized but similar results arose also for wild-type UapA. More specifically the purified
wild-type protein showed lower abundance of the dimer form probably due to reduced
stability compared to the mutant, but delipidation almost abolished dimerization and this was
recovered by PI addition. Moreover MD simulations predicted the existence of a lipid binding
site at the dimer interface that is formed by three positively charged residues. These were
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Arg287 (at the cytoplasmic end of TMS7), Arg478, and Arg479 (at the cytoplasmic end of TM13).
Alanine substitutions of these residues caused loss of transport function in vivo and reduced
dimerization suggesting that lipid binding at this site is important for functional dimerization.
Finally the MD simulations predicted also a number of other residues involved in lipid binding.
These were Lys73, Arg133, Tyr137, Lys138, Lys212 and Arg421 that locate to the membrane-facing
regions of the core domain of the UapA dimer but their potential functional significance has
not been examined.

1.5 Goals of the study
As discussed in the previous chapters UapA and some bacterial NATs have been extensively
analyzed by a plethora of genetic, biophysical and biochemical studies [2,3,6,7,97]. The
determination of the crystal structures of UapA and UraA verified the residues that constitute
the major substrate binding site, but provided little insight on the issue of specificity. In NATs,
at least two major specificity shifts towards substrates other than nucleobases have occurred;
one to L-ascorbate (e.g. SVCT1/2 homologues) and another to unknown substrates (SVCT3
homologues) [5]. The specificity shift from nucleobases to L-ascorbate is a dramatic one as
these molecules have different structural and chemical formulas.
The first goal of the present thesis was to investigate the molecular aspects that
determine substrate specificity in NATs and address the possible evolution of ascorbate
transporters. In particular, the contribution of the NAT signature motif in the evolution of
specificity was examined, which is known to be part of the substrate binding site. This was
addressed by performing a mutational analysis on UapA introducing NAT motif versions found
in other NATs and define their specificity.
In addition, the possible mechanisms through which prominent specificity mutations
located distant from the major binding site were addressed [11], for example those
concerning residues Arg481, Thr526 or Phe528, affect substrate selection and transport.
Based on the recent study on UapA-lipid interactions [12] it was decided to further
investigate their role and explore the potential role of other interactions also predicted by
MDs. This study showed that lipid binding, probably of PIs and/or PEs at specific residues of
UapA at the dimer interface is essential for the formation of functional dimers. In order to
further understand the role of these interactions and potentially discover other residues
implicated in lipid interactions, a UV mutagenesis was performed in order to select suppressor
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mutations that restore UapA-R287A/R478A/R479A growth on uric acid. Additionally, to
explore the role of other putative lipid binding residues in the structure and function of UapA,
we generated mutants of these residues and explored their potential to affect UapA function,
stability and trafficking.
The last goal of the study was the functional heterologous expression of mammalian
NAT homologues in A. nidulans. This was performed by manipulating a residue that proved
critical in UapA stabilization.
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Materials and methods
2.1 Strains and growth conditions
2.1.1 Strains used
All strains shown possess the veA1 mutation which promotes conidiation [119]. pabaA1,
pyroA4, riboB2, argB2, pantoB100 and pyrG89 are loss of function mutations leading to
auxotrophic requirement of para-aminobenzoic acid, pyridoxine, riboflavin, arginine, Dpantothenic acid and uracil/uridine respectively. AfpyrG is the Aspergillus fumigatus wild type
pyrG gene (pyrimidine biosynthesis) used as a standard selection marker in A. nidulans
transformation. panB and riboB are genes involved in pantothenic acid and riboflavin
biosynthesis, used as selection markers for targeted gene knock out. The strains used in this
study are included in Tables 2.1-2.4.
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Strains shown in Figure 3.12 and 3.17 are genetic suppressors of the SYSE and RRR
strain derived from UV mutagenesis (see below).
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2.1.2 Growth conditions
Standard complete (CM) and minimal media (MM) were used for A. nidulans growth (Table
2.6). CM contains all the nutrients and auxotrophies required for fungal growth, whereas MM
contains the minimum nutritional supplements possible, depending on the auxotrophic
requirements of each strain, and a nitrogen source, according to the desired conditions.
Solutions for preparation of A. nidulans media are described in Table 2.5. For solid growth
mediums, 1-2% agar was added to the liquid medium, before autoclaving. Media and
supplemented auxotrophies were at the concentrations given in FGSC (http://www.fgsc.net).
Media and chemical reagents were obtained from Sigma-Aldrich (Life Science Chemilab SA,
Hellas) or AppliChem (Bioline Scientific SA, Hellas). The pH was adjusted to 6.8 with NaOH 1M
or KOH 1M (Figure 3.24 in Na- growth tests). Nitrogen sources were used at final
concentrations: NaNO3 10 mM, ammonium L-(+)-tartrate 10 mM, proline (PRO) 5 mM, uric
acid (UA) 0.5 or 2 mM, xanthine (X) 2 mM, adenine (AD) 0.5 or 2 mM, hypoxanthine (HX) 0.5
or 2 mM, inosine (INS) 2 mM, adenosine (ADO) 2 mM and guanosine (GUO) 2 mM. Other
nucleobases and analogs were used at the following final concentrations: 5-fluorouracil (5FU)
100 μΜ, 5-fluorocytosine (5FC) 50 μΜ, 5-fluorouridine (5FUd) 10μ Μ, thymine (T) 2 mM and
uracil (U) 2 mM.
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Solid A. nidulans cultures were incubated in 37°C or 25°C for 2-4 days and liquid
cultures were incubated overnight at 37°C or 25°C, 140 rpm. For the inoculation of cultures,
conidiospores were harvested from sporulating culture plates with the use of sterile
toothpicks. Repression of protein expression driven by the regulatable alcohol dehydrogenase
(alcAp) promoter was achieved with the use of 1% glucose, whereas derepression occurred
with the use of 0.1% (w/v) fructose as a sole carbon source. Induction of the same proteins
was achieved by addition of 0.4% (v/v) ethanol in the non-repressing culture media.
E. coli bacterial cultures (strain DH5a) were grown on Luria-Bertani (LB) medium
(Bacto Tryptone 10 g, NaCl 10 g, BactoYeast Extract 5 g for 1L). The pH was adjusted to 7.0
with NaOH 1M. After bacterial transformation, colony selection was achieved with the use of
100 μg/mL ampicillin. Solid cultures were incubated overnight at 37 °C. Liquid cultures were
incubated in the same conditions, at 200 rpm.
Agar plates were stored at 4°C, to prevent a serious loss of fungal viability for some
weeks. For long-term storage, glycerol stocks were prepared. A. nidulans conidiospores were
harvested from ¼ of a fresh 100mm CM plate, in 1ml solution of 1:1 glycerol:PBS (NaCl 8 g,
KCl 0,2 g, Na2PO4 1,44 g, KH2PO4 0,24 g, pH 7.4 with 1 N HCl), in a sterile eppendorf tube. The
solution was mixed well and the glycerol stocks were stored for long periods at -80°C. For
reviving stored fungal cultures, a small quantity of the stock was inoculated on appropriate
media and then analyzed with growth tests to verify that no contamination had occurred.

2.2 Genetic crosses and progeny analysis
The two different parental strains, with at least one non-mutual auxotrophy, are inoculated
in pairs in Petri dishes containing MM and the appropriate supplements. After incubation at
37°C until the colonies met (2-3 days), small agar pieces containing heterokaryons were
transferred on small Petri dishes (30 mm diameter) containing MM with NaNO3 and any
mutual auxotrophies. On this plates only heterokaryons were able to grow by producing the
missing supplements of each parental strain. Plates were incubated at 37 °C for 2-3 days and
were tightly sealed with adhesive tape and incubated at 37 °C for at least 14 days. After that
time the fruiting bodies, cleistothecia, usually appeared as black spheres [84].
Single cleistothecia, usually 8, were identified using a stereoscope and isolated with a
sterile toothpick. Surrounding cells (Hülle cells, aerial hyphae or any conidiospores) were
removed from the cleistothecia by rolling on an agar plate. Each cleistothecium was burst
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open against the walls of an eppendorf tube containing 1 mL of sterile H2Odist where the
ascospores were released, creating an ascospore suspension. 10 μl from each suspension
were plated on a Petri dish containing only the mutual auxotrophies, in order to identify the
crossed cleistothecia, and incubated at 37°C for 2-3 days. 3-10 μl of the suspension from one
recombinant cleistothecium were plated in Petri dishes containing MM with the desirable
auxotrophies in order to obtain single colonies. Several colonies were selected and were
further analyzed by growth tests, PCR or fluorescence microscopy to identify the progeny of
interest.

2.3 Epifluorescence microscopy
Images were obtained using a Zeiss Axio Observer Z1 inverted epifluorescent microscope, and
the resulting images were acquired with an AxioCamMR3 digital camera using the Zen lite
2012 software. Images were analyzed using Zen 2012 software and Adobe Photoshop CC
2015. Samples were prepared as follows: Germlings incubated in sterile 35 mm Petri dishes,
high glass bottom (ibidi, Germany) in 2 ml liquid MM 1% glucose pH 5.2 supplemented with
the appropriate supplements and NaNO3 as the nitrogen source. The culture was then
incubated at 25°C, for 16-18 h, protected from light.
For the observation of UapA molecules tagged with each of the two halves of the
Yellow Fluorescent Protein (YFP), expressed under the control of the alcAp promoter mycelia
were grown for 16-18 h in derepressing media (minimal media supplemented with NaNO3 and
0.1% (w/v) fructose as a sole carbon source). For the observation of de novo synthesized
transporters mycelia were grown for 14-16 h in repressing media (minimal media
supplemented with NaNO3 and 1% (w/v) glucose as a sole carbon source) and were shifted in
derepressing media for 1-4 h. In both cases induction of expression was achieved by addition
of 0.4 % (v/v) ethanol in derepressing media.

2.4 DNA manipulations and molecular cloning
2.4.1 PCR, Site Directed Mutagenesis and oligonucleotides
PCR was performed in order to amplify specific regions of DNA for diagnostic or cloning
purposes. KAPA Taq (Kapa Biosystems) was used for conventional PCR reactions whereas for
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high fidelity amplifications a proof reading polymerase KAPA HiFi (Kapa Biosystems) was used.
The reactions were performed according to the manufacturer’s instructions, the Tm of the
primers was calculated according to the formula Tm= 69.3 + 0.41 (GC*100/L) – 650/L, where
GC corresponds to the number of GC oligonucleotides that anneal to the target DNA and L the
oligonucleotide length.
Specific amino acid substitutions on proteins were performed by PCR site directed
mutagenesis on the corresponding ORF, according to the instructions accompanying the
QuikChange® Site-Directed Mutagenesis Kit, using KAPA HiFi polymerase. For each mutation,
two long (35-50 bases) complementary oligonucleotides that anneal at the region of interest
of the template were designed. The required mutation was introduced in the middle of both
oligonucleotides. If possible, the designed mutations led to the introduction of a restriction
site in order to enable diagnostic digestion. To calculate the Tm, the previous formula is
transformed to Tm= [69.3 + 0.41 (GC*100/L) – 650/L] – 5 – X, where X is the percentage of
mismatches included in the oligonucleotide. Amplification was checked by electrophoresis of
10 μl of the PCR product next to the same amount of template used in the PCR reaction on a
1% agarose gel. If the band intensity of the PCR product was higher than the template’s the
amplification was considered successful and the rest of the PCR product was digested with 10
u of the restriction enzyme DpnI. This enzyme recognizes and cleaves a methylated 4nucleotide sequence target (GAm | TC), so parental non-mutated plasmids that are methylated
were fragmented. The mixture was incubated for 2 h at 37°C. After incubation, 2 μl of the
DpnI-treated product was used for transformation of E.coli competent cells. Single ampicillinresistant colonies where cultivated in liquid cultures and plasmids were isolated. The
mutations were verified by digestion with the appropriate restriction enzyme and/or
sequencing. A plasmid with the desired mutation was finally used for transformation of the
appropriate A. nidulans strain protoplasts.
Composition and conditions of these PCR reactions are described in the Table 2.7 and
2.8. Oligonucleotides used in this study are described in Table 2.9
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2.4.2 Plasmid extraction from E.coli
For plasmid extraction from E.coli, cells from a 4 mL saturated liquid bacterial culture were
collected and plasmid preparation was performed using the Nucleospin Plasmid kit
(Macherey-Nagel, Lab Supplies Scientific SA, Hellas).

2.4.3 Agarose gel electrophoresis
Agarose gel electrophoresis was performed for the analysis of the size and conformation of
DNA in a sample, and the separation and extraction of DNA fragments. The fragments are
separated based on their length and conformation by applying an electrical field to move the
charged molecules through an agarose matrix where the DNA (negatively charged) moves
towards the positively-charged anode during the electrophoresis. Agarose gels were made by
addition of 1% w/v agarose in 1x TAE buffer (Tris-acetate 0.04 M, EDTA 0.001 M). The mixture
was heated until agarose was completely dissolved and left to cool down for a while before
addition of 0.5 μg/mL ethidium bromide which intercalates into the major grooves of the
DNA/RNA and fluoresces under UV light, making DNA/RNA visible. A comb was placed in the
cast to create wells for sample loading and the gel was completely set before use. Once the
gel had set, the gel was placed in the electrophoresis tank filled up with TAE 1x buffer until
the gel was covered and the comb was removed. DNA samples were mixed with loading buffer
and loaded in the gel. To determine the size of the fragments, a molecular weight marker was
loaded along with the samples and gels were run at 100V for 10-40 min. The gel was visualized
under a UV transilluminator and DNA bands were either photographed or quickly excised from
the gel for cloning purposes and purified as described in the manufacturer’s instructions. DNA
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bands gel extraction were performed using the Nucleospin Extract II kit (Macherey-Nagel, Lab
Supplies Scientific SA, Hellas).

2.4.4 Molecular cloning
In order to assemble recombinant DNA, circular plasmid DNA and insert were cleaved with
one or more restriction enzymes creating compatible ends. The insert was amplified by PCR
with primers designed to add the desired restriction sites to its termini. Digestion was
performed with the appropriate amount of DNA, 1x restriction enzyme buffer, 0.5-1 μL of the
restriction enzyme and distilled water to a final volume of 20-50 μL. The digested DNA
products were analyzed by agarose gel electrophoresis and were purified using the Nucleospin
Extract II kit (Macherey-Nagel). When cloning with one restriction enzyme the digested vector
was treated, before gel electrophoresis, with 1 μL alkaline phosphatase for 15 min at 37°C
(Takara) in order to reduce re-ligation of the vector without the insert [120]. To generate the
recombinant DNA 1 μL of T4 DNA ligase (TaKaRa) was used along with the purified vector and
insert at a 1:3 concentration ratio and 1x ligase buffer in 10 μL total volume. The mixture was
incubated at 25°C for 1.5 h or at 4°C overnight. After ligation, the mixture was used for
transformation of E.coli competent cells. Single ampicillin-resistant colonies where cultivated
in liquid cultures and plasmids were isolated.
Plasmid pAN510-GFP or its derivative pAN510exp-GFP were used for the
complementation of the argB2 auxotrophy (see later; strains shown in chapters 3.1 and 3.3)
[10,121,122]. The vector used for complementation of the pantoB100 auxotrophy (strains
shown in chapters 3.2 and 3.4) was a modified pGEM-T-easy vector carrying a version of the
gpdA promoter, the trpC 3’ termination region, and the panB selection marker [43]. For
bimolecular fluorescence complementation (BiFC) analyses, the N-terminal half of yellow
fluorescent protein (YFPn; 154 amino acids of YFP), or the C-terminal half of YFP (YFPc; 86
amino acids of YFP) was amplified from plasmids PDV7 and PDV8 [123] and cloned into
pAN510exp-alcAp or pAN520exp-alcAp [124], followed by cloning of the UapA ORF of the
mutants. For each UapA, rSNBT1 or hSVCT1 mutant the ORF of the wild-type version was
cloned in the corresponding plasmid and the desired mutation was introduced by site-directed
mutagenesis.
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2.4.5 Preparation of E.coli competent cells
In order to pick single colonies from the glycerol stock, a trace of DH5a E. coli cells was
streaked on an LB agar plate and was incubated at 37°C overnight. 5 ml of liquid LB medium
were inoculated by a single colony and were incubated at 37°C, 200 rpm for 16 h. Then, 0.5
ml of the culture were used to inoculate 400 ml LB medium and the culture was incubated at
37°C, 260 rpm. When optical density at 600 nm (OD600) of 0.45-0.55 was reached, cells were
collected by centrifugation at 4°C, 4500 g for 5 min and the pellet was re-suspended in 0.4x
original volume of sterile ice-cold transformation buffer 1 (30 mM CH3COOK, 10 mM CaCl2, 50
mM MnCl2, 100 mM RbCl2, 15% glycerol, pH 5.8 with 1 M CH3COOH) and incubated on ice for
5 min. Τhe suspension was centrifuged at 4°C, 4500 g for 5 min and the pellet was resuspended in 1/25 original volume of sterile ice-cold transformation buffer 2 (10 mM MOPS
pH 6.5, 75 mM CaCl2, 10 mM RBCl2, 15% glycerol, pH 6.5 with 1 Μ ΚΟΗ) and incubated on ice
for 15-60 min. Finally, aliquots of 200 μL competent cells were distributed in sterile eppendorf
tubes and stored at -80°C.

2.4.6 Transformation of E.coli competent cells
Plasmid DNA (0.01-0.5 μg) was added in 200 μL of defrosted competent E. coli cells and the
suspension was mixed and incubated on ice for 20-30 min. Then, the cells were subjected to
heat shock at 42°C for 90 sec (in order to increase plasma membrane permeability), followed
by direct incubation on ice for 2 min. In order for the cells to recover from the heat shock and
express the ampicillin resistance gene encoded on the plasmid, 1 mL of liquid LB medium was
added in the tube and the cells were incubated at 37°C for 1 h. Finally, cells were collected by
centrifugation at 12000 rpm for 1 min re-suspended in 100 μL of the medium and plated on
LB agar plated containing 100 μg/ml ampicillin. Plates were incubated at 37°C overnight and
colonies were selected and further analyzed.

2.4.7 DNA extraction from A. nidulans
Genomic DNA extraction from A. nidulans was performed as described in FGSC
(http://www.fgsc.net). More specifically, the strain of interest was inoculated in a CM or MM
culture plate and incubated for 4 days at 37°C. Conidiospores were harvested from 1/4 of the
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plate in 25 mL of liquid MM (containing NH4+ and the required auxotrophies) and cultures
were incubated overnight (until full growth and formation of mycelia) at 37°C, 140-150 rpm.
The mycelia were collected by a Blutex filter, dried with paper towels and immediately frozen
in liquid nitrogen. The mycelia were pulverized in a mortar with a pestle in the presence of
liquid nitrogen and ~200 mg of the fine powder were transferred in a 2 mL eppendorf tube
and 800 μl of DNA extraction buffer (Tris-HCl 0.2 M pH 8.0, Sodium Dodecyl Sulfate (SDS) 1%,
Ethylenediaminetetraacetic acid (EDTA) 1mM pH 8), were added. The mixture homogenized
by vortexing and was incubated on ice for 20 min. Then, 800 μl of pure phenol were added
and the mixture was shaken vigorously for protein denaturation to occur (and thus separate
DNA from proteins) at room temperature (RT) before centrifugation for 5 min at 12000 rpm,
RT. After the centrifugation, two liquid phases were formed, one organic containing phenol,
cell wall debris and proteins and one aqueous containing buffer, DNA, RNA and some proteins.
The upper aqueous phase, containing the DNA, was transferred to a new eppendorf tube with
equal volume of chloroform which allows proper separation of the organic and aqueous phase
keeping DNA protected into the aqueous phase and denaturation of lipids. The mixture was
shaken again vigorously and centrifuged for 5 min at 12000 rpm, RT. As previously two phases
were formed after the centrifugation, one organic containing the chloroform and traces of
phenol and one aqueous containing DNA, RNA and some proteins. The upper aqueous phase
was recovered and transferred to a new 1.5 mL tube. Then, the DNA was precipitated by
addition of equal volume of isopropanol and 1/10 volume of 3 M sodium acetate (pH 5.3)
followed by mild agitation and centrifugation at 12,000 rpm for 5 min, RT. The supernatant
was discarded and the pellet was washed with 200 μl of 70% EtOH. After spinning for 2 min,
EtOH was removed with a pipette and the pellet was dried for 10 min at 50°C. The pellet was
finally re-suspended in 50-100 μl of dH2O containing RNase (100 μg/mL) and incubated for 30
min at 37°C. To quantify and check the quality of the extracted DNA, 2-3 μl of the DNA solution
were analyzed by agarose gel electrophoresis.

2.5 Transformation of A. nidulans
Transformation was performed as described previously [125] using a ΔazgA ΔuapA
ΔuapC::AfpyrG pabaA1 argB2 mutant strain, named Δ3 or a ΔfurD::riboB ΔfurA::riboB
ΔfcyB::argB ΔazgA ΔuapA ΔuapC::AfpyrG ΔcntA::riboB pabaA1 pantoB100 mutant strain,
named Δ7. Selection was based on complementation of the arginine auxotrophy argB2 or the
pantothenic acid auxotrophy pantoB100 respectively. For the selection of UapA-SYSE
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suppressors an nkuA DNA helicase deficient strain (nkuAΔ::argB ΔfurD::riboB ΔfcyB::argB
ΔazgA ΔuapA ΔuapC::AfpyrG ΔcntA::riboB pabaA1 pantoB100 pyroA4) was used in order to
exclude heterologous recombination events and get single copy transformants, by
homologous recombination in the panB locus. In this strain selection was based on the
complementation of the pantoB100 auxotrophy.
In particular, the strain of interest was inoculated in a CM-agar plate and incubated at
37 °C for 4 days. Conidiospores were collected, filtered through a blutex and used to inoculate
a 200 ml liquid MM with NH4+ as a nitrogen source and the appropriate supplements (vitamins
etc.). The culture was incubated at 37°C, 140-150 rpm until germ tubes were observed under
the microscope (4-4.5 h). Once the conidia were at the germinative phase the culture was
transferred in sterile falcons and centrifuged at 4000rpm, 10min. The pellet was re-suspended
in 20 ml of Solution I (1.2 M MgSO4, 10 mM orthophosphate pH 5.8) and the spore solution
was transferred in a sterile 250 ml flask with 200mg of lytic enzyme (Glucanex). The lysing
enzymes digest the cell wall and protoplasts are generated. The suspension was incubated at
30°C, 60 rpm for 2 h. Protoplast were concentrated by centrifugation (4000 rpm, 10 min) and
washed with 10 ml of Solution II (1 M Sorbitol, 10 mM Tris-HCl pH 7.5, 10 mM CaCl2) and were
re-suspended in the same solution (1-10 mL, depending on the density of the culture). ¼ of
the total volume of Solution III (60% (w/v) PEG6000, 10 mM Tris-HCl pH 7.5, 10 mM CaCl2) was
added and protoplasts were distributed in eppendorf tubes. At this step protoplasts could be
frozen at -80 °C after addition of 1% v/v DMSO.
Plasmid DNA (1.5 -2 μg) was added in an eppendorf tube with protoplasts and
incubated on ice for 15 min. A control tube without plasmid DNA was included in order to
evaluate whether the protoplasts and the solutions used were free of contaminations. 500 μl
of Solution III were added, mixed and incubated for another 15 min at RT, followed by
centrifugation (6000 rpm, 10 min). Protoplasts were, then, washed and re-suspended in 1 ml
and 200 μl of Solution II, respectively. Finally, protoplasts were mixed with 4 ml of melted Top
SM in sterile falcons (Sucrose MM, 0.35% agar) and quickly used to inoculate solid SM plates
(1% agar). The SM-bottom was supplemented with NH4+ and vitamins depending on the
selection marker carried in the plasmid; e.g. for an argB2 auxotroph strain transformed with
an argB carrying plasmid, the growth medium must not contain arginine. The plates were
incubated for 4-5 days at 37°C, transformants were isolated by streaking on MM, analyzed by
growth tests and verified by PCR and Southern analysis.
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2.6 RNA extraction from A. nidulans
The strain of interest was inoculated in a CM or MM culture plate and incubated for 4 days at
37°C. Conidiospores were harvested from the plate in 100 mL of liquid MM (containing NH4 +
and the required auxotrophies) and cultures were incubated for 14-16 h (until full growth and
formation of mycelia) at 25°C, 140-150 rpm. The mycelium was collected and grinded with
liquid nitrogen similarly to the DNA extraction protocol. About 100 mg of the powder were
collected in an eppendorf tube and 10 mg acid-washed glass-beads (particle-size 425-600 μm)
and 1 mL of RNAtidy G (Applichem) were added. The mixture homogenized by vortexing and
was incubated at RT for 2-3 min. Then, 200 μL of chloroform were added, followed by
vortexing and incubation at RT for 10 min before centrifuged at 4°C, 12000 rpm for15 min.
The upper aqueous phase was transferred to a new eppendorf tube and equal volume of
isopropanol was added. The mixture was mixed by inversion and incubated for 10 min on ice,
before centrifuged at 4°C, 12000 rpm for15 min. The supernatant was discarded using a
pipette and the pellet was washed with 200 μL 70-80% v/v EtOH (with DEPC; diethyl
pyrocarbonate; water). Then, the sample was vortexed, centrifuged at 4°C, 10000 rpm for 3
min and again the supernatant was discarded using a pipette followed by a second wash with
200 μL 100% EtOH. The mixture was mixed with vortex and centrifuged at 4°C, 10000 rpm for
3 min. Ethanol was discarded with a pipette and the pellet was left to air dry for 15-20 min,
but some moisture should be maintained in order to be soluble again. Finally, the pellet was
resuspended in 20-30 μL DEPC water and if needed incubated at 55°C to completely dissolve
RNA. The quality and concentration of the RNA were estimated by measuring OD at 260 nm
and 280 nm (OD260/OD280= ~2 corresponds to pure RNA). The above can be checked also
with agarose gel electrophoresis (in 2% agarose).
Gloves were worn during the RNA extraction procedure and every solution is prepared
with DEPC (deactivates RNases) water so that the samples are protected from RNases. DEPC
is added in water and incubated overnight at 37°C and then deactivated by autoclaving.

2.7 Northern blot analysis
RNA that was extracted as described above, was analyzed according to an adjusted protocol
based on [120]. First of all, V μL that corresponded to 10 μg RNA was denaturated with 3V
denaturation solution [DMSO (67.44% v/v), glyoxal (19.35% v/v), Orthophosphate (11,87%
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v/v)]. The mixture was incubated at 50°C for 1h and then transferred on ice for 5 min. The
samples were analyzed in a 1% w/v agarose gel made with orthophosphate buffer 10 mM pH
7 that was also used as a running buffer. Denaturation and electrophoresis on a denaturing
gel was needed to avoid the formation of secondary and tertiary RNA structures that can
change the migration rate. 0.5V μL of loading buffer (Orthophosphate 10 mM pH 7,
Bromophenol-blue 0.2% w/v, glycerol 50% v/v) was added to the samples (4V μL) that were
loaded to the gel. Electrophoresis was performed in an electrical field corresponding to 48 mA
for 5 min and then a peristaltic pump with continuous flow was set in order to assure
homogeneity of the running buffer (orthophosphate is dissociated during the electrophoresis
and the pump transfers solution all over the gel to avoid concentration gradient). When the
dye of the loading buffer had run ~9 cm from the wells, the electrophoresis was stopped and
the gel was cut keeping only the part with the samples.
RNAs were transferred to a positively charged nylon membrane by capillary action
from a region of high water potential to a region of low water potential making the following
construction: a wad of paper that dips into the tray of 20xSSC buffer (ΝaCl 3 Μ, Na3C6H5O7 0.3
M pH 7 with NaOH), the gel, the positively charged membrane, a stack of paper towels and a
weight on the top to succeed equal distribution of the weight. The transfer was performed
overnight and after the completion, the membrane was exposed to UV light for 5 min. This
step was performed in order for the RNA to be immobilized on the membrane through UV
cross-linking so that it does not come off of the membrane during the subsequent
hybridization steps. Then a dye (Methylene-blue 0.03% w/v, CH3COONa 0.5 M pH 5.2) was
used to detect ribosomic RNAs to confirm equal loading and success of the transfer. After
detection the membrane was discolored with SDS 1% w/v and 0.2xSSC.
The next step is detection of the RNA of interest with an appropriate probe
complementary to a region of the RNA target. The probe is synthesized by PCR using [32P]
nucleotides. Before the reaction, 200-400 ng of DNA of interest what was acquired by PCR (~
1 kb) were mixed with 10 ng random hexamers (used as primers) and dH2O up to 21 μL final
volume and boiled for 2 min to make DNA single-stranded. Then, the mixture was moved
directly on ice to remain single-stranded and nucleotides (10 mM; except of the radiolabeled
one), Klenow polymerase, Klenow buffer and dH2O up to 50 μL were added. Finally the
radiolabeled nucleotide was added and the sample was incubated at 37°C for 1 h. In order to
remove unincorporated radiolabeled nucleotides the sample was then added in a sepharose
column and the probe in the resulting sample was denaturated with NaOH. Before
hybridization of the probe, pre-hybridization of the membrane is important to eliminate non71

specific background. For pre-hybridization, the membrane was placed in Church solution (BSA
1% w/v, NaH2PO4/NaH2PO4 0.5 Μ pH 7, SDS 7% w/v, EDTA 1 mM) and incubated at 65°C for 2
h under mild agitation, so that non-specific molecules bind to the sites of the membrane
without RNA. After the pre-hybridization, the probe was added in the solution and the
membrane was incubated at an optimal temperature for the probe and the RNA, in this case
65°C, overnight under mild agitation. The probe can be collected in a centrifuge tube, stored
at -20°C and be re-used after boiling for 10 min. Hybridization must be followed by four
washing stages, three with 2xSSC solution and 0.1 w/v SDS and one last with 0.2xSSC and 0.1%
w/v SDS for 30 min, to remove non-specifically bound probes and reduce non-specific
background. Finally the membrane was placed in an autoradiography cassette with an X-ray
film (Kodak X-omat) on top and incubated at -80°C until bands appear during film
development (20 min to 48 h) using Developer and Fixer solutions (Kodak).

2.8 Native MS of UapA
Expression and purification of the UapA K73A/R133A/R421A and K73A/R133A/R421A/T401P
mutants was carried out as described previously [12]. In brief, the mutants were individually
expressed as C-terminally GFP8His-tagged constructs in Saccharomyces cerevisiae FGY217
cells (12L), using vector pDDGFP2. Yeast cells were incubated at 30°C with shaking at 300 rpm
to an OD600 of 0.6. Galactose was then added to the cultures to a final concentration of 2% to
induce UapA expression. After incubation for a further 22 h, the cells were harvested by
centrifugation and resuspended. Cells were broken in a Constant Systems cell disruptor and
the membranes isolated by centrifugation. The membranes were resuspended, flash-frozen,
and stored at -80°C. Membranes were solubilized for 1 h in n-dodecyl-β-D-maltoside.
Unsolubilized membranes were removed by centrifugation. The supernatant was incubated
with Ni2+-NTA resin for 2 h. The His-tagged UapA bound to the resin was then washed with
buffers containing 10 and 30 mM imidazole to remove contaminants. UapA was eluted with
buffer containing 250 mM imidazole before overnight dialysis to dilute the imidazole from the
protein sample. During dialysis, the protein was cleaved using a His-tagged TEV protease. The
sample was run through a His-trap column, from which UapA was eluted in the flow through,
to remove the His-tagged GFP and TEV. The sample was then loaded onto a size-exclusion
chromatography column. Fractions containing monodisperse UapA were analyzed by SDSPAGE and concentrated to 20 μM, flash frozen, and stored at -80°C.
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Native MS of UapA K73A/R133A/R421A/T401P was carried out as described previously [12].
In brief, UapA was buffer exchanged into MS buffer [250 mM EDDA (pH 6.3), 0.014% DDMLA
(v/v), and 10 mM L-serine] to a UapA concentration of 20 μM using Micro Bio-Spin 6 columns
(Bio-Rad, Hercules, CA). UapA was loaded into gold-coated capillaries and the protein sprayed
into a Synapt G2-Si (Waters Associates, Milford, MA) by nanoelectrospray ionization. The
following conditions were used in the mass spectrometer for optimal peak resolution:
capillary voltage +1.3-1.5 kV, sampling cone voltage 150 V, trap collision energy (CE) 200 V,
transfer CE 0 V, backing pressure 3.88 mbar, trap and transfer pressure (argon) 1.72e-2 mbar,
and ion mobility cell pressure (nitrogen) 2.58 mbar. The mass spectrometer was calibrated
using cesium iodide. Spectra were recorded and processed using Masslynx 4.1 software
(Waters Associates). The relative abundances of each oligomeric state were quantified by
UniDec [126] as described previously [12].

2.9 Phylogenetic analysis datasets and methods
Representative NAT sequences from organisms across all domains of life were selected,
representing all major taxa, with particular emphasis in characterized family members of
known specificity. For the trees shown in Figure 3.1 and 3.3, which address in detail the plant
and animal NATs (SVCT clades) and the evolution of L-ascorbate transporters, at first the NAT
domain containing sequences in complete sequenced genomes was detected, coming from
Ensembl release 91, Ensembl Metazoa release 38, and selected species from Ensembl Plants
release 38. To detect NAT sequences in the genomes HMMER and the PF00860
(Xan_ur_permease) Pfam HMM profile were used, and performed an hmmsearch using the
GA (gathering) curated threshold (cut_ga parameter). For the 728 detected sequences, a
multiple sequence alignment was built using MAFFT v6.861b in the L-INS-i mode, designed for
"set of sequences containing sequences flanking around one alignable domain". The resulting
alignment was trimmed using trimAl v1.3 [127] using a gap score cut-off of 0.1. The best-fit
evolutionary model selection was selected prior to the phylogenetic inference using ProtTest
3 [128]. Three different evolutionary models were tested (JTT, WAG and LG). The model best
fitting the data was determined by comparing the likelihood of all models according to the AIC
criterion [129]. An ML tree was inferred with RAxML v8.2.11 [130] using the best-fitting model.
A discrete gamma-distribution model with four rate categories plus invariant positions was
used. The gamma parameter and the fraction of invariant positions were estimated from the
data. Branch support was computed using an aLRT (approximate likelihood ratio test). We
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used the exact same methods for the phylogenetic tree of only the SVCT clade, a subset of the
previous tree, consisting of 674 sequences, apart from the MAFFT algorithm used, which was
the G-INS-I in this case (assumes that entire region can be aligned). ETE toolkit [131] was used
for the execution of the phylogenetic pipelines and the visualization of all phylogenetic trees
in Figure 3.1 and 3.3.

2.10 Molecular simulations shown in chapter 3.2
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 as template [45]. 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 Schrodinger 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 [132].
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 [132].
Induced Fit Docking. Schrodinger Suite protocol was used (Schrödinger Suite 2018-4
Induced Fit Docking protocol; Glide, Schrodinger, 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
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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 set [132] 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 composite composite
score which takes into account the receptor-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 Å x 120 Å x 120 Å, 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 [133] force field was used for
protein and lipids, while the ligand was prepared using Antechamber [134] and the general
Amber force field [135]. The protein orientation into the membrane was calculated using the
PPM server [136]. The assembled simulation system consisted of ~130,000 atoms. The
systems were simulated using GROMACS software [137]. 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 thermostat [138] and
Parrinello-Rahman semi-isotropic pressure coupling [139] 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 [140].
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2.11 Molecular simulations shown in chapter 3.3 and 3.4
UapA (wild-type or mutated when discussed) or rSNBT1 homolog dimers were inserted into a
lipid bilayer using the CHARMM-GUI tool ([141], http://www.charmmgui.org). The resulting
system was explicitly solvated using the transferable intermolecular potential with 3 points
(TIP3P) water model [142] and neutralized by the addition of Na+ and Cl- counter ions at
concentrations of 0.15 cM. The lipid bilayer utilized was composed of 20% ergosterol, 9%
POPC, 12% DYPC, 9% YOPC, 6% POPE, 3% DYPE, 5% YOPE, 3% DOPE, 19% POPI, and 14% PYPI,
as described previously (http://www.charmm-gui.org/?doc=archive&lib=lipid, [12]). All UapA
mutations were constructed by utilizing the CHARMM-GUI’s initial step “PDB Manipulation
Options.” The N-terminal residues were always methylated and the C-terminal residues were
always amidated. MD simulations were performed with GROMACS 2018 [137] using the allatom force field CHARMM36 [143]. Periodic boundary conditions were used. Long-range
electrostatic interactions were treated with the Particle Mesh Ewald method. Nonbonded
interactions were described with a Lennard-Jones potential, with a cut-off distance of 1 nm
and an integration step of two femtoseconds (fs) was implemented. The system was
progressively minimized and equilibrated using the GROMACS input scripts generated by
CHARMM-GUI, and the temperature and pressure were held at 303.15 Kelvin and 1 bar,
respectively [144]. The resulting equilibrated structures were then used as an initial condition
for the production runs of 100 ns with all the constraints turned off. Production runs were
subsequently analyzed using GROMACS tools, and all images and videos were prepared using
VMD software [145].
For the in silico mutation of I157F, L192F, and L431F on UapA we started from the
crystal structure of UapA and mutations were performed using the “mutation” command on
Maestro v11.5 (Schrödinger Release 2018-1). Each resulting structure was inserted to Protein
Preparation Wizard Workflow as implemented on Maestrov11.5. Restrained minimization
was converged when heavy atom root-mean-square deviation (RMSD) was >1 Å.
Homology modeling of rSNBT1. The construction of a structural model of rSNBT1 was
based on the crystal structure of UapA in the inward-open conformation [Protein Data Bank
(PDB) entry 5I6C]. The final model was built using PRIME software with an energy-based
algorithm [146]. A loop refinement routine was also implemented.
Induced-fit docking of uracil on rSNBT1. Protein preparation using OPLS2005 force
field [147] and molecular docking was performed with the Schrödinger Suite 2018. After
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protein structure alignment with the crystal structure of UapA (PDB 5I6C), the binding pocket
was defined by residues F124, E347, Y395, S396, and E397. Uracil was docked on the final
structure from Homology Modeling, using the induced-fit docking protocol (Schrödinger
Release 2018-1: Schrödinger Suite 2018-1 Induced Fit Docking protocol; Glide, Schrödinger,
LLC, New York, NY, 2018; Prime, Schrödinger, LLC, New York, NY, 2018), which is intended to
circumvent the inflexible binding site, and accounts for the side chain and backbone
movements upon ligand binding [148].

77

Results
3.1 Evolution of substrate specificity in the Nucleobase Ascorbate
Transporter (NAT) protein family
Adapted from Kourkoulou, A., Pittis, A. A. & Diallinas, G. Microb. Cell 5, 280–292 (2018).

3.1.1 Rationale of the study
As mentioned before, transporters that belong to the NAT family are highly specific for either
nucleobases or L-ascorbate. More than 24 members of the NAT family have been functionally
characterized via direct assessment of their transport activities or indirectly via genetic and
physiological studies [1,5,7,97,149]. Bacteria, fungi, plant and mammals (i.e. rSNBT1) have
nucleobase specific homologues, whereas L-ascorbate specific members are only described in
mammals (e.g. SVCT1/2). Nucleobases are planar molecules with relatively low solubility,
whereas L-ascorbate is non-planar and extremely soluble. Such a difference should
necessitate prominent changes in the architecture of the substrate-binding site and the
substrate translocation trajectory in the relevant NATs. In addition, a distinct homologue clade
of NATs, identified in vertebrates (SVCT3) seems unrelated to either nucleobase or Lascorbate transport. In other words, there are at least two major specificity shifts in NATs. We
decided to investigate the molecular aspects of NAT substrate specificity and address the
evolution of ascorbate transporters.

3.1.2 L-ascorbate transporters belong to a phylogenetically distinct NAT clade
We performed an extensive phylogenetic analysis using different datasets and methodologies.
We chose NAT sequences that, with very few exceptions, were made of 414-650 amino acid
residues and we tested selected representatives from all major taxa with the HHpred
modelling program (https://toolkit.tuebingen.mpg.de) which showed that all conformed to
the 7+7-helix inverted repeat structure of UapA (analysis not shown). Firstly, we reconstructed
a phylogenetic tree using identified NAT homologues in all domains of life. Figure 3.1, 3.2 and
3.3 highlight our major findings in respect to the distribution of NAT sequences. Several gene
losses were identified in mesozoa, various pathogenic protozoa such as the genera
Trypanosoma, Plasmodium, Leishmania and Giardia, in many basal fungi including
Microsporidia, Cryptomycota and Blastocladiomycota, in several Saccharomycetales (after the
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whole genome duplication), in basal Metazoa (e.g. Porifera), in some Ctenophora, in various
jaw worms (Gnathostomulida and Xenacoelomorpha) and in jawless fish, lampreys and
hagfish. The first evolutionary split was between homologues from archaea, bacteria, algae
and fungi (UapA-like group) and NATs from plants and metazoa (Figure 3.1a). In the UapA-like
group, archaea, algae and fungi form distinct sub-clades, while bacterial homologues were
clustered based on specificity. Dictyostelium discoideum was also clustered in a bacterial clade
suggesting a possible horizontal gene transfer (Figure 3.2). The second evolutionary split was
between homologues from plants and metazoa. Plants form a clear monophyletic group
including bryophytes, monocots, dicots and some green algae (Figure 3.1a and 3.3). Metazoan
NATs were distributed in several distinct branches that can be grouped in four major branches,
named as SVCT1 (Slc23a1), SVCT2 (Slc23a2), SVCT3 (Slc23a3) and SVCT4 (Slc23a4) based on
the terminology of the mammalian homologues.
To shed more light into the evolution of metazoan NATs, we deepened our taxon
sampling and we used HMMER [150] and the NAT Pfam domain (PF00860) to extract 728 NAT
sequences from 171 plant and metazoan fully sequenced genomes (see methods). After
reconstructing a phylogenetic tree using these sequences, we detected and extracted only the
674 sequences of metazoan NATs (Figure 3.1a and 3.3). Most metazoa (early diverging animals
such as Placozoa, several Cnidaria and flatworms, non-vertebrates and most vertebrates)
include one or more Slc23a4 homologues that are clustered into an “extended” SVCT4 group
(>45% identity among its members). Most species include a single Slc23a4 homologue, but
there is also significant genus-specific expansion of the group, apparently by gene duplications
(e.g. 6-14 paralogues in Caenorhabditis, 8 in Ciona intestinalis, 5-6 in some fish; Figure 3.1b).
The only member of this group that is functionally characterized is the nucleobase transporter
from rat, rSNBT1 [4]. Based on the conservation of specific residues in the NAT signature motif,
that is critical for substrate specificity, present in other nucleobase-specific NAT members
from bacteria fungi and plants, we could hypothesize that the other members of this group
are also specific for nucleobase-related substrates. Moreover, all Haplorhini (anthropoid
primates or simians and the tarsier Carlito syrichta) have lost functional Slc23a4 homologues,
due to gene truncations (i.e. generation of pseudogenes; [5]). Slc23a4 losses were also
detected in other species corresponding to genus-specific cases rather than loss in major
groups (Figure 3.1b).
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Figure 3.1 Evolution of the SVCT clade in NATs. (A) ML phylogenetic tree of the SVCT clade of NATs and
the distinct NAT signature motifs. The different SVCT plant and animal NAT subfamilies, as well as a
variable consensus of the four first amino acids in the NAT signature motif, are indicated next to the
tree. The tree was midpoint rooted, as shown, and the other two clades, UapA-like and AzgA-like, are
placed schematically above with dotted lines. The UapA-like group corresponds to canonical microbial
NATs and is shown in more detail in Figure 3.3. The AzgA-group is used as an outgroup of structurally
homologous proteins, which however do not conserve the functional motifs of canonical NATs. For the
complete version of the plant and animal NATs see also Supplementary Figure S2. (B) Phylogenetic
profile of the SVCT clade subfamilies for the 171 plant and animal species. The frequency of members
in each subfamily is shown next to the NCBI taxonomy tree structure of the 171 species that were
searched for NAT domains. The sub-families were defined based on (A) and in reference to the known
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mammalian transporters (SVCT1-4). Two early losses in two lineages, the SVCT3 in the Teleostean clade
Eurypterygii and SVCT4 in the primate suborder Haplorhini, are indicated in the corresponding branches
with a red “x”. The emergence of the L-ascorbic acid transport specificity is indicated with a black arrow
both in the phylogenetic tree (A), as well as in the taxonomy tree (B). The colors (green, red, blue) in
both (A) and (B) are as indicated in the figure legend. Both trees were visualized using the ETE toolkit
[131].

Apart from Slc23a4, vertebrates also include a SVCT1-like and a SVCT2-like homologue
(~50% identity with Slc23a4 in the same species) and these are clustered in a separate clade
that includes the well-characterized mammalian L-ascorbate transporters. Most species
maintain one member of SVCT1 and SVCT2 (Figure 3.1b). Thus, these two sub-families
probably emerged after a duplication event of a NAT transporter in a vertebrate ancestor. Due
to the conservation of the NAT signature motif present in L-ascorbate transporters and the
high similarity found in this clade (>68%) together with the fact that all functionally
characterized homologues of this clade are L-ascorbate transporters, we can hypothesize that
it consists of L-ascorbate transporters and thus L-ascorbate specificity evolved in the
vertebrate ancestor and was retained in fish and tetrapods. However, whether all members
retain L-ascorbate specificity, or whether some homologues can also transport nucleobases
or other substrates, is not formally known. Most vertebrates also include SVCT3-like
sequences (Figure 3.1b). The only studied transporter of this clade, hSVCT3 of human, does
not transport nucleobases or L-ascorbate, thus these transporters remain of unknown
specificity [5]. Noticeably, SVCT3 has been lost in some lineages including the Acanthomorpha,
a very diverse clade of teleost fishes. The SVCT3 clade is the most divergent NAT group in the
metazoan clade, as it shows the lowest sequence similarity with the other clades (< 34%
identity with SVCT1/2 and SVCT4), and does not conserve the TMS8 motif present in
“canonical” NATs necessary for function and specificity. This might explain the unstable
position of this clade using different algorithms and parameters (not shown).
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Figure 3.2. Phylogeny of microbial NATs. The tree shown includes all functionally characterized NATs
from bacteria and fungi and their closest homologues from other prokaryotic and eukaryotic
microorganisms, obtained by blastP (https://blast.ncbi.nlm.nih.gov). The AzgA sequences at the bottom
of the tree are functionally characterized purine transporters of the so-called AzgA-like family, which
includes proteins structurally similar with NATs, but show very little primary sequence similarity and
lack NAT-specific functional motif (closest out-group). Multiple sequence alignments was built from the
selected NAT sequences (accession number shown in the figure) using MUSCLE v7.0.26
(http://www.megasoftware.net/). MEGA was also used for testing the aligned sequences for optimal
amino acid substitution model. According to the AIC, the LG+G+F model [151] was selected and a tree
was created using a maximum likelihood (ML), and visualized by FigTree v1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/). Bootstrap values are shown in bold at the nodes of the
clades. Evolutionary distances are also shown on the branches of the tree. The variable, four-amino
acid, part of the NAT signature motif is shown at the right side of the tree (in bold the residues critical
for specificity, see main text). Note that the microbial NAT sequences shown in this tree are collapsed
and referred as “UapA-like sequences” in Figure 3.1.

3.1.3 The NAT signature motif is differentially conserved in nucleobase and Lascorbate transporter clades
The phylogenetic analysis performed herein confirmed that, except from the SVCT3 group,
the motifs in TMS1 and TMS8 are highly conserved in all NATs. Moreover, it showed that the
critical NAT signature motif (TMS10) exists in two major versions especially considering three
additional upstream residues (Fig 3.1a and 3.3). In the UapA-like, plant and SVCT4 clade which
all include nucleobase-specific NATs, the motif conforms to the sequence Thr/Ser1-Phe/Tyr282

Ala/Ser3-Gln/Glu4-Asn5-X-Gly7-X-X-X-X-Thr12-Gly/Arg/Lys13 (numbers shown are arbitrary). In
the SVCT1/2 clade that contains the L-ascorbate specific members the motif is Ser1-Ser2-Ser3Pro4-Asn5-X-Gly7-X-X-X-X-Thr12-Arg13. The most prominent changes between the two versions
concern the second and the fourth residues where nucleobase specific members have an
aromatic (Phe/Tyr) and a polar (Gln/Glu) residue respectively whereas L-ascorbate specific
NATs conserve a Ser and a Pro residue in these positions. Most other conserved residues in
the NAT signature motif (Thr/Ser1, Ala/Ser3, Asn5, Gly7, Thr12 and Gly/Arg/Lys13) are known to
contribute to transport kinetic parameters rather than substrate specificity or are not
differently conserved depending on specificity [8].
Previous structural studies confirmed the importance of these two residues in
substrate binding as in UapA Phe2 interacts with the nucleobase ring of xanthine via a pi-pi
stacking interaction while Gln4 makes a strong bipolar interaction [2]. Similarly, in UraA the
phenyl ring of Tyr2 is parallel to the pyrimidine ring of uracil and Glu4 anchors uracil by making
a hydrogen bond with it [3,6]. Thus, substitution of Phe/Tyr and Gln/Glu with a Ser and a Pro
respectively, might contribute to the generation of L-ascorbate transporters. It should be
noticed that no mutation up to date converted a nucleobase specific NAT into a transporter
capable of recognizing L-ascorbate. Importantly, substrates interact also with the Glu of the
TMS8 motif that is conserved in both nucleobase and L-ascorbate transporters, which further
indicates the possible critical role of the NAT signature motif in this specificity shift.

3.1.4 The differentially conserved residues in the NAT signature motif are essential
for function and specificity
There have been no genetic screens, so far, to select a change of NAT specificity from
nucleobases to L-ascorbate. This is mainly due to the fact that L-ascorbate cannot be used as
a C or N source to select mutants importing and growing on this substrate. Notice that, Lascorbic 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). In an
effort to shed more light on the evolution of NATs and test whether the NAT signature motif
has a critical role to this change of specificity we rationally designed specific variations of the
motif. We constructed and functionally analyzed the following UapA mutants according to the
NAT motif found in L-ascorbate specific NATs (SSSP): Q408P [11], A407S/Q408P,
T405S/F406S/A407S and F406S/A407S/Q408P. In other words, we modified the first part of
the NAT signature motif from TFAQ (wild-type UapA) to TFAP, TFSP, SSSQ or TSSP (changes in
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Figure 3.3. Phylogenetic tree of the SVCT clade and the NAT
signature motif. The same ML phylogenetic tree as in Figure
3.1 is shown, here extended and with the sequence followed by the species - names shown. The protein names
correspond to the sequence ids as of Ensembl genomes, or
the Uniprot name, for those cases that mapping was
successful. Red “spheres” indicate duplication nodes
(according to the species overlap algorithm), and the
numbers next to the nodes correspond to aLRT support
values. On the right, the NAT signature motif is shown for
each protein sequence. The ETE toolkit was used for tree
visualization [130].
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bold). We expressed these alleles in a background genetically lacking the three major
endogenous nucleobase transporters UapA, UapC and AzgA (ΔACZ strain, referred as uapA-),
via the native uapA promoter. 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
compared to xanthine, and lower transport capacity in general;[87]). AzgA is a high-affinity
hypoxanthine/adenine/guanine transporter [152]. Finally, all mutants analyzed were made in
a fully functional UapA protein tagged with GFP.
We functionally analyzed these versions in respect to their capacity to transport or
bind nucleobases or L-ascorbate, and for proper plasma membrane sorting and stability.
Purines can be used as N sources, therefore their accumulation by UapA mutants can be
scored directly in growth tests. Thus, a control strain expressing a functional UapA (i.e. uapA+),
in a ΔACZ background grows on uric acid or xanthine, but not on other purines. Figure 3.4a
shows that all UapA mutants tested lost (T405S/F406S/A407S and F406S/A407S/Q408P) or
had dramatically reduced (e.g. Q408P and A407S/Q408P) capacity for growth on UapA
physiological substrates, uric acid and xanthine. Additionally, none of the mutants acquired
capacity for growth on hypoxanthine (Figure 3.4a) or adenine (not shown). In vivo
epifluorescence microscopy showed that all mutant versions were properly and stably
localized at the plasma membrane (right panel in Figure 3.4a), which in turn implies that
mutations do not result in problematic sorting to the plasma membrane but affect transport
function per se. The above results were also confirmed by direct uptake assays measuring the
transport rate of radiolabeled xanthine (Figure 3.4b; [87]).
As L-ascorbate cannot be used as C or N source, we tested whether the mutations
introduced result to any growth phenotype when L-ascorbic acid was added in the medium.
Figure 3.4c shows that none of the UapA mutations analyzed, or the total genetic absence of
UapA (uapA-) alters the growth phenotype of A. nidulans on 0.1% L-ascorbic acid (5.7 mM).
We also performed HPLC or biochemical assays to detect cytoplasmic accumulation of
externally supplied L-ascorbic acid in the mutants or a wild-type strain. In all cases, there was
no evidence of accumulation and thus transport by any UapA mutant (results not shown).
We also tested whether the presence of L-ascorbate induced substrate-elicited
endocytosis as an indirect measure of L-ascorbate recognition by wild-type UapA and
mutants. This in vivo cellular assay is based on the fact that UapA physiological substrates
trigger endocytic turnover and the appearance of early endosome and/or vacuoles due to
sorting into these organelles of GFP-tagged UapA. Thus, based on the fact that all mutants
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showed stable and proper localization to the plasma membrane, we tested whether Lascorbate promotes UapA endocytosis, which would be an indication that this metabolite is
recognized by wild-type UapA or its mutant versions [153]. As a negative control we used a
strain expressing a transporter unrelated to NATs, namely FurA tagged with GFP. FurA is a
highly specific allantoin transporter of A. nidulans that belongs to the NCS1/FUR family that
does not recognize either nucleobase or L-ascorbate [43].
Figure 3.4d shows that after 15 min, the presence of 0.1% L-ascorbate, resulted in
sorting of UapA mutants into endosome-like structures, but has no similar effect on wild-type
UapA or FurA. This effect became more prominent after prolonged presence of L-ascorbate
(1h), mostly evident in T405S/F406S/A407S and F406S/A407S/Q408P, but also became
apparent, albeit at a much lower level, in wild-type UapA. Importantly, in all conditions tested
no endosome-like structures were detected in the strain expressing FurA-GFP. Additionally,
after prolonged incubation with L-ascorbate the morphology of some hyphae altered to a
phenotype often seen under severe cell stress.
The changes include increase of the number and the size of vacuoles and hyphal width
reduction along with total loss of fluorescence. The fraction of hyphae with this phenotype
was dependent on the number of mutations introduced as the most prominent effect was
observed in the triple mutants F406S/A407S/Q408P (in 55% hyphae) and T405S/F406S/A407S
(in 68% hyphae) (Figure 3.4d and 3.4e). A similar but reduced effect was seen in A407S/Q408P
(40%) and Q408P (27%) (Figure 3.4d and 3.4e). Notably, this morphological effect caused by
L-ascorbate was much lower in strains expressing wild-type UapA or FurA. Thus, both the
presence of endocytic-like structures and the L-ascorbate-dependent morphological effect
were UapA specific. Moreover, as these effects were more visible in F406S/A407S/Q408P and
T405S/F406S/A407S, we can hypothesize that the presence of the tandem Ser residues within
the NAT substrate binding site and the removal of the aromatic Phe residue, could favor Lascorbate recognition.
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Figure 3.4. Specific residues within the NAT signature motif are critical for UapA function and
specificity. (A) Growth tests, on standard MM, of isogenic strains expressing wild-type (UapA) or mutant
UapA versions (Q408P, A407S/Q408P, T405S/F406S/A407S and F406S/A407S/Q408P), expressed in a
genetic background genetically lacking other major purine transporters (i.e. ΔuapC ΔazgA). A strain
lacking a functional UapA (uapA-) and a standard wild-type A. nidulans strain (WT) are also included in
the test as controls. The test depicts growth on 10mM sodium nitrate (NO 3) or 0.1 mg/ml uric acid (UA),
xanthine (X), hypoxanthine (HX), after 48 h at 37°C. A 4-fold higher concentration of UA (0.4 mg/ml)
was also used in order to distinguish UapA mutants with highly reduced affinity for substrates from
mutants with an apparent total loss of transport activity. Subcellular localization of wild-type or mutant
UapA-GFP versions, as revealed by in vivo epifluorescence microscopy, is also shown at the right side
of the panel. For details of sample preparation see Material and methods. (B) Comparative UapAmediated uptake rates of radiolabeled 3H-xanthine in strains ex-pressing wild-type (UapA) or mutant
versions (Q408P, A407S/Q408P, T405S/F406S/A407S and F406S/A407S/Q408P) of UapA-GFP. Results
are averages of three measurements for each concentration point. SD was < 20%. (C) Growth tests, at
37°C, on standard MM supplemented with 10 mM sodium nitrate (NO3) as nitrogen source in the
absence or presence of 0.1% L-ascorbate (AA) of isogenic strains lacking UapA (uapA-), or expressing
wild-type (UapA) or mutant UapA versions. (D) Upper panel: In vivo epifluorescence microscopy
following the effect of L-ascorbate (0.1% AA) on UapA-GFP or FurA-GFP subcellular localization. 1 h in
AA triggers “loss” of GFP fluorescence in a significant fraction (> 50%) of hyphae in the triple mutants
T405S/F406S/A407S and F406S/A407S/Q408P (lowest black boxes marked with a red asterisk). The
same effect, albeit significantly reduced, is also seen in A407S/Q408P (36%) and Q408P (22%), while in
the wild-type UapA-GFP or FurA-GFP fluorescence loss is < 10% (not shown). Lower panel: L-ascorbate
(1% AA for 1 h) triggers differential hyper-vacuolarization and reduction of hyphal width (i.e. cell stress)
in UapA mutants and controls. Stressed hyphae are marked with a red asterisk. (E) Quantification of
the effect of L-ascorbate on hyphal morphology, as recorded for 100 hyphae, of each strain analyzed.
In all cases, hyper-vacuolarization and reduction of the width of hyphae was associated with loss of
fluorescence (not shown). The results depicted in the graph confirm the apparent cytotoxicity of Lascorbate in the triple mutants T405S/F406S/A407S and F406S/A407S/Q408P, where 50-70% of hyphae
seem stressed, followed by progressively lower effects on A407S/Q408P (40%), Q408P (27%) and wt
UapA (11%).
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3.1.5 UapA can bind L-ascorbate with extremely low affinity: evidence for evolution
of L-ascorbate transporters via optimization of a NAT sub-function
The observation that the prolonged presence of L-ascorbate can trigger a degree of wild-type
UapA-GFP endocytic turnover made us re-examine whether UapA can recognize L-ascorbate.
To test this possibility, we performed transport competition assays using increasing
concentrations of L-ascorbate (1-60 mM). Figure 3.5 shows that L-ascorbate inhibits the
uptake of radiolabeled 3H-xanthine (1 μΜ) with a Ki value of ~17 mM. Thus, wild-type UapA
can indeed bind L-ascorbate, but with very low affinity. We repeated the same experiment
using a UapA mutant that recognizes and transports all nucleobases (R481G/T528M)[9] and
we obtained a moderately increased binding affinity for L-ascorbate (Ki ~ 11 mM). This mutant
has an intact NAT signature motif, but includes two mutations in the outward and inward
gating elements that seem to loosen UapA specificity [2,9]. So, UapA can bind L-ascorbate
with an affinity approx. 2500-fold lower than the one for its physiological substrates (xanthine
and uric acid), or and 10- to 100-lower than its affinity for other nucleobases [8]. This finding
supports the hypothesis that also other nucleobase-specific NATs might recognize L-ascorbate
with very low-affinity and this in turn supports a model where L-ascorbate NATs evolved via a
progressive improvement of a sub-function of nucleobase-specific NATs.

Figure 3.5. L-ascorbate inhibits UapA transport activity. The graph shows dose response curves of [3H]xanthine uptake rate in strains expressing either wild-type UapA or the isogenic mutant UapAR481G/T526M, in the presence of increasing concentration of non-radiolabeled L-ascorbate (0-56 mM).
Results are averages of three measurements for each concentration point. SD was < 18%. For de-tails
of measurements and Ki estimation see Materials and methods.

3.1.6 Conclusions
Gene duplication and divergence is a major mechanism of evolutionary novelty, providing
protein families with an expanded repertoire of activities and novel specificities. This analysis
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supports that a duplication of a NAT ancestral vertebrate transporter gave rise to the Lascorbate transporters (NAT neo-functionalization). In the course of evolution one copy
retained nucleobase specificity while the other gained via a progressive improvement of a
sub-function (i.e. very low affinity binding of L-ascorbate) L-ascorbate specificity. Finally, the
NAT signature motif that is critical for substrate recognition probably plays a determinative
role in this dramatic specificity shift.

3.2 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).

3.2.1 Rationale of the study
As mentioned previously, a prominent feature of the NAT family members is a motif in TMS10,
historically referred as NAT signature motif [8,92]. This includes residues critical for substrate
binding and specificity (Gln408, Arg417 as well as Phe406 which contributes moderately to
specificity) or transport catalysis (Asn409, Gly411 and Thr416). In the UapA crystal, Gln408 forms
two hydrogen-bonds (H-bond) via its side chain with xanthine while Ala407 forms a H-bond via
the nitrogen of the main chain and F406 interacts via a π-π stacking interaction [2]. Asn409 and
Thr416 seem to be involved in a network of dynamic intramolecular interactions with specific
residues in TMS1, TMS3 and TMS8. Gly411 is a key element in movements associated with
UapA-mediated transport as G411V is capable of substrate binding, similar to the wild-type,
but lacks detectable transport activity [8]. Finally, Arg417 has been shown to be important for
uric acid binding affinity.
In the previous chapter, we showed that the NAT motif appears in two major versions
depending on specificity. In ascorbate-specific NATs the critical differences are two
substitutions in the first part of the motif: the aromatic Phe/Tyr residue (Phe406 in UapA) is
substituted by Ser, while the polar residue Gln/Glu (Gln408 in UapA) is replaced by a Pro.
Mutant versions of UapA introducing residues present in the L-ascorbate transporters proved
to have practically no transport activity for either purines or L-ascorbate. Thus, possibly other
residues, outside the major substrate binding site, also determine specificity. Indeed, most
specificity mutations in UapA, selected by direct genetic screens, concern residues that map
outside the major substrate binding site and enlarge UapA specificity so that it can transport,
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besides xanthine and uric acid, other purines and uracil. The most interesting one, Arg481, lies
in close proximity to the xanthine-binding site of the opposite protomer [2]. Other examples
are Thr526 and Phe528 that locate in the interface between the dimerization and core domains
near to the substrate-binding site. Mutations in these residues conferred UapA-mediated
growth on hypoxanthine and adenine showing no or very little measurable affinity for these
purines [9,10,154]. Here we developed a novel strategy to analyze specificity of variable NAT
signature motif versions via mutational analysis on UapA and we run Molecular Dynamics to
shed some light into questions and conclusions drawn from the functional analysis of the
mutants.

3.2.2 Context-depended role of the NAT signature motif in determining UapA
specificity
In order to explore an extended specificity profile of the various NAT signature motif versions
we used, for the first time (regarding UapA), a different genetic system. In this system we did
not use the previously described ΔACZ strain which lacks three nucleobase transporters
(UapA, UapC and AzgA), but a Δ7 strain which genetically lacks all seven major endogenous
nucleobase-related transporters (UapA, UapC, AzgA, FcyB, FurD, FurA and CntA) and has no
detectable transport activity for purines, pyrimidines, nucleosides, allantoin and nucleobase
toxic analogues [155]. FcyB is a high-affinity cytosine transporter that also contributes to
purine uptake [13,156], FurD and FurA are high-affinity uracil and allantoin transporters
[43,157] and CntA is the single general nucleoside transporter [158]. 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. Moreover we used the strong gpdAp
promoter to drive the transcription of uapA alleles so that UapA mutants with too little
transport activity (via the native uapA promoter) can be measured. This system has been
previously used to reveal cryptic functions of NCS1 transporters [43,155,156]. In all cases uapA
substitutions were made in a fully functional UapA protein tagged with GFP.
Using the above system, we functionally analyzed seven UapA versions with
substitutions in the first four variable residues of the NAT signature motif to examine their
role in substrate recognition and transport. These are: UapA-TYAQ, -TFAE, -TYAE, -SYSQ, SYSE, -SSSQ and -SSSP, where in bold are substitutions corresponding to the TFAQ (Thr405Phe406-Ala407-Gln408) motif present in the wild-type UapA. Among them, UapA-TFAE, -TYAQ
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and -SSSQ have been previously analyzed via expression from the uapA native promoter and
in the ΔACZ background that did not permit testing of nucleobase-related substrates other
than purines [8,9](and Figure 3.4). Figure 3.6a shows the variable NAT signature motif
sequences present in different functionally characterized NATs (except from SVCT3 which
remains of unknown function). SYSE is the sequence found in many metazoan NATs that
belong to the SVCT4-clade, including rSNBT1, the only characterized nucleobase-specific
metazoan NAT (Figure 3.1a, 3.3 and 3.6a). SYSQ is also a sequence found commonly in
metazoan SVCT4 NATs (Figure 3.1a and 3.3), while SSSP sequence is found only in ascorbatespecific NATs (Figure 3.1a, 3.3. and 3.6a). The other single, double and triple mutants were
used to examine the individual role of the corresponding residues. Notice that fungal and
bacterial NATs that transport uric acid and xanthine possess at the critical positions 406 and
408, a Phe and a Gln residue respectively, while bacterial uracil transporters have a Tyr and a
Glu at these positions (Figure 3.2 and Figure 3.6a).

Figure 3.6. 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 E. 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. (B)
Topology of the UapA monomeric subunit showing residues affecting (enlarging) UapA specificity:
Val463, Ala469 located in TMS12, Thr526 and Phe528 at end of TMS14 (outer gate), Arg481 in start of TMS13
(inner gate), and Glu113 and Ala441 at two flexible helical hinges linking the core and dimerization
domains. UapA function as a homodimer (monomers A and B). Notice that Arg481 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 see
[2]).
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Figure 3.7 summarizes growth tests of mutants and control strains on purines, purinenucleosides or allantoin that were used as N sources, and on media containing the toxic
pyrimidine and pyrimidine-nucleoside analogues 5-fluorouracil (5FU), 5-fluorocytosine (5FC)
and 5-fluorouridine (5FUd). As expected, the negative control strain Δ7 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 (Δ7::uapA+) grows on uric acid (UA) and xanthine (X), but not on other
nucleobase-related compounds tested, and is resistant to 5FU, 5FC and 5FUd. TYAQ and TFAE
mutant versions led to growth on substrates similar to the wild-type. SYSQ, besides growth
on UapA physiological substrates, conferred growth on high adenine (AD) concentration (2
mM) and very weak growth on hypoxanthine (HX) compared to the negative control (Δ7),
while the single substitution TYAQ led to very weak growth on 2 mM of HX and AD. In addition,
TYAQ and more prominently SYSQ, led to increased sensitivity to 5FU. SYSE showed no
apparent transport capacity for the purines tested (except from very weak growth on 2 mM
AD) but conferred high sensitivity to 5FU. The loss of transport capacity is mainly due to the
combination of Y406 and E408, as TYAE could not confer growth on any purine tested. TYAE
also conferred sensitivity to 5FU although to a lower degree. Finally, UapA versions carrying
NAT sequences mimicking the motif of L-ascorbic acid transporters showed no apparent
capacity for nucleobase transport (i.e. SSSP), although the one that conserves Gln408 (i.e. SSSQ)
seemed to confer very weak growth on X and 2 mM UA. Both, however, seem to confer some
low level accumulation of 5FU not seen in the wild-type UapA control. None of the mutants
conferred growth on allantoin or purine-nucleosides and all were resistant to 5FC and 5FUd.
Importantly, the mutations studied did not affect subcellular trafficking as all mutant versions
showed proper localization at the plasma membrane (Figure 3.7, lower panel), suggesting that
growth reflects UapA activity.
Comparative uptake assays, using radiolabelled xanthine were in line with growth
tests as TYAQ and SYSQ showed >70% of wild-type UapA transport activity, while all the other
mutants with no or dramatically reduced growth, showed very low relative transport (Figure
3.8a). TFAE as expected from previous studies [8] exhibited significantly reduced transport
activity despite similar to the wild-type growth. The difference between the assays can be
explained if we consider that substrate concentration in growth tests is 1000-fold higher than
the concentration used in transport assays, and that growth is a result of substrate
accumulation and therefore does not indicate transport rates. Next, we performed transport
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kinetic assays for the SYSQ mutant that conserved considerable transport levels of
radiolabeled xanthine.

Figure 3.7. 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 μΜ 5FU, 50 μΜ 5FC, 10 μΜ 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.
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Toxic analogues are scored in the presence of 10 mM sodium nitrate (NO 3) 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 Δ7 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 GFPtagged UapA constructs. Samples were grown for 18 h at 25°C on MM with NO3 as N source.

Figure 3.8. Transport activity and specificity of UapA NAT motif mutant versions (A) Comparative
transport of 0.1 μM 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 ([87]; 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 μM)
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 3.7. U is uracil, G is guanine, C is cytosine and
T is thymine.
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Data for TYAQ and TFAE mutants [9,10] are shown for comparison. Figure 3.8b shows
that SYSQ did not affect Km/Ki values for UapA physiological substrates, but gained better Ki
values for AD, HX and U, compared to the wild-type. We also performed uptake assays using
radiolabelled uracil for the SYSQ and SYSE mutants that conferred the highest sensitivity to
5FU, but none of the mutants showed measurable accumulation of uracil (see also later). We
also performed in vivo competition assays that score the ability of excess purines or
pyrimidines to compete with 5-FU uptake, and thus suppress 5FU sensitivity (Figure 3.8c). This
tests showed that 5FU sensitivity of all mutants was reversed by 2 mM U. SYSQ sensitivity was
reversed, mostly by UA, X, HX and AD, while in the SYSE mutant competition was moderate.
For TYAQ and TYAE results were quite similar with SYSQ, except from the less efficient
reversion by xanthine in the TYAQ mutant. Low level accumulation of 5FU by SSSQ and SSSP
mutants was partially reversed by UA. There was no significant competition of guanine (G),
cytosine (C) and thymine (T) in all strains, considering the effect of these substrates in the
negative control (Δ7).
To summarize, UapA-SYSQ seems to be the most efficient and promiscuous UapA
version, being able to recognize and transport UA, X, AD and 5FU, and to at least bind with
low affinity also HX and U. In contrast, UapA-SYSE, which differs only at a single residue with
UapA-SYSQ (i.e. Q408E), has lost its transport capacity for purines, but acquired higher
capacity for 5FU accumulation. The fact that loss of transport capacity is mainly due to the
combination of Tyr406 and Glu408, while these two mutations alone do not lead to total loss of
purine uptake, suggests that there is negative epistatic interaction between these two
residues. These results clearly support that UapA specificity is determined by complex
interactions of residues in the NAT signature motif that cannot be predicted.

3.2.3 Combination of the SYSE sequence with selected UapA mutations leads to
distinct transport profiles
As mentioned before, the SYSE sequence in the NAT signature motif is naturally present in
several metazoan NATs of the SVCT4 branch (Figure 3.1a and 3.3), including the only
characterized member, rSNBT1, that functions as a promiscuous nucleobase transporter [4].
However, this sequence in the context of UapA resulted in loss of transport capacity for
purines and acquisition of a capacity for 5FU accumulation. This finding strongly suggests that
the residues in the NAT signature motif interact functionally and in a context-dependent
manner with other residues in NATs. To address this issue, we combined the SYSE sequence
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with mutations in residues Arg481, Thr526, and Phe528 that are known to enlarge UapA specificity
[9,10,154], and may also cooperate with the NAT motif. Figure 3.9a shows growth tests of
combinations of SYSE with mutations R481G, T526L, F528M, R481G/T526L and
R481G/F528M. Notice that F528M is a novel mutation that was designed based on the
conservation of a Met residue in this position by metazoan NATs of the SVCT1/2 and SVCT4
branch. As expected mutations in Arg481, Thr526, and Phe528 in a wild-type NAT context (i.e.
TFAQ instead of SYSE) increased UapA promiscuity in respect to purine accumulation, but
most of them did not suppress loss of transport capacity by SYSE. Only F528M/SYSE resulted
in detectable growth on purines, especially on high concentrations of adenine. The
simultaneous presence of SYSE with T526L, F528M or R481G/F528M increased sensitivity to
5FU compared with SYSE alone, while R481G led to partial suppression of the ability of SYSE
to accumulate 5FU. Also, F528M when combined with SYSE showed increased sensitivity
compared to the F528M alone, while SYSE partially suppressed R481G/T526L and
R481G/F528M, to a lower degree, sensitivity. Moreover, the current genetic system revealed
the ability of UapA-R481G, T526L, F528M, R481G/T526L and R481G/F528M to accumulate
different levels of 5FU. Finally, notice that none of the combined mutations affected proper
localization of UapA in the plasma membrane (right column).
Radiolabeled xanthine transport assays further confirmed the above observations
with all mutants containing the SYSE sequence, except F528M/SYSE, showing practically no
xanthine transport (Figure 3.9b). F528M/SYSE showed a very low but considerable transport
rate (15-20% of the wild-type; Figure 3.9b) that was apparently sufficient for conferring
growth (Figure 3.9a). Importantly, mutations in residues Arg481, Thr526, and Phe528 in a wildtype NAT context led to increased xanthine transport rates (Figure 3.9b). We also performed
uptake assays using radiolabelled uracil to test whether strains with increased capacity for
5FU accumulation, also have a capacity for uracil transport. Indeed mutants T526L,
R481G/T526L and R481G/F528M that possess a wild-type NAT motif showed detectable uracil
transport. Interestingly, the SYSE sequence apart from showing no uracil transport,
suppressed transport capacity of T526L, R481G/T526L and R481G/F528M. Thus, UapA
mutants carrying the SYSE sequence show an apparent inability to transport radiolabelled
uracil, despite their capacity to lead to significant 5FU accumulation. One explanation is that
this UapA version has high-affinity specifically for 5FU, but low affinity for uracil. Similar cases
are known to exist, such as the Lac permease which shows higher affinity for various chemical
analogues of D-galactopyranosides than its physiological substrates due to additional
interactions of substituted positions in the analogues [159,160].
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Figure 3.9. 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 3.7.
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 (0.1μM) 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 3.8A. Standard deviation is
depicted with error bars. (C) Comparative 3H-uracil (0.1 μM) transport rates in strains expressing UapA
mutant versions that conferred increased capacity for 5FU accumulation. Details are as in Figure 3.8A.
Standard deviation is depicted with error bars.

To test this possibility we performed again in vivo competition assays to follow in this
case ‘reversion’ of 5FU toxicity by increasing concentrations of uracil. Firstly, we performed
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growth tests with a 5FU concentration range (10-100 μΜ). All mutants except R481G, F528M,
R481G/SYSE and R481G/T526L/SYSE, that showed significantly reduced growth only at 100
μM, were very sensitive to 5FU at concentrations as low as 10 μΜ (Figure 3.10a left panel).
Using 100 μM 5FU as a standard concentration, we performed the in vivo competition assays
with a uracil concentration range of 10-1000 μΜ (Figure 3.10a right panel). In UapA versions
with mutations outside the NAT motif uracil suppressed toxicity at a concentration range of
50-100 μΜ, regardless of the toxicity level, which suggested that they recognize 5FU and uracil
with comparable affinities. Notice that R481G/F528M 5FU toxicity seems to be suppressed up
to 50-100 μM of uracil, but as uracil increased above that threshold toxicity became more
prominent. On the contrary, in mutants with the SYSE sequence 5FU toxicity was suppressed
only by 10-fold excess uracil (1000 μM) which suggested that the presence of the SYSE
sequence might lead to either low affinity for uracil or higher affinity for 5FU or both. To
address this issue directly, we estimated the Ki values for uracil and 5FU in F528M/SYSE, which
was the only combination of SYSE with other mutations that acquired a considerable transport
of radiolabeled xanthine. Figure 3.10b shows that F528M/SYSE recognized uracil and 5FU with
quite similar affinities (102 and 271 μM, respectively), while F528M alone did not alter Ki
values for these two substrates compared to the wild-type. Thus the presence of SYSE, at least
in the context of F528M does not make a significant distinction between uracil and 5FU.
F528M/SYSE contributed also to better binding of adenine (275 μΜ) but not hypoxanthine
and conserved high affinity for physiological substrates similar to wild-type UapA (Figure
3.10b), in line with growth tests (see Figure 3.9a). F528M alone did not affect significantly Ki
values also for adenine and hypoxanthine (Figure 3.10b), despite very low apparent
accumulation in growth tests (see Figure 3.9a). Ki values for novel mutations outside the NAT
motif were also measured (data for R481G and T526L mutants from [9,10] are shown for
comparison). Single mutants R481G and T526L did not affect significantly Ki values for
adenine, hypoxanthine and uracil whereas the double mutant R481G/T526L recognized uracil
with a moderate affinity (162 μM; Figure 3.10b). Similar results have been previously shown
for double mutants of Arg481 and Phe528 residues [9]. In the present analysis, 1000 μM of uracil
did not compete with the uptake of radiolabeled xanthine in the R481G/F528M mutant, but
the Km value for uracil, measured using 0,1 μM radiolabelled uracil, was 52 μΜ (shown in
Figure 3.10b with an asterisk). This unexpected finding may be interpreted by the presence of
a second binding site. In a previous study, docking calculations also indicated the existence of
a secondary binding site which includes Thr526 and Phe528, but the genetic analysis did not
support the docking findings [13].
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Figure 3.10. 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 μM 5FU toxicity by increasing concentration of uracil (range 10–1000 μM) in the mutants.
Growth conditions are as described in Figure 3.7. (B) Km (xanthine) or Ki (uric acid, adenine,
hypoxanthine, uracil, 5FU) values estimated via competitive inhibition assays of radiolabelled xanthine
uptake ([87]; see also Materials and methods) in selected mutants. The Km for uracil of the
R481G/F528M mutant using radiolabelled uracil is shown with an asterisk, next to the Ki value that was
measured using radiolabeled xanthine. Details are as described in Figure 3.7B. Results shown are
averages of triplicate measurements from 3 independent assays with a SD of < 20%.
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In an effort to find additional residues that interact functionally with the NAT
signature motif we investigated whether mutation of the equivalent residue to 408 from a Glu
to a Gln coincides with other mutations in NATs in the course of evolution. More specifically,
we explored if the presence of a Glu residue at position 408 “needs” the presence of a specific
residue in another position, in order for the SYSE sequence to be functional in the context of
UapA. For this we used correlated sequence conservation algorithms (BIS2Analyzer, see
Materials and methods) and we found that the analogous residue to 410 in NAT proteins is
conserved as an Asn only when the residue at position 408 is occupied by a Gln and when at
position 408 is a Glu (e.g. SYSE), 410 is occupied by variable aliphatic amino acids (see also
Figure 3.6a). Thus we combined SYSE with mutations N410I and N410V to test if this residue
has a ‘cryptic’ role in determining specificity in a context-dependent manner. Figure 3.11
shows that none of the mutations suppressed loss of transport capacity by SYSE but instead
resulted in a significant reduction in 5FU toxic accumulation. Notably, single N410V mutation
led to loss of apparent UapA transport activity of purines, while N410I had no effect on UapA
activity and specificity in respect to growth tests. The role of this residue has not been tested
before in UapA, whereas the equivalent residue in the bacterial homologue XanQ, Asn326, was
not essential for xanthine transport [92,93,161]. Additionally, studies in the bacterial
xanthine/uric acid transporters, UacT and SmXUacT, that conserve a Gln at the position 408
showed that the “opposite” mutations V312N and V320N (equivalent residue to 410) resulted
to functional inactivation [161,162]. Thus, re-establishment of the combination present
naturally in UapA is not compatible with transport activity in the context of those transporters,
further showing the complexity of epistatic interactions in NATs.

Figure 3.11. Growth tests of strains expressing UapA
carrying the SYSE NAT motif sequence genetically
combined with N410I and N410V. Details are as
described in Figure 3.7.
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3.2.4 Suppressor mutations conferring uric acid transport in UapA-SYSE support the
functional importance of Phe528 and reveal new residues critical for specificity
To further understand why SYSE leads to inability for purine transport and explore more about
the epistatic interactions that determine specificity in NATs, we performed standard UV
mutagenesis of the SYSE mutant. We selected genetic suppressors that restore UapAmediated transport activity and thus growth on media containing UA as the sole N source. We
obtained >50 suppressors and UapA ORF of 33 of them was amplified by PCR and sequenced.
All revertants included mutations within the uapA orf and their profile and position is
summarized in Table 3.1 and Figure 3.12a. Overall we got 7 different amino acid substitutions
that concerned four residues: Leu234, Glu408, Ala519 and Phe528. Mutation of Glu408 reverted the
SYSE sequence to SYSQ, which was expected to be isolated as it was earlier shown to confer
growth on UA (Figure 3.7a). Mutations in Phe528 were: F528C, F528I, F528S and F528V.
Mutations in this residue were also expected as F528S was selected previously as a suppressor
mutation of the cryosensitive Q408E [95]. Moreover, replacements of this residue with
aliphatic (Ala, Met) or polar amino acids (Ser, Thr, Gln or Asn) converted UapA into a
promiscuous purine-uracil transporter ([154] and Figure 3.9a). However we also got
unexpected mutations. A mutation that concerns residue Leu234 located in TMS5 (L234M) that
was also isolated as a suppressor mutation of a mutant with inefficient dimerization (see
Chapter 3.3) and A519P that has never appeared in previous genetic screens. Leu234 is close
to residues Phe460, Ala407, Phe155, Ile230 and Phe528 and might be a part of the substrate
translocation trajectory. Ala519 locates in TMS14, same as Thr526 and Phe528 that both affect
specificity, and has not been studied before. Introduction of a Pro residue at this position
might modify the positioning of these residues and thus affect specificity.
We analyzed the role of those mutations in function and specificity by growth tests
and uptake assays. All revertants grew on UA and X, albeit with different levels, with L234M
being the least efficient (Figure 3.12b). E408Q, as expected, grew exactly as in Figure 3.7a. In
addition, all mutants, except from L234M, grew well on adenine and resulted in increased 5FU
accumulation compared to the original SYSE mutant. Finally, only F528V and F528I
(moderately) showed significant growth on hypoxanthine. Uptake assays using radiolabelled
xanthine revealed that all revertants except from E408Q, have reduced transport rates (~1528% of wild-type levels), with L234M showing the lowest rate (Figure 3.12c). L234M did not
seem to significantly increase SYSE transport rate, despite conferring growth on xanthine. It
should be noted again that in growth tests, purines were added at higher concentrations (1–
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2 mM) to be used as nitrogen sources, compared with the uptake experiments (0.3–0.5 mΜ)
for technical reasons. Additionally, growth tests depict accumulation and not rate. Thus, any
mutation that reduces the affinity or the transport rate might exhibit very low transport rates

Figure 3.12. 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 (0.1μΜ) transport rates in suppressors. Details are as described in Figure
3.8A. Standard deviation is depicted with error bars. (D) Ki/m values (μM) determined using 3H-xanthine
uptake competition in suppressors. Details are as described in Figure 3.8B. 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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in uptake experiments, but can still allow growth on the corresponding substrate. Next, we
estimated the Ki values for all suppressors with significant transport activity (Figure 3.12d). All
suppressors showed reduced but relatively high affinity for UapA physiological substrates and
moderate affinities for other purines, uracil and 5FU with few exceptions of certain mutants
towards specific substrates. Given that mutations in Phe528 do not alter significantly the
affinity of substrates [154], we could assume that the SYSE sequence is, in principle, the
reason of acquisition of binding affinities for substrates. Thus, the SYSE sequence transforms
UapA into a promiscuous transporter, recognizing, apart from uric acid and xanthine, adenine
hypoxanthine, uracil and 5FU. However, combinations of mutations in Phe528 with Q408E
modified Ki values for adenine and hypoxanthine, compared to the single Q408E, revealing
possible epistatic interactions between those two residues [154].

3.2.5 Computational analysis gives insights on the specificity modifications of the
various NAT signature motif versions
To better understand the previous results we performed molecular simulations of proteinsubstrate interactions. We constructed models based on the structure of UapA in the inward
conformation for TFAE, SYSQ and SYSE and we focused on the differences in the binding
cavity. Firstly, we observed that in the presence of F406Y the pKa of Glu356 and Asp360 (TMS8),
that are critical for substrate binding, were modified. More specifically, in SYSE (and SYSQ
similarly) pKa of Glu356 rises from 7.5 (wild-type UapA) to 10.0, while pKa of Asp360 drops from
9.4 to 7.4. Considering that the previous experiments were performed at pH 6.8 Glu356 is
considered protonated, while Asp360 negatively charged in SYSE. Additionally, the phenolic
hydroxyl of Y406 forms a hydrogen bond with the Val153 backbone carbonyl (Figure 3.13a,b),
which 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 may contribute to the increased transport
capacity for 5FU seen in TYAQ and SYSQ and the slightly better binding of hypoxanthine and
adenine compared to the wild-type TFAQ (Figures 3.7 and 3.8).
Next, we used Induced Fit Docking (IFD) calculations to perform simulations of SYSE
interactions with substrates. We showed that the most energetically favorable binding
structure of uracil, exhibited a remarkable similarity to the crystal structure of uracil bound by
its natural transporter UraA [3] (Figure 3.13a) and a quite similar positioning resulted also
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Figure 3.13. Molecular Simulations of UapA-SYSE interactions with substrates (A) UapA-SYSE-uracil
and UraA-uracil interactions. Left panel: The UapA-SYSE-uracil interaction is stabilized by the formation
of four H-bonds (depicted as dashed lines) between N1H and N3H with Glu408 and Glu356 carboxylates,
respectively, C2=O with Ser407 hydroxyl group and C4=O with Phe155 backbone, as well as, a p-p stacking
formed between uracil with both Phe155 and Tyr406. Notice also that Tyr406 hydroxyl group forms a Hbond with Val153 backbone. Right panel: The UraA-uracil structure as resulted from X-ray
crystallography is presented for comparison [6]. (B) UapA-SYSE-5FU (left) and UraA-5FU (right)
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 Phe155 and Tyr406 rings. (C) Molecular Simulations of
UapA interactions with uracil (left) or 5FU (right).

for 5FU (Figure 3.13b). More specifically, uracil formed hydrogen bonds with the side chains
of Glu408, Glu356 and Ser407 and π-π stacking interactions with Phe155 and Tyr406. In UraA, uracil
formed exactly the same interactions except from the hydrogen bond with the equivalent to
Ser407 residue, as UraA conserves a glycine at this position. Notice that the F atom is located
in a hydrophobic cleft of the binding pocket where the C-F bond is parallel to both Phe155 and
Tyr406 rings, without affecting proper orientation of the uracil ring. Notably, these ligands
interact via a mirror-image orientation with wild-type UapA (Figure 3.13c), which does not
transport uracil or 5FU thus, uracil/5FU docking in SYSE and UraA is different from wild-type
UapA. However, UraA recognizes uracil with higher affinity than SYSE, suggesting that other
residues outside the major binding site may be also crucial for recognition or binding affinities
cannot be well predicted by modeling approaches.
We also performed IFD calculations to understand specificity changes towards
hypoxanthine in the NAT mutant versions. In all cases we present the lowest energy binding
modes of hypoxanthine in the various versions. It was shown before that in TFAE
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hypoxanthine inhibited xanthine transport with a relatively low Ki value (70 μM) but this
mutant could not transport hypoxanthine. In wild-type UapA Gln408 forms two H-bonds with
N1H and C2=O of xanthine, Glu356 forms one H-bond with N7H, Phe155 forms one H-bond with
N9 and Ala407 forms one H-bond with C6=O ([2] and Figure 3.14a). Hypoxanthine got a
completely different orientation interacting via C6=O with Gln408 and via N9H with Glu356
justifying why wild-type does not bind hypoxanthine (Figure 3.14b left panel). However, in
TFAE N9H of hypoxanthine interacted strongly with the two negative charges of Glu408 while
the C6=O group formed an H-bond with Ser154 and N1H interacted with the two positive
charged of Glu356 (Figure 3.14b central panel). The bond between N9H and Glu408 is so robust
that may inhibit transport explaining together with the topological disorientation within the
binding site why hypoxanthine is recognized with relatively high binding affinity but is not
transported. Finally, we performed simulations also for the SYSQ mutant that recognizes
hypoxanthine with low affinity (~1000 μΜ). SYSQ made more interactions than the wild-type
UapA that does not bind hypoxanthine via the protonated Glu356 with N3 and N9H of
hypoxanthine and via Gln408 with C6=O, possibly explaining low affinity (Figure 3.14b right
panel).

3.2.6 Phe528 dynamically interacts with the substrate binding site
Mutations in Phe528 were isolated several times in this work, but also previously, and Phe528
proved to be a key residue affecting specificity alone and in combination with mutations in
the NAT signature motif. Previous studies proposed that this residue is part of the outer gating
elements, controlling the selective passage of substrates [7,13]. In order to expand our
understanding on the functional role of this residue we constructed the model of the outward
conformation of UapA by homology modelling to the anion exchanger domain of Band 3
crystal structure. Band 3 or anion exchanger 1 (AE1), is a structural homologue of UapA, found
in human red blood cell membrane where it carries out chloride/bicarbonate anion (HCO3−)
exchange across the plasma membrane [163]. The crystal structure of the anion exchanger
domain has been recently resolved in an outward conformation and represents an excellent
model for the outward conformation of transporters operating by the elevator mechanism
[45]. In the inward conformation Phe528 is close to the substrate binding site at a ~6.00 Å
distance from Glu356 (Figure 3.15b). However in the outward modelled conformation Phe528
got closer at a ~3.50 Å distance interacting with Glu356 through p-electrons (Figure 3.15a).
Additionally, this distance remained stable through the 100 ns simulation, suggesting that is a
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quite stable interaction. This suggests that Phe528 interacts dynamically with the substrate
binding site and may explain why Phe528 mutations affect specificity in UapA.

Figure 3.14. Molecular Simulations of UapA mutants-substrate interactions. (A) Wild-type UapAxanthine interactions [2]. (B) Hypoxanthine interactions with UapA, UapA-TFAE and UapA-SYSQ.
Hypoxanthine forms two H-bonds with the UapA binding cavity, one between N9H and Glu356
carboxylate and the second between C6=O and Gln408 amide group. In UapA-TFAE, hypoxanthine N9H
and N1H both form H-bonds with Glu408, and Glu356 carboxylates, respectively, while C6=O forms Hbond with Ser154 hydroxyl group and Phe155 backbone. In UapA-SYSQ hypoxanthine interaction Glu356 is
protonated. Hypoxanthine H-bond interactions with the binding cavity are between N9H, N3 and Glu356,
as well as, between C6=O and Gln408.

3.2.7 Conclusions
The NAT signature motif in TMS10 is known to be critical for substrate binding and specificity.
We showed in the previous chapter that this motif might contribute to the evolution of
substrate specificity in the NAT family. Here we decided to functionally analyze NAT motif
versions found in several NATs by constructing a series of UapA mutants. Those mutants were
expressed in a novel genetic system that allows the characterization of an extended specificity
profile and revealed context-dependent cryptic roles of residues in the NAT motif. We showed
that SYSQ is a promiscuous UapA version while SYSE leads to loss of transport capacity for
purines but gained a capacity for toxic 5FU accumulation in the context of UapA. In UapA-SYSE
uracil is well stabilized getting a docking position, similar to the UraA, not seen in wild-type
UapA. UV mutagenesis of the SYSE mutant revealed new residues that affect specificity, those
are Leu234 and Ala519. Combination of SYSE with mutations in Leu234, Ala519 and Phe528 led to a
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transporter able to translocate purines, uracil and 5FU. Finally, computational analysis
proposed that Phe528 interacts dynamically with the substrate binding site and more
specifically with Glu356.

Figure 3.15. UapA outward conformation. (A) The model constructed using Band3 as template is shown
mainly focusing on the interaction between Phe528 and Glu356. The Glu356 carboxylate group remains
almost parallel to the Phe528 phenyl ring (3.5 Å) during the 100 ns MD simulation. (B) The corresponding
distance in the inward conformation is much higher (pdb structure 5i6c).

3.3. Specific residues in a purine transporter are critical for dimerization,
ER exit, and function
Adapted from Kourkoulou, A., Grevias, P., Lambrinidis, G., Pyle, E., Dionysopoulou, M., Politis,
A., Mikros, E., Byrne, B. & Diallinas, G. Genetics. 213, 1357-1372 (2019).

3.3.1 Rationale of the study
Functional and structural dependence of transporters on specific membrane lipids has only
recently been explored in detail. Recently, native mass spectrometry (MS) showed that the
UapA dimer co-purified with lipids, mostly phosphatidylcholine (PC), phosphatidylinositol (PI)
and phosphatidylethanolamine (PE), but delipidation caused dissociation into monomers [12].
Addition of either PI or PE restored the UapA dimer suggesting that these lipids have a
stabilizing effect on this form of the transporter. Molecular dynamics predicted a specific lipid
binding site in the dimer interface that is formed by three positively charged residues, Arg287,
Arg478 and Arg479. Triple-alanine replacement of these arginines revealed that these residues,
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and pottentially lipid binding at this site, are critical for the formation of functional dimers.
Molecular dynamic simulations predicted that, apart from the dimer interface, lipids might
also bind on the opposite side of the mobile core domain of UapA. Here, we performed genetic
screens in order to investigate further the role of residues Arg287, Arg478, and Arg479 in UapA
dimer formation and/or stability, and study the role of the predicted lipid binding residues
that map in the core domain.

3.3.2 Arg287, Arg478, and Arg479 are crucial for ab initio dimerization of UapA in the ER
network
Previous studies proposed that UapA dimers are formed at the ER and dimerization is essential
for subsequent membrane trafficking [124]. However, residues Arg287, Arg478 and Arg479 are
critical for dimer formation but not trafficking to the plasma membrane (PM). The triple
R287A/R478A/R479A mutant could either result to inability for dimerization at the ER or
dimer disruption at the PM. In other words, these residues could either be essential for the
ab initio formation of dimers at the ER or UapA dimerization occurs at the ER, dimers travel to
the PM and dissociate due to loss of specific lipid interactions. To test those scenarios we used
a previously described BiFC assay [124] adapted to follow the trafficking of de novo-made
UapA by performing time-course experiments in strains expressing UapA under the
regulatable alcAp promoter [164]. Conidiospores of a strain containing two copies of the alcApuapA gene, tagged at either the N- or the C-part of the yfp ORF, were allowed to germinate
overnight under conditions that repress UapA transcription (Glucose MM, see also Materials
and Methods) until young hyphae developed. Then culture shifted to a derepression medium
(Fructose MM) and hyphae were observed at specific time-points for 1-4 h. Figure 3.16a shows
that in 3 h after derepression we detected reconstitution of split-YFP fluorescence at the ER
network in the strain expressing wild-type UapA. At the same point for the triple
R287A/R478A/R479A mutant we detected fluorescence at the ER network but the intensity
was very weak. After 4 h of derepression both wild-type UapA and R287A/R478A/R479A
marked the PM, but again the signal from R287A/R478A/R479A was weak as expected from
previous studies [12]. Therefore, the triple mutant significantly reduced UapA dimerization at
the ER, but the transporter was able to travel and reach the PM as judged by the normal PM
localization of R287A/R478A/R479A tagged with intact GFP (Figure 3.16b). Thus, in this case
either UapA monomers can be secreted to the PM or R287A/R478A/R479A do not lead to
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total loss of dimerization but results to inability for functional dimerization that is needed for
proper reconstitution of split-YFP but is redundant for the trafficking mechanism.

Figure 3.16. Residues Arg287, Arg478 and Arg479
are crucial for ab initio dimerization of UapA in
the ER. (A) Bimolecular complementation (BiFC)
analysis of de novo expressed UapA and the
R287A/R478A/R479A mutant, expressed via the
alcAp promoter in the presence of nonrepressive carbon (fructose) and NO3 as nitrogen
source, for 1, 3 and 4h. Mutant constructs tagged
with the individual YFP domains were coexpressed in A. nidulans. Upon UapA
dimerization the YFP is reconstituted. YFP
fluorescence was visualized by epifluorescence
inverted microscopy. (B) Localization of the GFPtagged UapA constructs.

3.3.3 Genetic suppressors of the triple R287A/R478A/R479A mutant map in the core
or dimerization domains and re-establish UapA dimerization
In order to expand our understanding on the molecular basis of how these residues affect
dimerization, we performed standard UV mutagenesis of triple mutant R287A/R478A/R479A
in order to select genetic suppressors that restore UapA-mediated transport activity and thus
growth on media containing uric acid as the sole N source. We obtained >50 suppressors and
the UapA ORF of 38 of them was amplified by PCR and sequenced. Table 3.2 summarizes the
profile of the suppressor mutations obtained. Overall we got 13 different amino acid
substitutions, in 10 different residues, 8 in the core domain of UapA, and 2 in the gate domain
(Figure 3.17a). Growth tests showed that all revertants were able to grow on uric acid and
xanthine, both in 25°C and 37°C, and also some of them showed moderate growth on adenine
or hypoxanthine (compared with the strain expressing wild-type UapA; Figure 3.17b). In
addition, almost all suppressors were sensitive, albeit at a different degree, to oxypurinol, a
toxic xanthine analogue. Comparative uptake assays further showed that most suppressors
have a positive effect on the low transport rate of the genetic background of triple mutant
R287A/R478A/R479A with E286Q (~70%) and E286K (~51%) obtaining the highest transport
rates (Figure 3.17c). However, the effect of some suppressors (L192F and T401F) was marginal
despite conferring growth on xanthine, again probably due to the differences between the
two assays explained before (see Chapter 3.2.2 and 3.2.4). We also estimated the
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Figure 3.17 Genetic suppressors of R287A/R478A/R479A localized in the core and the dimerization
domain of UapA partially restore UapA function. (A) Topology of amino acids modified in
R287A/R478A/R479A suppressors. Core domains are colored light blue, and dimerization domains red
and green for clarity. Substituted amino acids in the original mutant strain are shown with blue spheres,
and in the suppressors with green and pink (Thr401) spheres. (B) Growth tests of R287A/R478A/R479A
suppressors on UapA physiological substrates. Control strains are strains with total genetic deletions in
all major purine transporters (ΔACZ; negative control), referred in the figure as uapA-, and a ΔACZ
transformant expressing wild-type uapA–gfp (uapA+; positive control). All suppressor strains and the
original R287A/R478A/R479A strain are isogenic to the negative and positive control strains, and
express UapA from single-gene copies of uapA tagged with GFP. All strains were grown in minimal
media containing 10 mM nitrate (NO3), 0.5 mM uric acid (UA), or 1 mM xanthine (X) as a nitrogen source
at 25°C (left panel) or 37°C (right panel). RRR depicts the R287A/R478A/R479A original genetic
background. (C) Relative 3H-xanthine transport rates of R287A/R478A/R479A and R287A/R478A/R479A
suppressors expressed as percentages of initial uptake rates (V) compared to the wild-type (uapA+) rate.
Km values (μΜ) for xanthine are shown at the top of histograms. Results are averages of three
measurements for each concentration point. SD was less than 20%.
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approximate Km values of several suppressors (Figure 3.17c, on top of histograms) and we
showed that none of the suppressors affect significantly xanthine affinity. Km values measured
before for the original R287A/R478A/R479A mutation and wild-type UapA are shown for
comparison [12].
Suppressors of R287A/R478A/R479A could either restore functional dimerization or
lead to functional UapA monomers. To test these two alternatives, we used again the
previously described adapted BiFC assay (see Chapter 3.3.2 and Materials and Methods). We
selected three R287A/R478A/R479A suppressors, one of each domain (I157F and L234M) and
T401P that was isolated again as a suppressor (see later on Chapter 3.3.5), and we followed
UapA dimerization of de novo made UapA. Figure 3.18 shows that all suppressors studied
increased reconstitution of split-YFP fluorescence, at both the ER and the PM, compared to
the original R287A/R478A/R479A mutant supporting that suppressors restored function by
restoring dimerization.

Figure 3.18. Genetic suppressors R287A/R478A/R479A
re-establish
UapA
dimerization.
Bimolecular
complementation (BiFC) analysis of de novo expressed
UapA,
R287A/R478A/R479A
and
selected
R287A/R478A/R479A suppressors, I157F, L234M and
T401P, expressed via the alcAp promoter in the presence
of non-repressive carbon (fructose) and NO3 as nitrogen
source, for 1, 3 and 4h. Mutant constructs tagged with the
individual YFP domains were co-expressed in A. nidulans.
Upon UapA dimerization the YFP is reconstituted. YFP
fluorescence was measured by epifluorescence inverted
microscopy. RRR depicts R287A/R478A/R479A.

3.3.4 MD provides a structural rationale for the effect of suppressor mutations on
UapA stability and function
In order to understand the role of the suppressor mutations in UapA dimerization we
examined their involvement in interactions and performed short MD simulations based on the
UapA crystal structure. Most of the substitutions concerned residues located in the movable
core domain (in TMS2, TMS3, TMS4, TMS9, TMS10 or TMS11). The core domain consists of
two layers of transmembrane helices: TMS1, TMS3, TMS8, and TMS10 in the inner part in
111

contact with the dimerization domain, and TMS2, TMS4, TMS9, and TMS11 in the outer part
in contact with the membrane lipids. These two layers are stabilized through an extended
network of hydrophobic interactions and certain key polar interactions, mainly related to the
residue Asn388. Most suppressor mutations are located between these two transmembrane
layers (Figure 3.19a and b). Ser119, Val153, Ile157, Leu192, Thr401, and Leu431 interact with each
other and with many residues of this network or are located between them. More specifically,
Leu192 interacts with Tyr189 (TMS4), Τhr401 (TMS10), Ιle157 (TMS3), Phe165 (TMS3), Ile101 (TMS1),
Ile193 (TMS4), and Ile346 (TMS8). Similarly, Ile157 interacts with Ile101 (TMS1), Τhr401 (TMS10),
Pro402 (TMS10), Val349 (TMS8), Ile346 (TMS8), and Leu192 (TMS4). Thr401 is located in the center
between the two TMS layers of the core domain and interacts with Tyr189 (TMS4), Leu192
(TMS4), Ile193 (TMS4), Val153 (TMS3), Ιle157 (TMS3), and Ile101 (TMS1). Val153 is surrounded by
Thr401 (TMS10), Pro97 (TMS1), Val94 (TMS1), Met400 (TMS10), Ser119 (TMS2), Met403 (TMS10),
and Cys123 (TMS2). On the opposite side, the Ser119 side chain is located in the middle between
Val153 (TMS3), Val94 (TMS1), Met400 (TMS10), and Cys123 (TMS2). Finally, Leu431 is located
between Ala87 (TMS1), Met90 (TMS1), and Leu120 (TMS2). The suppressor mutations, and more
particularly S119T, V153T, L192F, T401F, and L431F, seem to enhance the above-mentioned
interactions and mainly stabilize the core domain. To confirm this hypothesis, we constructed
models of selected suppressor mutations (I157F, T401F, L192F and L431F) that were subjected
to geometry optimization and we performed short MD calculations. Figure 3.19, c–f, shows
that the phenyl moieties of the mutated residues I157F, T401F, L192F and L431F are placed in
the space between the other lipophilic residues, increasing hydrophobic interactions between
TMS8, TMS3, TMS4, and TMS10. Regarding S199T, introduction of a methyl group will also
enhance, albeit to a lower degree, interactions with Val153 (TMS3) and Met400 (TMS10). Finally,
V153T introduces a new hydrogen bond with Ser119, that interacts with the backbone of Val94,
creating a hydrogen bond network between TMS3, TMS2, and TMS1. These findings suggest
that suppressor mutations by strengthening hydrophobic interactions between the two
transmembrane layers, stabilize the motile core domain. Thus, the stabilization of the moving
part of the monomeric unit probably stabilizes also the dimer and partially restores function.
Apart from the core domain, suppressor mutations concern also residues, Leu234 and
Glu286, in the dimerization domain. Glu286 is located at the end of the cytoplasmic-facing part
of TMS6 next to the mutated Arg287. Suppressors E286K and E286Q, as they introduce
positively charged residues probably replace directly the interactions with lipids of the nearby
mutated Arg287 (i.e., in R287A). This is also supported by the fact that the double mutant
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Figure 3.19 Molecular dynamics provide a structural rationale for the effect of suppressor mutations
on UapA stability and function. (A) Ribbon representation of UapA monomer. The core domain is
colored blue and the gate domain red. Topologies of type I suppressors on UapA crystal structure are
depicted with black spheres. (B) Detailed view of the topology of Thr401 and amino acids within 4 Å,
including residues mutated in suppressors in black lettering (see text). The substrate (xanthine) is also
shown. (C)-(F). Detailed view of I157F, T401F, L192F, and L431F mutations and amino acids within 4 Å.

R478A/R479A is functional at 37°C and that these suppressor mutations confer the highest
transport rates (Figure 3.17c). Alternatively, these mutations could restore UapA-mediated
transport activity by enhancing interactions between the monomers. Finally, Leu234 faces the
core domain and interacts mainly with Ile158 that is located in the core domain (TMS3). Thus
L234M could increase the strength of interactions between the dimerization and core
domains.

3.3.5 Arg133 and Arg421 are essential for ER exit, function, and lipid-dependent
stability
MD simulations predicted that, apart from the dimer interface, lipids might also bind to other
the cytosolic-facing residues located on the outside, membrane-facing part of the core domain
of the UapA dimer. These residues could interact with non-annular/specific or annular lipids
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and are Lys73, Arg133, Tyr137, Lys138, Lys212 and Arg421 [12]. Lys73 is in the N-terminus just
upstream of TMS1, Arg133, Tyr137, and Lys138 in the L2 loop, Lys212 in helix 1H of L4 and Arg421 in
the border of L10 with TMS11 (Figure 3.20a). Arg421 is highly conserved in all NATs, whereas
Lys73, Arg133, and Lys212 are conserved only in fungal NATs. On the contrary Tyr137 and Lys138
are not conserved. To explore the potential role of these interactions we generated a range
of single, double and triple mutants of the predicted binding residues with C-terminal GFP tags
(K73A, R133A, Y137A, K212A, Y137A/K138A, K73A/R421A, K73A/R133A/R421A). We
transformed these constructs into the ΔACZ A. nidulans strain. Most mutants grew normally
on uric acid or xanthine, except from the double R133A/R421A and the triple
K73A/R133A/R421A mutants that were unable to grow on either uric acid or xanthine, at
either 25°C (not shown) or 37°C (Figure 3.20b). Fluorescence microscopy revealed that loss of
transport activity of the double R133A/R421A and the triple K73A/R133A/R421A mutants is a
result of impaired UapA trafficking as they showed almost complete and total ER-retention
respectively (Figure 3.20b right panel). Additionally, among the functional mutant versions
the single R133A and the double K73A/R133A and K73A/R421A mutants exhibited moderate
ER-retention. Comparative uptake assays also confirmed the results of the growth tests and
the microscopy as R133A/R421A and K73A/R133A/R421A showed no transport activity
(Figure 3.20c). All the other mutants, except from the K73A/R133A which exhibited
significantly reduced transport, showed transport rates similar to the wild-type. For the
K73A/R133A mutant we also measured the Km value for xanthine that was not affected
suggesting that reduced transport is not assigned to reduced substrate binding. Overall, Arg133
and Arg421 proved very important for UapA function and sorting to the PM, while Lys73 was
critical for trafficking, when present in the context of R421A, and function, when present in
the context of R133A.
For the K73A/R133A/R421A mutant that exhibited total ER-retention we investigated
its ability to dimerize. For this, we employed the BiFC assay, as described before for the
R287A/R478A/R479A mutant and its suppressors. Figure 3.20d shows that 3 h after expression
a weak YFP fluorescence signal was detected suggesting that the K73A/R133A/R421A mutant
could apparently dimerize at the ER and thus dimerization is not sufficient for the trafficking
process. After 4 h a stronger signal was visible at the ER network confirming again problematic
sorting of this mutant. This finding together with the observation that reduction of
dimerization of the R287A/R478A/R479A mutant at the ER did not affect proper ER exit and
sorting to the PM suggests that functional dimerization of UapA and recognition by the
trafficking mechanism are not necessarily related. We also tried to purify the
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K73A/R133A/R421A protein in order to investigate the oligomeric states of UapA by native
MS as performed for the R287A/R478A/R479A mutant [12] but the protein was prone to
aggregation and highly unstable (Figure 3.21). The instability observed upon purification in
contrast with the stability in total extracts may suggest that instability is a result of lipids
removal.

Figure 3.20 Arg133 and Arg421 are essential for ER exit, function, and lipid-dependent stability. (A)
Topology of the predicted lipid-binding sites near the dimer interface (blue) and those in the
membrane-facing regions (red) of the UapA dimer. (B) Growth tests of A. nidulans strains in minimal
media supplemented with nitrate (NO3), uric acid (UA), or xanthine (X) as a nitrogen source at 37°C (left
panel). Control strains and concentrations of supplements are as in Figure 3.17. All UapA mutant strains
are isogenic to the negative and positive control strains, expressing uapA alleles tagged with gfp.
Inverted fluorescence microscopy images show localization of the GFP-tagged UapA constructs (right
panel). (C) Relative 3H-xanthine transport rates of UapA mutants expressed as percentages of initial
uptake rates (V) compared to the wild-type (uapA+) rate. 3H-xanthine uptakes were performed at 37°C.
The Km value (μM) for xanthine for mutant K73A/R133A is indicated by a blue arrow. The results are
averages of three measurements for each concentration point. SD was 20%. (D) Bimolecular
complementation analysis of the K73A/R133A/R421A UapA mutant, performed as previously described
in Figure 3.16 and Figure 3.18. Notice that the K73A/R133A/R421A mutant retains the ability to
reconstitute a fluorescent signal in the ER, but not in the plasma membrane.
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Figure 3.21. Purification of UapA
K73A/R133A/R421A (a) SEC profile of
the mutant. Fractions used for SDSPAGE gel lanes are indicated. (b) SDSPAGE gel from SEC. Gel lanes 1-2:
Aggregate; 3-5: Possible UapA. Note
the smear at the top of lanes 1 and 2
due to aggregated protein.

3.3.6 Substitution T401P partially restores K73A/R133A/R421A sorting to the PM
and function
In order to expand our understanding on the possible core-lipid interactions, we performed
UV mutagenesis, as described before, to obtain suppressors that restore growth of the triple
K73A/R133A/R421A mutant on uric acid. We obtained 10 suppressors that all contained the
same mutation, namely T401P (Figure 3.22a), which was isolated among the suppressors of
the R287A/R478A/R479A mutant. Based on these findings and in order to explore the role of
T401 in UapA function, we also constructed by directed mutagenesis the T401P mutation, in
a wild-type uapA genetic context. Figure 3.22b shows that both T401P and
K73A/R133A/R421A/T401P were able to grow on uric acid and xanthine, both at 25°C (not
shown) and 37°C. Additionally, none of the mutants conferred growth on adenine or
hypoxanthine. Fluorescence microscopy revealed that T401P suppressed partially
K73A/R133A/R421A sorting to the PM and transport activity as single copy transformants of
K73A/R133A/R421A/T401P still showed a major degree of ER-retention (Figure 3.22b right
panel) and significantly reduced transport rates (Figure 3.22c). However high copy
transformants confirmed that trafficking to the PM and transport were significantly restored.
T401P by itself did not affect UapA localization to the PM and behaved nearly as well as a wildtype UapA (~70% transport rates).
As the K73A/R133A/R421A protein was unstable upon purification, we decided to see
if

we

were

able

to

isolate

the

K73A/R133A/R421A/T401P

protein.

Indeed,

K73A/R133A/R421A/T401P protein was fairly stable but native MS showed that was mostly
monomeric with only a small amount of the protein forming dimers (Figure 3.23). This is
inconsistent with the fact that the K73A/R133A/R421A mutant was able to dimerize based on
the results of the BiFC assay, as this would mean that T401P in the context of
K73A/R133A/R421A also results in dimer unfolding. However, at the same time T401P
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restored R287A/R478A/R479A dimerization, thus the definite effect of the T401P mutation in
respect to K73A/R133A/R421A dimerization remains unclear.

Figure 3.22 Substitution T401P partially restores the lipid-dependent functional defects of
K73A/R133A/R421A. (A) Topologies of amino acids modified in K73A/R133A/R421A suppressors. Core
domains are colored light blue, and dimerization domains red and green. Mutated amino acids in the
original strain are shown with red spheres and in the suppressor with pink spheres. (B) Growth tests of
K73A/R133A/R421A suppressors in minimal media supplemented with nitrate (NO3), uric acid (UA), and
xanthine (X) as nitrogen sources at 37°C (left panel). Control strains and supplement concentrations are
as in previous Figures. All mutants are isogenic to the negative and positive control strains, expressing
uapA alleles tagged with GFP. Inverted fluorescence microscopy images show localization of the GFPtagged UapA constructs (right panel). KRR depicts K73A/R133A/R421A, sc depicts single copy
transformants and hc depicts high copy transformants. (C) Relative 3H-xanthine transport rates of UapA
mutant versions expressed as percentages of initial uptake rates (V) compared to the wild-type (uapA+)
rate. 3H-xanthine uptakes were performed at 37°C. Km values (μM) for xanthine are shown. Results are
averages of three measurements for each concentration point. SD was 20%.

3.3.7 Conclusions
It is becoming clear that the composition of lipid bilayers affects many aspects of transporter
life such as folding, oligomerization state, turnover and function [106,115–117,165–168].
Previous studies on the eukaryotic transporter UapA revealed that removal of tightly bound
lipids causes dissociation of the dimer into a monomer. This result was reversed by addition
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Figure 3.23. Purification and native MS of UapA K73A/R133A/R421A/T401P (a) SEC profile of the
mutant. Fractions used for SDS-PAGE gel lanes are indicated with labels. (b) SDS-PAGE gel from SEC. Gel
lanes 1-2: Aggregate; 3-8: Possible UapA. The peak at 13 mL is due to DDM eluting from the column. (c)
Native mass spectrum of UapA K73A/R133A/R421A/T401P with monomer and dimer peaks indicated.
(d) Relative abundance of monomer and dimer was calculated using UniDec [126]. Average abundance
was calculated from three repeats carried out under identical conditions in the mass spectrometer.

of PIs or PEs. MD simulations predicted lipid binding sites that located in different regions of
the protein. Mutagenesis of the predicted lipid-binding site at the dimer interface that is
formed by the residues Arg287, Arg478, and Arg479, abolished UapA dimerization and function.
Here we decided to understand more about the role of the residues Arg287, Arg478, and Arg479
in UapA dimer stability and function and explore the potential role of other predicted lipidbinding residues located in the opposite side of the core domain. Genetic suppressors of the
triple R287A/R478A/R479A mutant that restored UapA-mediated transport activity mapped
both in the core and the dimerization domain. MD proposed that suppressors in the core
domain enhanced hydrophobic interactions increasing stability while suppressors in the
dimerization domain could either increase the strength of interactions between the two
domains or replace interactions with lipids of the mutated Arg287. In parallel, Lys73, Arg133, and
Arg421, exposed proved to be essential for ER exit and sorting to the PM, but not for the initial
formation of dimers at the ER. Problematic sorting of the K73A/R133A/R421A mutant was
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rescued only by the mutation T401P that surprisingly restored both ER exit of the
K73A/R133A/R421A mutant and dimerization of the R287A/R478A/R479A mutant. It still
remains quite unclear how T401P suppress problematic ER exit, as the molecular basis of the
trafficking defect is not understood at the moment. However we can hypothesize that loss of
core-lipid interactions results in structural destabilization that is partially restored by
enhancing the network of the hydrophobic interactions that stabilize the two transmembrane
layers of the core domain.

3.4 Expression of mammalian NAT homologues in A. nidulans
Includes results from Kourkoulou, A., Grevias, P., Lambrinidis, G., Pyle, E., Dionysopoulou, M.,
Politis, A., Mikros, E., Byrne, B. & Diallinas, G. Genetics. 213, 1357-1372 (2019).

3.4.1 Rationale of the study
Knowledge on structure function relationships of mammalian transporters is limited despite
their biological and medical importance. This is mainly due to the technical complications that
accompany their study. Fungi offer many advantages as heterologous expression hosts for
mammalian membrane proteins as they are much easier to handle. Both A. nidulans and S.
cerevisiae have been successfully used to express plant solute transporters [169–172].
However long-standing efforts of our group and many others have failed to functionally
express metazoan solute transporters in model fungi, as they are retained at the ER probably
because of the differences in the membrane environment or recognition inability by the
trafficking mechanism. Here we made use of the information we obtained about transporterlipid interactions described in the previous chapter and try to achieve the functional
expression of metazoan NAT transporters in A. nidulans.

3.4.2 Manipulation of a residue topologically equivalent to T401P leads to functional
expression of a mammalian NAT homolog in A. nidulans
In order to understand more about the evolution of substrate specificity in the NAT family, we
tried to functionally express characterized NAT homologues in A. nidulans and study structurefunction relationships. At first, we decided to express the well characterized NAT homolog
from rat, rSNBT1 that is a rather promiscuous Na+ symporter specific for pyrimidines (uracil
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and thymine) and purines (hypoxanthine, guanine, xanthine, and uric acid) [4,173]. Previous
attempts to express rSNBT1 or rSNBT1/UapA chimeric transporters in A. nidulans or S.
cerevisiae have failed, always due to total ER retention (C. Gournas, S. Amillis, B. Byrne, and
G. Diallinas, unpublished data). Furthermore, attempts, via isolation of genetic suppressors,
to restore rSNBT1 ER-exit and translocation into the PM were unsuccessful. Based on the fact
that Thr401 (T401P) proved to be a key residue in restoring defects in UapA subcellular sorting
and function that may be related to loss of lipid interactions, we thought that by manipulating
the topologically equivalent to Thr401 residue in rSNBT1 we might achieve its functional
expression. For this reason we built a structural model of rSNBT1 by homology threading using
the available UapA crystal structure and found that the equivalent residue to Thr401 of UapA
is Asn390 (Figure 3.24a). Notably, we found that this residue is conserved in all metazoan NAT
members irrespective of their specificity and what clearly distinguishes metazoans from fungi
in this region is the replacement of the Asn390 with a Thr and the Gly391 with a Pro.
Based on the above we transformed Δ7 A. nidulans strains with rSNBT1 versions
containing substitutions N390T, N390P and G391P expressed via the gpdA promoter. Figure
3.24b shows that similarly to the negative control (Δ7), strains expressing wild-type rSNBT1 or
the N390P and G391P mutants did not grow on purines and were resistant to 5FU but the
strain expressing the N390T mutant was obviously sensitive to 5FU. Notably, 5FU sensitivity
of this strain was Na+ dependent, compatible with the physiological mechanism of rSNBT1
functioning, as sensitivity was reversed when we significantly reduce Na+ in the medium
(Figure 3.24c). Notice that in growth tests presented in Figure 3.24c we used proline as a nonrepressing N source in order to avoid addition of Na+ present in NaNO3 that was used in all
other experiments. Moreover, sensitivity was significantly inhibited by the presence of excess
hypoxanthine, uracil and thymine that are considered substrates of rSNBT1 but not adenine
(Figure 3.24b). Contrary to the above observations, rSNBT1-N390T did not confer growth on
any purine tested (see later). Uptake assays using radiolabeled uracil further confirmed the
previous results as N390T increased uracil accumulation compared with wild-type rSNBT1
although transport capacity was low (Figure 3.24d). Furthermore, uracil uptake was Na+
dependent and was inhibited by excess uracil, hypoxanthine, guanine and thymine but not
xanthine and adenine while inhibition by uric acid was moderate. Xanthine failed to inhibit
5FU sensitivity and uracil accumulation even though is also considered as an rSNBT1 substrate.
Considering all the previous results this can be due to the different membrane environment
(i.e. heterologous expression) which can affect structure and kinetics.
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Figure 3.24. Manipulation of a residue topologically equivalent to T401P leads to functional
expression of a mammalian NAT homolog in A. nidulans. (A) Homology modeling of the topology of
rSNBT1, constructed using, as described in the Materials and Methods, the inward-facing conformation
of the crystal structure of the UapA dimer. The two mutated and functionally analyzed residues, Asn390
and Gly391, are shown as black spheres. The location of uracil, the major substrate of rSNBT1, is also
depicted, as determined by dynamic docking (left panel). In the right panel, a zoomed-out picture of
the substrate-binding site depicting the major interactions of uracil with specific residues. (B) Growth
tests of isogenic A. nidulans strains expressing a single copy wild-type rSNBT1 or its mutated versions
rSNBT1-N390T, rSNBT1-N390P, and rSNBT1-G391P. A negative control strain (i.e., the recipient Δ7
strain that has null activity for nucleobase transport; see text) is included for comparison. Growth tests
were performed at 37°C on minimal media supplemented with Na+ (100 mM NaCl); 10 mM NaNO3 was
used as a control nitrogen source unrelated to purine transport activities in all tests scoring
resistance/sensitivity to 5FU (rows 1–7). Rows 3–7 represent in vivo competition assays scoring the
ability of excess purines (2 mM) to compete with the uptake of 5FU (100 μΜ), and thus revert 5FU
sensitivity. Χ is xanthine, A is adenine, T is Thymine, HX is hypoxanthine, and U is uracil. Notice that T,
HX and U competed with 5FU uptake and suppressed sensitivity. Growth was also scored on minimal
media containing UA (uric acid), X, or HX as sole nitrogen sources, none of which supported growth of
the strains tested (three last rows). (C) Growth tests of A. nidulans of the same strains as in (A), on
minimal media plus proline as a sole nitrogen source, supplemented or not with 100 mM NaCl. Notice
that rSNBT1-N390T-mediated 5FU sensitivity is dependent on the presence of Na + supplementation.
Notice also that in the presence of proline as a nitrogen source, the wild-type rSNBT1 allele confers very
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moderate sensitivity to 5FU. (D) Left panel: 3H-uracil (0.1 μΜ) accumulation in strains expressing rSNBT1
and rSNBT1-N390T, performed in the presence or absence of 100 mM Na +, and in the presence or
absence of excess (2 mM) unlabeled nucleobases, after a period of 10 min incubation with radiolabeled
substrate. 3H-uracil accumulation in rSNBT1-N390T in the presence of 100 mM Na+ and absence of
unlabeled nucleobase is arbitrarily taken as 100%. Right panel: relative 3H-uracil transport accumulation
in Δ7 (negative control), rSNBT1, or rSNBT1-N390T strains as a time course. Uptake results are averages
of three measurements for each concentration point. SD was 20%. (E) Inverted fluorescence
microscopy images showing the subcellular localization of the GFP-tagged rSNBT1 and rSNBT1-N390T
constructs. Notice that the strains used for microscopy are identical to those used in growth tests and
uptake assays, as in all cases rSNBT1 sequences were tagged C-terminally with GFP (see Materials and
Methods).

Epifluorescence microscopy showed that N390T restored rSNBT1 sorting partially, as it still
showed a major degree of ER-retention (Figure 3.24e).
To further confirm that the phenotype observed in the corresponding transformants
of rSNBT1-N390T is due to the transporter protein, we analyzed the meiotic progeny of an
rSNBT1-N390T transformant. A. nidulans undergoing meiosis during a process called “selfing”
[84] are prone to high recombination rates that often lead to the loss of sequences introduced
by transformation. Analysis of 28 meiotic progenital colonies of an original rSNBT1-N390T
transformant showed that all 21 colonies that conserved the original sensitivity to 5FU
exhibited a GFP signal (not shown) from rSNBT1-N390T (Figure 3.25). On the contrary, the
other 7 colonies that appeared to be 5FU-resistant lost the fluorescent signal confirming that
5FU toxicity is rSNBT1 dependent.

Figure 3.25. Co-segregation of 5-FU sensitivity with genetic loss of rSNBT1-N390T activity. The figure
shows a growth test on minimal media, supplemented with 100 NaNO3 mM or 100 mM NaNO3 plus 100
μM 5-fluorouracil (5-FU) of 29 meiotic progeny colonies originating from individual ascospores from a
‘selfed’ cleistothecium of a strain that contained a genome-integrated single plasmid copy of rSNBT1N390T. Isogenic control strains are a strain with total deletions in all major purine transporters (Δ7
negative control), a Δ7 transformant expressing rSNBT1-N390T-gfp and a standard wild-type strain
expressing all known purine transporters. Notice that 8 colonies are resistant to 5-FU, contrasting the
sensitivity of the parental strain. These colonies were subsequently shown to have lost the rSNBT1N390T sequences, apparently due to genetic excision of integrated plasmid sequences, a frequent
meiotic phenomenon in A. nidulans.
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We also tried to functionally express the ascorbate-specific NAT from human hSVCT1
carrying similar mutations with the ones that allowed successful functional expression rSNBT1
in A. nidulans. The topologically equivalent critical residue (i.e the one that corresponds to
Thr401 in UapA) in hSVCT1 is Asn377. We thus constructed and analyzed Δ7 A. nidulans strains
expressing wild-type hSVCT1 or mutated versions with substitutions N377T and N377P
expressed via the gpdA promoter. Figure 3.26 shows that in this case the Asn377 substitutions
did not confer growth on purines or sensitivity to 5FU. Additionally, they did not confer any
growth phenotype on media containing L-ascorbate (not shown). In vivo epifluorescence
microscopy showed that hSVCT1 remains trapped in the ER network.

Figure 3.26. Manipulation of the
residue topologically equivalent to
T401P in hSVCT1. Details are as
described in Figure 3.25.

3.4.3 Conclusions
Eukaryotic systems such as model fungi are preferred for heterologous expression of
mammalian proteins due to the similarities in transcription and translation mechanisms and
basic cellular composition compared to

prokaryotic

cells.

However, functional

characterization via heterologous expression is often hampered by mislocalization or
degradation resulting in no or low expression levels. Many strategies have been implemented
in order to achieve functional expression of mammalian membrane proteins in yeast, most
focusing in modifying the lipid composition of yeast cells towards the synthesis of cholesterol
instead of ergosterol. In UapA, mutation T401P restored trafficking of a UapA mutant that was
predicted to have defective interactions with lipids. Using this information we achieved, for
the first time, the functional expression of a rat homolog of UapA, rSNBT1 in A. nidulans. This
supports the idea that the membrane lipid composition of the expression system is in principle
the reason for non-proper folding and ER-retention. Furthermore, this achievement opens the
way for further manipulations regarding residues involved in lipid interactions or residues that
by-pass the need for lipid interactions like Thr401 in UapA.
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Discussion
4.1 Evolution of L-ascorbate transporters
A major goal of this study was to reveal the changes needed in order for members of the same
transporter family (NAT) to be specific for substrates with such different structural and
chemical formulas. Nucleobases are planar molecules with relatively low solubility, whereas
L-ascorbate is non-planar and extremely soluble. Thus, the corresponding transporters should
have major differences in the architecture of the substrate binding site and the substrate
translocation pathway. We decided to address this issue by making a mutational analysis on
UapA, that is nucleobase specific, introducing residues found in L-ascorbate specific
transporters. Study of L-ascorbate specificity is difficult in A. nidulans as it cannot be used as
nitrogen or carbon source in order to design genetic screens selecting L-ascorbate specific
mutants. Additionally, radiolabeled L-ascorbic acid is expensive and unstable, not permitting
performance of many experiments. Therefore, we made use of indirect ways to explore Lascorbate binding and transport which indicated at least better recognition by the mutants.
In respect to purine recognition our analysis showed that UapA-TSSP, lost any detectable
transport activity for xanthine and uric acid or purines in general probably due to replacement
of residues critical for purine recognition (Phe406 and Gln408). Additionally, UapA-SSSQ also
showed very little purine transport activity, despite conserving Gln408. Thus the introduction
of a series of polar Ser residues, as seen in L-ascorbate specific members, upstream of Gln408
is detrimental for purine transport, at least within the context of an otherwise wild-type UapA
sequence.
In addition, our present analysis supports that NAT neo- functionalization took place
via progressive improvement of a sub-function of ancestral NAT transporters (i.e. very low
affinity binding of L-ascorbate by UapA). A duplication event of a NAT transporter in a
vertebrate ancestor and further diversification of the one copy towards L-ascorbate seems to
have resulted in generation of L-ascorbate transporters. This idea leads to many questions as
for example if there are present or extinct transporters with double specificity that could
represent intermediate versions. These versions may have specificities other than
nucleobases or L-ascorbate or no function at all? We still don’t know the specificity of the
SVCT3 clade. Based on the crucial role of the NAT signature motif in substrate binding and
specificity, its diversification in respect to specificity and the results of this study, we believe
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that NATs containing transitory variations of this motif might reflect these intermediate steps
in the evolution of L-ascorbate transporters.
The selective pressures that contributed to this event may include evolution of Lascorbate biosynthesis, which seems that in the group of metazoa ‘appeared’ in vertebrates.
Interestingly teleost fishes (along with guinea pigs, most bats, some bird species, as well as
humans and many other primates) have lost the ability to synthesize vitamin C while all
cartilaginous and non-teleost bony fishes maintain it [174]. Animals use one of the three
known pathways for L-ascorbate synthesis, while photosynthetic eukaryotes (plants, algae
and some single-celled organisms) employ the other two. These observations give rise to more
questions. For example, whether transporters can acquire the ability to recognize a new
substrate before or after it first “appears”, and if this can be related to the evolution of
biosynthetic pathways. A recent study showed that transporters of the NPF family that
transport both cyanogenic glucosides and glucosinolates existed before plants evolved the
ability to synthesize glucosinolates and subsequently, these transporters became
glucosinolate-specific [175]. A similar case was also reported in vertebrate corticoid receptors
where corticoid and glucocorticoid receptors evolved from a dual specificity receptor
recognizing aldosterone and cortisol before aldosterone biosynthesis, possibly as a by-product
of affinity towards chemically similar ligands [176,177]. These findings support the idea that
transporters or receptors might evolve together with their substrate biosynthetic pathways.
NAT evolution could be also correlated with purine catabolism and more specifically
to uric acid oxidase. The loss of uric acid oxidase which oxidizes uric acid to allantoin (that is
excreted from the body) in higher primates parallels the similar loss of L-ascorbate
biosynthesis [178]. This suggests that accumulation of uric acid may partially substitute Lascorbate loss as these molecules have similar but not identical properties i.e. both are strong
reducing agents and potent antioxidants [179]. It has been suggested that the elevation of
uric acid levels in blood plasma due to this gene loss contributed to the development of the
brain in primates and human intelligence as a result of its protective role against oxidation
related to neurotoxic activity [180]. Additionally primates have also lost nucleobase-specific
NATs. A recent study supported the co-evolution of the uric acid transporter URAT1 (distinct
from NAT transporters) and uric acid oxidase during primate evolution [181]. Understanding
the evolution of substrate specificity in the NAT family but also of other families will shed light
into these questions and theories.
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4.2 Context-dependent cryptic roles of residues in UapA substrate
specificity
In order to better understand the process of evolution of substrate specificity in the NAT
family we decided to extend our mutational analysis of the NAT signature motif. Additionally,
we decided to re-address the role of residues affecting specificity that map outside the
substrate binding site. An important novelty of this study was the use of the Δ7 A. nidulans
strain for the study of NAT transporters. This strain genetically lacks not only a wild-type UapA
endogenous copy, but also all other major transporters related to purine, pyrimidine,
nucleoside or allantoin transport. Consequently, Δ7 has no transport activity for purinerelated substrates, so that any UapA mutant introduced by transformation could be analyzed
for its ability to transport any purine substrates in a ‘clean’ background.
The analysis of the mutants revealed context dependent cryptic roles of located in the
first part of the NAT signature motif. Importantly, introducing the SYSE sequence, which is
found in many metazoan NATs of the SVCT4/SLC23A4 clade, in UapA results in a transporter
with no transport capacity for its physiological substrates or any purine tested, but high
capacity for 5FU accumulation. Notably, bacterial uracil transporters conserve a Tyr and Glu
residues in these positions. MDs confirmed binding of uracil in UapA-SYSE which showed
remarkably similar binding structure with that in its natural transporter UraA. This binding
architecture is not seen in wild-type UapA that does not transport uracil or 5FU. The loss of
transport activity towards purines was due to the combination of Tyr406 and Glu408 suggesting
a negative epistatic interactions between those two residues. The important contextdependent role of Glu408 in UapA specificity is corroborated by comparing UapA-SYSE and
UapA-SYSQ, the former being rather specific for 5FU accumulation and the latter promiscuous
(transport of purines-uracil-5FU).
MDs also revealed that the presence of the F406Y mutation affects the calculated pKa
of acidic residues such as the invariable Glu356 and Asp360 in TMS8 and Glu408 in TMS10. More
specifically in UapA-SYSE Glu356 is considered protonated, while Asp360 is thought to be
negatively charged. Interestingly, MDs performed in UraA in order to investigate the role of
Glu241 and His245 (analogous to Glu356 and Asp360) in H+ translocation, revealed that protonation
of Glu241 resulted in disruption of the hydrogen bond network keeping uracil bound [3]. This
could explain partially why UapA-SYSE scores as a loss of function mutant in respect to purines
as alterations, by Tyr406, in the protonation status of residues implicated in substrate binding
in combination with the presence of Glu408 may disrupt binding of specific substrates. Finally,
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our MD analysis also revealed possible interactions that rationalize why UapA-TFAE binds, but
does not transport hypoxanthine.
UapA-SYSE loss of transport capacity for purines was reversed by mutations in
residues Phe528, Ala519 and Leu234 that led to a transporter able to translocate uracil or 5FU, in
addition to purines. This suggests that these residues interact functionally with the NAT motif,
a conclusion made also before at least in the case of Phe528 (its role will be further discussed
in the next chapter). This residue firstly ‘appeared’ in a genetic screen searching for mutations
restoring UapA-TFAE (Q408E) cryosensitivity [95]. Except from Phe528, UapA-TFAE
cryosensitivity was also reversed by mutations in residues Gln113 and Thr526 [10] but, as shown
in this study, Thr526 failed to reverse UapA-SYSE loss of transport activity for purines.
Interestingly, one of the mutations in Phe528 that ‘rescued’ UapA-SYSE, namely F528M, was a
mutation rationally designed based on the conservation of a Met residue at this position in
metazoan NATs. In conclusion, these observations clearly show that UapA specificity is
determined by complex interactions of residues both inside and outside of the substrate
binding site. Thus probably the key for engineering L-ascorbate transport capacity in UapA
may be the combination of mutations in the substrate binding site towards L-ascorbate with
mutations in distant residues known already to enlarge specificity. Given the limitations of our
system for detecting low-affinity L-ascorbate transport, we cannot exclude the possibility that
we already have mutants (e.g. UapA-SSSP) with an ameliorated capacity for recognizing this
metabolite.

4.3 The role of Phe528 and other specificity residues- ‘locks’ or ‘brakes’ of
transport dynamics
Mutations in residue Phe528 were isolated several times in this work but also previously. As
mentioned before a mutation in this residue (F528S) firstly “appeared” in 2001 as a secondsite suppressor of UapA-TFAE cryosensitivity [95]. F528S did not affect binding affinity for
UapA physiological substrates but converted UapA into a promiscuous, low-affinity (regarding
other purines), high-capacity purine transporter. In 2006 it was further shown that also
distinct Phe528 substitutions (e.g. Ala, Ser, Met Asn) can confer a similar ‘promiscuity’ effect,
with Tyr528 being the only exception leading to no change in UapA specificity, suggesting that
removal of the aromatic ring is responsible for enlargement of specificity [154]. In addition,
several Phe528 substitutions led to a moderate increase in UapA-mediated initial uptake rate
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of transport of xanthine. None of these Phe528 mutations affected the H+-coupled mechanism
of transport or expression in the plasma membrane. Based on these results it was proposed
that Phe528 is not an element of the bona fidae purine-binding site, but rather acts as a
selectivity filter that somehow controls substrate translocation by ‘selecting’ which substrates
reach the substrate binding site.
In 2008 two more residues that enlarged UapA specificity mapping outside the
substrate binding site were selected [10]. These were Gln113 and Thr526, the latter being very
close to Phe528, and again they were not associated with significant changes in UapA substrate
binding affinities, but only moderately increased transport rates. In 2010 four more residues
with similar results were selected (Ala441, Val463, Ala469 and Arg481) [9]. One of them, Arg481, was
predicted to be a cytoplasm-facing residue. The UapA crystal structure showed later that this
residue is close to the substrate binding site of the opposite protomer [2]. Combinations of
Arg481 substitutions with substitutions in residues located towards the extracellular face of the
transporter, such as those concerning Thr526 and Phe528, were additive (i.e. more efficient
transport of non-native substrates). The topology of the residues together with their additive
nature suggested that these amino acids may actually be selective gates or gating elements
that act along the substrate translocation trajectory. The term gate is usually associated with
ion channels, which have a rather rigid and continuous transmembrane pore rather a specific
binding site and thus the function of gates (gating) is needed to allow or restrict the passage
of ions. However, after 2008, several crystal structures were published in ‘occluded’ or ‘open’
outward- and inward-facing conformations, suggesting the existence of domains or loops that
do act as dynamic gates controlling the access and release of substrates form transporter
binding sites.
The present work provides novel findings concerning how Phe528 might function as a
key amino acid in determining UapA specificity. The modelling of the outward topology of
UapA revealed that Phe528 approaches very close and probably interacts via pi-pi stacking with
Glu356, which is a major substrate-binding residue. This interaction is apparently dynamic, as
it is not present in the inward-facing UapA crystal. This observation led us to form the
following hypothesis. In the apo state (i.e. no substrate bound) a Phe528-Glu356 interaction may
‘lock’ UapA in its outward topology. When the substrate (and probably H+) is available it
interacts with Glu356 and Gln408 resulting in loss of the Phe528-Glu356 interaction and this shift
allows UapA to shift to its inward topology via sliding of the elevator domain. Thus,
replacement of the aromatic residue in the Phe528 position can genetically ‘unlock’ the sliding
mechanism in a way that becomes less dependent on substrate/H+ binding, and thus convert
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UapA into a more promiscuous transporter for low-affinity substrates. This means that the
other specificity mutations shown previously, but also here (e.g. Leu234 and Ala519), might
similarly modify the sliding mechanism converting UapA into a more promiscuous transporter
for weakly binding substrates. More structural data and relative MDs in several distinct
topologies are needed for understanding how specificity of UapA, and probably of other
elevator-type transporters, is determined.
This hypothesis for the function of Phe528 opens new insights into the substrate
translocation mechanism of elevator-type transporters and how UapA specificity is modified.
Based on this scenario, strong binding of UapA physiological substrates seems to be the key
for unlocking the sliding of the elevator. In the absence of substrates or when low-affinity
substrates enter the binding pocket UapA remains in the outward topology as their binding is
not “strong” enough to break Phe528-Glu356 and maybe other interactions. Thus, Phe528 and
probably other residues that map in the interface between the two domains and are involved
in specificity such as Val463, Ala469, Arg481 and Thr526 may work as “locks” or “brakes” that
prevent sliding of the elevator in the absence of tightly bound native substrates. Therefore,
mutations in these residues might “loosen” the sliding mechanism in a way that becomes
independent of tight substrate binding. This scenario is further supported by both the increase
in xanthine transport rates seen in mutants containing substitutions of these residues and the
additive phenotype of their combinations.

4.4 Lipid interactions are critical for UapA dimerization and ER exit
The study of protein-lipid interactions and especially transporter-lipid interactions is an
emerging theme. The recent study on UapA-lipid interactions was among the first focusing on
a eukaryotic transporter. In brief, it has been shown that UapA, which primarily exists as a
dimer, dissociates into monomers after removal of lipids that co-purify with it, and that the
dimer can be recovered by the addition of PI or PE and more efficiently of both. Mutagenesis
of a tentative lipid-binding site at the dimer interface formed by three Arg residues 287, 478,
and 479, predicted by MDs, abolished lipid binding and function [12]. Thus, it was proposed
that binding of PI and PE at specific sites in the dimer interface stabilizes the dimeric functional
form of UapA. Here, we decided to study further the role of this specific lipid binding site and
in parallel investigate the potential role of residues at the periphery of UapA, predicted also
by MDs to bind lipids.
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At first we found that Arg287, Arg478, and Arg479 are essential for early de novo
formation in the ER membrane and this is not essential for further trafficking to the plasma
membrane (PM). In parallel, predicted lipid binding peripheral residues that map in the core
domain of UapA (Lys73, Arg133, and Arg421), are essential for stability, ER exit and sorting to the
PM, but apparently not essential for the initial formation of dimers in the ER. Thus, the two
sets of positively charged residues that define two distinct lipid binding sites are both essential
for function, albeit due to different reasons. However, none of the mutants studied elicited
an unfolded protein response (results not shown), suggesting that they probably do not lead
to significant misfolding. This observation may also indicate that lipid interactions at the
periphery of UapA are needed for the trafficking mechanism.
The most original findings of this work stems from the isolation of genetic suppressors
restoring defects of the two loss of function mutants, R287A/R478A/R479A and
K73A/R133A/R421A. In both cases all suppressors concerned intragenic mutations maybe due
to fact that the only known factors affecting UapA sorting to the PM, COPII components, actin
and clathrin heavy chain that are essential for cell viability and thus mutations in their genes
might affect the trafficking of other essential cargoes. In the first case suppressor mutations
can be classified into three types. Type I, containing the majority of suppressors, map in the
center of the core domain in TMS2, TMS3, TMS4, TMS9, TMS10, and TMS11 and all, except
one, introduce residues with increased hydrophobicity and/or aromaticity (V150I, I157F,
I157L, L192F, A396P, T401P, T401F, or L431F). Only V153T introduces a polar residue, while
S119T replaces a polar residue with a bigger residue with similar properties. Type II includes
L234M in TMS5 in the middle plane of the dimerization domain. Finally, Type III includes
E286Q and E286K at the end of the cytoplasmic-facing part of TMS6 next to the originally
mutated Arg287. In contrast, suppressors of K73A/R133A/R421A all concerned a single
mutation, T401P, isolated also as a suppressor mutation of R287A/R478A/R479A.
MDs shed some light into how these mutations can restore dimerization or/and
trafficking to the PM. Type I suppressors seem to increase the strength of relative TMS
interactions in the core domain. Thus, probably they increase compactness and stability of the
core domain. The type II mutation concerns a residue that maps in the dimerization domain.
Interestingly this change was also selected as a suppressor mutation of the SYSE mutant
(analyzed previously). This mutation can increase the strength of interactions between the
dimerization and the core domain. How such a mutation can affect both specificity and
dimerization opens new issues on the role of dimerization in finely regulating specificity. The
most logical scenario for the two type III suppressor mutations is that they replace directly the
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interactions with lipids of the nearby mutated Arg287 (i.e., in R287A). This is also in line with
the fact that these were the suppressors with the highest xanthine transport activity.
Additionally, BiFC assays showed that at least three selected suppressors I157F, L234M and
T401P restored R287A/R478A/R479A dimerization and thus do not lead to functional UapA
monomers. Finally, regarding K73A/R133A/R421A we do not understand, at the moment, how
T401P restores trafficking of this mutant, mostly because we still do not understand the
molecular basis of the trafficking defect in the original mutant. Noticeably, in XanQ, a
neighboring residue (Pro318 equivalent to Pro402 in UapA) has been shown to be important for
insertion/stability of the protein in the membrane [92]. Thus probably this region of the
protein is important for stability.
In conclusion, our findings and especially those concerning type I and II suppressors
of the R287A/R478A/R479A mutant strongly suggest that by stabilizing the core, the dimer is
also stabilized and thus function is restored. In line with this, the core domain is the motile
part of the monomeric units that undergoes dynamic up-and down elevator-like sliding in
continuous dynamic interactions with membrane lipids, and thus prone to external forces.
Additionally, the inability of the K73A/R133A/R421A mutant to reach the plasma membrane
suggests that the predicted lipid interactions at the membrane-facing regions of the UapA
core domain are important for either stabilization or the trafficking mechanism. In line with
our results, a previous study on the prokaryotic NhaA Na+/H+ exchanger showed that lipid
binding around domain interfaces is also involved in stabilizing the core domain during the
conformational transitions required for transport by the elevator mechanism [116].
Therefore, it has been proposed that elevator-type antiporters may use a subset of peripheral
or annular lipids as structural support to facilitate large-scale conformational changes within
the membrane.

4.5 The successful functional expression of rSNBT1 in A. nidulans leads
to new routes for NAT study
An important result of the present work was the functional expression of a metazoan NAT
transporter for the first time in A. nidulans. This was achieved by using information gained
during the study of UapA-lipid interactions. T401P proved to be a key substitution in restoring
trafficking impairment due to predicted loss of interactions with lipids. Based on this
observation we substituted the equivalent residue in the rat homolog, rSNBT1 that as all
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metazoan transporters expressed in A. nidulans until now was “trapped” at the ER network.
The N390T mutation led to the functional expression of this homolog indicating that the
bottleneck in expressing metazoan transporters in fungi is proper folding in an environment
of heterologous membrane lipid composition. However, it should be mentioned that this
mutation only slightly improved rSNBT1 sorting to the PM and thus probably other
substitutions are needed in order for a larger amount of the protein to reach the PM.
Mutations in the other residues affecting core stability may be the case.
Unfortunately, introduction of the same mutation in another NAT homolog from
human, hSVCT1, did not have the same effect. However, based on the fact that the effect of
this mutation in rSNBT1 localization was negligible based on in vivo epifluorescence
microscopy and on the limitations of our system for detecting L-ascorbate transport, we
cannot exclude the possibility that also hSVCT1 functional expression is improved. Functional
expression of rSNBT1 opens the way for further manipulations, via rational design or unbiased
genetic screens, of NAT transporters for achieving their functional expression and
manipulation in A. nidulans. This in turn will lead to new routes for studying the evolution of
substrate specificity in the NAT family. Overall, the idea that manipulating lipid binding
residues results in functional heterologous expression of transporters opens the way for
heterologous expression of transporters also from other families.
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ABSTRACT L-ascorbic acid (vitamin C) is an essential metabolite in animals
and plants due to its role as an enzyme co-factor and antioxidant activity. In
most eukaryotic organisms, L-ascorbate is biosynthesized enzymatically, but
in several major groups, including the primate suborder Haplorhini, this ability is lost due to gene truncations in the gene coding for L-gulonolactone oxidase. Specific ascorbate transporters (SVCTs) have been characterized only in
mammals and shown to be essential for life. These belong to an extensively
studied transporter family, called Nucleobase-Ascorbate Transporters (NAT).
The prototypic member of this family, and one of the most extensively stud+
ied eukaryotic transporters, is UapA, a uric acid-xanthine/H symporter in the
fungus Aspergillus nidulans. Here, we investigate molecular aspects of NAT
substrate specificity and address the evolution of ascorbate transporters apparently from ancestral nucleobase transporters. We present a phylogenetic
analysis, identifying a distinct NAT clade that includes all known L-ascorbate
transporters. This clade includes homologues only from vertebrates, and has
no members in non-vertebrate or microbial eukaryotes, plants or prokaryotes. Additionally, we identify within the substrate-binding site of NATs a differentially conserved motif, which we propose is critical for nucleobase versus
ascorbate recognition. This conclusion is supported by the amino acid composition of this motif in distinct phylogenetic clades and mutational analysis in
the UapA transporter. Together with evidence obtained herein that UapA can
recognize with extremely low affinity L-ascorbate, our results support that
ascorbate-specific NATs evolved by optimization of a sub-function of ancestral
nucleobase transporters.

INTRODUCTION
Gene duplication and divergence is a major mechanism of
evolutionary novelty, providing protein families with an
expanded repertoire of activities and novel specificities.
The classic view from Susumu Ohno [1-4] is that duplication creates redundancy, and redundancy provides the
material for novelty. Different evolutionary scenarios, such
as dosage effects, neo-functionalization or subfunctionalization, might rationalize preservation of gene
duplicates [5-10]. The long-term outcome of neofunctionalization is that one copy retains the original function of the gene, while the second copy, free from selective
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pressure, explores novel functions. The major criticism of
this model is the high likelihood of loss of functionality of
the gene product before acquiring a new function, as acquiring functional novelty often needs several intermediate
evolutionary steps some of which might introduce deleterious mutations. Novelty might evolve via promiscuous
side-activities or sub-functions of proteins, which are optimized in the course of evolution and under specific selective pressures. This model puts emphasis on the multifunctional pre-duplication state of the evolving genes and
introduces the possibility that positive selection pressure
might drive evolution after gene duplication event. A major
issue in the evolution of proteins that remains little an-
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swered is how prominent functional changes, which would
require the accumulation of multiple serial mutations, take
place over the course of time. If many steps in a defined
order were necessary for a dramatic functional or specificity change, what would have been the function of ‘intermediate’ proteins? Additional questions remain as to how
protein evolution proceeds after gene duplications. Does
protein evolution proceed in small steps or in large steps?
Is evolution reversible? How does complexity evolve? Is
functional specificity determined solely by the substrate or
effector binding-site? [7, 10, 11]. One way to approach
these questions is to reproduce protein evolution in the
laboratory [12]. This can be achieved by systematic rational
or random mutagenesis and DNA shuffling of specific
genes, given a functional assay is designed to follow functional modification, or more efficiently, by direct genetic
selection or genetic screens using model microorganisms.
What is emerging from these approaches of directed evolution is that functional evolution necessitates conservation of sufficient protein stability, as conformational epistasis might suppress several routes of neofunctionalization [13].
A “horizontal” or phylogenetic approach of molecular
and functional comparison of homologous proteins is also
a powerful approach to predict protein functions and how
these might have evolved. However, this in silico approach,
by itself, can be misleading as in several protein families,
function and mostly specificity cannot be predicted due to
overlapping divergent and convergent evolutionary events.
Over the last decade, “ancestral protein resurrection”
(APR) has developed as a novel strategy to reveal the
mechanisms and dynamics of protein evolution [14]. APR
gives access to a protein’s lost properties that may have
transiently arisen over evolutionary time, which in turn can
be used to infer the potential selection pressures that resulted in present-day sequences. Thus, APR can identify the
causative mutation that resulted in protein neofunctionalization after gene duplication. APR has confirmed
that conformational epistasis limits the pathways of functional evolution as neutral mutations may act as ratchets to
modification, and additionally supported that evolution
seems to proceed from promiscuity to increased specificity,
usually via loss-of-function mutations [15].
A still unexplored aspect in protein evolution concerns
whether transmembrane proteins, especially those of eukaryotic cells, evolve at similar rates and under similar evolutionary constraints as soluble proteins. This question
arises from a number of peculiarities of transmembrane
proteins, as for example, their co-translational folding and
translocation in the ER membrane, the very complex and
highly regulated subcellular traffic, the highly controlled
ubiquitination-dependent turnover routes, and their dynamic interaction with specific lipids [16-18]. These special
aspects of transmembrane proteins should in principle
impose additional constraints or alternative selective pressures for evolution.
Here, we ask how mammalian L-ascorbate (vitamin C)
transporters might have evolved from, apparently, ances-
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tral nucleobase transporters. This question is based on the
fact that members of the so-called Nucleobase Ascorbate
Transporter (NATs) family [19-23] are highly specific for
either nucleobases or L-ascorbate (see also later). This shift
in substrate specificity is a dramatic one as these solutes
have very different chemical formulas and properties and
probably necessitate prominent changes in the architecture of the substrate-binding site and substrate translocation trajectory in the relevant NATs. Our results support a
scenario that ascorbate-specific NATs evolved by optimization of a sub-function of ancestral nucleobase transporters.

RESULTS AND DISCUSSION
NATs are functionally classified into two distinct specificity groups: nucleobase versus L-ascorbate transporters
More than 24 members of the NAT family have been functionally characterized via direct assessment of their
transport activities or indirectly via genetic and physiological studies [19-23] (Table 1). The most extensively studied
NATs come from Escherichia coli or the filamentous ascomycete Aspergillus nidulans. The rest are homologues from
other bacteria (Bacillus subtilis, Sinorhizobium meliloti),
ascomycetes (Aspergillus fumigatus, Aspergillus brasiliensis,
Candida albicans) or plants (maize, Arabidopsis thaliana).
All bacterial NATs are H+ symporters highly specific for either uracil or xanthine or uric acid. The fungal and plant
members are H+ symporters specific either xanthine-uric
acid, or for adenine-guanine-hypoxanthine-uracil (only in
plants) [19-25]. All these NATs exhibit relatively high affinity for their physiological substrates (at the low μM range),
but can also recognize with lower affinity several nucleobase analogues. Notably, the relatively specific xanthineuric acid NATs of fungi can be genetically converted, by
single or limited missense mutations, to become broadspecificity promiscuous nucleobase transporters [26-29].
However, no microbial or plant, wild-type or mutant NAT,
is capable of transporting L-ascorbate.
In sharp contrast to the microbial and plant proteins,
most functionally characterized mammalian NATs, coming
from mouse, rat, wild boar or humans, called SVCT1 or
SVCT2 (Sodium-dependent Vitamin C Transporters; SLC23
family members), are highly specific for L-ascorbate/Na+
[23]. However, there is a case reported of a mammalian
(rat) NAT transporter, called rSNBT1, which is specific for
nucleobases, rather than L-ascorbate [31]. Interestingly,
the genes encoding orthologues of rSNBT1 in most primates (called SVCT4) are truncated pseudogenes. A third
distinct homologue of NATs (SVCT3) identified in mammals
seems unrelated to either nucleobase or L-ascorbate
transport [23]. Thus, the emerging view is that all NATs in
microorganisms and plants are nucleobase-specific,
whereas mammals have both nucleobase and L-ascorbate
NATs, but primates have lost via gene truncation the nucleobase-specific ones. However, this picture is little supported by the limited number and biased selection of functionally characterized NATs.
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Two members of the NAT family have been crystallized.
These are the UraA uracil transporter [32] of E. coli and the
UapA uric acid-xanthine transporter of A. nidulans [33].
Both proteins form tight dimers, the formation of which is

essential for transport activity [33-35]. The UraA and UapA
monomers are made of mostly α-helical segments (TMS)
characterized by a 7+7-helix inverted repeat [30]. Interestingly, the same topology is also found in transporters with

Table 1. Characteristics of biochemically characterized NATs.

All NATs shown are high-affinity transporters recognizing their physiological substrate at the low μΜ range, except UacT which is low
affinity transporter. NATs marked with an (*) can be modeled, with 100% probability, on the crystal structure of UapA or UraA conforming to the 7+7 inverted repeat fold [30]. 5-FU is 5-fluorouracil. Consensus sequences of three motifs involved in function and specificity
are shown. Notice that the most significant differences in the NAT signature motif of nucleobase versus L-ascorbate transporters concern
substitutions of the aromatic Phe/Tyr at position 2 and of the polar Gln/Glu with a Pro. ?, not tested. #S. Frillingos pers. com.
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very little primary amino acid sequence similarity with
NATs, such as the AzgA-like purine transporters [36] the
plant boron transporter Bor1 [37], the human Band3 anion
exchanger [38], or members of SulP transporter family [39].
All these are homodimeric transporters which seem to
function via the so-called “elevator mechanism” of
transport [40].
L-ascorbate transporters belong to a phylogenetically
distinct NAT clade
We performed an extensive phylogenetic analysis of the
NAT family using different datasets and methodologies.
NAT sequences used for the analysis are, with very few
exceptions, made of 414-650 amino acid residues in length.
Selected NAT representatives from all major taxa were also
tested, using the HHpred modeling program
(https://toolkit.tuebingen.mpg.de), and shown to conform
to the 7+7-helix inverted repeat structure of UapA (analysis
not shown). Initially we reconstructed a phylogenetic tree
using identified NAT homologues in all domains of life,
from archaea and bacteria, to fungi, algae, plants and animals (see later). Prominent evolutionary gene-losses of
NATs are identified several pathogenic protozoa (e.g. Trypanosoma, Plasmodium, Leishmania, Giardia, etc.) and in
mesozoa, in several basal fungi including Microsporidia,
Cryptomycota and Blastocladiomycota, as well as, in several Saccharomycetales, after the whole genome duplication.
Interestingly, NAT loss in Saccharomycetales is concomitant with gene loss of uric acid oxidase, formation of an
allantoin utilization cluster [41] and the “generation” of
xanthine dioxygenase (Claudio Scazzocchio, unpublished
observations). Other NAT losses in the animal clade are
detected in basal Metazoa, such as the Porifera (sponges),
some Ctenophora (Eumetazoa), some jaw worms (Gnathostomulida and Xenacoelomorpha), and among earlydiverging fish (jawless fish, lampreys or hagfish).
Figure 1 and Supplementary Figures S1 and S2 highlight
our major findings in respect to the distribution of NAT
sequences. The first clear observation is that there is a
primary evolutionary split between microbial (homologues
in archeae, bacteria, algae and fungi, collectively called
UapA-like) and plant-animal NATs (Figure 1a). In the microbial/UapA-like group, there are distinct sub-clades for
several bacterial groups, archaea, algae and fungi (Supplementary Figure S1). A handful of protists, such as Dictyostelium discoideum, are also clustered with specific bacterial clades, suggesting that these might be the products of
horizontal gene transfers. A second basic observation is
that in the plant-animal clade (SVCT clade), the plants form
a clear monophyletic branch including dicots and monocots,
as well as, bryophytes (e.g. Physcomitrella patens) and
some green algae (e.g. Klebsormidium nitens) (Figure 1a
and Supplementary Figure S2). The animal clade includes
several distinct branches. These however can be grouped
in four major branches, which herein we named SVCT1,
SVCT2, SVCT3 and SVCT4, based on the terminology of the
mammalian homologues (Figure 1 and Supplementary Figure S2). The amino acid sequence identity of members of
the microbial, plant or animal clades is ~30-92%, whereas
OPEN ACCESS | www.microbialcell.com
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the identity between microbial-plant, microbial-animal or
plant-animal NATs is ~24-33%.
To gain deeper insights into the evolution of the plant
and animal – specific - SVCT clade, we focused on sequences from this clade and deepened our taxon sampling. We
used HMMER [43] and the NAT Pfam domain (PF00860) to
extract 728 NAT sequences from 171 plant and animal fully
sequenced genomes (see methods). After reconstructing a
phylogenetic tree using these sequences, we detected and
extracted only the 674 sequences comprising the SVCT
clade (Figure 1a and Supplementary Figure S2). In the animal clade, an “extended” SVCT4 group (> 45% identity
among its members) is widely distributed across Metazoa,
and includes members from most vertebrates, nonvertebrates and early diverging animals, as for example,
Trichoplax adhaerens (the only extant representative of
phylum Placozoa, which is a basal group of multicellular
metazoa), Nematostella vectensis (sea anemone belonging
to Cnidaria), Ciona intestinalis (sea squirt), Strongylocentrotus purpuratus (sea urchin), Orbicella faveolata (coral),
Macrostomum lignano (flatworm), etc. (Supplementary
Figure S2). Most SVCT4-positive species include a single
SVCT4 homologue, but there is also significant genusspecific expansion of the group, apparently by gene duplications (e.g. 6-14 paralogues in Caenorhabditis, 8 in Ciona
intestinalis, 5-6 in some fish; Figure 1b). Interestingly, all
Haplorhini (anthropoid primates or simians and the tarsier
Carlito syrichta) have lost functional SVCT4 homologues,
due to gene truncations (i.e. generation of pseudogenes;
[23]). “Patchy” SVCT4 loss is detected also in some nonprimate species, but these correspond to genus-specific
cases, rather than representing losses in major groups
(Figure 1b). Interestingly, SVCT4 loss often coincides with
the loss in the ability to synthesize L-ascorbate, although
not all known cases that lack this ability lack SVCT4 proteins. Despite the fact that only a single member of the
SVCT4 group is functionally characterized (i.e. the rat
rSNBT1 nucleobase transporter [31]), the conservation of
specific functional motifs present in bacterial, plant or fungal nucleobase transporters, allows us to hypothesize that
members of the SVCT4 group are specific for nucleobaserelated substrates (see later).
The SVCT1 and SVCT2 paralogous subfamilies form a
separate clade (~50% identity with SVCT4 in the same species) that includes the well-characterized mammalian
L-ascorbate transporters. The SVCT1/SVCT2 group appears
exclusively in vertebrates and is probably the result of duplication and diversification of an ancestral animal transporter. Most species maintain one member of SVCT1 and
SVCT2 (Figure 1b). Thus, a gene duplication event in the
vertebrate ancestor seems to have generated the two subfamilies. As the SVCT1 and SVCT2 proteins show high similarity (>68% identity) and all functionally characterized
homologues are L-ascorbate transporters, one can speculate that the specificity of L-ascorbate has evolved in the
vertebrate ancestor and was retained in fish and tetrapods
(see Fig.1). However, whether all extant members of the
SVCT1/SVCT2 group are specific L-ascorbate transporters,
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FIGURE 1: Evolution of the SVCT clade in NATs. (a) ML phylogenetic tree
of the SVCT clade of NATs and the distinct NAT signature motifs. The different SVCT plant and animal NAT subfamilies, as well as a variable consensus of the four first amino acids in the NAT signature motif, are indicated next to the tree. The tree was midpoint rooted, as shown, and the
other two clades, UapA-like and AzgA-like, are placed schematically above
with dotted lines. The UapA-like group corresponds to canonical microbial
NATs and is shown in more detail in Supplementary Figure S1. The AzgAgroup is used as an out-group of structurally homologous proteins, which
however do not conserve the functional motifs of canonical NATs. For the
complete version of the plant and animal NATs see also Supplementary
Figure S2. (b) Phylogenetic profile of the SVCT clade sub-families for the
171 plant and animal species. The frequency of members in each subfamily is shown next to the NCBI taxonomy tree structure of the 171 species
that were searched for NAT domains. The sub-families were defined based
on (a) and in reference to the known mammalian transporters (SVCT1-4).
Two early losses in two lineages, the SVCT3 in the Teleostean clade Eurypterygii and SVCT4 in the primate suborder Haplorhini, are indicated in the
corresponding branches with a red “x”. The emergence of the L-ascorbic
acid transport specificity is indicated with a black arrow both in the phylogenetic tree (a), as well as in the taxonomy tree (b). The colors (green, red,
blue) in both (a) and (b) are as indicated in the figure legend. Both trees
were visualized using the ETE toolkit [42].
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or whether some SVCT1/SVCT2 homologues transport nucleobases or other substrates, is not formally known.
Finally, SVCT3-like sequences are found in nearly all
tetrapod animals and several, but not all, fish (e.g. the
Lepisosteus oculatus, Astyanax mexicanus, Danio rerio,
Rhincodon typus; (Figure 1b). Noticeably, SVCT3 has been
lost in some lineages including the Acanthomorpha, a very
diverse clade of teleost fishes. The SVCT3 proteins are also
the most divergent NAT group in the animal clade, as not
only show the lowest overall amino acid sequence similarity with the other clades (< 34% identity with SVCT1/2 and
SVCT4), but additionally do not fully conserve the specific
amino acid motifs necessary for function and specificity in
“canonical” NATs (see later). This might also explain the
fact that its phylogenetic position in the tree was rather
unstable across different phylogenetic algorithms and parameters (not shown). Thus, SVCT3 members are very
probably transporters of substrates other than nucleobases or ascorbate. This is indeed supported by reports showing that the human hSVCT3 does not transport nucleobases
or L-ascorbate [23]. An analogous “non-canonical” (i.e.
lacking the motifs necessary for nucleobase or L-ascorbate
transport) divergent NAT group, called UapD-like proteins,
has recently been described in fungi [44], while other divergent NAT branches, all of unknown function, seem to
exist also in prokaryotes (Stathis Frillingos pers. com. and
observations not shown herein).
The NAT signature motif is differentially conserved in
nucleobase and L-ascorbate transporter clades
Previous genetic, molecular, biochemical and structural
studies have established that a small number of amino acid
residues are essential or critical for NAT function. Most of
these fall within three highly conserved motifs in transmembrane segments TMS1, TMS8 and TMS10. The twoamino acid motif Gln-His in TMS1 is nearly absolutely conserved in all NATs (only a small number of mostly microbial
homologues have a Gln-Gln, Thr-His or Gln-Φ versions,
where Φ is Met or Ile) and seems to be involved in dynamic
interactions of TMS1-TMS3-TMS10 necessary for transport
catalysis [19-22, 43, 44]. The TMS8 motif, conforming to
the sequence Glu-X-X-Gly-Asp/His/Gly (in bold the most
prominently conserved residues), is involved in interactions
with substrates and transport [19-22, 46, 47]. Finally, a
longer motif in TMS10, Gln/Glu/Pro-Asn-X-Gly-X-X-X-X-ThrGly/Arg/Lys, historically referred as the NAT signature motif [47], is essential for both substrate recognition and
transport activity, as well as, substrate specificity [1922,46-48]. The presence of these three motifs is taken, in
the present analysis, as an additional criterion for classifying any uncharacterized transporter as a member of the
“canonical” NAT family.
The phylogenetic analysis performed herein confirms
the presence and exceptional sequence conservation of
these motifs in nearly all NAT clades. More specifically, the
motifs in TMS1 and TMS8 are highly conserved in all NATs,
except from the highly divergent SVCT3 group, which conserves the TMS1 motif, but lacks the TMS8 motif (observations not shown). The motif in TMS10 exists in all NATs but
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appears in two major versions, especially if we consider
three additional upstream amino acid residues (see Figure
1a and Supplementary Figure S2). More specifically, in
functionally characterized nucleobase-specific NATs and
their close homologues it conforms to the sequence
Thr/Ser1-Phe/Tyr2-Ala/Ser3-Gln/Glu/Pro4-Asn5-X-Gly7-X-X-XX-Thr12-Gly/Arg/Lys13 (numbers shown are arbitrary). In the
L-ascorbate transporter clades (i.e. SVCT1 and SVCT2) this
motif is Ser1-Ser2-Ser3-Pro4-Asn5-X-Gly7-X-X-X-X-Thr12-Arg13.
In other words, the most prominent changes, shown underlined, in the two versions of this extended TMS10 motif
concern replacements of the aromatic Phe/Tyr2 and polar
Gln/Glu4 (nucleobase transporters) by Ser2 and Pro4 residues (L-ascorbate transporters). Interestingly, the divergent SVCT3 group has an apparent TMS10 motif more similar to the one found in L-ascorbate transporters rather to
that of nucleobase transporters, which also supports its
close evolutionary relatedness to them (see Figure 1a).
Based on previous functional [19-22] and recent structural [32, 33, 35] studies performed in fungal (e.g. UapA)
and bacterial (e.g. XanQ) homologues, Gln/Glu4 is one of
the two major NAT residues interacting via a strong bipolar
interaction with the nucleobases (the other being the absolutely conserved Glu in the TMS8 motif), while Phe/Tyr 2
also interacts directly with the nucleobase ring via pi-pi
stacking. Most importantly, Phe/Tyr2 and Gln/Glu4 have
proved as key elements in determining the specificity of
NATs in respect to different nucleobases. This is best exemplified by specific mutations in UapA, where substitution of Gln4 by Glu4 (e.g. Q408E) converts this relative specific uric acid-xanthine transporter into a promiscuous
transporter capable of recognizing hypoxanthine, guanine
or uracil [27], whereas replacement of Phe2 by Tyr2 (e.g.
F406Y) confers a detectable capacity for hypoxanthine
transport [29]. Thus, it becomes apparent that more dramatic substitutions of Phe/Tyr2 or Gln/Glu4, introducing
residues as the ones found in L-ascorbate specific NATs (i.e.
Ser2 and Pro4), are expected to result in even more prominent specificity modifications, and might in fact contribute
to the “generation” of L-ascorbate transporters. All other
conserved residues in the TMS10 signature motif of NATs,
including the L-ascorbate transporters, are known to contribute to the kinetic parameters of transport (Thr/Ser 1,
Ala/Ser3, Asn5, Gly7, Thr12 and Gly/Arg/Lys13), rather than
playing a direct role in determining substrate specificity.
The differentially conserved residues in the NAT signature
motif are essential for function and specificity
No mutation, up to date, in any nucleobase-specific NAT,
has led to a transporter capable of recognizing L-ascorbate.
However, it should be stressed that there has been no rational genetic design to do so, as most functional mutations were designed or genetically selected to change the
specificity of NATs in respect to different nucleobases rather than to L-ascorbate. The only exception is the substitution of Gln4 by Pro4 in the NAT signature motif of the
UapA [47] or XanQ transporters [48]. In this case, introducing a proline residue led to dramatic reduction (>100-fold)
in nucleobase binding and thus no detectable transport

Microbial Cell | JUNE 2018 | Vol. 5 No. 6

A. Kourkoulou et al. (2018)

Evolution of transporter specificity

activity, while no evidence was obtained for acquisition of
L-ascorbate recognition.
To further test whether specific variations of the NAT
signature motif might be relevant to L-ascorbate recognition, we constructed and/or functionally analyzed a series
of relevant UapA mutants. These mutants correspond to
the following amino acid replacements in UapA: Q408P
[46],
A407S/Q408P,
T405S/F406S/A407S
and
F406S/A407S/Q408P. In other words, we modified the first
part of the NAT signature motif from TFAQ to TFAP, TFSP,
SSSQ or TSSP (changes in bold underlined). These mutant
versions of UapA were expressed into an appropriate
A. nidulans strain genetically lacking all endogenous major
nucleobase transporters (i.e. UapA, UapC and AzgA) and
functionally analyzed in respect to their capacity to
transport or bind nucleobases or L-ascorbate, and for
proper plasma membrane sorting and stability. Growth
tests on purines as sole nitrogen sources can be used as a
tool to reveal the functionality of the relative purine transporters. Thus, a control strain expressing a functional UapA
(i.e. uapA+), but no other major purine transporter, grows
on uric acid or xanthine, but not on other purines. Figure
2a shows that all UapA mutants tested have lost
(T405S/F406S/A407S and F406S/A407S/Q408P) or have
dramatically reduced (e.g. Q408P and A407S/Q408P) capacity for growth on uric acid or xanthine. This was confirmed by direct measurements of transport of radiolabeled xanthine (Figure 2b). In addition, none of the mutants tested have acquired any capacity for transport of
any other purine, nucleoside or nucleobase-related metabolite (Figure 2a and results not shown). As all UapA mutants tested seem to correspond to abolished or reduced
transport function, we wanted to exclude that this not due
to misfolding, problematic sorting to the plasma membrane or protein instability. For this, we took advantage of
the fact that all mutations analyzed are made in a fully
functional UapA protein tagged with GFP. In vivo epifluorescence microscopy showed that all mutant versions of
UapA analyzed are properly and stably localized in the
plasma membrane (right panel in Figure 2a), which in turn
confirms that all relevant mutations affect transport function per se.
We additionally tested whether the mutations introduced lead to any growth phenotype that could be related
to UapA-dependent L-ascorbate accumulation. Previous
results have shown wild-type A. nidulans cannot import Lascorbate, at least when this is externally supplied to concentration up to 1 mM, while higher concentrations of
L-ascorbate (5.6-56.8 mM or 0.1-1%) have a progressively
moderate inhibitory effect on wild-type A. nidulans growth
([24], and unpublished observations). Figure 2c shows that
none of the UapA mutations analyzed, or the total genetic
absence of UapA (uapA-), alters the growth phenotype of
A. nidulans on L-ascorbate. We also tried to detect cytoplasmic accumulation of externally supplied L-ascorbate in
the mutants or a wild-type strain, using HPLC or a biochemical assay, or by measuring the accumulation of radiolabeled L-ascorbate. In all cases, we did not obtain any
evidence of L-ascorbate accumulation (results not shown).
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Our results suggested that rational modification of the
NAT signature motif is not sufficient, by itself, to confer
detectable L-ascorbate accumulation. However, the stable
and proper cellular expression of the mutants enabled us
to use a sensitive in vivo cellular assay, based on substrateelicited endocytosis, as an indirect measure of the ability of
different UapA versions to “recognize”, and not necessarily
transport at a detectable level, L-ascorbate. This assay is
based on the fact that UapA is highly sensitive to endocytic
turnover triggered by substrate or ligand binding [49, 50].
Substrate-elicited transporter turnover is generally promoted by activity-dependent alteration of the conformation of a transporter from an outward-facing to a cytoplasm-facing topology, and can be followed by the appearance of fluorescing vacuoles and early endosome due to
sorting of GFP-tagged transporters into these organelles
[49, 50]. Based on this, we tested whether L-ascorbate
could promote the endocytosis of wild-type or mutant
versions of UapA-GFP, as well as, of a control transporter
unrelated to NATs, namely FurA-GFP. FurA is a highly specific allantoin transporter that does not recognize either
nucleobase or L-ascorbate [51].
Figure 2d shows that the presences of 0.1% L-ascorbate,
for 15 min, promotes significant endocytosis of UapA mutants, but has no similar effect on wild-type UapA or FurA.
After prolonged presence of L-ascorbate (1 h), endocytosis
of the UapA mutants becomes more prominent, mostly
evident in T405S/F406S/A407S and F406S/A407S/Q408P,
but also becomes apparent, albeit at a much lower level, in
wild-type UapA. Importantly, no endocytic turnover was
detected in FurA, in all conditions tested. Additionally, prolonged incubation with L-ascorbate also elicited total loss
of fluorescence, associated with a dramatic change in hyphae morphology, in a significant fraction of the UapA mutants. The L-ascorbate-dependent morphological effect,
which was insignificant in strains expressing wild-type
UapA or FurA, was reflected as a dramatic increase of the
number and size of vacuoles and a reduction in the width
of hyphae, two changes often seen under severe cell stress.
The ascorbate-dependent effect was mostly observed in
the triple mutants F406S/A407S/Q408P (in 55% hyphae)
and T405S/F406S/A407S (in 68% hyphae) (Figure 2d and
2e), while a similar, albeit reduced, effect is seen in
A407S/Q408P (40%) and Q408P (27%) (see Figure 2d and
2e). Given that the most prominent L-ascorbate associated
effects are visible in F406S/A407S/Q408P and
T405S/F406S/A407S, it seems that the presence of a tandem of Ser residues within the NAT substrate binding site,
and the removal of the planar aromatic Phe reside, favor
L-ascorbate recognition by the UapA mutants. Importantly,
our results show that the L-ascorbate effect on hyphae
morphology and the loss of GFP fluorescent are both
UapA-specific, as we did not detect the same negative effects in a strain expressing FurA-GFP, which does not express UapA or any other nucleobase transporter (see strain
list in Materials and methods).
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FIGURE 2: Specific residues within the NAT signature motif are critical for UapA function and specificity. (a) Growth tests, on standard
MM, of isogenic strains expressing wild-type (UapA) or mutant UapA versions (Q408P, A407S/Q408P, T405S/F406S/A407S and
F406S/A407S/Q408P), expressed in a genetic background genetically lacking other major purine transporters (i.e. ΔuapC ΔazgA). A strain
lacking a functional UapA (uapA-) and a standard wild-type A. nidulans strain (WT) are also included in the test as controls. The test depicts
growth on 10mM sodium nitrate (NO3) or 0.1 mg/ml uric acid (UA), xanthine (X), hypoxanthine (HX), after 48 h at 37°C. A 4-fold higher
concentration of UA (0.4 mg/ml) was also used in order to distinguish UapA mutants with highly reduced affinity for substrates (Q408P,
A407S/Q408P) from mutants with an apparent total loss of transport activity (T405S/F406S/A407S and F406S/A407S/Q408P). Subcellular
localization of wild-type or mutant UapA-GFP versions, as revealed by in vivo epifluorescence microscopy, is also shown at the right side of
the panel. Notice that in all cases UapA-GFP is stably localized in the plasma membrane and the septa of A. nidulans hyphae. For details of
sample preparation see Material and methods. (b) Comparative UapA-mediated uptake rates of radiolabeled 3H-xanthine in strains expressing wild-type (UapA) or mutant versions (Q408P, A407S/Q408P, T405S/F406S/A407S and F406S/A407S/Q408P) of UapA-GFP. Results
are averages of three measurements for each concentration point. SD was < 20%. (c) Growth tests, at 37°C, on standard MM supplemented with 10 mM sodium nitrate (NO3) as nitrogen source in the absence or presence of 0.1% L-ascorbate (AA) of isogenic strains lacking
UapA (uapA-), or expressing wild-type (UapA) or mutant UapA versions (Q408P, A407S/Q408P, T405S/F406S/A407S and
F406S/A407S/Q408P). (d) Upper panel: In vivo epifluorescence microscopy following the effect of L-ascorbate (0.1% AA) on UapA-GFP or
FurA-GFP subcellular localization. Notice that after 15 min addition of AA clear endocytic turnover of UapA-GFP (i.e. appearance of cytoplasmic structures corresponding to vacuoles; Gournas et al., 2010) is observed in all UapA mutants, but not in wild-type UapA or FurA.
Vacuolar turnover is more evident after 1 h of AA in the triple mutants T405S/F406S/A407S and especially F406S/A407S/Q408P, where
more and larger vacuoles appear. Notice that after 1 h of AA, moderate vacuolar turnover is also evident in the wild-type UapA, but not in
FurA. Noticeably also, 1 h in AA triggers “loss” of GFP fluorescence in a significant fraction (> 50%) of hyphae in in the triple mutants
T405S/F406S/A407S and F406S/A407S/Q408P (lowest black boxes marked with a red asterisk). The same effect, albeit significantly reduced, is also seen in A407S/Q408P (36%) and Q408P (22%), while in the wild-type UapA-GFP or FurA-GFP fluorescence loss is < 10% (not
shown). Lower panel: L-ascorbate (1% AA for 1 h) triggers differential hypervacuolarization and reduction of hyphal width (i.e. cell stress)
in UapA mutants and controls. Stressed hyphae are marked with a red asterisk. (e) Quantification of the effect of L-ascorbate on hyphal
morphology, as recorded for 100 hyphae, of each strain analyzed. In all cases, hypervacuolarization and reduction of the width of hyphae
was associated with loss of fluorescence (not shown). The results depicted in the graph confirm the apparent cytotoxicity of L-ascorbate in
the triple mutants T405S/F406S/A407S and F406S/A407S/Q408P, where 50-70% of hyphae seem stressed, followed by progressively lower effects on A407S/Q408P (40%), Q408P (27%) and wt UapA (11%).
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UapA can bind L-ascorbate with extremely low affinity:
evidence for evolution of L-ascorbate transporters via
optimization of a NAT sub-function
The observation that addition of L-ascorbate can also trigger a degree of vacuolarization and endocytic turnover of
wild-type UapA-GFP, made us re-examine whether UapA
can recognize, even with very low affinity, L-ascorbate. We
performed standard competitive inhibition assays to test
whether increasing concentrations of L-ascorbate
(1-60 mM) inhibit the uptake of radiolabeled 3H-xanthine
(1 μΜ). Results shown in Figure 3 establish that wild-type
UapA can indeed bind L-ascorbate with very low affinity,
reflected in a Ki value of ~17 mM. We repeated the same
experiment using a promiscuous UapA mutant capable of
recognizing all nucleobases and obtained a moderately
increased binding affinity also for L-ascorbate (Ki ~ 11 mM).
This mutant (R481G/T526M) has an intact NAT signature
motif, but includes two mutations that seem to loosen its
specificity by modifying the functioning of putative outward and inward gates [29, 33]. Thus, UapA can in principle
bind L-ascorbate with an affinity approx. 1000-fold lower
than the one for its physiological substrates (xanthine or
uric acid), or and 10- to 100-lower than its affinity for other
nucleobase analogues [47]. This finding supports the hypothesis that other nucleobase-specific NATs might also be
capable of very low-affinity recognition o L-ascorbate. This
in turn supports a model where L-ascorbate NATs evolved
via a progressive improvement of a sub-function of nucleobase-specific NATs.
CONCLUSIONS
Nucleobases are planar molecules with relatively low solubility, whereas L-ascorbate is non-planar and extremely
soluble. Such a difference should necessitate prominent
changes in the architecture of the substrate-binding site
and of the substrate translocation trajectory in the relevant NATs. Our present analysis supports that NAT neo-

functionalization took place via progressive improvement
of a sub-function (i.e. very low affinity binding of
L-ascorbate) in the course of evolution and probably under
“new” selective pressures imposed by the evolution of
L-ascorbate biosynthesis. This idea leads to many more
questions. Are there any present day NATs transporting
both substrates equally efficiently? Or are there NATs that
can transport L-ascorbate more efficiently than nucleobases? If cases of double specificity exist, could these represent intermediate versions in the evolutionary path from
nucleobase to L-ascorbate recognition? Or did only extinct
ancestral nucleobase-transporters had this double specificity? NATs that contain transitory variations of NAT signature motif might reflect extant intermediate steps in the
evolution of L-ascorbate transporters.
Still many more questions remain to be answered in
the direction opened by the present work. Has the specificity shift from nucleobase to L-ascorbate occurred via
transporter intermediates that had specificities other than
nucleobase or L-ascorbate (could the SVCT3 clade being
such a putative case for example?), or even little or no
function at all? Can transporters evolve the ability to recognize a new substrate before or after this substrate first
appears and how this is related to emergence of substrates
via evolution of biosynthetic pathways? Very recently, it
was shown that NPF transporters are able to transport
both cyanogenic glucosides and glucosinolates, before
plants evolved the ability to synthesize glucosinolates [52].
Later in evolution, these dual-specificity transporters specialized to transport only glucosinolates. In addition,
Jørgensen et al. [52] also showed that early glucosinolate
transporters could move a broad variety of glucosinolates,
but later evolved to only transport particular types. These
findings support the idea that evolution of transporter
specificity and biosynthetic pathways might evolve together. An analogous case concerning the evolution of specificity in vertebrate corticoid receptors was reported earlier

FIGURE 3: L-ascorbate inhibits UapA
transport activity. The graph shows
dose response curves of [3H]-xanthine
uptake rate in strains expressing either wild-type UapA or the isogenic
mutant UapA-R481G/T526M, in the
presence of increasing concentration
of
non-radiolabeled
L-ascorbate
(0-56 mM). In both cases, L-ascorbate
inhibited UapA transport activity, with
Ki values estimated at 17 and 11 mM
for UapA and UapA-R481G/T526M,
respectively. Results are averages of
three measurements for each concentration point. SD was < 18%. For details of measurements and Ki estimation see Materials and methods.
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[53, 54]. Corticoid and glucocorticoid receptors evolved
post duplication of a dual specificity aldosterone and cortisol receptor basal to the jawed vertebrate. However, aldosterone biosynthesis did not arise before the advent of
tetrapods suggesting that the ancestral receptor evolved
affinity towards aldosterone before the hormone was present, possibly as a by-product of the receptors’ affinity
towards chemically similar ligands [54].
L-ascorbate biosynthesis seems to have evolved in
plants and animals (prokaryotes do not synthesize it) via
three major routes. The animal kingdom uses one of these
pathways, and photosynthetic eukaryotes (plants, algae
and some single-celled organisms) employ the other two.
All three pathways proceed via different intermediate molecules, but the two from photosynthetic eukaryotes both
use an enzyme called galactolactone dehydrogenase
(GLDH), instead of gulonolactone oxidase (GULO), to catalyze the final step [55]. Some evidence exists that GULO
and GLDH might have evolved from a common ancestor.
Interestingly, certain animals, including guinea pigs, most
bats, some fish and bird species, as well as humans and
many other primates, have lost the ability to synthesize Lascorbate. These animals obtain ascorbate from their diets
[55].
Another important gene loss in vertebrates, possibly
relative to NAT evolution, concerns purine catabolism.
Most animals oxidize purines into allantoin, which is excreted from their body as the end product of purine catabolism. Humans and other primates are among some groups
that lost the gene for uric acid oxidase (i.e. present as a
pseudogene), which catalyzes of oxidation uric acid to allantoin [56]. This gene loss is partly responsible for the
elevated levels of uric acid in blood plasma. Uric acid is a
powerful antioxidant and is a scavenger of singlet oxygen
and radicals, in a way similar, but not identical, with the
action of L-ascorbic acid [57]. It has been argued that the
loss of uric acid oxidase and elevation of uric acid levels in
the body have played an important role in the development of the primate brain and human intelligence due to
its protective role against oxidation related to neurotoxic
activity. High uric acid levels have also been linked to human life span [57, 58]. Could it be that evolution of NAT
specificity, which shifted from one outstanding antioxidant
(uric acid) to another (L-ascorbic acid), and the loss of nucleobase-specific NATs in primates, be related to the coevolution of relevant metabolic pathways? Relative to such
questions, recent evidence supported the co-evolution of
the uric acid transporter URAT1 (distinct from NAT transporters) and uric acid oxidase during primate evolution
[59]. To most of the above questions, a future challenge
will be to understand the detailed molecular changes that
led to changes in specificity and possibly relate their outcome to the evolution of relative metabolic pathways.
MATERIALS AND METHODS
Media, growth conditions and strains
Standard media for A. nidulans were used. Media and supplemented auxotrophies were at the concentrations given in
the
Fungal
Genetics
Stock
Center
database
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(http://www.fgsc.net). Nitrogen sources were used at final
concentrations of 10 mM sodium nitrate or 0.5 mM of purines.
A. nidulans strains used are listed in Supplementary Table S1.
The recipient for transformations was the uapAΔ uapCΔ azgAΔ
pabaA1 argB2 mutant strain lacking the endogenous uapA
gene, as well as the genes encoding a secondary xanthine/uric
acid transporter (UapC) and the major purine transporter
AzgA. Plasmids carrying gfp-tagged wild-type (wt) or mutant
versions of uapA (i.e. UapA-GFP, [60]) were introduced by
standard genetic transformation into the recipient strain and
transformants were selected on the basis of the argB arginine
auxotrophy (argB2) complementation [61]. The strain expressing FurA-GFP, used as a control in Figure 2D, is described in
[61]. GFP C-terminal tagging has previously shown to have
absolutely no effect on UapA or FurA transport kinetics [51].
Standard nucleic acid manipulations
Genomic DNA extraction from A. nidulans was as described in
http://www.fgsc.net. Plasmid preparation from E. coli strains
and DNA bands were purified from agarose gels were done
with the Nucleospin Plasmid kit and the Nucleospin ExtractII
kit according to the manufacturer’s instructions (MachereyNagel, Lab Supplies Scientific SA, Hellas). Restriction enzymes
were from Takara Bio (Lab Supplies Scientific SA, Hellas). Conventional PCR reactions were done with KAPA-Taq DNA polymerase (Kapa Biosystems, Lab Supplies Sci- entific SA, Hellas).
Cloning and amplification of products were done with Kapa
HiFi (Kapa Biosystems, Lab Supplies Scientific SA, Hellas).
Construction and analysis of Aspergillus mutants
All uapA mutations appearing in this work were generated by
standard site-directed mutagenesis, using specific oligonucleotides (Supplementary Table S2), the QuikChange Mutagenesis
Kit and plasmid pAN510-GFP carrying a gfp-tagged uapA gene,
as a template [47, 60]. The Q408P mutant was constructed
previously [27, 47]. Mutant alleles of uapA were introduced by
genetic transformation into the recipient strain uapAD uapCD
azgAD pabaA1 argB2. Selected transformants were purified
and those arising from single-copy plasmid integration, as
evidenced by PCR and Southern blot analysis, identified [61].
Transformants were tested, at 25 or 37°C, pH 6.8, for their
ability to grow on MM supplemented with uric acid or other
purines as nitrogen sources, or for their general growth phenotype in the presence of L-ascorbate (concentration range
from 0.1 to 1 %). Transformants were also tested, using
epifluorescence inverted microscopy (using a Zeiss Observer
Z1/AxioCam HR R3 camera/Zen lite 2012 software) in respect
to UapA-GFP subcellular localization, both in the absence or
presence of L-ascorbate (0.01-0.2%) for 15, 60 or 120 min.
Samples for epifluorescence microscopy were prepared as
previously described, after 16-18 h of growth in standard MM
supplements with sodium nitrate as nitrogen source [34].
Transport assays
UapA mutants were functionally characterized by uptake as3
says performed in living cells. Radiolabelled [ H]-xanthine
-1
(22.8 Ci mmol , Moravek Biochemicals, CA, USA) uptake
measurements were performed with A. nidulans germinating
7
conidiospores concentrated at 10 conidiospores per 100 ml at
37°C, pH 6.8, at the end of the isotropic growth phase, in
which UapA shows maximal expression [62]. Competition ex3
periments of [ H]-xanthine uptake were carried out with in-
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creasing concentrations of unlabeled L-ascrobic acid
(1–60 mM). All transport assays were carried out in at least
three independent experiments, with three replicates for each
concentration or time point and s.d. was < 20 % in all cases.
Phylogenetic analysis datasets and methods
We selected representative NAT sequences from organisms
across all domains of life, representing all major taxa, with
particular emphasis in characterized family members of
known specificity. For the trees shown in Figure 1 and Supplementary Figure S2, which address in detail the plant and
animal NATs (SVCT clades) and the evolution of L-ascorbate
transporters, we started by detecting NAT domain containing
sequences in complete sequenced genomes, coming from
Ensembl release 91, Ensembl Metazoa release 38, and selected species from Ensembl Plants release 38. To detect NAT
sequences in the genomes we used HMMER and the PF00860
(Xan_ur_permease) Pfam HMM profile, and performed an
hmmsearch using the GA (gathering) curated threshold
(cut_ga parameter). For the 728 detected sequences, a multiple sequence alignment was built using MAFFT v6.861b in the
L-INS-i mode, designed for "set of sequences containing sequences flanking around one alignable domain". The resulting
alignment was trimmed using trimAl v1.3 [63] using a gap
score cut-off of 0.1. The best-fit evolutionary model selection
was selected prior to the phylogenetic inference using ProtTest 3 [64]. Three different evolutionary models were tested
(JTT, WAG and LG). The model best fitting the data was determined by comparing the likelihood of all models according
to the AIC criterion [65]. An ML tree was inferred with RAxML
v8.2.11 [66] using the best-fitting model. A discrete gammadistribution model with four rate categories plus invariant
positions was used. The gamma parameter and the fraction of
invariant positions were estimated from the data. Branch support was computed using an aLRT (approximate likelihood
ratio test). We used the exact same methods for the phylogenetic tree of only the SVCT clade, a subset of the previous tree,
consisting of 674 sequences, apart from the MAFFT algorithm
used, which was the G-INS-I in this case (assumes that entire
region can be aligned). ETE toolkit [42] was used for the execution of the phylogenetic pipelines and the visualization of all
phylogenetic trees in Figure 1 and Supplementary Figures S1

and S2. ETE was also used for plotting the NCBI taxonomy tree
for the 171 species, and the frequency profile of the subfamilies (Fig. 1). For the tree shown in Supplementary Figure S1,
which includes all functionally characterized NATs from bacteria and fungi and their closest homologues from other prokaryotic and eukaryotic microorganisms, we obtained the relative
sequences by blastP (https://blast.ncbi.nlm.nih.gov) and performed a multiple sequence alignment with MUSCLE v7.0.26
(http://www.megasoftware.net/). MEGA was used for testing
the aligned sequences for optimal amino acid substitution
model. According to the AIC, the LG+G+F model [67] was selected and the tree was created using a maximum likelihood
(ML),
and
visualized
by
FigTree
v1.4.3
(http://tree.bio.ed.ac.uk/software/figtree/).
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ABSTRACT Transporters are transmembrane proteins that mediate the selective translocation of solutes across biological membranes.
Recently, we have shown that speciﬁc interactions with plasma membrane phospholipids are essential for the formation and/or stability
of functional dimers of the purine transporter UapA, a prototypic eukaryotic member of the ubiquitous nucleobase ascorbate
transporter (NAT) family. Here, we provide strong evidence that distinct interactions of UapA with membrane lipids are essential for ab
initio formation of functional dimers in the ER, or ER exit and further subcellular trafﬁcking. Through genetic screens, we identify
mutations that restore defects in dimer formation and/or trafﬁcking. Suppressors of defective dimerization restore ab initio formation
of UapA dimers in the ER. Most of these suppressors are located in the movable core domain, but also in the core-dimerization
interface and in residues of the dimerization domain exposed to lipids. Molecular dynamics suggest that the majority of suppressors
stabilize interhelical interactions in the core domain and thus assist the formation of functional UapA dimers. Among suppressors
restoring dimerization, a speciﬁc mutation, T401P, was also isolated independently as a suppressor restoring trafﬁcking, suggesting
that stabilization of the core domain restores function by sustaining structural defects caused by the abolishment of essential
interactions with speciﬁc lipids. Importantly, the introduction of mutations topologically equivalent to T401P into a rat homolog of
UapA, namely rSNBT1, permitted the functional expression of a mammalian NAT in Aspergillus nidulans. Thus, our results provide a
potential route for the functional expression and manipulation of mammalian transporters in the model Aspergillus system.
KEYWORDS Aspergillus nidulans; UapA; nucleobase; NAT; rSNBT1

T

RANSPORTERS are essential transmembrane proteins
that catalyze the uptake or efﬂux of metabolites, nutrients,
ions, and drugs across biological membranes. Transporter
malfunction, due to genetic mutations or metabolic defects,
results in signiﬁcant cellular or organismal disruption (CésarRazquin et al. 2015) (http://www.tcdb.org/). Despite their
biological and apparent medical importance, knowledge on
structure–function relationships in transporters is limited
compared to extramembrane hydrophilic proteins. This is in
part due to complexity associated with their translocation
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and cotranslational folding into a membrane lipid bilayer
[the ER in eukaryotes or the plasma membrane (PM) in prokaryotes]. Additionally, in eukaryotes, transporters follow
speciﬁc membrane trafﬁcking, turnover, or recycling routes,
which add further complications in understanding their
mechanisms of regulating expression, function, and turnover
(Lauwers et al. 2010; MacGurn et al. 2012; Herrmann and
Spang 2015; Rabouille 2017; Bouris et al. 2019). A further
contributory factor is their functional and structural dependence on speciﬁc membrane lipids, something has is only
recently begun to be explored in detail (Bechara and
Robinson 2015; Gupta et al. 2017). Further complications
for transporter study arise from difﬁculties in expressing sufﬁcient quantities for downstream structural studies, functional reconstitution in proteoliposomes, or in measuring
their kinetics in intact cells where the presence of similar
transporters with overlapping speciﬁcities complicates the
analysis (Rigaud and Lévy 2003).
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One of the best studied eukaryotic transporters is the UapA
xanthine–uric acid/H+ symporter of the ﬁlamentous ascomycete Aspergillus nidulans (Diallinas 2014, 2016). This is due
to the development of rigorous genetic, biochemical, and
in vivo cellular approaches, uniquely available in the model
system of A. nidulans, and, more recently, structural and
biophysical studies. The high-resolution, inward-facing structure of a conformationally locked mutant of UapA (G411VD1–11)
revealed that UapA is a closely associated dimer (Alguel
et al. 2016). Coexpression experiments with wild-type and
nonfunctional UapA mutants revealed a dominant negative
effect of the nonfunctional mutants, indicating functional interdependence of individual protomers in the UapA dimer
and that the dimer is the functional unit (Alguel et al.
2016). In the UapA dimer each monomeric unit consists of
a core domain that hosts the substrate-binding site and a
dimerization domain that includes elements crucial for substrate speciﬁcity. Molecular dynamics (MD) simulations
together with comparison with other related proteins suggested that UapA functions via an elevator mechanism, as
reported for a range of other transporters (Arakawa et al.
2015; Geertsma et al. 2015; Thurtle-Schmidt and Stroud
2016; Yu et al. 2017; Huynh et al. 2018; Chang et al.
2019). Upon substrate binding, the core domain moves
against the relatively immobile dimerization domain to transport the substrate from one side of the membrane to the other
(Alguel et al. 2016; Drew and Boudker 2016). Interestingly,
UapA substrate speciﬁcity is also determined by the proper
formation of the dimer, as a speciﬁc Arg residue (Arg481)
from one monomeric unit dynamically controls the substrate
translocation trajectory in the opposite monomer (Alguel
et al. 2016). Recently, native mass spectrometry (MS) of puriﬁed UapA, combined with MD, mutagenesis, and functional
analyses, established that the membrane lipids, phosphatidylinositol (PI), and phosphatidylethanolamine (PE) have a
critical role in stabilizing the functional UapA dimer (Pyle
et al. 2018). More speciﬁcally, it has been shown that UapA
delipidation during puriﬁcation causes dissociation of the dimer into monomers, but subsequent addition of PI or PE both
recovers lipid binding and reforms the UapA dimer. MD simulations predicted possible lipid-binding sites near the UapA
dimer interface, and subsequent mutational studies conﬁrmed that Arg287, Arg478, and Arg479 act as the lipidbinding residues involved in the formation of UapA dimers
and are absolutely necessary for transport activity (Pyle et al.
2018). Importantly, however, while triple-alanine replacement of these arginines leads to total lack of UapA function,
both native MS and biﬂuorescence complementation (BiFC)
assays have indicated that a fraction of UapA can still dimerize (Martzoukou et al. 2015; Pyle et al. 2018). Thus, lipid
binding might not be an absolute requirement for dimer formation, but is essential for the formation and/or stability of
functional dimers. The total lack of function of the lipid-binding
site UapA mutant (R287A/R478A/R479A) further suggests
that speciﬁc interactions with lipids are also necessary for
the mechanism of transport per se. Rather surprisingly, the
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GFP-tagged inactive triple arginine mutant can still properly
trafﬁc to the PM, which means that either monomeric UapA
translocates normally to the PM, or that the UapA dimer is
initially formed in the ER and trafﬁcs to the PM, but then
becomes unstable and dissociates into nonfunctional monomers. Noticeably, the triple arginine mutant is also sufﬁciently
folded and stable to allow isolation and native MS analysis,
which is also compatible with sorting to the PM. As MD simulations further predicted that lipids could also bind to the outermost, membrane-facing regions of the core domains of the
UapA dimer (Pyle et al. 2018), further investigation was
needed to fully understand the role of membrane lipids in
UapA folding, subcellular trafﬁc, and transport function.
Here, we investigate further the role of residues Arg287,
Arg478, and Arg479 in UapA dimer formation and/or stability,
and study the role of additional putative interactions of UapA
with membrane lipids. Using mutational and functional analyses we conﬁrm that Arg287, Arg478, and Arg479 are essential for ab initio dimerization in the ER, but redundant for
membrane trafﬁc, whereas interactions between distinct peripheral residues (Lys73, Arg133, and Arg421) and lipids are
essential for proper folding, ER exit, and membrane trafﬁc.
Additionally, using genetic screens for suppressors of mutations affecting putative lipid-binding residues, which could in
principle lead to residues critical for structure–function relationships in UapA or to proteins assisting UapA sorting to the
PM, we obtained intragenic suppressors in UapA that apparently compensate for the “lost” lipid interactions in the original mutants. Importantly, using information on a speciﬁc
core residue that proved to have a key role in stabilizing
UapA, Thr401, we genetically manipulate and achieve the
functional expression, for the ﬁrst time, of a mammalian homolog of UapA in A. nidulans. This opens the way for the
functional expression of mammalian transporters, that belong to the nucleobase ascorbate transporter (NAT) family,
including those essential for vitamin C transport in humans
(Yamamoto et al. 2010; Yasujima et al. 2018), in the model
Aspergillus system.

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. Glucose 1% (w/v) was used as a carbon
source, and 10 mM sodium nitrate (NO2
3 ) or 10 mM proline
was used as nitrogen source. Nucleobases and analogs were
used at the following ﬁnal concentrations: 5-ﬂuorouracil
(5FU) 100 mΜ, uric acid 0.5 mM, xanthine 1 mM, adenine
2 mM, thymine 2 mM, hypoxanthine 2 mM, and uracil 2 mM.
All media and chemical reagents were obtained from Sigma
(Sigma Chemical), St. Louis, MO (Life Science Chemilab
SA, Athens, Hellas) or AppliChem (Bioline Scientiﬁc SA,
Athens, Hellas). A DazgA DuapA DuapC::AfpyrG pabaA1

argB2 mutant strain, named D3, was the recipient strain in
transformations with plasmids carrying uapA alleles, based
on complementation of the arginine auxotrophy argB2.
A DfurD::riboB DfurA::riboB DfcyB::argB DazgA DuapA
DuapC::AfpyrG DcntA::riboB pabaA1 pantoB100 mutant strain,
named D7, was the recipient strain in transformations with
plasmids carrying the rSNBT1 wild-type and mutated alleles,
based on complementation of the pantothenic acid auxotrophy strain pantoB100 (Krypotou and Diallinas 2014). A. nidulans protoplast isolation and transformation were performed
as previously described (Koukaki et al. 2003). Growth tests
were performed at 25 or 37° for 48 hr at pH 6.8.
Standard molecular biology manipulations and
plasmid construction

Genomic DNA extraction from A. nidulans was performed
as described on the Fungal Genetics Stock Center website
(http://www.fgsc.net). Plasmids, prepared in Eschericia 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, Düren, Germany Lab Supplies
Scientiﬁc SA, Athens, Hellas). Standard PCR reactions were
performed using KAPATaq DNA polymerase (Kapa Biosystems). PCR products used for cloning, sequencing, and reintroduction by transformation in A. nidulans were ampliﬁed by
a high-ﬁdelity KAPA HiFi HotStart Ready Mix (Kapa Biosystems) polymerase. DNA sequences were determined by VBCGenomics (Vienna, Austria). Site-directed mutagenesis was
carried out according to the instructions accompanying the
Quik-Change Site-Directed Mutagenesis Kit (Agilent Technologies and Stratagene, La Jolla, CA). The principal vector
used for UapA mutants was pAN510-GFP carrying a gfptagged uapA gene as a template (Koukaki et al. 2005), and
for rSNBT1 mutants was a modiﬁed pGEM-T-easy vector carrying a version of the gpdA promoter, the trpC 39 termination
region, and the panB selection marker (Pantazopoulou et al.
2007). For BiFC analyses, the N-terminal half of yellow ﬂuorescent protein (YFPn; 154 amino acids of YFP) or the
C-terminal half of YFP (YFPc; 86 amino acids of YFP) was
ampliﬁed from plasmids PDV7 and PDV8 (Krypotou et al.
2015), and cloned into pAN510exp-alcAp or pAN520exp-alcAp
(Takeshita et al. 2008) followed by cloning of the uapA ORF.
UapA or rSNBT1 mutations were constructed by oligonucleotide-directed mutagenesis, or appropriate forward and reverse
primers (Supplemental Material, Table S2). Transformants arising from single-copy integration events with intact UapA ORFs
were identiﬁed by PCR analysis.
Uptake assays

Kinetic analysis of UapA or rSNBT1 activity was measured by
estimating uptake rates of 3H-xanthine or 3H-uracil uptake
respectively (40–80 Ci mmol21; Moravek Biochemicals, Brea,
CA, USA), as previously described in (Krypotou and Diallinas
2014). In brief, 3H-xanthine or 3H-uracil uptake, or competition by excess of other unlabeled substrates, was assayed in

A. nidulans conidiospores germinating for 4 hr at 37°, at
140 rpm, in liquid MM, pH 6.8. Initial velocities were measured on 107 conidiospores/100 ml by incubation with concentrations of 0.2–2.0 mΜ of radiolabeled substrates at 37°.
The time of incubation was deﬁned through time-course experiments and the period of time when each transporter
showed linear increased activity was chosen. All transport
assays were carried out in triplicate. SD was ,20%. Results
were analyzed using GraphPad Prism software.
Isolation and characterization of suppressor mutations

Suppressor mutations of 109 conidiospores of strains R287A/
R478A/R479A or K73A/R133A/R421A were obtained after
3 min and 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 a sole nitrogen source, at 25°. Spores from positive
colonies were collected after 6–8 days and further isolated on
the same selective medium that was used to obtain the original colonies. Genomic DNA from 24 puriﬁed colonies was
isolated, and the uapA ORF was ampliﬁed and sequenced. In
all cases, the ampliﬁed fragments contained a new single
missense mutation.
Epiﬂuorescence microscopy

Samples for standard epiﬂuorescence microscopy were prepared as previously described (Gournas et al. 2010;
Karachaliou et al. 2013). In brief, sterile 35-mm l-dishes with
glass bottoms (Ibidi, Gräfelﬁng, Germany) containing
liquid minimal media supplemented with NaNO3 and 0.1%
glucose were inoculated from a spore solution, and incubated
for 18 hr at 25° or for 8 hr at 37° (rSNBT1). The samples were
observed on an Axioplan Zeiss (Carl Zeiss, Thornwood, NY)
phase contrast epiﬂuorescent microscope and the resulting
images were acquired with a Zeiss-MRC5 digital camera using AxioVs40 V4.40.0 software. Image processing and contrast adjustment were made using ZEN 2012 software, while
further processing of the TIFF ﬁles was done using Adobe
Photoshop CS3 software for brightness adjustment, rotation,
and alignment.
Homology modeling of rSNBT1

The construction of a structural model of rSNBT1 was based
on the crystal structure of the UapA in the inward-open
conformation [Protein Data Bank (PDB) entry 5I6C]. For this,
we utilized the alignment shown in Figure S5. The ﬁnal model
was built using PRIME software with an energy-based algorithm (Jacobson et al. 2004). A loop reﬁnement routine was
also implemented.
Induced-ﬁt docking of uracil on rSNBT1

Protein preparation using OPLS2005 force ﬁeld (Banks et al.
2005) and molecular docking was performed with the Schrödinger Suite 2018. After protein structure alignment with the
crystal structure of UapA (PDB 5I6C), the binding pocket was
deﬁned by residues Phe124, Glu347, Tyr395, Ser396, and
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Glu397. Uracil was docked on the ﬁnal structure from Homology Modeling, using the induced-ﬁt docking protocol
(Schrödinger Release 2018-1: Schrödinger Suite 2018-1 Induced Fit Docking protocol; Glide, Schrödinger, LLC, New
York, NY, 2018; Prime, Schrödinger, LLC, New York, NY,
2018), which is intended to circumvent the inﬂexible binding
site, and accounts for the side chain and backbone movements upon ligand binding (Sherman et al. 2006).
MD

UapA (wild-type or mutated when discussed) or rSNBT1
homolog dimers were inserted into a lipid bilayer using the
CHARMM-GUI tool (Wu et al. 2014, http://www.charmmgui.org). The resulting system was explicitly solvated using
the transferable intermolecular potential with 3 points
(TIP3P) water model (Jorgensen et al. 1983), and neutralized by the addition of Na+ and Cl2 counter ions at concentrations of 0.15 cM. The lipid bilayer utilized was composed
of 20% ergosterol, 9% POPC, 12% DYPC, 9% YOPC, 6%
POPE, 3% DYPE, 5% YOPE, 3% DOPE, 19% POPI, and 14%
PYPI, as described previously (http://www.charmm-gui.org/
?doc=archive&lib=lipid, Pyle et al. 2018). All UapA mutations were constructed by utilizing the CHARMM-GUI’s initial
step “PDB Manipulation Options.” The N-terminal residues
were always methylated and the C-terminal residues were
always amidated. MD simulations were performed with
GROMACS 2018 (Abraham et al. 2015) using the all-atom
force ﬁeld CHARMM36 (Huang and MacKerell 2013). Periodic boundary conditions were used. Long-range electrostatic interactions were treated with the Particle Mesh
Ewald method. Nonbonded interactions were described with
a Lennard–Jones potential, with a cut-off distance of 1 nm
and an integration step of two femtoseconds (fs) was implemented. The system was progressively minimized and equilibrated using the GROMACS input scripts generated by
CHARMM-GUI, and the temperature and pressure were held
at 303.15° Kelvin and 1 bar, respectively (Lee et al. 2016). The
resulting equilibrated structures were then used as an initial
condition for the production runs of 100 nsec with all the
constraints turned off. Production runs were subsequently analyzed using GROMACS tools, and all images and videos were
prepared using VMD software (Humphrey et al. 1996).
In silico mutation of I157F, L192F, and L431F on UapA

Starting from the crystal structure of UapA, manual mutation
of I157F, L192F, and L431F was performed using the “mutation” command on Maestro v11.5 (Schrödinger Release
2018-1). Each resulting structure was inserted to Protein
Preparation Wizard Workﬂow as implemented on Maestro
v11.5. Restrained minimization was converged when heavy
atom root-mean-square deviation (RMSD) was .1 Å.
UapA K73A/R133A/R421A (T401P) expression
and puriﬁcation

Expression and puriﬁcation of the UapA K73A/R133A/
R421A and K73A/R133A/R421A/T401P mutants was
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carried out as described previously (Pyle et al. 2018). In
brief, the mutants were individually expressed as
C-terminally GFP8His-tagged constructs in Saccharomyces
cerevisiae FGY217 cells (12L), using vector pDDGFP2. Yeast
cells were incubated at 30° with shaking at 300 rpm to an
OD600 of 0.6. Galactose was then added to the cultures to a
ﬁnal concentration of 2% to induce UapA expression. After
incubation for a further 22 hr, the cells were harvested by
centrifugation and resuspended. Cells were broken in a
Constant Systems cell disruptor and the membranes isolated by centrifugation. The membranes were resuspended,
ﬂash-frozen, and stored at 280°. Membranes were solubilized for 1 hr in n-dodecyl-b-D-maltoside. Unsolubilized
membranes were removed by centrifugation. The supernatant was incubated with Ni2+-NTA resin for 2 hr. The Histagged UapA bound to the resin was then washed with
buffers containing 10 and 30 mM imidazole to remove contaminants. UapA was eluted with buffer containing 250 mM
imidazole before overnight dialysis to dilute the imidazole
from the protein sample. During dialysis, the protein was
cleaved using a His-tagged TEV protease. The sample was
run through a His-trap column, from which UapA was eluted
in the ﬂow through, to remove the His-tagged GFP and TEV.
The sample was then loaded onto a size-exclusion chromatography column. Fractions containing monodisperse UapA
were analyzed by SDS-PAGE and concentrated to 20 mM,
ﬂash frozen, and stored at 280°.
Native MS of UapA

Native MS of UapA K73A/R133A/R421A/T401P was carried
out as described previously (Pyle et al. 2018). In brief, UapA
was buffer exchanged into MS buffer [250 mM EDDA (pH
6.3), 0.014% DDMLA (v/v), and 10 mM L-serine] to a UapA
concentration of 20 mM using Micro Bio-Spin 6 columns (BioRad, Hercules, CA). UapA was loaded into gold-coated capillaries and the protein sprayed into a Synapt G2-Si (Waters
Associates, Milford, MA) by nanoelectrospray ionization. The
following conditions were used in the mass spectrometer for
optimal peak resolution: capillary voltage +1.3–1.5 kV, sampling cone voltage 150 V, trap collision energy (CE) 200 V,
transfer CE 0 V, backing pressure 3.88 mbar, trap and transfer
pressure (argon) 1.72e-2 mbar, and ion mobility cell pressure
(nitrogen) 2.58 mbar. The mass spectrometer was calibrated
using cesium iodide. Spectra were recorded and processed
using Masslynx 4.1 software (Waters Associates). The relative abundances of each oligomeric state were quantiﬁed by
UniDec (Marty et al. 2015) as described previously (Pyle et al.
2018).
Data availability

Strains and plasmids are available upon request. The authors
afﬁrm that all data necessary for conﬁrming the conclusions of
the article are present within the article, ﬁgures, and tables.
Supplemental material available at ﬁgshare: https://
doi.org/10.25386/genetics.9177566.

Results
Residues Arg287, Arg 479, and Arg479 are crucial for ab
initio dimerization of UapA in the ER

We have previously shown that arginine residues 287, 478,
and 479 are essential for phospholipid-dependent functional
dimerization of UapA at the PM (Pyle et al. 2018). To further
understand the basis of the functional defect in the triple
R287A/R478A/R479A mutant, we examined whether loss
of dimerization occurs ab initio at the level of the ER or
whether what we have previously observed was due to instability of UapA dimers at the PM. For this, we used a previously described BiFC assay (Martzoukou et al. 2015),
adapted to follow the sorting and subcellular localization of
de novo-made UapA. This was based on time-course experiments following the subcellular localization of de novo-made
alcAp-UapA-GFP, which showed that after 1 hr of transcriptional derepression UapA-GFP was hardly visible, but at 2–
3 hr it labeled the ER and at 4 hr appeared mostly in the PM
(Bouris et al. 2019). Using this system, we followed reconstitution of split-YFP, via UapA dimerization, in a strain containing two copies of the alcAp-uapA gene, tagged at either the
N- or the C-part of the yfp ORF (Martzoukou et al. 2015). To
follow de novo-made UapA in young mycelia, we repressed
the transcription of alcAp-uapA-yfpn and alcAp-uapA-yfpc
overnight (16 hr in MM at 25° in glucose MM), a period to
allow conidiospore germination and young hyphae development, and then shifted the culture to fructose-derepression
medium for 1–4 hr of growth. We performed this assay using
wild-type UapA and the triple R287A/R478A/R479A mutant. Figure 1A shows that in the wild-type control strain,
our assay detected early reconstitution of split-YFP ﬂuorescence at the ER network at 3 hr, but failed to do so in the triple
R287A/R478A/R479A mutant, where only a weak signal
was observed. After 4 hr of expression, the totality of wildtype UapA ﬂuorescent signal marks the PM, whereas a weak
cytoplasmic ﬂuorescent signal and very low cortical localization is observed in the R287A/R478A/R479A mutant. This
shows that Ala substitutions of the three Arg residues led to
signiﬁcant reduction of apparent UapA dimerization at the
ER membrane, and further suggests that speciﬁc contacts
with ER lipids might be a prerequisite for dimerization. Surprisingly, the interactions of R287, R478, and R479 with lipids and dimerization proved redundant for sorting of the
mutant UapA to the PM, as judged by the normal PM localization of R287A/R478A/R479A tagged with intact GFP
(Figure 1B). These ﬁndings suggest that in the R287A/
R478A/R479A mutant nonfunctional UapA monomers or
partially misfolded dimers can still be secreted to the PM.
Genetic suppressors of R287A/R478A/R479A map in the
core or dimerization domains

To further understand the molecular basis of how UapA–
phospholipid interactions affect the functional dimerization
of UapA, we isolated genetic suppressors restoring UapAmediated growth on uric acid in the R287A/R478A/R479A

Figure 1 Residues Arg287, Arg 479, and Arg479 are crucial for ab initio
dimerization of UapA in the ER. (A) Bimolecular complementation analysis
based on reconstitution of split-yellow ﬂuorescent protein (YFP) of de
novo-expressed wild-type or R287A/R478A/R479A mutant, expressed
via the alcAp regulatable promoter in the presence of derepressive carbon
and nitrogen, and two copies of the uapA gene, one tagged with the
N-terminal and the other with the C-terminal part of the yfp ORF (UapAYFPc:UapA-YFPn and UapA-R287A/R478A/R479A-YFPc:UapA-R287A/
R478A/R479A-YFPn). Notice the progressive appearance of a clear ﬂuorescent signal in wild-type UapA, ﬁrst associated with the ER membrane
network (3 hr) and ﬁnally at the plasma membrane (4 hr). In contrast, in
the R287A/R478A/R479A mutant, ﬂuorescence remains extremely low,
just above the level of detection. (B) Localization of wild-type or R287A/
R478A/R479A mutant UapA tagged with GFP after 4 hr of transcription
derepression, showing that the mutant can normally translocate in the
plasma membrane despite a very low apparent ability to dimerize, as
shown in (A). The lower panel shows schematically that dimerization of
UapA is required for detection of a ﬂuorescent signal from reconstituted
split-YFP, while a ﬂuorescent signal from GFP-tagged UapA does not
distinguish monomers from dimers.

triple mutant at 25°, a temperature at which this mutant does
not grow on media containing UapA substrates. We puriﬁed
38 apparent suppressors and sequenced the ORF of the uapA
gene. All 38 contained the original mutation (R287A/
R478A/R479A) plus an extra point mutation, apparently
the one that suppresses the growth defect on uric acid. Table
S1 summarizes the identity and frequency of isolation of all
suppressors, which concerned 13 distinct single-amino acid
substitutions in 11 different residues. Eight of the 13 suppressors were isolated more than once, showing that mutagenesis
was fairly saturated and also conﬁrming that the amino acid
changes detected are responsible for suppression. Figure 2A
shows the topology of suppressor mutations in the UapA
structure.
The 13 distinct suppressors grew well, albeit slightly less
than an isogenic strain expressing wild-type UapA, on uric acid
or xanthine (Figure 2B). Among the suppressors, S119T
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Figure 2 Genetic suppressors of R287A/R478A/R479A localized in the core and the dimerization domain of UapA partially restore UapA function. (A)
Topology of amino acids modiﬁed in R287A/R478A/R479A suppressors. Core domains are colored light blue, and dimerization domains red and green
for clarity. Mutated amino acids in the original mutant strain are shown with blue spheres, and in the suppressors with green and pink (T401) spheres.
(B) Growth tests of R287A/R478A/R479A suppressors on UapA physiological substrates. Control strains are strains with total genetic deletions in all
major purine transporters (DACZ; negative control), referred in the ﬁgure as uapA-, and a DACZ transformant expressing wild-type uapA–gfp (uapA+;
positive control). All suppressor strains and the original R287A/R478A/R479A strain are isogenic to the negative and positive control strains, and express
UapA from single-gene copies of uapA tagged with GFP. All strains were grown in minimal media containing 10 mM nitrate (NO3), 0.5 mM uric acid
(UA), or 1 mM xanthine (X) as a nitrogen source at 25° (left panel) or 37° (right panel). RRR depicts the R287A/R478A/R479A original genetic
background. (C) Relative 3H-xanthine transport rates of R287A/R478A/R479A and R287A/R478A/R479A suppressors expressed as percentages of initial
uptake rates (V) compared to the wild-type (uapA+) rate. Km values (mΜ) for xanthine are shown at the top of histograms. Results are averages of three
measurements for each concentration point. SD was 20%.

scored as a thermosensitive mutant, growing very weakly on
both UapA substrates at 37°, similar to the original R287A/
R478A/R479A mutant. Direct uptake assays, measuring the
transport rate of radiolabeled xanthine (Krypotou and
Diallinas 2014), were used to estimate the effect of the suppressor mutation on UapA transport kinetics. Figure 2C
shows that in most suppressors, UapA transport rates were
reestablished at 15–30% of the wild-type protein, a level
known to be the threshold for conferring visible UapAmediated growth on uric acid or xanthine. Highest transport
rates were obtained in suppressors E286Q (70%) and E286K
(51%). In fact, the relative uptake differences of some suppressors (L192F, A396P, T401P, T401F, or L431F) compared
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with the original R287A/R478A/R479A mutant were marginal. It should be noted that in growth tests, purines were
added to concentrations at the 1–2 mM level to be used as
nitrogen sources, while in uptake experiments, radiolabeled
xanthine was used at a submicromolar range (0.3–0.5 mΜ)
for technical reasons. Thus, any mutation that causes significant reduction in substrate afﬁnity might score as an apparent loss-of-function mutation in uptake experiments, but still
can allow normal growth on the relative substrate when this
is supplied at millimolar concentrations. To test whether the
low apparent transport capacity of suppressors was due to
reduced afﬁnity for xanthine, we estimated the approximate
Km of several of the suppressors relative to the original

R287A/R478A/R479A mutation or a wild-type UapA control. We found no signiﬁcant reduction of afﬁnity for xanthine
in all suppressors tested (Figure 2C, on top of histograms).
Genetic suppressors of R287A/R478A/R479A reestablish
UapA dimerization

As phospholipid binding has been shown to be essential for
the formation of functional UapA dimers, the suppressors of
R287A/R478A/R479A could either restore functional dimerization or confer transport activity to UapA monomers. To test
these two alternatives, we performed BiFC assays to follow
UapA dimerization of de novo-made UapA in selected suppressors (I157F, L234M, and T401P) and control strains, as
described earlier for the original R287A/R478A/R479A mutant. Figure 3 shows signiﬁcant reconstitution of split-YFP
ﬂuorescence, and thus apparent dimerization, at both the
ER and the PM in all of the three suppressors studied, a
picture similar to what is seen in wild-type cells. This conﬁrms that suppressors restored function by restoring early
dimerization of UapA at the ER.
MD provides a structural rationale for the effect of
suppressor mutations on UapA stability and function

Rather surprisingly, 10 out of the 13 mutations concerned
residues located in transmembrane segments (TMSs) of the
movable core domain (i.e., in TMS2, TMS3, TMS4, TMS9,
TMS10, or TMS11). The core domain consists of two layers
of transmembrane helices: TMS1, TMS3, TMS8, and TMS10
in the inner part in contact with the dimerization domain,
and TMS2, TMS4, TMS9, and TMS11 in the outer part in
contact with the membrane lipids. These two layers are stabilized through an extended network of hydrophobic interactions and certain key polar interactions, which are mainly
related to Asp388. Most suppressor mutations are related to
the network of the hydrophobic interactions and are located
on a virtual diagonal intersecting the core domain in the
space between the two transmembrane layers (Figure 4, A
and B). The UapA crystal structure (PDB 5i6c) shows that
Leu192 interacts with Tyr189 (TMS4), Τhr401 (TMS10),
Ιle157 (TMS3), Phe165 (TMS3), Ile101 (TMS1), Ile193
(TMS4), and Ile346 (TMS8). Similarly, Ile157 interacts with
Ile101 (TMS1), Τhr401 (TMS10), Pro402 (TMS10), Val349
(TMS8), Ile346 (TMS8), and Leu192 (TMS4). Thr401 is located in the center between the two TMS layers of the core
domain and interacts with Tyr189 (TMS4), Leu192 (TMS4),
Ile193 (TMS4), Val153 (TMS3), Ιle157 (TMS3), and Ile101
(TMS1). Val153 is surrounded by Thr401 (TMS10), Pro97
(TMS1), Val94 (TMS1), Met400 (TMS10), Ser119 (TMS2),
Met403 (TMS10), and Cys123 (TMS2). On the opposite side,
the Ser119 side chain is located in the middle between
Val153 (TMS3), Val94 (TMS1), Met400 (TMS10), and
Cys123 (TMS2). Finally, Leu431 is located between Ala87
(TMS1), Met90 (TMS1), and Leu120 (TMS2). Contrary to
the above-mentioned residues, Leu234 is located in the dimerization domain, interacting mainly with Ile158 in TMS3.
The suppressor mutations—and more particularly L192F,

Figure 3 Genetic suppressors R287A/R478A/R479A reestablish UapA dimerization. Bimolecular complementation analysis based on reconstitution of split-YFP of de novo-expressed UapA, R287A/R478A/R479A, and
selected R287A/R478A/R479A suppressors, namely I157F, L234M, and
T401P. Details of expression are as in Figure 1. Notice that all suppressors
analyzed clearly restore, at least partially, the strength of the ﬂuorescent
signal detected in the ER and the plasma membrane, when compared to
the original R287A/R478A/R479A mutant (RRR).

T401F, L431F, S119T, and V153T—seem to enhance the
above-mentioned interactions and mainly stabilize the core
domain. To verify this hypothesis, models of UapA, including
selected suppressor mutations, were constructed and subjected to geometry optimization and short MD calculations.
As shown in Figure 4, C–F, the phenyl moieties of the mutated residues I157F, T401F, and L192F are accommodated
in the space between the other lipophilic residues, increasing
hydrophobic interactions between TMS8, TMS3, TMS4, and
TMS10. The introduction of a methyl group in the S119T
mutant will also enhance, albeit to a lower degree, interactions with Val153 (TMS3) and Met400 (TMS10). Finally, the
polar mutation V153T introduces a new hydrogen bond with
Ser119, which already interacts with the backbone of Val94,
creating a hydrogen bond network between TMS3, TMS2,
and TMS1.
Arg133 and Arg421 are essential for ER exit, function,
and lipid-dependent stability

In addition to Arg287, Arg478, and Arg479 forming a lipidbinding site at the dimer interface of UapA, MD simulations
identiﬁed other, cytosolic-facing residues located on the outside of the core domain that have the potential to form
interactions with speciﬁc or annular lipids (Pyle et al.
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Figure 4 Molecular dynamics provide a structural rationale for the effect of suppressor mutations on UapA stability and function. (A) Ribbon
representation of UapA monomer. The core domain is colored blue and the gate domain red. Topologies of type I suppressors on UapA crystal
structure are depicted with black spheres. (B) Detailed view of the topology of T401 and amino acids within 4 Å, including residues mutated in
suppressors in black lettering (see text). The substrate (xanthine) is also shown. (C)–(F). Detailed view of I157F, T401F, L192F, and L431F mutations and
amino acids within 4 Å.

2018). These residues, shown in Figure 5A, are Lys73 in the
N-terminus just upstream of TMS1; Arg133, Tyr137, and
Lys138 in loop L2; Lys212 in helix 1H of L4; and Arg421 in
the border of L10 with TMS11. Of these residues, Arg421 is
highly conserved in all NATs, whereas Lys73, Arg133, and
Lys212 are well conserved in fungal NATs. Tyr137 and
Lys138 are not conserved in other NATs (Figure S1).
To investigate the potential functional role of the above
residues, we constructed mutants expressing all single-, and
selected double- and triple-Ala substitutions. Figure 5B shows
that the single mutations did not affect growth on the UapA
substrates (xanthine or uric acid). Of the four double mutants
constructed, Y137A/K138A and K73A/R421A exhibited no
UapA-related growth defect, while mutant K73A/R133A speciﬁcally showed signiﬁcantly reduced growth on xanthine.
Mutant R133A/R421A scored as an apparent total loss-offunction mutant, as it did not grow on either uric acid or
xanthine. Finally, the triple K73A/R133A/R421A mutant also
scored as a total loss-of-function mutant. Overall, Arg133 and
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Arg421 proved very important for UapA function, while
Lys73 (when present in the context of R133A) was critical
for UapA speciﬁcity for xanthine, but not for uric acid. For
each mutant version of UapA we also assessed localization to
the PM, compared to the wild-type UapA, using the GFP epitope attached to UapA. This analysis (right panel in Figure
5B) showed that most single mutations and Y137A/R138A,
which led to no defect in UapA transport activity, allowed
normal localization of UapA in the PM, as was expected.
On the other hand, R133A and K73A/R421A mutants
showed partial UapA retention in perinuclear ER membranes.
Finally, mutants with apparently defective (K73A/R133A) or
lost (R133A/R421A and K73A/R133A/R421A) transport activity showed partial or total retention in the ER. Growth tests
and subcellular localization were in good agreement with
measurements of rates of radiolabeled xanthine accumulation, which conﬁrmed that the simultaneous presence of
Arg133 and Arg421 is essential for transport activity, whereas
Lys73 is critical for xanthine uptake only when Arg133 is also

Figure 5 Arg133 and Arg421 are essential for ER exit, function, and lipid-dependent stability. (A) Topology of the predicted lipid-binding sites near the
dimer interface (blue) and those in the membrane-facing regions (red) of the UapA dimer. (B) Growth tests of A. nidulans strains in minimal media
supplemented with nitrate (NO3), uric acid (UA), or xanthine (X) as a nitrogen source at 37° (left panel). Control strains and concentrations of
supplements are as in Figure 2. All UapA mutant strains are isogenic to the negative and positive control strains, expressing uapA alleles tagged with
gfp. Inverted ﬂuorescence microscopy images show localization of the GFP-tagged UapA constructs (ight panel). (C) Relative 3H-xanthine transport rates
of UapA mutants expressed as percentages of initial uptake rates (V) compared to the wild-type (uapA+) rate. 3H-xanthine uptakes were performed at
37°. The Km value (mM) for xanthine for mutant K73A/R133A is indicated by a blue arrow. The results are averages of three measurements for each
concentration point. SD was 20%. (D) Bimolecular complementation analysis of the K73A/R133A/R421A UapA mutant, performed as previously
described in Figure 1 and Figure 3. Notice that the K73A/R133A/R421A mutant retains the ability to reconstitute a ﬂuorescent signal in the ER, but
not in the plasma membrane.

replaced by Ala (Figure 5C). For the double mutant K73A/
R133A, which showed reduced growth on xanthine, we also
measured the Km for xanthine and showed that this was very
close to that of the wild-type UapA (3.6 vs. 5 6 2 mΜ), suggesting that reduced growth on xanthine is not assigned to
reduced substrate binding.
We investigated whether the lack of UapA sorting out of the
ER in the triple K73A/R133A/R421A mutant is related to its
ability to dimerize. For this, we employed BiFC assays, as
described before for the R287A/R478A/R479A mutant. Figure 5D shows that, rather surprisingly, the K73A/R133A/
R421A mutant could apparently dimerize in the ER, as a

strong ﬂuorescence signal was reconstituted associated with
the ER membrane network. This was in line with western blot
analysis that detected persisting dimeric forms of K73A/
R133A/R421A (Figure S2). These ﬁndings suggested that
UapA dimerization is not sufﬁcient for ER exit and further
sorting to the PM. This is also in agreement with the observation that a lack or reduction of dimerization, seen in the
R287A/R478A/R479A mutant (Pyle et al. 2018), did not
interfere with proper ER exit and sorting to the PM. Thus,
functional dimerization and trafﬁcking processes, seemingly affected by distinct lipid-interacting residues, are not
necessarily related. Noticeably, attempts to purify the
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Figure 6 Substitution T401P partially restores the lipid-dependent functional defects of K73A/R133A/R421A. (A) Topologies of amino acids modiﬁed in
K73A/R133A/R421A suppressors. Core domains are colored light blue, and dimerization domains red and green. Mutated amino acids in the original
strain are shown with red spheres and in the suppressor with pink spheres. (B) Growth tests of K73A/R133A/R421A suppressors in minimal media
supplemented with nitrate (NO3), uric acid (UA), and xanthine (X) as nitrogen sources at 37° (left panel). Control strains and supplement concentrations
are as in previous Figures. All mutants are isogenic to the negative and positive control strains, expressing uapA alleles tagged with GFP. Inverted
ﬂuorescence microscopy images show localization of the GFP-tagged UapA constructs (right panel). KRR depicts K73A/R133A/R421A, sc depicts single
copy transformants and hc depicts high copy transformants. (C) Relative 3H-xanthine transport rates of UapA mutant versions expressed as percentages
of initial uptake rates (V) compared to the wild-type (uapA+) rate. 3H-xanthine uptakes were performed at 37°. Km values (mM) for xanthine are shown.
Results are averages of three measurements for each concentration point. SD was 20%.

K73A/R133A/R421A protein showed that this version of
UapA is prone to aggregation and is highly unstable (Figure
S3). Given that the K73A/R133A/R421A protein is very
stable in total extracts, the instability observed upon puriﬁcation is consistent with the removal of lipids.
Substitution T401P partially restores the lipiddependent functional defects of K73A/R133A/R421A

We used a genetic approach to understand how residues
Lys73, Arg133, and Arg421 might affect UapA sorting to
the PM by isolating suppressor mutations that restored
UapA-mediated growth on uric acid in the mutant K73A/
R133A/R421A, as described earlier for the isolation suppressors of the R287A/R478A/R479A mutant. We obtained, puriﬁed, and sequenced the uapA ORF from nine suppressors.
Rather surprisingly, all proved to include the same single
mutation, namely T401P, in addition to the original K73A/
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R133A/R421A triple mutation (Figure 6A). Noticeably,
T401P was also isolated among the suppressors of the dimerization-defective R287A/R478A/R479A mutant. Growth
tests showed that although T401P confers normal growth
on xanthine and uric acid in the context of K73A/R133A/
R421A (Figure 6B), this occurs by only partial restoration
of UapA-mediated transport of these purines (Figure 6C).
By targeted mutagenesis, we also constructed plasmid vectors carrying K73A/R133A/R421A/T401P and T401P alone,
introduced them in the A. nidulans strain lacking endogenous
nucleobase transporters, and analyzed several puriﬁed transformants. Those carrying the quadruple mutation K73A/
R133A/R421A/T401P behaved as the original suppressor,
conﬁrming that T401P is the causative mutation suppressing
the lack of function in R287A/R478A/R479A. Transformants
expressing UapA-T401P behaved nearly as well as a wildtype UapA control, showing 70% transport rates, and normal

Figure 7 Manipulation of a residue topologically equivalent to T401P leads to functional expression of a mammalian NAT homolog in A. nidulans. (A)
Homology modeling of the topology of rSNBT1, constructed using, as described in the Materials and Methods, the inward-facing conformation of the
crystal structure of the UapA dimer. The two mutated and functionally analyzed residues, N390 and G391, are shown as black spheres. The location of
uracil, the major substrate of rSNBT1, is also depicted, as determined by dynamic docking (left panel). In the right panel, a zoomed-out picture of the
substrate-binding site depicting the major interactions of uracil with speciﬁc residues. (B) Growth tests of isogenic A. nidulans strains expressing singlecopy wild-type rSNBT1 or its mutated versions rSNBT1-N390T, rSNBT1-N390P, and rSNBT1-G391P. A negative control strain (i.e., the recipient D7 strain
that has null activity for nucleobase transport; see text) is included for comparison. Growth tests were performed at 37° on minimal media supplemented with Na+ (100 mM NaCl); 10 mM NaNO3 was used as a control nitrogen source unrelated to purine transport activities in all tests scoring
resistance/sensitivity to 5FU (rows 1–7). Rows 3–7 represent in vivo competition assays scoring the ability of excess purines (2 mM) to compete with the
uptake of 5FU (100 mΜ), and thus revert 5FU sensitivity. Χ is xanthine, A is adenine, T is Thymine, HX is hypoxanthine, and U is uracil. Notice that T, HX,
and U competed with 5FU uptake and suppressed sensitivity. Growth was also scored on minimal media containing UA (uric acid), X, or HX as sole
nitrogen sources, none of which supported growth of the strains tested (three last rows). (C) Growth tests of A. nidulans of the same strains as in (A),
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growth on xanthine or uric acid. Epiﬂuorescence microscopy of
K73A/R133A/R421A/T401P and T401P was in line with
growth tests and uptake transport measurements. In particular, T401P, in the genetic context of K73A/R133A/R421A,
partially restored sorting of UapA to the PM, while when present by itself it did not affect UapA localization to the PM (right
panel in Figure 6B). High-copy transformants expressing
K73A/R133A/R421A/T401P further conﬁrmed that a major
fraction of the mutant UapA translocates to the PM, despite
some persistent retention in the ER (see Figure 6B). The positive effect of T401P in the context of K73A/R133A/R421A
was further shown by the isolation of fairly stable, detergentsolubilized K73A/R133A/R421A/T401P protein. Native MS
further showed that the puriﬁed K73A/R133A/R421A/
T401P protein, despite being mostly monomeric, also formed
a distinct population of dimers (Figure S4). As mentioned
above, although attempts were made to isolate and analyze
the K73A/R133A/R421A mutant, the construct aggregated
completely during puriﬁcation indicating partial or total misfolding of this protein. Thus, all evidence showed that T401P
not only favors functional UapA dimerization in the R287A/
R478A/R479A context, but also partially restores ER exit, sorting, and function in the K73A/R133A/R421A context.
Manipulation of a residue topologically equivalent to
T401P leads to functional expression of a mammalian
NAT homolog in A. nidulans

While A. nidulans or S. cerevisiae have been successfully used
to functionally express plant solute transporters [see early
examples in Schachtman et al. (1997), von Wirén et al.
(2000), and Fischer et al. (2002)], including a UapA homolog
(Argyrou et al. 2001), long-standing efforts of our group and
many others have failed to functionally express metazoan
solute transporters in model fungi. In all cases, metazoan
transporters are retained in the ER of fungi and often elicit
an unfolded protein response. The simplest explanation for
this outcome is that the membrane environment of the fungal
ER is incompatible with packaging metazoan transporters
into COPII secretory vesicles (Borgese 2016). Based on this
idea, and the fact that T401 might be key in restoring lipiddependent defects in UapA subcellular sorting and function,
seemingly by increasing the compactness of the core domain
of UapA, we thought we might achieve the functional expression of metazoan NATs in A. nidulans by manipulating similar
key residues involved in interactions with lipids.

To test this idea, we used a characterized NAT homolog
from rat, rSNBT1, which similarly to UapA acts as nucleobase
transporter (Yamamoto et al. 2010; Yasujima et al. 2018).
Noticeably, UapA and rSNBT1 have different speciﬁcities
and cation dependence, as rSNBT1 is a rather promiscuous
Na+ symporter speciﬁc for pyrimidines (uracil and thymine)
and most purines (hypoxanthine, guanine, xanthine, and uric
acid), while UapA is quite speciﬁc for xanthine and uric acid,
and utilizes H+ for cotransport. Previous attempts to express
rSNBT1 or rSNBT1/UapA chimeric transporters in A. nidulans
or S. cerevisiae have failed, always due to total ER retention (A.
Kourkoulou, C. Gournas, S. Amillis, B. Byrne, and G. Diallinas,
unpublished data). To putatively identify residue(s) in rSNBT1
that are topologically and functionally equivalent to T401 of
UapA, we built a structural model by homology threading
using the available UapA crystal structure (Figure 7A and Figure S5). Candidate residues, equivalent to T401 in UapA,
proved to be Asn390 and Gly391. Both are part of a conserved,
short sequence motif, Gly-Thr-Gly-Asn390-Gly391, which is
present in all metazoan NAT members irrespective of their
speciﬁcity (Kourkoulou et al. 2018). In ascomycetes, the analogous sequence motif is F-Thr-F-Thr-Pro (F stands for aliphatic amino acid), while in basidiomycetes and other more
primitive fungi it is less well conserved, being F-Thr-F-Thr/
Ser/Ala/Pro-Pro. In other words, what clearly distinguishes
metazoans from fungi in this region is the replacement of the
Asn residue (390 in rSNBT1) with Thr, and the last Gly
(391 in rSNBT1) with a Pro.
Based on the above observations, we constructed and
analyzed isogenic A. nidulans strains expressing the wild-type
tSNBT1, or mutated versions with substitutions N390P,
N390T, or G391P, in a genetic background lacking all endogenous transporters related to purine or pyrimidine uptake
(see Materials and Methods). Strains expressing the wild-type
form or mutations N390P and G391P did not grow on purines, and were resistant to 5FU (i.e., a test for scoring uracil
uptake), similarly to the recipient negative control strain
lacking all endogenous nucleobase transporters. In contrast,
the strain expressing rSNBT1-N390T showed clear sensitivity
to 5FU and, although it could not grow on any purine, 5FU
sensitivity could be competed in the presence of excess purines or pyrimidines that are known rSNBT1 substrates (e.g.,
hypoxanthine, uracil, or thymine) (Figure 7B). Importantly,
rSNBT1-dependent 5FU sensitivity was Na+-dependent (Figure 7C), compatible with the physiological mechanism of

on minimal media plus proline as a sole nitrogen source, supplemented or not with 100 mM NaCl. Notice that rSNBT1-N390T-mediated 5FU sensitivity is
dependent on the presence of Na+ supplementation. Notice also that in the presence of proline as a nitrogen source, the wild-type rSNBT1 allele confers
very moderate sensitivity to 5FU. (D) Left panel: 3H-uracil (0.1 mΜ) accumulation in strains expressing rSNBT1 and rSNBT1-N390T, performed in the
presence or absence of 100 mM Na+, and in the presence or absence of excess (2 mM) unlabeled nucleobases, after a period of 10 min incubation with
radiolabeled substrate. 3H-uracil accumulation in rSNBT1-N390T in the presence of 100 mM Na+ and absence of unlabeled nucleobase is arbitrarily
taken as 100%. Right panel: relative 3H-uracil (0.1 mΜ) transport accumulation in D7 (negative control), rSNBT1, or rSNBT1-N390T strains as a time
course. Uptake results are averages of three measurements for each concentration point. SD was 20%. (E) Inverted ﬂuorescence microscopy images
showing the subcellular localization of the GFP-tagged rSNBT1 and rSNBT1-N390T constructs. Notice that the strains used for microscopy are identical to
those used in growth tests and uptake assays, as in all cases rSNBT1 sequences were tagged C-terminally with GFP (see Materials and Methods).
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functioning of rSNBT1 in rat (Yamamoto et al. 2010;
Yasujima et al. 2018).
To further conﬁrm that the phenotype observed in the
relative transformants is due uniquely to the genetically introduced rSNBT1-N390T protein, we also analyzed the meiotic progeny of an rSNBT1-N390T transformant. A. nidulans
undergoing meiosis during a process called “selﬁng” (van den
Brink-van der Laan et al. 2004) are prone to high recombination rates that often lead to the loss of sequences introduced
by transformation. Figure S6 shows that in an analysis of
28 meiotic progenital colonies of an original rSNBT1-N390T
transformant, 21 colonies conserved the original sensitivity
to 5FU, while 7 colonies appeared to be 5FU-resistant. Subsequent epiﬂuorescence analysis of selected colonies
showed that in all cases 5FU sensitivity was conserved, a
ﬂuorescent signal from the rSNBT1-N390T protein tagged
with GFP was also conserved. In contrast, all selected colonies that acquired resistance to 5FU lost the ﬂuorescent
signal of the rSNBT1-N390T-GFP (not shown).
Finally, we also performed direct measurements of radiolabeled uracil accumulation or competition in the strain
expressing rSNBT1-N390T, which further conﬁrmed the functionality of the rat transporter in A. nidulans (Figure 7D).
Noticeably, the low apparent transport capacity of rSNBT1N390T with respect to some of its substrates (e.g., hypoxanthine or uric acid) in A. nidulans is very probably due by the
observation that mutation N390T restores sorting of rSNBT1
to the PM only partially (Figure 7E).

Discussion
It is becoming well established that the physicochemical
nature of lipid bilayers and the speciﬁc lipid composition of
membranes affect transporter folding, oligomerization, subcellular trafﬁcking, function, and turnover (van den Brink-van
der Laan et al. 2004; Koshy et al. 2013; Laganowsky et al.
2014; Koshy and Ziegler 2015; Martens et al. 2016; Gupta
et al. 2017; Henrich et al. 2017; Landreh et al. 2017). For
transporters conforming to the 5 + 5 inverted repeat or LeuT
fold, similarities in structurally resolved lipid–protein interactions suggest common ways in which transporter structure
and function are supported by lipid interactions (Drew and
Boudker 2016). These are likely to include stabilization of the
inverted repeat topology, but also mechanistic roles as major
determinants of the alternating access mechanism of secondary transporters. Noticeably however, the great majority of
studies on transporter–lipid interactions have to date focused
on prokaryotic transporters.
To our knowledge, our previous study on UapA–lipid interactions still remains the only one focusing on a eukaryotic
transporter (Pyle et al. 2018). In brief, we have shown that
UapA, which primarily exists as a dimer, dissociates into
monomers upon removal of tightly bound lipids, and that
the dimer can be recovered by the addition of PI or PE. Furthermore, as mutagenesis of tentative lipid-binding Arg residues 287, 478, and 479, predicted by MD, abolished lipid

binding and function, we have proposed that PI and PE bind
at speciﬁc sites in the dimer interface, and thus stabilize the
dimeric functional form of UapA (Pyle et al. 2018). The total
lack of transport activity in R287A/R478A/R479A, despite
the fact that in the mutant a degree of dimerization and
normal sorting to the PM was still evident, suggested that
lipid binding may also be directly essential for the mechanism
of transport. Here, we studied further the role of Arg287,
Arg478, and Arg479, and in parallel investigated the role of
binding of lipids at speciﬁc peripheral residues of UapA. We
showed that Arg287, Arg478, and Arg479 are essential for
early de novo formation in the ER membrane, a process absolutely essential for transport activity, albeit not for sorting
to the PM. In parallel, we identiﬁed distinct positively
charged residues (Lys73, Arg133, and Arg421), exposed to
the PM membrane bilayer, which are essential for ER exit,
sorting to the PM, and transport activity, but apparently not
essential for the initial formation of dimers in the ER. Thus,
the two sets of positively charged residues deﬁne two distinct
sites of interaction of UapA with membrane lipids, both essential for function, albeit due to different reasons. The distinct defects caused by Ala substitutions at the dimer
interface or those exposed to the inner side of the PM bilayer
are well supported by epiﬂuorescence microscopy, BiFC assays, and native MS. Thus, while substitutions of Arg287,
Arg478, and Arg479 did not affect UapA stability and sorting
to the PM, substitutions of Lys73, Arg133, and Arg421 led to
signiﬁcant protein instability and ER retention. Interestingly,
in no case did the mutant UapA versions studied elicit an
unfolded protein response (results not shown), suggesting
that they probably do not lead to signiﬁcant misfolding. This
is particularly interesting in the case of the K73A/R133A/
R421A mutant, which is totally blocked within the ER membrane. This observation further suggests that interactions
with speciﬁc peripheral lipids might be crucial for speciﬁc
packaging into COPII secretory vesicles and ER exit.
The most original ﬁnding of the present work stems from
the isolation of genetic suppressors that partially restore
defects caused due to modiﬁed interactions of UapA with
speciﬁc lipids at the dimer interface. In principle, genetic
reversion of the lost apparent activity of UapA in the original
mutants could have led us to either intragenic or extragenic
suppressors, the latter probably concerning proteins assisting
ER exit and/or sorting of UapA to the PM. However, we did not
obtain extragenic suppressors. The reason for that might be
found in our recent ﬁndings that show that the only currently
known factors needed for UapA sorting to the PM are COPII
components, actin, and the clathrin heavy chain, all proteins
essential for cell viability. Most of the suppressors isolated
mapped in the center of the core domain, and less frequently in
the dimerization domain. No rational approach or MD studies
could have predicted the functional importance of the residues
identiﬁed via unbiased genetics. How these residues might
correct defects in lipid binding became possible a posteriori
with the help of MD and by taking into account the biophysical nature of residues introduced by suppressor mutations.
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We can classify suppressors of the original dimerization
mutant, R287A/R478A/R479A, into three types. Type I,
which contains the majority of suppressors, map in the center
of the core domain in TMS2, TMS3, TMS4, TMS9, TMS10, and
TMS11. All, except one, introduce residues with increased
hydrophobicity and/or aromaticity (V150I, I157F, I157L,
L192F, A396P, T401P, T401F, or L431F). Only V153T introduces a polar residue, while S119T replaces a polar residue
with a longer residue of similar properties. MD suggested that
all these changes increase the strength of the relative TMS
interactions, and thus the compactness of the core domain and
the stability of the protein. Type II includes L234M in TMS5 in
the middle plane of the dimerization domain. This mutation
could increase the strength of interactions between the dimerization and core domains. Type III includes E286Q and
E286K at the end of the cytoplasmic-facing part of TMS6. The
most logical scenario for these last two suppressors is that they
replace directly the interactions with lipids of the nearby
mutated Arg287 (i.e., in R287A). This is also in line with
the fact that these are the strongest isolated suppressors in
respect to UapA transport activity. Thus, our ﬁndings, especially those concerning type I and II suppressors, strongly
suggest that by stabilizing the core, which is the motile part
of the monomeric units that undergoes dynamic up-anddown elevator-like sliding, the dimer is also stabilized and
thus function is restored.
Interestingly, all isolated suppressors of the trafﬁcking
mutant K73A/R133A/R421A proved to correspond to substitution T401P, a mutation that also restored the dimerization mutant R287A/R478A/R479A. How this is achieved
remains quite unclear, mostly because we still do not understand the molecular basis of the trafﬁcking defect in the
original mutant. Based on BiFC assays, western blot analysis,
and native MS, R287A/R478A/R479A was shown to form
dimers, but these seem much more unstable and less abundant
with respect to monomers compared to wild-type UapA (Pyle
et al. 2018). Thus, despite the distinct defects caused by
K73A/R133A/R421A and R287A/R478A/R479A triple mutations in UapA subcellular localization, both seem to affect
the stability and function of UapA via abolition of essential
but distinct interactions with speciﬁc lipids. Apparently, mutation K73A/R133A/R421A was more critical than R287A/
R478A/R479A for the packaging of UapA into COPII secretory vesicles and ER exit (Bouris et al. 2019), which might in
turn suggest that speciﬁc peripheral lipid interactions are
more important for the trafﬁcking of UapA and other structurally similar eukaryotic transporters. In line with our results, it has been recently suggested that lipid binding
around domain interfaces of the prokaryotic NhaA Na+/H+
exchanger are also involved in stabilizing the core domain
during the conformational transitions required for transport
by the elevator mechanism (Landreh et al. 2017). Thus, it has
been speculated that elevator-type antiporters use a subset
of speciﬁc peripheral or annular lipids as structural support
to facilitate large-scale conformational changes within
the membrane. Other recent studies using native MS and
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functional assays have also demonstrated that protein–lipid
interactions play a crucial role in stabilizing the dimer form of
prokaryotic transporters conforming to the 7 + 7 inverted
repeat topology found in transporters using the sliding elevator mechanism of transport (Arakawa et al. 2015; Gupta
et al. 2017).
An impressive ﬁnding of our work was that a single mutation, T401P, proved to be a key residue in restoring defective
interactions with speciﬁc lipids either at the dimer interface or
peripherally. We made use of this information and achieved,
for the ﬁrst time, the functional expression of a rat homolog of
UapA, rSNBT1, in A. nidulans. The successful expression of
rSNBT1 in A. nidulans strongly supports the idea that the
bottleneck in expressing metazoan transporters in fungi is
proper folding in an environment of heterologous membrane
lipid composition. Our achievement opens the way for further
manipulations, via rational design or unbiased genetic
screens, of lipid-binding residues in transporters for their
functional expression and manipulation in genetically tractable model fungal systems, such as A. nidulans or S. cerevisiae.
Additionally, the successful functional expression of metazoan homologs in A. nidulans leads to new routes for identifying and studying the evolution of novel functions and
substrate speciﬁcities in the NAT family, such as, for example,
understanding how human NAT homologs have evolved to
become speciﬁc for vitamin C rather than nucleobases
(Kourkoulou et al. 2018).
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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 possessing variable transport capacities and specificities for nucleobases. In particular, we show that a UapA version including the quadruple mutation T405S/F406Y/A407S/Q408E in the NAT signature motif (UapASYSE) 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.
Ó 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
0022-2836/Ó 2021 Elsevier Ltd. All rights reserved.

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 funcJournal of Molecular Biology (2020) xxx, xxx–xxx
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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 subcellular 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 functional 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 interested in understanding how the function and specificity 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 nucleobases, but rather surprisingly, mammals and other
vertebrates possess NAT homologues that are
specific for L-ascorbate transport, defining the evolutionary distinct SVCT1/SVCT2 (SLC23A1/
SLC23A2) clade, in addition to nucleobasespecific 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-ascorbatespecific 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 specificity, some of which seem to transport substrates
other than nucleobases or L-ascorbate.10,11 In conclusion, NATs constitute an excellent group for
studying transporter molecular and functional evolution 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 relationships, 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, double or triple mutations can convert UapA into a more
promiscuous nucleobase transporter, able to transport 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 Lascorbate transporters have evolved from a clade
of ancient nucleobase transporters.9 This shift in
substrate specificity, from nucleobases to Lascorbate, 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 Lascorbate is non-planar and highly soluble in water.
This difference should necessitate prominent
changes in the architecture of the substratebinding site and substrate translocation trajectory,
but maybe also in other regions of the relevant
NATs. We still have no insight on the molecular trajectories 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 conserved NAT motif that forms part of the substrate
binding site, within the core domain of UapA.12,19,20
Our results reveal an unexpected contextdependent cryptic role of specific residues in determining the specificity of UapA towards nucleobases. 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 specificity.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/L406A/S/T/G/V407-Q/E408-N409-X-G411-X-X-X-X-T416-R/
K/G417 (numbering refers to UapA), where highly
2
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conserved residues are shown in bold (Figure 1(A)).
This motif has been shown, via modelling and crystallography, 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 (xanthine). A407 and F406 also interact with xanthine
via a backbone nitrogen and p-p stacking, respectively, 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 by G411 also proved essential for transport as replacement by Val traps UapA
in a non-functional substrate-occluded conformation facing the cytoplasm.12 Finally, specific substitutions of R417 proved crucial in determining the
high affinity of UapA for uric acid compared to xanthine. 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 substitutions in the first part of the motif. More specifically,
the aromatic Phe/Tyr residue (F406 in UapA) is substituted by Ser, while the polar residue Gln/Glu
(Q408 in UapA) is replaced by a Pro. Mutant versions of UapA with single (F406S and Q408P), double (F406S/Q408P) or triple substitutions (T405S/
F406S/A407S and F406S/A407S/Q408P) introducing 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.

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 analogues
(e.g.
5-fluorouracil/5FU
or
5fluorocytosine/5FC).33 Allantoin and purinenucleosides can be used as N sources in A. nidulans and thus UapA mutations can be scored by
conferring growth on these substrates. Pyrimidinenucleoside 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-A407Q408) 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 specificity. 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 analyzing these mutants we primarily asked which residues are critical for restricting or enlarging UapA

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 transporter.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 transporters30,31 and CntA is the single general nucleoside transporter.32 Due to deletions in the
aforementioned genes, strain D7 has no detectable
transport activity for purines, pyrimidines, nucleosides, 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 recog4
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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 nucleobaserelated 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, UapATYAQ 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 Lascorbic 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 UapASYSQ 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.
5
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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 Lascorbate.34 None of the UapA mutants altered
the mild toxic effect (i.e. reduced conidiation) of Lascorbic 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 UapATFAQ versus UapA-TFAE, which differ in the
same residue as UapA-SYSQ differs from UapASYSE, 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.

mutations R481G, T526L, F528M, R481G/T526L
and R481G/F528M. These mutations enlarge UapA
specificity to transport, besides its natural substrates uric acid and xanthine, all purines, several
purine analogues and uracil, albeit with low affinity.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 trajectory 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 UapAR481G/T526L/SYSE showed moderate sensitivity
to 5FU, similar to UapA-SYSE, thus ‘masking’ the
hypersensitivity of the parental double UapAR481G/T526L mutant, while UapA-R481G/
F528M/SYSE remained hypersensitive to 5FU,
similar to the relative double mutants UapAR481G/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

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 transport and acquisition of a capacity for 5FU accumulation, 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

3
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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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.

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
8
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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
TYAQ

+++
+++

+++
+++

–
+

–
+

–
++

–
–

–
–

–
–

Wt function/specificity
increased binding/transport promiscuity

TFAE

++

++

+/–

++

+/–

–

–

–

TYAE

–

–

–

–

+/–

–

–

–

SSSQ

+/–

–

–

–

+

–

–

–

SYSE

–

–

–

–

+++

–

–

–

SYSQ

+++

+++

++

+/–

++

–

–

–

increased binding/transport promiscuity, reduced
affinity and transport of UA, XA
loss of purine binding/transport, but gain of
moderate 5FU transport
loss/reduction of purine binding/transport, but gain
of 5FU transport
loss/reduction of purine transport but gain of
efficient 5FU transport
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

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 Lascorbic 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 UapAmediated 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 UapAT526L,
-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 performed in vivo competition assays in growth tests
where we 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 gen9
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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 3Hxanthine (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.
10
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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%.

11

A. Kourkoulou, I. Zantza, K. Foti, et al.

Journal of Molecular Biology xxx (xxxx) xxx

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 toxicity, 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 concentration 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 UapAF528M/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 Figure S1).
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 homologues 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 inactive. Thus, re-establishment of the combination
Q408-N410 in the sequence context of those bacterial UapA-homologs is not compatible with (xanthine 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
12
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Table 2 Profile of SYSE suppressors

*

Mutation

TMS*

Domain

Codon change

Number of isolates

L234M
E408Q
A519P
F528S
F528S
F528C
F528V
F528I

5
10
14a
14b
14b
14b
14b
14b

Dimerization
Core
Dimerization
Dimerization
Dimerization
Dimerization
Dimerization
Dimerization

CTG ? ATG
GAG ? CAG
GCG ? CCG
TTT ? TCT
TTT ? TCA
TTT ? TGT
TTT ? GTT
TTT ? ATT

2
5
3
10
1
6
5
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%.

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 affinity transport (>1 mM) for non-physiological purine
13
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substrates, when combined with Q408E increased
significantly the affinity of UapA for these ‘new’ substrates. 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 position might well modify the local structure to
TMS14, and in particular the positioning of T526
and F528, both residues being critical for specificity.17 Interestingly, the mutation concerning residue 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 dimerization in finely regulating specificity, as already discussed 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 conserved relatively high or moderate affinity for xanthine 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 suppressors concerning F528 substitutions, to the presence 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 considering reduced growth on xanthine or uric acid
of relative mutants including SYSE, as shown in
Figure 4(A). Most suppressors also showed moderate 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 significantly the affinity for substrates,17,41 the SYSE
sequence should, in principle, be the reason of
acquisition of moderate/low affinity binding of purines, 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 mutations removing the aromatic Phe residue at position 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 nucleobase transporter is mutation Q408E, a replacement 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 specificity 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.
14
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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-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.

transport assays are performed at pH 6.8). On the
other hand, E408 in both UapA-SYSE and UapATFAE exhibits a theoretical pKa of 6.8. Alterations
in the acidic character in side chains of UapASYSQ 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

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
15
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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 Hbond 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 evident that uracil/5FU docking in UraA or UapASYSE, 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 micromolar concentration), whereas UapA-SYSE recognizes these two substrates with moderate affinities
(148–259 lΜ, depending on the combination of
the SYSE sequence with different F528 substitutions). 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 recognition, 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 UapASYSQ 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 affinity, 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 outward 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 outward conformation and the inward crystal structure
of UapA. As can be seen, in the outward topology
the two residues are in very close distance interacting through p-electrons. The MD calculations shows
that the distance of the two side chains remains
stable ~3.50 
A through the 100 ns simulation, suggesting 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 (see Discussion).

Discussion
Despite the fact that UapA and bacterial NATs
have been extensively analysed by a plethora of
16
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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).

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 contextdependent 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 metazoan 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 dramatically increase uracil transport capability, while
the Tyr residue also contributes to that. Our relative
MDs have showed why this might be so. In UapASYSE 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
17
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5FU accumulation and the latter promiscuous
(transport of purines-uracil-5FU). Relative to these
observations, our MD analysis also revealed possible interactions that rationalize why UapA-TFAE
binds, but does not transport hypoxanthine, or
why UapA-SYSE with UapA-SYSQ, have very distinct 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 Lascorbate 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 transport, at least within the context of an otherwise
wild-type UapA sequence. Surprisingly, unlike
wild-type UapA, both UapA-SSSP and UapA-SSSQ
seem to be capable of accumulating low subtoxic
levels of 5FU, judged from the reduction in conidiospore production when compared to wild-type
UapA (see Figure 2(A)). However, we failed to
obtain any evidence that UapA-SSSP and UapASSSQ recognize better or transport L-ascorbate.
Given however the limitations of our system for
detecting low-affinity L-ascorbate transport, we cannot exclude the possibility that UapA-SSSP and
UapA-SSSQ might have an ameliorated capacity
for recognizing this metabolite. It seems that engineering L-ascorbate transport capacity in UapA
may not be feasible by simply introducing residues
that mimic the presumed binding site of Lascorbate 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 UapASYSE 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 aromatic ring at residue 528 is responsible for conferring 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. However, 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 apparently dynamic, as it is not present in the inwardfacing 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 elevator 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 substrates. Given that mutations other than those concerning F528, as shown previously,13 but also here
(e.g. L234 and A519), can similarly convert UapA
into a more promiscuous transporter for weaklybinding 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 structural data and relative MDs 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 Glucose 1 % (w/v) was used as carbon source.
10 mM sodium nitrate (NO3) was used as a standard 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, cytosine, 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 presence of sodium nitrate as N source. All media and
chemical reagents were obtained from SigmaAldrich (Life Science Chemilab SA, Hellas) or AppliChem (Bioline Scientific SA, Hellas). A DfurD::riboB
DfurA::riboB DfcyB::argB DazgA DuapA DuapC::
AfpyrG DcntA::riboB pabaA1 pantoB100 mutant
18
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strain, named D7, was the recipient strain in transformations with plasmids carrying uapA alleles
based on complementation of the pantothenic acid
pabaA1
is
a
auxotrophy
pantoB100.26
paraminobenzoic acid auxotrophy. A. nidulans protoplast isolation and transformation was performed
as previously described.48 Growth tests were performed at 37 ° C for 48 h, at pH 6.8. All strains used
in this work are described in Table S1.

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 experiments, 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 measured 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.

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-ChangeÒ 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 mutagenesis 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

Isolation and characterization of suppressor
mutations
Suppressor mutations of 109 conidiospores of the
strain UapA-SYSE were 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 epifluorescent microscope and the resulting images
were acquired with a Zeiss-MRC5 digital camera
using the AxioVs40 V4.40.0 software. Image processing 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.

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

Molecular simulations
Protein Model Construction. Models of UapATFAE, 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

Uptake assays
Kinetic analysis of wild-type and mutant UapA
was measured by estimating uptake rates of [3H]xanthine uptake (40 Ci mmol1, 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 veloc19
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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 TruncatedNewton algorithm using the OPLS3 parameter
set52 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).
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 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 coupling59 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.60
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