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HepiAnym

Ot petagopelg eivar StopepPpavikéc TpmTEivEG MOV HEGOANPOVV GTNV EMAEKTIKY
LETAPOPE SOAVUEVOV OVGLOV UEGH TOV PLOAOYIKOV KLTTOPIK®OV pepPpovav. H owoyévela
Nucleobase Cation Symporter 1 (NCS1) mov cuvavtdtal 68 TpOKOPLAOTIKOVS 0PYUVIGHOVG,
poKNTEG Kot opopéva @LTA, eivor €01k Yoo Tig vovkAieoPdoelg. H owoyévera NCSI
arovolalel ota ONrooTikd Kol €Tol yivetor €vog TOAAL VTOCYOUEVOG GTOYOG Yo
avtyukpoPlakd eapuaxo. EmmpocsOétoc, apketol avOpmdmvol petapopeic (m.y. peTapopeic
veupodPIPacTOV GEPOTOVIVIG Kot VIOTAivNG) oNUAVTIKOL atd BloAoYiK GKOTLA, EXOVV TNV
0w avadimiwon pe tovg petapopeig NCS1, avoiyovtag to dpOHo Yo VEES YVMDGELS GYETIKA [E
TNV OVATTUEN AVTIKATOOMITIKOV QUPUAK®OV KOl KOTAVONGNG TOV UNYOVICHOD dpAcNS TOVG.
Mo okoyévela €101KT| Y100 VOUKAEOPAGELS, SLOKPITI] PLAOYEVETIKA Kol OOUIKE, YVOOTY MG
Nucleobase Ascorbate Transporter (NAT) 1 owkoyévern NCS2, vapyet o Paxtipio, POKNTES,
QUTA Kot PeTAlma, OAAE Kol GE aVAOTEPQ TPOTEVOVTO, CUUTEPIAAUPAVOUEVOV TV AVOPOTOV,
O6mov opiopéva opodroya etvar gdKd Yoo L-aokopPikd o0 avti yio vovkieofdoels. Qg ek
TOVTOV, 0 SOMKOG Kol AEITOVPYIKOG Yopakplopds v cvotudtov NCS1T kot NAT/NCS2
OVOOEIKVVETOL OC V0L CTUOVTIKO TPMTO PO YloL [ol ETTUYNUEVT O1001KOGT0 GYESIAGIOD
QOPUAK®V. AV KOl VTAPYOLV TOALGL YEVETIKA, Ploymuikd kot optopéva dopkd dedoUEvVa,
MyoTepa €lval YVOOTA Y10 TOV UNYOVICUO LETAPOPAS Kot TNV €101kOTNTO TOVS. AvTtd givat
ouvvénela g dSuoKoAiog KpLoTdAlmong 1 ektéheon cryo-EM og moAvtomikd dtapepppovikd
CLOTNUOTA HE TOAAUTAEG OLOHOPPADCELS Kol TOV EEUPETIKO EKTEVAOV VTOAOYIOTIKMV
TPOCEYYIGEWV OV OALTOVVTOL Yol T BE@PNTIKN TEPLYPAPT TOVG. Q26TOG0, Alya LEAN ALTOV
TOV OIKOYEVEIDV £YOVV KPLOTUAAMOEL, VITOJEUVIOVTAG EVOV UNYXOVIGHO EVOAAUGGOUEVNG
TPOGPUCNC, COULPOVO LLE TOV OTTO10 O HETAPOPENS VOIGTATOL LEYAAES SLAUOPPMTIKES OAAOYEG
Yo Vo, avoyvepicel, vo 0eoHeDoEL Kot VO OEAEVOEPMGEL TO VIOCTPOUO KOTE UNKOG TNG
pepppavne. Etvar a&loonpeioto o1t 6Aot ot petapopeic NCS1 ko NAT/NCS2 Aettovpyodv wg
ocovupetopopeic H 1 Na™.

Yy nepintoon tov NAT, 14 Sropepppovikd tuipoata (TMS) avadumidvovton o€ pio
AVESTPAUUEVT ETOVIANYT 7 eEMiK@V (7+7). Ot KpuGTOAAMKES dOUES ExouV ANEOEel amd 600 PEAN
tov NAT, tov petagopéa ovpakiing UraA tov E. coli ko tov petagpopéo UapA ovpikov
o&éoc-EavOivng tov A. nidulans, kol amoteAovvVTOL 0md £vav TOUEN TUPNVO Kot EVOV TOUEN
SeEPIOOD Kol AEITOLPYOUV ¢ dtpepn. O unyoaviopog Aettovpyeiog Toug Bewpeital Tmg gival

0 Aeyopevog «unyoviopog aveikvotipo». Ot petagpopeic NCS1, arotedovvtarl and 12 TMS



AVOOITAOUEVE GE U0 OVEGTPOUUEVT] ETOVAANYM 5 ehikwv (5+5), akolovBovueva and dHo
TMS mov dev €xovv Aueco pOAO GTN LETAPOPE TOV VITOGTPMOUATOS. AVTH 1 avadimimon gival
YOPOKTNPIOTIKY Yoo OAOLG TOVG MeTOopopeic NG vrepowkoyévelag APC, pe kdplovg
KPUOTOAAOUEVOVG EKTPOCAOTOVG TOV HETOPOPEN VOavToivig Mhpl, Tov petapopéa Aevkivng
LeuT, tov petagopéa vionapivng DAT kot tov petagpopéa oepotoviviig SERT. Orot ot NCS1
LETAPOPELG, AelTOVPYOVV pe ToV unyavicpo «rocking-bundley.

H mapovca perétn amoteleitor and téocepa LEPT). LTO TPAOTO HEPOS OTOKOAVTTOVE
TOV TPOTO OEGUEVOTG, HETATOMIONG KOl aneAevOEipmong g ovpakiing kot tov H" amd tov
e€OKVTTAPLO YDPO 6TO KLTTAPOTAAGHO TOV petapopéa FurE (NCS1), ypnoomoidvrog véeg
TPOCOUOIDGELG METASVVOLIKNG KOl 0pBOAOYIKA GYEOUGUEVEG LETAALAEELG. ZVYKEKPLUEVA, TOL
dwypappata g Emoaveiog EAedBepng Evépyelag mov mpokdmTovy amd ™ Metaduvopkn
(FES), mapéyouvv ) oyeTIKn 6E1pd LETAPOPAS TNG OLPAKIANG KOl TOV TPMTOVIOV, EMTPETOVTOG
emiong TV eMAOYN EVOLAUES®V JAUOPPDOGEMV, TOV GYETILOVTAL Pe TOV KUKAO petapopds. H
LETAOLVOLKY] e  yxpnom  meploplotikng  xodvne (Funnel-Metadynamics), emtpénet
detypatoAnyio agevdg TOV HOVOTATIOV TOL 0KOAOVLOEL TO LVTOGTPOUN TPOKEUEVOL VL
ouvdebel ot BEon TPOGOEONG KOl QPETEPOV TOV TPOTOV GUVIESNS TNG OVPOKIANG KOl TOV
TPMOTOVIOL, ONUOVLPYADVTOG EVOL OACTIKO LOVIEAO TMV YEYOVOT®OV TTOL SIEMOVV TN UETAPOPA
VIOGTPOMOTOC Kol TOL vootnpilovtol amd pedéteg petaAlaéewv. H epyacio pag oyt povo
EMEKTEIVEL TIG VILAPYOVOEG YVADGCELG GYETIKA LE TOVG UETAPOPEIG He TETAPTOTAYN doUT| THTOV
FurE (LeuT, DAT, SERT, NET), aALd emPePaidvel yio TpdT QOPE Yio EVOL GUUUETOPOPED.
npwtovinv, Tov Aeyouevo «rocking-bundle» punyoviopo.

Y10 dgvtepo péPog, mapovctalovpe To 3 poviéha tov petagopéa UapA mov
KATOOKELAOTNKOY He ypnon Ztoyevpévav Moplokdv Avvopikov (Targeted Molecular
Dynamics) kot Movtéhwv Oporoyiag (Homology Modeling), oe S10popeTikég S10L0pPDTELS,
ovvOétovtag pali pe TNV KPUGTOAAIKY] OO TN SUUOPPMTIKY OAANYT] TOV akoAoVOEITAL KOTd
TOV UNxavicpd tov avelkvotipa. Emmiéov, epapudlovpe Metadvvopikn Kot ovadetkviov e
ONUOVTIKEG TANpoopieg vy 115 Ooapopedcelg Inward-Open kot Occluded, evod
OTOKOADTTOVE TNV acOyxpovn Kivnon tov 00 mpoTopep®V ToL Oluepovs. Télog,
TEPLYPAPOVUE TN GVUPOAN PUCIKOV QUIVOEEDY GTOV PNYOVIGUO TOV OVEAKLGTNP KOl TN
LETOPOPE TOL VTTOGTPDOUOTOG,.

210 Tpito pEPOC, diepgvvovpe tov poAo Tov cuvinpnuévov potifov NAT tov UapA
ypnowonowwvtag peréteg Emayopevng Ilpdcdeong (Induced Fit Docking), pebddovg
vrodoyiopov EievBepncg Evépyelag (Free Energy Methods) kot avéivorn petodidEemv.

Emuiéov, mpoceépovpie véa suprpata oyeTkd e Tov Pacikd poro tov F528, evdc kataioinov



eKTOC TNG B€0MC OEGIEVOTG TOV VTTOGTPOUATOC, TO 0Toio PaiveTat va puOuilel v e&edikevon
tov UapA.

Y10 tétopto pépog, egetalovpe TIC oY€oelg doung-Asttovpyiag TV PakTnploKmv
petapopéwv SmLLY, XanQ kot AncXanQ tng owoyévelag NAT, ypnoiponoiwvtag Moplakég
Avvapkég (Molecular Dynamics), Meléteg Emayopevng IIpocdeong (Induced Fit Docking)
Kot petodralryévveong (site-directed mutagenesis), divovtog onUovVTIKE OTOTEAEGHOTO OGOV
aQopd TNV €EEOIKELON TOV PETAPOPEWDV ALTAV Y10 TO, VTOSTPMOUATA. Yoypoppileton exiong
0 ampocdOKNTO ONUAVTIKOG pPOAOG TV auvoémv extdg g 0éomg déopevong otnv

e€edikevon, mopepupaivovtag otov unyovicpd olicOnong tov petapopéa.



Abstract

Transporters are transmembrane proteins mediating the selective transport of solutes
across the biological cell membranes. The Nucleobase Cation Symporter 1 (NCS1) family
encountered in prokaryotes, fungi, and some plants is specific for nucleobases. The NCS1
family is absent in mammals and thus becomes a promising target for antimicrobial drugs. In
addition, several biomedically important human transporters (e.g., serotonin and dopamine
neurotransmitter transporters) have the same fold as NCS|1 transporters, paving the way to new
knowledge concerning the development of antidepressant drugs and understand their
mechanism of action. A phylogenetically and structurally distinct nucleobase-specific family,
known as Nucleobase Ascorbate Transporter (NAT) or NCS2 family is ubiquitously present in
bacteria, fungi, plants and metazoa, and interestingly and in higher primates, including humans,
some homologues are specific for L-ascorbic acid rather than nucleobases. Therefore, the
structural and functional characterization of the NCS1 and NAT/NCS2 systems emerges as an
important first step to a successful drug design process. Although there is plenty of genetic,
biochemical and some structural data, less is known about their transport mechanism, and their
selectivity. This is a consequence of the difficulty in crystallizing or performing cryo-EM of
polytopic transmembrane systems in multiple conformations and the demanding computational
approaches needed to theoretically describe them. However, few members of these families
have been crystallized indicating an alternate-access mechanism, according to which the
transporter undergoes large conformational rearrangements to recognize, bind and release the
substrate across the membrane. Noticeably, NCS1 and NAT/NCS2 all transporters function as
H+ or Na+ symporters.

In the case of NATs, 14 transmembrane segments (TMSs) are folded in a 7-helix
inverted repeat (7+7). Crystal structures have been obtained from two NAT members, the UraA
uracil transporter of E. coli and the UapA uric acid-xanthine transporter of A. nidulans, which
form a core and a dimerization domain, and function as dimers. They are considered to operate
under the so-called “elevator-mechanism”. NCS1 transporters, consist of 12 TMSs folded in a
5-helix inverted repeat (5+5), followed by two TMS that do not have a direct role in transport
activity. This fold is characteristic of all APC superfamily transporters, with main crystallized
representatives the Mhpl hydantoin transporter, the LeuT leucine transporter, the DAT
dopamine transporter, and the SERT serotonin transporter. All NCS1 operate under the

“rocking-bundle” mechanism.



The present study consists of four parts. In the first part we reveal the binding mode,

translocation, and release pathway of uracil/H™ from the extracellular space to the cytoplasm
of the NCS1 FurE transporter, using novel Metadynamics simulations and rationally designed
mutational analysis. In particular, Metadynamics Free Energy Surface maps provide the
relative order of internalization of the uracil and the proton, permitting also the selection of
intermediate conformational states related to the transport cycle. Funnel Metadynamics allow
the sampling of the binding pathway and modes of both uracil and proton, generating a holistic
model of the transport events supported by mutation studies. Our work not only extends the
existing knowledge on FurE same-fold transporters, namely LeuT, DAT, SERT, NET, but also
confirms for the first time for a proton symporter, the so-called rocking-bundle mechanism.
In the second part, we present the 3 models of UapA constructed using Targeted Molecular
Dynamics and Homology Modeling, in different conformations, synthesizing along with the
crystal structure the elevator-mechanism path. Furthermore, we apply Metadynamics and
indicate important information about the Inward-Open and Occluded conformations, while
revealing the asynchronous movement of the two protomers of the dimer. Finally, we describe
the contribution of key residues in the elevator mechanism and substrate transport.
In the third part, we investigate the role of the NAT signature motif of UapA using Induced Fit
Docking, Free Energy Methods and mutational analysis. Additionally, we offer novel findings
regarding the key role of F528, a residue outside the substrate binding site, which seems to
regulate UapA specificity.

In the fourth part, we address the structure-function relationships of the bacterial NAT
transporters SmLL9, XanQ and AncXanQ, using Molecular Dynamics, Induced Fit Docking
and site-directed mutagenesis, conducting important results regarding specificity. The
unexpected role of residues outside the binding site to specificity, by interfering to the

transporter’s sliding mechanism is also underlined.
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1 Introduction

1.1 Membrane transport systems

The survival of cells depends on nutrients, ions and also other small non-polar or polar
molecules located in the extracellular environment. Some lipophilic molecules can enter the
intracellular space by simple membrane diffusion. Most other solutes and ions are dependent
on structurally and mechanistically diverse class of transmembrane proteins in order to enter
or exit the cell. Transmembrane proteins mediate the exchange of a large variety of molecules
but also play an important role in other physiological and pathophysiological processes such
as signal transduction and are associated with many diseases including cystic fibrosis, cancer,
autism, epilepsy, and neurodegeneration!~. Drug sensitivity or drug resistance (efflux proteins)
directly involves many transporters. The above summarize the important role they fulfil in
cells.

There are two types of transmembrane transport proteins, transporters, and
channels/pores. Channels/pores do not have binding sites and can be open to both environments
at the same time (pores) or exist in an open or a closed state (channels)®’. The regulation of the
opening and closing of channels is made by gating domains or gates in response to signals like
ligand binding or membrane voltage changes®®. Transporters do not have a continuous pore,
but they have a gating mechanisms to control substrate translocation across the membrane
differentiating from the channels®’. They bind their substrates at one side of the membrane and
undergo a series of conformational changes that bring the substrate-binding site on the other
side of the membrane, where the substrate is released. The channels’ selectivity is regulated by
filters that restrict the size of the hole as they do not possess a binding site. On the other hand,
transporters are characterized by a main substrate binding site, a rate of transport catalysis and
a specificity profile. A transport system can be distinguished into passive or active based on
the consumption of energy. When transport is passive, the molecules are transported towards
the direction of their electrochemical gradient. Instead, active transport requires energy in order
to move molecules from an area of lower to higher concentration. Both transporters (facilitated
diffusion) and channels (passive diffusion) can facilitate passive transport. However, only
transporters can execute active transport. Energy can be provided either directly (primary active
transport), as for example from ATP-hydrolysis or from the electrochemical potential

difference (secondary active transport). Most of the primary active transporters are also
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ATPases proteins that provide the energy needed for transport by hydrolyzing ATP. There are
four types of primary active transporters: P-type ATPases also referred as pumps (Na+-K+
ATPase), F-ATPases (mitochondrial ATP synthase), V-ATPases and ABC transporters e.g.
CFTR. On the other hand, in secondary active transport the movement of a driving ion down
its electrochemical gradient is coupled to the movement of another molecule or ion against its
concentration gradient. Taking advantage of the electrochemical gradients made by primary
active transport, it is considered a form of active transport. Secondary active transporters can
be categorized as symporters or antiporters if the transport of the substrates is in the same

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

1.2 Secondary Active Transporters categories

Transport proteins are classified in the Transporter Classification Database (TCDB) based on
their function and phylogenetic origin®!'!. This classification organized them into classes,
subclasses, families, subfamilies and transport systems, while several families have been
organized into sequence divergent superfamilies. The three major superfamilies are the Major
Facilitator Superfamily (MFS) and the Amino acid-Polyamine-organo Cation superfamily
(APC), both of which predominantly include secondary active transporters, and the ATP-

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

1.3 The Major Facilitator Superfamily (MFS)

The transporters within the MFS are symporters, antiporters or uniporters. The transfer of the
molecules is performed by taking advantage of the electrochemical gradient of the co-
transported ion or the concentration of the ligand to initiate the transport cycle. The substrates
they carry are of great physiological and clinical importance, including sugars, drugs,
neurotransmitters, amino acids, vitamins, organic and inorganic ions and many other small

compounds'?!3

. The MFS protein structure (Figure 1.1) consists of 12 transmembrane
segments (TMSs) arranged in two symmetrically related bundles of six TMSs each, connected
by a loop. Within each bundle there is a pseudo two-fold axis of symmetry of three TMSs. The
first crystalized representatives of this fold was the lactose-H" symporter LacY'* and the
GIpT'. The LacY mechanism of symport has been studied extensively and the key residues
involved in the translocation pathway are well-characterized. Other MFS structures known

include the following bacterial ones: the multidrug transporter EmrD'®, glycerol-3-phosphate-
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phosphate antiporter GlpT!’, the xylose/proton symporter XylE'® etc. and some eukaryotic
ones: the Piriformospora indica phosphate transporter PiPT!?, the plant nitrate transporter
NRT1.1%° and the human glucose transporter GLUT12!, The MFS transporters function as
monomers although there is evidence of oligomerization in some plant members??, like NRT1.1

which can homodimerize according to the crystal structure?’.

TMHs 1-3 TMHs 4-6

MFS-fold

TMHs 7-9 TMHs 10-12 C-terminal domain

Figure 1.1: Secondary active transporters’ shared folds. Representation of the MFS fold. The figure is adapted
from 2.

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

The second largest superfamily of secondary active transporters, the APC superfamily, consists
of numerous families of transporters specific for nucleobases, amino acids, metal ions, purines,
pyrimidines, peptides, vitamines etc and function as solute/cation symporters or solute/solute
antiporters?*2°, High-resolution crystal structures of APC proteins have been published,
revealing their structure. Most of them contain 10 TMS organized in a 5-helix inverted repeat
topology (5+5) known as the LeuT fold?’, that form two structurally distinct bundles referred
as the scaffold and core domain?®. However, some display a 7+7 TMS fold. Among the 5+5
members, most contain two extra TMSs at their N- or C-terminal part. In some cases, there are
four extra C-terminal TMSs or in other cases, there is one extra TMS before every inverted
repeat unit. This structural diversity implies that multiple hairpin and domain duplication

events occurred during the evolution of this family?. The substrate binding site is located near
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the center of the transporter between TMS1 and TMS6 which are a symmetrical pair. They
share a common mechanism of transport and gating reflected in the alternating access model.
The APC superfamily includes also the Nucleobase/Cation Symporter family 1 (NCS1), the
Nucleobase/Ascorbate Transporter (NAT) or Nucleobase Cation Symporter-2 (NCS2) family
(7+7-fold), the Solute/Sodium Symporter (SSS) family and the Neurotransmitter/Sodium
Symporter (NSS) family, the Sulfate Permease (SulP) family (7+7 fold), and finally the Anion
Exchanger (AE) family.

1.4.1 The Neurotransmitter/Sodium Symporter (NSS) family

The Neurotransmitter/Sodium Symporter (NSS) family members catalyze the transport of a
wide variety of substrates, including biogenic amines (serotonin, dopamine, norepinephrine),
amino acids (GABA, glycine, proline, taurine) and osmolytes (betaine, creatine), using sodium
and chloride electrochemical gradients®***. Importantly, this family includes the dopamine
transporter (DAT), the norepinephrine transporter (NET) and the serotonin transporter (SERT),
which are very important pharmacological targets as their malfunction leads to multiple
disorders including depression, Parkinson’s disease, orthostatic intolerance, epilepsy, attention
deficit hyperactivity disorder (ADHD) or obsessive-compulsive disorder (OCD)?!-3¢,

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

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

1.4.2 The bacterial amino acid transporter LeuT

LeuT, the bacterial amino acid symporter from Aquifex aerolicus, is the most well-studied
member of the NSS family. LeuT is in fact the role model of the APC superfamily establishing
a common fold among its members. LeuT has been crystalized in all three different
conformations of these type of transporters (outward-open, outward-occlude, inward) while
several biochemical data are available, providing important details on the mechanism of
substrate binding and transport. It is a non-polar amino acid/Na" symporter and even though it
was named after leucine, it is specific for several aliphatic/aromatic amino acids including
glycine, alanine, methionine and tyrosine and can also bind tryptophan but without transporting
it*’.

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

and helices on the intra- and extracellular part of the cell membrane. The 5-helix inverted repeat
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(TMSs 1-10) is organized relating TMSs 1-5 and TMSs 6-10 by an antiparallel pseudo two-
fold axis located in the plane of the membrane. TMS 1 and TMS 6 are folded in an antiparallel
orientation. They are the most conserved among the human transporter homologues and they
share the common characteristic that they are not continuous helices implementing a tilt in the
middle. TMSs 3 and 8 are also antiparallel and along with TMSs 1 and 6 comprise the substrate
and sodium binding sites. TMSs 2 and 7 uphold TMSs 1 and 6 respectively, while TMSs 4 and
5 form a V-shape structure as do TMSs 9 and 10, supporting TMSs 3 and 8. TMSI11 and
TMS12, serve in the dimerization of the transporter. Two Na* binding sites have been identified
and located near TMS1 and TMS6, having key roles in stabilizing the core of the transporter
and the leucine binding. LeuT functions under the rocking-bundle alternating-access model

mechanism.

1.4.3 The dopamine transporter (DAT)

Dopamine transporter, one of the most pharmacologically important transporters for
human, has not been crystalized yet. Nevertheless, X-ray structure of the homologous
Drosophila melanogaster dopamine transporter (dDAT) (50% sequence identity with its
mammalian hDAT) has been determined. dDAT was crystalized in an inhibitor-bound,
outward-open conformation®®. Thus, dDAT is a powerful tool to study NSS pharmacology and
transport mechanisms. As dDAT is the eukaryotic relative to the LeuT?8, they share common
structural features. Analytically, dDAT consists of 12 transmembrane segments of which
TMSs 1-5 and 6-10 are characterized by antiparallel symmetry. TMS1 and TMS6 include the
ligand and ion binding sites in their mid-helix breaks. A bonding network connects all three
ions and the inhibitor. TMS3 also contributes through a bend, to the hydrophobic pocket where
the ligand is bound.

Interestingly, cholesterol plays an important role in the transport mechanism, as it
modulates the movement of TMSla during the neurotransmitter transport. Additionally,
important features for the transport cycle are revealed from the the crystal structures, such a
kink at a proline residue in TMS12 that causes a tilt in the center of the helix increasing the
distance of the second half of the TMS12 from the inner helices. This feature explains why the

3940 in the

crystal of dDAT is a monomer, unlike other NSS transporters, that form oligomers
interface of the last TMS. Moreover, the extracellular loop 2 (EL2) seems to be important for
the proper transporter localization in the plasma membrane, as it consists of many N-linked

glycosylation sites and a disulfide bond. Although the core of dDAT resembles that of LeuT,
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they differ in a latch-like C-terminal helix of the first, that interacts extensively with the lower
cytoplasmic part of the transporter, but also in a kink in the middle of TMS12 and in the
presence of a cholesterol molecule between TMS1a, 5 and 7.

Several studies on the human homologue hDAT reveal that in NSS proteins, the N-
terminal region of the transporter participates in the efflux process of the substrates. Still, the
mechanism of the DAT reverse transport remains unclear, due to lack of structural
information*!~#. As the amino acid sequence of the N-terminus is not conserved among its
homologues or any protein with known fold, ab initio structure prediction tools and extensive
atomistic MD simulations were combined revealing two distinct structural elements: a beta
sheet motif and a a-helical segment. Phosphorylation and interactions with specific membrane
lipids, the internal loops (ILs) of the transporter or the N-terminal region, proved to be critical

for the efflux procedure*! =,

1.4.4 The serotonin transporter (SERT)

The X-ray structure of the human serotonin transporter was determined in an inhibitor-bound,
outward-open conformation*!, characterizing the mechanism of antidepressant action and
paving the path for potential drug design. SERT comprises of 12 transmembrane segments with
TMSs 1-5 and 6-10 related by a pseudo-2-fold axis, similarly to the LeuT and DAT (Figure
1.2). As in dDAT, the intracellular part of the transporter is capped by IL1, IL5 and the C-
terminal region, with the latter having a pronounced kink halfway across the membrane and a
cholesterol hemi-succinate (CHS) molecule bound near TMS12a. Although transporter is a
monomer in detergent, the oligomerization of the SERT was experimentally suggested®. In
contrast with dDAT, the TMS9 of SERT is shifted towards TMS12 and TMS11 extends further
into the putative membrane environment, providing a larger cavity for allosteric ligands.
Moreover, interactions between cholesterol and the lipid molecules seems to support the
conformation of TMS12. The C-terminal region of SERT resembles dDAT with a similar hinge

and helix region**.
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Figure 1.2: Structural representation of 5+5 fold transporters in side (left panel) and top view (right panel). (A)
SERT*, (B) DAT?, (C) LeuT transporter®,
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1.5 The NAT (NCS2) family

The NAT/NCS2 family includes bacterial, fungal and plant H" or Na* symporters, specific for
purines, pyrimidines and related molecules. Remarkably, the mammalian L-ascorbate/Na*
transporters SVCT1 and SVCT2 also belong in the NAT/NCS2 family. The first members
characterized and crystalized were the uric acid-xanthine transporters of Aspergillus nidulans
UapA and UapC and the uracil transporters of Escherichia coli UraA and PyrP 4647, Structures
of eight structural homologues have been also resolved. From the SLC4 family, the borate
transporter Borl from Arabidopsis thaliana, the Borlp from Saccharomyces mikatae, the
Band3 human anion exchanger 1 and the human acid-base/Na* transporter NBCel1#%-3!, The
members of the SLC26 family are the fumarate/H™ symporter SLC26Dg from the bacterium
Deinococcus geothermalis, the bicarbonate transporter BicA from cyanobacteria Synechocystis
sp., the Slc26a9 protein from Mus musculus and the human SLC26A9 protein 32753,

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

which contains 14 transmembrane segments organized in a 7+7 inverted repeat fold>¢-8,

1.5.1 The fungal uric acid-xanthine transporter UapA

UapA from A. nidulans is a xanthine-uric acid/H+ symporter® (Figure 1.3). Recently, the
crystal structure of UapA was determined>®, including the mutation G411V and an N-terminal
truncation (Al-11). Wild-type UapA, which was rather unstable, has not been successfully
crystalized yet. This crystalized mutant version can bind, but cannot transport, xanthine. The
overall structure of UapA contains 14 TMSs organized into a 7+7 fold and subdivided in a core
(TMSs 1-4 and 8-11) and a gate domain (TMSs 5-7 and 12-14). The crystal structure of UapA
also revealed that it functions as a homodimer. UapA compared to a bacterial homologue,
UraA, has longer loops between the TMSs. TMSs 3 and 10 are B-strands located in the center
of the transporter and contain the binding site approximately halfway across the membrane.
The dimer is formed with the participation of TMSs 5, 12, 13 and 14 of the gate domain with
TMSI13 fitting into a cleft formed by the other protomer. Genetic, cellular and biochemical
studies reveal a critical role of the dimerization in UapA trafficking and turnover®®. The
topology of important residues affecting specificity was highlighted e.g. binding site F406,
Q408, F155 belonging to the binding site, Thr526, F528, V463 and A469 located along the
putative substrate translocation pathway, R481 facing the substrate binding site of the opposite

protomer, or Q113, A441 in hinge regions connecting the core and gate domains. The dimeric
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crystal structure along with Molecular Dynamic simulations succeeded in explaining the
important role of R481 which is an inter-dimeric contribution to substrate release in the
cytoplasm. Molecular dynamics suggested a translocation pathway for xanthine internalization.
This movement of the substrate is achieved due to the contribution of R481 from the opposite

protomer.

Gate Core

Figure 1.3: Ribbon representation of the UapA monomer. (On the left) The gate domain is shown in blue while
most of the core domain is shown in red. The amphipathic helices that link the core and gate domains are shown
in grey. Xanthine is shown in cyan as a space-filling model and the disulphide bond is shown in orange sticks.
The N-terminal (residues 12—65) and C-terminal (residues 546—574) are missing for clarity reasons. (On the right)
UapA dimer from a cytoplasmic point of view. One monomer is shown in ribbons, with the helices numbered,
and the other is shown in surface representation with the same colouring. The figure is adapted from3®.

1.5.2 The bacterial uracil transporter UraA

The uracil/H" symporter UraA from E. coli, has been crystalized>®>” (Figure 1.4) and
appears to function as a dimer. Systematic in vitro and in vivo characterizations support that
UraA is in equilibrium between the monomer and dimer form and that dimerization is required
for transport activity®’. It consists of 14 transmembrane segments 12 a-helical and 2 antiparallel
B-strands in TMS3 and TMS10 in the middle structure. The 14 TMSs are arranged into two
structural repeats, TMSs 1-7 and TMSs 8-14, standing antiparallel along an axis parallel to the
membrane. Furthermore, the TMSs can be divided in two distinct domains: the core domain

consisting of TMSs 1-4 and 8-11, while the gate domain consisting of TMSs 5-7 and 12-14.
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The TMSs participating in the dimerization are the same as in UapA. The substrate binding site
is located between TMSs 1, 3, 8 and 9. Two water molecules have also been crystalized in the
vicinity of the binding site, participating in a hydrogen bond network that stabilizes the
substrate in the correct binding mode®”. The residues involved in this hydrogen bond network
are E241 and H245 (E356 and D360 in UapA). This result potentially provides a path for H*
translocation. Molecular dynamics stressed the role of these residues in H* translocation
revealing that protonation of E241 resulted in disruption of the hydrogen bond network that
keeps uracil bound, while protonation of H245 further stabilizes it, without interacting directly

but by stabilizing the orientation of E241.

Periplasm

Uracil

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

Despite diversity in structure and mechanistic details, active membrane transporters all
operate via the alternating access model®®-2, during which substrate accessibility is switched
between the two sides of the membrane. The transporter interconverts between two major
functional states, the inward-facing (IF) and outward-facing (OF) states, through transition
pathways visiting multiple intermediate states involving at least one occluded state which
prevents free diffusion of the substrate along the gradient. Besides the major transition from
the outward to the inward-facing conformation, transport cycle involves local conformational
changes that regulate the closing and opening of extracellular and intracellular gating elements.
The latter implement an additional control in transport catalysis by preventing the substrate
leakage to the wrong direction and by contributing to the specificity determination. Gating
element closure may anticipate the alteration from the outward to the inward-facing
conformation®®. Thus, 5 transporter states have been documented; outward-open, outward-
occluded (i.e. outer gate closed), fully-occluded (outer and inner gates closed), inward-
occluded (inner gate closed), inward-open. Based on structures and biochemical data, three
major transport mechanisms have been described, the gated rocker-switch, the rocking bundle,

and the elevator mechanism.

1.6.1 The Rocker-switch mechanism

The rocker-switch mechanism describes two structurally symmetric domains form a
characteristic V-shaped architecture, move with respect to a binding site located at the
interface, approximately halfway across the membrane®*®°, During a transport cycle, the
binding site is exposed on one side of the membrane, the substrate binds and then, the protein
opens to the other side of the membrane with a rocker-switch like movement around the region
of the binding site and the substrate is released®!-*6-%7, In the simplest version of this mechanism
the substrate binds symmetrically (e.g. SWEETS transporters®®7°. In this case, the occluded
conformation is mainly symmetric forming an O-like shape. On the other case, where substrate
binding is asymmetric to varying degrees (e.g. MFS transporters)', in most occluded MFS
structures, cavities still have a clear orientation®!. In these asymmetric cases, the states are
typically referred to as outward- occluded or inward-occluded conformations. Furthermore,
when substrate binds one or both the domains that occlude it, are prompted to local movement
of their gating helices achieving transport’’:’2, Finally, it has been proposed for some MFS

transporters that the transition between the two states is controlled by the breakage and re-

25



formation of salt bridges®>7374

, induced by the substrate binding which leads to direct or
indirect movements of helices involved in the salt bridge. Two structurally similar domains,
most often made by six transmembrane domains (TMS) each (i.e., transporters with 6+6 fold),
move to provide access or release of substrates (S) from either side of the membrane!!®!. The

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

1.6.2 The Elevator mechanism

The elevator-type transporters are made up of two distinct domains®'. One is the gate
/scaffold domain which is anchored in the plasma-membrane via specific interactions with
lipids and the core/transport domain which moves through the membrane remaining
structurally unaltered (Figure 1.5). The binding site is included in the mobile core domain;
thus the substrates are translocated from one side of the membrane to the other as the core
domain undergoes a large rigid-body sliding against the rigid gate domain’>7>. Despite
structural differences, all elevator-type transporters (symporters and antiporters) share these
common characteristics’®. The gate domain is the dimerization domain, as transporters with
this mechanism are usually dimers or trimmers®!:7¢, Homodimerization, is reported to be critical
for subcellular trafficking, transport activity, and specificity’®7°. However, the only case that
oligomerization has a role in substrate specificity is that of an elevator-type transporter, namely
UapA3%76, Remarkably, the gate domain seems to provide most of the gating elements and is
much shorter and consequently buried in the membrane compared to the core domain, leading
to the formation of water-filled areas in the membrane, in at least one of their conformational
states. In rocker-switch and rocking-bundle transporters, both domains are of comparable
height. The substrate binding sites are typically located at the bottom of the core domain but,
the substrate can access the binding site easily and a substrate-navigation through a buried
protein cavity is not required, due to the gate domain being shorter. These factors facilitate
substrate diffusion to the binding site. According to the transport mechanism both solutes are
bound before the protein gates are fully closed and allow the translocation step. The elevator
mechanism can be classified into three types, based on the gating mechanism: the fixed-barrier
with one gate, the fixed barrier with two gates and the moving-barrier with two gates’.
Classification is possible only if all the different conformational states are determined for the
protein, so the mechanism of many elevator proteins has not been experimentally determined.
The first elevator-type mechanism described was a homolog of glutamate transporters the

80,81

sodium—aspartate symporter GItPh from Pyrococcus horikoshii®’*', and characterizes mostly
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transporters with a 7+7-fold. In elevator-type transporters, residues critical for specificity are
mostly located in the scaffold domain and the interface of the core-gate domains. Structural
data suggests that, in the apo state, elevator-type transporters are stabilized in an outward-
facing state with the substrate binding site exposed to the extracellular environment and that
the sliding to the inward open state requires substrate/cation to be bound®?. However, due to
lack of structural evidence for intermediate states for a single elevator-type transporter, until
recently, formal support of this mechanism remained inconclusive.

In the case of DASS dicarboxylate/Na* transporters®3, the comparison of the outward-
and inward-facing structures of four different states, that the sliding is initiated by the substrate
and cation binding. Most DASS proteins are Na‘-coupled co-transporters, but some are
exchangers of succinate for other dicarboxylates. The structures determined, and molecular
dynamics simulations (MD) of the transition from outward- to inward-facing revealed, that if
the carboxylate ion is absent, the substrate binding site has a positive net charge, which prevents
the sliding of the elevator. This positive net charge derives by the binding of Na* cations in the
symporters, or by basic residues of the protein itself in antiporters. But when the carboxylate
ion binds and neutralizes the binding site, the transporter changes between outward and inward
conformations. It seems that binding of physiological substrates “unlocks” the elevator sliding
and by exposing the binding site to the other side of the membrane the substrate is released in
the cytoplasm®34, In agreement the DASS transporters, it has also been suggested that in the
case of NapA, an Na+/H+ elevator-type antiporter, Na“ binding has to neutralize the charge of
an aspartate which is strictly conserved in the ion-binding site. This way transition from
outward to inward states is achieved as the aspartate rotates inwards between these two states,
consistent with MD simulations®. Still, however, no report has addressed the molecular basis

of substrate specificity in elevator-type transporters®?,

Two-domain
elevator

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

In the rocking-bundle mechanism (Figure 1.6), substrate binds between two
structurally distinct domains, and is directly coupled with the movement of outer and inner
gates around the centrally located substrate binding site®®. The amino acid/sodium symporter
LeuT, an NSS-family homolog from Aquifex aeolicus, is the prototype of the rocking-bundle
alternating-access mechanism. The LeuT fold is common, in many different transporter
families that share the same architecture?®#-°, Three LeuT structures in different
conformations: the outward-open, the inward-open®! and the intermediate occluded structure
highlighted essential aspects of the transport mechanism. In the LeuT fold, two distinct bundles
are formed, namely the scaffold domain that consists of TMS3-TMS4 and TMS8-TMS9 and
the core domain that consists of TMS1-TMS2 and TMS6-TMS728. The scaffold and core
domains are linked by the helices TMS5 and TMS10. Initially, the transporter is open to the
extracellular, with its binding site accessible to the ligand. Proper binding of the substrate leads
to the transition from the outward-open to the occluded state, when TMSs 1b and 6a move
towards TMS3 and TMS10 and when TMS2 and TMS7 bend. The extracellular loop 4 (EL4),
closes the outer cavity and is tightly packed with the core and the scaffold domain. These
changes seem to precede the rocking movements of the core bundle that leads to the inward-
occluded. TMS1a enables the cytosolic release of the substrate after a significant outward
movement, leading to the inward-open conformation of the transporter. The gating on the
extracellular side in LeuT when conformation changes from outward to occluded, there is an
evolutionarily conserved salt bridge which is considered very important. LeuT and other same
fold transporters like Mhpl, and vSGLT underwent molecular dynamics simulations, raising
the idea of that the intracellular release of sodium and substrate facilitate conformational
rearrangement towards the inward-open state. Crystal structures of LeuT-fold transporter BetP
in all major conformations, indicate that changes in sodium coordination at the Na2 site during
the transport cycle regulate substrate binding and dissociation. Remarkably, LeuT fold
transporters diverge in terms of which of the two structural domains moves the most and by
how much. The substrate-dependent local gating alterations also vary. For example, in the
Mhp1 (hydantoin—sodium symporter), sodium binds only at the Na2 site but not at the Nal site.
Apparently, substrate binding induces gating movements of the extracellular TMSs different
from those described for LeuT, involving TMS 10, which closes over the substrate binding
pocket. Moreover, in Mhpl the scaffold, also called hash domain, moves relatively to the

mostly rigid core/bundle domain. A major difference between LeuT and Mhpl is that the
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substrate release to the intracellular is facilitated by the movements of TMSS5, rather than
TMS1a. Transporters with LeuT-fold vary significantly in the types of substrates and co-
transported solutes. Additionally, many of the transporters belonging to NSS superfamily, like
DAT, possess a secondary substrate-binding site, which serves in the substrate release in the
cell, implying a regulatory role®. It has been also found that in LeuT, both substrates and
noncompetitive inhibitors bind at the same extracellular site?*. The contribution of gates in

substrate specificity has been shown in rocking-bundle transporters®2+-26,

rocker-switch

? Rocking-bundle
"""""""" Clamp-and-switch

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

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

X-ray crystallography defines the structures of proteins with high resolution but being
technically demanding®’ very few transmembrane protein structures have been resolved in
atomic level (0.5-1.5A)%. An exponential increase of the high-resolution structures arose due
to the advances in the biochemistry of transmembrane proteins in conjunction with evolution
of Cryo-electron microscopy (Cryo-EM)®, while new techniques!'® have been also employed
for the analysis of the structure of transmembrane proteins, such as the single-domain
antibodies (nanobodies)!! and crystallography in a lipid environment with nanodiscs'?2. To
compensate to some extent for the small number of resolved structures in secondary active
transporterss, we take advantage of their common structural characteristics to cluster
homologous transporters according to structural features from crystallographic data!®. This is
rather important for transporters for which the production of sufficient quantities of building
blocks of recombinant proteins is technically difficult. Chemical libraries are scanned in silico
and based on a structural model, the transporters are identified as known or new ones'®. The
crystal structures usually correspond to one and rarely to more than one configuration

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

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

d?8:105-107 "Tp these simulations small molecules can be

of the transport cycle could be achieve
included as well as the lipid membrane and reveal their role in the conformational
rearrangement!%-11% The most recent and highly successful, regarding the current data, method
is the one that uses Artificial Intelligence and Machine Learning approaches to predict the 3D
structure of molecules. This has been recently shown to be able to predict also other
conformations of the protein!!!.

In this endeavor and especially for the execution of complex genetic approaches and
rigorous biochemical techniques, the use of standard microorganisms is a significant advantage
in the experimental methodology®. In order to functionally characterize a transporter, a
combination of genetic, biochemical approaches and tests for uptake of radiolabeled substrates
into fungi, bacterial or other cells are used. In the studies of the structure-function relationships
of transmembrane proteins is mainly used systematic site-directed mutagenesis, but also
cysteine scan mutations!!'? (Cys-scanning mutagenesis), as a more efficient approach. Using
Cys-scanning mutagenesis, it is possible to identify positions in the sequence important for

114 or the

function!!® and to indicate the structural organization of transmembrane segments
conformational change mechanism during substrate binding!!>. The prediction of the operation
/ specialization of a carrier based on the primary (or secondary) structure is not an easy task. It
is not necessary that high-homogeneity related transporters recognize and / or transport the
same substrates, whereas phylogenetically distant transporters have been shown to be able to
display overlapping specialization profiles.

Studies on lactose permease (LacY) have shown that transporters with characteristic similarity
in the binding site amino acid sequence, show unexpectedly significant differences in the
substrate specificity!!. Since the prediction of the function and specialization is not always
reliable, knowledge of structure-function relationships is obtained mainly from mutagenesis
studies and biochemical analyzes in prototypical microorganisms, but also from

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

dynamics).

1.8 Gating mechanism and specificity in transporters
It is known that each transporter is substrate-specific and the transport catalysis occurs
only when the appropriate ligand is bound in the binding site. The exact mechanism describing

the transporter specificity or the reason why ligands with similar structure can bind, but are not

30



transported, or are not recognized even if they share high similarity with the physiological
substrate is quite unclear.

An emerging theory is that if a substrate/ligand inhibits one of the alternative
conformations of the transporter, transport cannot be executed. Specifically, in the case of
LeuT, a crystal structure was obtained with Trp, a competitive inhibitor of LeuT that binds with

117

high affinity but is not transported, bound in the outward open conformation''’. In the presence

of all amino acids transported by LeuT the crystals obtained were in an occluded conformation,
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but only Trp resulted in outward open conformation''’. Moreover, a secondary binding site of

lower affinity was suggested as in the open conformation a second Trp molecule was bound ~4
A above the first Trp, closer to the extracellular vestibule'!’.
Additionally, the existence of multiple binding sites was suggested for the human glucose
facilitator (GLUT1)!"#!1% In detail, computational studies propose that glucose might bind in
multiple binding sites with different affinities, sliding in GLUT1 cavity until it is released in
the cytoplasm or the periplasm, using a channel-like mechanism. Until now, there are not any
experimental data supporting this mechanism.

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

captured in the open outward conformation '*°

, similarly to LeuT-Trp case. Comparing
different conformations of Mhpl, rigid body movements occur after substrate binding and
TMS10 closes towards TMS1, shielding the binding cavity and leading from the outward open
to the occluded conformation. Compared with other analogues that could be transported and
were captured bound in occluded conformations, NMH was a competitive inhibitor that was
predicted to clash with a Leu residue of TMS10 inhibiting closure. NMH was transported after
the substitution of the specific Leu with an A1l. Also, in the case of a double mutant of LacY,
replacement of two Gly residues with Trp at the termini of TMS2 and TMSS led to abolishment
of transport, but retained substrate binding!?!. A crystal structure of this mutant revealed an
almost occluded structure, which is partially open to the periplasmic side and tightly closed to
the cytoplasmic side'?2. The Trp substitutions seem to inhibit closure and subsequently the
conformational change from one structure to the other!?2,

The closure of the extracellular gate and occlusion of the binding site from both sites is
proposed as a necessary step in order to transport a molecule successfully by the computational
and structural studies mentioned above, as well as on other transporters, e.g. the dopamine

)!23 or the human serotonin transporter

transporter from Drosophila melanogaster (DAT
(SERT)!?*, The question arising is whether are able to recognize their physiological substrates

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

Mutations rationally designed or randomly selected acquired via genetic screens in UapA
modified transport kinetics (i.e.,Km and apparent Vmax) and, interestingly, led to specificity
changes !%125-128_ Surprisingly, specificity mutations are mostly located in the scaffold domain
and not in the core domain which also contains the binding site. In particular, these mutations
are located at the interface overlooking the trajectory of the sliding elevator. Most of the
specificity mutations, enable UapA to transport a range of purines, pyrimidines, and a plethora
of nucleobase analogs enlarging specificity, albeit with very low binding affinities. Specificity
mutations did not affect the high binding affinity for physiological substrate, although they
increased moderately the apparent transport rate of UapA. In addition, combinations of
specificity with substrate binding mutations in the core domain proved functionally additive,
resulting in novel specificities and transport kinetics!'®12>128, Due to these observations it has
been proposed that specificity mutations affect residues acting as selectivity filters or gating
elements along the substrate translocation trajectory®76125-127_ Still the mechanistic details
determining specificity remain elusive as there is very little structural data fot NAT

transporters®?,

Aim of the thesis

The mechanism under which nucleobase transporters and in general, transmembrane
transporters operate can be investigated in the cases that the tertiary structure is determined in
multiple conformations. However, to obtain a crystal structure is very difficult for
transmembrane systems, especially because the system is constantly in conformational change
making it difficult to understand the functionalities of the system. Crystal structures have been
resolved only for UraA, UapA, Mhpl.

In this study, the first goal was to shed light on the structural alterations during the
binding and translocation of uracil-substrate and the symporting proton of Aspergilus nidulans’
nucleobase transporter FurE, as well as to elucidate the role and the order of the internalization
of both uracil and the proton. This was addressed using state-of-the art computational
techniques.

In addition, we aimed to introduce the outward-open structure of the dimeric UapA
transporter and reveal important transport details of the elevator mechanism, using Molecular

Dynamics and Metadynamics approaches to reproduce the movement from the Occluded to the
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Inward-Open state. We also aimed to characterize the role of important residues, indicated by
mutational analysis, involving their contribution to the conformational change of the
transporter.

Moreover, we tried to gain insights into the specificity regulation of these transporters
by investigating computationally the ligand binding and rationalizing mutational data for UapA
from Prof. Diallinas’ lab and for the homologous transporters: XanQ, AncXanQ, SmLL9 from

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

2 Methods
2.1 FurE

2.1.1 FurE protein model construction

The model of the FurE transporter was constructed based on homology modeling using
Prime 2018-4 (Schrodinger, LLC, New York, NY, 2018) on Maestro platform (Maestro,
version 2018-4, Schrodinger, LLC, New York, NY, 2018). As a template structure was used
Mhpl in the three crystal structure conformations provided in https://www.rcsb.org/ namely,
OO (2JLN), Occ (4D1B), IO (2X79). These crystal structures share a 35% similarity with FurE.
The sequence alignment was formulated according to previous work® using HHpred and is
presented in Figure 3.1.2. Further, in the case of 2X79 Mhpl IO crystal structure a part of
TMS9 was represented as coil. In order to fix TMS9 we started with the OO FurE structure and
using Targeted Molecular Dynamics (plumed-v2 software),!?® a constant force of 500000
kj/(mol*nm?) was applied on the Ca atoms of the helices resulting in the occluded conformation
of the FurE and then in the inward conformation. The constant force value was gradually turned

to zero and each model system was subjected to stabilization.

2.1.2 Construction of the H;O" cation

0

The H3O" topology was provided form Bryce group'*® while H3O" was prepared using

Antechamber!3! and the general Amber force field.!*2
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2.1.3 FurE System Setup

The protein-ligand complex construction was initiated using the CHARMM-GUI!* platform.
Each model was inserted into a heterogeneous fully hydrated 120 A x 120 A x 120 A bilayer,
consisting of YOPC, POPI lipids and ergosterol at a ratio of 40:40:20 accordingly. The
membrane embedded system was solvated with TIP3P explicit water molecules. The solution
contained neutralizing counter ions and 150 mM Na* and 150 mM CI". In the case that H30™"
was present, a water molecule was replaced with a H30", and the system was neutralized by
having one Na’ counter ion less. The assembled simulation system consisted of ~160,000

atoms.

2.1.4 Molecular Dynamics (MD)

All  simulations were conducted using GROMACS software, version 2019.2134

CHARMM36m'? force field was chosen for protein and lipids, H3O* was provided form Bryce

0 1

group'®® while the ligand and H3;O" were prepared using Antechamber!! and the general
Amber force field.!* The protein orientation into the membrane was calculated using the OPM
database of the PPM server!*. All model systems were minimized and equilibrated to obtain
stable structures. Minimization was carried out for 5,000 steps with a step size of 0.001 kJ/mol
applying a steepest descent followed by a conjugate gradient algorithm, and the system was
equilibrated for 20ns by gradually heating and releasing the restraints to expedite stabilization.
Finally, the system proceeded to further simulations free of restraints at a constant temperature
of 300K using Nose-Hoover thermostat,'3” the pressure was kept constant at 1 bar using
Parrinello-Rahman semi-isotropic pressure coupling!*® and compressibility at 4.5e-5 bar™!. The
van der Waals and electrostatic interactions were smoothly switched off at 1.2 nm, while long-
range electrostatic interactions were calculated using the particle mesh Ewald method.!*® All
bonds were constrained using the LINCS algorithm,!*° allowing a time-step of 2.0 fs. The
trajectories were further examined for structural stability by RMSD calculation of protein Ca

(up to 1.2 A) and by visual inspection with VMD platform'#! thus ensuring that the

thermalization did not cause any structural distortion.
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2.1.5 Metadynamics Simulations

Molecular dynamics (MD) and the Monte Carlo simulation method have had a very
deep influence on diverse fields, especially to pharmacology. Yet, these simulation methods
suffer from limitations such as limited time scale explored by the present-day computer
technology and sampling algorithms which result in reducing the scope of their applications.
MD is used for sampling the canonical distribution having as important aspect the ergodic
hypothesis. According to this, if a system is simulated long enough all the states relating to the
canonical ensemble will be explored, where each one has its own correct statistical weight.
Unfortunately, this hypothesis cannot be proven for most of the systems and, even when
verified, the length of a simulation necessary in calculating ensemble averages is often
unreachable for numerical calculations. This led to the development of several enhanced
sampling algorithms that were designed to alleviate this difficulty in the past years.
Specifically, such cases where the free energy surface (FES) has several local minima separated
by large barriers are the conformational changes in solution, protein folding, first-order phase
transitions, and chemical reactions. In such circumstances it is almost impossible for a
simulation started in one minimum to be able to move spontaneously to the next minimum and

142-145 gtand as a solution

it can happen only under very favorable circumstances. Metadynamics
to these problems allowing the system to escape from local minima of the FES and explore the
3D space while at the same time permit a quantitative determination of the FES as a result of
the integrated process. In Metadynamics, the FES is systematically explored by the
metadynamics bias potential, which is adaptively constructed as a sum of Gaussian functions
centered on the explored points in the collective variables (CVs) space along the system
trajectory in a history depended manner. CVs are degrees of freedom defined by the user and
have a preassigned width (o), which needs to be fixed for each of the CVs (g.), and height

(wg) and are deposited every TG time units as the simulation proceeds. The bias potential at

time t is:

t/7g Ncy _ ; 2
V(S’ t) = Z wg exp [_ Z (sa Sa (;TG) ) ]
i=1 1 20

a=

This potential forces the system away from the kinetic traps in the potential energy surface and
out into the unexplored parts of the energy landscape. The free energy can be reconstructed

from a metadynamics calculation because the final bias is given by: V(s™ )=—F(s").
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The wg and 7c parameters are not independent, and if they are chosen within meaningful
ranges, what really matters is their rate w = wg7g, also known as the deposition rate.
Equivalently, it is possible to state that the bias potential V(s) evolves with time according to

the following equation of motion. In the limit of small 7g, the expression for the history-

dependent bias is:

Neyv (o 2
V(S,t) =a)exp _ZM

>

>
>
>

Free energy
Free energy
®
//
\\

A 4

cv Ccv

) 4

>
>
>
»
-

/
/

/
/
/s

/
. r-\ /
\ I'
\
\
\
\
\
N
N

\// B ¢ \//

CV CcvV

Free energy
Free energy

>

Figure 2: A sketch of the process of metadynamics. First the system evolves according to a normal dynamics,
then a Gaussian potential is deposited (solid gray line). This lifts the system and modifies the free-energy
landscape (dashed gray line) in which the dynamics evolves. After a while the sum of Gaussian potentials fills up
the first metastable state and the system moves into the second metastable basin. After this the second metastable
basin is filled, at this point, the system evolves in a flat landscape. The summation of the deposited bias (solid
gray profile) provides a first rough negative estimate of the free-energy profile. This figure is adapted from'#®

In this study we used Path Collective Variable Metadynamics (PCV) and Funnel
Metadynamics (FM).

Path Collective Variable Metadynamics (PCV) is a dimensionality reduction approach, which
can study complex chemical and biological processes involving a large number of degrees of
freedom in one or two collective variables. Two functions are introduced to describe the

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

follows:

SN iexp(—AR[X — Xi])
S exp(—AR[X — X;])

N
_ 1
S = —
z=—1In > exp(—AR[X — X)) |.

i=1

where X represents the atomic coordinates at the current simulation time-step, while Xi
represents those of the i-th snapshot. The function R represents usually RMSD, which measures
the distance between configuration states. The A parameter smooths the variation of the s

variable.

Funnel-Metadynamics (FM) accelerates the sampling of ligand-protein binding (LPB)
process allowing the identification of the ligand binding mode to its binding site and the
accurate estimate of the absolute protein-ligand binding free energy. In FM, the binding free
energy surface (BFES) is thoroughly explored by the metadynamics bias potential, while as cv
is usually considered the distance between the ligand and the assumed binding pocket. During
the simulation, a funnel-shape restraint potential is applied to the protein which is a
combination of a cone restraint, including the ligand binding site, and a cylindric part directed
toward the solvent. If the ligand is within the funnel area, no repulsive bias is applied on the
system and the simulation proceeds as standard metadynamics. As the ligand reaches the edge
of the funnel, a repulsive bias is applied to the system preventing it from visiting areas out of
the funnel. Subsequently, the sampling at the binding site is not affected by the external bias,
while in the bulk water the repulsive potential decreases the space to explore to a cylindric
region. This way it is possible to observe multiple binding/unbinding events leading to a fast
convergence of the results. When FM simulation is converged, the ligand binding mode
corresponds to the lowest free-energy minimum in the BFES, while the absolute protein-ligand
binding free energy AG® is computed from the free-energy difference between the bound and
unbound state, depending solely on the free-energy value at the two states and is independent
from the path that connects these two states. Mathematically, the absolute protein-ligand
binding free energy AG? is computed as AG? = —kgTIn (C° Ky), where Ky is the equilibrium

binding constant calculated as follows:
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site

where Ry is the surface of the cylinder in the unbound state, while the potential W(x) and
its value in the unbound state (W), are derived from the potential of mean force obtained
through FM calculations.

FM has many pros as a computational method for LPB prediction. FM aim at
reproducing the physical binding pathway of the ligand toward the protein target, allowing the
sampling of the binding process without knowing a priori the binding mode and site of the
ligand, thus, binding area can be approximately hypothesized, unlike end-point methods
(Linear Interaction Energy method!*’, MM-PBSA/MM-GMSA!*:14%) and alchemical
transformation techniques (Free Energy Perturbation'*?) that demand knowing in advance the
ligand binding mode. It also considers the full flexibility of the ligand, the protein and the water
molecules, hence being able to include the dynamics of waters during the process and to
consider the positional, conformational, orientational entropy of both protein and ligand. FM
has affordable computational cost for a rare event such as the binding process, compared to
standard MD calculations. Finally, FM is self-diagnostic, connotating that the free energy
calculation converges only to the exact value, which is a critical advantage of FM, and
metadynamics in general. The method has proven to be successful in reproducing binding
processes in ligand/protein and ligand/ DNA systems, as it effectively predicts crystallographic
binding modes and experimental binding free energies.

For the metadynamics simulations the plumed-v2 software was used.!?’
Funnel-Metadynamics for the H30" cation.

a) The FurE transporter used was in outward-open (OO) conformation. Since no data are
available concerning the binding site of the H3O" cation, a wide area around the equivalent one
of the Na* cation in Mhp1 was circumvented by the funnel cone. The cone’s starting point was
T332 Ca, while the cylinder had a direction towards the extracellular waters. The funnel had a
switching point between the cone and cylinder region at 4.0 nm, the amplitude of the cone was
0.27 rad, the radius of the cylinder section for the unbound region at 0.1 nm, the minimum and
maximum value sampled as projection of the ligand’s center of mass (COM) along the funnel

axis was at 0.25 and 4.6 nm respectively, as long as, the lowest and highest value for fps.Ip
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used to construct the funnel-shape restraint potential was at 0.00 and 4.8 nm respectively. The
value for the spring constant of the funnel-shape restraint potential was set to 5000
kj/(mol*nm?). As collective variable (CV) was selected the distance between the Ca atom of
T332 and the center of mass of H3O" cation. The width of the Gaussian functions was set to
0.05 nm, the height to 2 kj/mol and the deposition stride to 500 simulation steps. The rescaling
factor of the Gaussian function’s height was 20 as we performed well-tempered metadynamics.
b) The study of binding/unbinding process of the H3O" cation in the cytoplasmic solvent was
initiated by using well-tempered metadynamics with the FM method on FurE in the Occ state
of FurE. Uracil was included in the system, placed at the binding site, whereas an upper wall
0f 20000 kj/(mol*nm?) enforced the COM in distances lower than 0.9 nm from the Cg of N341.
The constructed funnel included all the possible routes that could lead the H3O™ to the exit to
the cytoplasm. The cone region started at Ca of S56. The direction of the funnel axis was
cytoplasm-oriented passing through D348 Cb atom. The switching point between the cone and
the cylinder region was at 3.6 nm, the amplitude of the cone section was set to 0.5 rad and the
radius of the cylinder for the unbound region to 0.1 nm. The minimum and maximum value
sampled as projection of the ligand’s COM along the funnel axis was set to 0.29 and 4.2 nm
respectively, the lowest and highest value for fps.lp used to construct the funnel-shape restraint
potential was set to 0.2 and 4.3 nm respectively, while, the value for the spring constant of the
funnel-shape restraint potential to 7000 kj/(mol*nm?). As CV was selected the distance
between the Ca of E51 and the center of mass of H;O" cation. The width of the Gaussian
functions was calculated at 0.01 nm, the height was arranged at 2 kj/mol with a rescaling factor

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

Funnel-Metadynamics for the substrate (Uracil)

a) FM were performed aiming to highlight the binding mode of uracil in the binding site and
the binding mechanism as it approaches the binding pocket from the extracellular. FurE was in
the occluded state and the H3O" cation was included in the system, as in crystallographic results
of other transporters, in particular Mhp1, ion and substrate co-exist in the Occ state . In detail,
the funnel used, oriented from Ca atom of V323 deep in the binding area, with direction of the
funnel axis to the extracellular solute. The switching point between the cone and cylinder
region was set to 2.7 nm, the amplitude of the cone section to 0.37 rad, the radius of the cylinder
section for the unbound region to 0.1 nm, the minimum and maximum value sampled as

projection of the ligand’s COM along the funnel axis to 0.2 and 3.3 nm respectively, the lowest
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and highest value for fps.lp used to construct the funnel-shape restraint potential to 0.05 and
3.6 nm respectively. The value for the spring constant of the funnel-shape restraint potential
was 30000 kj/(mol*nm?). As CV was selected the distance between the Ca of N341 and the
center of mass of uracil. The width of the Gaussian functions was 0.01 nm, the height was
arranged at 2 kj/mol and the deposition stride at 500 simulation steps. The rescaling factor of
the Gaussian function’s height was 20.

b) The uracil internalization process was implemented using again, well-tempered
metadynamics with the FM method, on FurE transporter in IO conformation containing uracil
and not H3O", as the latter was already proved from PCV simulations that leaves first the
transporter in order to allow uracil to exit too (see Main Text). The funnel was constructed as
to include all the possible exiting pathways from the binding pocket to the TMSS5 outer gate.
The cone restraint started at backbone C atom of F53, while the direction of the funnel axis
was cytoplasm-oriented passing through S342 O atom. The switching point between the cone
and the cylinder region was set to 3.4 nm, the amplitude of the cone section to 0.49 rad and the
radius of the cylinder for the unbound region to 0.1 nm. The minimum and maximum value
sampled as projection of the ligand’s COM along the funnel axis was set to 0.21 and 4.1 nm
respectively, the lowest and highest value for fps.lp used to construct the funnel-shape restraint
potential was set to 0.1 and 4.2 nm respectively, while, the value for the spring constant of the
funnel-shape restraint potential was set to 30000 kj/(mol*nm?). As CV was chosen the distance
between the backbone of AS50 and the center of mass of uracil. The width of the Gaussian
functions was calculated at 0.01 nm, the height was arranged at 2 kj/mol with a rescaling factor

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

Metadynamics Simulations with Path Collective Variable (PCV):

a) OO-to-Occ path: In this case we used the Ca atoms of the residues belonging to FurE helices
involved in hash and bundle motif. This choice was found to be appropriate because the
calculated FESs were well reproducible. The initial path was obtained through a carefully
chosen set of frames with equally distant RMSDs, derived from a steered MD simulation where
the OO FurE was biased to Occ conformation using a stable force on Ca atoms of helices. 6
frames were used to construct the path in total, while the average distance between adjacent
frames was 0.13 nm. The RMSD matrix was constructed and plotted, confirming that the
frames where appropriate for the calculation. The A value calculated for s was equal to 200

nm?. The width of the Gaussian functions for hills deposition was 0.035 nm? based on the

40



structure fluctuation in unbiased MD, the height was arranged at 0.5 kj/mol and the deposition
stride at 500 simulation steps. An upper wall of 500000 kj/(mol*nm?) was set to constrain the
distance from the path at a value lower than 0.06, based in unbiased MD simulations of more
than 200 ns where the cv’s fluctuation did not reach values higher than 0.03. If uracil is part of
the system, it is constrained in the previously calculated position in the binding site with a
distance restraint of 20000 kj/(mol*nm?) at 0.7 nm between the center of mass of the substrate
and Cd atom of Q134. The same constraint was applied on the distance of H3O" cation from
Cd atom of E51 at 0.45 nm.

b) The same rationale and method were used in the Occ-to-IO case. Here, the A value for s was
equal to 110 nm, the width of the Gaussian functions for hills deposition was 0.037 nm?, the

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

2.2 XanQ and SmLL9 homolgy models’ construction

Homology model building was performed using Prime 2018-4 (Schrédinger, LLC, New
York, NY, 2018)!°1152, The alignments were done using HHpred as presented in Figure
3.2.1.1.

2.2.1 Protein preparation

The protein was prepared for the IFD calculations using the Protein Preparation
Protocol (Schrodinger Suite 2018, Protein Preparation Wizard) implemented in Schodinger
suite and accessible within the Maestro program (Maestro, version 2018-4, Schrédinger, LLC,
New York, NY, 2018). Specifically, the hydrogen atoms were added. The orientation of
hydroxyl groups of Asn, Gln, and the protonation state of His were optimized to maximize
hydrogen bonding. Finally, the ligand — protein complex was refined with a restrained
minimization performed by Impref utility, which is based on the Impact molecular mechanics
engine (Impact, Schrodinger, LLC, New York, NY, 2016) and the OPLS2005 force field,
setting a max rmsd of 0.30. Ligand preparation for docking was performed with LigPrep
(LigPrep, version 2018-4, Schrodinger, LLC, New York, NY, 2018) application which consists
of a series of steps that perform conversions, apply corrections to the structure, generate

ionization states and tautomers, and optimize the geometries.

41



2.2.2 Induced-fit docking

The IFD protocol (Schrédinger Suite 2018-4 IFD protocol; Glide, Schrédinger, LLC,
New York, NY, 2016; Prime, Schrodinger, LLC, New York, NY, 2018), is intended to
circumvent the inflexible binding site and accounts for the side chain or backbone movements,
or both, upon ligand binding. In the first stage of the IFD protocol, softened-potential docking
step, 20 poses per ligand were retained. In the second step, for each docking pose, a full cycle
of protein refinement was performed, with Prime 2018-4 (Prime, version 3.0, Schrodinger,
LLC, New York, NY, 2018) on all residues having at least one atom within 8 A of an atom in
any of the 20 ligand poses. The Prime refinement starts with a conformational search and
minimization of the side chains of the selected residues and after convergence to a low-energy
solution, an additional minimization of all selected residues (side chain and backbone) is
performed with the truncated-Newton algorithm using the OPLS parameter set and a surface
Generalized Born implicit solvent model. The obtained complexes are ranked according to
Prime calculated energy (molecular mechanics and solvation), and those within 50 kcal/mol of
the minimum energy structure are used in the last step of the process, redocking with Glide
(Schrodinger, LLC, New York, NY, 2016) using standard precision, and scoring. In the final
round, the ligands used in the first docking step are redocked into each of the receptor structures
retained from the refinement step. The final ranking of the complexes is done by a composite
score which accounts for the receptor — ligand interaction energy (GlideScore) and receptor

strain and solvation energies (Prime energy).

2.2.3 Molecular Dynamics simulations

The XanQ and SmLL9 models were minimized and equilibrated further to obtain the
stable structures. Each model was inserted into a heterogeneous fully hydrated bilayer
120 A x 120 A x 120 A, consisting of DPPC lipids using CHARMM-GUI and
CHARMM36m!3> force fields for lipids as well as protein. The protein orientation into the
membrane was calculated using the PPM server!¢. The structures were then solvated with
TIP3P water molecules, neutralizing with counter ions, and adding 150 mM Na" and CI". The
assembled simulation system consisted of ~119,000 atoms. The biomolecular systems were
simulated using GROMACS!3* software. Minimization was carried out for 2,000 steps with a
step size of 0.001 kJ/mol applying a steepest descent and then, a conjugate gradient algorithm,

and system was equilibrated for 15 ns while gradually heating and releasing the restraints to
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expedite stabilization. Finally, the system was further simulated free of restraints at a constant
temperature of 300K for 40 ns using Nose-Hoover thermostat!*’ and Parrinello-Rahman!3®
semi-isotropic pressure coupling and compressibility at 4.5e-5 bar-1. The van der Waals
interactions were smoothly switched off at 1.2 nm by switching function as electrostatics, while

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

2.3 AncXanQ

2.3.1 Protein model construction

A homology model of XanQ has already been constructed in an inward-open
conformation based on the UapA structure 5I6C (see paragraph 2.2.1 of Materials and
Methods). The XanQ model was used as a template to generate AncXanQ model by Homology
Modeling using Prime 2018—4 (Schrodinger, LLC, New York, NY, 2018) on Maestro platform
(Maestro, version 20184, Schrodinger, LLC, New York, NY, 2018). The two transporters,
AncXanQ and XanQ, share 76% sequence identity and their alignment is depicted in Figure
3.2.2.1 as derived from HHpred.

2.3.2 Protein preparation

The modeled transporter was prepared using the Protein Preparation Protocol
implemented in Schodinger suite (Schrodinger Suite 2018, Protein Preparation Wizard) which
is accessible within the Maestro suite (Maestro, version 2018—4, Schrodinger, LLC, New York,
NY, 2018). The preparation procedure starts by adding hydrogen atoms. Then, follows the
optimization of the orientation of hydroxyl groups of Gln and Asn and of the protonation state
of His guided by the maximization of hydrogen bonding. The final step was energy

minimization of the transporter, using the OPLS3 force field.

2.3.3 Ligand preparation

Ligand preparation was performed with LigPrep application (LigPrep, version 20184,
Schrédinger, LLC, New York, NY, 2018), which consists of a series of steps that perform
conversions, apply corrections to the structure, generate ionization states and tautomers, and

optimize the geometries. The force field used was OPLS3!33,
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2.3.4 Induced-fit docking

For Induced-Fit-Docking (IFD), Schrodinger Suite protocol was used (Schrodinger
Suite 20184 Induced Fit Docking protocol; Glide, Schrodinger, LLC, New York, NY, 2016;
Prime, Schrodinger, LLC, New York, NY, 2018), taking into account both the side chain or
backbone movements, upon ligand binding. In the first softened-potential docking step of the
protocol, 20 poses per ligand were retained. In the second step, for each docking pose, a full
cycle of protein refinement was performed, with Prime 20184 (Prime, version 3.0,
Schrédinger, LLC, New York, NY, 2018) on all residues within 5 A of any out of the 20 ligand
poses. The Prime refinement starts by performing conformational search and by minimizing
the side chains of the selected residues. After convergence to a low-energy result, an additional
minimization of all selected residues (side chain and backbone) is performed with the
Truncated-Newton algorithm using the OPLS3 parameter set'*? and a surface Generalized Born
implicit solvent model. The ranking of the obtained complexes is implemented according to
Prime calculated energy (molecular mechanics and solvation), and the complexes within 30
kcal/mol of the minimum energy structure are used in the last step of the process, redocking
with Glide (Schrodinger, LLC, New York, NY, 2016) using standard precision, and scoring.
Finally, the ligands used in the first docking step are redocked into each of the receptor
structures retained from the Prime refinement step. The final ranking of the complexes is
performed by a composite score which takes into account the receptor — ligand interaction

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

2.3.5 Molecular dynamics (MD)

In order to construct the protein—ligand complex we used the CHARMM-GUI platform.
Each model was inserted into a heterogeneous fully hydrated bilayer 120 A x 120 A x 120 A,
consisting of DPPC lipids. The membrane embedded system was solvated with TIP3P water
molecules, neutralizing with counter ions, and adding 150 mM Na* and CI". CHARMM?36m
force field was used for protein and lipids, while the ligand was prepared using Antechamber
and the general Amber force field'*2. The protein orientation in the membrane was calculated
using the PPM server!*¢, The assembled simulation system consisted of ~130,000 atoms. The
systems were simulated using GROMACS software!3*. The models were energy-minimized

and equilibrated to obtain stable structures. Minimization was carried out for 2000 steps with
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a step size of 0.001 kJ/mol applying a steepest descent followed by a conjugate gradient
algorithm, and the system was equilibrated for 20 ns by gradually heating and releasing the
restraints to expedite stabilization. Finally, the system was further simulated free of restraints
at a constant temperature of 300 K for 100 ns, using Nose-Hoover thermostat!*” and Parrinello-
Rahman semi-isotropic pressure coupling!*® and compressibility at 4.5¢-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!>*. The calculations performed were of 500 ns in time length. Each calculation

was produced three times using different seed numbers.

2.4 UapA transporter and mutants (SYSE, TFAE, SYSQ)

2.4.1 UapA-TFAE, UapA-SYSE and UapA-SYSQ Models Construction.

Models of UapA-TFAE, UapA-SYSE and UapA-SYSQ were generated by mutating
the specific residues on Maestro platform (Maestro, version 2018-4, Schrodinger, LLC, New
York, NY, 2018), on the basis of the structure of UapA crystallized in the inward-open
conformation (PDB ID: 5i6¢). In order to construct the model of UapA outward conformation
Band3 transporter (4yzf) was used as template. Band3 is an anion exchanger of transmembrane
helices, crystallized in the outward conformation. The model was constructed using Prime
Homology in Prime 2018-4 (Schrodinger, LLC, New York, NY, 2018), by superimposing

helices one by one and aligning all the important residues.

2.4.2 Protein Preparation

The protein was prepared using the Protein Preparation Protocol implemented in
Schrédinger suite (Schrodinger Suite 2018, Protein Preparation Wizard) and accessible within
the Maestro program (Maestro, version 2018-4, Schrodinger, LLC, New York, NY, 2018).
Specifically, at first hydrogen atoms were added followed by an optimization of the orientation
of hydroxyl groups of Asn, Gln, and of the protonation state of His to maximize hydrogen

bonding. The final step was that of minimization of the protein, using the OLS3 force field!>?.
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2.4.3 Ligand preparation

Ligand preparation for docking was performed with LigPrep application (LigPrep,
version 2018-4, Schrédinger, LLC, New York, NY, 2018), which consists of a series of steps
that perform conversions, apply corrections to the structure, generate ionization states and

tautomers, and optimize the geometries. The force field chosen was OPLS3.

2.4.4 Induced Fit Docking

Induced Fit Docking Schrodinger Suite protocol was used (Schrédinger r Suite 2018-4
Induced Fit Docking protocol; Glide, Schro“dinger, LLC, New York, NY, 2016; Prime,
Schro“dinger, LLC, New York, NY, 2018), taking into account the side chain or backbone
movements, or both, upon ligand binding, thus circumventing an inflexible binding site. In the
first softened-potential docking step, of the protocol, 20 poses per ligand were retained. In the
second step, for each docking pose, a full cycle of protein refinement was performed, with
Prime 2018-4 (Prime, version 3.0, Schrodinger, LLC, New York, NY, 2018) on all residues
within 5 Angstrom of any out of the 20 ligand poses. The Prime refinement starts by performing
conformational search and by minimizing the side chains of the selected residues. After
convergence to a low-energy result, an additional minimization of all selected residues (side
chain and backbone) is performed with the TruncatedNewton algorithm using the OPLS3
parameter set and a surface Generalized Born implicit solvent model. The ranking of the
obtained complexes is implemented according to Prime calculated energy (molecular
mechanics and solvation), and the complexes within 30 kcal/mol of the minimum energy
structure are used in the last step of the process, redocking with Glide (Schrédinger, LLC, New
York, NY, 2016) using standard precision, and scoring. Finally, the ligands used in the first
docking step are re-docked into each of the receptor structures retained from the Prime
refinement step. The final ranking of the complexes is performed by a com posite score which
takes into account the receptor—ligand interaction energy (GlideScore) and receptor strain and

solvation energies (Prime energy).

2.4.5 Molecular Dynamics Simulations

For the construction of the protein—ligand complex CHARMM-GUI platform was used.
Each model was inserted into a heterogeneous fully hydrated bilayer 120 A 120 A 120 A,
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consisting of DPPC lipids and ergosterol. The membrane embedded system was solvated with
TIP3P water molecules, neutralizing with counter ions, and adding 150 mM Na* and CI-.
CHARMM36m force field was used for protein and lipids, while the ligand was prepared using
Antechamber and the general Amber force field. The protein orientation into the membrane
was calculated using the PPM server!S, The assembled simulation system consisted of
~130,000 atoms. The systems were simulated using GROMACS software. The models were
minimized and equilibrated to obtain stable structures. Minimization was carried out for 2,000
steps with a step size of 0.001 kJ/mol applying a steepest descent followed by a conjugate
gradient algorithm, and the system was equilibrated for 20 ns by gradually heating and
releasing the restraints to expedite stabilization. Finally, the system was further simulated free
of restraints at a constant temperature of 300 K for 100 ns, using Nose-Hoover thermostat58
and Parrinello-Rahman semi-isotropic pressure coupling and compressibility at 4.5e-5 bar-1.
The van der Waals and electrostatic interactions were smoothly switched off at 1.2 nm by
switching function, while long-range electrostatic interactions were calculated using the

particle mesh Ewald method.

2.4.6 Metadynamics Simulations

The Ca atoms of the residues belonging to UapA helices of both protomers was used
to apply the bias potential, as the calculated FESs were well reproducible. The initial path was
obtained through a carefully chosen group of frames with equally distant RMSDs, derived from
a steered MD simulation where the IO UapA was biased to Occ conformation using a stable
force on Ca atoms of helices and then to OO conformation. The average distance between the
5 adjacent frames chosen for the path was 0.1 nm. The RMSD matrix was constructed and
plotted, confirming that the frames where appropriate for the calculation. The A values
calculated for each protomer were equal to 135, 136 nm?, respectively. The width of the
Gaussian functions for hills deposition was 0.019 and 0.024 nm?, the height was arranged at
0.5 kj/mol and the deposition stride at 1000 simulation steps. An upper wall of 500000
kj/(mol*nm?) was set to constrain the distance from the path at a value lower than 0.2, based
on unbiased MD simulations of more than 200 ns where the cv’s fluctuation did not reach
values higher than this. Xanthine is constrained in the binding site with a distance restraint of

50000 kj/(mol*nm?) at 0.35 nm.
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3 Results

3.1 Uracil/H+ symport by the FurE transporter challenges the rocking-bundle

mechanism of transport in APC transporters'>

3.1.1 Foundation of the study

Secondary active transporters are transmembrane proteins, fundamental for the
transport of nutrients inside the cells. They recognize and translocate their substrates using the
energy provided by the electrochemical gradient of the membrane. The transport also involves
the symport or antiport of Na*/H" cations with other solutes. Though secondary active
transporters could be functionally, structurally, or evolutionary distinct, they share common
folds, associated to specific protein conformational changes linked with the transport cycle,
according to structural studies. The typical model for the transport mechanism is identified as
the “alternating-access model”. In detail, the transporter receives or releases the substrate by
changing conformations from an outward-open (OO) state facing the extracellular environment

to an inward-open (10) state facing the cytoplasm.6!:62:156-158

Depending on the folding and
specific conformational rearrangements of the transporter, three major mechanisms have been
proposed, namely the rocker-switch, the rocking-bundle and the sliding-elevator,!!-75-:86.158.159
Important structural and functional information about the rocking-bundle mechanism, which
characterizes one of the largest transporter families, the so-called Amino Acid-Polyamine-
Organocation (APC) Family (TC# 2.A.3), emerge from seminal studies on the bacterial leucine
and alanine specific transporter LeuT.?%15615% LeuT adopts the 5+5 helical inverted repeat
(SHIRT), shaped by transmembrane helices 1-10, whose structural elements and
conformational changes determine substrate identification and transport. In total, LeuT and
similar transporters acquire twelve a-helical transmembrane segments (TMSs). Nonetheless,
the role of TMS11 and TMSI12 is not clarified yet. The rocking-bundle model assumes that
substrate translocation follows the OO-to-10 conformational change and is facilitated by the
relative movement between two motifs, the so-called Aash/scaffold domain (TMS3, TMS4,
TMSS, TMS9) and the bundle/core domain (TMS1, TMS2, TMS6, TMS7). TMS5 and TMS10
function as gates. It has been proposed that binding of the substrate in the OO conformation
requires the simultaneous binding of a positive charge (Na" or H") and induces the
conformational change of the protein towards the IO conformation. This example of substrate
translocation mechanism has been supported by studies on the eukaryotic dopamine (DAT)!??

and serotonin (SERT)! transporters (neurotransmitter/sodium symporter family-NSS), and a
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number of prokaryotic transporters, including the MhsT transporter specific for hydrophobic
L-amino acids (NSS family),!! the sodium-galactose symporter vSGLT (sodium-solute
symporter-SSS  family),%® the sodium-betaine symporter BetP®® and CaiT!¢?
(betaine/choline/carnitine transporter-BCCT family), the AdiC'®* and ApcT*° (amino
acid/polyamine/organocation-APC family) and, finally, the bacterial benzyl-hydantoin/Na+
symporter Mhp137-120.164165 (pycleobase cation symporter 1 or NCS1 family). Topological
variations have been found during the transition from the OO to the 10 state, although all these
proteins fold in the same way. Crystal structures of LeuT and MhsT, indicate that the
bundle/core domain (TMS1, TMS2, TMS6, TMS7), undergoes substantial conformational
changes during the OO/IO transition pivoting around the hash/scaffold motif. Moreover, there
are two further rearrangements operating as opening/closing gates. Explicitly, in LeuT the
TMS1b, TMS6a displacement, acts as an extracellular gate. Alongside, a kink of 45° of TMS1a
followed by a limited unwinding of TMSS5, serves as the intracellular gate. Contrastingly, the
Mhpl transporter transits from the OO to the IO state by pivoting the hash motif around the
bundle domain. This also stimulates TMS10 to move towards TMS1b and TMS6a to enclose
the substrate in the occluded conformation. Besides, TMS5 bending opens the inward facing
cavity, differentiating from the TMS1a of LeuT.

Various fungal members of the NCSI transporter family, related to the APC
superfamily, have been extensively studied by Diallinas’ group, revealing crucial information
about substrate specificity, regulation of expression, subcellular trafficking and turnover, and
transport kinetics.”*26166-189 Trangporters of this family are H" symporters of high or low
affinity selective for uracil, allantoin, cytosine, thiamine, uridine, or nicotinamide riboside and
secondarily for xanthine and uric acid.!®%167-170 NCS1 transporters are present mostly in fungi
and bacteria, hence illustrating the relative transport mechanism in atomic detail will set light
on the complex mechanism of LeuT-type transporters, and may also provide valuable insight
into discovering new antifungal or antibacterial drugs. In previous work, we used as a structural
template the Mhpl transporter, in order to construct the models of specific members of the
NCS1 family. The results were assessed using functional data acquired by extensive mutational
analyses. In these studies, we described the putative substrate binding sites in several NCSI
members of the fungus Aspergillus, namely the FcyB purine-cytosine transporter,'® the FurA
allantoin transporter,”® the FurD uracil transporter,” and the FurE uracil-allantoin-uric acid
transporter.”>¢ Recently, focusing on the role of the cytosolic N-and C-terminal segments of
FurE, we showed the crucial role they play in regulating endocytic turnover, transport kinetics,

94,96

and surprisingly in affecting substrate specificity. Related to the specificity, using a
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homology model we found that the N-terminus of FurE can control substrate specificity by
interacting dynamically and in a pH-dependent manner with specific intracellular loops.**“
Remarkably, the N-terminal region appears to have the same role in the Drosophila
melanogaster DAT (dDAT) and human SERT (hSERT), which are eukaryotic LeuT-type
transporters.!’!

In this study, we aim to describe the functional conformational changes operated by
FurE from the OO to the 10O state at atomistic resolution. We explored the translocation pathway
from the OO to the 10 state through the occluded state (Occ) and illuminated the role and the
order of the internalization of both uracil as substrate and H" cation which is considered in the
form of hydronium H3O". For that, we used innovative computational methods and additional
mutational analyses, wisely designed to assess the in silico results. At first, we constructed the
FurE homology models of the three conformational states based on the crystal structures of
Mhpl, and performed metadynamics calculations,!*? a powerful enhanced-sampling technique
able to reproduce slow-rate biological procedures at an reasonable computational expense. In
particular, we implemented funnel-metadynamics (FM)!4 to determine the binding sites and
translocation pathways of both H3O" and uracil substrate. FM is a variant of metadynamics
deliberately developed to study ligand binding. Overall, we managed to characterize the large-
scale conformational changes of the transporter from the OO to the IO state, including the
transport of both the substrate and H3O", thus providing an inclusive new portrait of the

functional mechanism of FurE and in general, of NCS1 transporters.

3.1.2 The FurE 3D structure

Using homology modeling and Targeted Molecular Dynamics calculations, we
constructed the FurE structure the three main conformational states, Outward Open (OO),
Occluded (Occ) and Inward Open (10), using as template the Mhp1 crystal structures with PDB
IDs 2JLN, 4D1B, and 2X79, respectively.?-129.165 The sequence identity of FurE and Mhpl is
23.9%, excluding the highly variable cytosolic terminal regions. No major difference is
observed in the length of TMS helices and loops of FurE, compared to Mhpl. All structures
were subjected to 50 ns of MD simulations leading to structure relaxation and equilibration.

The three FurE structures obtained are depicted in Figure 3.1.1.
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R4

Occluded (Occ)

Outward Open (O0)

Figure 3.3.1: The three homology model structures of FurE (Outward Open, Occluded, Inward Open) based on
corresponding Mhp1 template crystal structures shown in a side view (orientation parallel to the membrane lipids).
The “bundle” helices are colored blue, the “hash” helices are colored cyan, the outer and inner gates are colored
red and the TMS11, and TMS12 are grey. The yellow dashed lines represent the membrane plane.

Important conserved residues in the family are revealed by the sequence alignment of
selected and with varying specificity NCS1 transporters, namely Mhpl (D6R8XS;
M. liquefaciens), FurA (QSBFMO; A. nidulans), FurD (A6N844; A. nidulans), FurE (Q5ATG4;
A. nidulans), Furd (P05316; S. cerevisiae), Dal4d (Q04895; S. cerevisiae), Fuil (Q04895;
S. cerevisiae), PLUTO (Q9LZDO0; A. thaliana), CrNCS1 (A8J166; Chlamydomonas
reinhardtii), FcyB (C8V329; A. nidulans), Fcy2 (P17064; S. cerevisiae), Thi7 (Q05998;
S. cerevisiae), Tpnl (P53099; S. cerevisiae) and Nrtl (Q08485; S. cerevisiae) (Figure 3.1.2).
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Figure 3.1.2: The sequence alignment of selected and with diverse specificity NCS1 transporters, namely Mhp1
(D6R8X8; M. liquefaciens), FurA (Q5BFMO; A. nidulans), FurD (A6N844; A. nidulans), FurE (Q5ATG4;
A. nidulans), Furd (P05316; S. cerevisiae), Dal4 (Q04895; S. cerevisiae), Fuil (Q04895; S. cerevisiae), PLUTO
(QI9LZDO; A. thaliana), CtNCS1 (A8J166; Chlamydomonas reinhardtii), FcyB (C8V329; A.nidulans), Fcy2
(P17064; S. cerevisiae), Thi7 (Q05998; S. cerevisiae), Tpnl (P53099; S. cerevisiae) and Nrtl (QO08485;
S. cerevisiae), reveals important conserved residues in the family.

A tryptophan, semi conserved among NCS1 family members, but fully conserved in
the Furs (W39 in FurE) is in TMSI1, very close to the so-called inner gate TMSS5. This
tryptophan appears to be able to play the role of the gatekeeper for the exiting of the substrate

from the transporter. In FurE position 48, a fully conserved tryptophan is also located in TMS1

but is rather buried in the protein cavity, rather lower from the presumed binding pocket. The
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presence of an acidic residue in all Furs is quite characteristic and is absent in other NCSI
family members. In all the Furs, in position 54 and 56 (TMS1) there is an amino acid with an
amide side chain, while FurE has a serine, being the only exception. The role of TMSI is
important as resides in the vicinity of the ion binding site, as seen in the Mhp1 crystal structure.
A fully conserved arginine and glycine, respectively, exist in the loop between TMS2 and
TMS3 and in residue positions 107 and 111 of FurE, far from the binding cavity and inside the
intracellular environment. TMS3 in Mhpl crystal structure, contains important substrate
binding site residues, namely W117, Q121, corresponding to W130, Q134 respectively, in
FurE. These are widely conserved in the family, signifying the preservation of the binding site.
In TMSS, there are well conserved residues, like R193, 1195, L202 (FurE numbering). K199
of TMSS is conserved only in the Furs however, seems strategically located in a position that
consists a bridge between the intracellular environment and the ion and substrate binding sites.
TMS6 contains W220, important for substrate binding in Mhp1 and highly conserved in the
family. Aromatic residues are in this position in the other transporters. However, in FurE, the
corresponding residue is K252. K252, points towards the binding site and is important for FurE
specificity, regulating the binding of at least one of the three FurE substrates. N318 in TMSS,
is highly conserved in the family and is one of the main binding site residues of Mhpl. In FurE
this is also an asparagine. In position 313 of Mhpl, all Furs except FurD including
Mhplpossess a threonine. In Mhpl-position 314 there is a conserved asparagine within the
family. In the beginning of TMS10, there is a highly conserved phenylalanine, located in the
upper part of the transporter which seems to regulate the outer gate of the transporter by
interacting with the also aromatic substrates.

Inspecting the structures closely, it seems that the majority of charged residues are
arginines and lysines located at the outer surface of FurE and facing the cytoplasm. Few
exceptions are essential for the structure and function of the transporter. For example, R123
(TMS3) and D261 (TMS6) can form a salt bridge, mimicking the interaction observed in Mhp1
between K110 (TMS3) and D229 (TMS6). In Mhpl, the two residues interact at 3.87 A in the
10 conformer, whereas in the Occ and OO conformers they are at more than 5 A. At variance
with Mhpl, in FurE due to the bigger size of arginine compared to lysine this interaction is
formed in all three conformers. The distance between the carboxylate of D261 and R123
guanidinium is 3.0 A in 00, 2.85 A in Occ, and 3.5 A in 10 (Figure 3.1.3A). In very close
proximity, the D348 (TMS9) carboxylate, which was considered as neutral since it had a pKa
equal to 8, points towards the D261-R123 interaction and thus does not seem to participate in

the D261-R123 charge neutralization.
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Figure 3.1.3: Details of interactions between residues in FurE models. (A) Interactions between D261-R123 (and
vicinity with D348), R264-D28 and D28-K 188 shown with black dashed lines and compared in the three FurE
conformers (color code: OO in chaki, Occ in cyan, IO in pink). (B) Interaction between K199 and E51 in the
different FurE conformers are shown in black dashed lines along with distances in A (color code as in A). (C) In
Outward Open (OO) conformation the interaction between K199-E51-T336 in FurE model (in chaki) is shown
with black dashed lines. When compared with the corresponding cavity of Mhp1 (superimposed in orange), the
FurE K199 amino group is located in the same position as the co-crystalized sodium (in magenta) in Mhpl
structure. Mhp1 sodium is coordinated by the S312 and T311 side chains along with A38, 141 and A309 backbone
oxygens (magenta dashed lines). (D) Interaction between Q59 and S386 through a water molecule in FurE model
MD simulation.

Another important interaction is the one formed between E51 at the edge of TMSla
and K199 positioned in the middle of TMSS. The side chains of both residues are quite flexible,
and their interaction seems not stable, with a distance ranging between 2.7 A in Occ and 3.9 A
in OO (Figure 3.1.3B). In 10, K199 side chain has been completely reoriented pointing to the
lipid interface of the protein (Figure 3.1.3B). Intriguingly, in both OO and Occ states, the K199

side chain amino group is positioned in the position of the co-crystallized Na* cation in the Occ
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conformation of Mhpl and very close to that of the second Na" (Na2) existing in the
corresponding structure of LeuT (Figure 3.1.3C). It is worth noting that an additional K252
(TMS6), which has been shown to affect substrate specificity,”® might also form a second salt
bridge with E51 in the OO conformation (Figure 3.1.3B). This residue corresponds to W220
in Mhp1, which is considered one of the principal residues participating in substrate recognition
and translocation. In the other two conformers, no interaction between K252 and E51 is
observed. Finally, the interaction between the D28 N-terminal and K188 (TMSS), reported by
Papadaki ef al., exists only in the OO structure.®* In Occ, D28 forms a stable salt bridge with
R264. In IO the distance between the oxygens of D28 carboxylate and nitrogen of R264
guanidinium atoms is approximately 5 A (Figure 3.1.3A).

In addition to the above-mentioned, “static” salt bridges, other interactions possibly
involved in the function of the outer gate can be related to the OO-to-Occ conformational
change. For instance, the Q59 side chain (TMS1b) could approach that of S386 (TMS10)
(Figure 3.1.3D), as well as S43 (TMS1) and R193 (TMS5), at least in the OO structure, while
in the other conformers R193 is oriented towards the surrounding lipids. A similar gating
network involving TMS1, TMSS5 or TMS10 have also been suggested in LeuT and Mphl.

Overall, in the structures of FurE generated, the relative orientation of the TMSs in OO,
Occ and IO conformations is in accordance with that of the Mhp!1 structures, however small
discrepancies occur. Aligning the structures on the Ca atoms of the “bundle” motif, we observe
that FurE OO and Occ conformations are in quite good agreement with the Mhp1 templates,
whereas in the IO conformer TMS4 and TMS9 are not optimally aligned with the
corresponding template helices (Figure 3.1.4). Considering that the detected TMS shift is
observed after only 50 ns of MD simulation relaxation, it implies a relative flexibility of TMS4

and TMSO.
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Figure 3.1.4. Relative orientation of transmembrane helices of the “hash motif” (TMS3, 4, 8, 9) compared to the
“bundle” (TMSI, 2, 6, 7) in both Mhp1 template crystal structures and the homology models of FurE as resulted
after a 50 ns MD relaxation. All structures are aligned on the “bundle motif” and are shown as cylinders for better
resolution. (A) Comparison between OO structures of Mhpl (gold) and FurE (yellow). No major differences are
observed. (B) Comparison between Occ structures of Mhp1 (blue) and FurE (cyan). Small difference in TMS3 is
observed. (C) Comparison between 1O structures of Mhpl (magenta) and FurE (pink). Differences in the
orientation of TMS4 and TMS9 are observed. (D) Superimposition of the three structures of Mhpl OO (gold),
Occ (blue), IO (magenta). (E) Superimposition of the three structures of FurE OO (khaki), Occ (cyan), IO (pink).

C
3.1.3 Mutational analysis confirms the crucial role of specific residues in FurE transport

function

The FurE structural models highlight two salt bridges, namely E51-K199 and R123-
D261, and a polar interaction between S384 or S386 and Q59 as significant in stabilizing the
different states and are considered vital in the conformational transition. Some other residues
associated with transient interactions related with the FurE assumed gate conformational
changes and the putative substrate pathway are W39, T63, S64, R193, F196, R264, N347 and
F385. In order to support the previously suggested substrate interactions during the
translocation pathway as hypothesized from the described models defined by MDs, prof.

Diallinas’ lab performed a rational mutational analysis of the aforementioned residues in FurE,
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using a standard directed mutagenesis protocol. The following Ala substitutions mutations
were constructed: W39A, ES1A, Q59A, T63A, S64A, R123A, R193A, F196A, K199A,
D261A, R264A, N347A, S384A, F385A and S386A. Other residues predicted from the FurE
structure as important for transport activity, such as the interaction of D28 with K188, and the
critical role of K252 in substrate binding and specificity, have been previously supported by
analogous Ala substitutions.”* Genetic transformation in the 4. nidulans A7 strain, genetically
lacking all major nucleobase-related transporters was used to introduce all the mutated versions
of FurE, The mutant versions of FurE, among a wild-type FurE control, were expressed via the
strong gpdA promoter, fused at their C-terminus in frame with the gfp gene, as previously
described.”** Several selected transformants for each mutation were purified and tested for
growth in media containing purines as nitrogen sources or 5-fluorouracil (5-FU, a uracil toxic
analogue). As expected, transformants expressing a specific mutation exhibited similar growth
phenotypes.

The upper left panel (Figure 3.1.5) summarizes the growth phenotypes tested for all
engineered mutants and control strains. As expected, the positive control strain expressing
wild-type FurE grows on allantoin and uric acid and is sensitive to 5-FU, while the negative
control strain not expressing FurE is resistant to 5-FU and displays a N starvation growth
phenotype. The residues predicted to form the two major salt bridges (R123-D261 and E51-
K199) were subjected to Ala substitutions and scored as loss-of-function mutations as shown
by abolishment or dramatic reduction of growth on allantoin or uric acid. They relatively
increased resistance to 5-FU, mostly in the case of R123A and D261A. Similar great loss of
FurE transport activity was obtained in R264A and F385A mutants, while Q59A and S386A
FurE versions seemed to have lost their transport activity for uric acid or 5-FU, but conserved
some capacity for allantoin transport. Hence, the important functional role of the interactions
between E51-K199, R123-D261 and Q59-S385-S386 was confirmed by mutational analyses,
as was also the importance of R264 as it interacts with N-terminal D28, according to the
predictions, as proved by D28 mutation.”* This analysis also showed the importance of W39,
as its substitution led to loss transport of for uric acid and allantoin in FurE, although since
sensitivity to 5-FU is retained, transport seemed to be conserved. These results further revealed
that substitution of T63, S64, R193 or F196 with Ala has sensible negative effects on FurE
apparent activity, as shown by the reduction of growth on uric acid and certain increase in 5-
FU resistance (e.g. F196A). Finally, residues N347 and S384 were found non-important for
FurE activity.
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Epifluorescence microscopic analysis, performed by prof. Diallinas’ team, shown in the
right panel of Figure 3.1.5A confirmed that mutational disruption of the major interactions
tested, like R123-D261, E51-K199 and Q59-F385-S386, did not affect the normal PM
localization and stability of FurE. This fact further confirms that the related growth defects in
specific mutants reflect defects in FurE transport activity per se, and do not affect protein
folding or subcellular trafficking. This conclusion was further strengthened by direct transport
assays performed by prof. Diallinas’ team, which showed that FurE-mediated radiolabeled
uracil transport was practically abolished in the respective mutants (Figure 3.1.5B). The
R264A mutation was the only case that apparent loss-of-function proved emerge because of
the abolishment of translocation to the PM, because of misfolding and ER-retention of this
mutant form of FurE. This suggests that R264 participates in interactions that stabilize the
expression level of FurE, in addition to its functional interaction with D28. Notice, however,
that D28A substitution does not lead to FurE misfolding.”*

In conclusion, FurE transport function was found to be affected by mutations of
residues proposed by the homology models and MDs, to participate in specific dynamic
interactions along the substrate pathway. In particular, all residues proposed to be involved in
salt bridges associated with uracil/H" binding and symport, namely E51-K199 and R123-D261,
all led to dramatic reduction of FurE transport activity. Mutations in residues like Q59A-F385-
S386A which were suggested to be involved in polar interactions in the outer gate, resulted in
reduction in transport capacity, but also in modifications in substrate specificity. Q59A and
S386A mutants significantly lost uric acid, uracil and 5-FU transport, but retained apparent
transport activity for allantoin, as confirmed by growth tests. Notably, the F385A mutation
recorded for all substrates as a loss-of-function mutation, which could be due to its proximity
to W130, also important in substrate specificity. Remarkably, mutations T63A and S64A, on

residues that could possibly interact with S386 of the outer gate, also showed specific reduction
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of uric acid transport, but retained a substantial capacity for allantoin or 5-FU accumulation,

whereas mutations R193A and F196A led to reduction in uric acid transport.
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Figure 3.1.5: Functional analysis of FurE mutants. (A) Growth tests of isogenic strains expressing distinct FurE mutant
versions in a A7 genetic background (i.e. genetically lacking other nucleobase-related transporters), compared to a positive
(FurE) and a negative (A7) control strain (for strain details see materials and methods). NOs;, UA, ALL, Xan denote MM
supplemented with nitrate, uric acid, allantoin or xanthine as sole N source. SFU is MM+NOs supplemented with 5-FU. WT
denotes a standard 4. nidulans wild-type strain expressing all major nucleobase transporters. /n vivo epifluorescence
microscopy of the same strains is shown in the right panel. All FurE mutants are functionally tagged with GFP. Notice that
all FurE mutant versions, except R264A, exhibit normal (i.e. wt FurE-like) plasma membrane localization and vacuolar
turnover. R264A is trapped in the perinuclear ER rings, typical of misfolded versions of FurE or other transporters (for details
see Materials and methods) (B) Direct uptake assays of selected FurE mutants, using 0.2 uM [3H]-radiolabeled uracil. The
figure shows relative % initial uptake rates (1 min) of mutants, when wild-type FurE transport is taken as 100%, performed
with 107 germinated conidiospores, as described by Krypotou and Diallinas, 2014. All functional assays shown are performed
by prof Diallinas’ team.

3.1.3 Molecular Dynamics calculations
3.1.3.1 The binding mode of hydronium

All the characterized NCS|1 transporters seem to function via proton symport except for

Mhpl, which is a Na* driven NCS1 symporter. Still, proton interactions don't seem to be
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elucidated for none of them. In the case of the FurE purine/proton symporter, no experimental
information is available regarding the binding site/mode of the cation. In Mhp1, the symported
ion stabilizes the OO conformation for substrate binding and accumulation,'®* while in LeuT
induces a conformational change.!”? Aiming to enlighten this critical part of substrate/ion co-
transport and in order to characterize the proton interactions, we investigated the binding of a
hydronium molecule (H3O") to FurE by utilizing Funnel-Metadynamics (FM), a cutting-edge
method for molecular binding free-energy, introduced in our group, which is widely used to
study ligand-protein systems.!** Due to FM the process of binding of hydronium from its fully
solvated state in the extracellular environment to the binding site in the OO state can be
reproduced, using an adaptively constructed time-dependent bias potential accumulated as a
sum of Gaussian functions. That potential accelerates the sampling along a definite degree of
freedom called collective variable (CV), which in this case is the distance of H;O" from FurE.
Throughout the FM simulations, the complete binding pathway was simulated, and all the

potential binding sites energetically evaluated (Figure 3.1.6A).

Figure 3.1.6: Funnel-shaped restrain potential used for the four cases of FM simulations: (A) the funnel used for
the investigation of the entrance of H3O" in FurE transporter. (B) The funnel investigating the entrance of uracil
in FurE transporter.

The binding site of hydronium was identified in the Binding Free Energy Surface
(BFES) as the lowest energy state (Figure 3.1.7A) and proved to be identical with the one
presented for Na* in Mhpl. This site is located at the interface of TMSs 1 and 8 of the rigid
and moving part of FurE, forms interactions with E51 and T336 of TMS1b and TMSS,
respectively (Figure 3.1.7B). The structural stability of the obtained of the FurE/H3O" complex
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was further assessed by standard MD simulation of 150 ns. We note her, that the hydronium
binding mode is very similar to that in both Mhp1 and LeuT and the Na* binding pose in the
co-crystallized structures. In addition, the residue in position 336 in FurE, which is a threonine,
is conserved in these three transporters. Finally, increased flexibility displayed in the presence

of H307, was observed in the case of residue K199.
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Figure 3.1.7: The binding site of H3O" and uracil accompanied with other key low energy states. (A) The BFES
of H;O" binding process. Contour lines are drawn every 2 kcal/mol. (B) The binding mode of H;O" cation in FurE
transporter as resulted from the global energy minimum in the FES. (C) The BFES of uracil binding process in
FurE transporter. (D) The intermediate states (local minima in the BFES) of uracil entering FurE transporter and
the binding mode in the binding site (inset) as resulted from the BFES in C.

3.1.3.2 The binding mode of uracil

The binding process of uracil (Km = 1 mM) to its putative binding site in FurE was also
simulated, using FM. As suggested by mutagenesis data, this site was confined to TMSI,
TMS3, TMS6 and TMSS, as is also the binding site in Mhp1 and other NCS1 transporters.”

We simulated the binding process of uracil, as performed for H;O", from its fully solvated state
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to the binding site in the Occ state, using as CV, the distance of uracil from the binding site.
We used the result of docking calculations as a starting structure for the uracil binding mode.
This pose does not affect the result, as during FM the ligand explores all the possible binding
poses at the binding site. Given that the hydronium is bound to the transporter in the Occ

state, 120,164

it was included in this system, with the binding geometry identified by the FM
calculation previously. A big cone-shaped perimetric constraint is used around the binding site
during the FM simulation, to ensure the sampling of a wide area (Figure 3.1.6B). The selected
model of uracil binding mode derived from the global minimum of the BFES (Figure 3.1.7C),
(Figure 3.1.7D) and is outstandingly similar with that of the hydantoin analogue, (5S)-5-
benzylimidazolidine-2,4-dione, in Mhp1 crystal structure (Figure 3.1.8).'2° In detail, H-bonds
interactions were observed between T254 (TMS6) and uracil C2=0, N341 (TMS8) and uracil
C4=0 and N3, and =n-m stacking interactions between W130 (TMS3) and uracil. Two other
energetic minima were discovered at higher energy values, which denote intermediate binding
poses of the ligand across its pathway to the binding site. At these binding poses, uracil interacts
at first with Q59 (TMS1b), via a bidentate interaction with C2=0 and N3, and a n-r stacking
with W307 (L7 loop) (Figure 3.1.7 C). Next, moving lower in the FurE binding cavity, it
interacts via a bidentate bond involving C4=0 and N3 with Q137 (TMS3) (Figure 3.1.7D).
Markedly, W130 of the binding pocket remained parallel to the membrane axis, keeping the
binding site exposed for the substrate. Finally, both uracil and W130 interacti with F385

(TMS10), through n-m and T-shaped stacking interactions.

B

A
Furk

W130

Q134

Figure 3.1.8: Comparison of the binding mode of (A) uracil in FurE with (B) (5S)-5-benzylimidazolidine-2,4-
dione in Mhpl.
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3.1.3.3 The conformational transition of FurE from OO to 10

Aiming to systematically portray the FurE large-scale conformational change, also
considering the role of hydronium, uracil and the relative order of their transport, we employed
path collective variables (PCVs), which is a dimensionality reduction methodology. PCV is
able to study complex chemical and biological processes including a large number of degrees

144 Tn this case, the above-mentioned

of freedom using one or two collective variables.
conformational change can be studied by providing a set of frames describing the required
movement. In these frames are included the positions of key atoms from the start to the end of
the conformational transition, giving us the opportunity to track the transition stage during the
simulation and accelerate its sampling using Metadynamics. The whole OO to IO transition of
FurE was explored through two sets of simulations. The first described the OO-to-Occ
transition and the second the Occ-to-IO one. For that end, four systems were created and
investigated considering all possible ligand stoichiometry combinations:

i) FurE - H30" - uracil (apo);

ii) FurE + H30™ - uracil;

iii) FurE - H30" + uracil;

iv) FurE + H3;O0" + uracil.

In the case that hydronium and uracil are inside the system, they occupy the binding
mode previously identified through FM. Considering the FES obtained at the end of the PCV
calculations, we extracted the FurE structures representing the global minimum and clustered
them. The central structure of the most cluster containing the most structures, was selected and
subjected to a 100ns standard MD simulation to assess the stability. These structures are fully
described in the following paragraphs. Moreover, the interactions between the most important
residues during the simulated pathways and the simulation time were monitored and reported

in Figure 3.1.9A and in Table 3.1.1, accordingly.

3.1.3.4 O0-to-Occ path:

i) Apo state (FurE - H3O" - uracil) - A single broad free energy minimum, compared
to the other systems, is depicted between OO and Occ on the FES, (Figure 3.1.9B). This clearly
shows that, FurE adopts a variety of conformations in the absence of ligands. Standard MD
simulations on the apo form of the OO state, confirmed this flexibility (Figure 3.1.10).

Notably, compairing with Mhp1, the relative orientation between “hash” and “bundle” motives
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remained almost the same. Also, the primary part of TMS10 is located much closer to TMS1a
with respect to the starting OO structure in the energy minimum. K199-T336, E51-T336 and
R123-D261 are the most stable interactions in the apo state, while E5S1-K199 and R264-D28
interact at a minor degree (Figure 3.1.9A). Additionally, a water bridge is possibly formed
between S386 and Q59 (Figure 3.1.11), while a water molecule assists the interaction between
Q134 and T336 (Figure 3.1.12A).

i) Hydronium bound (FurE + H30" - uracil) — In the case that the H3O" cation is bound
to FurE, the FES is quite similar to the apo form, although the minimum is narrower, indicating
a reduced flexibility of the transporter and specifically of TMS10 (Figure 3.1.9B). This result
suggests the impact that the H3O" has on the free energy landscape. In detail, H3;O" binding
locks TMS10 in a position beneficial for the substrate binding. More precisely, H;O" forms a
salt bridge with E51 and a H-bond with T336, and as a consequence the bond between K199
and E51, between E51 and T336 and the water bridge between Q134 and T336. Consequently,
T336 interacts only with K199 and the H-bond between T336 and Q134 is lost, making Q134
available to interact with uracil (Figure 3.1.12B). In line with the above-mentioned
experiments, we obtained strong evidence for a firm connection between H3O" and substrate
binding and transport.

iii) Uracil bound (FurE - H30O" + uracil) — A FES minimum located close to the Occ
state is observed when only uracil is bound to FurE the system (Figure 3.1.9B). However, in
this pose there is still a relative distance between the first part of TMS10 and TMS1a. The
proximity of TMS10 to TMS1a literally describes the accurate Occ state, as indicated in the
experimental Mhpl structure (PDB ID 4DIB). Nevertheless, unbiased MD simulations
performed on this system show that uracil is not stable in the binding pocket and leaves the
binding pocket after 20ns. During this event, TMS10 fluctuated between the OO and Occ state
(Figure 3.1.10).

iv) Hydronium and uracil bound (FurE + H30" + uracil) - In the case both hydronium
and uracil are bound, the lowest energy minimum represents the Occ state (Figure 3.1.9B).
Comparing FurE in this state and Mhp1 in the crystallized Occ state, negligeable differences
are observed. These were a tilt in TMSS5 towards the 10 conformation, as well as in TMS3 and
TMS9. In particular, TMS10 is stabilized in the occluded position merely due to the
contribution of the interaction between F385 and W130, leading consequently to the motion of
TMS9 which is though not detected in the Mhp1 crystal structure. Furthermore, a slight tilt of
TMSS is evident connotating that FurE in this case has moved slightly closer to the 10O state

regarding the conformation, foreshadowing a low energy barrier between the occluded and an
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Inward Occlude state. Additionally, the uracil binding stabilizes forms an H-bond with Q134,
stabilizing it in a position competent of making an H-bond network with Q59 and water
molecules. Moreover, S386 (TMS10) can interact with Q59 (TMSI1) either via a water
molecule or directly (Figure 3.1.11).
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Figure 3.1.9: FurE conformational change and mechanism of transport. (A) The side chain interactions of
important residues have been studied in all structures retrieved from each FES global minimum and are
represented as percentage over the ensemble of the structures. (B) The FESs of the OO-to-Occ transition using
diverse stoichiometry of ligands bound to the transporter (colour code: protein in the apo form in blue, complexed
only with H3O" in cyan, complexed with both uracil and H3O" in green, complexed only with uracil in grey. Each
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tick in the x axis represents one unit. (C) The FESs of the Occ-to-1O transition are presented using different
stoichiometry of ligands bound to the transporter. The system containing both uracil and H3O" is represented in
red, the system containing only uracil is represented in brown, the apo form is represented in magenta, the system
containing only H3O" is represented in yellow.

Table 3.3.1: The simulation time of each case of the PCV Metadynamics simulations.

Op-to-Occ apo H;O0" H;O0" uracil
+uracil

Time(ns) 352 550 600 430

Occ-to-In apo H;O0" H;O0" uracil
+uracil

Time(ns) 330 390 314 298

Summarizing, given the results presented, we can provide exceptional structural insight
into the OO-to-Occ transition of FurE. Specifically, it is undoubtedly shown that the FurE
conformation is stabilized in the presence of hydronium and thus is prepared for the binding of
uracil. Further, the binding of both hydronium and uracil is necessary to lock the FurE Occ
conformation. the low RMSD values (~1 A) computed for the backbone Co atoms of the
transporter in unbiased MD calculations indicate that the Occ state is very stable as.
Furthermore, the disruption of bonds that stabilized TMSS5 in OO state in a closed position and
retained hash-bundle domain in a firm orientation, namely K199-E51, K199-T336, E51-T336,

allow the FurE structure to move towards 1O state.

66



. >
v e

>
%]

0,5

0,4

0,3

RMSD (nm)

0,2

RMSD (nm)

0,1

o
o n
o

5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

o

Time (ns)

@]

Time (ns)

o
>

0,35

o
w

0,25

0,15

RMSD (nm)

o
i

0,05

Time (ns)

Figure 3.1.10: RMSD diagrams. (A) The RMSD fluctuation of uracil during an unbiased Molecular Dynamics
simulation in the occluded FurE structure until it is out of the transporter, with uracil included and H3O" not
included. (B) The RMSD fluctuation of TMS10 during an unbiased Molecular Dynamics simulation in the
occluded FurE structure, with uracil included and H;O" not included. (C) The RMSD fluctuation of TMS10 during
an unbiased Molecular Dynamics simulation in the outward apo FurE structure.
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L i

Figure S3.1.11: S386-Q59 interaction stabilize the Occ conformation of FurE by closing the TMS10 outer gate.
(A) S386 interacts with Q59 through an H-bond network which involves a water molecule. (B) S386 forms a
direct H-bond with Q59.
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Figure 3.1.12: Different residue interactions in the absence and presence of H3O" cation in the OO FurE
conformation. (A) When FurE is in APO Form, E51 interacts strongly with K199 and less often with K252. The
orientation of T336 oxygen is towards TMS3 as T336 interacts with Q134 through H-bond network involving a
water molecule. (B) When H3O" is present the electrostatic bond between K199 and E51 is less likely to happen,
while is more likely for K252 to interact with E5S1. T336 side chain has also rotated by 180 degrees as it interacts
with H3O" as displayed in Figure 1B. When H30" is present T336 side chain oxygen is directed towards TMSS5,
thus the interaction with Q134 is broken and the latter is free to bind the substrate (uracil).

3.1.3.5 Occ-to-10 path

i) Hydronium and uracil bound (FurE + H30" + uracil) — In the case that both uracil
and H30" are bound to FurE, a low energy conformation that very much resembles the IO state,
albeit not reaching it, is obtained by the transporter. We defined this structure as the Inward
Occluded (IOcc) state. A tilt in TMS3, induces both TMS4 and TMSS5 to obtain a quasi-open
state. The disruption of the electrostatic interaction between D261 (TMS6) and R123 (TMS3)
seem to lead to the motion of TMS3 (Figure 3.1.9A). Instead, R123 interacts with T254, an
uracil binding site residue and with uracil. H3O" is in a position more buried compared to the
one in Occ state, and approaches D28 of the N-terminal loop. Furthermore, the E51 side chain,
following the cation, rotates resulting in a solid interaction with K252 (Figure 3.1.9A).

ii) Uracil bound (FurE - H;O" + uracil) — In this state, a minimum close to the 10
conformation appears in the FESs, which is narrow and has a high-energy barrier (Figure
3.1.9C). Based on this finding we suggest that H3O" unbinds first and leaves FurE and then the
later acquires a conformation close to the 10O, favorable for uracil release. Comparing FurE in
this conformation with the inward Mhpl, we notice that TMSS tilts more and induces the

movement of TMSS and finally the rearrangement of the “hash” motif and TMS3.
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iii) Apo state (FurE - H3O" - uracil) - The FES of the apo state presents the lowest
energy minimum close to 10, similar to the uracil bound state. Yet the minimum of the apo is
wider, representative of a higher conformational freedom of the transporter in this state. Greater
flexibility was noticed for TMSS5, while TMS3 bents slightly if compared with the Occ state.
As FurE is encountered in the apo state once both the ligands are released, such conformational
freedom might be helpful to service the reverse transition of the transporter to the outward
state. The FurE flexibility was confirmed by standard MD simulations carried out on the
structure corresponding to the energy minimum.

iv) Hydronium bound (FurE + H30" - uracil) - As only H3O" is bound to FurE, the
structure corresponding to the energy minimum, is between Occ and IO state (Figure 3.1.9C).
Here, TMSS is very close to the position assumed in Occ. This suggests that in the absence of
uracil the protein is not able to reach the 10 state.

Our enhanced sampling protocol shows that as H3O" is still bound to the protein the
conformation is stabilized in an intermediate state between Occ and 10, suggesting that the
sequence of events first includes displacement and detachment of the H;O", while the uracil is
necessary to shift to the final 1O state and then it can also be released. Besides, this transition
from Occ to 10 is related to TMS3 tilt and TMS8 shift which are also related to both H3O" and

substrate interactions.

3.1.3.6 The internalization pathway of H30" cation
According to our PCV calculations on the FurE Occ-to-10 transition, hydronium is the
first to be released in the cytoplasm. Therefore, we used FM simulations to investigate the

unbinding of H3O" from the FurE transporter (Figure 3.1.13C).
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Figure 3.1.13: (A) The funnel investigating the internalization process of H;O"in FurE transporter. (B) The funnel
investigating the internalization process of uracil in FurE transporter.

The results indicate that hydronium can move towards the intracellular part of FurE passing
through different binding modes (Figure 3.1.14A, 3.1.14B). First, the interactions between
H30" and T336 are disrupted and a H-bond with S339 is created, while the salt bridge with
ES51 is preserved. This state corresponds to the minimum D in the FES presented in Figure
3.1.14A. Afterwards, H3O" binds in a cleft formed by F47, F262 and E51, corresponding to
minimum C (Figure 3.1.14A). Next, H3O"loses the interaction with E51 and it binds to D28,
D26 of the N-terminal LID%* and N347, corresponding to minimum B of the FES (Figure
3.1.14A). Lastly, H3O" reaches the lowest energy minimum A, in which it is bound to D28 and
D26 (Figure 3.1.14B), and then it is completely released in the cytoplasm. The movement of
E51 along with the H3O" unbinding process prompts the disruption of the E51-K199 and D28-
R264 interactions (Figure 3.1.9A). Generally, our simulations denote that the flexibility of the

FurE N-terminal LID plays a major role in the hydronium release in the intracellular solute.
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Figure 3.1.14: The unbinding process of H;O" and uracil characterizing the exiting route to the cytoplasm. (A)
The BFES of H3O" internalization course. The separation between contours is 2 kcal/mol. (B) The binding sites
of H3O" cation in FurE transporter down the internalization pathway as derived from the low energy states in the
BFES in A. In orange is represented the LID when H3O" is bound in D26, D28 and N347, while in yellow when
H30" is released in the cytoplasm guided by D26, D28 and LID conformational change. (C) The BFES of uracil
internalization pathway. The split between contours is 2 kcal/mol. (D) The intermediate states of uracil
internalization pathway while exiting FurE transporter as derived from the BFES in C.

3.1.3.7 The internalization pathway of uracil
After hydronium is released, uracil can also be discharged in the intracellular space.
FM calculations were used to investigate the unbinding of uracil from the FurE IO state. We

considered all the possible exiting pathways from the binding pocket up to the inner gate
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(TMSS5) (Figure 3.1.13D). In Figure 3.1.14C, 3.1.14D we present the FES and the
energetically related poses assumed by the ligand along the exit pathway from the transporter,
correspondingly. Throughout uracil unbinding process three residues play a critical role,
namely W130, E5S1 and W39 (Figure 3.1.14D). W130 obtains a vertical geometry compared
to the z axis of the membrane, hence shielding the access to the extracellular environment,
whereas E51 favors the translocation of the ligand towards the TMSS inner gate by forming a
H-bond with uracil. Finally, W39 forms n-m and T- stacking interactions with uracil validating
the significance of W39 as highlighted by mutagenesis analysis. It is significant to note that
standard MD simulations carried out on the metastable states recognized along the uracil
unbinding, showed av unhindered release of the ligand in the solvent, demonstrating that this

process is barrier-less and semi-diffusive.

3.1.4 Conlusions

The molecular foundation of coupled nucleobase/proton symport is an essential
mechanistic aspect of NCS1 transporters. Very few cases of proton symporters have been
structurally described and the structural and functional aspects of the transport have not been
explained yet, neither computationally nor experimentally. We focused on the FurE transporter,
to address this subject by performing extended free-energy simulations, targeted on the
substrate translocation coupled with proton symport, which was performed by introducing a
H30" cation. Meanwhile, we also investigated the large conformational change of the FurE
structure that complements these events. In this study, we simulated the proton symport by
introducing H3O" as a second separate substrate. Proton binding could be explored by
implementing MD simulations, considering all different protonation combinations of Asp, Glu
and His residues or by applying Quantum-mechanics/molecular-mechanics (QM/MM).!73
However, in the FurE case the possible input combinations for standard MDs should be up to
32 and this is extremely computationally demanding. The same is true for QM/MM.

To reveal in atomic resolution, the binding sites of both uracil and H3O"cation in FurE,
we used a state-of-the-art binding free-energy technique, named Funnel-metadynamics. Unlike
other simulative binding techniques, FM allows the sampling of the binding process without
knowing a priori the binding mode of the ligand and offers a detailed classification of all
possible binding modes. FM is not dependent on the initial position, because the full binding
pathway is sampled, leading to an accurate estimate of the absolute ligand-protein binding free
energy and a systematic retrieval of all possible binding modes. All the molecules in the system

are explicitly simulated, including water molecules, thus yielding information about their
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dynamics during the binding process. The recently developed code of FM also incorporates a
roto-translational matrix to accurately contemplate the entropy of the system. FM has an
affordable computational cost for studying rare events such as binding processes, if compared
to standard MD calculations. Finally, it is self-diagnostic, so the free energy calculation
converges only to the exact value and critical points, such as non-optimal CVs or bad choice
of simulation parameters, can be identified the calculation will not converge.

Our results illustrate that H3O" interacts with three negatively charged residues, namely
E51, D28 and D26. The initial H3O" binding location was found to be exactly at the same
position where Na' is co-crystallized in Mhp1. H3O" binding, according to the FES of the OO-
to-Occ simulation, stabilized the rather flexible apo structure in an intermediate conformation
between the initially constructed models of OO and Occ, contributing to the conformational
change from OO to Occ. The FurE-H3O" interaction seemed to initiate rearrangements in
specific residues. It induced the availability of Q134, leading to a binding site geometry prone
to accept uracil, without significant protein conformational change. This is in agreement with
previously reported data for Mhpl. Indeed, fluorescence quenching experiments in Mhp1%’
show that a tenfold increased affinity for benzyl-hydantoin occurs as a result of the sodium
presence. Additionally, in Mhp1 distance measurements between pairs of spin labels showed
that Na* binding does not shift Mhp1 conformational equilibrium and deviates from the rigid-
body motion model of the “hash” motif.!”* This dynamic behavior is different in other 5+5
folded transporters like LeuT, dDAT, hDAT, SERT, where Na* binding favors an occluded
conformation. FRET experiments in LeuT!” suggest that a cation-dependent conformational
rearrangement can form and stabilize the substrate binding site. However, in the FurE case, the
lowest energy conformation shifts towards the occluded structure, only if both substrates are
bound. In that case, both TMS10 (outer gate) and TMSS (inner gate) are closed. Furthermore,
a relatively small change was observed in the “hash” helices. Specifically, W130 relatively
moves and probably induces a slight bend in the last part of TMS3 assisted by a glycine in
residue position 132. These are followed by a similar bend of the first part of TMS8. Moreover,
TMS9, following the movement of TMS10, induces a small shift to TMS4 (Figure 3.1.9). We
identified key interactions between the ligand and FurE for the OO-to-Occ transition, namely
uracil-W130-F385 and W130-F388, as well as minor ones, like the Q59-S386 interaction. This
agrees with Mhp1 data, according to which, a similar network of interactions is observed and
elucidates how ligand binding stabilizes the TMS10 tilt in the occluded conformation.!”¢
Notably, the functional importance of residues E51, W130, Q134, K199, K252, T336 and

F385, derived from our in silico results was supported by mutagenesis data presented here. The
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substrate release to the extracellular environment, in the Occ FurE transporter, is mainly
hindered by W130 (TMS3). The prevention of substrate release to the extracellular solute is
reinforced by polar residues S386 (TMS10) and Q59 (TMS1b), interacting mainly through the
formation of H-bonds involving intermediate water molecules. In agreement with our results,
in the LeuT transporter, the substrate release from the occluded state to the extracellular solute
is prevented by Y108 (corresponding to W130 in FurE) and F253 (TMS6), while the structure
is stabilized by the interaction of D404 (TMS10) and R30 (corresponding to Q59 in FurE) and
two water molecules.?

a conformational change leading to substrate translocation occurs, once both the
substrate and the hydronium are bound in FurE. Especially, according to the computed FESs,
FurE assumes an intermediate structure between Occ and IO, in which case, H3O" cation should
be free to move towards the intracellular domain, whilst D28 loses the interaction with R264
to engage the moving hydronium. At the same time, the interaction between E51 and K199 is
lost and the first interacts frequently with K252, releasing the TMSS intracellular gate. Also,
there is a destabilization of the substrate in the binding site, as the interaction between R123
and D261 breaks, and the substrate interacts with both R123 and T254. These events induce a
relative motion of TMS3, and subsequently of TMS4 and the first part of TMSS5, followed by
a major shift of TMSS. In this conformation, we detect bending of the first part of the unleashed
TMSS in position 204 (proline), opening an inner gate. This state can be considered as the
inward-occluded conformation in which both uracil and H3O" cation are still bound. In both
LeuT®? and DAT!”’, based on experimental studies, the inward-closed (occluded) state is
stabilized by a Na* ion bound to the Na2 site (Na2 ion). Nevertheless, in LeuT-type transporters
two sites have been located for sodium binding, playing key roles both in stabilizing transporter
conformations, and in substrate binding. In fact, in LeuT, the leucine carboxyl group binds
directly to Nal and has been proposed that Na*and substrate internalization are coupled.?® In
the FurE case, two positively charged residues exist in positions close to Nal and Na2 sites.
Particularly, the K199 side chain group is in the Na2 site, the position of Na* in Mhp1, while
K252 side chain displays a relative flexibility and very often is found close to the LeuT Nal
site, which does not exist in Mhp1.

it is evident that only if H3O™ is released, FurE can reach the 1O state, as only in such a
case the FES is shifted to 10. As a result, H3O" must be the first to leave and this event triggers
the transporter transition to IO and allowing uracil to be finally released, as similarly proposed
also for DAT and LeuT.*!78-180 Computational studies on DAT,** showed that the inward open

conformation is obtained after the spontaneous release of the Na" ion from the Na2 site. The
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Na* unbinding happens after 800ns of unbiased MD simulations and is observed in 12 out of
50 runs of 1ps.!”® This is mainly determined by the number of water molecules that penetrate
the functional sites of the transporter from the intracellular space. After abandoning the Na2
site, Na* is located between T269 (TMSS5), N-terminal and D421 and D436 (TMSS8). As
suggested by computational and experimental studies, this process destabilizes the inward
occluded state.!®! Internalization of hydronium implies neutralization of D28 and D26 and
subsequent relocation of the N-terminal LID in agreement with our previously reported
results.”

In the case that uracil is solely left inside the system, FurE is in the IO conformation
and the substrate is prepared to leave the transporter. TMSS5 (the inner gate) is open, TMS4, 8,
9 are completely shifted, while the upper part of TMS3 bends. H3O" release, disrupted the
T336-H30"- ES1 interaction connecting the “hash” and “bundle” motives, allowing TMSS to
get distant from TMS1. Subsequently, the binding site residue positions are altered, and binding
site interactions of uracil are not favored anymore. The E51-K199 interaction is also disrupted,
causing TMSS5 to bend in the maximum angle and consequently uracil is able to leave the
binding site.

When FurE is in the apo form, obtains an energy minimum structure close to 10 (Figure
3.1.9). This discovery agrees with the fact that Mhp1 has been crystalized also in the apo form
conformation.!> However, given that the FES minimum in the apo form is wide, the FurE
transporter might undertake several alternative conformations between Occ and 10. The
evidence arising from the FES, that the presence of hydronium stabilizes a FurE state close to
Occ (Figure 3.1.9C) (e.g., TMSS8 tends to assume the orientation of Occ) encourages the
suggestion that H3O" binding could be vital even for FurE’s backward transition to OO. In such
a case, FurE could function as antiporter, as proposed for other transporters like SERT , DAT
and LeuT.*>!82183 The broad FES curves in both OO-to-Occ and Occ-to-1O transitions and the
flexibility witnessed in TMS10 and TMSS, supports the possibility that the new symporting
cycle appears when the substrate binds in low probability conformations, shifting the
equilibrium again to the Occ and finally to OO states. However, our calculations are not
conclusive and further investigation is required.

Overall, in this study, we investigated the function of the FurE proton symporter and
revealed molecular details of the conformational changes, fundamental for uracil/H" symport,
using Metadynamics and mutational analysis. In Figure 3.1.15 we represent a schematic
representation of the mechanism. By analytically assessing the differences in the energy

landscape of the transporter conformational transition under different combinations of proton
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and substrate binding, we created a model relating anionic and cationic residues with specific
proton binding and internalization and showed how proton translocation is required for uracil
transport. Moreover, theoretical simulations identified residues critical for specific phases of
uracil/H" transport, which were validated by mutational analysis. Overall, the H3O"/uracil
binding and transport shape the energy landscape by eliciting induced-fit conformational
changes that cause consecutive movements of specific TMS in the hash and bundle domains,
associated also with opening and closing of outer (TMS10) and inner (TMS5) gates. Our results
assume that the hash motif helices are flexible and can tilt upon substrate binding in the Op-to-
Occ conformational rearrangement, while in the Occ-to-10 case they exhibit important relative
movement along with the opening of the inner gate and coordinated TMS8 and TMS4 shifts.
In addition, we demonstrate that a crucial step for uracil transport is the intracellular release of

H3;0", assisted by the flexibility of N-terminal LID sequence. This observation
complements with critical details our understanding of the nucleobase/H+ coupling

mechanism.
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Figure 3.1.15: Schematic illustration of the FurE’s “hash” motif helices and outer and inner gates (TMS10 and
TMSS3) relative to the bundle motif which is considered immobile during uracil and HsO™ internalization. In the
Outward Open (OO) state, FurE is in apo form. H3O" binding results in side chain rearrangement but it does not
cause any change in the tertiary structure. Uracil binding prompts the closing of theTMS10 outer gate (salmon)
and the kink and tilt of TMS8 (green) and TMS3 (cyan), respectively reaching the Occluded (Occ) state. H;O"
moves toward the TMSS inner gate (red), which slightly bends, while TMS3 and TMSS also exhibit structural
alterations, initiating the Inward Occluded (IOcc) state. Once H3O™ is released in the intracellular environment,
TMSS bends more, whereas TMSS is no longer tilted and moves away from the “bundle”. TMS4 and TMS9 are
shifted by TMSS5, 8 and 3 bending introducing the Inward Open (I0) conformation. After the release of both H;O*
and uracil, TMSS5 slightly returns to the previous bend position. An inward-facing unidentified return state
probably introduced by a H3O", is represented in grey.

3.2 NCS2/NAT family transporters: Structural and Functional characterization of the

UapA transporter.

3.2.1 Foundation of the study

NCS2/NAT proteins are H" or Na* symporters responsible for the uptake of purines,
pyrimidines or related metabolites in bacteria, fungi, and some plants. In particular, the UapA
transporter of Aspergillus nidulans is specific for the transport of xanthine and uric acid in the
fungi cells. The dimeric UapA as described above, consists of 14 transmembrane segments
folded in a rigid core domain and a flexible gate domain and its biological function is based on
the “elevator” transportation mechanism, which implies the relative motion of the gate towards
the core. The entire transportation process is divided in four protein states: Outward-Open
(OOp), Outward-Occluded (OOc), Inward-Occluded (IOc), and Inward-Open (IOp). The
substrate approaches the OOp-dimer, and the transporter progressively evolves into the 10p
conformation allowing the molecule to enter the cytoplasm. Importantly, a crystal structure of
the IOp conformation was recently resolved and several mutations have been reported,
identifying key residues in the transportation mechanism. However, the exact translocation
pathway remains elusive, and the transportation mechanism is still unclear.

The key objective of this work was to generate a theoretical model describing the
structural alterations of UapA by utilizing cutting-edge Molecular Dynamics simulations
including Metadynamics in order to correlate computational and experimental data and gain
insight into this large-scale and very complex phenomenon. Apart from the IOp conformation,
the other checkpoint steps of the conformational pathway, namely OOp, OOc and 1Oc, were
built using targeted MD simulations using as templates the crystal structures of the Band3,
Borl, UraA homologous transporters, respectively. The large-scale conformational changes

can be computationally reproduced with reasonable computational cost using Metadynamics
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and specifically, the Path Collective Variable approach in the space of the root mean square

deviation of selected protein’s backbone.

3.2.2 Construction of the three UapA models

The key step in Metadynamics is the identification of the initial and final structures of
a protein conformational change as well as the selection of the collective variable. In this aspect
in order to create the path, between the outward open and inward open conformation we had to
create the four major structures Inward-open, inward-occluded, outward-occluded and
outward-open. To this end, apart the inward-open determined by X-ray crystallography>®, we
used as templates three transporters who had the best ranking similarity with UapA according
to p-Blast and had been structurally resolved with X-ray crystallography.

UraA was used as query for the Inward-Occluded®®>” conformation, Bor14%>? for the
Outward-Occluded and Band3°! for Outward-Open. Unfortunately, the length of the helices of
these query transporters was not identical to that of UapA. Targeted Metadynamics was the
method chosen to create the models as the most appropriate because this way it was possible
to keep the length of the UapA helices intact. In detail, the important, conserved residues where
kept aligned as anchors and the rest where accordingly matched. A stable force of was applied
on the Ca carbons of the UapA crystal structure directing them towards the corresponding ones
of the query crystal structure. The newly produced UapA models in I10cc, OOcc, and OOp
conformation were inserted in a lipid bilayer solvated in explicit waters and were equilibrated

and subjected to 100ns stabilization MD simulations.

3.2.3 The UapA crystal structure

In order to evaluate the constructed UapA models, a series of studies were made to
characterize the UapA crystal structure. Standard MD of 100 ns was executed, and the solvent
accessible area was calculated for each protomer. As displayed in Figure 3.2.1 the solvent
accessible area in protomer/chain A obtains higher values compared to protomer/chain B.

Moreover, the UraA and UapA crystal structures’ RMSD of the Ca carbons of the two
protomers was compared in a 125 ns MD (Figure 3.2.2), indicating that they act in a quite
similar way. This led to investigate more this behavior using Principal component analysis on
the movement of each protomer. As a result, the protomers were found to be asynchronous and

to behave differently, revealing an important aspect of the “elevator” mechanism. During MD
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simulations, the xanthine-substrate leaves the binding site of UapA in less than 20 ns, in

agreement with previous work>®,
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Figure 3.2.1: Solvent accessible area in protomer A (green) and B (blue).
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Figure 3.2.2: The RMSD of UapA (upper panel) and UraA (lower panel) during 125ns MD simulation. In UapA

the two protomers are colored in blue and magenta, while in UraA in blue and orange.
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3.2.4 The Inward-Occluded Model structure
The construction of the Inward-Occlude model was initiated by applying a stable force

on Ca atoms of the UapA crystal structure towards the corresponding atoms of UraA query.
The RMSD of these atoms during this steering process is presented in Figure 3.2.3, calculated
on the average structure. In detail the value of the force increased steadily for 4 ns, then it was
constant for 6 ns, and it went back to zero for the rest 2 ns. The final IOcc model was the central
structure obtained from the structures produced during 1-3 ns (Figure 3.2.3). The pka of
important binding site acidic residues was calculated using PROPKA 3.0 and was found equal
to 6.8 for E356 and 8.5 for D360. Thus, E356 was negatively charged and D360 neutral during
the simulations.
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Figure 3.2.3: RMSD of the Ca atoms of the UapA during the steering process to Inward Occluded conformation.

Following the steering process, the I0cc UapA model underwent a series of
computational tests in order to assess the stability of the structure, the first being the RMSD
calculation during 150 ns MD (Figure 3.2.4). The structure was rather stable as the average

RMSD was 0.16 nm and the maximum value marked was 0.25 nm.
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Figure 3.2.4: RMSD calculation of the Ca of the inward Occluded structure of UapA.

Additionally, each protomer/chain was steered to the model and the reference UraA
structure and then standard MD of 200 ns followed. The two protomers deviate in different
level from the query (Figure 3.2.5). Protomer A has an average RMSD of 0.37 nm, while
protomer B 0.23 nm. This result is indicative of the different behavior of each protomer in the
dimeric UapA and UraA transporters, in accordance with results presented above concerning
the crystal structure of UapA.
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Figure 3.2.5: RMSD of UapA Inward occluded structure calculated separetaly for each protomer upon the
corresponding UraA protomer.

These findings are also supported by the solvent accessible surface area calculated
(SASA), presented in Figure 3.2.6. Protomer A is more accessible to the solvent compared to

protomer B.
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Figure 3.2.6: Solvent accessible area calculated for each one of the two protomers of the UapA Inward occluded
structure. (A) Protomer A is depicted in cyan and (B) protomer B in pink.

3.2.5 The Outward-Open model structure

The Outward-Open and Outward-Occluded models were also constructed as described
in the Methods section, using as templates the Band3 transporter and Borl1, respectively. One
of the most important states, the Outward-Open conformation, has not been yet resolved with
X-ray crystallography nor with any other method, as in this state happens the first step of the
substrate transportation. Our model structure for the Outward-Open UapA (Figure 3.2.7A) is
rather open towards the extracellular and the substrate binding site is exposed to the solute.
Later on, we will present the conformational comparison between the 4 stages, and we will
show that the Outward-Open conformation probably has a key role in specificity, as the
interactions of important residues are modified.

The model structure of the Outward-Open conformation underwent a standard MD
simulation of 100ns during which the structure was rather stable. In Figure 3.2.7B UapA
Outward-Open model structure and centroid structure of the Outward-Open UapA 100ns
standard MD were aligned. It is rather clear that the two structures are very well aligned and
differ in TMS2,7,14 with an average RMSD of 1.4 Angstrom (Figure 3.2.8), which is rather
low for a big protein like UapA. The same holds when these two structures are aligned with
the one at the end of 100ns simulation (Figure 3.2.7D). Moreover, the residues of the binding
site namely E356, Q408, F155 match perfectly between the model and the centroid following
the good alignment of the helices (Figure 3.2.7C). These facts signify that the model
constructed for UapA in Outward-Open conformation is very stable and hence quite accurate.

Inspecting visually the 100ns MD which also contains xanthine constrained in the

binding mode of the crystal structure, we noted some important residue interactions. At the
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cytoplasmic part of UapA R481 (TMS13) of the one protomer interacts constantly with E366
(TMSS8) of the other protomer forming a salt bridge (Figure 3.2.9A), an interaction which is
absent in the Inward-Open crystal structure, in which case we have found that R481 plays a
major role being the residue responsible for the translocation of xanthine from the binding site
to the intracellular solute, serving as an inner gating element>®7%, In addition to that we have
seen that in the apo Inward-Open systems, Q408 that in this case cannot form any bond in the
binding site, rotates towards TMS6 and quite often interacts with R481 of the TMS13 of the
other protomer which is present in this cavity. These observations lead to the conclusion that
for the substrate to be stabilized in the binding site during the Outward-Open to Occluded
conformational change, R481 should not be in the binding cavity, thus D366 locks it in a stable
interaction. This interaction seems that could also stabilize the closed state of the intracellular
part of the transporter and thus the Outward-Open conformation as well as contributes to the
dimer formation since it interacts with cross-protomer residues. This way R481 role could
explain and support the fact that UapA is a functional dimer. To support these, deletion of R481
or relocation of its position by the insertion of two amino acids (Ala-Gly) before it, resulted in
UapA instability and increased turnover®. Combination of R481 substitutions with substitutions
in the proposed Outward-facing gating elements (e.g. F528S or T526M -TMS14-) resulted in
an additive effect in enlarged specificity. Interestingly, the arginine in this residue position is
conserved only in the fungal NATs, whereas bacterial, plant and animal homologues, have Leu,
Ile, Thr or Lys residues. Another interesting electrostatic interaction is the one between R417
(TMS10-core) and E286 (TMS6-gate) (Figure 3.2.9B), which is present only in the Outward-
Open conformation because as seen in Figure 3.2.9C, TMS10 has moved upwards by two
helical turns compared to the Inward-Open conformation in which case the two residues are in
greater distance as the transporter is open to the cytoplasm and the distance between the core
and gate domain is maximum. So, R417 seems to regulate the core-gate interaction, distance
and sliding and as a result the conformational change. Specific substitutions of R417 proved
crucial in determining the high affinity of UapA for uric acid compared to xanthine, by
increasing the binding affinity for uric acid®!27!2%:184 The residues of the binding site, E356,
Q408 form with xanthine the interactions spotted in the crystal structure (Figure 3.2.9D). As
only exception arises F155 which does not form T-stacking interaction with the xanthine but
is rather pointing towards the extracellular and rarely interacts with F528 (TMS14), which is
pointing towards the binding site (Figure 3.2.9D). This behavior of F155 is very rational,
considering that the substrate is not expected to strongly bind in the binding pocket in the

Outward-Open conformation. Thus, it seems that the last interaction to shield the binding mode

84



of xanthine in the binding site in the Occluded state is that of F155, which prevents the substrate
from escaping to the extracellular solute. It has been suggested that F528 and Q408 of the NAT

signature motif interact functionally!®®

as the mutation F528S was a suppressor mutation of the
UapA-Q408E mutant. Moreover, T526M, T526L substitutions when combined with mutations
in Q113 resulted in growth on 2 mM adenine. In detail, growth of the double mutated UapA
on high concentration of 2 mM of adenine or hypoxanthine, did not considerably increase the
relative affinities for these non-natural substrates!®. Based on these findings and their topology,
it has been proposed that these residues act as outward-facing gating elements that select the
purines allowed to access the substrate binding site of UapA, which could explain why specific

substitutions of these residues might lead to enlarged substrate specificity®!2°,
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Figure 3.2.7: (A) The Outward-Open conformation of UapA derived from Homology Modeling, compared to the
Inward-Open derived from X-ray crystallography. (B) Initial UapA Outward-Open model structure and centroid
structure of the Outward-Open UapA 100ns standard MD aligned. (C) The binding site residues, E356, Q408,
F155, of the Outward-Open model structure (yellow) and the centroid of the 100ns Md of the Outward-Open
UapA model structure (cyan). (D) Superposition of the Outward-Open model structure (yellow), the centroid of
the 100ns MD of the Outward-Open model structure and the Outward-Open UapA model after 100ns of MD.
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Figure 3.2.8: The RMSD of the Ca atoms of the helices calculated for the 100ns stabilization MD of the model

UapA in Outward-Open conformation on the centroid structure of the same simulation.
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Figure 3.2.9: (A)The distance calculated between Cg of D366 and Cz of R481 during the 100ns MD simulation
of the Outward-Open UapA model structure. (B)The distance calculated between Cd of E286 and Cz of R417,
during the 100ns MD simulation of the Outward-Open UapA model structure. (C) Comparison of the position of
R417 in the Outward-Open and Inward-Open conformation, which regulates the formation of a salt-bridge
between R417 and E286. (D) Binding site residues’ topology in the Outward-Open UapA as derived from 100ns

Md simulation.
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3.2.6 Comparison of the four UapA models

A comparison of the UapA models and the relative movement of the helices highlights the

“elevator” mechanism (Figure 3.2.10). As it can be seen the transmembrane segments

TMS1 TMS2 TMS3.. TMS4

TMS8 TMso B TMS10 TMS11 ‘

Figure 3.2.10: The conformational change of UapA from Outward-Open model (red) to Inward-Open (blue)

crystal structure passing through the Occluded state, depicted on the core domain of a single protomer.

including the binding pocket (TMSS8, TMS10, TMS3) are the ones displaying the larger
conformational rearrangement.

Hereafter follows a comparison of the binding sites of the three conformational states
that the substrate can be present or absent initiating two different states of the binding site, with
respect to the distances of the Cb atoms (Figure 3.2.11). The distances are measured in

Angstrom.
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Figure 3.2.11: Comparison of the binding sites of the four conformational states with respect to the distances of
the Cb atoms. (A) crystal structure of UapA with both substrates in, (B) UapA crystal structure with one substrate
in and one absent, (C) UapA outward occluded without substrates (D) UapA outward occluded with both substates
present, (E) UapA outward open with one substrate present and one absent.

3.2.7 Metadynamics simulations for the IOp-to-IOcc transition step.

3.2.7.1 The Free Energy Surface of the IOp-to-1Occ transition step.

As described above, starting from the UapA crystal structure the atoms were steered on
the corresponding atoms of UraA template using targeted MD (Figure 3.2.12A). The
intermediate structures were extracted from the steering process through RMSD calculation so
that they create an optimal path of equally distant structures (Figure 3.2.12B). The method was

parametrized adequately for these systems after several trials.
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Figure 3.2.12: (A) UapA Inward occluded structure (green) superimposed to the UraA crystal structure (white).
(B) The RMSD of the intermediate structures/frames between Inward Open and Inward Occlude structure of

UapA, that were chosen to form the path connecting these two conformations.

One path was introduced for each chain/protomer of the dimeric transporter separately
as the RMSD calculations presented above, surface accessible area analysis (SASA) and
principal component analysis (PCA) on both the UapA crystal structure and the IOcc model,
indicated that the two chains are asynchronous and behave differently. The progress along each
path was the CV chosen for this Metadynamics simulation (pl.sss, p2.sss), so instead of
aligning the whole dimeric structure on the other, each protomer was aligned on the
corresponding of the template during the simulation. The width of the gaussians was calculated
according to the fluctuation of each CV during a 100ns classical MD of the crystal structure
(inward open conformation) and followed by a RMSD analysis to decide. The A was equal to
135 for protomer A and 136 for protomer B, as indicated by the RMSDs between the five
frames that identify the path. The ligand was docked in the binding pocket and an upper wall
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was applied in the crystallographic binding mode, in order to hamper the exit of the substrate
from the inward open transporter. The steps were parametrized and finally validated for these
transporters. The calculations were run on multiple nodes with GPU acceleration. All
calculations were performed on a system that the dimeric protein was embedded in a membrane
bilayer of DPPC lipids, ergosterol and explicit waters (TIP3).

It is worth noting that the progress along the path due to the implementation of the bias
potential, was not identical for the two protomers, supporting their asynchronous movement

(Figure 3.2.13).

cv2-frames

3 4 5
cvl-frames

cv2-frames

cvl-frames

Figure 3.2.13: The progress along the path in the start of metadynamics simulation (upper panel) and close to the
end (lower panel) due to the implementation of the bias potential indicating that the two protomers perform an

asynchronous movement as protomer B moves faster along the path.

The CV space of this 160000-atom system was fully investigated until it reached
convergence and a semi-qualitative Free Energy Surface (FES), in a 1024 ns trajectory. The

FES derived from this calculation is presented in Figure 3.2.14.
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Figure 3.2.14: The Free Energy Surface corresponding to the Inward Open to Inward Occluded transition of UapA

structure.

It appears that in the case studied, the global minimum of the Free Energy surface when
xanthine is included in both protomers, is the Inward Open state, corresponding to all the points
in the space f(cvl) =cv2=[1...1.15] for cvl=[1.3..1.4]. The next minimum with higher energy
corresponds to the points belonging to f(cvl) =cv2= [4.3, 4.4] for cvl= [L.5, 1.8]. More
explicitly, the next step corresponds to a structure with the one protomer in Inward Open state
and the other in Inward Occluded. This fact confirms the previously mentioned result, that the
two protomers are not synchronized. Other intermediate states are observed in the FES area
[2.3-2.6, 1.4-1.6] and [2.4-2.6, 3.4-3.9] leading to the Inward Occluded state. In the case
studied, in which only xanthine is included as a substrate, the Inward Occluded state is not
conformationally identical to the UraA crystal structure (frame 5). It emerges closer to the
frame 4 which has an RMSD of 0.05 nm (calculated on the Ca atoms) compared to frame 5 (as

spotted on Figure 3.2.12B).

3.2.7.2 The Inward Occluded Structure through Metadynamics

Proceeding to the study of the Inward Occluded structure given by the FES, we
extracted the trajectory frames narrowing down to the ones belonging to the [x:y] coordinates:
[4.40-4.44 : 4.25-4.30]. The RMSD of these frames compared to the Ca atoms of the helices of
the Inward Occluded modeled dimeric structure are represented in Figure 3.2.15. The one with

the lowest RMSD was chosen as the Inward Occluded structure derived from the FES.
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Figure 3.3.15: The RMSD of the frames derived from the FES compared to the Inward Occluded modeled dimeric
structure as a result of the steering process.

Comparing the modeled structure for Inward Occluded and the one derived from the
metadynamics calculations (Figure 3.2.17), we notice an RMSD of 0.29 nm on the overall
structure, which is very low considering the huge dimeric transporter. Visual inspection of the
aligned structures shows a great resemblance and no important displacement of the atoms of
the helices. The FES derived 1Occ structure was subjected to MD stabilization of 100ns and
the plot of the RMSD compared to the average structure denotes that it is a quite stable

structure.

Figure 3.2.17: The binding site of the modeled Inward Occluded structure (white) aligned on the FES derived
one (green).

The highest energy of the Inward Occluded state compared to the Inward Open state,
does not imply that UapA could not reach a state almost identical to UraA, but merely denotes
that Inward Occluded structure is not favored with this substrate stoichiometry. In any case,
further investigation should set light in this aspect.

Further, we surveyed the behavior of the important residues in the essential FES
minima. In the Inward Open state, all binding site residues namely E356, F155, Q408, F406
interact steadily with the ligand. Though, the ligand upper wall is often affected meaning that
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the ligand is not stable enough in the binding pocket in this conformation and attempts to escape
towards the intracellular solute. This finding agrees with the results of previous studies in UapA
crystal structure indicating that xanthine instantly abandons the binding pocket of Inward Open
UapA, assisted by R481. In the Inward Occluded state, frames have been spotted displaying a
T-stacking interaction between the F155 and F528. The latter even if it is away from the binding
site, has been shown to play important role in specificity. All the other binding site residues

interact constantly with the ligand.

3.2.8 The NAT signature motif and its structural and functional role

The NAT signature motif is a conserved amino acid motif located in TMS10 of all
NATs and includes residues critical for substrate binding and specificity (Q408, R417) or
transport catalysis (N409, G411, T416), as shown in systematic mutational analysis on the
UapA transporter. A sixth residue of the motif, F406, can also moderately contribute to
specificity according to random genetic screens®. Generally, the five residues (Q408, R417,
N409, G411, T416) are irreplaceable for wild-type UapA transport activity, however specific
conserved substitutions might still possess low activity or substrate binding, though with
modified kinetics!-7%!27, In all nucleobases specific UapA homologues the NAT signature motif
corresponds to the consensus sequence T/S/A/V405-F/Y/S/L406- A/S/T/G/V407-Q/E408-
N409-X-G411-X-X-X-X-T416-R/ K/G417. Crystallography and Homology Modelling
indicate that the NAT motif, located in the core domain, has a key role in the substrate binding
site of UapA3%126 or UraA3%7,

In our metadynamics calculations, the NAT signature motif behaves accordingly to the
classical MDs of the crystal structure. Q408 forms a bidentate H-bond with the xanthine-
substrate. A407 and F406 also interact with xanthine via backbone H-bonds and p-p stacking,
respectively, while N409 and T416 seem to be involved in a dynamic H-bond network with

specific residues in TMS1, TMS3 and TMSS.

3.2.9 Conclusion

UapA transporter has been a great challenge to crystallize as it is a transmembrane
dimeric protein, resulting in obtaining one crystal structure in inward-open conformation with
xanthine in the binding pocket. Although this fact provided much information, yet the

mechanism undergoing for substrate internalization remains unknown. Computational
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approaches, like standard Molecular Dynamics are also not sufficient to simulate the whole
conformational change, as that is computationally extremely demanding (1ms scale). Path-
Collective variable metadynamics approach was a useful tool managing to highlight the UapA
conformational transition from Inward-Open to Inward-Occluded state. The Free Energy
Surface obtained, revealed that the two UapA protomers are not synchronized, so each one can
be in different stage of the conformational cycle. That also means that it is not necessary that
both protomers have the substrate in the binding pocket at the same time. This fact raises the
hypothesis that the presence of the one substrate in the binding pocket could prevent the
presence of the other to the other protomer, or that as long as a second substrate binds to the
other protomer, the release of the first is favored. According to the results presented in this
study, when both substrates are bound, the Inward-Open conformation is favored, while an
Inward-Occluded state is less possible considering the higher energy values attained for this
state in the specific stoichiometry of the system. In other words, it is rather possible that the
occluded state of the one protomer is energetically favored when the other protomer is empty,
while as long as another ligand approaches to bind in the second protomer, the Inward-
Occluded state is less preferred compared to the Inward-Open. Further simulations with
different substrate stoichiometries would set more light in this matter.

The Outward-Open model structure as resulted from Homology modeling and Targeted
Molecular Dynamics, led to significant information about gating elements and about the
elevator mechanism. In particular, the salt bridges R417-E286 and R481-D366, in the lower
part of UapA seem to stabilize the outward conformation and regulate by their absence the

substrate internalization.

3.3 Context-dependent cryptic roles of specific residues in substrate selectivity of the
UapA purine transporter

Adapted from Kourkoulou, A., Zantza, 1., Foti, K., Mikros, E. & Diallinas, G. J. Mol. Biol.
(2021).

3.3.1 Foundation of the study

As stated before, a noticeable feature of the NAT family members is the NAT signature
motif located in TMS10'?7-!%in which are included residues critical for substrate binding and
specificity namely Q408, F406, R417, or transport catalysis namely N409, G411, T416. In the
UapA crystal structure, the xanthine binding mode includes a bidentate between xanthine and

Q408, one backbone H-bond with A407 and n-m stacking interaction with F406°8. Further,
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N409 and T416 are involved in a dynamic intramolecular H-bond network with specific
residues in TMS1, TMS3 and TMSS. G411 has a different role associated with UapA-mediated
transport as G411V is capable of binding, similar to the crystal structure, but not transporting
the substrate!?’. Finally, R417 has been linked to uric acid binding affinity.

Our team has previously shown that the NAT motif appears in two major specificity-
depending versions. In ascorbate-specific NATs the F406 in UapA is substituted by a serine
(P406S) residue, while the Q408 by a proline (Q408P). Mutant versions of UapA introducing
residues present in the L-ascorbate transporters proved to have basically no transport activity
for either purines or L-ascorbate. At the same time, mutations in residues outside the major
substrate binding site, selected by direct genetic screens, enlarge UapA specificity so that it can
transport, besides xanthine and uric acid, other purines and uracil. These findings reveal that
residues outside the main substrate binding site, are also involved in specificity regulation.

Interesting examples are R481°8

of the other protomer which is near xanthine-binding site,
T526 and F528 in TMS14 but also in the vicinity of the binding site. Mutations in these residues
showed none or very little measurable affinity for hypoxanthine and adenine!*!2, In this study
we initiated an innovative approach to reveal the role of variable NAT signature motif versions
on specificity via Molecular Dynamics and Docking calculations on UapA accompanied by
mutational analysis to shed light into observations raised from the functional analysis of the

mutants.

3.3.2 Context-depended role of the NAT signature motif in determining UapA specificity

Seven UapA versions mutated in the first four residues of the NAT signature motif were
studied with respect to their function, namely UapA-TYAQ, -TFAE, -TYAE, -SYSQ, - SYSE,
-SSSQ and -SSSP, where in bold are substitutions relative to the TFAQ (T405-F406-A407-
Q408) motif present in the wild-type UapA. The broad specificity profile of the various NAT
signature motif versions was investigated by Kourkoulou et al., using for the first time in UapA
a A7 strain, previously used to reveal cryptic functions of NCS1 transporters®>?%16% which
genetically lacks all seven major endogenous nucleobase-related transporters (UapA, UapC,
AzgA, FcyB -high-affinity cytosine/purine transporter!®®19- FurD and FurA - high-affinity

93186 _ and CntA - general nucleoside transporter'¢’. The

uracil and allantoin transporters
previously used AACZ strain which lacks only UapA, UapC and AzgA nucleobase
transporters®, but this A7 strain does not transport any purines, pyrimidines, nucleosides,

allantoin and nucleobase toxic analogues in a detectable level. As a result, the UapA mutant
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versions genetically introduced in this strain could be analyzed for their ability to transport any
purine-related substrate without background “noise”. Moreover, UapA mutants with too little
transport activity can be measured due to the use of the strong gpdAp promoter.

Among the constructed mutants, UapA-TFAE, -TYAQ and -SSSQ have been
previously functionally analyzed in a genetic background (uapA- azgA- uapC- ) that permited
testing of purines only. Thus, it was known that residues at positions 406 and especially 408
(F/Y406 or Q/E408) are critical for UapA specificity. UapA-TFAE sequence, which is
functional, has acquired the ability to bind (but not to transport) hypoxanthine/guanine, albeit
with relatively high affinity. The UapA-SSSQ mutant has been shown to lack any measurable
purine transport capacity®. Finally, this analysis showed that UapA-TYAQ has acquired ability
for recognition of all natural purines, but with extremely low binding affinities (Ki- > 1 mM)'%7,
It is interesting to note that in fungal and bacterial NATs that transport uric acid and xanthine
406 and 408 positions are occupied by a Phe and a Gln residue, respectively, while bacterial
uracil transporters have a Tyr and a Glu at these positions. SYSE and SYSQ are found in many
metazoan NATs, while SSSP sequence is found only in ascorbate- specific NATs. The rest of
the mutants studied were constructed and studied to inspect the individual role of the
corresponding residues.

The experimental part included growth tests and comparative uptake assays, performed
by A. Kourkoulou. Table 3.3.1 presents the results concerning the transport function and
specificity of UapA NAT motif mutants. The comparative uptake assays with radiolabeled
xanthine and growth tests, were in accordance. Based on these, UapA-SYSQ was found to be
able to recognize and transport UA, X, AD and 5FU, and to at least bind with low affinity also
HX and U, indicating it as the most efficient and broad-specificity UapA version. In contrast,
UapA-SYSE, has lost its transport capacity for purines, but acquired higher capacity for SFU
accumulation, differing at only a single residue with UapA-SYSQ (i.e. Q408E). A negative
epistatic interaction between Tyr406 and E408 is assumed since loss of transport capacity is
mainly due to the combination of these residues, while these two mutations alone do not lead
to total loss of purine uptake. These results undoubtedly support those complex interactions of
residues in the NAT signature motif determine UapA specificity, making it rather hard to define

them.
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Table 3.3.1: Transport function and specificity of UapA NAT motif mutants

NAT motif UA XA AD HX 5FU 5FC 5Fud AA  Comments on UapA function

version ) ©) (Ud)

TFAQ +++ . — - - - - - Wt function/specificity

TYAQ +++ 4 + ++ - - - increased binding/transport promiscuity

TFAE ++ ++ =+ - - - - increased binding/transport promiscuity, reduced

N affinity and transport of UA, XA
TYAE - - - - +/— - - - loss of purine binding/transport, but gain of
- moderate 5FU transport

SSSQ +— - - - + - - - loss/reduction of purine binding/transport, but gain

T of 5FU transport

SYSE = = = = -t - - - loss/reduction of purine transport but gain of
efficient 5FU transport

sysQ +++ +H—-  ++ - - - 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 IM). 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, , SFU is 5-flurouracil, U is uracil, SFC is 5-flurocytosine, C is cytosine, SFUd is 5-
fluorouridine, Ud is uridine, AA is L-ascorbic acid (1%). This table is based on functional studies (growth tests,
subcellular localization uptake measurements and transport competition assays) of different mutants expressed in
a D7 genetic background.

3.3.3 Computational analysis gives insights on the specificity modifications of the various

NAT signature motif versions

To better understand the specificity alterations of UapA, we performed molecular
simulations of protein-substrate interactions (Figure 3.3.1). The models of UapA-SYSE,
UapA-SYSQ, and UapA-TFAE have been constructed using as template the crystallized UapA
structure in the inward-open conformation. Important differences were observed in the
modelled structures, related to the binding cavity of the transporter due to the presence of the
F406Y mutation but also to the calculated pKa of acidic residues critical for substrate binding
(e.g. the invariable E356 and D360 in TMS8 and E408 in TMS10 of UapA-SYSE or UapA-
TFAE).
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Figure 3.3.1: UapA mutants-substrate interactions as resulted by Molecular Simulations. (A) UapA-SYSE-uracil
and UraA-uracil interactions. The UapA-SYSE-uracil interaction is stabilized by the formation of four H-bonds
(depicted as dashed lines) between N1H and N3H with E408 and E356 carboxylates, respectively, C2=0 with
S407 hydroxyl group and C4=0 with F155 backbone, as well as, a p-p stacking formed between uracil with both
F155 and Y406. Notice also that Y406 hydroxyl group forms a H-bond with V153 backbone. The UraA-uracil
crystallographic structure is also presented on the right for comparison. (B) UapA- SYSE-5FU and UraA-5FU
interactions. In both structures SFU 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=0 and Q408 amide group. In UapA-TFA E, hypoxanthine N9H and N1H
both form H-bonds with E408, and E356 carboxylates, respectively, while C6=0O forms H-bond with S154
hydroxyl group and F155 backbone. In UapA-SY SQhypoxanthine interaction E356 is protonated. Hypoxanthine
H-bond interactions with the binding cavity are between N9H, N3 and E356, as well as, between C6=0 and Q408.
(D) Wild-type UapA-xanthine crystal structure is included for comparison. (E) Wild type UapA with docked
uracil and SFU. Both ligands are bound in a mirror image compared to UapA-SYSE and UraA.

More specifically, the calculated pKa of E356 rises from 7.5 in the wild-type (UapA-
TFAQ) to 10.0 in the UapA-SYSE mutant, while that of D360 drops from 9.4 to 7.4. Similar
pKa values to UapA-SYSE were calculated in UapA-SYSQ. Thus, in both UapA-SYSE and
UapA-SYSQ E356 is considered protonated, while D360 is considered negatively charged
(given transport assays are performed at pH 6.8). On the other hand, E408 in both UapA-SYSE
and UapA-TFAE exhibits a theoretical pKa of 6.8. Alterations in the acidic nature in side
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chains of UapA-SYSQ and UapA-SYSE as compared to wild-type (UapA-TFAQ) or UapA-
TFAE are expected to modify the polar nature of the substrate binding site, and thus might
affect substrate binding and transport. The other important observation related to the binding
cavity of these mutants versus the wild-type UapA concerns the formation of a hydrogen bond
when F406 is mutated to tyrosine between the phenolic hydroxyl and the V153 backbone
carbonyl group (see Figure 3.4.1A, B). This hydrogen bond stabilizes the main part of the
binding cavity between TMS3 and TMS10, which is known to form the characteristic beta-
sheet structure in the middle of the transmembrane domain where the substrate is embedded.
This stabilization does not seem to affect transport activity, but apparently contributes to
enlarged specificity as UapA-TYAQ recognizes SFU, hypoxanthine and adenine significantly
better than UapA-TFAQ.

In a second step, we used Induced Fit Docking (IFD) calculations in order to elucidate
the increased apparent affinity of UapA-SYSE for uracil and SFU observed. The energetically
most favourable binding mode of uracil is remarkably similar to the crystal structure of uracil
bound in UraA, its natural transporter, as presented in the left and right panels of Figure 3.3.1A.
In UapA-SYSE, uracil is well stabilized between the two acidic side chains E408 and E356,
forming also m-m stacking interactions with F155 and Y406 and an H-bond with S407 side
chain. The latter corresponds to a glycine in UraA in this position and to an alanine in UapA,
conducting them unable to form this interaction via the residue side chain. A quite similar
binding mode was encountered for SFU, in both UapA-SYSE and UraA in IFD calculations
(Figure 3.3.1B), left and right panels, respectively). Notice that the F atom is in a hydrophobic
cleft in the binding pocket. In this cleft, the C-F bond is parallel to both F155 and Y406 rings,
while the orientation of the pyrimidine ring is not affected. MM-PBSA and FEP calculations
were also conducted in order to explain the experimental result showing that UapA-SYSE has
high capacity and transports SFU but not uracil. However, according to these calculations, the
theoretical binding affinities of both SFU and uracil are almost the same (AGsru=-16.7 kcal/mol
AGura=-16.9 kcal/mol, AAG=-0.23). Significantly, in wild-type UapA, which does not seem
to transport uracil or SFU, these ligands are not similarly positioned in the binding pocket,
compared to the docking result for UraA or UapA-SYSE, as in their best fit position seem to
interact via a mirror-image orientation (Figure 3.3.1E). Thus, it becomes evident that
uracil/5SFU binding mode in UraA or UapA-SYSE, both of which recognize and can transport
these ligands, is distinct from that in wild-type UapA, which cannot transport these
pyrimidines. However, our docking calculations are not able to explain the reasons that UraA

recognizes uracil and SFU with very high affinity (sub micromolar concentration), despite
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similar binding modes, whereas UapA-SYSE recognizes these two substrates with moderate
affinities (148-259 1M, dependent on the combination of different F528 substitutions and
SYSE). A profound explanation for this difference is that binding affinities cannot be well
predicted by docking approaches, while a probable one is that residues outside the binding site,
distinct in UraA and UapA-SYSE, might be essential for substrate recognition.

In an effort to further rationalize the specificity of UapA mutants against hypoxanthine,
IFD calculations were performed considering wild-type (UapA-TFAQ) and mutant variants
UapA-SYSQ and UapA-TFAE. We need to stress again here that according to functional
assays, hypoxanthine does not bind to the wild type (UapA-TFAQ), whereas it binds to UapA-
TFAE (with relatively high affinity: 60—70 IM) but is not transported and is recognized by
UapA-SYSQ (with low affinity: ~1 mM). In Figure 3.3.1C, are presented the lowest energy
binding modes of hypoxanthine derived by IFD calculations. It is rather clear that none of them
is similar to the xanthine-UapA binding mode where Q408 forms two H-bonds with N1H and
C2=0 (Figure 3.3.1D). In the wild-type UapA, the N9H of hypoxanthineinteracts with E356,
but not the N1H, while a H-bond is formed between Q408 and C6=0 forcing the hypoxanthine
scaffold in a entirely different orientation compared to the orientation of the physiological
substrates (e.g. xanthine). In UapA-TFAE, the orientation of hypoxanthine enables the two
positive charges on N9H and N1H42 to interact with the two negative charges of E408 and
E356, respectively, while the C6=0 group forms a H-bond with S154. This can explain the
relatively high binding affinity of hypoxanthine in this UapA mutant. Nonetheless, this ligand
is not transported, possibly due to its topological disorientation in the binding site. Finally, in
UapA-SYSQ, E356 is protonated according to pKa calculations. Due to that protonation, it can
now interact with N9H and N3 while C6=0 interacts with the amide group of Q408. This could
explain the binding, albeit low affinity, of hypoxanthine in UapA-SYSQ, as compared to the

wild-type UapA in which we encountered fewer interactions for hypoxanthine.

3.3.4 F528 dynamically interacts with the substrate binding site

It is still under investigation in our group, the functional role of all different UapA
residues studied herein and the possible structural explanations. Mutations of F528 were
isolated several times in this and previous work. To rationalize the key-element role of F528
in affecting specificity either alone or in combination with substitutions in the NAT signature
motif, we constructed the model of the outward conformation of UapA by homology modelling

using as query the Band3 crystal structure (anion exchanger of human erythrocyte). Band3,
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functions as bicarbonate (HCO5") transporter and is the human structural homologue of UapA.
Band3 has been crystalized in the outward conformation offering a unique model, for the
outward conformation of the category of transporters functioning according to the elevator
mechanism. The relative position of F528 to the position of E356 and Q408 in the modelled
outward conformation and the inward crystal structure of UapA is depicted in Figure 3.3.2. It
is clear that, in the outward topology the two residues interact through p-electrons being in very
close proximity. The distance of the two side chains, as shown in the 100ns MD simulations,
remains stable at approximately 3.50 A, indicating a quite stable interaction. In contrast, in the

inward crystal structure this distance increases to ~6.00 A, suggesting a dynamic interaction

between the substrate binding site and F528, able to explain its critical role in specificity.

Figure 3.3.2: UapA outward conformation. (A) The model constructed using Band3 as template is shown mainly
focusing on the interaction between F528 and E356. The E356 carboxylate group remains almost parallel to the
F528 phenyl ring (3.5 Angstrom) during the 100 ns MD simulation. (B) The corresponding distance in the inward
conformation is much higher (pdb structure 5i6c).

3.3.5 Conclusions

The NAT signature motif in TMS10 is crucial for substrate binding and specificity and
as we showed, it contributed to the evolution of substrate specificity in the NAT family. In this
study, we analyzed the NAT motif versions found in several NATs from a functional point of
view by conducting a series of virtual molecular docking calculations on the constructed mutant
homology models of UapA and by evaluating experimentally the results expressing in a novel

genetic system a series of these variant UapA mutants. In UapA-SYSE, uracil is well stabilized
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in a docking position, similar to the UraA, not encountered in wild-type UapA, although it is
not transported, while according to experimental results, SYSE led to loss of transport capacity
for purines but gained a capacity for toxic SFU accumulation in the context of UapA. We also
showed that binding of hypoxanthine in UapA-SYSQ is energetically favored compared to
wild-type (UapA-TFAQ) which agrees with the promiscuous profile of SYSQ revealed by
growth tests and uptake assays. Finally, computational analysis proposed that F528 interacts
dynamically with the substrate binding site and specifically with E356, explaining the role of

F528 in specificity regulation indicated by mutational analysis.

3.4 NCS2/NAT family transporters (UapA, XanQ, SmLL9, AncXanQ): Structure,

function, specificity, mechanism of transportation and crucial amino acids as key factors

3.4.1 The case of SmLL9 transporter

Adapted from “Specificity profile of NAT/NCS2 purine transporters in Sinorhizobium (Ensifer)
meliloti *“ by Maria Botou, Vassilis Yalelis, Panayiota Lazou, Iliana Zantza, Konstantinos

Papakostas, Vassiliki Charalambous, Emmanuel Mikros, Emmanouil Flemetakis, Stathis

Frillingos, Molecular Microbiology (March 2020)

3.4.1.1 Foundation of the study

SmLL9 is a transporter specific for xanthine and uric acid of the rhizobial
species, Sinorhizobium (Ensifer) meliloti which belongs to the NAT/NCS2 family and the
NAT/COG2233 Cluster 17 including also two thoroughly studied homologs, the xanthine-

113,188

specific XanQ of E. coli and the crystallographically resolved xanthine/uric acid

transporter UapA  from Aspergillus nidulans®®’S.

Interestingly, all homologs of S.
meliloti cluster along with well-known purine nucleobase transporters, NAT/NCS2 homologs,
from Escherichia coli or other proteobacteria !'>138-19 However, most other rhizobia contain
only homologs of the NCS1 family exhibiting very low similarity to the known purine
transporters or lack NAT/NCS2 homologs. SmLL9 is the first bacterial homolog that transports
with high affinity both xanthine and uric acid, among other functionally known homologs. The
XanQ and UacT from E. coli, previously well studied, are specific for xanthine and uric acid

respectively. The sequence homology of SmLL9 and XanQ is very limited. In detail, it they
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exhibit 29.8% identity based on MUSCLE alignment and 26.2% identity, 43.9% similarity,
18.3% gaps based on the EMBOSS Needle tool. Still, both transporters preserve the
functionally crucial residues in XanQ'!*® (Table 3.4.1.1). These observations prompted us to
use molecular dynamics to study the structure-function relationships of SmLL9 in relation to
XanQ and to experimentally confirm the results with site-directed mutagenesis at important

amino acid positions.

3.4.1.2 SmLLY purine nucleobase transporter of S. meliloti has enlarged specificity profile

As a first step, the Prof. Frillingos’ team, analyzed the transport activities of the
NAT/NCS2 transporters of S. meliloti strain 1,021 for several putative substrates namely
adenine, guanine, hypoxanthine, xanthine, uric acid, uracil, thymine, and cytosine. It was found
that none of them was able to transport any pyrimidine nucleobase, but only purines. In detail,
homologs belonging to NAT/COG2233, are high-affinity transporters of xanthine and/or uric
acid (except SmMWQO which seems unable to transport any nucleobase), and homologs that
belong to AzgA-like/COG2252 are high-affinity transporters of adenine and/or
guanine/hypoxanthine. Experiments in the Frillingos’ lab have shown that SmLL9 is a high-
affinity transporter for xanthine (Km = 3.3 uM), while a lower-affinity transporter for uric acid
(Km=27.3 uM). The protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
abolishes the uptake activity of xanthine in SmLL9, indicating a dependency on H" symport.

Firstly, and to give an insight into the design of the computational experiments, a range
of purine analogs as putative competitors were used to compare SmLLY, that transports
multiple purine substrates, to the xanthine-specific XanQ!”! for competition against xanthine
transport (known appropriate E. coli transporters were used as controls). SmLL9 recognizes
with high-affinity uric acid, as well as 8-methylxanthine, and 7-methylxanthine which are not
ligands for XanQ. This highlights that SmLL9 displays broader specificity toward analogs with
diverse substitutions on the imidazole of the purine substrate. These findings were subjected to

further investigation through computational calculations.

3.4.1.3 Homology modeling of SmLL9 and comparison with XanQ

As encountered above, SmLL9 is the first bacterial homolog shown to transport with
high affinity both xanthine and uric acid, as the previously well characterized homologs

from E. coli XanQ and UacT are specific for xanthine or uric acid, respectively. It is worth

104



noting that SmLL9 is classified in a different clade compared to the one including XanQ and
UapA!®8, However, XanQ and SmLL9 share almost 30% identity and 43.9% similarity and
most of the crucial residues with respect to function in XanQ (based on Cys-scanning

analysis'®®) are retained in SmLL9 (Table 3.4.1.1).
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Table 3.4.1.1: Amino acid differences of SmLL9 at residues that are functionally important in XanQ. The
information on the functional roles of amino acid residues of XanQ is based on the Cysscanning analysis data

published previously (references included in the table).
Residue | Residue | Importance of residue in XanQ (key points) Reference (XanQ)
(SmLL9) | (XanQ)
His31 His31 | H-bonding at the periphery of the binding site | Karena & Frillingos, 2009
important for high affinity binding of xanthine
(H31-N325)
Gly68 Ser68 | H-bonding affects the substrate-binding residue| Karena et al., 2015
Phe94 at the xanthine binding site (S68-S91)
Gly69 Gly69 | Replacement by A retains high affinity for Karena et al., 2015
xanthine but with broader ligand profile
Leu70 11e70 Replacement by C retains high affinity for Karena et al., 2015
xanthine but with broader ligand profile
Ala71 Gly71 Irreplaceable for function (by A or C) Karena et al., 2015
GIn75 GIn75 | Crucial in a H-bond network that is essential Karena et al., 2015
for stability and function in the core domain;
irreplaceable individually but replaceable when
retaining properties and geometry of a central
H-bond pair (Q75-D304)
Gly83 Gly83 | Crucial for folding/insertion in the membrane | Karena & Frillingos, 2011
Ser84 Ser84 | Sensitive to inactivation by N-ethylmaleimide | Karena & Frillingos, 2011
Leu86 Leu86 | Sensitive to inactivation by N-ethylmaleimide | Karena & Frillingos, 2011
Pro87 Leu87 | Sensitive to inactivation by N-ethylmaleimide | Karena & Frillingos, 2011
Leu88 Ser88 [ Confers to a H-bonding network in core domair] Karena ef al., 2015
that is essential for stability and function
GIn90 GIn90 | Confers to a H-bonding network in core domain] Karena et al., 2015
that is essential for stability and function
Ser93 Asn93 | Part of a H-bond network at the binding site; | Karena & Frillingos, 2009
crucial for the xanthine specificity of XanQ Karena & Frillingos, 2011
Phe94 Phe94 | Confers to high affinity binding of xanthine; its| Karena & Frillingos, 2011
backbone amide N forms H-bond with xanthine
Thr142 | Ser151 | Replacement by A, T or C retains high affinity | Karena et al., 2015
for xanthine but with broader ligand profile
Gly143 | Glyl52 | Replacement by A retains high affinity for Karena et al., 2015
xanthine but with broader ligand profile
Ile146 Vall55 | Replacement by Ile impairs activity; V155M | Karena et al., 2015
leads to altered specificity profile
Glyl150 | Gly159 | Confers flexibility at the interface between the | Karena et al., 2015
gate and core domain; irreplaceable for function
Gly212 | Gly221 | Crucial for folding/stability in the membrane | Karena et al., 2015
Ser251 Val261 | Sensitive to inactivation by N-ethylmaleimide | Mermelekas et al., 2010
Glu262 | Glu272 | Xanthine-binding residue; irreplaceable Karena & Frillingos, 2009
Ala265 | Gly275 | Sensitive to inactivation by N-ethylmaleimide. | Mermelekas et al., 2010
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Xanthine binding increases accessibility of a
cysteine (G275C) to SH-alkylating reagents

Asp266 | Asp276 | Carboxyl group-276 is needed in the transport | Mermelekas et al., 2010
mechanism. Irreplaceable by Q, H, M, V, I, Karena & Frillingos, 2011
G, C, A; replaceable with low activity by N, T.
D266E is highly active but affects pH-activity
dependence and substrate specificity.
Contributes to a H-bond network at the binding
site that might be important for proton coupling
and/or specificity.
Ala269 | Ala279 | Sensitive to inactivation and/or disruption of | Mermelekas et al., 2010
folding/stability in the membrane by bulky
replacement (C, N, V) but not by T, S or G.
Val270 | Thr280 | Sensitive to inactivation and/or disruption of | Mermelekas ef al., 2010
folding/stability in the membrane by bulky
replacement (C, N, V, Q) but not by A, S or G.
I1e274 Ser284 | Sensitive to inactivation by N-ethylmaleimide | Mermelekas ef al., 2010
Asp290 | Asp304 | Crucial in a H-bond network that is essential | Karena & Frillingos, 2009
for stability and function in the core domain; Karena et al., 2015
irreplaceable individually but replaceable when
retaining properties and geometry of a central
H-bond pair (Q75-D304)
Met291 | Gly305 | Confers to folding/stability in the membrane Mermelekas et al., 2010
Thr304 Pro318 | Crucial for folding/insertion in the membrane | Karatza ef al., 2006
Ser306 | Thr320 | Contributes to a H-bond network at the binding| Karatza et al., 2006
site; activity impaired with Cys-replacement Karena et al., 2015
Ala307 Thr321 | Contributes to H-bond network that is essential | Karatza et al., 2006
for stability and function in the core domain; Karena et al., 2015
activity impaired with Cys-replacement
Phe308 | Phe322 | Contributes to xanthine binding by aromatic Karatza et al., 2006
stacking with substrate; sensitive to inhibition | Karena et al., 2015
by N-ethylmaleimide
Ala309 | Ala323 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010
backbone amide N forms H-bond with xanthine| Karatza et al., 2006
Xanthine binding increases accessibility of a
cysteine (A323C) to SH-alkylating reagents
GIn310 | GIn324 | Xanthine-binding residue; irreplaceable Georgopoulou et al., 2010
Karatza et al., 2006
Asn311 | Asn325 | Irreplaceable; crucial H-bonding interaction at | Georgopoulou et al., 2010
the periphery of the binding site (H31-N325). | Karatza ef al., 2006
Xanthine binding hinders accessibility of a
cysteine (N325C) to SH-alkylating reagents
Val312 | Asn326 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010
accessible to membrane-impermeable MTSES™ | Karatza ef al., 2006
Gly313 | Gly327 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010

accessible to membrane-impermeable MTSES™

Karatza et al., 2006
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Leu314 | Val328 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010
accessible to membrane-impermeable MTSES | Karatza et al., 2006
Val315 | I1e329 | Sensitive to inactivation by N-ethylmaleimide | Karatza et al., 2006
Thr318 | Thr332 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010
T332N alters specificity for xanthine analogs | Karatza et al., 2006
Gly319 | Gly333 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010
accessible to membrane-impermeable MTSES ™| Karatza ef al., 2006
G333R alters specificity for xanthine analogs
Ser322 Ser336 | Sensitive to inactivation by N-ethylmaleimide; | Georgopoulou et al., 2010
accessible to membrane-impermeable MTSES-| Karatza et al., 2006
Pro342 [ Pro354 | Important for folding/stability in the membrane| Mermelekas et al., 2010
Gly355 [ Gly369 | Confers flexibility at the interface between the | Karena ef al., 2015
gate and core domain; irreplaceable for function
Gly356 [ Gly370 | Confers flexibility at the interface between the | Karena et al., 2015
gate and core domain; irreplaceable for function
Phe362 | Phe376 | Contributes to xanthine coordination at the Karena et al., 2015
inward-open conformation; activity diminished
in the absence of the phenyl group
Gly363 | Ser377 | S377T leads to inactivation; S377C retains high Karena et al., 2015
affinity for xanthine with broader ligand profile
Gly369 [ Gly383 | Confers flexibility at the interface between the | Karena ef al., 2015
gate and core domain; irreplaceable for function
I1e391 Leu404 | Irreplaceable for function (by A or I); L404C | Karena et al., 2015
retains low transport activity that is restored to
wild-type levels by N-ethylmaleimide adduct
Pro396 Gly409 | Irreplaceable for function in the gate domain | Karena et al., 2015
Ser417 | Asn430 [ Sensitive to inactivation by N-ethylmaleimide; | Papakostas et al., 2008
2-thioxanthine protects N430C from alkylation.| Papakostas & Frillingos,
Irreplaceable by Thr but replaceable by Ser. 2012
Ile419 Ile432 | Sensitive to inactivation by bulky replacements| Papakostas ef al., 2008
(F, W,L, M)butnotby Q,Nor A, S, T, V.

SmLLY9 was used as an input in HHpred search tool for homology detection and
structure prediction, which ranks UapA3® (PDB ID: 516C) first with 100% probability
(p = 2.5¢—40), 24% identity, and 0.38 similarity. The same holds for XanQ with 100%
probability (p = 6e—43), 30% identity, and 0.54 similarity. Both transporters also exhibit
homology to UraA>’ (PDB ID: 5XLS) with 100% probability (p = 8.9e—40), 24% identity and
0.42 similarity for SmLL9, and 100% probability (p = 2e—37), 24% identity and 0.38 similarity
for XanQ. The sequence alignment of SmLL9 and other known NAT/NCS2 homologs is

depicted in Figure 3.4.1.1.
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SLSYLYGLLYGYVLALFHGHIDFSGL~SGLSIVALPKLLPF ~TPEFNVGAILSYIAYYLYSATETIGDTSALCNSALKRDPN--~TKEHGARYCCOGFYSSYSGLFGCTPITSFSONYGLARNSGYYNRF TIALGAIINIIGGYFPAIGYVLTTIPQAYL
HGGIAIGLCYGYIASLCLGHYDFSSH-RNLPLITIPHPFKYGF~SFSFHOFLYVGTIYLLSYLEAVGDITATANVSRRPIQGEEYQSRLKGGYLADGLYSVIASAVGSLPLTTFAONNGYIQHTGYASRYVGRTIAVHL VILGLFPHIGGFFTTIPSAVL
YASLYIAMAAGYALAMFHGHLPESNEPHTQELIHVPTPLYYGL-GIENSLLLPLHLYFHITSLETIGDITATSDVSEQPYSGPLYHKRLKGGYLANGLNSFYSAVFNTFPNSCFGONNGYIQLTGYASRYVGFYVALHL IVLGLFPAVSGFVOQHIPEPYL
SCSYVIGLLYGCIVARACGYFSHADI-DAAPARSF IMVKTFPL~-SYYGPHYLPIIAYFIICACECIGDVTATCOVSRLEVRGGTFESRIQGAYLADGINSYYARLATHTPHTTFAONNGYIAL TRCANRHAGYCCCLILIVAGIFAKFARRIVATPNSYH

GGAGIYLFGTYARSGIRTLSKVDYANNH-NLYIVATSIGF GHIPIASPTFY~EHF PAH-~~~
GGAGLYLFGSYARSGIRTLAKIDYNDQK~-NLIIVATALSAGHIPIINHEF Y=~AHF PIN=====mmeee=YQTLFHSG-ISSTCIFAILLNLLFNHLPTFRSSR-TPHLSQTINTRNTH

VETIFHSG-ISSARLMALSLNLIFNHHTAGNSDQQSYFVYAGTERTLRYQDIARLHDGDYFLNGKLYDANGTEYPYLAREAH

GGAGLYHFGHYARTGYRILSTYDFKSSRNNLFYVAYSYGF GLIPHIAPNFL~HHHPHA=~~~ THPIIESG-IVLARYSAVYLNAFFNGLSIERSACYEAARLADGH
GGAATYHFGHYSATGYKILARYNFYDNRRNL Y IVAYSYGLANIPYVADKIF ~AQLPEF ==========TDRFFHSG~-YLVGTFSAVLLNLLFNGYPPREEVQPDLLGEGAMRHPG
GGAGLYHFGHYLATGIRILSRCNYTTNRYNLYIVAISLGYGHTPTLSHDFF ~SKLPAY===m=mm=eeel QPLLHSG-THLATLSAYVLNVFFNGYQHHADL VKESYSDKDLKYRTYRHHLLHRKLKKNEHGE
GGAMYARF GHYIAYGIKHLSRIDF~AKQENLLIVACSYGLGLGYTYYPDIF ~KQLPSA===========l TLLTTNG-IVAGSF TAVVLNIVYNVF SKAKKIEQERDLAEQKTAY
GGAMIYHFGHYISYGIKHLSSYDL~DSQGNLLITASSYSLGLGATTYPALF =SSLSGA====m======ASYLAGSG~IVIGSL TRIALHAFFQT=~~~~KOPNSADIKT
GGATYYHFGHYIASGYKHLSTADL~-KNQYHLLTIACSIALGIGASTAPGIF ~AEF PAP===~ IRILYSDG-TITGSLTAIFLNLFFSLROKKELTAQQTELPYLEHTLALEKEY
GGTAVIVFSIIGYIGIDLLRRYDL~REHGPHF TLARALSHGLLPILYPGYY~SQF PPH====m==eee-SOHILANG-LARGT ITAVIVNAFFQHLPLEQFQEKCARYFRPE
GGCTINMFGSILFAGFGHHARTGF ~~SQRNHYIVSLSLSYGLGF TSATGHF ~NIFPEI===========VRTYFADNCYAVVFLLAVILNLVLPKNHDKA

GGAMTLHFSHIAIAGIRIIITNGL ~~KRRETLIVATSLGLGLGYSYDPEIF ~KILPAS=======eee=TYVLYENP-ICAGGL TAILLNIILPGGYRQEN-VLPGITSAEEHD
GGATLYHFGTIARSGYRIVSREPL~~NRRAILIIALSLAVGLGYSQQPLIL~QF APEH===========L KNLLSSG-IAAGGITAIYLNLIFPPEKQ

GGHKTFLFASYVISGOAIVAKAPF ~~TRRNRF ILTASHALGYGATLYPTHFGNVFPQTENRDLEGFENAIELYLETG-FAVTAFVANLLNAINPAEVEEIGAY TPHPYSAHDNRDGEREYQSKQA

Figure 3.4.1.1: Sequence alignment of SmLL9 and other known NAT/NCS2 homologs in Cluster 1
(C1_Xanthine-Uric Acid). The alignment shown was prepared with MultAlin (Corpet, 1988). High consensus
sites (occurring at >90% of the sequences) are shown in red and low consensus sites (>50%) in blue. The
approximate positions of alpha-helices and beta-sheets shown on top of the sequences and the xanthine-binding
residues (indicated as small dots) are according to the UapA structure PDB no. 516C (Alguel et al., 2016). The
alignment includes the relevant homologs of S. meliloti analyzed in this study (Q92LL9, Q92LLS, Q92X28,
Q92WQO0), two homologs (from Acinetobacter calcoaceticus, DOS4X6, and Prevotella copri, OXL43103)
discovered and annotated as xanthine transporters in a riboswitch-based functional mining study of a gut
metagenomic library (Genee et al., 2016), and the well-known xanthine and/or uric acid-transporting homologs
UacT, XanQ and XanP from E. coli K-12 (see text and Table S3), PbuX, PucK and PucJ from Bacillus
subtilis(Schultz et al., 2001; Saxild et al., 2001), and UapA from Aspergillus nidulans (see text). The UniProt
accession numbers not given in the figure are: Q46821 (UacT), P42086 (PbuX), 032140 (PucK), 032139 (Puc)),
A0A22912P1 (PXL43103), P67444 (XanQ), POAGM9 (XanP), Q07307 (UapA).

Structural models of both SmLL9 and XanQ were constructed based on homology
modeling and specific protein-substrate interactions were monitored. The structural models
were generated as monomers based on homology to the UapA crystal structure of Aspergillus

nidulans which is in the Inward Open conformation. In order to construct the dimeric form of
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both models, a 3D superposition on the UapA transporter dimer was performed
(Figure 3.4.1.2). Each structure was subjected to 40 ns of molecular dynamics simulation in
the apo form using GROMACS software!'** and charmm36 force field'*. The protein was
embedded in DPPC lipid bilayer which was solvated in explicit water. The RMSD of the Ca-
carbons of the a-helices did not exceed 1 A, affirming the stability of the theoretical model.

According to the UapA template the 3D models of SmLL9 and XanQ are dimeric and
each protomer consists of 14 transmembrane segments (TMS) (Figure 3.2.1.2). A core domain
of (TMS 14 and 8-11) and a gate domain (TMS 5-7 and 12—-14) combined form the protomer.
The transmembrane helices have the same length except TMS9 which is longer for XanQ by
one turn (4 amino acids). The loops connecting the TMS are also of the same length on average
except the loop between TMS3—4 in XanQ which is longer by 10 amino acids, and the loop
between TMS4—5 which is shorter by three amino acids. Three exoplasmic loops of both
bacterial homologs are shorter compared to UapA, by at least 10 amino acids in TMS3-4, 15
amino acids in TMS5-6, and 12 amino acids in TMS13-14.
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Figure 3.4.1.2: Homology modeling and site-directed mutagenesis of SmLL9. (a) Dimeric structural model of
SmLL9 as viewed parallel to the membrane plane (/eff) and from the cytoplasmic side (righf). Different colors
highlight the core and the gate domain of each protomer. Residues found to be important with site-directed
mutagenesis are shown as spheres in red (irreplaceable, involved in substrate binding), gray (irreplaceable,
involved in H-bond interactions in the vicinity of the binding site), purple (H-bond interactions in the core
domain), green (crucial for specificity), and yellow (sensitive to inactivation by site-directed alkylation).

Remarkably, in UapA there is a pair of cysteines shown to be rather important for UapA
and possibly other fungal homologs, as it forms a disulfide bond that is needed for intracellular
folding in the loop between TMS3—4 which does not exist in these bacterial homologs®, while
they also lack the 10-residue segment between these cysteines. Concerning the cytoplasmic
loops, the loop between TMS4—5 in SmLLY is shorter by one residue relative to UapA resulting
in the distortion of the small helix between TMS4 and TMSS5 found in the UapA crystal

structure.
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The distribution of the ionized residues in both SmLL9 and XanQ models is reasonable
(Figure 3.4.1.3), as they are allocated on the protein surface, most of them at the periplasmic
and cytoplasmic sides or alongside the pore of the protein. Positive charges face mostly the

cytoplasm while negative charges the periplasm.

top view bottom view

SmLL9

Figure 3.4.1.3: The distribution of the ionized residues in SmLL9 and XanQ models at top and bottom view.

The pKas of the carboxylates in the binding cavity were calculated for both models
using PDB2PQR version 2.0.0 server!®2. D266 in SmLL9 and the corresponding D276 in XanQ
had pKa values higher than 8 and they were considered as protonated in the docking
calculations. In the case of XanQ the pKa of E272 was 7.5 and thus both the protonated and
the charged carboxylate form were used in the docking calculations which were performed
twice. On the other hand, the corresponding to E272 of XanQ in SmLL9, E262, had a pKa
value equal to 7 and was considered negatively charged in all calculations.

High similarity between SmLL9, XanQ, UapA, and UraA is observed concerning
residues crucial for the binding and transport of substrate, specificity, kinetics, and transporter
function in UapA and UraA that are located in the vicinity of substrate (4.5 A)inTMS 1, 3, 8,
and 10, after 3D alignment of the constructed models and the UapA and UraA crystal structures
(Table 3.4.1.2).

111



Table 3.4.1.2: Residues existing in the substrate binding cavity of Q92LL9, XanQ, UapA and UraA transporters
in the vicinity of the crystallographic ligand, aligned after superimposition of 3D homology models (SmLL9,
XanQ) and crystal structures (UapA, UraA).

SmLL9 XanQ UapA UraA
Q310 Q324 Q408 E290
E262 E272 E356 E241
D266 D276 D360 H245

S93 N93 S154 S72
F308 F322 F406 Y288
F94 Fo4 F155 F73
L361 M375 L459 L341
V42 P42 P97 V35
S306 T320 T404 T286
A307 T321 T405 T287
M35 135 M90 M28
V365 1379 V463 1345

In SmLL9 core domain, a hydrogen bond network formed connects TMS 2, 3, 8, 9, and
10, similar to the one described for XanQ. The network consists of the side chains of Q90, Q75,
Q305, D290, and T263 and is divided in two parts, one between Q90-Q75-Q305 (Figure
3.4.1.4A) and one between D290, T263, and the backbone of Q305.

A | / B
Q305 \/
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T 405
A307w 1 Q130
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Figure 3.4.1.4: The Q305-Q90-Q75 network in SmLL9 and its counterpart in UapA. (A) In SmLL9, Q75 (TMS2),
Q90 (TMS3) and Q305 (TMS10) are aligned along the membrane axis forming a H-bond network of interactions
between TMs 2, 3 and 10. (B) In UapA, the corresponding interactions are formed between Q130 (TMS2) and
T405 (TMS10) as well as between M151 (TMS2) and M403 (TMS10).

7~

M 403

During the MD simulations the D290 side chain forms strong H-bonds with Q75 and

Q90 being oriented toward the center of the core domain preserving the interaction with T263
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(Figure 3.4.1.5). The residues corresponding to Q90 and Q305 In UapA>® are M151 and M403
which seem to form stabilizing hydrophobic interactions as the two S-CH3 moieties are almost

parallel and about 4.6 A apart.

Figure 3.4.1.5: The H-bond network stabilizing the core domain in SmLL9. Shown in the left is the extracellular
view of the modeled structure with core domain in teal and gate domain in orange. The inset in the right highlights
the H-bond network present during the major part of the MD simulations where the D290 side chain reorients
pointing to the central cavity of the core domain and forming strong H-bonds with Q75, Q90 and T263 connecting
TMSS8 and TMS9 with TMS2 and TMS3.

In addition, there is a weak H-bond interaction between Q130 and T405 which is absent
in SmLL9 because the corresponding residues are Q75 and A307 respectively (Figure
3.4.1.4B). Thus, the H-bond network of the core domain of the bacterial homologs seems to
include different types of interactions which are stronger than the ones in UapA. Moreover,
N311 side chain in SmLL9 exhibits a relative flexibility in MD simulations, as it frequently
changes orientation forming interactions with H31 on the one side and D266 on the other side

(Figure3.4.1.6).
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Figure 3.4.1.6: Distances between A) residues N311 and D266, B) residues N311 and H31 of SmLL9. Distances
have been monitored throughout the 40 ns MD simulation between A) the amide nitrogen N311 (ND2) and D266
carboxylate (OD1) and B) the amide oxygen N311 (OD1) and imidazole nitrogen (NE2) H31.

Concerning the binding of the substrates in the binding site, induced fit docking (IFD)
calculations indicated that SmLLL9 and XanQ bind xanthine in a similar manner, in contrast to
uric acid which is bound in XanQ in a reverse orientation and less optimally compared to

SmLL9. The results from the IFD calculations are presented later on.
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3.4.1.5 Key binding-site residues are conserved between SmLL9 and Xan(Q preserving

their functional role

Aiming to address the role of key amino acid residues of SmLL9 and understand the
way it functions as well as its broader specificity compared to XanQ, we performed site-
directed mutagenesis on SmLL9 at positions corresponding to important residues of XanQ
(Table 3.4.1.1). These residues were either involved in substrate binding or participated in H-
bond interactions at the periphery of the binding site or belonged to the crucial in the
coordination of substrate binding TMSs 8 and 10 (Figure 3.4.1.2). Residues of SmLL9 that are
conserved in XanQ were replaced with amino acids with similar side-chain properties. In the
case that the similar side-chain mutants retained significant activity, they were subjected to
more extensive mutagenesis. Residues differing from XanQ were substituted by the
corresponding amino acid occupying the same position in XanQ. In addition, taking advantage
of the fact that SmLL9 does not contain any native Cys in its sequence, all the residues
examined were mutagenized also to Cys.

Mutagenesis data reveal that most SmLL9 mutants display remarkably similar
properties with the corresponding XanQ mutants studied previously (see Table 3.4.1.1). The
substrate-binding residues E262 (TMS8) and Q310 (TMS10) are strictly irreplaceable
concerning function, since mutants E262C, E262D, E262Q, Q310C, Q310E, Q310N are

inactive for either xanthine or uric acid transport (Figure 3.4.1.7).
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Figure 3.4.1.7: Site-directed mutagenesis of SmLL9. Escherichia coli T184 expressing the corresponding
mutants from pT7-5/SmLL9-BAD were assayed for uptake of [2H]-xanthine (1 uM) (blue bars) or [**C]-uric acid
(4 uM) (red bars) and the deduced transport rates were expressed as percentages of the rate obtained with wild-
type SmLL9. Values obtained with cells harboring pT7-5/-BAD alone had been subtracted from the sample
measurements in all cases. Each bar represents the mean of at least three determinations with SD shown. Mutants
shown in boxes attain negligible protein levels in the E. coli membrane.
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The same has been shown for the corresponding XanQ mutants at E272!%° and Q324!84,
differing only because Q324N and Q324E retain some activity but are grossly impaired in the
affinity for xanthine or xanthine analogs'®*. The residues D290 (TMS9), which is central in a
H-bond network stabilizing the core domain in XanQ!8%, and N311 (TMS10), which is involved
in interactions with H31 and D266 at the periphery of the binding site are also irreplaceable, as
mutants D290C, D290E, D290N, N311C, N311E, N311Q are inactive (Figure 3.4.1.7). The
same has been shown for the XanQ mutants corresponding to D304'} and N325!84,
Interestingly, N311C and N311E are not detected in the E. coli membrane, pointing to a more
austere role of N311 in affecting the protein stability/folding relative to N325 in XanQ. The H-
bonding Q or N can replace H31 (TMSI1) residues, but C, L, or K cannot (Figure 3.4.1.7).
Mutant H31K is not detected in the membrane. Similar data have been obtained with the
corresponding XanQ mutants, with the difference that H31C and H31L in XanQ display low
transport activity but impaired affinity for xanthine or xanthine analogs'®. D266 (TMS8) is
replaceable only by E or N and irreplaceable by C, H, M, or V (Figure 3.2.1.7), in close
resemblance with the properties of D276 in XanQ!**. As a difference arises that D276E in
XanQ displays high activity, in contrast to D266E in SmLL9 which transports at a rate of 20%
relative to wild type (Figure 3.4.1.7) pointing to a more crucial role of this carboxyl group in
SmLL9. In the uric acid transporter UacT of the NAT/COG2233 Cluster C1_Xanthine-Uric
Acid!, all residues corresponding to the above six crucial residues of SmLL9 were found to
be irreplaceable!®®. Of the corresponding residues in the fungal UapA, the two substrate-
binding residues E356 (TMSS8)! and Q408 (TMS10)!? are also essential and D388 (TMS9) is
also functionally irreplaceable!, but the other residues are less stringently related with activity:
N409 (TMS10) is replaceable by Ala, Ser or Gln with retention of wild-type properties, and
only N409D results in loss of function'?’, H86 (TMS]1) is linked with defects in folding and
targeting to the plasma membrane as shown with the low-activity mutants HS6A, H86K, or
H86D, while H86N is active and indistinguishable in function from wild type!'®®, and D360
(TMS3) is replaceable by Ala retaining wild-type properties'26.

S93 (TMS3) is irreplaceable by C while S93C is not detected in the membrane, whereas
S93N retains the significant xanthine uptake activity but marginal transport activity for uric
acid (Figure 3.4.1.7). Kinetic analysis shows that S93N transports uric acid with low affinity
(3-fold higher K relative to wild type) and low efficiency (10-fold lower Vmax/Km for uric acid
than for xanthine). In the xanthine-specific XanQ, the corresponding Asn93 is also

irreplaceable by C with low levels of the N93C mutant in the membrane!®’, whereas N93S and
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NO93A display high transport activity for xanthine and marginally detectable transport activity
for uric acid as well'®’. In the related uric acid transporter UacT, replacement of the
corresponding T100 by Ala results in significant ability to transport xanthine in addition to uric
acid!®. In the fungal UapA, replacements of the corresponding S154 with A or N lead to defects
in transport activity and kinetic changes relative to wild type indicative of a role of S154 in
specificity. The affinity for xanthine in S154N, shows a 5-fold improvement without affecting
the affinity for uric acid. The affinity for uric acid for SI154A shows 7-fold decrease without
affecting the affinity for xanthine. These mutants are defective in transport of both substrates
but their relative transport efficiencies for xanthine and uric acid have not been tested!®®.
Among the other residues, high transport activities for both uric acid and xanthine
(Figure 3.4.1.7) and close to wild-type kinetics is displayed by most mutants, with few
exceptions mentioned below. Met291 (TMS9) is irreplaceable by G and M291G is not detected
in the membrane, but M291C is highly active (Figure 3.2.1.7), albeit with significantly lower
affinities (higher Km) relative to wild type for both uric acid and xanthine; in XanQ, G305 at
the corresponding position has been annotated as important for folding/stability and mutant
G305C is not detectable in the membrane!®*. T304 (TMS10) is replaceable by C or P with
retention of high transport activity for both xanthine and uric acid (Figure 3.4.1.7), although
T304P displays significantly lower affinities (higher Km) relative to wild type; in XanQ,
Pro318 at the corresponding position is crucial for stability and detection of the protein in the
membrane!84. V312 (TMS10) is replaceable by C with high activity and small differences from
wild type in kinetics but irreplaceable by N (Figure 3.4.1.7). The corresponding N326 in XanQ

184,199, and

is replaceable by C but sensitive to inactivation by alkylation with N-ethylmaleimide
the corresponding V320 in the uric acid transporting homolog UacT is irreplaceable by N8,
The mutants with Cys replacement in the natively C-less SmLL9 background allow the
examination of the effects of alkylation of these mutants by sulthydryl-specific reagents on the
transport activity. In case an alkylation by the small and relatively hydrophobic N-
ethylmaleimide inhibits an active Cys-mutant, it would be indicative of involvement of the
corresponding position in the substrate translocation pathway. Thus, if the presence of the
substrate changes this inhibitory effect, it would indicate a position sensitive to the
conformational alternations of the transporter or it would show direct involvement in substrate
binding!!22%°, Of the nine active Cys-mutants of SmLL9, V270C, 1274C, M291C, and T304C
are not inhibited by N-ethylmaleimide, S251C is inhibited with ICso = 169 uM, V312C with
ICso = 47 uM, and three mutants are inhibited with ICso = 14-20 uM which remains unchanged
(A309C, S417C) or increases 3-fold (A265C) in the presence of 1 mM substrate (xanthine).
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The corresponding alkylation-sensitive mutants of XanQ display very similar responses to N-
ethylmaleimide; V261C is the least sensitive (ICso =97 uM)!**, N326C is inhibited with
ICso = 50 uM'?, A323C with ICso = 34 uM'?, N430C with ICso = 10 uM2°!, G275C with
ICso =15 uM % | A thorough comparison of the effects of the N-ethylmaleimide of mutants
A265C (TMSS8) and A309C (TMS10) on the xanthine transport activity with the corresponding
effects in XanQ, illustrates that the N-ethylmaleimide sensitivity is, for all mutants, in the same
ICso range but the SmLL9 mutants respond differently to the binding of xanthine. For instance,
the sensitivity of A265C decreases, whereas there is an increase in the sensitivity of G275C in
XanQ; the sensitivity of A309C remains the same, while the sensitivity of A323C in XanQ

increases.

3.4.1.6 Mutation of S93 to Asn converts SmLL9 to a xanthine-selective transporter

As derived by the transport kinetics results, there are significant differences in affinity
(Kwm value) or efficiency (Vmax/Kum value) in several mutants compared to the wild type for
either xanthine or uric acid uptake or both. Notably, S93N (XanQ has N in the corresponding
position) mutation transports the uric acid with 10-fold lower efficiency relative to xanthine.
Compromised efficiencies for uric acid were detected for A265G, A309G, and A309S (6- to
7-fold lower Vmax/Kwm relative to xanthine), whereas D266E and D266N display 10- to 12- and
15-fold lower efficiencies for both the uric acid and xanthine, respectively, compared to the
wild type. The same is true for A309C and 1274S. The xanthine transport efficiency in these
cases is 12- and 15-fold lower and the uric acid efficiency is 8- and 27-fold lower compared to
the wild type. Six mutants (H31Q, S93N, D266E, D266N, A309G, V312C) display specifically
low affinity for uric acid (>3-fold higher Ky relative to wild type), whereas M291C and T304P
have low affinity for both uric acid and xanthine. Kw is 2.5- to 3.5-fold higher for xanthine and
11-fold higher for uric acid relative to wild type.

Following up on the above results, SmLL9 mutants were subjected to xanthine uptake
assays in the presence of uric acid, 7-methylxanthine or 8-methylxanthine, which are not
recognized by the xanthine-specific XanQ, in order to understand the effect of each mutation
on SmLLY9. Each one of the three ligands inhibit most of the mutants displaying K; values
similar to wild type, but S93N displays 12-fold lower affinity (12-fold higher K;) for uric acid.
Four mutants (H31N, H31Q, A265C, T304P) are inhibited with 3- to 4-fold higher K; by uric
acid and five mutants have lower affinity for 7-methylxanthine with 2- to 2.5-fold higher K,
like the A309C, or 8-methylxanthine with 3- to 5-fold higher K, like H31N, V312C or both in
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the case of H31Q, S93N. Of the above mutants, S93N stands out as the one which shows
reduced affinity for uric acid and, to a lesser extent, for the methyl analogs of xanthine at C8
or N7 and, also, very low efficiency for uric acid transport (Figure 3.4.1.7). The reciprocal
mutant (N93S) in XanQ allows marginal uric acid uptake and low-affinity recognition of uric
acid, 7-methyl and 8-methylxanthine!®’. A comparison of the effects of uric acid and 8-
methylxanthine on SmLL9 and the relevant SmLL9 and XanQ mutants illustrates that the SO93N
replacement deteriorates the ability of SmLL9 to recognize uric acid and §-methylxanthine

imitating partly the properties of XanQ and, more precisely, mimicking the N93S mutant.

3.4.1.7 The important role of S93 in binding uric acid in SmLL9 transporter as revealed

by Induced Fit Docking calculations (IFD)

Xanthine binds in SmLL9 similarly to UapA, as indicated by the IFD calculations
(Figure 3.4.1.8).

Figure 3.4.1.8: Structural similarity between the SmLL9 and UapA binding sites. Xanthine substrate (A) in the
binding cavity of SmLL9 as resulted from IFD calculations and (B) in UapA crystal structure.

The O2 and N1 atoms of xanthine form two H-bonds with the amide of Q310 side chain while
N7 an H-bond with E262. C6=0 forms an H-bond with the A309 backbone NH. The
stabilization of xanthine is enhanced by n—r stacking interactions with F94 and F308 as in the
crystal structures of UapA and UraA (Figure 3.4.1.9A). Further, the IFD calculations reveal
the probable existence of an H-bond network in the vicinity of the substrate between S95-S93-
S306 side chains and A307 backbone C=0.

In the case of XanQ), xanthine is bound slightly tilted compared to SmLL9, forming H-
bonds between N7 and E272 carboxylate, between N1-H, C2=0 and Q310 amide side chain
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and between C6=0 and the backbone NH of A323. Xanthine forms a n—x stacking interaction
with F322 and a T-stacking with F94 (Figure 3.2.1.9C). Additionally, it is interesting to note
that during the MD simulations the N93 side chain is relatively flexible, interacting with
different residues in the vicinity, namely S95, S269, T320, and E272.

Uric acid binds to SmLL9 with the same geometry and H-bonds as xanthine according
to IFD calculations (Figure 3.4.1.9B) yet forming an extra hydrogen bond between C8=0 and
the S93 hydroxyl group connecting thus the substrate with the above mentioned S95-S93-S306-
A307 H-bond network.

In contrast, when uric acid is docked inside XanQ binding cavity, it binds in a reverse
orientation as N7 and N3 are directed toward E272, and C6=0 is oriented toward F94 inversely
to the corresponding xanthine carbonyl group which points to the E272 side chain (Figure
3.4.1.9D). Uric acid appears to form two H-bonds between N1H and C2=0 and Q324 amide.
However, the angle between the two planar systems, namely the Q324 amide and the substrate
aromatic system, is ~45 degrees, less optimal for the formation of strong H-bonds. Moreover,
the C8=0 group is not able to interact with the side chain of N93, which faces toward the

opposite side of the binding cavity.
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Figure 3.4.1.9: Structural basis of the interaction of SmLL9 and XanQ with xanthine and uric acid (UA). Low
energy structures of transporter-substrate complexes as resulted from the induced-fit docking analysis. (a) SmLL9-
xanthine. (b) SmLL9-UA. (¢) XanQ-xanthine. (d) XanQ-UA. The H-bond network between S95-S93-S306 is
illustrated in (a)

Overall, the docking calculations suggest that uric acid does not fit well in the binding
cavity of XanQ and also the latter displays weaker interaction with uric acid compared to
xanthine. Uric acid cannot be accommodated in the binding cavity and for that adopts a reverse
orientation of the purine moiety compared to xanthine. The angle of the H-bond with Q324 is
not optimal so the interaction is weak and moreover, there is no interaction between C8=0 and
the N93 side chain due to spatial and geometry reasons. It is interesting that, although the major
difference between XanQ and SmLL9 in the binding cavity is related to residue 93, this

difference is enough to produce weaker XanQ-uric acid interaction and generate specificity in
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favor of xanthine. The presence of the H-bond between C8=0 of uric acid and S93 hydroxyl
group is necessary for the molecule to bind to SmLL9 (Figure 3.4.1.9B). This interaction
stabilizes the pose which is the energetically most favorable and geometrically suitable
according to the UapA-xanthine based model. This agrees with the mutagenesis data that show

that the S93N replacement leads to impairment of the uric acid binding and uptake activity.

3.4.1.8 Conclusion

SmLLY displays substantially a broad substrate profile unlike other corresponding
homologs in E. coli K-12, which use separate transporters for xanthine or uric acid and adenine
or guanine/hypoxanthine!®®. SmLL9 was subjected to in silico calculations and site-directed
mutagenesis to reveal key factors for its function and its difference from well experimentally-
studied xanthine-specific XanQ of E. coli'!?, given that the 3D homology models of both the
transporters can be constructed based on the structurally resolved homologs UapA and UraA.
The in silico studies reveal that SmLL9 and XanQ share several major functionally important
residues which have similar roles in both transporters and Mutagenesis data, support these
findings. The structural models constructed indicate that the xanthine-binding residues
E262/272 and Q310/324, are involved in important H-bonds at the periphery of the binding
site residues H31/31, D266/276, D290/304, N311/325. but also residues of the binding-site that
are highly sensitive to alkylation by N-ethylmaleimide with similar ICso values namely
A265/G275, A309/A323. According to the IFD calculations, xanthine is bound to both
transporters with equivalent interactions, while, SmLL9 has the additional ability to utilize uric
acid on a very similar molecular background with the xanthine-specific XanQ. Xanthine
transport kinetics of SmLL9 resemble those of XanQ as indicated by the very similar Ky values
and comparable K; values for inhibition by oxypurinol and other analogs, supporting the IFD
results.

In SmLL9, S93 appears to play a key role in transporter's additional ability to recognize
and transport uric acid. The IFD analysis for the binding-site interactions of SmLL9 and XanQ
with xanthine and uric acid highlighted that S93 in SmLL9 is necessary as it forms a H-bond
with C8=0 of uric acid, an interaction that is absent in XanQ. Furthermore, the presence of
Asn93 instead of S93 in XanQ is enough to weaken the interactions with uric acid in the binding
cavity of XanQ (Figure 3.4.1.9B,D) consistent with the strict specificity of XanQ relative to
SmLL9. Confirming the IFD results, the replacement of S93 with Asn leads to a specific >12-
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fold lower affinity for uric acid compared to wild type, and hampers uric acid transport (Figure
3.4.1.7).

The importance of S93 from previous findings on other homologous NAT/NCS2
transporters and its specificity role is supported and even extended by our results. A Ser at this
position is conserved in TMS3 at the binding site region in all dual-specificity xanthine/uric
acid NAT/NCS2 transporters. This Ser was shown to impact specificity as indicated in
mutagenesis studies for XanQ and UapA, though, these studies do not provide strong evidence
that this Ser is important for binding and transport of uric acid. The crystal structure of UapA
is in complex with xanthine and the binding of uric acid has not been studied with in silico
analysis. The relevant UapA mutants S154N and S154A are defective in transport of both
xanthine and uric acid, although they have different substrate profiles compared to the wild-
type, they retain significant affinity for uric acid. The relative transport efficiencies for the two
substrates are not specified yet. In XanQ, the relevant mutant N93S hardly binds and transports

uric acid in addition to xanthine!?3197

. In UacT, the relevant mutant T100S shows very low
uptake activity for uric acid and hardly detectable ability to transport xanthine in addition to
uric acid'® . Thus, the SmLL9 case presented here is the first one to show that a Ser at this
position is important for the recognition and transport of uric acid.

In UapA, amino acids participating in gating elements, have been also suggested to
influence specificity by acting as “selectivity gates” controlling the access of substrates to the
binding site®*’®. In silico and mutational analysis studies have shown that recognition of
atypical substrates like hypoxanthine and adenine can be achieved, without affecting the
recognition and transport of the physiological substrates, xanthine or uric acid!'=%!26:128,
However, there is poor evidence for such gating elements in bacterial NAT/NCS2 members.
Very few mutations outside the binding site of XanQ allowed recognition of non-wild-type
ligands in addition to xanthine, thus there has been no evidence so far for high-affinity

recognition or transport at a significant rate for such non wild-type ligands!82.

3.4.2 The case of AncXanQ transporter
As adapted from “ldentification of New Specificity Determinants in Bacterial Purine
Nucleobase Transporters based on an Ancestral Sequence Reconstruction Approach” by

Ekaterini Tatsaki EleniAnagnostopoulou Iliana Zantza Panayiota Lazou Emmanuel Mikros

Stathis Frillingos, Journal of Molecular Biology (December 2021)
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3.4.2.1 Foundation of the study

The NAT/NCS2 (Nucleobase-Ascorbate Transporter/Nucleobase-Cation Symporter-2)
family, the most common nucleobase transporter family in microorganisms as mentioned
earlier, is present in almost all major phyla of organisms and all domains of life!!319>-202 though
in primates the group is represented by two L-ascorbate transporters homologs, SVCT1 and
SVCT2, SLC23A3 which is a functionally unknown member and a nucleobase-transporter
related pseudogene, namely SNBT1/SIc23a472, Few homologs have been functionally
characterized. It is interesting that although all known nucleobase-related eukaryotic homologs

2,95,204,205

are of broad specificity , most known bacterial homologs display distinct and highly

specific substrate profiles!!3:190:206.207,
The folding of NCS2 family transporters is known from the structurally solved uracil

3670 and xanthine/uric acid

permease UraA from Escherichia coli in an occluded conformation
permease UapA from Aspergillus nidulans, solved in inward-open conformation. In addition,
they share structural homology with transporters of at least two additional families (AE/SLC4,
SulP/SLC26)°%3255 and appear to function as homodimers. Apart from these transporters,
several transporters belonging to other families also perform under the elevator mechanism’>%3,

As it has been already shown, specificity is regulated not only from changes in the
binding pocket, but also from alterations of residues at the interface of the two domains, which
seem to act by decreasing the restraints for the access of non-canonical substrates to the binding
site®® and/or uncoupling the elevator from high-affinity binding of substrates®?.

Regarding the diverse substrate profiles and the molecular background of the different
NAT/NCS2 specificity mechanisms, our knowledge is limited up to the present time to the in-
silico calculations and the rigorous mutational analysis of the fungal UapA, and the bacterial
XanQ and UraA and the comparative analysis of these homologs with other related
transporters.

Here, we investigate the specificity profiles of bacterial NAT/NCS2 transporters by
using docking and molecular dynamics (MD) calculations, accompanied with an evolutionary
experimental strategy different from the aforementioned methods, established on ancestral
sequence reconstruction. Ancestral sequence reconstruction has been used to analyze diverse

groups of proteing??%-20?

, yielding important conclusions on the molecular basis of the rise of
different functions and specificities in extant proteins, including studies that have shown that
few sequence changes and rather simple mechanisms lead to new functions. Application of this

experimental strategy to transmembrane systems is limited to date, due in part to lack of
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structural and functional knowledge on an adequate number of homologs in most cases. The
expansion of available atomic-resolution structures of membrane transport proteins through

210—212’ will

current advances in crystallography and single-particle electron cryo-microscopy
certainly offer a basis for more systematic application of such evolutionary strategies to
membrane transporters. In this case, we use ancestral protein reconstruction to study the
evolution of bacterial xanthine permeases of the NAT/NCS2 family. Our results provide
evidence that the current xanthine-specific transporters, derived from xanthine-guanine

transporters of broader specificity and the shift from polyspecific transporters to xanthine-

specific ones is associated with few changes outside the binding-site.

3.4.2.2 Structural model of AncXanQ transporter

As described in the previous section concerning SmLL9 transporter, the xanthine
permease XanQ of E. coli K-12 tis he only one among the functionally known permeases of
NAT/NCS2 family that is specific for xanthine and does not transport any other purine or
pyrimidine. Several well characterized transporters in the XanQ/UapA cluster (or Cluster
C1_Xanthine-Uric Acid) of NAT/COG2233 subfamily!®’, like the structurally resolved fungal
UapA and the rhizobial SmXUacT?"7, as well as other uric acid-specific like the E. coli UacT!®?,
and the rhizobial SmUacT1 and SmUacT2, transport both xanthine and uric acid. Albeit their
sequence similarity in all key binding-site residues, the xanthine-specific XanQ differs from
all the above transporters in few functionally relevant amino acid residues (see below).

The homology model of XanQ has been constructed using UapA crystal structure as a
template, as described in the previous section. Upon the XanQ model inspection and the
relative sequence alignment of all the homologs in the XanQ clade (Figure 3.4.1.1), we noticed
that apart being closely related to each other with >65% pairwise sequence identity, they share
a signature-motif of four important residues absent in any other NAT/NCS2. With numbering
according to XanQ, these are: Asn93, which is part of a H-bond network in the periphery of
the binding site and has been linked with the preference for xanthine over uric acid'!>!%7, A323,
located in the substrate binding cavity and may also have a role in specificity!®!%°, Ser/G377,
next to a conserved Phe/Tyr that contributes to substrate coordination at the broader area of the
binding site!%®, and N430, which is distant from the binding site but may influence specificity
indirectly!'?62%!, Of these residues, Asn93 and N430 are always present in the XanQ clade but
absent in any other NAT/NCS2 homolog, A323 is invariable in the XanQ clade and
corresponding to Ala, Gly or Ser in other NAT/NCS2s, and S377 is uniquely present in a subset
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of the XanQ clade whereas all other bacterial NAT/NCS2s have a Gly at this position (Figure
3.4.2.1C).
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Figure 3.4.2.1: Phylogenetic and sequence analysis of AncXanQ. (A) Phylogenetic analysis of the 20 XanQ
orthologs representing one genome per XanQ-containing species derived from the analysis of fully sequenced
genomes retrieved from the IGM/M database at JGI. (B) Characteristic amino acid residues found in all (top), all
gamma-proteobacterial (middle) or all beta-proteobacterial XanQ orthologs (bottom) and their flanking sequence
context. The residues shown in red and underlined (and numbered according to XanQ) are either important for
function in XanQ and not conserved in other NAT/NCS2 groups (XanQ-clade signature) or distinguish between
the gamma- and beta-proteobacterial orthologs and linked with specificity, as shown in the current study. (C)
Amino acid occupation of the positions highlighted in B in the functionally known proteobacterial homologs of
the XanQ/UapA cluster. (D) Homology model of AncXanQ based on the inferred amino acid ancestral sequence
showing separately the region of the core domain (residues 22—135 and 259-352) and the gate domain (residues
151-229 and 368-445). Positions of amino acids predicted with a posterior probability of <90% (but >50%) or
<50% are named and shown in orange or red, respectively. The AncXanQ sequence (shown in Supplement, Figure
S2) was inferred using Maximum Likelihood statistics in MEGA7. (E) Sequence alignment of AncXanQ with
homologs of the XanQ/UapA cluster. The alignment was prepared with MultAlin. High consensus sites (occurring
at >90% of the sequences) are shown in red and low consensus sites (>50%) in blue. The positions of alpha-
helices and beta-sheets shown on top of the sequences and the xanthine-binding residues (indicated as dots) are
according to the UapA structure PDB no. 516C (Alguel et al., 2016). The five amino acid residues analyzed in
this study are indicated with an asterisk on top of the sequences. Apart from the functionally solved members of
the XanQ clade (AncXanQ, AvpXanQ, XanQ, NmXanQ), the alignment includes UapA (Q07307), E. coli XanP
(POAGMY), and the XanP-paralogs AvDGQO of Aeromonas veronii (UniProt AOA1621446) and DOS6Q3 of
Acinetobacter calcoaceticus (UniProt DOS6Q3).

So far there has been found none XanQ mutant or other homologs in the XanQ/UapA
cluster (over 1000 site-directed mutants at more than 80% of the permease residues)'®-2%7, with
substantially altered profile from the xanthine-specific one!!3188,

In order to discover the basis of this resilient substrate profile of XanQ, we explore the
putative ancestral protein sequence of the XanQ clade namely AncXanQ and its properties
regarding substrate specificity, the binding mode of xanthine, guanine and their analogs in the
AncXanQ binding pocket, starting by constructing the 3D structure of the latter. The homology
structural model of AncXanQ was constructed by prof. Frillingos’ team, using as a template
XanQ since the two sequencies share high identity (sequence alignment of AncXanQ with
homologs of the XanQ/UapA cluster depicted in Figure 3.4.2.1E). The XanQ model was
constructed in an inward-open conformation because UapA crystal structure®® was used as a
template which had been crystallized in an inward-open conformation®*” (PDB 516C), thus the
AncXanQ model was in an inward-open conformation, too. The alignment of these three
transporters along with the AncXanQ model has a folding of 14 transmembrane segments
(TMs), of which TMs 1-4 and 8-11 form the core domain and TMs 5-7 and 12—14 the gate
domain (Figure 3.4.2.2). All transmembrane helices and interconnecting loops display the

same length as in XanQ, due to the high identity (76%) shared between the two transporter

sequences.
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Figure 3.4.2.2: AncXanQ-5M approximates the profile of the xanthine-specific XanQ. (A) AncXanQ dimer
derived from homology modeling. The core domain is shown in red and the gate domain in green. The positions
of residues S27, A116, T312, S191 and G377 are presented as blue spheres, while the computational predicted
mode of xanthine in the binding site is highlighted.

The initial apo AncXanQ model was subjected to 50 ns molecular dynamics simulation
in the apo form embedded in DPPC lipid bilayer solvated with explicit water. The calculated
RMSD of the Ca-carbons did not exceed 1 A, indicating the stability of the model structure.
During the trajectory, we noticed the behavior of important amino acid side chains. F94 of the
binding site, which has an important “gate-keeping role” as reported for UapA, fluctuates quite
a lot. Q324 side chain instead of being directed towards the binding site, it is rotated interacting
with backbone of neighboring residues.

Upon a close visual inspection of the alignment of AncXanQ, XanQ and UapA, one
can notice very interesting similarities. In detail, the important binding site residue of UapA,
E356 and D360, are in a well conserved motif in TMSS8, E-X-GD, shared by the three
transporters, highlighting the important role of this motif mostly in substrate binding and not
specificity, as these transporters differ in specificity. Moreover, in TMS10 another one more
important motif namely TFAQNNGYV containing the UapA binding site residue Q408, is also
conserved. at the end of TMS12, the important R481 in UapA as it mediates the release of
xanthine to the intracellular environment according to standard MD calculations, is not
conserved in XanQ or AncXanQ, albeit the R478, R479 are fully conserved, raising the
hypothesis that this fact may display the difference of the mechanism of substrate release.
Mutations in R481 do not lead to alterations of transport of physiological substrates but rather
modulate the specificity of the protein allowing low-affinity transport of hypoxanthine or

adenine.
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3.4.2.3 Transport assay analysis of AncXanQ

Transport assays conducted by Frillingos research group, indicate that AncXanQ
displays lower xanthine uptake activity but broader substrate profile than XanQ (3.4.2.3A and
B). In detail, putative purine and pyrimidine substrates were tested (adenine, guanine,
hypoxanthine, xanthine, uric acid, uracil thymine, cytosine). AncXanQ was found to transport
guanine and xanthine, while XanQ transports only xanthine. AncXanQ transports xanthine
with comparable affinity (KM) to XanQ (6.5 uM and 4.1 uM accordingly) but 5-fold lower
efficiency (Vmax/KM) (0.37 ml*min '*mg! and 1.83 ml*min *mg! accordingly).
Regarding the guanine-transport activity, AncXanQ transports guanine with high affinity (KM
0.2 uM), which is higher than the one of GhxP, the major guanine-hypoxanthine transporter of
E. coli K-12!0 but lower capacity (Vmax 2.4 nmol*min '*mg™!), resulting in comparable
efficiency (Vmax/KM) relative to the modern guanine transporter. Both XanQ'"!, and
AncXanQ are inhibited by carbonyl cyanide m-chlorophenyl hydrazone (CCCP), denoting that

they are proton-gradient dependent.
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Figure 3.4.2.3: AncXanQ is a broad-specificity guanine/xanthine transporter. (A) E. coli JIW4025 and T184
expressing the indicated permeases through pT7-5/-BAD were assayed for uptake of [*H]-guanine (0.1 pM) and
[*H]-xanthine (1 uM), respectively, at 25 °C, as shown. Each data point represents the mean and standard
deviation (SD) from triplicate measurements. (B) E. coli JW4025 expressing AncXanQ (dark green) or GhxP
(light green) were assayed for initial rates of [°*H]-guanine (0.1 pM) uptake and T184 expressing AncXanQ (dark
red) or XanQ (light red) were assayed for initial rates of [°H]-xanthine (1 uM) uptake, in the absence or presence
of the indicated non-radiolabeled nucleobases and analogs (1 mM). Transport rates are expressed as percentages
of the rate obtained in the absence of competitor. Each bar represents the means of five to six determinations with
standard deviation (SD) shown. The values obtained for the ancestral and the extant transporters were compared
for each ligand using unpaired two-tailed t-test (as implemented in GraphPad Prism 8.0) and statistically
significant differences are indicated with one (p < 0.05), two (p < 0.01) or three asterisks (p < 0.001) under each
pair of histogram bars. Values obtained with cells harboring pT7-5/-BAD alone have been subtracted from the
sample measurements in all cases. (C) AncXanQ ligands that are not recognized by GhxP (on the left) or XanQ
(on the right).

The xanthine transport activity of AncXanQ is inhibited by a range of analogs, with
high affinity, including 7-methylxanthine, 8-methylxanthine, and guanine, which do not serve
as XanQ ligands (Figure 3.4.2.4). Many purine nucleobases and analogs inhibited the transport
activity of guanine in AncXanQ with high affinity. These purines include hypoxanthine (HX),
6-mercaptopurine (6-MP), 6-thioguanine (6-SG), 1-methylguanine (1-MG), and 8-azaguanine
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(8-azaG), which are high-affinity ligands for GhxP!*’, but also adenine (A), 2,6-diaminopurine
(2,6-DAP), 7-methylguanine (7-MG), and xanthine which are not ligands for GhxP (Figure
3.4.2.4). Overall, AncXanQ recognizes as ligands except guanine and xanthine, adenine and
hypoxanthine, and all of their analogs tested, except allopurinol and uric acid. This profile is
different than any modern NAT/NCS2 profile recorded so far for either a bacterial or a

eukaryotic transporter.

A Xanthine and guanine transport rates B AncXanQ-5M (xanthine competitors) vs AncXanQ and XanQ
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Figure 3.4.2.4: (A) Xanthine and guanine transport rates for AncXanQ and the quintuple mutant AncXanQ-5M
(S27G/A116L/T312S/S191G/G377S) relative to the xanthine transporter XanQ and the guanine transporter GhxP.
Initial rates of [*H]-xanthine (1 uM) or [*H]-guanine (0.1 uM) uptake were measured with E. coli T184 or
JW4025, respectively, expressing the indicated permeases. The results are expressed as percentages of the value
obtained for XanQ (xanthine uptake, red bars) or GhxP (guanine uptake, green bars). Values obtained with pT7-
5/-BAD alone were subtracted from the sample measurements in all cases. Each bar represents the means of three
determinations with standard deviation (SD) shown. (B) Comparison of the ligand inhibition profile of AncXanQ-
5M with the profiles of AncXanQ and XanQ), highlighting differences in certain analogs. E. coli T184 expressing
AncXanQ (dark red), AncXanQ-5M (black) or XanQ (light red) were assayed for initial rates of [*H]-xanthine
(1 uM) uptake, in the absence or presence of non-radiolabeled analogs (1 mM).

Purine uptake rate (% control)
3
Xanthine uptake rate (% retained)

3.4.2.3 Binding mode of xanthine and guanine on AncXanQ

In order to characterize the binding mode of both the physiological substrates of
AncXanQ, xanthine and guanine, induced fit docking calculations (IFD) were implemented
using these ligands, in the binding area of the transporter. Remarkably, xanthine is bound in
the binding pocket of AncXanQ with the same binding mode and forming the same interactions
as in UapA and in XanQ in the lowest energy binding pose (Figure 3.4.2.2). In detail, N1H
and C2=0 form bidentate with Q324, N7H forms H-bond with E272 carboxylate, N9 forms H-
bond with backbone carbonyl group and T stacking and p-p interactions with F94 and F322,
respectively. N93 does not seem to interact with xanthine.

The selected binding poses showed to be the most energetically favorable are presented
for guanine and 1-MG Figure 3.4.2.5. In the lowest energy pose (Figure 4(A)) guanine is
stabilized in AncXanQ by H-bond formation of N1H and C2-NH2 with E272 carboxylate as
well as N3 with Q324, N7 with F94 backbone carbonyl group and p-p and T stacking
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interactions with F322 and F94, respectively. In the lowest energy binding pose (Figure
3.4.2.5C), 1-MG is stabilized in the binding cavity by H-bond formation of C2-NH2 with E272,
N7 with F94 backbone and p-p and T stacking interactions with F322 and F94, respectively.
However, in the 1-MG complex, there is a steric clash between the methyl group and the E272
carboxylate which implies a slight shift compared to guanine resulting in loss of the interaction
with Q324 (Figure 3.4.2.5C). In the second lowest energy pose (Figure 3.4.2.5B), a H-bond
is formed between guanine N1H and E272, C6 = O and A323 backbone, N7 and Q324, as well
as p-p and T stacking interactions with F322 and F94, respectively. In the similar orientation
but slightly shifted compared to guanine, 1-MG forms H-bonds between N3 and F94 backbone,
C6 = O and Q324 and p-p stacking interactions with both F322 and F94 in the second lowest
energy pose (Figure 3.4.2.5D). It is interesting to underline that guanine and consequently 1-

MG, orient the pyrimidine moiety of the purine towards E272 in both cases.

N93

F94

guanine
C
Fo4 N93
F32
Q324

1-MG

O

Figure 3.4.2.5: Molecular Docking Simulations of the AncXanQ-guanine interactions. Common lowest-energy
binding modes of guanine and 1-MG are presented. In the first binding mode, guanine (A) and 1-MG (C) are
oriented so that their C2-NHz forms a H bond (dashed line) with E272 and their N7 a H bond with the F94
backbone. In the second binding mode, guanine (B) and 1-MG (D) are oriented so that their C6 = O forms a H
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bond with the A323 backbone (guanine) or Q324 (1-MG) while N7 in guanine forms a H bond with Q324 and N3
in 1-MG forms a H bond with the F94 backbone. For further details, see text.

As shown in Figure 3.4.2.6, in the case of the other guanine analogs in the lowest-
energy binding pose with AncXanQ), the orientation of the ligand and the binding interactions
may vary. Explicitly, hypoxanthine, 6-SG, 7-MG, and adenine in the lowest-energy
orientations share the same binding pose with guanine and 1-MG in the binding pocket,
however 2,6-DAP and 6-MP obtain a binding orientation and binding interactions that highly

resemble those of xanthine.

F94 N93

Fo4, N93

F94 N93 N93

E272

6-MP 2,6-DAP Adenine

Figure 3.4.2.6: Binding modes of different inhibitors with AncXanQ. Hypoxanthine, 6-SG and 7-MG (first two
rows) and adenine (third row, on the right) adopt two low-energy binding modes which are similar to the two
alternative favored orientations and interactions of guanine and 1-MG (Figure 4). For 6-MP and 2,6-DAP (third
row, on the left and in the middle), the adopted lowest-energy pose is similar to the favored binding orientation
and interactions of xanthine (Figure 3.4.2.2).
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3.4.2.4 Combination of 5 mutations outside the binding site restricts specificity of

AncXanQ to recognition of xanthine

AncXanQ differs from XanQ at only five amino acid positions predicted to be in
transmembrane segments, along with variations in conserved hydrophobic residues (Figure
3(A) and Supplementary Figure S3). These five amino acids are: S27 (Gly in XanQ); A116
(Leu in XanQ); S191 (Gly in XanQ); T312 (Ser in XanQ); and G377 (Ser in XanQ) and are
locate outside the binding site.

A mutant of AncXanQ changing all these five residues to the corresponding of XanQ
(S27G/A116L/S191G/T312S/G377S) was constructed and named AncXanQ-5M and was
expressed in the E. coli host membrane normally. AncXanQ-5M transports xanthine but not
guanine, (Figure 3.4.2.3B), while according to ligand inhibition assays does not recognize 8-
methylxanthine but recognizes 7-methylxanthine with high affinity (Figure 3.4.2.3C). Hence,

AncXanQ-5M is mimicking the profile of XanQ as a xanthine-specific transporter.

3.4.2.5 The role of Ser/G377 in relevance to the xanthine specificity of XanQ as derived
from experimental procedures

Along with AncXanQ and XanQ, two XanQ-homologs, AvXanQ (from Aeromonas
veronii) and NmXanQ (from Neisseria meningitidis), were studied. AvXanQ and NmXanQ
conserve the five-residue signature of XanQ and AncXanQ, respectively. Precisely, NmXanQ
contains the five residues S27/A116/A191/T312/G377 which differs in one residue (A191)
from AncXanQ (S191). NmXanQ was found to transport both xanthine and guanine. A191S-
NmXanQ mutant, has the same functional properties with NmXanQ, revealing that the
Ala/S191 site is not important for specificity. AvXanQ was specific for xanthine.

Based on the evidence that AncXanQ and NmXanQ are broad-specificity
xanthine/guanine transporters whereas XanQ, AvpXanQ and AncXanQ-5M are xanthine-
specific, it is affirmed that the combination S27/A116/Ser (or Ala)191/T312/G377 of the five
residues among XanQQ homologs denotes broad specificity for purines for this homolog
whereas the combination G27/L116/G191/S312/S377 suggests a xanthine-specific homolog.
Inspecting explicitly the Ser/G377 residue position, it is found located next to a conserved
Phe/Tyr residue (F376 in XanQ) which has a role of substrate coordinator as it is presented in
the crystal structures of UraA and UapA®6-3%,

The Ser/G377 specificity role was explored by conducting series of experiments using

mutants of the AncXanQ, NmXanQ, and XanQ. In a first attempt, S377 was mutated to Gly in
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XanQ), introducing the XanQ-S377G mutant. XanQ-S377G was found to transport xanthine
with similar kinetic properties as wild-type XanQ but, in addition, displays a high-affinity,
albeit low-efficiency, transport for guanine, indicating that S377G mutation created a broad
specificity mutant of XanQ. Also, in XanQ-S377G, xanthine uptake-activity is inhibited by
guanine with a Ki 42.3 uM, but not by 7-methylxanthine, 8-methylaxanthine and uric acid, and
at the same time, xanthine, hypoxanthine, 6-thioguanine, 6-mercaptopurine, 1-methylguanine,
and 7-methylguanine inhibited its guanine uptake-activity, while adenine, 2,6-diaminopurine,
or 8-azaguanine did not, similarly to NmXanQ. However, XanQ-S377G does not recognize 3-
methylxanthine differing from NmXanQ, AncXanQ, and wild-type XanQ.

Aside from S377G, the XanQ single mutants: G27S, L116A, G191S and S312T did not
result in broaden specificity profile. Instead, they displayed the same affinity for xanthine and
increased efficiency compared to the wild type, while xanthine transport is inhibited only by
xanthine analogs which are high-affinity ligands of wild-type XanQ (S312T is also inhibited
by  7-methylxanthine and  8-methylxanthine). @ The same holds for the
G27S/L116A/G191S/S312T mutant and the combinations G27S/S377G  and
G27S/L116A/G191S/S312T/S377G ~ which are also xanthine-specific. =~ However,
G191S/S377G has broadened guanine/xanthine profile similarly to S377G, whereas
S312T/S377G is xanthine-specific like the wild-type XanQ. Thus, it emerges that the effect of
S377G (broaden specificity) is suppressed by epistatic interactions with G27S and/or S312T.
On the other hand, introduction of Ser in lieu of G377 was tested to investigate whether it
suffices to establish specificity for xanthine in a broaden-specificity permease. Both AncXanQ-
G377S and NmXanQ-G377S preserve the broad-specificity guanine/xanthine profile. The only
difference obtained was that AncXanQ-G377S recognizes fewer xanthine and guanine analogs
than wild-type in ligand inhibition analysis. Specifically, it recognizes guanine and guanine-
related ligands of AncXanQ but does not recognize 7-methylxanthine, 8-methylxanthine,
adenine, 2,6-aminopurine and 8-azaguanine which are high-affinity ligands for wild-type

AncXanQ.

3.4.2.6 Structural alterations in the XanQ S377G mutant

The specificity alterations of XanQ caused by the S377G mutation, where further
computationally investigated. The already constructed model of XanQ was used as the wild-
type structure and for the XanQ-377G a single replacement of S377 to Gly was made.
Molecular Dynamics simulations of 500 ns were conducted on both the wild-type and the

XanQ-377G which where embedded in lipid membrane solvated in explicit waters. During the
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trajectory of the mutated structure, G377 serves primarily in TMS12 tilting. In detail,
monitoring the angle formed between the Ca atoms of residues 366, 377, and 384, it emerges
that during the MD simulations, the distribution of angles in 377G-XanQ indicate that TMS12
bends more frequently towards 160 degrees compared to wild-type. The 5th and 95th
percentiles of TMS12 tilting angle values are 165 and 176 in the mutant compared to 169 and
178 in wild type (Figure 3.4.2.7B, Figure 3.4.2.8).

5 L116
)
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10%
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4%
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Figure 3.4.2.7: Molecular Dynamics Simulations of the effect of S377G on XanQ. (A) Overall structural model
of wild-type XanQ complexed with xanthine highlighting the key binding residues Q324 and E272, the interacting
pair F376-F94 and TMS12 (in blue). The position of S/G377 is indicated with a yellow sphere and the positions
of G27, L116, G191 and S312 are indicated with blue spheres. (B) Value distribution of TMSI2 tilting angle
formed between the Ca atoms of residues 366, 377 and 384 in TMS12 in the wild-type XanQ (blue) and S377G
XanQ (red), represented as population percentages per one-degree interval, as resulted from the 500 ns MD
calculations after trajectory structure sampling every 60 ps (all data shown in Figure 3.4.2.8). Each one of the
three lines of each color corresponds to the data from one of the three MD simulations for the relevant permease.
(C) Structure snapshots of TMS12 presenting the 95th percentile (left) and the 5th percentile (right) of TMS12
tilting angle value distribution in the wild-type (blue) and S377G XanQ (red). (D) Interaction between F376
(TMS12) and F94 (TMS3) in the binding site of wild-type XanQ (blue/cyan) and S377G XanQ (red/orange). In
wild type, a T-stacking interaction is observed between the F376-F94 phenyls in the 80% (blue) of the trajectory,
while a second conformation exists covering the 3% of the trajectory where no interaction is observed (cyan). In
the S377G mutant, the F94 dihedral monitored leads to phenyl orientations not suitable for interaction with F376,
in the 45% of the trajectory (red), or exhibiting a weak interaction, in 43% of the trajectory (orange).
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Figure 3.4.2.8: Fluctuation of helix 12 (TMS12) bending at residue 377 in wild-type XanQ and XanQ-S377G.
The angle formed by the Ca atoms of residues 366, 377 and 384 was monitored, in wild-type XanQ (blue) and
S377G XanQ (red), during a 500-ns MD simulation. The MD simulation was run in triplicate, as shown, and the
means, SD, minimum values, and percentages of angle values falling above 175 or below 168 degrees are
indicated next to each MD run. Considering all runs, the mean (£SD) is 173.7 (£0.5) for wild type (n=3) and 170.8
(£0.6) for the S377G mutant (n=3), whereas the 5th and 95th percentiles are 169.0 (+1.0) and 177.7 (+0.6) for
wild type (n=3) and 165.3 (+0.6) and 176.0 (£1.0) for the S377G mutant (n=3).

The RMSD of the 377 neighboring Ca residues (373 to 381) also support the previous finding.
The average and the maximum RMSD values are 1.1 and 1.8 for the wild-type, while 1.6 and
2.3 for the XanQ-377G, respectively (Table 3.4.1.1). Moreover, G377 interacts appears to
interact through backbone with T373 of the same TMS, while S377 interacts with T373 not
only through backbone, but in addition it forms side chain-backbone H-bond involving the
hydroxyl group of S377.
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Table 3.4.1.1: The RMSD of the 377 neighboring Ca residues.

XanQ wt XanQ-377G
RMSD resid near 377
resid 373 to 381 average 1.1 A 1.6 A
resid 373 to 381 max 1.8 A 23 A

Further, an interaction between F376 and F94 seems to lead an important role.
Specifically, F94 lays in the middle of the substrate translocation pathway and interacts directly
with the substrate (Figure 3.4.2.7A). This finding implies a probable gating role for F94 which
seems to interact with F376, albeit with a different way in the mutant and in the wild type
(Figure 3.4.2.7D). The F376 phenyl group was monitored during the MD trajectory and was
found to have minor fluctuations, being relatively rigid in both wild-type and mutant. On the
other hand, the F94 phenyl fluctuates between different conformations. Consequently, F94
leads the different type of interaction with F376. In wild-type XanQ, the dihedrals obtained
between F94-F376 in the 80% of the trajectory correspond to a well-preserved T-stacking
interaction, while the second most frequent F94 phenyl conformation is not valid for any
interaction with F376 and represents only 3% of the trajectory (Figure 3.4.2.7D), upper panel).
On the contrary, in 377G-XanQ simulation, the 88% of the trajectory corresponds to a non-
interacting or weakly interacting setup of the two phenyl groups (Figure 3.4.2.7D, lower
panel), although the distance between these phenyl groups appears almost the same in the
mutant and the wild type (Supplement, Figure 3.4.2.9). In both wild-type and XanQ-377G,
Q324 rotates in order to form H-bond interactions with TMS10 backbone.
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Figure 3.4.2.9: Fluctuation of the distance between F376-F94 in wild-type XanQ and XanQ-S377G. The distance
between the Cy atoms of F94 and F376 was monitored in wild-type XanQ (blue) and S377G XanQ (red), during
a 500-ns MD simulation. The MD simulation was run in triplicate, as shown, and the means and SD values are
indicated next to each MD run. Taking into account all runs, the mean (+SD) is 7.2 (£0.1) for wild type (n=3) and
7.2 (£0.1) for the S377G mutant (n=3).

UapA (xanthine/uric acid transporter) corresponding residues to F376, S377 and F94 of XanQ
(xanthine-specific transporter) are F462, S463 and F155.

This bending of TMS12 affects also the neighboring TMSs. Explicitly, TMSS, another
gate TMS at the interface of the dimer, which is located next to TMS12 moves towards TMS13-
14 (Figure 3.4.2.10). TMSS5, along with TMS12 is opposite to the binding site, implying that
the translocation of both these helices, changes the environment in the vicinity of the binding
site. This change could have an important mechanistic and steric impact on the binding of

various purine molecules to the binding site, affecting specificity.
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Figure 3.4.2.10: TMS12 (blue) bending affects the neighboring helix TMSS5 (yellow) which also moves towards
TMS13-14.

Concerning the potential epistatic effect of the mutation G27S on the S377G phenotype,
our MD analysis indicates that by introducing a Ser in the position of G27 in TMS1, two more
H-bond interactions occur, involving T332 (TMS10) and H31 (TMS1). These H-bonds have a
key role as part of an extensive H-bond network in the XanQ core domain, which includes
interactions between D304 (TMS9), Q90 (TMS3), S88 (TMS3), Q75 (TMS2), H31 (TMS1),
N325 (TMS10) and T321 (TMS10) (Figure 3.4.2.11). This H-bond network has been proposed
as crucial for the binding and transport of substrate, based on the effect of mutations of H31-
N325 and GIn75-D304. The additional H-bonds between S27 and T332 and between S27 and
H31 might affect the positioning of F322 and subsequently Q324 of the binding site. The
rearrangement of the binding site residues could result in restoration of the XanQ-377

incapability to transport guanine. From another point of view, F322 is also interacting with
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F94, controlling the fluctuation of the latter, and consequently the F376-F94 hydrophobic

interaction which was shown above to regulate specificity.

E 272

Figure 3.4.2.11: Extensive H-bond network in XanQ (G27S) linking different parts of the core domain. Core
residue S27 (in XanQ-G27S) is linked with F322 and Q324 in the binding site through H31 and N325; S27
reinforces the H-bond network by two additional H bonds (a) between its main-chain C=0 and H31; (b) between
its side-chain -OH and T332, leading to repositioning of Q324 and F322 in the binding pocket. This change might
explain the epistatic effect of G27S on S377G (see text for details).

3.4.2.7 Conclusion

The overall in silico and experimental procedure of this study demonstrate that changes
outside the binding region of XanQ can affect specificity drastically, as shown with the S377G
mutant. In details, our MD studies on AncXanQ, indicate that guanine (but also hypoxanthine
or adenine) is oriented differently in the substrate binding pocket compared to xanthine, even
though the the same residues confrere the key binding interactions. This difference may explain
the result that guanine and xanthine inhibit the transport of one another with one to two orders
of magnitude lower apparent affinity than the affinity values in the transport kinetics assays.
There is no previous relevant evidence from any structurally solved transporter for the binding
mode of guanine, in any transporter family. Crystal structures of E. coli enzymes associated
with guanine typically show bidentate H-bonds of N1H and C2-NH2 or C2-NH2 and N3 with
a Glu or a backbone carboxylate, as in GuaD, XapA and XGPRTase. Nevertheless, guanine
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and xanthine binding poses are the same with regard to interactions and orientations, in
enzymes that utilize both these substrates, like XapA or XGPRTase, unlike the case with
transporters of guanine and xanthine presented in this thesis.

Moreover, all permeases and mutants of the XanQ clade analyzed experimentally in this study,
retain the Asn93 residue and, independently of their substrate profile, are high-affinity
transporters for xanthine but do not recognize uric acid. Thus, our new data strengthen the
evidence presented in the previous section, that Asn93 is important for the specificity for
xanthine.

Also, our data highlight S377 (TMS12) as an additional important xanthine-specificity-
controlling residue of XanQ transporters. The specificity effect of S377G does not hold in all
XanQ backgrounds, but coexistence of S377G with G27S or S312T or both (in mutant XanQ-
5M) abolishes the specificity effect and reestablishes the xanthine-specific profile of XanQ. In
contrast, S377G phenotype is not affected by the coexistence with G191S. The epistatic effect
of G27S (TMS1) might be attributed to the extensive H-bond network that stabilizes the core
domain. The additional interactions offered by G278, result in repositioning of Q324 in the
binding pocket, which may lead to restoration of the specificity constraints, like the
abolishment of the binding of guanine and guanine-related analogs, in the S377G mutant. Such
an epistatic effect is not possible with G191S (TMS6), a gate-domain residue which does not
participate in a similar H-bond network.

Further, F376 contributes to substrate coordination in the inward-facing conformation
of the transporter, as shown by both the structural data on UapA and UraA, and the MD studies
on XanQ. Mutations that retain the aromatic rings, like F94Y, F376Y, in XanQ do not inhibit
xanthine binding and transport, but replacement of one of the two phenyl rings leads to loss of
80-90% (F94C, F376C) or 40—-60% of activity (F941, F376L). FO4Y, F94136 and F376L37
show changes in specificity. The specificity towards binding and uptake of thymine in UraA
and other related uracil transporters, is enlarged in the case that the equivalent Phe is mutated
to Ala. Based on all the above, one can safely assume that the F376-Phe94 deregulation effect
is correlated to the enlarged specificity of the S377G mutant. Although it is considered here
that S377G has a role in specificity by causing an indirect effect affecting the binding site, we
cannot exclude the possibility that S377G could also modify the dynamics of transport by
uncoupling the sliding of the core domain upon the gate. A similar theory was recently
proposed for its fungal NAT/NCS2 homologs. Such an effect is difficult to demonstrate with
regular MD calculations but can clearly be a possibility. This concept is supported by two

factors. First, S377 in XanQ is in the middle of TMS12, a helix of the gate domain that forms
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part of the interface on which the core/elevator/binding-site slides, upon substrate loading in
the binding site. It is reasonable to assume that, by tilting TMS12, S377G affects this elevator-
like motion of the core domain and modulates the kinetics of transport. Several specific
mutations at the core-gate interface of UapA, a highly selective xanthine and uric acid
transporter, (e.g. mutations in TMS12, in positions corresponding to M375, 1379, R385 in
XanQ), can lead to enlarged specificity allowing recognition and/or transport of most purines
and uracil. The effects were proposed to reflect changes in the dynamics of the elevator sliding,
specifically the sliding of the core domain which includes the binding site against the gate
domain, rather than changes in residues of the binding site per se. S377G in XanQ might also
affect specificity via a similar route. Second, S377G does not affect the affinity for xanthine or
most xanthine analogs, implying that it does not change the overall binding site topology, but
displays high affinity for guanine and other non-physiological ligands, such as hypoxanthine
and guanine or hypoxanthine analogs. This leads to the conclusion that a modulation of
geometry or interactions in the binding site alone would not be sufficient to change the affinity
for guanine and other analogs from not being recognized at the mM level (wild-type) to low-
micromolar or sub-micromolar affinity (S377G). On the other hand, the effects observed with
ligands other than guanine were only on recognition/binding (Ki values) and not on transport
(S377G does not transport the other non-canonical ligands), implying that a component of the
S377G effect is certainly the modulation of the binding affinity and binding-site interactions.
Summarizing, it is possible that S377G can affect both the binding of guanine and other non-
canonical substrates and the dynamics of transport. As it was proposed also for UapA, non-
canonical substrates like guanine might also be loaded to the binding site of XanQ, but due to
different orientation and/or weaker interactions might not release the sliding of the
elevator/binding-site to the inward conformation. In the S377G mutant, uncoupling of the
elevator from substrate loading may allow translocation of guanine because of the loosened

sliding.
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Hydroxytyrosol (HT) Analogs Act as
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Fungal infections constitute an emerging threat and a prevalent health problem due
to increasing number of immunocompromised people and pharmacological or other
treatments aiming at viral infections, cancer or allergies. Currently used antifungals suffer
from inefficiency, toxic side effects and developing drug-resistance. Additionally, over the
last two decades no new classes of antifungals have been approved, emphasizing the
urgent need for developing a novel generation of antifungals. Here, we investigate the
antifungal activity of a series of chemically synthesized Hydroxytyrosol (HT) analogs.
HT is one of the major phenolic compounds in olive oil, shown to possess radical-
scavenging antioxidant, antiproliferative, proapoptotic and anti-inflammatory activities.
No previous report has studied HT analogs as antifungals. We show that specific
analogs have broad and strong antifungal activity, significantly stronger than the parent
compound HT. Using Aspergillus nidulans as an in vivo cellular model system, we
show that antifungal HT analogs have an unprecedented efficiency in fungal plasma
membrane destruction. Importantly, antifungal HT analogs did not show toxicity in a
mammalian cell line, whereas no resistance to HT analogs was obtained by standard
mutagenesis. Our results open the way for the development of a novel, efficient and
safer class of antifungals.

Keywords: fungal pathogens, Aspergillus nidulans, plasma membrane, antimicrobial, resistance

INTRODUCTION

In recent years, systemic fungal infections have emerged as an increasingly prevalent health
problem (McCarthy et al., 2017). Infections are rising among immunocompromised patients,
including individuals suffering from HIV/AIDS or diabetes mellitus, or following organ
transplantations and immunosuppressive chemotherapy during cancer treatment (Low and
Rotstein, 2011). The most clinically significant invasive opportunistic fungal pathogens belong to
one of the four groups: Aspergillus, Candida, Cryptococcus and Pneumocystis, with the first two
being the most important of all fungal pathogens (Kohler et al., 2017). Currently used antifungals
include three major classes of drugs with different mechanisms of action: polyenes (disrupt fungal
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Hydroxytyrosol Analogs as Novel Antifungals

membranes), azoles (inhibit ergosterol biosynthesis), and
echinocandins (inhibit synthesis of cell wall B-glucan)
(Odds et al., 2003). However, all current antifungals suffer
from inefliciency, toxic side effects, drug-drug interactions and
developing drug-resistance (Arendrup, 2014; Cuenca-Estrella,
2014; Fairlamb et al., 2016). In addition, since 2001, no new
classes of antifungals have been approved. This emphasizes the
urgent and critical need for developing a novel generation of
antifungals.

Pharmacological therapies for various bacterial or viral
infections based on natural, mostly herbal, agents are among
the most current therapeutic trends in medicine (Pan et al,
2013; Li and Weng, 2017). The antifungal activity of a large
number of natural products is well documented (Di Santo,
2010). The most well-known structures exhibiting fungicide
activity are polyenes, oligopeptides, terpenoids and macrolides,
while different other natural products like flavonoids, alkaloids
and phenolic acids have been also reported (Tasleem et al.,
2009; Teodoro et al., 2015). Olive (Olea europaea), extracts has
been reported for their antimicrobial and bacteriostatic activity
since 1970 (Walter et al., 1973). Mild antifungal activity has
been also described for olive leaf extracts (Korukluoglu et al.,
2008) and the major olive phenolic compound oleuropein (Zori¢
et al., 2016). Recently, plant extracts and chemically synthesized
related analogs from olive have also shown an antiprotozoan
activity (Belmonte-Reche et al,, 2016; Koolen et al., 2017).
Hydroxytyrosol (HT), one of the major phenolic compounds in
olive oil, has recently received particular attention because of
its radical-scavenging, antiproliferative, proapoptotic and anti-
inflammatory activities, which seem to have a counteractive effect
on carcinogenesis and other cellular malfunctions in animal trials
and in vitro. Additionally, recent evidence has shown that HT
and its analogs might be promising antibacterial, antiviral or
antiprotozoan agents (Manna et al., 2005; Fernandez-Bolanos
et al,, 2008, 2012; Chillemi et al, 2010; Koolen et al., 2017;
Thielmann et al., 2017; Robles-Almazan et al., 2018). However,
no systematic effort has been invested in search of novel
antifungals based on HT, except from some reports concerning
yeast species (Pereira et al., 2007; Zoric et al, 2013), or HT
analogs.

Based on some preliminary tests of our lab that showed a
moderate antifungal effect of HT and some HT analogs on
Aspergillus nidulans, here we systematically synthesize and test
the antifungal activities of an extended series of novel HT
analogs. The rationale of their synthesis was based mostly on
the possible effect of the length and saturation of the fatty acid
chain, and the substitution of the a-carbon of the HT side
chain. We show that several of the synthesized HT analogs
have a very potent and broad antifungal activity against major
fungal pathogens, such as A. fumigatus, A. flavus, Fusarium
oxysporum, A. nidulans and Candida albicans. Importantly,
we reveal that the antifungal activity of HT analogs is
directly related to its rapid destructive effect on fungal plasma
membranes, which in turn justifies why resistance mutants
could not be isolated. Our work is expected to open the
way for developing a new class of highly potent novel
antifungals.

RESULTS

Chemical Synthesis of HT Analogs

Twenty three analogs of HT were synthesized as described
in detail in the section “Materials and Methods” and in
Supplementary Material (Supplementary Figure S1). The new
compounds are lipophilic esters of HT bearing modifications on
the a-carbon of the catechol side chain. More precisely, the new
compounds are categorized in 3 different series (Figure 1A).
The compounds of the second series are simple esters of HT
in the aliphatic hydroxyl group, whereas the compounds of
the first series possess a carbonyl group on the a-carbon of
the catechol side chain. The compounds of the third series
possess a hydroxyl group on the a-carbon of the catechol side
chain. In brief, chloride 1 was treated with the sodium salt
of the appropriate acid to afford the required keto esters 2-
12 (Figure 1B). The majority of the acids are commercially
available, though the acids for the preparation of ester 9 was
synthesized through a Wittig reaction of methyl 4-methylene
cyclohexane carboxylate. Treatment of the previous compounds
with triethylsilane in trifluoroacetic acid, provided the desired,
fully reduced, lipophilic esters 13-20. It is noteworthy that
this method was successful in yields up to 80%, with high
reproducibility and scale up to grams. Finally, partial reduction
with hydrogenation over Pd/C, provided the hydroxyl derivatives
21-24, as racemic mixtures.

HT Analogs Show High Potential as

Antifungals

The 23 chemically synthesized analogs of HT were tested for their
antifungal potential against A. nidulans, A. fumigatus, A. flavus,
C. albicans and Fusarium oxysporum, which are important fungal
pathogens of animals and/or plants. The rationale for choosing
A. nidulans was also based on its unique amenability as a
model system for genetic and functional analysis, rather than
its pathogenic profile, which would allow the investigation of
the molecular mechanisms underlying of the antifungal action
of HT analogs. All synthesized HT analogs were tested as
described in Materials and methods. We tested all analogs
on solid minimal media at physiological and optimal pH
ranges (5.5-6.8) and temperatures (25-37°C). The effect on
C. albicans was also recorded in liquid fresh cultures at their
logarithmic phase of growth. Importantly, similar results were
obtained at the different pH tested and on complete media or
minimal media. Notably, recorded apparent antifungal activities
were significantly higher at 37°C compared to 25°C (see also
later).

Figure 2 and Table 1 highlight our findings and reflects the
outcome obtained through at least three independent growth
tests that showed practically identical results. Nine HT analogs
(2,4,5,10, 11, 15, 16, 18 and 19), shown in Figure 3 had strong
antifungal activity against A. nidulans at 37°C, mostly evident
at 400 wM, and six of them (2, 5, 11, 15, 16 and 19) were also
very active at 25°C. Most of the same nine analogs also had
strong antifungal activity against other fungi tested, at 25°C and
37°C (Figure 2A, Table 1 and test not shown). In particular,
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