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MepiAnym Adaktopikng AlatpLpiig

Ot mporteiveg tov owoyeveldv NCS1 kot NCS2/NAT avikovv otnv katnyopio
cvppetapopiémv H/Na" kot coppetéyovy oty mpdoinyn Opentikdv GuoTaTiKdV,
onwg movpives, mupyudives, Prropiveg kKo oyeTk®V petafoittav. MEAN NG
owoyévelag NCS1 evroniovtat o€ Baktnpio, LOKNTES KoL QUTIKOVG OPYOVIGLOVG, EVD
™G NCS2/NAT oyedov og Oheg TIg LoppEG CmNG. XKOTOG TN GVYKEKPIUEVIG EPYOCIOG
elval 1 OOMIKN KOl AEITOLPYIKY] HEAETN HEADV TWV OV0 OVTAOV OIKOYEVEIDV GTOV
uoknto Aspergillus nidulans, évav opyaviopo-poviédo mov £xet ypnoipomoindei
EVPEMG OTN UEAETT) LETAPOPEWDY KO KVTTAPIKADV UNYOVIGLLOV.

H ovykexpuévn perétn yopiletar oe téocepa dlakpird ke@dioio to, omoio
agopovv: (i) T AELTOVPYIKY Kot SOUIKT] GVAADOT] TOL KVUPLOV UETOPOPEN TOVPIVMV
AzgA, (ii) To Aettovpykd yapoakmpiopd tov NCS2/NAT npwteivov tov Aspergillus
brasiliensis otov 4. nidulans, (iii) T Aettovpykn| Kot SopIKy avAAVOT TOL LETAPOPEN
novpwav/kutocivng FeyB, (iv) tn Aettovpytkn Kot SOUIKT) 0vAALGT TOL HETOPOPEQ.
ovpakiing FurD kot tn depedbvnon g Aettovpyiog ayvdoT®V opordywv g Fur
0KOYEVELNG. AVOAVTIKOTEPOL:

(i) O AzgA eivan 0 kVplog petapopéag vro&avlivng, adevivng Kot yovavivng
otov A. nidulans kot “1dpvTikd” pélog g owoyévelag AzgA ue péAn o Pokthpia,
poknteg kot utd. H owoyévela AzgA, av kot amotelel pion puAOYEVETIKG dtoKPLTH
owkoyévela, mpoPAénetar vo oyetiletar dopkd pe v owoyéveln NCS2/NAT. Baon
™G UEAETNG HOG omoTédese 1O Bempntikd poviélo tng doung tov AzgA, to omoio
YTioTKe HECHO HOVIEAOTMOINOMG  YPNOUOTOIOVTOS TNV  KPLOTOAAOOOUN  HLOG
NCS2/NAT mpoteivng, tov petagopéa ovpakiing UraA g Escherichia coli. Mg
Baon 10 BewpnTKd pHOVTEAO KOl VTOAOYICHOVG TPOGOECNG VLTOCTPOUATOV
evromicope apvoEéa, o onoio TPOPAETOVTOL VO, CAANAETIOPOVV LE TA PUGLOAOYIKA
VTOGTPAOMOTA TOV HeTaPopEa. Me o oelpd opBoroyIKA oxeSACUEVOV AUIVOEIKOV
OVTIKATOCTAGEWDV ONUIOVPYNCAUE GTEAEYT OV eEEPPALOV LETOALOYUEVES LOPPES TOV
AzgA 115 omoieg avalvoape Asttovpywd. H Aeitovpykn avdivon tov oteleydv
aVTOV TEPLEAAUPave dOKIHAGIEG AVATTVENG TOPOVGING VTOGTPOUATOV KOl TOSIKMV
AVOAOY®V, KIVNTIKEG UEAETEG HEC® TPOGANYNG KOl GVIOYMVICTIKNG OVOGTOANG TNG
TPOCANYNG  PASIOCNUOCUEVOD  VTOGTPAOUATOS, EVIOMIGUO TNG  LTOKLTTOPIKNG
Tomoloyiog onuacuévov  pe v mpdaown  @Bopilovca  mpwteivy  (GFP)
HETAALAYLAT®V, KOODS Kot avdAvon TS oTafepdTNTOS TOV LETOAAAYUEVOV LOPPDV
tov AzgA. Ta amoteAéopato 00NyNoAY GTNV OVOYVOPLON OUIVOEEDV OmapOiTTO®V
v 1 Aertovpyia tov AzgA, ta omoio evtomilovtor kuplwg oto dropepPpavikd
tunuata TMS3, TMS8 kot TMS10. Zvykekpuéva, to apwvoé&éa Asnl3l (TMS3),
Asp339 (TMS8) kot Glu394 (TMS10) npofiémovTot vo. aAANAETIdpoHY GUECH LE TO.
vrootpodpata, evd to Asp342 (TMSS8) mpoteivetar OtL eivon amapaitnto o1
petagopd twv vrootpoudtov. H avdivon pog emPefaidvel to Beopntikd dopikd
povtédo tov AzgA ko emmAéov emPePordvel 0Tt o1 owkoyéveleg AZgA Ko
NCS2/NAT eivar dopukd coyyeveig.

(i) To péin g NCS2/NAT owoyévelng o©TOLC HOKNTEG UTOPOLV va
YOPOTOLV Ge dV0 GVYYevelc KAAdOLG, ol omoiot opifovtol amd TOLG UETOPOPEIS
EavOivnc-ovpikov o&éog tov A. nidulans, UapA kot UapC. IIpdopateg pUAOYEVETIKEG



avaAveel, ovayvopisav pio dtakprr opdoa NCS2/NAT npoteivev 6g Teploptoévo
apOud pukntev, mov ovoudomkav UapD. Kabng kapia UapD mpmteivn dev €xet
YOPOKTNPIOTEL AEITOVPYIKA UHEYPL TMOPO, KAWVOTOUCUUE KOl EKQOPACOUE GTOV A.
nidulans éva yovidio tov 4. brasiliensis mov kwdwonoei pion UapD mpwteivn
(AbUapD). Emiong, exppdacape v UapC mpwteivn tov A. brasiliensis (AbUapC)
otov A. nidulans, g paptopa g etepdroyng éxepaonc. H mpoteivip AbUapC
omodeiyOnke, ommc avauevotay, ot dpa w¢ cvppetapopiac H'/EavBivng-ovpikon
o&éoc kot evromileTon otV TAAGHATIKY HEUPpavT. AvtiBeta, dev aviyvebOnke kapio
Aerrovpyio tov AbUapD oyetikn pe v petagopd movpvav-rupaudvey. Emmiéoy,
n mnpoteivn AbUapD, onuacpévn pe GFP, gvtomiotnke o010 TEPTUPNVIKO
EVOOMAOGHOTIKO OTKTVLO KOl GE YVUOTOMI, YOPUKTNPIOTIKO TPOTUTTO EANTTMUATIKA
omlouévav  mpoteivav. Télog, ywapwéc mpoteiveg UapA/AbUapD  emiong
evtomilovtal o€ avTioTOlEG ECMTEPIKES OOUES, VTTOSEIKVOOVTOG OTL 1] aAANAovyio TOV
UapD mepihappdvel otoryeio mov tpowbovv tnv, a priori, tpoteivikn anodounct. To
TapAd0E0 aVTO ATOTEAEGO TNG EEEMKTIKNG SUTPNONG ACTOODY WEDOO-UETAPOPEWY
Oo(OAMALETOL TEPOUTEP® GTNV TAPOVGA EPYACIOL.

(i) Zrovg poxknteg n NCS1 owoyévela meptiapPdaverl péAn mov yopiCovral og
dVo vroowkoyéveteg, TV Fey kot v Fur. O FcyB, 1o pévo yoapaxtmpiopévo pérog me
Fcy-vmoowkoyévelag otov A. nidulans, eivor petaeopéag vro&avOivnc-adevivne-
yovavivng Kot Kutooivng. Xpnotiponoudvtog 1o Oempntikd dopikd poviého tov FcyB
7OV XTIoTNKE e povielomoinon pe fdon tnv Kpuotailodour Tov petopopén BevivA-
voavtoivng Mhpl kot VToAoyIoTIKEG  doKIAGiEG TPOGOEONS VITOGTPOUATOV,
evtomicope oapvoééa mov TPoPAEmOVTAL VO OAANAETIOPOVV HE TO PUGLOAOYIKA
vrooTpOpote Tov FCyB. Me melpopatiky] TpocEyyion aviioToyn LE OLTHV TOL
akohovOnOnke otmv avdivon tov AZgA, KOTOOKELACOUE KOl YOPOKTNPICAUE
Aertovpywkd o ogpd FeyB  petodhaypdtov.  Avayvopicope opwvoééo  ota
SwpepPpavicd tunqpato TMS1, TMS3, TMS6 kot TMS8 1o onoio tpofAémovtal va
GUUUETEYOLV OTNV TPOGOEST N/KOL UETAPOPH TOV VTOCTPOUATOV, ALY KOl GTNV
e€e1dikevon tov FeyB. Tvykekpyéva, ta Ser85 (TMS1), Trpl59, Asnl63 (TMS3),
Trp259 (TMS6), Asn350, Asn351, Pro353, Asn354 (TMS8) cuuuetéyovv Gueca M
éupeco otV mpdcdEcT TOV VIOSTPOUAT®VY, eved To. ASnl63, Asn350, Asn351 kot
Asn354 kaBopilovv kot v e&edikevon Tov FCyB.

(iv) H vmoowoyévela Fur mepilapfaver 7 péin otov A. nidulans (Fur-A, -B, -
C, -D, -E, -F, -G), ek t0v omoiwv ta dVO €YoV YOPaKINPIOTEL MG UETAPOPEIS
aAravtoivng (FurA) kot ovpakiing (FurD). Araloipn tov vadrommy 5 fur yovidiov
deV amOKAAVYE KATOLo AEITOVPYIOL GYETIKN LE TNV UETOPOPE TOVPIVAV, TUPLUIOVDV,
aAlavToivng, | GAA@V oxeTikdv petafoittav. Yrepekppaoape ta fur-B, -C, -E, -F, -
G péom evog 1oyvpod LIOKIVNTA GLVEXOVS EKPPAUCNC, LE GKOTO TNV €0PECT KATOL0G
OYETIKNG HE avuTd Aertovpyiag. AoKipacieg avanTuENG TV otehey®v ov eEEQpalov
T1G VIEpeKPpacpéEveS FUr mpmteiveg, oe1&av ot ta FUrC, FurF xon FUrG etvon sidwcd
v S-pBopoovpaxiin, eved to FUrE yio addavtoivn, ovpikd o0&y, S-eBopoovpaxiin, 5-
@Bopokvtocivn Kot S-eBopoovpdivn. Aev aviyvedoape KovEvay QAvOTLTO TOV VO
oyetileton pe Asrtovpyia tov FUrB. Méocw mepapdtov mpdGANYNS VTOGTPOUATOG,
aviyvevdnke petpioyn mTpOSANYN PadOCUAGHEVNS oVPaKiAng povo Yo to FUrE.
[Tepartépm kvnTikn avédivon tov FUrE, £0e1&e 6T1 mpoodével e vynin cuyyéveln To
oVpKO 0&D KO He YOUNAN cLYYEVELR TNV OAAAVTOTVY Kot TNV OVPAKIAN. AvaAhovTog
ta Oempnrikd dopkd poviéda tov FUrA, FurD ko FUrE mov ytiotnkav pe Bdon v
KpvotaArodour; tov Mhpl, kou pe dedopévo amd  SOKIHAGIEG TPOGOEONG
VTOGTPOUATOV, EVIOTIGAUE opUvoEEa Tov mHAvVE EUTAEKOVTOL OTNV TPOGOEST TOV
VTOGTPOUATOV Kol Tov Kabopiopd e&edikevong tov Fur. T'a va emiPefordcovpe tig

10



TPOPAEYEIC  HOG, KOTOOKELAOOUE KOL OVOADGOUE AETOLPYIKA o GEPA
petoAlaypudtov oto FUrD kot to FUrE. H Asttovpyikn, avty], avdivon avoyvopioe
apwvo&éa oto dwpepPpavicd tpuqpotoe TMS1, TMS3, TMS6 kot TMS8 mov
oxetilovtoan pe N Aertovpyia M/xon v e€edikevon tov FurD n tov FurE.
Yvykekpipéva, too Asn54 (TMS1), Trpl30 (TMS3), Asn341l (TMSS8) deiyOnkav
amapoitnto yo. ™ Aettovpyio tov FurD, evod, ta Asn249 kar Tyr250 (TMS6)
delyOnke 6T kaBopilovv v e&edikevon tov FurD. Xto FurkE, ta Pro251 kou Lys252,
oV avTIeTOLYOVV pe To. ASN249 kot Tyr250 tov FurD, deiyOnkav 6t kabopilovv v
egedikevon, emPePoardvovtag ™ onuocioc tov TMS6 oty efedikevon TV
petapopéwv Fur. Téhog, evtomicape éva aptvo&y oto TMS10 (Met389), to omoio av
Kot 0gv givol PEPOG TOv KEVTIPOL TPAGOECTG VITOCTPOUATOV, Kabopilel 10 Tpopit
eEedikevone tov FurD. To edpnuo avtd ovvadel e TPOCEOTO OEGOUEVE TOV
TPOTEIVOVV OTL Ol HETAPOPELG EUTEPLEYOVY JVVOLIKE GTOLXEIDL TTOV AEITOLPYOVV MG
ereyyOUEVEG TOLEC £1GOO0V Kol 5600V TMV VITOCTPOUATOV.
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Ph.D. Thesis Summary

The NCS1 and NCS2/NAT families include proteins characterized as H*/Na’
symporters specific for the uptake of nutrients, such as purines, pyrimidines, vitamins
and related metabolites. The NCS1 family includes members in bacteria, fungi and
plants, whereas NCS2/NAT members are present in almost all domains of life. The
current study concerns the structural and functional analysis of proteins belonging in
NCS1 and NCS2 families in the fungus Aspergillus nidulans, a model-organism
widely used in studies related to transporters and cellular mechanisms.

This study is divided in four distinct chapters: (i) functional and structural
analysis of the major purine transporter AzgA, (ii) functional characterization of
Aspergillus brasiliensis NCS2/NAT proteins expressed in A. nidulans, (iii) functional
and structural analysis of the purine/cytosine transporter FcyB, (iv) functional and
structural analysis of the uracil transporter FurD and investigation of “orphan” Furs
function. In more detail:

(i) AzgA is the major hypoxanthine, adenine and guanine transporter in A.
nidulans and the founding member of the AzgA family, including members in
bacteria, fungi and plants. The AzgA family, although it forms a phylogenetically
distinct group, is predicted to be structurally related to the NCS2/NAT family. In fact,
our study was based on a theoretical model of the AzgA structure, built through
homology modelling on the crystal structure of a NCS2/NAT protein, namely the
Escherichia coli uracil transporter UraA. Based on the AzgA theoretical model and
substrate docking calculations, we identified amino acid residues predicted to interact
with the substrates. We performed a series of rationally designed amino acid
substitutions and functionally analyzed the strains expressing the mutant versions of
AzgA. The functional analysis of the strains included growth testing in the presence
of substrates and toxic analogues, kinetic studies through radiolabeled substrate
transport measurements and competitive inhibition assays, detection of the subcellular
topology of GFP-tagged versions of AzgA, and protein stability analysis of mutant
proteins. Our data identify residues critical for AzgA function, localized in
transmembrane segments TMS3, TMS8 and TMS10. Particularly, residues Asn131
(TMS3), Asp339 (TMS8) and Glu394 (TMS10) are predicted to interact directly with
substrates, while Asp342 (TMSB8) is necessary for substrate transport. Our analysis
confirmed the theoretical AzgA model and in addition suggests that AzgA and
NCS2/NAT families are structurally related.

(if) Fungal NCS2/NAT members can be classified in two very closely related
clades, those exemplified by the UapA and UapC uric acid-xanthine transporters of A.
nidulans. Recent phylogenetic analysis however, identified a clearly distinct NCS2/
NAT group, present only in a limited number of fungi, which we called UapD. As
none UapD member has been functionally characterized before, we cloned and
expressed in A. nidulans a gene encoding a UapD protein from A. brasiliensis
(AbUapD). As a control, we also expressed the A. brasiliensis UapC protein
(AbUapC) in A. nidulans. AbUapC proved, as expected, a H*/xanthine-uric acid
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symporter, localized in the plasma membrane. In contrast, no function related to
purine-pyrimidine transport was detected for AbUapD. Importantly, AbUapD tagged
with GFP localized in the perinuclear endoplasmic reticulum and vacuoles, a
characteristic picture related to partially misfolded proteins. In addition, chimeric
UapA/AbUapD proteins were, also, localized in similar internal structures, suggesting
that the UapD sequence includes ‘elements’ that trigger, a priori, protein turnover.
This unusual phenomenon of an apparently unstable pseudo-transporter, which is
however evolutionary conserved, is discussed further in the present Thesis.

(iii) Fungal NCS1 proteins are divided in two subfamilies, Fcy and Fur. FcyB,
the only characterized member of the Fcy-subfamily in A. nidulans, is a
hypoxanthine-adenine-guanine-cytosine transporter. Based on the FcyB theoretical
model, built through homology modeling on the crystal structure of the
Microbacterium liquefaciens benzyl-hydantoin transporter Mhpl, and substrate
docking calculations, we identified residues predicted to interact with substrates.
Following experimental approaches similar to those described for AzgA, we
constructed and functionally characterized a series of FcyB mutants. We identified
residues in transmembrane segments TMS1, TMS3, TMS6 and TMS8, which are
predicted to participate in transport function and specificity of FcyB. Specifically, we
obtained evidence that residues Ser85 (TMS1), Trpl59, Asnl63 (TMS3), Trp259
(TMS6), Asn350, Asn351, Pro353, Asn354 (TMSB8) participate directly or indirectly
in substrate binding, while Asn163, Asn350, Asn351 and Asn354 are critical for FcyB
substrate specificity.

(iv) The Fur subfamily includes 7 members in A. nidulans (Fur-A, -B, -C, -D, -
E, -F, -G), out of which two have been characterized as allantoin (FurA) or uracil
(FurD) transporters. Knock-out of the rest 5 fur genes did not reveal any function
related to transport of purines, pyrimidines, allantoin or relative compounds. We over-
expressed fur-B, -C, -E, -F, -G via a strong constitutive promoter, in order to detect
their putative function. Growth test analysis showed that FurC, FurF and FurG are
specific for 5-fluorouracil, whereas FurE is specific for allantoin, uric acid, 5-
fluorouracil, 5-fluorocytosine and 5-fluorouridine. We did not detect any phenotype
related to FurB function. Using direct uptake assays, measurable radiolabeled uracil
uptake was detected only in case of FurE. Further kinetic analysis of FurE showed it
has relatively high affinity for uric acid, but low affinity for allantoin and uracil.
Analysis of the theoretical structural models of FurD, FurA and FurE built, based on
the crystal structure of Mhpl, and the docking assays performed, in an effort to
identify the structural basis for their differences in substrate specificity, we identified
residues predicted to participate in substrate binding and also affecting the specificity
of Furs. To validate our predictions, we constructed and analyzed a series of relative
FurD or FurE mutants. Our functional analysis confirmed that residues in TMS1,
TMS3, TMS6 and TMS8 are related to the function or/and specificity of FurD or
FurE. Specifically, in FurD, residues Asn54 (TMS1), Trpl30 (TMS3), Asn341
(TMS8) were shown critical for function, whereas Asn249 and Tyr250 (TMS6)
determine substrate specificity. In FurkE, residues Pro251 and Lys252, corresponding
to Asn249 and Tyr250 of FurD, were shown to determine substrate selection,
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confirming the significance of TMS6 in Fur specificity. Importantly, we also
identified a residue in TMS10 (Met389), which determined the specificity profile of
FurD, even though it is not an element of the major substrate binding site. This
finding is in agreement with recent data supporting the novel concept stating that
transporters include dynamic channel-like gates, which control substrate selection.

15



16



Table of Contents

INTRODUGCTION ..ottt ba et e e estesbesaesbeasaesaeneeneenees 21
1.1 Transport proteins: transporters vs. Channels ... 21
1.2 Transport mechanism: the alternating access model ...........ccccceevevvevviiieiiece e, 24
1.3 Secondary active tranSPOITEIS. .......cueiieieiieieeie e e e ste e sae e sre e nreas 27

1.3.1 The Major Facilitator Superfamily (MFS).........cccoovoiiiieiiiie e 27
1.3.1.1 The MFS family ... 27
1.3.1.1.1 The CaSE OF LACY ....ooiiiiiiiieieeie ettt 28
1.3.2 The amino acid-polyamine-organoCation (APC) superfamily...........ccccccooveeen. 30
1.3.21  The NSS family......ccooioiiieiieiee e s 31
1.3.2.1.1 The Case Of LEUT ...uooiiiiicieiece ettt 31
1.3.2.2  The NCSL family .....coocoiiiiiiee e, 34
1.3.2.2.1 The case Of MNPL......cooiiiieiice e 34
1.3.2.3  The NAT/NCS2 family.....ccoceiiiiiiiiieiiiiceee e 37
1.3.2.3.1 The Case OF UT@A ..o 37

1.3.3 Common structural characteristics and evolutionary relationships among
EFANSPOITELS ... et 38
1.4 Protein turnover regulated by conformational changes............cccccvveiiiiiniiienienn 40
1.5 Gating mechanism and SpecificCity in tranSPOIErS. ........cocvvriererereniseseeeeeee e 41
1.6  Study of purine/pyrimidine transporters of the model fungus A. nidulans .............. 43
1.6.1 The genus Aspergillus & the model system A. nidulans ............ccccccoovvevvinennn, 43
1.6.2 The life cycle of A. NIAUIANS ..........coviiiiieee e 45
1.6.3  NCSL tranSPOITEIS ...cuvveeiiiee et eeiiee sttt et ssb e e e sbae e s nseeesneeeas 47
Evolutionary relationships in the NCS1 family ........ccccccoveiiiiiiiiiii e, 50
1.6.4 NAT/NCS2 tranSPOITEIS. ....c.eeeeeiiterieitieieeeeee ettt 51
Evolutionary relationships in the NAT family.........c.ccooiiiiiiiiniee, 53
1.6.5 AzgA, the founding member of a NAT subfamily .........cccooiiiiiiiiiiiiiee, 56
1.7 Goals and purposes of thiS STUAY ..........ccoouiiriiiiieere e 57

MATERIALS AND METHODS .......cci ittt 59
0 S 1 - | S SRR 59
2.2 Growth media and growth conditions ...........ccccccveiiiieii e 66
2.3 Genetic crossing of A. nidulans Strains ...........cccceeveieeie e 67
2.4 DNA extraction from A. nidulans and A. brasiliensiS..........cccocvevvvienieeneseneeneene 67
2.5 Plasmid DNA extraction from E. COli ........cccooveiiiiiiiiieii e 68
2.6 PCR, Site Directed Mutagenesis and Oligonucleotides ...........ccovvvveiiiiienieiiennenn 69
2.7  AQarose gel leCtrOPNOrESIS. ... ....uiiiiiiiieieie e 72
2.8 Plasmids and plasmid CONStIUCTIONS .........cccueiiieiiiiii e 74
2.9 Preparation of E. coli competent CellS........ccooveiiiiiiiiie i 81
2.10 Transformation of E. coli competent Cells .........cccooviiiiiiiiiiici e 82
2.11 Transformation of A. NIAUIANS. ..o 82
2.12 Southern blot of genomiC DINA........oi i 83
2.13 Total RNA extraction from A. NIAUIANS .........ccocveiiiienice e 86

17



2.14 Northern BIot OF tO1al RNA ... ..ot 86

2.15 Protein extraction from A. NIAUIANS...........cooeriiiiiiiie e 87
2.15.1 Total protein eXIraCtioN..........ccccviieiiee e 87
2.15.2 Membrane enriched protein extraCtion ............c.ccoovvveieieienenese e, 88

2.16 Protein electrophoresis and Western blot............cccooviiiiiiiiiicic e 88

2.17 UPLAKE BSSAYS ....veveeiieiieieitest ettt bbb 91

2.18 IMICrOSCOPIC ANAIYSIS ....veuvieitiieciieeiee et 92

RESULTS .ttt bbbt bbb et e bbb bbbt b e e e 95

3.1 Functional analysis of the purine transporter AZQA.........cccoovevveveiieseeie e 95
3.1.1 Homology modelling, substrate docking and molecular dynamics of AzgA ....95
3.1.2 Mutational analysis OF AZGA ......cooi e 98
3.1.3 Phenotypic analysis of AZGA MUIANTS ..........cccoreriiinieieee s 100
3.1.4 AzgA localization and protein stability ... 101
3.1.5 Kinetic analysis of AZGA MULANTS ..........cccoreiiiinininieee s 102

3.2 Characterization of two A. brasiliensis NAT homologues............ccccocevveiieieennenn, 106
3.2.1 Heterologous expression and functional characterization of AbUapC and

ADUABPD ... bbbttt e e 106
3.2.2  Kinetic characterization of ADUAPC...........ccovviiiiieii e 107
3.2.3 Construction of chimeric AbUapD Proteins .........ccocevevereneienineneseeeeens 108

3.3 Functional analysis of the purine/cytosine transporter FCyB ...........ccccoovvvvieinenn. 112
3.3.1 Homology modelling and substrate docking in FCyB............cccccvevviivniviinnnn, 112
3.3.2 Rational design of FCYB MULANTS.........cccooiiiiiiiriineeeeese s 115
3.3.3 Functional analysis of the FCYB MUEaNtS...........ccocevvrieiiieie e 118
3.3.4 Kinetic analysis of FCYB MUtants ............cccccoviiieiicie e 121
3.3.5 Design of FcyB-specific novel inhibitors ..., 123

3.4 Characterization of the orphan Fur proteins and functional analysis of FurD and

FUTE ettt h et b et h bt b e e s bt et e e et nne e ereenre s 125
3.4.1 Over-expression of the orphan FUIS...........cocooiiiiiiiiicice s 125
3.4.2 Construction and analysis of multiple fur deleted strains............c.cccceevvvennne. 126
3.4.3 FUrE KINEtiC Profile ........ccoiiiiiiiiece e 128
3.4.4  Transcriptional profile of FUIE ... 129
3.4.5 Fur protein localization and Stability .............cccceeeiiieiiiie i 130
3.4.6 FurB and AbFurB2 subcellular localization ............ccccceveveiiiiiininiece 131
3.4.7 Homology modeling, molecular dynamics and substrate docking for FurA,

FUID N0 FUIE ...ttt sttt 133
3.4.8 Mutational analysis of FUrD and FUTE............cccoiiiiiiiiei e 137
3.4.9 Functional analysis of the FurD and FUFE mutants ...........ccccccoeevienneieninnnnnn 139
3.4.10 Kinetic analysis of FUID MULANTS .........ccooeieiiiinininieeee e 141
3.4.11 Kinetic analysis of FUIE MUIANTS.........cccooiiiiiiiiiieee e 142
3.4.12 A putative selective gate in FUID...........ccov i 143

DISCUSSION ...ttt ettt sttt e s s e s et ebesbesbesbeabeaneeneeneenes 149
4.1  An evolutionary perspective of fungal nucleobase transporters.............cccceevernnnnn 149

18



4.2 The cryptic physiological function of FUIS ........cccccevviiiiei e 153
4.3  Structural determinants of the function and specificity of NAT/NCS2 and NCS1

PIOTEINS ...ttt ettt ettt et s b e e e s te et e e st e s te et e ese e s be e aeeseeebeenbeaneesraenteaneenreenteaneenneas 154
4.3.1 AzgA-like proteins acquire an NCS2-like Structure ..........cccocevevveneenesinnnn, 155
4.3.2 Fcy and Fur transporters differ in substrate specificity elements .................... 157

4.4  Transporter gating elements as channel-like selectivity filters ............c.ccoceenen 160
4.5 Could transporter studies lead to rational design of more effective drugs? ........... 161
REFERENGCES ..ottt bbbttt bbb 163
APPENDIX: CURRICULUM VITAE AND PUBLICATIONS ......cccocoiviiinicicieen, 177

19



20



Introduction

1.1 Transport proteins: transporters vs. channels

The purpose of this Ph.D. thesis is the study of purine/pyrimidine transporters of the
model fungus Aspergillus nidulans in respect to their structural, transport and
specificity properties. An extensive delineation concerning transport proteins, as well
as their structure and transport mechanism follows, in order to introduce the reader to
the subject and to outline the state of the art in the field of transporters.

Various nutrient molecules, ions and water are necessary for the development
and proper function of the cells. Membranes are totally impermeable to ions and polar
molecules, surrounding like a natural barrier all cells and cellular organelles. The only
molecules permeating the plasma membrane, albeit at low rates, are lipid-soluble
molecules such as steroids, O,, CO, and some very small polar molecules such as
water, ethanol and glycerol. Specific transmembrane proteins have evolved in order to
mediate the movement of molecules and ions necessary for the cells (Garrett and
Grisham, 2012). Two great categories of transmembrane transport proteins exist:
transporters (also known as permeases or carriers) and channels. Both categories
share several features, such as specificity or selectivity, compact secondary structure
built mostly by several a-helices and elements that regulate their topology and
function, but also have major differences in their mechanism of function. Transport
systems may be passive or active. Passive transport does not require direct energy
expenditure and utilizes the concentration gradients of substrates. Active transport
requires energy coupling that can be an ATP hydrolysis or ion movement in order to
transport a compound against its concentration gradient. All transport processes are
summarized in Figure 1.
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Figure 1. Summary of membrane transport processes. All kinds of transport processes and transport
proteins are shown. Channels mediate passive diffusion, while transporters (carriers or pumps) mediate
facilitated diffusion and active transport. Active transport can be divided in primary transport that is
coupled to binding and hydrolysis of ATP and secondary transport that is coupled to ion movement on
the same (symport) or opposite (antiport) direction. Blue arrows indicate the concentration gradient of
the transported molecule. The Figure is adapted by http://www.physiologyweb.com/.

Channels are proteins that function as monomers or homo-oligomers and
facilitate the passive diffusion of ions or small molecules (e.g. water or acetylcholine)
downstream their concentration (from a high concentration to a lower) or down an
electrochemical concentration; thus little energetic interaction between the channel
and the transported molecule is required. The passive translocation of ions in the pore
leads to an ion flux approximating a rate of 10°-10 ions/sec, one of the major
characteristics that a transporter lacks. Channels are not “holes” in the membrane but
are highly selective for their substrates; their selectivity is achieved by the existence
of filters (selectivity filters), which are composed of residues, specific for the
molecules transported through the channel (Moran et al. 2015, and references therein).
A constantly accessible channel would lead to massive uncontrolled movements of
ions and other molecules with catastrophic consequences for the cell. Specific gating
elements exist most often at both sides of the membrane, which control the
accessibility to the selectivity filters and thus to the channel pore (Figure 2). Both
gates can be open simultaneously, which contrasts the situation in transporters, where
gates open alternatively (Gadsby, 2009; and references therein). The external signals

22



responsible for the change between an open and a closed state of the gates include
changes in transmembrane voltage, binding of ligands or mechanical stress. Recently,
cases of ion channels have been reported that also possess an additional “hydrophobic
gating” that is tuneable to local changes in the diameter and/or hydrophilicity of the
channel pore due to liquid-vapour transitions of water within the pore (Aryal et al.
2015, and references therein).

Transporters are proteins that can mediate substrate transport downstream its
concentration, called facilitators, or active transport of molecules upstream their
concentration (from low concentration to higher) and thus their function is energy-
coupled, known as active transporters. Based on the kind of transport-coupled energy,
an active transporter can be categorized as a primary or a secondary active
transporter. Facilitators (also known as uniporters) transport a substrate downstream
its electrochemical gradient without a coupled energy release, but contrasting with
channels, they bind their substrate and undergo conformational changes in order to
transport it (Figure 2). Primary active transport is succeeded by direct coupling of the
transported molecule to the binding and hydrolysis of ATP, while in secondary active
transport the movement of one molecule against its electrochemical gradient is
coupled to the movement of another molecule (usually ion) down its electrochemical
gradient. This mechanism works for molecules moving the same direction (symport)
or the opposite (antiport). The mechanism underlying transporter function seems to be
more complex compared with that of a channel and requires larger conformational
changes from an open to a closed (occluded) state. A plethora of genetic data from our
laboratory and recent structural evidence from other groups has shown that
transporters also have gates. It seems that two gates at both sides of the membrane are
necessary in order to sequentially control the access and release of substrates to and
from a major, centrally located, substrate binding site. This mechanism results in a
much slower transport rate of about 10%-10° molecules/sec compared with the
“current”-like transport rate of channels (Dubyak 2004; and references therein). Up to
recently, specificity in transporters was generally thought to depend solely on the
topological fitness and the strength of interactions of substrates with specific residues,
when present in a major, freely accessible, binding pocket (le Coutre and Kaback,
2000). Recently however, this long lasting dogma has been challenged, mostly from
our laboratory, with the discovery of mutations in transporter gating domains that
could also lead to major specificity modifications (Diallinas, 2014). This novel
concept underlies a large part of the work reported in the current Ph.D. thesis.
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Figure 2. Transporter vs. channel. Schematic representation of a transporter and a channel,
highlighting their major differences. A transporter undergoes conformational changes in order to
transport a substrate from one side of the membrane to the other, while a channel includes a pore that is
controlled by gates (red-colored), which when they are open, molecules can move like a current
through the pore from both sides depending on their concentration gradient. The Figure is adapted from
(Shi, 2013).

Transporters and channels are involved in a large number of physiological
processes of organisms: nutrition, homeostasis, signalling, neurotransmission,
detoxification, cell migration and polarity. It is not, thus, surprising that their
malfunction is associated with many diseases: cystic fibrosis, neurodegeneration,
diabetes, stroke, metastasis in cancer etc. In addition, transporters are related to
phenomena of drug or antibiotic resistance, both as gateways of efflux proteins. Over
the years many drugs have been used to target transport proteins (e.g. drug efflux
proteins in bacteria and cancer cells), most of them selected through massive
screenings. On the other hand, no effort has been made to rationally design or screen
highly specific drugs based on knowledge coming from the comparative study of
transporters that could target transport proteins implicated in diseases or are present in
pathogens (Diallinas, 2014).

1.2 Transport mechanism: the alternating access model

The predominant model concerning the function mechanism of transporters is the
alternating access model. The first description of this kind of mechanism was by
Jardetzky (1966), who suggested an allosteric rearrangement of the transporting
protein that mediates the translocation of a molecule towards a specific direction, and
not by ordinary diffusion. He also predicted the existence of a cavity that is
alternatively accessible from either side of the membrane, acquiring different binding
and release affinities depending on the conformational state. This idea was born to
describe the Na*/K™ transporter function mechanism, but has been generalised to other
transport processes that constitute the alternating access model.

A general description of this model includes distinct conformational stages
that a transporter acquires in order to perform a complete transport cycle. This
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hypothesis predicts that the transporter is accessible to the periplasmic side of the
membrane (outward open) in order to upload the substrate, passes through an
intermediate state inaccessible or closed at either side (occluded) and then the
transporter releases the substrate in the cytoplasmic side of the membrane (inward
open). The inverse cycle is needed for the transporter to return to its original outward
open conformation. Thus at least three distinct states exist that include large
conformational changes of the transporter.

Based on the protein structures and biochemical data available, three distinct
mechanisms have been described that fall within the alternating model:
Q) the rocker-switch mechanism (Figure 3a): The substrate binding site of the
protein, located in the middle, is exposed on one side of the membrane (e.g. the
periplasm), the substrate binds in the binding site and then with a hinge or rocker-
switch like movement around the region of the binding site the protein opens towards
the other side of the membrane (e.g. the cytoplasm) while simultaneously closing the
previously open side of the protein. This mechanism is mostly proposed for the MFS
(Major Facilitator Superfamily) family based on the crystal structures available in
different conformations for 15 MFS proteins (see below). Although the rocker-switch
mechanism in its strict definition proposes only two conformations, outward-open and
inward-open, recent data predict the existence of an intermediate occluded
conformation, closed in both sides, that is acquired while in the transition of the two
alternate open conformations (see also later).
(i) the gated pore mechanism (Figure 3b): The substrate binding site is located
in the middle, similarly to the previous mechanism, but the access to the binding site
is controlled by two gates, one outer (periplasmic side) and one inner (cytoplasmic
side). The outer gate opens and one (in case of antiporters) or two (in case of
symporters) substrates bind in the binding site cavity. Then, the outer gate closes
triggering the opening of the inner gate, in order the substrate or substrates to be
released in the cytoplasm. An occluded intermediate conformation has been captured
in several crystal structures facing either outward or inward. The opening of the two
gates occurs alternately and not at the same time, one must close in order for the other
to open. The molecular mechanism that underlies the gating process seems to vary
among proteins and has not yet been studied in detail. The movement of flexible
helices is predicted to trigger the rigid movement of a bundle of helices and their
coordination regulates the opening and the closure of the gates. Members of different
families with similar or relatively similar folds are predicted to use this transport
mechanism, such as members of the APC (Amino acid-Polyamine-Cation), NCS1
(Nucleobase Cation Symporter 1), and NAT/NCS2 (Nucleobase Ascorbate
Transporter/Nucleobase Cation Symporter 2) families (see below).
(iii)  the modified “moving-carrier” mechanism (Figure 3c): The “moving-carrier”
model was first proposed by Widdas (1952) to describe the placental glucose transfer
in sheep, and describes the transport process as a moving protein that carries glucose
from one side of the membrane to the other. Later on, this mechanism was extended
to constitute the alternating access mechanism. The crystal structures of an
aspartate:Na® symporter, Gltp,, of the EAAT (Excitatory Amino Acid Transporter)
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family from Pyrococcus horikoshii (Boudker et al., 2007; Yernool et al., 2004) predict
a transport mechanism similar to what Widdas had described. In particular,
contrasting with the first two mechanisms described herein, where substrate remains
during the whole transport process at the same cavity where it was originally bound,
in the mechanism predicted for Gltp, the substrate binds onto a protein domain that
moves along with the substrate during the transport cycle. The moving (transport)
domain retains the same conformation and slides along the rest protein in order to
obtain/release the substrate at either side of the membrane. Similarly to the gated
mechanism, two gates regulate the opening of the binding cavity and occluded
positions of the “moving” protein are intermediate between the open conformations.
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Figure 3. Diagrammatic representation of three distinct models of the alternating access
mechanism of transport. (a) The rocker-switch mechanism: The substrate binds in a cavity within the
protein. Opening of the protein towards the cytoplasm occurs with the simultaneous closure towards
the periplasm with a hinge-like movement. (b) The gated pore mechanism: Opening of the outer gate
allows the binding of the substrate, closure of the outer gate creates an occluded intermediate with the
binding site inaccessible from both sides. The occluded state is followed by the opening of the inner
gate and the release of the substrate to the cytoplasm. (¢) The modified moving-carrier mechanism: The
substrate binds on the transport domain when the outer gate is open. Closure of the outer gate is
followed by movement of the transport domain in respect to the scaffold domain. The cycle is
completed with the opening of the inner gate and release of the substrate in the cytoplasm. The models
depict transport of a substrate from the periplasm towards the cytoplasm; the same mechanism applies
vice versa. The Figure is adapted from (Slotboom, 2014).

The mechanisms described above are deduced from extant experimental data,
but it does not follow that all transporters function through one of these mechanisms.
On the contrary, some proteins might express characteristics of more than one of the
above mechanisms, or even function through a completely different transport cycle.
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1.3 Secondary active transporters

This category includes proteins that catalyze transport of a substrate upstream its
concentration gradient by coupling the transport process with an energy force other
than ATP or similar compound hydrolysis, as mentioned earlier. This subclass
includes 123 protein families according to www.tcdb.org (Saier et al., 2014); these
families are categorized in superfamilies by the same classification system. The two
largest superfamilies are: the Major Facilitator Superfamily (MFS) and the Amino
acid-Polyamine-organoCation (APC) superfamily.

1.3.1 The Major Facilitator Superfamily (MFS)

The MFS is the largest known superfamily of secondary transporters found in the
biosphere ubiquitously in all organisms. According to www.tcdb.org, the MFS
superfamily includes eight families among which are: the “canonical” MFS family,
from which the superfamily was named after, the Glycoside-Pentoside-
Hexuronide:Cation symporter (GPH), ATP:ADP Antiporter (AAA) family, with the
MFES family the one with the most characterized members (Saier et al., 2014).

1.3.1.1 The MFS family

The MFS is an evolutionarily old, large and diverse family present in all domains of
life, consists of 82 subfamilies, 17 of them without any functionally characterized
members. It includes more than 10,000 sequenced members, specific for: sugars,
polyols, drugs, neurotransmitters, Krebs cycle metabolites, amino acid peptides,
osmolites, siderophores, iron-siderophores, nucleosides, organic and inorganic anions
(www.tcdb.org). Most proteins consist of 400-600 amino acid residues which form 12,
14 or 24 putative transmembrane a-helical segments (www.tcdb.org). All known MFS
transporters appear to function as monomers, although they can be isolated as homo-
oligomers. The functional role of oligomerization, if any, remains unknown although
some evidence exists that in eukaryotes it might be related to subcellular trafficking
and turnover (Martzoukou et al., 2015).

The structures of several MFS transporters have been elucidated as shown in
Table 1. It is apparent that the last 3 years a boom of crystal structures has occurred,
in particular 47 different structures of the MFS are available in www.rcsb.org on July
2015, and many of them concern different conformations of the same protein.

The core MFS fold, as shown by the crystal structures, contains 12 TMSs,
which are organized into N- and C-domains that consist of 6 TMSs each. The two
domains are related to each other by a pseudo-twofold symmetry axis that is
perpendicular to the membrane. Each domain comprises a pair of inverted structural
repeats, TMSs 1-3 and TMSs 4-6 in the N-domain, and TMSs 7-9 and TMSs 10-12 in
the C-domain. The two repeats within each domain are intertwined to form two tightly
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packed three-helix bundles. Occasionally, some MFS transporters may contain extra
TMSs additional to the core MFS fold that participate in stabilizing the overall
structure. Studies concerning the origin of the MFS topology support that the probable
origin of the 6-TMS unit involved triplication of a 2-TMS hairpin structure (Reddy et
al., 2012). Although the mechanism of transport of the MFS proteins has been
proposed to be the rocker-switch model, intermediate occluded structures have also
been obtained, casting some doubt on this issue (see also below).

Table 1. Available crystal structures of MFS proteins as in July 2015.

Transporter

Substrate

Organism

Reference

(Abramson et al., 2003;

LacY lactose:H™ symporter E. coli Guan et al., 2007)
glycerol-3-phosphate: .
GlpT phosphate antiporter E. coli (Huang et al., 2003)
EmrD multidrug:H" antiporter E. coli (Yinetal., 2006)
FucP L-fucose:H" symporter E. coli (Dang et al., 2010)
" Shewanella
PepTs, Peptide:H" symporter oneidensis (Newstead et al., 2011)
s Streptococcus
PepTsy Peptide:H" symporter thermophilus (Solcan et al., 2012)
YbgH Peptide:H" symporter E. coli (Zhao et al., 2014)
) gt - (Quistgaard et al., 2013;
XylE D-xylose:H™ symporter E. coli Sun et al., 2012)
Glutl glucose facilitator Homo sapiens (Deng et al., 2014)
S Arabidopsis
NRT1.1 dual affinity nitrate transporter thaliana (Sun et al., 2014)
- + Salmonella
MelB melibiose/Na” symporter typhimurium (Ethayathulla et al., 2014)
. - . (Zheng et al., 2013)
NarK nitrate/nitrite exchanger E. coli (Fukuda et al., 2015)
NarU nitrate transporter E. coli (Yan etal., 2013)
PiPT phosphate transporter Piriformospora (Pedersen et al., 2013)

indica

glucose/H* symporter

Staphylococcus
epidermidis

(lancu et al., 2013)

1.3.1.1.1 The case of LacY

The lactose permease of E. coli, LacY, catalyzes the symport of galactoside:H" and is
the most extensively studied member of the MFS (Smirnova et al., 2011). All 417
amino-acyl side chains have been mutated and functional analysis revealed that only
about ten side chains are irreplaceable for transport function. Even though studies on
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LacY had started in the 70s the first crystal structure was released three decades later
(Abramson et al., 2003). Today, there are six different crystals for LacY of wild type
and mutant proteins, caught in three different conformations: inward open (Abramson
et al., 2003; Guan et al., 2007; Mirza et al., 2006), inward partially occluded (Chaptal
etal., 2011) and outward almost occluded (Kumar et al., 2014).

60A

27A

Periplasm

Figure 4. The structure of LacY in inward open conformation bound with substrate. (A) Side
view of LacY. (B) Bottom view of LacY from the cytoplasmic side. (C) N- (yellow) and C-terminal
(tan) bundles of LacY. The bound substrate (TDG: b-D-galactopyranosyl 1-thio-b, D-
galactopyranoside) is represented with black spheres. The grey shaded area represents the membrane.
The Figure is adapted from (Kaback, 2015; Kaback et al., 2011).

The structure of LacY, similar to other MFS transporters, consists of twelve
TMSs mostly a-helical, organized into two pseudo-symmetrical six-helix bundles, the
N- and the C-terminal bundles (Figure 4). The sugar and H* binding sites are located
almost in the middle of the protein at the apex of the hydrophilic cavity. The residues
participating in the sugar binding are mostly located in the N-terminal bundle, while
the ones for the H" binding in the C-terminal (Smirnova et al., 2011). The first crystal
structures released for LacY in an inward facing conformation and the structures
available from other MFS proteins in an outward facing conformation were used in
computational experiments to predict the outward facing conformation, as well as, the
transition from the one to the other through an occluded state (Stelzl et al., 2014). A
partially occluded state was also captured in the latest released crystal structure of
LacY (Chaptal et al., 2011; Kumar et al., 2014) indicating that an occluded
intermediate state is present in the transport mechanism of LacY. Interestingly, the
existence of flexible gates similar to the ones proposed for the gated model of
transport has been predicted computationally, challenging the strict rocker-switch
model that involves only rigid body movements (Stelzl et al., 2014).
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Figure 5. The transport cycle of LacY. The outward facing protein is protonated (1). The substrate
binds in the binding site (2). Conformational changes lead to an intermediate occluded state (3) and
then an inward open conformation (4). Substrate dissociates towards the cytoplasm (5) and then LacY
deprotonates (6). Conformational changes lead to the initial state of the protein facing the periplasmic
side of the membrane (7-8). The Figure is adapted from (Kaback, 2015).

Based on biochemical and structural data, a six-step kinetic model has been
proposed for LacY (Figure 5): (1) protonation of LacY, (2) substrate binding, (3-4)
global conformational change resulting in an inward open conformation bound with
the H" and the substrate, (5) dissociation of the substrate, (6) deprotonation of LacY,
(7-8) a conformational change allowing substrate and proton binding sites to become
accessible to the outer side of the membrane (Madej et al. 2012, Kaback 2015; and
references therein). During these steps a periplasmic/cytoplasmic pathway opens with
simultaneous closing of the inward/outward-facing cavity resulting to a sugar-binding
side alternatively accessible to either side of the membrane (rocker-switch model of
transport). Biochemical studies have shown that the closing of the cytoplasmic cavity
in LacY is reciprocally related to opening of the periplasmic cavity (Smirnova et al.,
2014). Observations have led to the prediction of a chemiosmotic coupling of
lactose/H" symport (Kaback, 2015). Symport in the absence or presence of an
electrochemical gradient of H" is the same overall reaction. It appears that sugar
binding and dissociation, and not the electrochemical gradient of H*, are the driving
force for alternating access. This model resembles that of an enzyme, as an induced fit
state causes the transition to an occluded intermediate (Kaback, 2015). The necessary
energy is actually released by the dissociation of the sugar, while the H*
electrochemical gradient controls the rate of the transport process (Kaback, 2015).

1.3.2 The amino acid-polyamine-organoCation (APC) superfamily
The APC superfamily is the second largest superfamily of secondary carriers

currently known. Members of the APC superfamily are present in all domains of life.
Currently 13 families are categorized in this superfamily, with members specific for
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nucleobases, amino acids, metal ions, purines, pyrimidines, vitamins, peptides etc
(Vastermark et al., 2014). Some of the families included in this superfamily are: the
sensu  stricto  Amino  acid-Polyamine-Organocation ~ Family (APC), the
Nucleobase:Cation Symporter family 1 (NCS1), the Nucleobase Ascorbate
Transporter/Nucleobase: Cation Symporter family 2 (NAT/NCS2), the Sulphate
Permease family (SulP) and the Neurotransmitter:Sodium Symporter family (NSS).
This superfamily includes a large number of crystal structures from members
belonging to different families. Most members exhibit a common 5+5 topology, but
two families (SulP and NCS2) have a 7+7 topology (Vastermark et al., 2014).

1.3.2.1 The NSS family

The NSS (Neurotransmitter:Sodium Symporter) family has members present in all
domains of life and are specific for neurotransmitters, amino acids (glycine and
GABA), osmolytes, monoamines (serotonin, dopamine and norepinephrine) and
related nitrogenous substances (www.tcdb.org). Most proteins support Na* and in
some cases CI” or K* symport. NSS members participate in neurotransmission and
their malfunction is associated with neurological diseases. NSS transporters are
targets for psychostimulants, anti-depressants and other drugs. One of the most
important members of the family is LeuT, a bacterial amino acid symporter with
several crystallographic and biochemical data available. LeuT is in fact the
paradigmatic model of the APC superfamily with several crystal structures available,
which not only established a common fold for the APC members, but also provided
important details on the mechanism of substrate binding and transport.

1.3.2.1.1 The case of LeuT

LeuT is a Na'-coupled, non-polar amino acid symporter from the bacterium Aquifex
aeolicus. Although, it was named after leucine (Leu), LeuT is specific for several
aliphatic/aromatic amino acids, including Gly, Ala, Met and Tyr, and can also bind,
but not transport, Trp (Singh and Pal 2015; and references therein). The first crystal
structure of LeuT (Yamashita et al., 2005) revealed that the protein comprises 12
mostly a-helical TMSs. The core domain of TMS1-10 is organized into two inverted
structural repeats, each containing 5 consecutive TMSs. The two repeats are related
by an antiparallel pseudo twofold in the membrane plane (Figure 6). The first TMSs
of each repeat (TMS1 and 6) consist of two short a-helical segments connected with
an unwound segment in the middle. The binding sites of the two Na* ions and the
amino acid substrate are located between TMSs 1, 3, 6 and 8.
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Cytosolic

Figure 6. The LeuT crystal structure. (A) Side view of LeuT structure in an outward occluded
conformation bound with substrate (Leu). Transmembrane segments (TMSs) are depicted with colored
cylinders. (B) LeuT topology representation. Leu and two sodium ions (purple circles) are shown in the
binding site. Faint triangles illustrate the component helices of the 5+5 inverted repeat, each pair of
which is shown in the same colour. The membrane boundaries are shown with black lines. The Figure
is adapted from (Singh, 2014; Singh and Pal, 2015).

Several crystal structures in different conformational states are available for
LeuT: outward occluded (Piscitelli and Gouaux, 2012; Yamashita et al., 2005),
outward occluded with an inhibitor bound on the external gate (Zhou et al., 2007),
outward open trapped with Trp (Singh et al., 2008), outward open and inward open
(Krishnamurthy and Gouaux, 2012). The LeuT fold has been also observed for
members of the APC family (AdiC, ApcT and GadC), the betaine/carnitine/choline
transporter family (BCCT) (BetP and CaiT), the NCS1 family (Mhp1) and the solute-
sodium symporter family (SSS) (vSGLT) (Shi 2013; and references therein).

The transport mechanism predicted by the available structures of LeuT
(Figure 7) and LeuT-fold proteins is the gated pore model of the alternating access
mechanism. Initially the transporter is open to the periplasm with its binding site
accessible, successive binding of the substrates from the outer gate towards the main
binding site is predicted (Celik et al., 2008; Shi et al., 2008). Crystal structures of a
mutant that can transport Trp (a competitive inhibitor for LeuT) (Piscitelli and
Gouaux, 2012) revealed that the transition from the outward open to the occluded
state is feasible only when the ligand is properly bound in the binding cavity. The
transition involves movement of TMS1b and 6a towards TMS3 and 10 (Figure 7A
and B), which is inhibited by the “wrong” substrate due to steric clash effects; e.qg.
LeuT bound with a Trp is locked in the outward open state (Figure 7F) (Singh et al.,
2008). The conformational transition from the outward-occluded to the inward-open
state is achieved by multiple adjustments in individual TMSs, including bending of
TMS2 and 7 and independent movements of TMSla and 6b (Figure 7B-D)
(Krishnamurthy and Gouaux, 2012). Our knowledge of the transport mechanism has
been perfected by the acquisition of an inward open structure for LeuT
(Krishnamurthy and Gouaux, 2012). In particular, changes in the substrate/ion
binding sites are predicted to be coupled with large structural changes that
simultaneously open the inner gate and close the outer one. This is indicated by the
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cascade of TMS movements, initiated by TMS1a and 5, which cause movement of
TMS7 and 1b and finally close the outer gate. This sequence of events, implies that
the two gates are linked, ensuring that one gate cannot open unless the other is closed.
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C (substrate-/
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Figure 7. Transport mechanism of LeuT based on crystal structures and Kkinetic data. TMSs
participating in the conformational changes are shown, while TMS5 is not shown for clarity. Amino
acid residues participating in substrate binding are also shown. (A) Substrate binds in the ion bound
outward open conformation. (B) Movement of TMSs 1b and 6a lead to the outward occluded
conformation. An inward occluded state (C) mediates the opening of the inner gate (D), which is
mediated by movement of TMSs 1a, 2, 6b and 7. The substrate and ions are released in the cytoplasm
and the protein returns to an outward open conformation (E) becoming accessible to the periplasm. The
structure of the locked outward open conformation bound with a competitive inhibitor (Trp) is also
shown (F). The Figure is adapted from (Singh and Pal, 2015).
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1.3.2.2 The NCS1 family

The NCS1 (Nucleobase Cation Symporter 1) family includes members from archaea,
bacteria, fungi and plants and are specific for the uptake of purines, pyrimidines,
vitamins and related metabolites (www.tcdb.org). NCS1 proteins are usually 419-635
amino acyl residues long and possess twelve putative a-helical TMSs (www.tcdb.org).
Several members of the family have been functionally characterized, including
eukaryotic members from Saccharomyces cerevisiae, A. nidulans, Candida albicans,
A. fumigatus and Arabidopsis thaliana. The only crystal structure available from this
family is the benzyl-hydantoin transporter Mhpl from Microbacterium liquefaciens.

1.3.2.2.1 The case of Mhpl1

Mhpl is a Na® symporter specific for 5-aryl substituted hydantoins from the
bacterium M. liquefaciens (Simmons et al., 2014). Mhp1 is the only member of the
NCS1 family with a crystal structure solved (Weyand et al., 2008) and the only one
captured throughout a complete transport cycle: outward open (Weyand et al., 2008),
outward occluded (Weyand et al., 2008) and inward open (Shimamura et al., 2010),
thus providing important clues on the mechanism underlying transport catalysis.

Mhpl is structurally similar to LeuT and other members of the APC
superfamily, such as vSGLT, even though they share a rather low identity on the
protein sequence level (15-16%) (Weyand et al., 2008). The structure, shown in
Figure 8, consists of 12 TMSs mostly a-helical. The first ten constitute the conserved
motif of the LeuT-fold, where TMSs 1-5 and 6-10 are related by a pseudo two-fold
axis along the plane of the membrane. The a-helical structure of TMS 1 and 6 appear
to be disrupted by an unwound segment in the middle, similarly to LeuT. The
structure could be divided in two domains, the four-helix-bundle (TMSs 1, 2, 6 and 7)
and the hash motif (TMSs 3, 4, 8 and 9) (Shimamura et al., 2010; Weyand et al.,
2008). TMS 5 and two short helices link the two motifs, while TMS10 links the hash
motif with the C-terminal TMSs 11 and 12. According to (Shimamura et al., 2010)
TMSs 5 and 10 appear to participate in significant movements during transition from
one state to the other, and thus were named the flexible helices. The substrate-binding
site is located between TMSs 1, 3, 6 and 8. The occluded conformation (Weyand et al.,
2008) is bound with a substrate that lies in between two Trp residues (Trpll7 in
TMS3 and Trp220 in TMS6) and is further stabilized through H-bonding by residues
GIn121 (TMS3) and Asn318 (TMS6).
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Figure 8. The structure of Mhpl. (A) Mhpl topology depicted by colored cylinders. The substrate
and Na* binding site are highlighted in brown and blue respectively. The outward facing cavity is blue-
shaded. Mhpl is shown in an outward open conformation from side view (B) and top view (C) from
the periplasmic side. Benzyl hydantoin is shown in magenta color. The Figure is adapted from
(Weyand et al., 2008).

The transport model followed by Mhp1l, shown in Figure 9, is the gated pore
model of the alternating mechanism. During the transition from the outward open to
the outward occluded conformation, the N-terminal half of TMS10 appears to bend
over the binding cavity and the substrate (Figure 9 arrow A) (Simmons et al., 2014;
Weyand et al., 2011). At the same time, the hash motif shifts towards the bundle
through a rigid body rotation of 30° occurring around an axis in line with TMS3
(Figure 9 arrow B) (Weyand et al. 2011; and references therein). This movement
results into rendering the binding cavity inaccessible from the outside and accessible
from the inside. An additional movement of TMS5 allows further opening of the
cavity towards the interior of the cell and a small extracellular helix moves and seals
completely the outer surface of the protein. Using a system of thin and thick gates
where TMSs 5 and 10 act as the thin gates, the substrate-binding cavity is sealed
alternatively from the inside and outside (Krishnamurthy et al., 2009). The role of the
thick gate that controls the switching from the two extreme conformations is played
by the hash motif that moves in relation to the bundle. The movement of the hash
motif and the bundle is similar to the rocking bundle proposed for LeuT (Forrest et al.,
2011).
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Figure 9. Transport mechanism of Mhpl. TMSs are represented in colored cylinders. Bundle motif
(TMSs 1, 2, 6, 7) is in red color. Hash motif (TMSs 3, 4, 8, 9) is in yellow. The flexible helices TMSs 5
and 10 are in blue color. (A) Superposition of the two extreme conformations of Mhp1, for the outward
facing (colored as mentioned above) and inward facing (colored in salmon for the bundle, light green
for the hash motif and light blue for the flexible helices). Side views of outward open (B), occluded (C)
and inward open (D) conformations are shown, TMSs11-12 are omitted for clarity. Top views of the
respective conformations are shown in (E), (F) and (G) respectively. The TMS10 movement from the
outward open to the occluded conformation is denoted with arrow A. The hash motif rotation in respect
to the bundle motif during transition from outward to inward conformation is denoted with arrow B.
The Figure is adapted from (Shimamura et al., 2010).

Very recent studies on Mhpl revealed an additional role of TMS10 in
substrate binding (Simmons et al., 2014). Transport of a bulky hydantoin analogue, L-
5-(2-naphthylmethyl) hydantoin (NMH), could not be carried out because of steric
clash of a Leu in TMS10 with the substrate, inhibiting the transition from the open
state to the occluded. Substitution of the specific amino acid (Leu) with an Ala
allowed the formation of the occluded state and as a result the transport of the bulky
substrate. Thus, it seems that TMS10 affects the substrate specificity. The importance
of this finding will be further discussed in relation to results presented in this Thesis
later.
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1.3.2.3 The NAT/NCS2 family

The NAT/NCS2 (Nucleobase Ascorbate Transporter/Nucleobase Cation Symporter 2)
family includes members from all domains of life. The NAT family was defined by
the cloning and characterization of the UapA and UapC uric acid-xanthine
transporters of A. nidulans and the UraA and PyrP uracil transporters of E. coli and
Bacillus subtilis respectively (Gournas et al. 2008, Diallinas and Gournas 2008; for
reviews and references therein). The NAT proteins are H" or Na* symporters and
specific for purines, pyrimidines, purine analogues including well established
analogues used in pharmacological practise (e.g. allopurinol and oxypurinol) or
ascorbic acid (Diallinas and Gournas, 2008; Faaland et al., 1998; Gournas et al., 2008;
Tsukaguchi et al., 1999). This family was recently included in the APC superfamily
(Wong et al., 2012). Members of the NAT family were initially proposed to have 12
TMSs, but the crystal structure of a bacterial NAT protein, the uracil transporter UraA
from E. coli, revealed that the structure comprises 14 TMSs (Lu et al., 2011).

1.3.2.3.1 The case of UraA

UraA is a H'/uracil symporter from E. coli and the only member of the NAT family
with a crystal structure (Lu et al., 2011). Although the NAT family is a member of the
APC superfamily, it appears to differ from LeuT, Mhp1l and the other APC members
with similar folds. The UraA structure consists of 14 TMSs, mostly a-helical (Figure
10). One distinct difference from the LeuT-fold and similar folds is the existence of
two short antiparallel B-strands in TMS3 and TMS10 breaking the continuity of their
a-helical structure. The 14 TMSs are arranged into two structural repeats, TMS1-7
and TMS8-14 and are related to each other by a rotation of ~180° around an axis
parallel to the membrane. The structure can be divided in two apparent domains, the
core (TMS1-4 and 8-11) and the gate (TMS5-7 and 12-14) domain. The binding site
of uracil is located in between TMSs 1, 3, 8 and 10.

Uracil

Figure 10. The UraA crystal structure. (A) Top and side views of the overall structure of UraA.
Bound uracil is shown. (B) TMSs are represented with cylinders. The two domains gate and core are
highlighted in blue and grey color respectively. The Figure is adapted from (Lu et al., 2011).
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The captured conformation is in an inward open state and the absence of
structures of similar fold limits our knowledge concerning the transport mechanism.
Based on computational methods, Lu et al. 2011 predict that during the outward
conformation, protonation of specific Glu residues in the binding site and binding of
the uracil lead to movement of the gate domain in relation to the core domain until
closure of the outer surface of the cavity, with simultaneous opening of the inner
surface of the cavity (Figure 11). Dissociation of the H* is predicted to result in
dissociation of uracil in the cytoplasm. Based on this model, a role of substrate
specificity is given to the core domain, while transport is succeeded via movements of
the gate domain.
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Figure 11. Putative transport mechanism of UraA. Movements of the gate domain in respect to the
core domain are shown during the conformational changes of the protein. Two Glu residues (Glu241
and Glu290) are shown, which are predicted to participate in H* binding. The Figure is adapted from
(Lu et al., 2011).

1.3.3 Common structural characteristics and evolutionary
relationships among transporters

Even though transporters belonging to different families differ in their primary
structure and their specificity, they share several common structural features and
occasionally they even display a similar fold. Most protein structures comprise two or
more structural repeats (Figure 12) (e.g. two 3 a-helical TMSs in LacY-fold, two 5 a-
helical TMSs in LeuT fold). Many hypotheses have been proposed for the existence
of a common ancestor-protein that consisted of few TMSs and after gene duplications
and rearrangements led to the variety of structures available today (Keller et al., 2014;
Vistermark and Saier, 2014). Experimental data are absent to support these
hypotheses, but computational analysis methods have been used to compare, mix and
match and finally “recreate” proteins. For example, in the case of two MFS
transporters, rearrangements of structural motifs consisting of 3-helices in the fucose
transporter FucP from E. coli led to a protein with high homology to LacY,
contrasting the weak similarity they share in linear sequence alignment (Madej et al.,
2013). These observations are consistent with the hypothesis that MFS might have

38



evolved through duplications of an initial triple-helix bundle (Madej et al., 2013).
Structural, functional and sequence diversity could be due to multiple events of
mutations and multiple independent triple-helix bundle fusions during time (Madej et
al., 2013).

MFS fold

LeuT fold

Figure 12. Structural repeats of MFS- and LeuT-fold. (A) The MFS-fold includes four structural
repeats, each repeat comprises three TMSs. (B) The LeuT-fold includes two structural repeats, each
repeat comprises five TMSs. The Figure is adapted from (Shi, 2013).

Members of the APC superfamily acquiring the LeuT fold comprise of two 5
a-helical bundle repeats (5+5), while UraA comprises of two 7 a-helical bundle
repeats (7+7). Although these two folds seem rather different and probably
evolutionary distant, extensive analysis and structural alignments reveal that they
share common characteristics, and the 7+7 architecture might be an extension by
duplications of the 5+5 one (Vastermark and Saier, 2014). The 7+7 architecture was
shown to contain a common repeat unit and the two extra TMSs might have occurred
by a hairpin loop duplication (Vistermark and Saier, 2014). Similarly to the
observations made for the MFS family, an original 5-TMS unit might have existed in
the common ancestral protein. Duplication of this unit, as well as additional hairpin
loop duplications on either side of the 10 TMS unit could have recurred independently
many times resulting in topological diversity, as seen in the variable structures today
(Viastermark and Saier, 2014).

Another common feature arising from the repeat-based structures is the
presence of a pseudosymmetry in the protein (Figure 12) (Shi, 2013). The
pseudosymmetry is usually twofold and the symmetry axis can be parallel or
perpendicular to the membrane. When the symmetry axis is parallel, a subunit/domain
is the asymmetric unit and the two asymmetric units are placed against each other
through a flat interface to form an intact transporter. But, in the case of a
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perpendicular to the membrane axis, the asymmetric units are inverted repeats that are
intertwined through extensive interfaces to form a subdomain or a folded protein (Shi,
2013). The ubiquitous presence of pseudosymmetry in proteins (also seen in channels)
could be due to functional selection during evolution and also for folding and
insertion in the membrane (Shi, 2013).

Another common structural feature is that the binding sites of the ions and the
substrate in many cases are formed by TMSs that contain unwound regions (e.g. LeuT
and Mhp1l) or with a different structure (e.g. UraA) or linking two antiparallel half
helices within the membrane (e.g. Gltpp). This feature could be related with the
properties of the amino acid residues needed to interact and coordinate the ion binding
(Shi 2013; references therein).

All common structural characteristics shared by the transporters could be
related to common features of transport mechanism. Even though, the transport
mechanism might have adjusted to the individual structural features of each protein,
the same basic properties underlie it.

1.4 Protein turnover regulated by conformational changes

Protein degradation is crucial for a cell. Non-functional proteins must be degraded in
order to prevent cellular toxicity and preserve the proper cellular function (Goldberg,
2003). Transporters are retrieved from the plasma membrane through endocytosis;
they are internalized, targeted with ubiquitin and finally end up in the vacuole or
lysosome for degradation (for a review see MacGurn et al. 2012). Transporter
endocytosis has been extensively studied in fungi (S. cerevisiae and A. nidulans) and
mammalian transporters participating in neurotransmission (Diallinas 2014; and
references therein).

Even though the mechanism of endocytosis has been studied extensively the
initial signal triggering the process of transporter degradation was unclear. Studies on
UapA from A. nidulans (Gournas et al., 2010; Karachaliou et al., 2013), the amino
acid permeases Gapl and Canl (Cain and Kaiser, 2011; Ghaddar et al., 2014; Van
Zeebroeck et al., 2014) and the uracil permease Fur4 from S. cerevisiae (Blondel et al.,
2004; Keener and Babst, 2013; Lauwers et al., 2010) have revealed that transporter
endocytosis can be elicited by the presence of a substrate (substrate induced
endocytosis) or a general signal affecting multiple cellular mechanisms (e.g. the
abundance of ammonium affects nitrogen metabolism and thus nitrogen related
transporters, Apostolaki et al., 2009; Gournas et al., 2010; Springael and André, 1998;
Susarla and Robinson, 2008; Valdez-Taubas et al., 2004). Work on UapA, Gapl and
Canl has showed that substrate transport is critical for endocytosis; binding of
substrates that are not transported or mutant versions of the transporter that cannot
perform transport function do not undergo endocytosis (Cain and Kaiser, 2011;
Ghaddar et al., 2014; Gournas et al., 2010; Van Zeebroeck et al., 2014). Interestingly,
mutant versions of UapA and Canl with novel specificities can undergo endocytosis
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in the presence of their new substrates (Ghaddar et al., 2014; Gournas et al., 2010).
All data concord in that binding of a substrate in the binding site is necessary but not
sufficient to trigger endocytosis. The substrate has to be transported, or at least
promote an occluded conformation of the transporter, in order to elicit the
endocytosis-relevant conformation state. In agreement with this hypothesis is also a
study on Fur4 from Keener and Babst (2013) that showed that substrate binding
modifies the interactions of the N-tail region with specific cytoplasmic loops, which
in turn affects endocytosis.

The current model predicts that transporter endocytosis is regulated by the
conformational state of the protein (Diallinas, 2014; Ghaddar et al., 2014; Gournas et
al., 2010; Keener and Babst, 2013; Van Zeebroeck et al., 2014). The relation of
endocytosis with transport function and not solely substrate binding indicates that the
intermediate occluded conformation might be the most probable to induce endocytosis.
Recognition of a specific conformation implies that the protein remains in this state
long enough to be recognized by the endocytic machinery (Diallinas, 2014). It is
apparent that the structure of a transporter, as well as, the conformational changes it
undertakes are critical not only for the function of the protein, but also for interaction
with other proteins and regulation of cellular mechanisms.

1.5 Gating mechanism and specificity in transporters

Each transporter is substrate specific and its transport function occurs only when the
appropriate ligand is bound. Each ligand binds at a specific binding site and then
transport catalysis occurs. The exact mechanism of how specificity of a transporter is
achieved or why ligands with similar structure can bind, but are not transported, or
why compounds similar or smaller than the physiological substrates are not
recognized is quite unclear.

An emerging theory is that transport cannot be performed if a substrate/ligand
inhibits one of the alternative conformations described above. Particularly, in the case
of LeuT, a crystal structure was obtained with Trp bound in an open outward
conformation (Singh et al., 2008). Trp is a competitive inhibitor of LeuT that binds
with great affinity but cannot be transported. In the presence of all amino acids
transported by LeuT the crystals obtained were in an occluded outward conformation,
but only Trp resulted in outward open conformation (Singh et al., 2008). Additionally,
in the open conformation a second Trp molecule was bound ~4 A above the first Trp,
closer to the extracellular vestibule (Singh et al., 2008), suggesting a secondary
binding site of lower affinity.

The work on the human glucose facilitator (GLUT1) by R. Naftalin and co-
workers (Cunningham and Naftalin, 2013; Cunningham et al., 2006; Naftalin, 2010)
suggests the existence of multiple binding sites. In more detail, computational
analyses predict that glucose might bind in multiple binding sites with different
affinities, sliding in the carrier cavity until it is released in the cytoplasm or the
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periplasm, using in fact a channel-like mechanism. Yet, this mechanism is not
supported by experimental data.

A similar to the LeuT-Trp bound structure was found for Mhpl, when the
crystal structure of Mhpl complexed with a bulky hydantoin analogue (NMH) was
captured in the open outward conformation (Simmons et al., 2014). Comparing
different conformations of Mhp1, rigid body movements occur after substrate binding
and TMS10 moves until covering the binding cavity facing the periplasm 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. Substitution of the specific Leu with an Ala led to transport of
NMH (Simmons et al., 2014). Another instance of failure to transport because of
inability to reach a closed conformation was observed for a double mutant of Lacy,
where replacement of two Gly residues with Trp at the termini of TMS2 and TMS8
led to abolishment of transport, but retained substrate binding (Smirnova et al., 2013).
A crystal structure of this mutant revealed an almost occluded structure, which is
partially open to the periplasmic side and tightly sealed to the cytoplasmic side
(Kumar et al., 2014). The Trp substitutions are predicted to inhibit closure and thus
the transporter cannot switch between conformations and complete a transport cycle
(Kumar et al., 2014).

Computational and structural studies mentioned above, but also on other
transporters, e.g. the dopamine transporter from Drosophila melanogaster (Wang et
al., 2015) or the human serotonin transporter SERT (Gabrielsen et al., 2012), all
indicate that a necessary step in order transport to be successful is the closure of the
extracellular gate and occlusion of the binding site from both sites. A model of
transport mechanism with outer and inner gates is shown in Figure 13. The question
arising is whether gates or neighbouring residues have, in addition to their gating
mechanism, properties similar to the selectivity filters of channels. Are these gates
able to recognize their physiological substrates among all other compounds? And if
yes, is this correlated with the existence of a secondary binding site?
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Figure 13. A model of transporter conformational changes that includes gates. Five
conformational states of a symporter are shown: outward open, outward occluded, intermediate
occluded, inward occluded and inward open. A similar model can be applied to antiporters and
facilitators. Inner and outer gates are shown in red. The Figure is adapted from (Diallinas, 2014).

1.6 Study of purine/pyrimidine transporters of the model
fungus A. nidulans

As mentioned above, the subject of the current Ph.D. Thesis is the study of
purine/pyrimidine transporters of the model fungus A. nidulans. This fungus has been
extensively used in our lab in order to study the gene regulation and expression, the
structure-function relationships and the trafficking of a model protein, the uric acid
permease UapA. Our lab has also contributed in the study of transporters with the
characterization of several other transport proteins. In the current thesis, the proteins
of interest belong to the NCS1 and NAT/NCS2 families. Here follows a brief
presentation of A. nidulans and its biology, and the relevant purine/pyrimidine
transporters.

1.6.1 The genus Aspergillus & the model system A. nidulans

The first scientific recognition of a member of the Aspergilli was reported by Pier A.
Micheli (1679-1737), an Italian botanist, who observed microscopically a fungus with
a characteristic structure and named it after the similar shaped “aspergillum” (an
instrument used by the Roman Catholic Church to sprinkle holy water). Since then,
the genus Aspergilli has come to include 344 identified species (Frisvad, 2014);
among which less than ten are used systematically by hymans or are implicated in
aspects of human life. Particularly, A. oryzae has been used in food fermentation, A.
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niger in industry and production of citric acid, amylase, invertase and other enzymes,
A. fumigatus is a pathogen for humans and constitutes an important hazard for
immunosuppressed patients, A. flavus is responsible for the production of a toxic
chemical compound (aflatoxin) that can contaminate grain before harvest or after
storage and A. nidulans is one of the most studied microorganism in biology research.
The genus Aspergilli belongs to the phylum of Ascomycetes and, especially, to the
subphylum of Pezizomycotina and the class of Eurotiomycetes. At the moment (July
2015) 23 Aspergillus species’ genomes have been sequenced as referred in
http://jgi.doe.gov/, expanding the research field and the data available related to this
fungal group. (Goldman and Osmani, 2008)

A. nidulans has been established since the 1940s by G. Pontecorvo, as a model
system for the study of genetics. To date, this fungus has been used extensively for
studying genetic mechanisms, metabolic regulation, and differentiation, cell cycle
controls, transporters, and DNA, RNA and protein regulation. A. nidulans
characteristics include properties such as: the existence of sexual, asexual and
parasexual cycle, rapid growth rate, simple nutritional requirements, transformability
(DNA insertion occurs by heterologous or homologous recombination in AnkuA
mutant strains), distinct phenotypes, haploid genome, while under specific conditions
diploid cells can also be constructed; all these have rendered it as one of the most
studied organisms.

In our lab, A. nidulans has been used for about 20 years for the study of purine
and pyrimidine transporters. This work has its origins in the study of purine
metabolism and the creation of the first mutants related to purine metabolism by C.
Scazzocchio in mid ‘60s (Darlington and Scazzocchio, 1967; Darlington et al., 1965).
The great advantage of A. nidulans concerning purine/pyrimidine transport and
metabolism is its distinct and reproducible growth phenotypes on media containing
purines that can be used as nitrogen sources, or toxicity phenotypes on purine and
pyrimidine analogues. Thus, mutations affecting purine transporters in a suitable
genetic background lead to discernible phenotypes. In addition, the long-term research
in this field has introduced simple techniques that allow the kinetic characterization of
a transporter by direct uptake assays, as well as null mutant strains of characterized
transporters (more than 20 transporters characterized so far) that can be combined
through genetic crossing in order to construct strains lacking multiple selected
transporters. Different genetic screens or selective approaches can also be applied to
obtain mutations in purine or pyrimidine transporters. These mutations can be
functionally analyzed and be distinguished into those affecting a transporters topology
or function (e.g. transport capacity, substrate specificity, substrate affinity).
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1.6.2 The life cycle of A. nidulans

As mentioned previously, A. nidulans can reproduce through sexual, asexual or
parasexual cycles; a diagram of these cycles is shown in Figure 14. During the
asexual cycle (blue shadowed part of Figure 14), a conidiospore (single cell,
uninucleate) germinates under favourable conditions producing multicellular hyphae.
Under appropriate for development environmental conditions (e.g. air, light) some
hyphal cells differentiate into foot cells from which long stalks (70 uM) emerge. At
the end of the stalk a vesicle is formed from which a layer of 50-70 metulae is
produced through budding. Each metula produces 2-3 phialides, which in turn
mitotically produce long chains of uninucleate conidiospores. The conidiospores are
dispersed from the conidiophores, initiating another asexual cycle. (Todd et al. 2007,
Bayram et al. 2010; and references therein)

When conditions are restraining for vegetative growth, a hypha can undergo a
sexual cycle (pink shadowed part of Figure 14), where two individual hyphae may
fuse to form a heterokaryon (contains nuclei from both parental hyphae). The
heterokaryon can be alternatively transformed to a diploid or a homokaryon
(parasexual cycle; yellow shadowed part of Figure 14). Sexual or asexual cycles can
initiate from hetero- or homokaryotic hypha. During the sexual cycle, the end of an
ascogenous heterokaryon comprises a final (uninucleate), a penultimate (binucleate)
and a basal (uninucleate) cell. The penultimate cell differentiates and results in its
enlargement, fusion of its two nuclei and meiosis of the diploid nucleus creating an
ascus. The four nuclei produced by meiosis, divide mitotically to generate eight nuclei,
included in eight ascospores in the ascus. The nucleus in each ascospore undergoes
mitosis resulting in mature binucleate ascospores. Then, the nursing Hiille cells are
produced and surround the closed fruiting bodies (cleistothecia, diameter ~200 mm)
that contain the sexual spores (ascospores) arranged in nonlinear asci. The Hiille cells
are responsible to provide nutrients for the developing cleistothecia. Each
cleistothecium contains more than 10,000 binucleate ascospores that were produced
by a single ascogenous hypha. (Todd et al. 2007, Bayram et al. 2010, and references
therein)
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Figure 14. Diagrammatic representation of A. nidulans life cycle. Three different cycles exist:
Sexual (highlighted in pink), where closed fruiting bodies (cleistothecia) are produced and contain
~10,000 binucleate ascospores, result of meiotic events from a single ascogenous hypha; Asexual cycle
(highlighted in blue), where uninucleate conidiospores are produced by specific structures
(conidiophores) that emerge under favourable conditions; Parasexual cycle (highlighted in yellow),
where two hyphae can merge and create a heterokaryon (two populations of nuclei) or a diploid (one
population of merged diploid nuclei). The figure is from Todd et al. (2007).
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The morphology of A. nidulans in different developmental stages
microscopically and macroscopically is shown in Figure 15. In particular, a
germinated conidiospore in two stages is shown in Figure 15A, a stereoscopic
observation of mycelia and conidiophores in Figure 15B and a macroscopic view of
multiple colonies of A. nidulans strains of different colours, grown on solid medium
in Figure 15C.

Figure 15. Morphology of A. nidulans observed microscopically and macroscopically. (A)
Microscopy of germinated conidiospores in two different growth stages. (B) Stereoscopy of hyphae
and conidiophores after pseudocoloring. (C) Grown colonies of A. nidulans strains of different colours
on a solid medium. The Figure is adapted from http://www.bartnieuwenhuis.eu/ and
http://www.microbeworld.org.

The transition from the one developmental program to the other is coordinated
with the control of secondary metabolism. Light is one of the several environmental
factors regulating the secondary metabolism and hence the development of A.
nidulans. Most strains used in laboratories contain a single mutation in the velvet gene
(veAl), first reported by (Kéfer, 1965) leading to increased conidiation. It was not
until many years later that the mechanism underlying this phenotype was discovered.
A single mutation in veA led to a shorter version of the protein resulting in
cytoplasmic localization, unlike the nuclear or nuclear and cytoplasmic localization of
the wt protein regulated by the light (Kim et al., 2002; Stinnett et al., 2007). The VeA
protein can actually activate sexual cycle in the absence of light, inhibiting asexual
cycle and hence reducing conidiation (Kim et al., 2002). The presence of veAl genetic
background allows the abundant conidiation of strains under all light conditions,
easing experimental procedures.

1.6.3 NCSI1 transporters

The A. nidulans genome includes twelve proteins that belong to the NCS1 family.
Based on their homology to the characterized homologues from S. cerevisiae (Fcy2p
and Furdp; Jund et al. 1988, Weber et al. 1990), they could be divided in two
subfamilies, the Fcy-like and Fur-like subfamily (de Koning and Diallinas, 2000). The
Fcy2p protein from S. cerevisiae was characterized as a high-affinity, high-capacity
adenine-hypoxanthine-guanine-cytosine/H* symporter (Bréthes et al., 1992), while the
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Furdp as a high affinity, high capacity uracil/H* symporter (Wagner et al., 1998).
Based on sequence alignments 5 homologues of Fcy2p were identified in A. nidulans
(Fcy-like proteins) together with 7 homologues of Furdp (Fur-like proteins). Even
though, the Furdp and Fcy2p share an overall sequence identity of ~18%, specific
motifs were identified in both protein sequences indicating their phylogenetic relation,
classifying them in the NCS1 family (de Koning and Diallinas, 2000).

At the beginning of the present work, FcyB was the only characterized
member of the Fcy-like subfamily in A. nidulans (Vlanti and Diallinas, 2008), but
currently preliminary data concerning the function of the other Fcy-like proteins are
available (G. Sioupouli and G. Diallinas, unpublished results). FcyB is a high-affinity,
low-capacity transporter specific for adenine, guanine, hypoxanthine, cytosine and the
toxic analogue 5-fluorocytosine (Figure 16) (Vlanti and Diallinas, 2008). FcyB binds
adenine with K; 7 uM, hypoxanthine and cytosine with Ky 20 uM and guanine with
Ki 11.5 uM. FcyB contributes only ~15% in the uptake of adenine, hypoxanthine and
guanine, since the major transporter for the uptake of these purines is another
transporter, namely AzgA (see below). FcyB however is the only known transporter
in A. nidulans specific for cytosine. FcyB shares 43.1% amino acid sequence identity
with its orthologue in S. cerevisiae (Fcy2p) and 31-34% identity with the rest Fcy-like
proteins of A. nidulans of unknown function (Vlanti and Diallinas, 2008).
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Figure 16. Functional characterization of FcyB. Growth test analysis of selected strains revealing the
function and specificity of FcyB. Strains included are: wild type (wt), a triple deleted duapA AuapC
AazgA mutant (AACZ) and single copy (sc) and multicopy (hc) AACZ transformants expressing FcyB.
Growth was tested on MM, at 37°C, at pH 6.8, supplemented with urea (UR), uric acid (UA), 5-
fluorocytosine plus urea (5-FC), hypoxanthine (HX) or adenine (ADE). FcyB function confers as leaky
growth on hypoxanthine and adenine and sensitivity to 5-fluorocytosine under its native promoter.
Multiple copies of FcyB increase the growth phenotype on hypoxanthine and adenine. The Figure is
adapted from (Vlanti and Diallinas, 2008).

Northern analysis revealed that fcyB is highly transcribed 3 h after
conidiospore germination at 37 °C in the presence of a neutral nitrogen source (e.g.
urea). Lower amounts of mMRNA were detected at the onset of mycelium development
(4-6 h) under the same conditions (Vlanti and Diallinas, 2008).

Similarly to other transporters studied, FcyB tagged with the green fluorescent
protein (GFP) is mostly localized in the plasma membrane and occasionally in
internal structures identified as the endoplasmic reticulum and the vacuoles (Vlanti
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and Diallinas, 2008). Finally, conditions triggering substrate endocytosis (see later)
revealed that FcyB-GFP was sensitive to endocytosis in the presence of ammonium,
or excess of its substrates, adenine and cytosine (Vlanti and Diallinas, 2008).

The Fur-like subfamily consists of seven members (Fur-A, -B, -C, -D, -E, -F
and -G) out of which two have been functionally characterized as uracil (FurD) or
allantoin (FurA) transporters (Amillis et al., 2007; Hamari et al., 2009). FurA shares a
37% sequence identity with its homologue in S. cerevisiae (Furdp) and 25-28%
identity with the other A. nidulans Fur-like proteins. All seven fur null mutant strains
were constructed and tested on various purines and pyrimidine-analogues (Figure
17A) (Hamari et al., 2009). This analysis revealed that FurA was specific for allantoin
and FurD for uracil and the toxic analogue 5-fluorouracil, while no obvious
phenotype was shown for the deletion of other paralogues under conditions tested
(Hamari et al., 2009).
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Figure 17. Functional characterization of fur null mutant strains. (A) Growth test analysis of all fur
null mutant strains and a wild type (wt) control strain on urea, allantoin (ALL), adenosine (ADS),
inosine (INO) and guanosine (GNS) as sole nitrogen sources and on the toxic analogues 5-fluorouracil
(5FU) or 5-fluorouridine (5-FUI) on NaNO; at 37°C pH 6.8. FurA function is revealed as lack of
growth on allantoin in the absence of FurA, and FurD function as resistance on the toxic analogue 5-
fluorouracil in the absence of FurD. (B) Growth test analysis on uric acid (UA) of multiply deleted
mutant strains: duapA AuapC AazgA (AACZ), AuapA AuapC AazgA AfurD (AACZ furDA4), AuapA
AuapC AazgA multiple integrations of furD (AACZ furDmc). The Figure is adapted from (Hamari et
al., 2009).

Northern analysis (Hamari et al.,, 2009) showed that furD was highly
expressed at 3 h after conidiospore germination at 37 °C, and remained relatively high
after 4 and 5 h. RNA levels for furA, furC and furE were moderately detectable at 3 h
after conidiospore germination at 37 °C and remained detectable at 4-5 h, while furF-
and furG-RNA were marginally detected at 3h after conidiospore germination at 37
°C and almost undetectable at 4-5 h. furB-RNA was not detected under any of the
conditions tested. Probably the inability to detect any function for FurB, FurC, FurE,
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FurF and FurG could be related to the very low or null expression of these genes, at
least under the conditions tested.

FurD is the only Fur protein extensively characterized by biochemical assays.
Characterization of FurA is not possible since there is not commercially available
radiolabeled allantoin to carry out uptake studies. FurD is a high capacity uracil/H*
symporter that binds with high affinity uracil and the antifungal 5-fluorouracil (Kpy;
0.45 uM), and with medium affinity uric acid and xanthine (K; 100 uM) (Amillis et al.,
2007). The minor contribution of FurD in growth on uric acid or xanthine is apparent
only in the absence of the two major transporters for these purines, namely UapA and
UapC (Hamari et al., 2009). This is reflected in growth tests, where the triple mutant
lacking functional furD, uapA and uapC genes exhibits virtually no growth on uric
acid or xanthine, whereas the double mutant AuapA AuapC still shows a degree of
leaky growth, due to the activity of FurD. Overexpression of furD, via plasmid
multiple copies integration, in a AuapA AuapC genetic background can confer full
growth on uric acid or xanthine (Figure 17B) (Hamari et al., 2009).

Evolutionary relationships in the NCS1 family

All characterized fungal Fcy-like proteins are specific for adenine,
hypoxanthine, guanine and cytosine (FcyB from A. nidulans, Fcy2p from S.
cerevisiae, Fcy21p from Candida albicans; Weber et al. 1990, Goudela et al. 2006,
Vlanti and Diallinas 2008) and all characterized fungal Fur-like proteins are specific
for uracil, allantoin or uridine (FurD and FurA from A. nidulans, Fur4p, Dal4p and
Fuilp from S. cerevisiae, Fur4 and Dal4 from Candida lusitaniae, Fur4d from
Schizosaccharomyces pombe; Gabriel et al., 2014; Jund et al., 1988; de Montigny et
al., 1998; Yoo et al., 1992). Interestingly, plant NCS1 homologues combine the
specificities of both subfamilies, Fcy and Fur, particularly AtNCS1/PLUTO from A.
thaliana is specific for adenine, guanine and uracil (Mourad et al., 2012; Witz et al.,
2012) and CrNCS1 from Chlamydomonas reinhardtii is specific for adenine, guanine,
uracil and allantoin (Schein et al., 2013).

Phylogenetic analysis suggests that the NCS1 family originates from
prokaryotes and through horizontal gene transfer was established in fungi (Krypotou
et al.,, 2015a). The two subfamilies, Fur and Fcy, appear to have emerged from
independent gene transfers, while the plant NCS1 homologues are more related to the
bacterial sequences in-between the Fur and Fcy subfamilies (Figure 18) (Krypotou et
al., 2015a). The fur and fcy genes are predicted to have arisen through multiple gene
duplications. The fungal fcys could probably be true orthologues, while the fungal furs
are more distant and their common specificities might have evolved independently
more than once through convergent evolution (Hamari et al., 2009; Krypotou et al.,
2015a).
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Figure 18. Phylogeny of NCS1 proteins. Maximum Likelihood phylogenetic tree of all NCS1
proteins from all domains of life. Fcy and Fur fungal proteins correspond to purple lines. Plant NCS1
proteins are in green, Actinobacteria, Proteobacteria and Firmicutes are in red, blue and yellow
respectively. Cases of recent horizontal gene transfers from fungi to other groups are indicated with
arrows. The Figure is adapted from (Krypotou et al., 2015a).

1.6.4 NAT/NCS2 transporters

A. nidulans includes two NAT members, the uric acid-xanthine/H" symporters UapA
and UapC. UapA is one of the most extensively studied eukaryotic transporters with
respect to regulation of expression, structure-function relationships and trafficking. It
was identified in the mid 60s (Darlington and Scazzocchio, 1967), but cloned and
characterized a decade later (Diallinas and Scazzocchio, 1989; Gorfinkiel et al., 1993).
UapA is a high-affinity, high-capacity transporter with 7-8 uM binding affinity for
uric acid and xanthine (Figure 19A). uapA transcription is developmentally induced
after 5h of conidiospore germination at 37 °C in the presence of a neutral nitrogen
source (e.g. urea) and remains at basal levels during vegetative growth (Amillis et al.
2004). In mycelia, uapA expression is induced by uric acid or repressed by
ammonium (Amillis et al., 2004; Diallinas and Scazzocchio, 1989; Gorfinkiel et al.,
1993), is also transiently induced under nitrogen starvation conditions (Amillis et al.,
2004).

A UapA C-terminally tagged with GFP proved fully functional and allowed
extensive studies on the subcellular expression, trafficking and turnover of UapA
(Gournas et al.,, 2010; Karachaliou et al., 2013; Martzoukou et al.,, 2015;
Pantazopoulou et al., 2007). In brief, UapA-GFP is localised principally in the plasma
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membrane and occasionally in the vacuoles, as a result of low level constitutive
turnover. Prominent vacuolar degradation is elicited in the presence of ammonium (i.e.
a primary nitrogen source), excess substrates or stress (high temperature, antifungal
drugs, oxidizing or reducing agents; Gournas et al. 2010, Karachaliou et al. 2013; G.
Diallinas unpublished). An extensive study on the properties and mechanism
underlying UapA-GFP vacuolar turnover, showed that C-terminal ubiquitination
(probably de-ubiquitination) is the principal molecular modification necessary for
initiation of internalization through endocytosis, sorting to early endosomes, MVB
(multivesicular body) and eventual degradation in the vacuoles (Gournas et al., 2010;
Karachaliou et al., 2013).
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Figure 19. UapA function and putative structure. (A) Growth test analysis of strains expressing only
uapA (uapCA) or uapC (uapAA) or neither of the two (uapA4 uapC4) or both of them (wt) on uric acid
(ua) and nitrate. (B) Putative structural model based on homology modeling on UraA. Residues
identified through genetic and mutational approaches are highlighted in circles. The Figure is adapted
from (Diallinas, 2013; Kosti et al., 2012).

To date more than 200 UapA mutants and chimeric molecules (see below)
have been constructed and functionally characterized, revealing specific amino acids
involved directly in substrate binding (e.g. Glu356 and GIn408) or in substrate
translocation (GIn85, His86, Asn409, Gly411, T417) (Diallinas 2014; and references
therein). A theoretical structural model has also been proposed based on homology
modelling on the crystal structure of UraA (Figure 19B) (Amillis et al., 2011; Kosti et
al., 2012). The model predicts that the major substrate (xanthine) binding site is
formed by four residues located in TMS3 (Phel55), TMS8 (Glu356) and TMS10
(Ala407 and GIn408). Interestingly, mutants of UapA were isolated through genetic
screening and systematic mutational analysis that had acquired the ability to transport
non-physiological substrates, such as adenine and hypoxanthine, without significantly
affecting the binding affinity and transport of physiological substrates (Papageorgiou
et al. 2008, Kosti et al. 2010). The mutations that alter the specificity of UapA were
located in TMSs 11, 12, 13, 14 and the loop connecting TMSs 1 and 2, briefly,
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regions unrelated to the TMSs forming the binding site (TMSs 3, 8 and 10). The
observation that residues outside the binding site can affect the specificity of a
transporter led to the hypothesis that UapA might contain channel-like gating domains
or filters that also affect substrate selection. Indeed, under the light of the modelled
structure of UapA, the relevant residues affecting UapA specificity are positioned at
putative outer and inner gates, at the beginning and the end of a substrate
translocation trajectory, detected through Molecular Dynamic approaches (Kosti et al.,
2010, 2012; Papageorgiou et al., 2008). The existence of channel-like gates in
transporters is further discussed in the course of the present thesis.

UapC is a moderate capacity transporter, exhibiting high-affinity binding for
xanthine (Ky, 3.3 uM) but only moderate-affinity binding for uric acid (K; 135 uM).
UapC can also bind with very low affinity other purines or pyrimidines (adenine,
hypoxanthine, guanine and uracil) (Diallinas et al., 1995; Krypotou and Diallinas,
2014; Papageorgiou et al., 2008). UapC is responsible for the residual growth on uric
acid and xanthine in the absence of UapA (Figure 19A). The UapC transcription
profile is very similar to that of UapA and most transporters involved in the uptake of
nitrogenous compounds. Transcription initiates in early stages (2h) of conidiospore
germination and remains at low constitutive levels in mycelium, unless is induced by
substrates (uric acid). uapC transcription is also repressed by ammonium, but not as
tightly as that of uapA (Amillis et al., 2007; Diallinas et al., 1995). Functional UapC-
GFP, similarly to UapA-GFP, is mainly localised in the plasma membrane and
occasionally in the vacuoles in the absence of ammonium or substrates (Valdez-
Taubas et al.,, 2000). The UapC orthologue of A. fumigatus has also been
characterized and shown to have a similar kinetic and specificity profile (Goudela et
al., 2008). Finally, functional chimeric UapC-UapA molecules have been instructive
in the identification of the binding site of these transporters (Diallinas et al., 1998).

Evolutionary relationships in the NAT family

NAT members of the UapA subfamily have been identified in all domains of life.
Most functionally characterized members are H* (bacteria, fungi, plants) or Na*
(mammals) coupled symporters specific for the uptake of xanthine, uric acid, uracil
and related analogues. However, NAT members in primates are solely specific for L-
ascorbic acid (Faaland et al., 1998; Tsukaguchi et al., 1999).

Phylogenetic analysis of fungal species shows that NATs are ubiquitous in
dikarya but show a patchy distribution in more primitive fungi (Figure 20) (Krypotou
et al., 2015b). UapC-like proteins are present in almost all fungi with identities 74-
91% among them. UapA-like proteins are present in many fungi, but in only three
Aspergilli (A. nidulans, A. zonatus and A. ochraceoroseus). Until recently only two
groups of fungal NATs were known, the UapA- and the UapC-like proteins (or
“canonical” NATs). However, the current abundance of genome sequences available
led to the identification of a third group of homologues, named UapD-like, with
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characteristics that diversify them from the rest NATs (Krypotou et al., 2015b).
UapDs lack significant sequence motifs present in all “canonical” NATs, while
sharing a sequence identity < 55% with them. UapD proteins (45-48% sequence
identity among themselves) show patchy conservation in ascomycetes and are absent
from basidiomycetes, suggestive of significant evolutionary losses. The UapD clade is
predicted to be ancestral, since it includes homologues in divergent fungi as Aspergilli
and Tuber melanosporum, a basal species of Pezizomycotina. UapD homologues are
most abundant in dothideomycetes and eurotiomycetes. Interestingly, a UapD
homologue is also present in a single member of the Saccharomycotina, Kuraishia
capsulata.
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Figure 20. Phylogenetic analysis of fungal NAT proteins. Maximum Likelihood Phylogenetic rooted
circular tree of NAT proteins of dikaryotic fungi in cartoon form. The cartoons comprising major
clades are color coded as: Pezizomycotina: UapC-like, blue; UapA-like, red; UapD-like, green;
Saccharomyecotina: purple; Basidiomycetes: pink; Bacterial NATs: yellow; Mammalian NATS: cyan.
The branches of the members included from the Taphrinomycotina (Schizosaccharomyces pombe and
Saitoella complicata) and Plants (A. thaliana) respectively are in black. The Figure is adapted from
(Krypotou et al., 2015b).
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1.6.5 AzgA, the founding member of a NAT subfamily

AzgA, the major adenine, guanine and hypoxanthine transporter in A. nidulans,
contributing at a level of 85% in the uptake of these purines (see Figure 16), was
identified through toxic analogue resistance screens on 8-azaguanine (Darlington and
Scazzocchio, 1967). AzgA functions as H* symporter and shows high-affinity for
hypoxanthine (Ky, 1.4 uM), adenine (K; 3 uM) and guanine (K; 3 pM) (Cecchetto et al.,
2004; Goudela et al., 2006). The transcription profile of azgA is similar to that of
uapA, uapC and other nitrogenous compound transporters, being developmentally
induced during germination and partially controlled by substrate induction and
ammonium repression in mycelia (Amillis et al., 2004; Cecchetto et al., 2004).
Functional AzgA-GFP is localised in the plasma membrane in the presence of a
neutral nitrogen source (e.g. urea), but it is significantly degraded in the vacuoles after
endocytosis in the presence of substrate (Karachaliou et al., 2013).

AzgA-like proteins are present in bacteria, archaea, fungi and plants, but
absent from metazoa. Fungal and plant homologues share an identity of 35%, but are
more distant to the bacterial and archaeal homologues with an identity of 25-30%
(Krypotou et al., 2014). A single azgA gene is present in all Aspergilli with an identity
of 87-94% rendering them orthologues. Identification of AzgA defined a new purine
transporter family, called the AzgA-like family, appearing phylogenetically distinct
from the other transporter families (Cecchetto et al., 2004). However, recent data
showed that the AzgA-family appears structurally related to the NAT family, as its
topology can be modelled using the UraA structure (see Results in the present thesis).
Thus, the AzgA family can also be considered as an evolutionary distant member of
the NAT family (Figure 21) (Cecchetto et al., 2004; Krypotou et al., 2014).
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Figure 21. Phylogeny of AzgA-like proteins in respect to NAT and NCS1 families. Maximum
Likelihood phylogenetic tree that includes AzgA-like sequences of known function, plus some selected
representatives as out-groups, and selected NAT and NCS1 proteins of known function and substrate
specificity. The Figure is adapted from (Krypotou et al., 2014).
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1.7 Goals and purposes of this study

The purpose of the current study is to establish through structure-function approaches
the amino acid residues critical for substrate binding, specificity and transport of A.
nidulans purine/pyrimidine transporters. The study of various transporters originating
from different organisms is necessary, because, even though many crystal structures -
representatives of different transporter families- are available, the exact structure or
transport mechanism does not apply in all homologous proteins.

Only few crystal structures are available for transmembrane proteins
compared with a plethora for cytoplasmic proteins. This is due to the fragile nature of
the structure of a transmembrane protein during in vitro procedures. As a result, the
majority of crystal structures available today, belong to functionally uncharacterized
proteins of thermophilic bacteria. The choice of these proteins is due to their
endogenous physical properties to withstand the high temperatures used during
crystallization and X-ray diffraction protocols. Thus, building structural models of
well-characterized proteins through homology modelling allows the study and
visualisation of the molecular mechanism of transport and substrate specificity. In
addition, the rational design of drugs targeting specific proteins to enter the cells of a
pathogenic organism is more and more compelling, since pathogens have become
resistant to many drugs used nowadays. A successful drug that binds solely to its
target proteins can be developed only under the prism of the knowledge of the
transport mechanism.

The use of A. nidulans in the studies of transporters has been established over
fifty years ago with the isolation of the first resistant strains to purine toxic analogues.
Since then, over 20 different transporters responsible for the uptake of important
nitrogenous and carbon compounds have been characterized. Furthermore, the
metabolic pathways of purines and pyrimidines have been studied. All the above
combined with the excellent knowledge concerning the physiology and cellular
mechanisms of A. nidulans, the over the years development of different experimental
protocols and the easy handling of this organism, qualify A. nidulans as one of the
best model organisms for the study of transporters.

The current thesis deals with transporters from the three major
purine/pyrimidine transport families NCS1, NAT/NCS2 and AzgA-like. More
specifically, we extensively studied the major adenine/guanine/hypoxanthine
transporter AzgA, the secondary adenine/guanine/ hypoxanthine/cytosine transporter
FcyB and the uracil transporter FurD. In addition, we attempted to characterize a
member of the newly identified NAT subgroup UapD and to investigate the probable
function of orphan Furs through overexpression.

The results of this study are divided in four distinct sections:

I.  Structure-function analysis of the purine transporter AzgA: The major

purine transporter of A. nidulans, AzgA, was functionally analyzed through
mutational analysis in order to determine residues participating in substrate binding
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and/or transport. Uncovering important residues for the AzgA function provided
information concerning structure, transport mechanism and substrate specificity, as
well as the probable structural relation between AzgA and the NAT family.

I1.  Identification of the function of the non-canonical NATs: The discovery of a
new subgroup of the NAT proteins, UapDs, allows the characterization of another
NAT protein group that was so far unknown. The fact that these proteins lack critical
for function residues present in “canonical” NATs and appear phylogenetically closer
to a common ancestral protein raises questions concerning their functionality and
specificity profile. We thus selected the UapD-like protein of A. brasiliensis, in order
to heterologously express and characterize it in A. nidulans. The UapC-like protein
from A. brasiliensis was used as a control for proper heterologous expression.

1. Structure function analysis of the purine/cytosine transporter FcyB: The
crystal structures of Mhpl provide information concerning the residues participating
in substrate binding in the NCS1 family. An extensive mutational analysis on FcyB,
an NCS1 member, revealed residues critical for specificity and/or function. We also
attempted to change the specificity profile of FcyB by specific amino acid
substitutions that mimic NCS1 homologues with different specificities.

IV. Identification of the function of the orphan Furs and structure-function
analysis of FurD: We used over-expression in order to seek for a function relating to
the Fur proteins of A. nidulans that did not show any obvious phenotype when the
relevant null mutants were constructed (Fur-B, -C, -E, -F and -G). The interesting
phylogenetic profile of the NCS1 family and especially the Fur subfamily could be re-
evaluated by the discovery of the function of each Fur protein. In addition, data from
the Mhp1 structure and the FcyB mutational analysis indicated residues critical for the
function of the Fur proteins. We selected FurD, the sole characterized Fur protein, to
perform a mutational analysis in order to identify the residues participating in
substrate specificity and transport. In addition, we have attempted to alter the
specificity profile of FurD by rationally designed mutations that mimic FurA or other
NCS1 homologues.

An approach that relates function to structure has been used widely in the study
of transporters. The crystal structures and the computational analyses are not
sufficient to reveal and describe the transport mechanism of each protein. Multiple
data arising from genetics, molecular biology, crystallography, biochemistry,
molecular dynamics, docking, homology modelling, must be combined in order to
understand transporter function. We hope that the data arising from this study will
support, expand and reinforce the current knowledge concerning transporters in
general and not only in A. nidulans.
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Materials
and

Methods

2.1 Strains

The strains used in this study, either constructed herein or previously published, are
included in Table 2.

Table 2. Strains used in this study. Genotype and reference for every strain is included in the table.
Strain names are as referred in this study.

Strain name Genotype Reference
L g5 FGSC

G. Diallinas,
" PyroAd unpublished
wt pyrG89 nkuA4::argB pyroA4 pyrG89 lz\lglggk etal.,

B Pantazopoulou
AACZ AuapA AuapC::AfpyrG dazgA pabaAl etal., 2007
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Vlanti et al.,

AACZ argB2 AuapA AuapC::AfpyrG dazgA pabaAl argB2 2006
AA AuapA AuapC::AfpyrG AdazgA AfcyB::argB pabaAl riboB2 This study.
AuapA AuapC::AfpyrG AdazgA AfcyB::argB AfurD::riboB AfurA::riboB .
= AcntpA: :ribopB pant%)lgloo pagbaAl ’ ’ AT SIE
BS-uapA,-FcyB-pabaA AuapA AuapC::AfpyrG dazgA AfcyB::argB .
FeyB-A7 qurD: :prikfoB il/furPA: :riboB ApcntA: :rFi)boB pg)tl)aAl pa?]toBlgO ) This study.
FcyB/V83N- pBS-uapAp-fcyB/V83l\!-pabaA AuapA AuapC: :AfpyrG AazgA _
A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100
FcyB/N1630- pBS-uapA,-fcyB/N 163'Q-pabaA AuapA AuapC: :AfpyrG AazgA _
A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100
FcyB/N163L- pBS-uapA,-fcyB/N 163_L-pabaA AuapA AuapC: :AfpyrG AazgA _
A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100
FCyB/S261A- pBS-uapAp-fcyB/8261A pabaA 4 uap_A AuapC: :AfpyrG AazgA _
A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100
FcyB-AA ngihﬁiUﬁgﬁg;cyB AfriboB AuapA AuapC::AfpyrG dazgA AfcyB::argB This study.
FcyB/N81A PGEM-uapA,-fcyB/N81A AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N81S pGEM-uapA,-fcyB/N81S AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/S85A PGEM-uapA,-fcyB/S85A AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/W159A PGEM-uapA,-fcyB/W159A AfriboB AuapA AuapC::AfpyrG AdazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/T191A PGEM-uapA,-fcyB/T191A AfriboB AuapA AduapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/E206A PGEM-uapA,-fcyB/E206A AfriboB AuapA AduapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/W259A PGEM-uapA,-fcyB/W259A AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N350A pPGEM-uapA,-fcyB/N350A AfriboB duapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N350Q PGEM-uapA,-fcyB/N350Q AfriboB duapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N350D pPGEM-uapA,-fcyB/N350D AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N351A PGEM-uapA,-fcyB/N351A AfriboB duapA AuapC::AfpyrG AdazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/P353A PGEM-uapA,-fcyB/P353A AfriboB duapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N354A PGEM-uapA,-fcyB/N354A AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
| FcyB/N354Q pGEM-uapA,-fcyB/N354Q AfriboB AuapA AuapC::AfpyrG dazgA This study.
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| AA AfcyB::argB pabaAl riboB2
FcyB/N354D PGEM-uapA,-fcyB/N354D AfriboB duapA AuapC::AfpyrG AazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB-GFP pGEM-uapA,-fcyB-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
AA AfcyB::argB pabaAl riboB2 '
FcyB/N81A- PGEM-uapA,-fcyB/N81A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N81S- pGEM-uapA,-fcyB/N81S-gfp AfriboB duapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/V83N- PGEM-uapA,-fcyB/VB3N-gfp AfriboB duapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/S85A- pGEM-uapA,-fcyB/S85A-gfp AfriboB AuapA AuapC::AfpyrG AdazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/W159A PGEM-uapA,-fcyB/W159A-gfp AfriboB duapA AuapC::AfpyrG AazgA This study
-GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N163Q- pGEM-uapA,-fcyB/N163Q-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N163L- PGEM-uapA,-fcyB/N163L-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/T191A- pGEM-uapA,-fcyB/T191A-gfp AfriboB AuapA AduapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/E206A- PGEM-uapA,-fcyB/E206A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/W259A pGEM-uapA,-fcyB/W259A-gfp AfriboB duapA AuapC::AfpyrG dazgA This study
-GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/S261A- PGEM-uapA,-fcyB/S261A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP-AA AfcyB::argB pabaAl riboB2 '
FcyB/N350A- pGEM-uapA,-fcyB/N350A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N350Q-  pGEM-uapA,-fcyB/N350Q-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N350D- pGEM-uapA,-fcyB/N350D-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N351A- PGEM-uapA,-fcyB/N351A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/P353A- pGEM-uapA,-fcyB/P353A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N354A- PGEM-uapA,-fcyB/N354A-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N354Q- pPGEM-uapA,-fcyB/N354Q-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
FcyB/N354D- PGEM-uapA,-fcyB/N354D-gfp AfriboB AuapA AuapC::AfpyrG dazgA This study
GFP AA AfcyB::argB pabaAl riboB2 '
'2‘;%'A‘Z'GFP pBS-azgA-gfp argB AduapA AuapC::AfpyrG dazgA argB2 pabaAl gf?;%clh;“ou et
éIZ:%AA/L?? - pBS-azgA/T49A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 pabaAl This study.

| AZgAIT49S- pBS-azgA/T49S-gfp argB AuapA AuapC::AfpyrG AazgA argB2 pabaAl This study.
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| GFP AACZ

AzgA/G129A pBS-azgA/G129A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
-GFP-AACZ pabaAl l
AzgA/G129F-  pBS-azgA/G129F-gfp argB AuapA AduapC::AfpyrG AazgA argB2 This study
GFPAACZ  pabaAl '
AzgA/N131A pBS-azgA/N131A-gfp argB AduapA AuapC::AfpyrG AazgA argB2 This study
-GFP AACZ  pabaAl '
AzgA/N131D pBS-azgA/N131D-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
_GFP AACZ  pabaAl '
AzgA/F335A-  pBS-azgA/F335A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
GFPAACZ  pabaAl '
AzgA/D339A pBS-azgA/D339A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
_GFP AACZ  pabaAl '
AzgA/D339N pBS-azgA/D339N-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
‘GFP AACZ  pabaAl '
AzgA/D339E-  pBS-azgA/D339E-gfp argB AuapA AduapC::AfpyrG dazgA argB2 This study
GFP AACZ pabaAl '
AzgA/D342A pBS-azgA/D342A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
-GFP AACZ  pabaAl '
AzgA/D342N pBS-azgA/D342N-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
-GFP AACZ  pabaAl '
AzgA/D342E-  pBS-azgA/D342E-gfp argB AuapA AduapC::AfpyrG AazgA argB2 This study
GFPAACZ  pabaAl '
AzgA/T346A-  pBS-azgA/T346A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
GFPAACZ  pabaAl '
AzgA/T390A-  pBS-azgA/T390A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
GFPAACZ  pabaAl '
AzgA/E394A-  pBS-azgA/E394A-gfp argB AduapA AuapC::AfpyrG dazgA argB2 This study
GFP AACZ pabaAl '
AzgA/E394Q- pBS-azgA/E394Q-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
GFP AACZ pabaAl '
AzgA/E394D-  pBS-azgA/E394D-gfp argB AuapA AduapC::AfpyrG AazgA argB2 This study
GFP AACZ pabaAl '
élZ:%AA/,SABC?;A pBS-azgA/S395A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 pabaAl  This study.
AzgA/S395N-  pBS-azgA/S395N-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
GFPAACZ  pabaAl '
AzgA/G398A pBS-azgA/G398A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
"GFP AACZ  pabaAl '
AzgA/G402A pBS-azgA/G402A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
‘GFP AACZ  pabaAl '
AzgA/K404R-  pBS-azgA/K404R-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
GFP AACZ pabaAl '
AzgA/D4T78A pBS-azgA/D478A-gfp argB AuapA AuapC::AfpyrG dazgA argB2 This study
_GFP AACZ  pabaAl '
LAJ'Z%A% GFP uapA-gfp::argB duapA AduapC::AfpyrG dazgA pabaAl ((el:i?t,azzgg%u lou
| UapC-GFP- uapC-gfp-argB duapA AduapC::AfpyrG dazgA pabaAl argB2 (Pantazopoulou |
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| AACZ et al., 2007) |
AbUapD b - Af b his stud
AACZ pBS-uapAp-AbuapD-argB duapA AuapC::AfpyrG dazgA pabaAl argB2 This study.
AbUapC-GFP pBS-uapA,-AbuapC-gfp-argB AduapA AuapC::AfpyrG dazgA pabaAl .
This study.
AACZ argB2
AbUapD-GFP  pBS-uapA,-AbuapD-gfp-argB duapA AuapC::AfpyrG dazgA pabaAl .
This study.
AACZ argB2
GFP-AbUapD  pBS-uapA,-gfp-AbuapD-argB AuapA AuapC::AfpyrG dazgA pabaAl .
This study.
AACZ argB2
AbUapD-A- pBS-uapA,-AbuapD-A-gfp-argB AuapA duapC::AfpyrG dazgA pabaAl This stud
GFP AACZ argB2 Y.
ADA-GFP . .
AACT pBS-uapA,-ADA-gfp-argB duapA AduapC::AfpyrG dazgA pabaAl argB2  This study.
AFUrA AfurA::riboB riboB2 pantoB100 biAl S. Am'."'S’
unpublished
. . (Hamari et al.,
AFurC AfurC::riboB riboB2 yA2 2009)
- . (Hamari et al.,
AFurD AfurD::riboB riboB2 pantoB100 2009)
. : . S. Amillis,
AFurfF AfurF::riboB riboB2 pantoB100 pyroA4 biAl unpublished
. . : S. Amillis,
AFurG AfurG::riboB riboB2 pyroA4 biAl unpublished
AFurA . . . (Hamari et al.,
0yrG89 AfurA::riboB pyrG89 riboB2 pyroA4 biAl 2009)
AFurC . . . (Hamari et al.,
0yrG89 AfurC::riboB pyrG89 riboB2 pyroA4 biAl 2009)
AFurD . . . (Hamari et al.,
0yIG89 AfurD::riboB pyrG89 riboB2 pyroA4 biA 2009)
AFurF pyrG89  AfurF::riboB pyrG89 riboB2 pyroA4 biAl gggg;a” etal,
AFurG . . . (Hamari et al.,
0yrG89 AfurG::riboB pyrG89 riboB2 pyroA4 biAl 2009)
AFUrA AFurD  AfurD::riboB AfurA::riboB riboB2 pantoB100 biAL S. Amillis,
unpublished
s;rlgggAFurA AfurD::riboB AfurA::riboB pyrG89 riboB2 pyroA4 pantoB100 biA This study.
AFurD AFurC  AfurD::riboB AfurC::riboB riboB2 pantoB100 This study.
s;ruerSDgAFurC AfurD::riboB AfurC::riboB pyrG89 riboB2 pyroA4 pantoB100 biAl This study.
AFurD AFurE AfurD::riboB AfurE::riboB riboB2 biAl This study.
AFurD AFurkE . _ . . .
0yrGS9 AfurD::riboB Afurk::riboB pyrG89 riboB2 pyroA4 pantoB100 biAl This study.
AFurD AFurF AfurD::riboB AfurF::riboB riboB2 biAl This study.
s;rthDgAFurF AfurD::riboB AfurF::riboB pyrG89 riboB2 pyroA4 yA2 This study.
AFurD AFurG  AfurD::riboB AfurG::riboB riboB2 pantoB100 This study.
| AFurD AFurG  AfurD::riboB AfurG::riboB pyrG89 riboB2 pyroA4 This study. |
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| pyrG89

AFurD AFurA

AFUrE AfurD::riboB AfurA::riboB AfurE::riboB riboB2 pantoB100 biAl This study.

AFurD AFurA

AFUrE AfurD::riboB AfurA::riboB AfurE::riboB riboB2 pyroA4 biAlpyrG89 This study.

pyrG89

AFuUrA AFurkg AfurA::riboB AfurE::riboB riboB2 pantoB100 biAl This study.

s;rLgQQAFurE AfurA::riboB AfurE::riboB pyrG89 riboB2 pantoB100 biAl This study.
PGEM-gpdA,-furA-gfp-pantoB AuapA AuapC::AfpyrG AdazgA

FurA-GFP A7  AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100

GEM-gpdA,-furB-pantoB duapA AuapC::AfpyrG dazgA AfcyB::argB .

AUTE A/ ElfurD: :gr‘i)bol?r: AfurAF:):riboB Aant)A: :ribgB pabg),&l panthlOOy ’ Ul ey
PGEM-gpdA,-furB-gfp-pantoB AduapA AuapC::AfpyrG dazgA

FurB-GFP A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100

GEM-gpdA,-furC-pantoB AduapA AuapC::AfpyrG AdazgA AfcyB::argB .

AIS A ElfurD: :%ii)bol?[: AfurAF:):riboB Acn?A: :ribgB pangl panthloo ’ ’ i SIE
PGEM-gpdA,-furC-gfp-pantoB AuapA AuapC::AfpyrG AdazgA

FurC-GFP A7 AfcyB::argB AfurD: :riboB AfurA: :riboB AcntA: :viboB pabaAl This study.
pantoB100
pGEM-gpdA,-furD-pantoB AduapA AuapC::AfpyrG AdazgA AfcyB::argB .

JlLeY AfurD: :ribolg AfurA::riboB AcntA::riboB pabaAl pantoB100 il ey
PGEM-gpdA,-furD-gfp-pantoB AuapA AuapC::AfpyrG AdazgA

FurD-GFP A7  AfcyB::argB AfurD::riboB AfurA.::riboB AcntA::riboB pabaAl This study.
pantoB100
pPGEM-gpdA,-furE-pantoB AuapA AuapC::AfpyrG dazgA AfcyB::argB .

SIS AfurD: :riboléJ AfurA::riboB AcntA::riboB pabaAl pantoB100 il ey
PGEM-gpdA,-furE-gfp-pantoB AuapA AuapC::AfpyrG AdazgA

Fure-GFP A7 AfeyB::argB AfurD::viboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100
pGEM-gpdA,-furF-pantoB AduapA AuapC::AfpyrG dazgA AfcyB::argB .

FUrk A7 AfurD: :riboléJ AfurA::riboB AcntA::riboB pabaAl pantoB100 U BElay
PGEM-gpdA,-furF-gfp-pantoB AuapA AuapC::AfpyrG AdazgA

FurF-GFP-A7 AfeyB::argB AfurD::riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100
PGEM-gpdA,-furG-gfp-pantoB AuapA AuapC::AfpyrG AazgA

FurG-GFP A7  AfcyB::argB AfurD::riboB AfurA.:riboB AcntA::riboB pabaAl This study.
pantoB100

FurD/N54A pGEM-gpdAp-furD/N§4A-pantoB Al_JapA AuapC: :_AfpyrG AazgA _

A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100

FurD/T57A PGEM-gpdA,-furD/T57A-pantoB AuapA AuapC::AfpyrG AazgA '

A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FurD/W130A PGEM-gpdA,-furD/W130A-pantoB AuapA AuapC::AfpyrG AazgA This study

A7 AfeyB::argB AfurD::viboB AfurA::riboB AcntA::riboB pabaAl '
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pantoB100

PGEM-gpdA,-furD/Q134A-pantoB AuapA AuapC::AfpyrG AdazgA

ZL;rD/Q134A AfeyB::argB AfurD: :riboB AfurA: :riboB AcntA: :viboB pabaAl This study.
pantoB100

FurD/Q134E pGEM-gpdAp-furD/Q134E-pantoB 4uapA AuapC:.:AfpyrG AazgA _

A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FUrD/N249A pGEM-gpdAp-furD/Ng49A-pantoB 4uapA V| uapC:.:AfpyrG AazgA _

A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FUrD/Y 250A PGEM-gpdA,-furD/Y250A-pantoB AuapA AuapC::AfpyrG AdazgA .

A7 AfeyB::argB AfurD: :riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FurD/Y 250K pGEM-gpdAp-furD/Y2§OK-pantoB 4uapA AuapCZ.ZAfpyrG AazgA _

A7 AfcyB::argB AfurD: :riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FurD/Y 250F pGEM-gpdAp-furD/Y2§OF-pantoB 4uapA AuapC:.:AfpyrG AazgA _

A7 AfcyB::argB AfurD: :riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FUrD/Y 250W PGEM-gpdA,-furD/Y250W-pantoB AuapA AuapC::AfpyrG AdazgA _

A7 AfcyB::argB AfurD: :riboB AfurA: :riboB AcntA: :viboB pabaAl This study.
pantoB100

FUrD/N341A pGEM-gpdAp-furD/N341A-pantoB 4uapA AuapCZ.:AfpyrG AazgA _

A7 AfcyB::argB AfurD: :riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FurD/L386A pPGEM-gpdA,-furD/L386A-pantoB AuapA AuapC::AfpyrG AdazgA _

A7 AfeyB::argB AfurD::viboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100
PGEM-gpdA,-furD/L386-E-N387-pantoB AuapA AuapC::AfpyrG AdazgA

FurD/LEN A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100

FurD/M389A pGEM-gpdAp-furD/M$89A-pantoB 4uapA AuapC; :AfpyrG AazgA _

A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FUrD/L386S PGEM-gpdA,-furD/L386S-pantoB AuapA AuapC::AfpyrG AdazgA _

A7 AfcyB::argB AfurD::riboB AfurA::riboB AcntA::viboB pabaAl This study.
pantoB100

FurD/M389L PGEM-gpdA,-furD/M389L-pantoB AuapA AuapC::AfpyrG dazgA _

A7 AfeyB::argB AfurD::viboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100

FUrE/K252F PGEM-gpdA,-furE/K252F-pantoB AuapA AuapC:.:AfpyrG AazgA _

A7 AfcyB::argB AfurD: :viboB AfurA::riboB AcntA: :viboB pabaAl This study.
pantoB100

FUrE/P251N pGEM-gpdAp-furE/P2§1N-pantoB 4uapA AuapC:.:AfpyrG AazgA _

A7 AfcyB::argB AfurD::viboB AfurA::riboB AcntA::riboB pabaAl This study.
pantoB100

FUrE/P251N/ pGEM-gpdAp-furE/P251N/K?52F-pantoB 4uapA AuapCE :AfpyrG _

K252F A7 AazgA AfcyB::argB AfurD::viboB AfurA::riboB AcntA::riboB pabaAl This study.

pantoB100
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PGEM-gpdA,-furE/S54N/S56A/M57T-pantoB AuapA AuapC::AfpyrG

FUTEEEINIES AazgA AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study.
6A/MS7TT A7

pantoB100

PGEM-gpdA,-furE/S54N/S56N/M57T-pantoB AuapA AuapC::AfpyrG
FUurE/S54N/S5  AazgA AfcyB::argB AfurD::riboB AfurA::riboB AcntA::riboB pabaAl This study
6N/M57T A7 pantoB100 '
Aspergillus CBS101740 Fungal Biodiversity Centre Institute of the Royal Netherlands Academy of
brasiliensis Arts and Sciences (KNAW)
DH50. E.coli fhuA2 A(argF-lacZ)U169 phoA ginV44 &80 A(lacZ)M15 gyrA96 recAl New England

' relAl endAl thi-1 hsdR17 Biolabs
2.2 Growth media and growth conditions

The A. nidulans and A. brasiliensis growth media for cultures used during the current
study are described in Table 3 and Table 4. Media and supplemented vitamin
concentrations are as in www.fgsc.net.

Table 3. Growth media for A. nidulans and A. brasiliensis.

Complete Minimal Sucrose Minimal

Medium (CM) Medium (MM) Medium (SM)
Salt solution I (50x) 20 mL 20 mL 20 mL
Vitamin solution (100x) 10 mL - -
D-glucose 109 109 10¢g
Peptone 29 - -
Yeast extract 19 - -
Cas-amino acids 1lg - -
Sucrose - - 342.3 ¢
Distilled H,O uptollL uptollL uptolL
pH (addition of NaOH) 6.8 6.8 6.8

*For cultures on solid media 1-2% (w/v) Agar was added.

Table 4. Recipes for salt, vitamin and trace elements solutions.

Salt solution (50x) Vitamin solution (100x) Trace elements (20x)
KCI 26 g 2(':?(;"'”0'06”20": 20mg  |Na,B.0;-10 H,O 40 mg
MgSO,-7H,0 26 g Biotin 1 mg CuSO4'5H,0 400 mg
Calcium-D- FeO,P-4H,0 714 mg
KH2PO, e pantothenate o0t MnSO,4-1H,0 728 mg
Chloroform 2mL | Riboflavin 50mg |Na;MoO4-2H,O 800 mg
Trace elements (20x) 50 mL | Pyridoxine 50mg |ZnSO47H,0 8 mg
Distilled H,0O upto 1L | Distilled H,O uptol1lL |Distilled H,O uptolL
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Minimal medium was used as a selective growth medium for detection of distinct
phenotypes in the presence of various purines (usually at a final concentration of ~500
uM) as sole nitrogen sources or sensitivity/resistance on different purine/
pyrimidine/nucleoside analogues. Urea (5 mM), NaNO3 (10mM) or NH,-L-tartrate
(10 mM) were used as neutral nitrogen sources. Growth tests on toxic analogues were
performed in the presence of urea or NaNOs; as a nitrogen source. Vitamin
auxotrophies were supplemented in each occasion as required.

For bacterial cultures Luria Bertani (LB) medium (Bacto Tryptone 1% w/v, NaCl 1%
w/v, BactoYeast Extract 0.5% w/v, pH 7.0) was used. For solid cultures 1.5% w/v
Agar was added as well. Ampicillin was added at a final concentration 100 ug/mL.

All media were sterilized by autoclaving or filtration before use.

The growth conditions were usually 25°C or 37°C for A. nidulans and A. brasiliensis
and 37°C for E. coli.

2.3 Genetic crossing of A. nidulans strains

Genetic crossing of strains was performed based on the protocol published by Todd et
al., 2007. In more detail, two strains were selected in each case with at least one non-
mutual auxotrophy and were inoculated on a CM-agar plate in close proximity, and
then incubated for 2-3 days at 37°C or 25°C or until the two colonies met. An agar
piece containing the mixed hyphae was transferred on a new plate (30 mm diameter)
with MM-agar supplemented with NaNOj3 and any mutual vitamin auxotrophy, again,
incubation followed for 2-3 days at 37°C or 25°C or until the heterocaryotic hyphae
appeared. Then, the plate was tightly sealed and incubated for at least 2 weeks at 37°C
or 25°C. The fruiting bodies, cleistothecia, appeared as black spheres and were
identified with a stereoscope and isolated. Hiille cells, aerial hyphae and any
conidiophores were removed from the cleistothecia by rolling on an agar plate. The
“clean” cleistothecium was disrupted against the walls of a centrifuge tube containing
1 mL sterile dH,0, in order for the asci to be released. The asci were disrupted by
vortexing to generate an ascospore suspension; a small volume from the suspension
was spread on a MM-agar plate containing only the mutual auxotrophies in order to
separate the selfed cleistothecia from the crossed ones. Those proven crossed were
spread on CM or MM media and the colonies arisen were used for further analysis by
growth testing and PCR, when necessary, to identify the progeny of interest in each
case.

2.4 DNA extraction from A. nidulans and A. brasiliensis

DNA extraction was performed as described in www.fgsc.net. In more detail, the
strain of interest was inoculated on a CM-agar plate and incubated at 37°C for 3-4
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days. Conidiospores from a colony sized one quarter of the plate were transferred in
an Erlenmeyer flask containing liquid MM supplemented with NH;* or NaNOs, and
the required auxotrophies, the culture was incubated overnight at 25°C or 37°C in a
shaking incubator at 140 rpm, until full growth and formation of mycelia.

The mycelia were collected by a Blutex filter, dried with paper towels and
frozen in liquid nitrogen. Mortar and pestle were used in constant presence of liquid
nitrogen to convert the frozen mycelia to a fine powder. 100-200 mg of the powder
were then transferred to a centrifuge tube and 800 pL extraction buffer (Tris-HCI 0.2
M pH 8, SDS 1% w/v, EDTA 1 mM pH 8) were added. The mixture was vortexed
until homogenization occurred and followed by 20 min incubation on ice. Then, 800
uL of basic phenol were added and thorough vortexing was performed for protein
denaturation to occur, and centrifuged at 13,000 g for 5 min. After the centrifugation,
two liquid phases were formed, one organic containing phenol, cell wall debris and
proteins and one aqueous containing buffer, DNA, RNA and some proteins. The
aqueous phase was transferred carefully in a new centrifuge tube avoiding any phenol
traces. Then, equal volume of chloroform was added; thorough vortexing was
performed again and the sample was centrifuged at 13,000 g for 5 min. As previously,
two phases were formed after the centrifugation, one organic containing the
chloroform and traces of phenol and one aqueous containing DNA, RNA and some
proteins. The aqueous phase (V uL) was transferred in a new centrifuge tube.

Then, the DNA was precipitated by ethanol. In more detail, V pL isopropanol
and 1/10 V uL CH3;COONa were added, followed by mild agitation and
centrifugation at 13,000 g for 5 min. The supernatant was discarded and 200 uL of
70% v/v EtOH were added to wash the pellet from salts, centrifugation at 13,000 g for
2 min followed. The supernatant again was discarded and the pellet was airdried at
RT or at 50°C for 10 min. The pellet was resuspended in 50 uL of dH,O containing
RNase (100 pg/mL) and incubated for 30 min at 37°C. The quality and concentration
of DNA were determined by agarose gel electrophoresis or spectrophotometry at 260
nm and 280 nm (OD,0/ODg0= ~1.8 corresponds to pure DNA).

2.5 Plasmid DNA extraction from E. coli

Plasmid DNA preparation from E. coli was performed with a plasmid DNA extraction
kit by Macherey-Nagel (NucleoSpin® Plasmid) according to the manufacturer’s
instructions or with a modified protocol based on Chapters 1.34-1.37 in (Sambrook et
al., 1989) described below.

In more detail, 1 mL of saturated liquid bacterial culture was collected in a
centrifuge tube and centrifuged at 13,000 g for 1 min. After the supernatant was
discarded, 200 uL of resuspension solution (Tris-HCI 50 mM pH 8, EDTA 10 mM)
were added, followed by vortexing until the pellet was completely resuspended. 200
uL of lysis solution (NaOH 200 mM, SDS 1% w/v) were added and mildly agitated.
In this step the cell wall and membrane were disrupted and because of the basic pH
the DNA (both genomic and plasmid) was denaturated. The nucleases function was
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inhibited by the lack of free cations (Ca**, Mg?") in the solution because of the
chelating reagent EDTA. The addition of 200 pL neutralizing solution (CH3COONa 3
M pH 5.5) followed by mild agitation and led to protein denaturation, as well as,
abrupt change of the pH leading to forcible formation of double stranded regions in
DNA. At this step only small length DNAs (e.g. plasmids) are renatured properly.
Centrifugation at 13,000 g for 5 min was then performed.

The supernatant was transferred in a new centrifuge tube and 500 uL of
isopropanol were added, mild agitation and centrifugation at 13,000 g for 5 min
followed. The plasmid DNA precipitated and the supernatant was removed. The pellet
was washed with 200 uL 70% v/v EtOH and centrifuged at 13,000 g for 2 min.
Finally, the supernatant was removed and the pellet was left to dry. The pellet was
resuspended in 50 pL of dH,O containing RNase 100 ug/mL and incubated for 30
min at 37°C. The quality and concentration of DNA were determined by agarose gel
electrophoresis or spectrophotometry at 260 nm and 280 nm (OD2g0/OD2go= ~1.8
corresponds to pure DNA).

2.6 PCR, Site Directed Mutagenesis and Oligonucleotides

PCR was performed in order to amplify specific regions of DNA for diagnostic or
cloning purposes. Proof reading polymerase KAPA HiFi (Kapa Biosystems) was used
for reactions needing accuracy and KAPA Taq (Kapa Biosystems) for regular
reactions. The reactions were performed according to the manufacturer’s instructions,
the T, of the primers was calculated according to the formula Tp,= 69.3 + 0.41
(GC*100/L) — 650/L, where GC corresponds to the number of GC oligonucleotides
that anneal to the target DNA and L the oligonucleotide length.

Specific amino acid substitutions on proteins were performed by PCR site
directed mutagenesis on the corresponding ORF. KAPA Hifi was used for the
mutagenesis and the protocol followed was according to the instructions of the
manufacturer. Here follows a brief description of the protocol.

For every mutation, two complementary oligonucleotides that anneal at the
region of interest of the template were designed. The required mutation was
introduced in the middle of both oligonucleotides. To calculate the T, the previous
formula is transformed to T,= [69.3 + 0.41 (GC*100/L) — 650/L] — 5 — X, where X is
every mismatch included in the oligonucleotide. PCR amplification was carried in 50
uL reaction with 1 ng of template DNA according to the instructions of the
manufacturer.

One pL of the PCR product was run in an agarose gel next to the same amount
of template used in the PCR reaction. The amplification was considered successful
when the band corresponding to the PCR product was of higher intensity. Next step
was a Dpnl digestion of the PCR product, in order to digest the parental DNA strands
(Dpnl recognizes a methylated 4-nucleotide sequence target). Then, Dpnl was
deactivated by heating at 80°C for 20 min. Part of Dpnl-treated product was used for
transformation of E. coli competent cells.  Single colonies arisen from the
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transformation where cultivated in liquid cultures, the plasmids were isolated and the
mutation was verified by sequencing. Oligonucleotides used in this study are included

In
Table 5.

Table 5. Forward primers used for site directed mutagenesis (reverse primers were complementary to
the forward primers) and primers for cloning purposes. The nucleobase substitutions of the wild-type
codons and restriction enzyme linkers are shown in bold. F stands for forward and R for reverse.

Oligonucleotide name

Sequence §° -3’

1 5’ uapA Aatll F CGCGGACGTCGGATCTGCGAGATCCTGGGGTC
2 3’ uapA Notl R CGCGGCGGCCGCCGCCCAATAATCTTCCCCCTCAG
3 fcyB ORF BamHI F CGGGATCCCGCATTCGATTTCGACCTG
4  fcyB ORF Xbal R CGTCTAGATTACCTGCCAAAAAACTTGATC
5 fcyB ORF NS Xbal R CGCGTCTAGACCTGCCAAAAAACTTGATCTCAAAAGGCC
6 GFP Xbal F CGTCTAGAATGGTGAGCAAGGGCGAG
7 GFP SpelR CGACTAGTTTACTTGTACAGCTCGTCCATG
8 GFPBamHIF GCGCGGATCCATGGTGAGCAAGGGCGAGG
9 GFP NS BamHIR GCGCGGATCCCTTGTACAGCTCGTCCATGCC
10  AFriboB Ndel F CGCGCATATGAAGCTTGATATCACAATCAGC
11  AFriboB Ndel R CGCGCATATGCCCGGGCTGCAGGAATTCGATAAG
12 FcyB/N81A F CAGCATGTGGCTGGCGGCCGCCATGGTCGTCAGTTCCTTTGCC
13 FcyB/N81S F CAGCATGTGGCTGGCGGCCAGCATGGTCGTCAGTTCCTTTGCC
14  FcyB/V83N F GGCTGGCGGCCAACATGAACGTTAGTTCCTTTGCC
15 FcyB/S85A F CGGCCAACATGGTCGTCGCTTCCTTTGCCATCGGTG
16  FcyB/W159A F CTCAATATTCTTGCATGCTTGGGCGCCTCTGCTGCCAACGCCATCG
17  FcyB/N163Q F GGGTTGGTCTGCTGCGCAGGCCATCGTAGGCGCTC
18 FcyB/N163L F GGGTTGGTCTGCTGCCCTCGCGATCGTAGGCGCTC
19 FcyB/T191AF CGATCTTGATCATTTCCATTTGCGCACTTTTGGTCACATTTGCGGG
20 FcyB/E206A F GTGGTCCATTTGTATGCATACTGGAGTTGGATTCCC
21  FcyB/W259A F CGGCTTCGCTACGGGCGCCACTAGTTACGCAGCCG
22  FcyB/S261AF CGCTACGGGCTGGACTGCTTACGCAGCCGATTACAC
23  FcyB/N350Q F GCCCTCTCAATCGTTGCGCAGAACTGCCCGAATTTCTAC
24  FcyB/N350A F GCCCTCTCAATCGTTGCGGCGAACTGCCCGAATTTCTAC
25 FcyB/N350D F GCCCTCTCAATCGTTGCGGACAACTGCCCGAATTTCTAC
26  FcyB/N351A F CCTCTCAATCGTTGCAAACGCATGCCCGAATTTCTACTCC
27 FcyB/P353AF CGTTGCAAACAACTGCGCAAATTTCTACTCCGTGGCTC
28 FcyB/N354D F CGTTGCAAACAACTGCCCGGATTTCTACTCCGTGGCTCTC
29 FcyB/N354AF CGTTGCAAACAACTGCCCGGCTTTCTACTCCGTGGCTCTC
30 FcyB/N354Q F CGTTGCAAACAACTGCCCGCAGTTCTACTCCGTGGCTCTC
31 argB Sall FOR CCGGTCGACTGGGGTAGTCATCTAATG
32 argB Sall REV CCGGTCGACGTCGACCTACAGCCATTG
33 azgA BamHIF CGGGGATCCGCATGCGCCTCGATCGTTG
34 azgA BamHIR CGGGGATCCGTGATAATTCTTTATATTTGCAGAG
35 azgA stop destr Xbal F GGAACAGGTCACGGAGAAATATCTAGAGTGACCGGTATAGTATAGACAG
36  azgA stop destr Xbal R CTGTCTATACTATACCGGTCACTCTTAGATATTTCTCCGTGACCTGTTCC
37  pBS Xbal destr F GCTCCACCGCGGTGGCGGCCGCACTAGAACTAGTGGATC
38 pBS Xbal destr F GATCCACTAGTTCTAGTGCGGCCGCCACCGCGGTGGAGC
39 gfp Xbal F CGTCTAGACATGGTGAGCAAGGGCGAG
40 gfp XbalR CGTCTAGATTACTTGTACAGCTCGTCC
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41  AzgAI/T49AF TGCCGGCCTTGCCGCCTTCTTCGCTATG

42  AzgAIT49S F TGCCGGCCTTGCCTCCTTCTTCGCTATG

43  AzgAIG129A F GCCCCGGGAATGGCTCTCAACGCGTACTTTG

44  AzgAIG129F F CTGGCCCCGGGAATGTTTCTCAACGCGTACTTTGC
45  AzgA/N131AF CGGGAATGGGTCTCGCCGCGTACTTTGCCTATA
46  AzgA/N131D F CGGGAATGGGTCTCGACGCGTACTTTGCCTATA
47  AzgA/F335A F CTCGCATTGATCACGGCCTTGGTATGCTATCTAGC
48  AzgA/D339A F GGATAGTACGTCGCCATTCTCGACGCTACG

49  AzgA/D339N F GGATAGTACGTCAACATTCTCGACGCTACG

50 AzgA/D339E F GGATAGTACGTCGAGATTCTCGACGCTACG

51 AzgA/D342AF CGTCGACATTCTCGCCGCTACGGGTACAT

52  AzgA/D342E F CGTCGACATTCTCGAGGCTACGGGTACAT

53 AzgA/D342N F CGTCGACATTCTCAACGCTACGGGTACAT

54  AzgA/T346A F CGACGCTACGGGTGCATTATACTCAATGGCC

55 AzgA/T390A F GGTTCTCCGCCTGTTGCAGCATTCGTCGAGAG

56 AzgA/E394AF GTTACAGCATTCGTCGCTAGCGGTGCTGGTAT

57 AzgA/E394Q F GTTACAGCATTCGTCCAGAGCGGTGCTGGTAT

58 AzgA/E394D F CTGTTACAGCATTCGTCGACAGCGGTGCTGGTATTTC
59 AzgA/S395A F CAGCATTCGTCGAGGCCGGTGCTGGTATTTC

60 AzgA/S395N F CAGCATTCGTCGAGAACGGTGCTGGTATTTC

61 AzgA/G398A F CGTCGAGAGCGGTGCTGCTATTTCGGAAGGTGG
62 AzgA/G402A F GCTGGTATTTCGGAAGCTGGAAAGACCGGTCTGAC
63 AzgA/K404R F GTATTTCGGAAGGTGGAAGGACCGGTCTGACATCATG
64 AzgA/DAT8AF CTACAGCATTGCCGCCGGCCTGATCGCCG

65 pantoB Ndel F GCGCATATGGGATTGGGAGGTGACACAGAACTTCC
66 pantoB Ndel R GCGCATATGCACGCGAGGATTAACATGCGTGG

67 pGPDA Aatll F GCGGACGTCGGTTGACCGGTGCCTGGATC

68 pGPDA Spel R GCGACTAGTTGTGATGTCTGCTCAAGCGGGG

69 trpC Notl F GCGGCGGCCGCGATCCACTTAACGTTACTGAAATC
70  trpC Pstl R GCGCTGCAGCCTCTAAACAAGTGTACCTGTGC

71  furA Spel F GCGACTAGTATGTCAGCTATTAAACGATGGATC

72  furB Spel F GCGACTAGTATGAAAATCACCACAGCACTAAAGAAG
73  furB Notl R GCGGCGGCCGCTCATGCTCCTTTGGCTGAATATAC
74 furC Spel F GCGACTAGTATGGACCGCCTCTCCATCAG

75  furC Notl R GCGGCGGCCGCTCAAACCTCCCTAACTCCAACC
76  furD Spel F GCGACTAGTATGCGTTTCGGTCGCTTTCACC

77  furD Notl R GCGGCGGCCGCTCAGTAAACAGCAAAACCCTTCTCC
78  furE Spel F GCGACTAGTATGGGACTACGAGAAAGACTCC

79  furE Notl R GCGGCGGCCGCCTATGCAGAGACAGCCTCCTTC
80  furF Spel F GCGACTAGTATGGCACTCCGGCGTTTTATAC

81 furF NotIR GCGGCGGCCGCTCAAACACTGATCTTATCGCCTTTC
82  furG Spel F GCGACTAGTATGAAGACTTTGTCGTGGCCC

83 furA Notl NSR GCGGCGGCCGCTACACTAGCGGATCCAGCC

84  furB Notl NS R GCGGCGGCCGCTGCTCCTTTGGCTGAATATACC
85  furC Notl NS R GCGGCGGCCGCAACCTCCCTAACTCCAACCTC

86  furE Notl NS R GCGGCGGCCGCTGCAGAGACAGCCTCCTTC

87  furF Notl NSR GCGGCGGCCGCAACACTGATCTTATCGCCTTTCTC
88  furG Notl NS R GCGGCGGCCGCGACGACGGARACCTCTGCC

89  AbfurB2 Spel F GCGACTAGTATGACATTACTTCAATGGCTCGAGG
90 AbfurB2 Notl R GCGGCGGCCGCGTCATCCTCCACACCCTTTGG

91 GFP Notl F GCGGCGGCCGCCATGGTGAGCAAGGGCGAGG
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92 GFP NotlR CGCGCGGCCGCTTACTTGTACAGCTCGTCC

93 FurD N54AF CTCTGACGCCTTCGCCGCTGCGACCTGGC

94 FurDTS57AF GCCTTCAACGCTGCGGCCTGGCAATTCGCC

95 FurD W130A F CCTGGCCATTTTCGCGTTTGCGATCCAGAATG

96 FurD Ql34AF CTGGTTTGCGATCGCGAATGTCAACGGTGC

97 FurD Q134EF CTGGTTTGCGATCGAGAATGTCAACGGTGC

98 FurD N249A F GAGTGTGCTGGGGGCTTATGCCACGCTTAGTG

99 FurD Y250A F GTGTGCTGGGGAATGCTGCCACGCTTAGTGTTAAC
100  FurD Y250K F GTGTGCTGGGGAATAAAGCCACGCTTAGTGTTAAC
101  FurD Y250W F GTGTGCTGGGGAATTGGGCCACGCTTAGTGTTAAC
102  FurD Y250F F GTGTGCTGGGGAATTTTGCCACGCTTAGTGTTAAC
103 FurD N341AF GTGAACATCAGCGCGGCCTCGATTTCCGCTGC
104  FurD L386A F GAGTGCCAGCAATTTCGCCAACTTCATGTCTGC
105 FurD L386S F GTGCCAGCAATTTCTCGAACTTCATGTCTGC
106  FurD M389A F GCAATTTCCTGAACTTCGCCTCTGCATATGCC
107  FurD M389L F GCAATTTCCTGAACTTCCTGTCTGCATATGCC
108 FurD L*®EN*®"F GAGTGCCAGCAATTTCCTGGAGAACTTCATGTCTGC
109 FurE P251N F CTCGGCCATCGGGAACAAGGCGACGCTGGCC
110 FurE K252F F GGCCATCGGGCCGTTCGCGACGCTGGCC
111  FurkE P251K252/NF F GTTACCTCGGCCATCGGGAACTTCGCGACGCTGGCCCTGAAC
112  FurES54N/S56N/M57T F  CGCCGAGGCGTTTAATATTAACACGTATCAAGGTACTGTCCGC
113  FurES54N/S56A/M57T F CGCCGAGGCGTTTAATATTGCCACGTATCAAGGTACTGTCCGC
114 5’ FurCF GTAGATGGCAGAGGGGTAAC
115 5’ FwEF CCAACTGACGAACCTGCC
116 5’ FurF F GCTACGACTGCAACGACTTC
117 5’ FurGF CCACACCGAAACTAACTGCG
118 riboB R CCGAATGGTGGATTTAGAGCC
119  AbuapC Bglll F GCGAGATCTACCTGACCAGATAGGCCCG
120  AbuapC Spel R GCGACTAGTGCACTCGAGGGCTCGC
121  5’UTR PstI R GCGCTGCAGGCTGTCGTCACTCGAATAGG
122 AbuapD Pstl F GCGCTGCAGATGGAGTCCAAGTCTAGCCC
123  AbuapD Xbal R GCGTCTAGATCAAGGCAACACTGTATCCACCTTC
124 AbuapD NS Xbal R GCGTCTAGAGGCAACACTGTATCCACCTTC
125  AbuapD-NO-CT Pstl R CGCCTGCAGGCAACAACAAATTCAACAACACCCC
126  uapAct Pstl F GCGCTGCAGAAGTCGAAGAGATCGGTG
127  AbuapD ADA Pstl F GCGCCTGCAGCAACAGGCTACTGGTCTCGC
128  AbuapD ADA Pstl R GCGCCTGCAGCGAATTTACCGAAGATGCCC
130 GFP Pstl F CGCCTGCAGATGGTGAGCAAGGGCGAGG
131 GFP NS PstlR CGCCTGCAGCTTGTACAGCTCGTCCATGCC
132  UapA NS Xbal R GCTCTAGAGCCTGCTTGCTCTGATACTC

2.7 Agarose gel electrophoresis

DNA was run in agarose gels in order to separate a mixed population of DNA after
digestion or PCR. The fragments are separated by length by applying an electrical
field to move the charged molecules through an agarose matrix. The negative charged
biomolecules move towards the positively-charged anode during the electrophoresis.
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In order to perform an agarose gel electrophoresis we used the following
protocol, modified version of Sambrook et al. (1989), 0.8-2% w/v agarose was added
in TAE 1x buffer (Tris-acetate 0.04 M, EDTA 0.001 M) and heated until completely
dissolved. The mixture was left to cool down for a while and ethidium bromide
(which intercalates into the major grooves of the DNA/RNA and fluoresces under UV
light) was added to a final concentration of 0.5 pg/mL and finally it was poured in a
cast. A comb was placed in the cast to create wells for sample loading and the gel was
completely set before use. The concentration of agarose in the gel affects the
resolution of DNA separation. For a standard agarose gel electrophoresis, a
concentration of agarose 0.8% wi/v gives good resolution of large 5-10 kb DNA
fragments, while 2% w/v gel gives good resolution for small 0.2-1 kb fragments. 1%
gels are common for many applications.

Once the gel had set, the comb was removed and the gel was placed in the
electrophoresis tank and was filled up with TAE 1x buffer until the gel was covered, a
representation of the apparatus is shown in Figure 22. The samples were prepared
with the addition of a loading buffer that consisted of a colored dye such as xylene
cyanol or bromophenol blue used to estimate the migration of DNA and glycerol to
raise the density of the sample, so that it sank to the bottom of the well. An electrical
field was applied on the gels; the voltage applied depended on the resolution needed.
The visualization of DNA was performed under UV light.

Specific bands needed for cloning or other purposes where cut from the gel
and the DNA was extracted with NucleoSpin® Gel and PCR Clean-up (Macherey
Nagel) according to the instructions of the manufacturer.
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Figure 22. A schematic representation of DNA agarose gel electrophoresis. Gel is set in the middle
of the electrophoresis tank and is filled up with TAE buffer. The samples are loaded in the wells and
electrical field is applied at the system. The negatively charged DNA moves towards the positive pole.
Picture was taken from http://www.discoveryandinnovation.com/BlIOL202/notes/lecture23.html.
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2.8 Plasmids and plasmid constructions
The plasmids used in this study are included in Table 6. Construction details and map

representations follow for each plasmid constructed during this study. The plasmid
maps were constructed using the online tool http://www.bioinformatics.org/savvy/.

Table 6. Plasmids used or constructed in this study.

Plasmid name Reference \
pBS-uapA,-fcyB-pabaA (Vlanti and Diallinas, 2008)
PGEM-uapA,-fcyB AfriboB (Krypotou et al., 2012)
PGEM-uapA,-fcy-gfp AfriboB (Krypotou et al., 2012)
pBS-azgA-gfp argB (Krypotou et al., 2014)
PGEM-gpdA,-furA-gfp This study.
PGEM-gpdA,-furB This study.
PGEM-gpdA,-furB-gfp This study.
PGEM-gpdA,-furC This study.
PGEM-gpdA,-furC-gfp This study.
PGEM-gpdA,-furD This study.
PGEM-gpdA,-furD-gfp This study.
PGEM-gpdA,-furk This study.
pPGEM-gpdA,-furE-gfp This study.
PGEM-gpdA,-furF This study.
pPGEM-gpdA,-furF-gfp This study.
PGEM-gpdA,-furG-gfp This study.
PGEM-gpdA,-AbfurB2-gfp This study.
pBS-uapA,-AbuapC-gfp-argB This study.
pBS-uapA,-AbuapD-argB This study.
pBS-uapA,-AbuapD-gfp-argB This study.
pBS-uapA,-gfp-AbuapD-argB This study.
pBS-uapA,-AbuapD-A-gfp-argB This study.
pBS-uapA,-ADA-gfp-argB This study.

> pPGEM-uapA,-fcyB AfriboB and pGEM-uapA,-fcy-qfp AfriboB

A modified pGEM vector was used for cloning of the fcyB ORF and the 5’ and 3’
uapA regulatory sequences. In more detail, the pBS-uapA,-FcyB-pabaA plasmid
(Vlanti and Diallinas, 2008) was used as a template for amplification of the 5 uapA-
fcyB-3 " uapA with primers (1) and (2) and after digestion cloned in a pGEM vector.
The fcyB ORF included BamHI and Xbal extensions. The riboB gene from A.
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fumigatus genomic DNA was amplified with primers (10) and (11) with Ndel
extensions and after digestion cloned in the same plasmid. In order to construct the
fcyB-gfp allele, the fcyB ORF was digested out of the plasmid and the fcyB-allele
without stop codon amplified with primers (3) and (5) was cloned in the same position
of the plasmid. The gfp ORF was amplified with primers (6) and (7) and cloned in
Xbal position of the plasmid. Detailed maps of the plasmids are shown in Figure 23.
These plasmids were constructed by Sotiris Amillis in the J. Strauss’s lab in BOKU,
Vienna.

Aatll 100
|

BarnHI 200

pGEM-uapAp-fcyB AfriboB
2200 bp

~-—- Xbal 2400

>,

.,
* Ndel 2050
Notl 3000
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Mdel 5050 < AfriboB

BamHI 200

pGEM-uapAp-fcy-gfp AfriboB

sed06p —_ Xbal 2400

Xbal 3101
Spel 3100

P
Mdel 5750 <

AfriboB
,

" Ndel 3750

Figure 23. Plasmid maps of pGEM-uapA,-fcyB AfriboB and pGEM-uapA,-fcyB-gfp AfriboB. Different
DNA fragments cloned in the plasmid are represented with different colours. Positions of restriction
sites are also indicated.

> pBS-azgA-gfp argB

This plasmid is a modified pBluescript KS(+) vector (Stratagene) carrying the azgA
gene fused C-terminally with the gfp gene, as well as, the argB gene as a selection
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marker. The argB gene was cloned in the Sall site of the pBluescript multicloning site
amplified with primers (31) and (32) and the azgA gene (ORF and regulatory
sequences) was amplified from A. nidulans genome locus with primers (33) and (34)
and cloned in the BamHI position of the multicloning site. PCR mutagenesis with
primers (35) and (36) was used to destroy the Xbal site of the multi-cloning site and
replace the azgA stop codon with a Xbal restriction site. Finally, gfp was amplified
with Xbal extensions with primers (39) and (40) and cloned in frame at the end of the
azgA ORF. A detailed map of the plasmid is shown in Figure 24. This plasmid was
constructed by Sotiris Amillis in G. Diallinas’ lab.

BamHI 504

/

pBS-azgA-gfp argB
E250 bp

Sall G822

afp
™ Xeal 3571
|

'¥bal 4206

Sall 4454
BamHI £4442

Figure 24. Plasmid map of pBS-azgA-gfp argB. Different DNA fragments cloned in the plasmid are
represented with different colours. Positions of restriction sites are also indicated.

> pGEM-gpdA,-fur and pGEM-gpdA,-fur-gfp

This vector is a modified pGEM-T-easy vector carrying the gpdA promoter (~1000 bp)
amplified with primers (67) and (68), cloned at Aatll and Spel restriction sites of the
multicloning site (MCS)?, the trpC 3’ termination region amplified with primers (69)
and (70), cloned at Notl and Pstl restriction sites of the MCS, and the panB gene
amplified with primers (65) and (66), cloned at the Ndel restriction site of the MCS.
The fur ORFs were obtained from wild-type genomic DNA with PCR using primers
(72)-(81) and cloned at the Spel-Notl sites of the vector. For fur-gfp constructions, the
fur ORFs lacking the translation stop codon were amplified using the reverse primers
(83)-(90) and the corresponding forward primers. gfp ORF was amplified using

YImportant Note: After cloning of the gpdA promoter in pGEM vector a fraction of ~200 bp at the
beginning of the promoter appears to have been lost probably due to DNA recombination events during
ligation without, however, affecting the expression capacity of the promoter.
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primers (91)-(92) with Notl extensions and cloned in frame at the end of the fur ORFs.
Detailed maps of the plasmids are shown in Figure 25.

Aatll 21

Spel 1048
Vs
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10000 bp Mot 2600
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" Mdel 4150
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Figure 25. Plasmid maps of pGEM-gpdA,-fur and pGEM-gpdA,-fur-gfp. Different DNA fragments
cloned in the plasmid are represented with different colours. Positions of restriction sites are also
indicated.

> pBS-uapA,-AbuapC-gfp-argB

This plasmid was constructed using as a template the pAN510exp-GFP plasmid from
Papageorgiou et al. (2008), which includes the 5’ and 3’ uapA regulative sequences,
the uapA ORF cloned with BamHI and Xbal extensions and the argB gene as a
selective marker. The gfp is cloned in this vector with Xbal-Spel extensions making
the 3~ terminus fixed on the vector. To construct pBS-uapA,-AbuapC-gfp-argB, uapA
was removed after digestion with BamHI and Xbal and replaced with AbuapC
amplified with primers (119) and (120) from A. brasiliensis genomic DNA with
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Bglll-Spel extensions and in frame with gfp. Detailed map of the plasmid is shown in
Figure 26.

BamHI 1501
Bglll 1502

Sall 750

pBS-uapAp-AbuapC-gfp-argB  AbuapC
2800 bp

Sall 8550

Xbal 3301
Spel 3300

Sall 4750

Figure 26. Plasmid map of pBS-uapA,-AbuapC-gfp-argB. Different DNA fragments cloned in the
plasmid are represented with different colours. Positions of restriction sites are also indicated.

> pBS-uapA,-AbuapD-gfp-argB, pBS-uapA,-AbuapD-argB and pBS-uapAy-gfp-
AbuapD-argB

In order to construct pBS-uapAy-AbuapD-gfp-argB plasmid, the pAN510exp-GFP
plasmid from Papageorgiou et al. (2008) was used as a template. The vector was
constructed by removing the 5’ uapA regulatory sequence and the uapA ORF from the
plasmid with Notl-Xbal digestion. The 5" uapA was amplified from the pAN510exp-
GFP plasmid with M13 forward universal primer (binds on the MCS next to 5 ‘uapA)
and primer (121) with Pstl extension and digested with Notl-Pstl. The AbuapD ORF
was amplified with primers (122) and (124) with Pstl-Xbal extensions and without a
stop codon. Both 5" uapA and AbuapD were cloned in the vector with a single step
ligation.

In the case of the pBS-uapA,-AbuapD-argB plasmid, the pANS510exp
(Papageorgiou et al., 2008) plasmid was used to remove with digestion the 5’ uapA
regulatory sequence and the uapA ORF and replace it with an 5 -uapA,-AbuapD allele
with a stop codon at the respective position, amplified with primers M13 forward and
(123) from pBS-uapA,-AbuapD-gfp-argB. Using the pBS-uapA,-AbuapD-argB
plasmid, gfp was cloned in frame at the N-terminus of AbuapD using primers (130)
and (131) to add Pstl extensions and remove the stop codon of gfp to construct the
pBS-uapA,-gfp-AbuapD-argB plasmid. Detailed maps of the plasmids are shown in
Figure 27.
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Figure 27. Plasmid maps of pBS-uapA,-AbuapD-arg, pBS-uapA,-AbuapD-gfp-argB and pBS-uapA,-

gfp-AbuapD-argB. Different DNA fragments cloned in the plasmid are represented with different
colours. Positions of restriction sites are also indicated.
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> pBS-uapA,-AbuapD-A-gfp-argB and pBS-uapA,-ADA-gfp-argB

Two chimeric plasmids were constructed combining parts of AbuapD and uapA ORFs.
The first plasmid, pBS-uapA,-AbuapD-A-gfp-argB, consisted of the 5-3" regulative
sequences of the uapA gene and the argB gene as a selective marker, also included an
AbuapD allele without the codons responsible for the last 11 predicted amino acids of
AbUapD C-terminus, which were replaced by the last 32 residues of the UapA C-
terminus. So, the AbuapD allele was digested from the pBS-uapA,-AbuapD-gfp-argB
plasmid with Pstl-Xbal, and an AbuapD allele lacking its C-tail was amplified with
primers (122) and (125) with Pstl extensions at both sides, the uapA-ctail was
amplified with primers (126) and (132) with Pstl-Xbal extensions and both pieces
were cloned with a single ligation step in the vector (orientation of AbuapD after
ligation was checked by PCR).

The second chimeric plasmid constructed, pBS-uapA,-ADA-gfp-argB, was a
modified pAN510exp-GFP plasmid (Papageorgiou et al., 2008), where a part of uapA
was replaced with a part of AbuapD. In particular, on protein level amino acid
residues Ala®" to Ala** of UapA were replaced with Ala**® to Gly**® from AbUapD
(Gly** in the new plasmid was changed to Ala). This construction was performed by
removing with Pstl digestion the respective uapA fragment of pAN510exp-GFP by
taking advantage the natively existing Pstl restriction sites in uapA ORF. The
corresponding part of AbuapD was amplified with primers (127) and (128) adding
Pstl extensions and was cloned in frame with uapA. Detailed maps of the plasmids are
shown in Figure 28.
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Figure 28. Plasmid maps of pBS-uapA,-AbuapD-A-gfp-argB and pBS-uapA,-ADA-gfp-argB. Different
DNA fragments cloned in the plasmid are represented with different colours. Positions of restriction
sites are also indicated.

2.9 Preparation of E. coli competent cells

The method used to prepare E. coli competent cells was a modified protocol of the
one described in chapters 1.82-1.84 by Sambrook et al. (1989). In more detail, cells
from a single colony of E. coli (DH5a) were used to inoculate 20 mL of liquid LB
medium and the culture was incubated for 16 h at 37°C and 220 rpm. When the
culture was saturated, 2.5 mL of the culture were transferred in a 2 L Erlenmeyer
flask containing 500 mL LB medium. Incubation at 37°C and 220 rpm followed until
the culture acquired optical density 0.45-0.55 at 600 nm.

Then, the cells were collected by centrifugation at 4,500 g for 5 min at 4°C
and resuspended in 100 mL ice cold solution TFB | (CH3COOK 30 mM, CaCl, 10
mM, MnCl, 50 mM, RbCl, 100 mM, glycerol 15% v/v, pH was set at 5.8 with
CH3COOH 1 M). After incubation on ice for 5 min, the suspension was centrifuged at
4,500 g for 5 min at 4°C. The supernatant was discarded and the cells were
resuspended in 10 mL ice cold solution TFB 1l (MOPS 10 mM pH 6.5, CaCl, 75 mM,
RbCI; 10 mM, glycerol 15% v/v, pH was set at 6.5 with KOH 1 M). The suspension
was incubated on ice for 15-60 min. Finally, the suspension was aliquoted in
centrifuge tubes and stored at -80°C for at least 6 months.

It should be noted that at all steps the solutions and equipment used were
sterile.
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2.10 Transformation of E. coli competent cells

The method used to transform E. coli competent cells with plasmid DNA was a
modified protocol based on the one described in chapters 1.74-1.81 by Sambrook et al.
(1989). In more detail, in a centrifuge tube containing 200 puL competent cells,
prepared as described above, 0.01-0.5 ug of plasmid DNA were added, mild agitation
followed and incubation for 20-30 min on ice. Heat shock at 42°C for 90 sec followed
in order for the plasma membrane to become more fluid and permeable. Then, 1 mL
liquid LB medium was added and after mild agitation the suspension was incubated at
37°C for 1 h. This incubation period is necessary for the cells to recover from the heat
shock, as well as, the bacteria to generate the antibiotic resistance proteins encoded on
the plasmid backbone, in order to be able to grow once plated on the antibiotic
containing LB-agar plate. The bacterial cells were collected with centrifugation and
plated on LB agar containing plate supplemented with the appropriate antibiotic and
incubated at 37°C for 16 h.

2.11 Transformation of A. nidulans

Transformation of A. nidulans was performed using a modified protocol based on the
one described by Koukaki et al. (2003). In more detail, the strain of interest was
inoculated on a CM-agar plate and incubated at 37°C for 3-4 days or until it reached
full growth. Conidiospores were collected with a spatula in a centrifuge tube
containing 5 mL Tween-80 0.01 % v/v. The suspension was well-vortexed in order
for the conidiospores to get separated; then, the suspension was filtered through a
Blutex into a 1 L Erlenmeyer flask containing 200 mL liquid MM supplemented with
vitamins and a nitrogen source (e.g. urea) as required. The culture was incubated at
37°C for about 4 h or until the conidiospores reached their isotropic phase of growth.

When the culture was ready, the conidiospores were collected by
centrifugation at 3,000 g for 10 min. The cells were resuspended in solution I (MgSO,
1.2 M, Orthophosphate 10 mM pH 5.8) and 0.2 g of lysing enzymes from
Trichoderma harzianiae were added. The lysing enzymes digest the cell wall and
protoplasts are generated. The suspension was incubated at 30°C for 2 h and 60 rpm.
When the incubation period was complete, the cells were collected by centrifugation
at 3,000 g for 10 min. Then, the supernatant was removed and the cells were
resuspended in solution I1 (Sorbitol 1 M, CaCl, 10 mM, Tris-HCI 10 mM pH 7.5) and
centrifuged again as before. The supernatant was removed and the protoplasts were
resuspended in V (1-10 mL, depending on the density of the culture) solution Il and
1/4V solution 111 (Polyethylene Glycol 4000 60% w/v, CaCl, 10 mM, Tris-HCI 10
mM pH 7.5) and mildly agitated until homogenization; 250 uL of the suspension were
aliquoted in centrifuge tubes. At this step the protoplasts could be frozen at -80°C
after addition of 1% v/v DMSO.

At this step, 0.5-3 ng of DNA were added in the protoplasts and 15 min
incubation on ice followed. Next, 500 uL of solution Ill were added, agitated mildly
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until homogenization and incubated at RT for 15 min. Then, the protoplasts were
collected by centrifugation at 5,000 g for 10 min, the supernatant was discarded and
the pellet was washed (without resuspension) with 1 mL of solution Il. Again,
centrifugation at 5,000 g for 2 min was performed and the supernatant was discarded.
Finally, the pellet was resuspended in 200 pL solution 11 and added in melted SM-Top
agar 0.35% w/v and after mild agitation plated on an SM-agar plate. The SM-bottom
was supplemented with vitamins or nitrogen sources as required, depending on the
selection marker carried in the plasmid/DNA cassette; e.g. for an argB2 auxotroph
strain transformed with an argB carrying plasmid, the growth medium must not
contain arginine. The SM plates were left to become solid and then incubated at 37°C
for 3-4 days or until the transformants appeared.

» DNA molecules used for transformation and their incorporation into the
protoplasts

DNA used to transform protoplasts can vary from a linear DNA construct (cassette),
to an integrative or an autonomous replicating plasmid. The autonomous replicating
plasmid remains in the nucleus of the cell and is inherited in progenic cells. The
inheritance of these plasmids depends on the growth conditions; if selective
conditions are applied, the plasmid is inherited in all progeny and in some under non-
selective conditions. Thus, this kind of plasmids is very unstable. An integrative
plasmid can be integrated in the genomic DNA in non-homologous regions by one
crossover junction. In the case of a cassette, the foreign DNA will be integrated in a
chromosomal region of the host, where they share partial homology. In order for the
cassette to be integrated, two crossover junctions are needed between the hosting
DNA and the cassette, in the case of the plasmid only one is needed. The ability of the
DNA homologous integration at specific genetic loci is used in targeted genetic
replacements, e.g. targeting a specific locus to construct null mutants. This gene
replacement technique is highly efficient by using: (i) a cassette that includes the
respective flanking DNA regions (>1000 bp length of each flanking) of the target
gene and (ii) A. nidulans strains with null nkuA genetic background, in which
heterologous integration is genetically inactivated.

2.12 Southern blot of genomic DNA

Southern blot is used to detect specific sequences in genomic DNA. The protocol that
was followed in this study was based on the one described by (Sambrook et al., 1989).
This method was used to detect the plasmid copies integrated in the transformant
strains constructed.

In more detail, genomic DNA of the A. nidulans strain of interest was isolated
and quantified as described above. 3-5 ug of DNA were digested with a restriction
enzyme for 12 h and after the addition of new enzyme for another 2 h. The choice of
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the restriction enzyme is crucial, because there should not be a restriction site in the
sequence that is going to be probed. When this is not possible the exact digestion site
must be located and a proper radiolabeled probe must be constructed.

When the digestion is complete, the samples were run in a 0.8% wi/v agarose
gel applying 55 V electrical field. The electrophoresis period was complete when the
dye band had run a distance of % of the gel. Then, the gel was exposed under UV
light in order to fragment the DNA.

Afterwards, the gel was immersed in denaturation solution (NaCl 1.5 M,
NaOH 0.5 M) at room temperature (RT) for 30 min under mild agitation in order to
denature the double-stranded DNA, and then it was immersed in neutralizing solution
(NaCl 1.5 M, Tris-HCI 1 M pH 8) at RT for 30 min under mild agitation. Then, the
DNA was transferred from the gel to a positively charged nylon membrane. The
transferring procedure was performed by making a construction as shown in Figure
29. A sheet of membrane was placed on top of the gel. Pressure was applied evenly to
the gel by placing a stack of paper towels and a weight on top of the membrane and
gel, to ensure good and even contact between gel and membrane. The buffer used for
the transfer was 20xSSC (NaCl 3 M, Na3CgHs0; 0.3 M pH 7 with NaOH). Buffer
transfer by capillary action from a region of high water potential to a region of low
water potential (usually filter paper and paper tissues) was then used to move the
DNA from the gel on to the membrane; ion exchange interactions bind the DNA to
the membrane due to the negative charge of the DNA and positive charge of the
membrane. DNA transfer was performed overnight and when complete the membrane
was exposed under UV light for 5 min to immobilize DNA on the membrane.

Glass plate

Stack of paper towels

-Cellulose nitrate paper
Gel

Flastic strips that support the edges
of the cellulose paper and the towels
Wad of thick paper thal dips

intg the tray of 20 SSC

Glass plate

P

Z
p
L V/ Tray of 20x SSC

Figure 29. Southern blot DNA transfer from gel to membrane. The gel is set on top of Whatmann
papers with edges soaked in 20xSSC buffer. The membrane is laid over the gel and a stack of paper
towels is set on top. Finally a weight is put on the top to succeed equal distribution of the weight.
(Southern, 2006)

The membrane was used for detection of specific DNA sequences with the
appropriate probe in each case. The probe was constructed by synthesis of a DNA
single stranded molecule containing [*2P] nucleotides. The probe template was usually
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an ~1 kb length DNA acquired by PCR or plasmid digestion; 200-400 ng of the DNA
were added in a centrifuge tube with 10 ng random hexamers and dH,O (up to a final
volume of 21 pL) and boiled for 2 min, in order the DNA fragments to become
single-stranded. The sample was rapidly stored on ice to prevent formation of double
stranded DNA. Then, the reaction mix was added in the sample. The reaction mix
included: (i) all nucleotides (10 mM) (except the radiolabeled one that was the last
component of the reaction added), (ii) the Klenow polymerase and Klenow buffer
(concentrations according to the manufacturer’s instructions), (iii) dH,O up to 50 uL
and (iv) the radiolabeled nucleotide. The sample was incubated at 37°C for 1 h. The
random hexamers bind on the single stranded DNA and the polymerase fills in the
single stranded gaps with the complementary nucleotides, leading to DNA molecules
that contain radiolabeled nucleotides.When the incubation was complete the mixture
was added in a sepharose column (mini Quick Spin Oligo Columns, Roche) according
to the manufacturer’s instructions in order to get rid of the unincorporated
radiolabeled nucleotides. Before use, the probe was denaturated by addition of NaOH.

Treatment of the membrane with the probe is called hybridization, during
which the probe binds to complementary DNA strands bound on the membrane.
Before hybridization the membrane was immersed in Church solution
(NaH,PO4/NaH,PO, 0.5 M pH 7, BSA 1% wl/v, SDS 7% w/v, EDTA 1 mM) and
incubated at 65°C for 2 h, under mild agitation. This step, also called pre-
hybridization, is necessary to inhibit non-specific binding of the probe in areas
without any DNA and also results for the double stranded DNA bound on the
membrane to become single stranded. The temperature chosen for the hybridization
step depended on the Tm of the probe; low hybridization temperature could lead to
non-specific binding. In this study, 65°C were used in all cases. After the pre-
hybridization, the probe was added in the solution and the membrane was incubated at
65°C for at least 12 h under mild agitation.

After hybridization the probe was collected in a centrifuge tube and stored at -
20°C. The probe could be reused after boiling for 10 min. Four washing stages of the
membrane followed in order for the non-specifically bound probes to be removed.
The first three washes were with 2xSSC solution and 0.1 w/v SDS for 30 min under
the same conditions as the hybridization. The final wash was with 0.2xSSC and 0.1%
w/v SDS for 30 min under the same conditions. Then, the membrane was wrapped
with Saran wrap and set in an autoradiography cassette with an X-ray film on top.
[*2P]-particles cause darkening of an X-ray film each time they move through it. An
autoradiography cassette contains special screens on both sides impervious to [*P]-
particles, causing a constant periodic movement of the particles at the same point that
results in band formation on the film. The cassette was incubated at -80°C (low
temperature increases the impermeability of the cassette screens) for period enough
for the bands to appear during film development, that could vary from 20 min to 48 h,
depending on the specific activity of the radiolabeled nucleotide and the probe
synthesis efficiency.
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2.13 Total RNA extraction from A. nidulans

A modified protocol for total RNA extraction was performed based on the
protocol accompanying the reagent TRIzol (Invitrogen). It is crucial that during the
RNA extraction procedure the samples are protected from RNases. So gloves are
worn at all times, sterile equipment is used and every solution is prepared with DEPC
(diethyl bicarbonate) water; DEPC is used to deactivate RNAses, it is added in water
and incubated overnight at 37°C and then deactivated by autoclaving.

In more detail, the strain of interest was inoculated in an Erlenmeyer flask
containing liquid MM or CM supplemented as required and incubated at the
appropriate temperature and period depending on the conditions tested. When the
incubation was complete, the mycelium was collected and grinded with liquid
nitrogen similarly to the DNA extraction protocol. When the RNA extraction was
performed from conidiospores, they were collected by centrifugation and the pellet
was frozen with liquid nitrogen. In a centrifuge tube, 50 pL of powder and equal
volume of acid-washed glass-beads (particle-size 425-600 um) were added and
grinded with a blue tip to a fine powder. Then, 1 mL of TRIzol reagent was added and
vortexed immediately for ~1 min and incubated at RT for 5 min. 200 uL of
chloroform were added and after well-shaking the sample, it was incubated at RT for
another 2-3 min before centrifuged at 12,000 g for 15 min at 4°C. The upper aqueous
phase was transferred to a new centrifuge tube and 600 pL isopropanol were added,
the mixture was mixed by inversion and incubated for 10 min on ice. After
centrifugation at 12,000 g for 10 min the supernatant was discarded and the pellet was
washed with 1 mL 70% v/v EtOH. Then, the sample was vortexed, centrifuged at
7,500 g for 5 min at 4°C, the supernatant was removed and the pellet was left to air
dry for 15-20 min, but some moisture should be maintained in order not to decrease
solubility. Finally, the pellet was resuspended in 50-100 puL DEPC-dH,O and
incubated at 65°C for 5 min to completely dissolve RNA. The quality and
concentration of the RNA were estimated by agarose gel electrophoresis and
spectrophotometry at 260 nm and 280 nm (OD26,/ODg= ~2 corresponds to pure
RNA).

2.14 Northern Blot of total RNA

Total RNA was extracted as described above and analyzed by Northern Blot
according to a modified protocol based on Sambrook et al. (1989). In more detail, the
first step of the protocol was to denature the RNA; V puL RNA that corresponded to
~10 pg were mixed with 3V denaturation solution [DMSO (67.44% viv),
Orthophosphate 0.1 M pH 7 (13.19% v/v), glyoxal 6 M (19.35% v/v)] and incubated
at 50°C for 1 h, in order to eliminate the tertiary structures and the molecules to be
separated in an agarose gel according to their length. Then the samples were stored on
ice for at least 5 min. The RNA samples with the denaturation solution (final volume
4V uL) were mixed with 0.5V uL of loading buffer (Orthophosphate 10 mM pH 7,
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Bromophenol-blue 0.2% wi/v, glycerol 50% v/v). The samples were analyzed in a 1%
w/v agarose gel made with orthophosphate buffer 10 mM and ran in the same buffer
(TAE is not used in RNA electrophoresis). The electrophoresis was performed in an
electrical field of 48 V corresponding to 48 mA. After a period of 5 min the
homogeneity of the running buffer had to be reassured (because orthophosphate is
dissociated during the electrophoresis) in order not to create a concentration gradient;
for this reason a peristaltic pump with continuous flow was set in order to transfer
solution (and apparently ions) from the one side of the gel to the other. The
electrophoresis was considered complete when the dye of the loading buffer had
traveled ~9 cm from the starting point.

RNAs were transferred to a positively charged nylon membrane identically as
described in Southern blot protocol above. After the completion of the transfer,
ribosomic RNAs (rRNAs) were detected on the membrane by immersion of the
membrane in a dye (Methylene-blue 0.03% w/v, CH3;COONa 0.5 M pH 5.2)
specifically binding on RNAs and discoloring with dH,O. The abundant rRNA bands
were coloured and could be used as an indication of equal loading and successful
transfer. The total discoloring of the membrane was performed with SDS 1% wi/v and
0.2xSSC.

Prehybridization, probe preparation and hybridization steps were performed as
described for Southern Blot above. After hybridization the membrane was washed
twice in 2xSSC and SDS 0.1% w/v for 10 and 20 min, and once in 1xSSC and SDS
0.1% wi/v for 15 min, under the same temperature as hybridization. The membrane
was exposed to an X-ray film as described for Southern blot above.

2.15 Protein extraction from A. nidulans

2.15.1 Total protein extraction

The method used in this study for total protein extraction was performed as described
in Galanopoulou et al. (2014). In more detail, the strain of interest was grown in an
Erlenmeyer flask containing liquid MM supplemented as required, at the selected
conditions. The mycelium was harvested and grinded in fine powder as described in
DNA extraction protocol above. The powder was collected in a centrifuge tube and
800 pL precipitation buffer (Tris 50 mM pH 8, NaCl 50 mM, TCA 12.5% v/v) was
added and incubated on ice for 20 min after vortexing. The suspension was
centrifuged for 10 min at 13,000 g at 4°C. The pellet was washed once with 1 mL ice
cold EtOH and twice with 1 mL ice cold acetone, air-dried and resuspended in 200-
500 pL extraction buffer (Tris 100 mM pH 8, NaCl 50 mM, SDS 1% w/v, EDTA 1
mM) supplemented with protease inhibitor cocktail. After centrifugation at 13,000 g
for 10 min at 4°C the supernatant was collected. The protein concentration was
estimated by the Bradford assay.
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2.15.2 Membrane enriched protein extraction

The method used in this study for membrane enriched protein extraction was
performed as described in Pantazopoulou et al. (2007). In more detail, mycelia grown
in MM, supplemented as required, were collected as described before and grinded to
fine powder. The powder was suspended in 1 mL cold extraction buffer (Tris 10 mM
pH 7.5, MgCl; 5 mM, NaCl 100 mM, sorbitol 0.3 M, PMSF 1 mM) and protease
inhibitor cocktail and centrifuged at 2,000 g for 10 min to remove unbroken cells and
cell walls. The supernatant was collect to a new centrifuge tube and centrifuged at
15,000 g for 1 h to pellet membranes. The pellet was resuspended in 100-200 uL
resuspension buffer (HEPES 10 mM, Sucrose 250 mM, PMSF 1mM, DTT 1 mM,
protease inhibitor cocktail) and centrifuged again at 3,000 g for 10 min. The
supernatant was collected in a new centrifuge tube. The protein concentration was
estimated by the Bradford assay.

2.16 Protein electrophoresis and western blot

Protein electrophoresis and western blot are used to detect a specific protein of
interest included in a mixture of proteins. Protein electrophoresis is usually performed
in denaturating acrylamide gels containing SDS, a technique known as SDS-page,
where the proteins are separated according to their electrophoretic mobility
(determined by the length of a polypeptide chain and its charge) while in
the denatured (unfolded) state. Then, the proteins may be transferred to a membrane
and specific antibodies are used to detect the protein of interest, a technique known as
Western blot. In this study, the SDS-page and Western blot were performed according
to the following protocol.

In more detail, the gel used for the SDS-page was a polyacrylamide gel
consisting of two gel parts of different acrylamide concentration; the stacking and
separating or running gel (Figure 30). The stacking gel has low concentration of
acrylamide, allowing the proteins to line up before entering the separating gel, which
has a higher concentration capable of retarding the movement of the proteins. The
density of the separating gel, meaning the concentration of the acrylamide, determines
the migration pattern of the proteins based on their size. In this study, the
polyacrylamide gels were prepared as indicated in Table 7. The gels were casted in
casting glass plates provided by Biorad and combs were used to form wells. When the
gels were ready, were placed in the apparatus Mini-PROTEAN Tetracell (Biorad) and
the tank was filled up with Running buffer (Tris 25 mM, glycine 192 mM, SDS 0.1%
wiv).
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Figure 30. Representation of SDS page electrophoresis. Stacking gel is casted on top of the
separating (running) gel. Proteins are loaded in the wells and migrate towards the anode. The picture
was taken from http://www.siumed.edu/~bbartholomew/ course_material/protein_methods.htm.

Table 7. Composition of the SDS-acrylamide gels used in this study.

Stacking gel 4%  Separating gel 10 %

30 % Acrylamide/Bisacrylamide 37.5:1 1.3 mL 3.3mL
Tris 1.5 M pH 8.8 (Lower Tris) - 2.5 mL
Tris 0.5 M pH .8 (Upper Tris) 2.5mL -

SDS 20 % wiv 50 uL 50 uL
APS (Ammonium persulfate) 10 % w/v 50 uL 50 uL
TEMED 20 ulL 10 puL
dH,0 Upto5mL Up to 10 mL

The protein samples were prepared with the addition of denaturating Laemli buffer
(Tris 200 mM pH 6.8, SDS 8% w/v, bromophenol blue 0.2 % w/v, glycerol 40% vl/v,
B-mercaptoethanol 400 mM) and incubated for 30 min at 37°C, in order to succeed
complete denaturation of the proteins. Then, the samples were cooled down to RT and
then loaded in the wells. Electrophoresis was performed by applying 80V electrical
field until the dye reached the separating gel and then the electrical field was changed
to 140V. When the electrophoresis was complete the gel was removed from the glass
plates and prepared for transfer to a membrane or gel staining with Coomassie stain.
Coomassie Brilliant Blue is a reagent that binds to proteins through ionic interactions
between sulfonic acid groups of the dye and positive amine groups of the protein, as
well as, through Van der Waals interactions and is often used to check the quality of
the gel and proteins or as a second method to verify the equal loading of the gel after
Bradford quantification.

In order to perform immunodetection of a specific protein, the separated
proteins in the gel were transferred to a PVDF (Polyvinylidene fluoride) membrane
with application of an electrical field in an apparatus similar to the one shown in
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Figure 31. In more detail, the membrane was laid on the gel and Whatmann papers
were laid on both sides of membrane/gel and all were set into a cassette specific for
the apparatus used (Mini PROTEAN Trans-blot, Biorad). The tank containing the
cassette was filled up with cold transfer buffer (Tris 25 mM, glycine 192 mM,
methanol 20% v/v). The transfer was performed by applying 100V electrical field for
1-2 h.

Positive Plate Wet Transfer

Sponge
3 Filter Papers

Blotting Membrane

Gel

3 Filter Papers
Sponge

—VNegative Plate

Figure 31. Representation of protein transfer from the gel to membrane. A membrane is laid on
the gel and as shown in the picture, the gel and membrane are placed between filter papers and then in
a transfer cassette. Proteins migrate with a direction from the negative pole towards the positive. The
apparatus tank is filled with transfer buffer. The picture was taken from http://www.western-
blot.us/procedure-of-western-blot/western-blot-transfer.

After the completion of the transfer, the membrane was removed and the
efficiency of the transfer was checked by staining with Ponceau S, which specifically
binds on the proteins. The membrane was discolored with dH,O and was ready for
immunodetection. The membrane can be stored for short periods at 4°C in TBS-
Tween solution (Tris-HCI 20 mM pH 7.5, NaCl 500 mM, Tween-20 0.1% v/v).

Western blot is used to detect particular proteins with specific antibodies. The
antibodies used usually recognize the protein itself, or epitopes bound on the protein
e.g. GFP (green fluorescent protein), His-tag (10 histidine residues). Since the
membrane (nitrocellulose or PVDF) used has the ability to bind proteins, a
preparation step is needed before adding the antibodies on the membrane to avoid
non-specific binding. So, the membrane was first incubated with Blocking solution
(non-fat dried milk 2% w/v in TBS-Tween solution) for 1 h at RT under mild
agitation. In this study, two primary antibodies were used, the anti-GFP monoclonal
antibody (Roche) and the anti-actin C4 antibody. The anti-GFP was used in dilution
1:2,500 in non-fat milk 2% w/v in TBS-Tween solution and the anti-actin in dilution
1:5,000 in BSA 3% w/v in TBS-Tween solution. In both cases the membrane was
incubated with the antibodies for 2 h at RT under mild agitation. Then the antibodies
were removed and the membrane was washed three times with TBS-Tween for 10
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min at RT under mild agitation. Then, the membrane was incubated with the
secondary antibody which was conjugated with the enzyme horseradish peroxidase.
This enzyme in the presence of luminol emits low-intensity light at 428 nm; in the
presence of certain chemicals, the light emitted is enhanced up to 1000-fold, making
the light easier to detect and increasing the sensitivity of the reaction, a technique
called enhanced chemiluminescence (ECL)

The secondary antibody was used in dilution 1:3,000-5,000 and incubated for 1
h at RT under mild agitation. Then, the membrane was washed as before three times
with TBS-Tween. Afterwards, the excess solution was removed from the membrane
with paper towels and the ECL substrate was applied on the membrane and incubated
for 2 min at RT, afterwards the excess ECL substrate was removed and the membrane
was wrapped in Saran wrap and put in a cassette with a film on top for 20 sec-10 min
depending on the intensity of the signal. Finally, the film was developed and the
bands corresponding to GFP-tagged proteins or actin appeared; actin is used as an
internal marker for equal loading. The intensity of the bands was quantified by Image
J with densitometry analysis. The relative density of the GFP specific bands were
quantified and normalized by dividing with the respective actin-band density.

2.17 Uptake assays

Uptake assays were performed with germinating conidiospores at a morphological
stage after polarity establishment and just prior to germ tube emergence.
Approximately 10® conidiospores were used, germinating for 4-4.5 h at 37°C, at 130-
150 rpm. Empirically, approximately 10® conidiospores can be initially obtained,
using a spatula, from a 4 day-grown culture, incubated on CM, at 37°C. The inoculum,
sufficient for 40-50 assays, was transferred in 5 mL of Tween-80 0.01 % v/v, briefly
vortexed in order to separate the conidiospores from vegetative structures, filtered
through a nylon net filter (Blutex, pore size > 50 um), and used to inoculate a 100 mL
Erlenmeyer flask containing 25 mL MM supplemented with appropriate carbon and
nitrogen sources and necessary vitamins.

A stock solution of the radiolabeled substrate of interest was prepared in water
or MM, so that for each assay 25 upl of the stock would be used. The stock
concentrations were adapted to the specific activity of the available radiolabeled
substrate, and in order to ideally be 10- to 50-fold lower from the K, value of the
transporter studied. After reaching the optimal germination time, the conidiospores
were collected by centrifugation at 3,000 g for 5 min at 15-25°C, resuspended in 4 mL
standard MM and distributed in 75 pl aliquots in 1.5 mL centrifuge tubes. Prior to
uptake, aliquots were incubated in a heat block at 37°C (or 25°C, if needed) for 5-10
min, before addition of radiolabeled substrate. A crucial parameter for estimating the
kinetic parameters of solute uptake for any given transporter is the time of exposure to
a relevant radiolabeled substrate. For measuring initial uptake rates, which are
necessary for determining K and apparent Vimax Values, the time of incubation was
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defined through time-course experiments at different concentrations of labeled
substrate. Most transporters show linearly increased activities for at least 1 min.

The transport reaction was stopped by adding an equal volume (100 ul) of ice-
cold unlabeled substrate at 100- to 1000-fold excess concentration, brief vortexing,
and direct transfer of the assay/eppendorf tube in an ice bucket. The conidiospores
were then collected by centrifugation at 11,000 g for 3-5 min at 4°C, the supernatant
was discarded through vacuum aspiration using a capillary Pasteur pipette, washed by
vortexing in 1 mL ice-cold MM, followed by a second centrifugation at the same
conditions as above. The pellet was resuspended in 0.5-1 mL of scintillation fluid
(Toluene 66.6% v/v, Triton-X 33.3% v/v, PPO 0.266% w/v, POPOP 0.0066% w/v)
and the centrifuge tubes were placed into scintillation vials for analyzing substrate
accumulation in a scintillation counter.

For K, determination of a transporter, different substrate concentrations
should be used, for a fixed incubation time, previously determined to reflect initial
uptake rates. In most cases this is 1 min. The range of concentrations used was
determined at first empirically. In the final experiments, at least 3-4 concentration
points below and above the apparent K., value were used. For each concentration
point measurements were performed in triplicate. The stock solutions were prepared
using a mixture of fixed radiolabeled substrate and increasing concentrations of non-
radiolabeled substrate. K; measurements were determined by estimating 1Csy values
(concentration for obtaining 50% inhibition) of a given substrate/inhibitor, using the
formula K; = ICso/1+[S]/Kn, where [S] is the fixed concentration of the radiolabeled
substrate used. In this study, K; values were equal to 1Cso values since the [S] was
very low (at least 10-fold lower than the Ky, value).

Ki and Vmax determination were carried out using standard Lineweaver-Burk or
Eadie-Hofstee equations formulas, or a relevant software (e.g. GraphPad Prism). The
analysis was performed through a non-linear regression curve fit and sigmoidal dose
response analysis. Quality factors for the analysis result were: R? which should be >
0.99 and the Hill co-efficient (Weiss, 1997), which should be approximately -1 for a
transporter with one binding site.

2.18 Microscopic analysis

Samples for fluorescence microscopy were prepared as previously described by
Gournas et al. (2010). In brief, germlings incubated on coverslips or in 35 mm Petri
dishes (WillCo-dish®, Series GWSt-3512) in liquid MM supplemented with NaNO3
as the nitrogen source for 12-14 h at 25-32°C were observed on an Axioplan Zeiss
phase-contrast or Zeiss Axio Observer Z1 inverted epifluorescent microscope, and the
resulting images were acquired with a Zeiss-MRC5 digital camera using the
AXxioVs40 V4.40.0 software or with an AxioCamMR3 digital camera using the Zen
2012 software.

In cases that fluorescent dyes were used to recognize cellular structures e.g.
vacuoles, the samples were incubated with the dye (at a final concentration described

92



by the manufacturer) for a short period, and then washed with MM and afterwards
observed microscopically. Images were analyzed using Zen 2012 software, ImageJ or
Adobe Photoshop CS5.
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Results

3.1 Functional analysis of the purine transporter AzgA

In the current study, we performed a mutational analysis of AzgA in order to identify
residues critical for transport activity and substrate specificity. AzgA is a high affinity
and high capacity transporter, specific for adenine, hypoxanthine and guanine and one
of the major purine transporters in A. nidulans, and as described in detail in
Introduction, the ‘founding” member of the AzgA-like subfamily of the NAT/NCS2
transporter family. The residues selected to be mutated were based on the model
constructed by E. Mikros’ team using homology modeling. The strains expressing the
relevant mutants were functionally analyzed as will be described below.

3.1.1 Homology modelling, substrate docking and molecular
dynamics of AzgA2

Homology modelling for AzgA was performed by E. Mikros’ team (G. Lambrinidis
and T. Evangelidis). The crystal structure of UraA, a uracil transporter from E. coli
and a NAT/NCS2 family member, was used as a template. AzgA and UraA share a
rather moderate sequence similarity (~20% identity in 418 amino acids overlap),
which is however adequate to support a theoretical model. The AzgA model, shown
in Figure 32, corresponds to a cytoplasmic-facing occluded conformation and

? Details concerning the methodology used in the computational analysis can be found in Krypotou et
al., 2014, see Appendix.
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consists of 14 TMSs, mostly helical connected with lengthy loops. Two characteristic
beta strands are formed in the core of the protein disrupting the helical structure of
TMS3 and TMS10. The model could be divided in two distinct domains, the core and
the gate domain. The core domain consists of TMSs 1-4 and 8-11, whereas TMSs 5-7
and 12-14 form the gate domain. The predicted model is similar to the NAT models
constructed with similar methods and already published (Amillis et al., 2011; Karena
and Frillingos, 2011; Kosti et al., 2012). On the outer surface of the model a mild
negative electrostatic potential is distributed, whereas the inner surface within a
region below helices 13-14 is strongly positive. The intermediate region of the protein
iS neutral.

Inner Region

Figure 32. Theoretical model of AzgA. (A) Side-view of the model highlighting the topology of
residues selected as crucial for the function. The transmembrane helices are designated with numbers
(core domain: 1-4, 8-11; gate domain: 5-7, 12-14) and the planes of the membrane with dashed lines.
(B) Bottom view of the same model. The substrate binding site is located in the space between the core
and the gate domains. The topology of residues critical for the function of the substrate binding site is
also shown. Homology modelling was performed by G. Lambrinidis and T. Evangelidis.

Induced Fit Docking (IFD) calculations were used to dock the physiological
substrates (adenine, hypoxanthine or guanine) in the predicted binding site of AzgA.
The poses found were validated in respect with the binding constants (Kn) of the
ligands, namely K, 2.8 uM for hypoxanthine, K; 3 uM for adenine and K; 1.3 uM for
guanine. All three ligands were bound to the predicted binding site through H-bonds
mediated by the polar side chains of residues Asn131, Asp339 and Glu394 and the
amide group of the backbone of Val393. Guanine also interacted with Asn131
backbone and Thr390 side chain through a double hydrogen bond. Phe392 seemed to
participate in a weak m-x stacking interaction with hypoxanthine and guanine, but not
adenine. The results of the IFD, performed by G. Lambrinidis and T. Evangelidis, are
shown in Figure 33.

96



Asn131

Phe335

Asnl31

9
Phe335

Val393

Figure 33. Substrate docking in AzgA. (A) Hypoxanthine, (B) guanine, (C and D) adenine. Amino
acid residues implicated in substrate binding are shown. Hydrogen bonds are depicted with dashed
lines. Substrate docking analysis was performed by G. Lambrinidis and T. Evangelidis.

Molecular dynamics (MD) analysis was performed by G. Lambrinidis and T.
Evangelidis for the AzgA model in the presence of the three substrates used in IFD
analysis. The MD proposed putative trajectories of the ligands and a transition of the
inward-facing occluded state to an inward-facing open conformation. This transition
was provoked by the upward movement of TMSs13-14 and the bending of TM helix 5,
creating an inward-facing cavity below a putative inward-facing gate that is flooded
with cytosolic water. During the simulation, hypoxanthine was constantly bound to
Asnl131, Asp339, Glu394 and Val393, whereas adenine and guanine were displaced
from their initial position. Adenine moved from an initial position stabilized with H-
bonds among residues Asn131, Alal32, Tyr133, Asp339, Thr390 and Glu394 towards
TM helices 5, 8 and 14 and bound through H-bonding to Asp339, Glu394 and Asp478
side-chains. Guanine behaved similarly to adenine, initially was stabilized through H-
bonding to residues Asn131, Asp339, Thr390 and Glu394 and then moved lower
between TM helices 5, 8 and 14 and bound through H-bonding to Asp339, Asp342
and Phe335. Through water molecule mapping analysis Asp339, Glu394 and Asp342
were predicted to participate in a hydrogen bond network in the presence of
hypoxanthine, putatively participating in H* trajectory.
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3.1.2 Mutational analysis of AzgA

From the computational analysis, few residues were predicted to be involved in
substrate or/and H* binding. These residues were Asn131 (TMS3), Asp339 (TMSS),
Asp342 (TMS8), Thr390 (TMS10) and Glu394 (TMS10). Protein sequence alignment
between AzgA and characterized NAT homologues (Figure 34) was used to compare
the residues identified by the computational analysis and those already known from
previously published works as critical for function or/and specificity in NAT
homologues.

Putatively critical residues emerging from the alignment are: (i) a highly
conserved Thr in all AzgA-like proteins, corresponds to His86 (TMS1) in UapA that
is proved important for transport capacity (Pantazopoulou and Diallinas, 2009). (ii)
Asnl131 (TMS3) in AzgA that is predicted to participate in direct interactions with all
substrates, corresponds to a highly conserved Asn residue in AzgA-like proteins. (iii)
Asp342 (TMSS8) is highly conserved among AzgA-like proteins and corresponds to
Glu356 of UapA characterized as one of the critical residues for UapA substrate
binding (Papageorgiou et al., 2008). (iv) Glu394 (TMS10) is highly conserved in all
AzgA homologues and corresponds to GIn408 in UapA, a residue important for
substrate binding and specificity (Koukaki et al., 2005).

Based on the above, a series of amino acid substitutions were constructed to
determine the role of the residues predicted by the computational analysis, as well as,
those varying from respective important ones in other NAT homologues. Each
substitution was designed to replace polar residues with Ala or isofunctional or
isostructural residues. The mutants constructed were: T49A, T49S, G129A, G129F,
N131A, N131D, F335A, D339A, D339N, D339E, D342A, D342N, D342E, T346A,
T390A, E394A, E394D, E394Q, S395A, S395N, G398A, G402A, K404R and D478A.
Each mutation was made in a vector carrying azgA cloned in frame with the green
fluorescent protein gfp (pBS-azgA-gfp argB). The mutant alleles were introduced in a
null mutant strain d4uapA AuapC AazgA argB2 pabaAl (AACZ), lacking the three
major endogenous purine transporters. Transformants were selected based on arginine
auxotrophy complementation. Details about strains, plasmid construction and
transformation are in the Materials and methods section.

Figure 34. Multiple sequence alignment of AzgA-like sequences of known function and
characterized NAT homologues. Putative TMSs of AzgA are denoted in colored cylinders of the
same color as that shown in Figure 32 depicting the 3D model. Invariant and highly conserved amino
acids are shaded in red and blue-lined boxes, respectively. The sequences shown are: AzgA
(CAE00849.1) and AzgA-like sequences from A. fumigatus (AFUA_5G09750), E. coli (PurP/P31466.2
and YcjD/ AGX33403.1), Bacillus subtilis (PbuG/034987.1), B. burgdorferi (BBB22 NP_047008.1
and BBB23/NP_047009) and A. thaliana (NP_566384.1 and NP_199841.2), as well as NAT sequences
from A. nidulans (UapA/CAA50681.2, UapC/CAA56190.1) and E. coli (UraA/YP_490725.1
XanQ/NP_417358.2, YgfU/YP_491089.1).
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3.1.3 Phenotypic analysis of AzgA mutants

AzgA function can be tested by growth test assays in the presence of adenine or
hypoxanthine as sole nitrogen sources, or on the toxic analogue 8-azaguanine.
Functional AzgA confers growth on adenine and hypoxanthine and sensitivity to 8-
azaguanine. Transformants obtained through single and multi-copy integration events,
verified by Southern blot analysis, were subjected to growth tests on adenine,
hypoxanthine, 8-azaguanine and uric acid. None of the mutations led to growth on
uric acid (not shown). Growth tests of selected single copy transformants are shown in
Figure 35. Single and multi-copy transformants had more or less similar phenotypes
(not shown). Leaky growth on hypoxanthine and especially adenine of the AazgA
negative control is due to the low capacity secondary purine transporter FcyB.
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Figure 35. Phenotypic analysis of AzgA mutants. Growth tests on sodium nitrate (NOs; 10 mM),
hypoxanthine (HX; 0.1 mg/mL) or adenine (AD; 0.1 mg/mL) as sole nitrogen sources and
resistance/sensitivity test on 8-azaguanine (AZ; 0.1 mg/mL) at 32°C. All AzgA mutant strains shown
are single copy plasmid integrations. Positive (azgA™*) and negative (azgA4) isogenic strains are shown
as isogenic controls.

In more detail, from the growth test analysis the mutants can be classified in
two groups: (i) wt-like: correspond to full growth on hypoxanthine and adenine and
sensitivity on 8-azaguanine (T49A, T49S, G129A, N131A, N131D, F335A, D342E,
T346A, E394D, S395A, S395N, G398A, K404R and D487A); (ii) loss-of-function:
correspond to total or partial absence of growth on hypoxanthine and/or adenine
and/or resistance on 8-azaguanine (G129F, D339A, D339N, D339E, D342N, D342A,
T390A, E394A, E394Q and G402A). As expected, all mutants showed normal growth
on neutral nitrogen sources, e.g. nitrate (NO3). Interestingly, two mutants grew better
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on hypoxanthine than adenine (D342E, S395A) and two (E394Q, G402A) better on
adenine than hypoxanthine.

3.1.4 AzgA localization and protein stability

We performed epifluorescence microscopy to detect the subcellular localization of
AzgA-GFP for all mutant alleles (Figure 36). In all cases, except E394A, AzgA-GFP
was localized in the plasma membrane. In some mutants, namely N131D, T390A,
D342A, E394A, E394Q and G402A, a large amount of the protein was localized in
cytoplasmic structures identified as the perinuclear endoplasmic reticulum (ER)
(characteristic rings) or the vacuole. ER retention is usually associated with protein
misfolding and high vacuolar localization with increased protein turnover.

wt  T49A T49S G129A G129F N131A N131D F335A D339A D339N D339E T390A
/ ~ .‘ =Y

Figure 36. Epifluorescence microscopy showing in vivo subcellular expression of AzgA-GFP
mutant alleles and a wt control. In selected samples, arrows and arrow heads depict perinuclear ER
membrane and vacuoles respectively. All samples were prepared from fresh conidiospores inoculated
in liquid MM supplemented with NaNO3 (10 mM) and were incubated for 12-14h at 32°C. Microscopic
analysis was performed at 32°C. The same strains were used in both the microscopic and growth test
analysis.

Briefly, most mutations led to wt-like localization of the protein and some
contributed to ER retention and increased turnover. Western blot analysis of total
protein extracts was performed to further analyze protein stability and turnover of the
mutants (Figure 37). Anti-GFP antibody was used to detect AzgA-GFP, as well as
free-GFP that indicates the levels of AzgA vacuolar degradation. In six cases (T49A,
T49S, G129A, N131A, T390A, F335A) extremely low amounts of AzgA-GFP were
detected, accompanied with high amounts of free-GFP, indicating mutant proteins
with increased turnover rate compared with the wild-type AzgA-GFP. Most mutations
(N131D, D478A, D339E, D342A, D342N, D342E, T346A, E394A, S395N, G398A,
G402A, K404R) led to wt-like protein stability. The few rest mutations (G129F,
D339A, D339N, E394Q, E394D, S395A) led to proteins with increased stability
compared with the wt protein.
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Figure 37. Western blot analysis of total protein extracts from AzgA-GFP mutants and a wt
control detected with anti-GFP antibody. Antibody against actin was used as an internal marker for
equal loading. Molecular weight markers in kDa are shown. Relative amounts of AzgA-GFP,
normalized to actin protein levels, are shown below the blots. Cultures used for protein extraction were
prepared from fresh conidiospores inoculated in liquid MM supplemented with NaNO3; (10 mM) and
were incubated for 12-14h at 32°C and 120 rpm. Strains used for the western blot analysis correspond
to the ones used for the previous analyses.

In summary, most mutations led to wt-like localization and protein levels. In
this case, loss of purine uptake in the relevant mutants is very probably due to
problematic substrate binding and/or transport. In contrast, loss of apparent transport
activity in mutants with problematic protein localization and increased turnover, could
simply, but not necessarily, be due to reduced protein steady state levels, rather than
modified kinetic characteristic of AzgA. In this case, contribution of the relevant
amino acid residues on the apparent rate of transport cannot be evaluated.

3.1.5 Kinetic analysis of AzgA mutants

Apparent initial uptake rates (V) for all mutants were measured by direct transport
assays (See Materials and methods) using [°H]-hypoxanthine. As shown in Figure
38A, only mutants K404R and D478A retained transport rates similar to the wt (80-
90%), T346A and S395A had transport rates >50% compared with the wt, between
30-50% are the mutants: T49A, T49S, G129A, F335A, D342E, E349D, S359N and
G398A, whereas the rest of the mutants showed dramatically lower transport rates,
ranging from 1-20%, compared with the wt. Previous experience with other
transporters studied in our lab has shown that a threshold of ~30% transport rate of
that of the wt is critical for growth on the respective substrate. For AzgA, this
threshold seems even lower, being ~20% of the wt (See Figure 35 and Figure 38).
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Figure 38. Apparent transport rates for AzgA mutants. (A) Comparative initial uptake rates of
[*H]-hypoxanthine for 1 min in AzgA mutant alleles and a wild type (wt) (azgA*) control. 100% is the
transport rate of the wt. All strains used are the same as the ones used in previous analyses and
correspond to single copy plasmid integrations. (B) Comparative uptake of [*H]-radiolabeled
hypoxanthine for 5 min (steady state) for N131A and N131D and a wild type (wt) control. 100% is the
transport rate in the wt.

In general the uptake assays were in good agreement with the growth tests on
hypoxanthine. The only exceptions were mutants N131A and N131D, which grew
similarly to the wt on hypoxanthine and had 20% and 8% V values, respectively,
compared to the wt. This apparent disagreement could be explained by taking into
account that growth tests reflect steady state substrate uptake, rather than uptake rates.
Steady state uptake experiments were conducted for mutants N131A and N131D.
AzgA steady state levels of transport correspond to the uptake rate plateau after 5 min
incubation with the substrate (Cecchetto et al., 2004). Results showed that the N131A
and N131D mutants reach a 5 min transport steady state level of 30-60% compared
with the wt, in agreement with their growth on hypoxanthine (Figure 38B).

Binding and inhibition values (Kn;) for hypoxanthine, adenine and guanine
were determined and results are shown in Table 8. For mutants with low V (< 30%)
we used multi-copy transformants (2-4 plasmid copies integration) that have higher
apparent transport capacity (higher number of azgA copies results in more protein and,
thus, higher substrate uptake, but no effect on binding and inhibition affinities). In
detail, most mutations had minor effects on substrate binding, that corresponded to
~2-fold increase or decrease in Ky, or/and K;, e.g. T49A led to 1.5-fold decrease for
hypoxanthine and adenine, but ~2-fold increase for guanine. Serine substitution of
Thr49 led to variously increased affinities for all three substrates. Gly129
substitutions had more severe effects; when replaced with Ala, AzgA could bind with
~3-10-fold higher affinity all three substrates, but when replaced with Phe the [°H]-
hypoxanthine uptake could not be measured. Dramatic increase of affinity, up to a
level of ~10-fold for all substrates, was observed in all substitutions of Asp339.
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Asp342 substitutions had a more diverse result; D342A behaved similarly to wt,
D342N had ~2-3.5-fold higher affinity for hypoxanthine and adenine and ~2-fold
lower for guanine, whereas D342E led to decreased affinity for all substrates: 1.3-fold
for hypoxanthine, ~4-fold for adenine and 23-fold for guanine, indicating a possible
participation of Glu342 in substrate specificity and thus affected differentially the
substrates tested. Similarly to D342E, E394D had a variable effect on substrate
binding; hypoxanthine affinity increased ~2-fold, while adenine affinity decreased ~5-
fold. Ala and Glu substitutions of Glu394 had no measurable uptake, probably led to
protein misfolding as they were mainly localized in the ER (See Figure 36).
Mutations of the rest TMS10 residues (S395A/N, G398A, G402A, K404R) resulted in
minor changes in substrate affinities (See Table 8).

Table 8. Kinetic profile of AzgA mutants. K, values (uM) were determined as described in
Materials and methods. Results are averages of at least three independent experiments in triplicates for
each concentration point. Standard deviation was <20 %. (n.m.: non-measurable). HX, AD, GU stand
for Hypoxanthine, Adenine and Guanine respectively. For mutants with low V (< 30%) multi-copy
strains (2-4 plasmid integrations) were used.

Km (M) Ki (nM)

HX AD GU
Wit 2.8 3 1.3
T49A 1.8 2 2.5
T49S 1.6 0.7 0.4
G129A 0.3 0.3 0.4
G129F n.m. n.m. n.m.
N131A 1 16 2
N131D 2 1 4
F335A 1.6 0.7 1.1
D339A 0.3 0.2 0.5
D339N 0.2 <0.2 <0.2
D339E <0.2 0.3 0.2
D342A 3.1 3.9 1
D342N 0.8 15 3
D342E 3.7 16 30
T346A 2 3.2 1.3
T390A 3.7 1.3 2.8
E394A n.m. n.m. n.m.
E394Q n.m. n.m. n.m.
E394D 15 16 3.6
S395A 2.3 3.4 2.8
S395N 1 1 0.4
G398A 2.1 3.3 1.4
G402A 3.1 1.5 0.7
K404R 4.2 2.0 2.1
D478A 4 3.2 4.4
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In summary, for mutations that led to problematic trafficking or high protein turnover
we could not extract further conclusions from the initial uptake rate measurements.
However, for all other mutations that do not alter the protein levels of AzgA
expressed in the plasma membrane, we could directly draw conclusions on the
contribution of different amino acids on substrate binding and transport.

Summarising:

(i)  Mutations in Gly129 led to a protein with either increased substrate binding
affinities (G129A) or no detectable function (G129F); these results indicate
contribution of Gly129 in substrate binding.

(i)  Asnl31 substitutions affected substrate binding; removal of the polar side
chain and replacement with a neutral residue (N131A) led to an AzgA allele with
lower transport capacity and decreased affinity for adenine, indicating interaction
of Asn131 with substrates and especially adenine.

(iii) Replacements of the two aspartate residues (Asp339 and Asp342) led to
diverse results, but in all cases to a less functional transporter. Specifically,
replacement of Asp339 resulted in a high-affinity binding site for all substrates, but
to a protein without transport capacity. This seems to be a case of a mutant that is
able to “trap” and unable to release its substrate due to extremely high affinity. On
the other hand, Asp342 replacements led to either misfolded partial loss-of-
function proteins (D342A, D342N) or to a functional protein (D342E) with altered
binding affinities and transport capacity. So, both Asp339 and Asp342 are
predicted to be elements of the substrate binding pocket.

(iv) From the rest mutants, mutations in Glu394 affected grossly the protein
folding and trafficking (E394A, E394Q) and affected differentially substrate
binding affinities (E394D) when reducing the length of the side chain; thus Glu394
is also predicted to participate in substrate binding.

Briefly, the above observations suggest, independently from modelling and docking

approaches, that residues Gly129 and Asnl3l in TMS3, Asp339 and Asp342 in
TMSS8, and Glu394 in TMS10, are involved in substrate binding/or transport.
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3.2 Characterization of two A. brasiliensis NAT homologues

The NAT family, as described in detail in the Introduction, includes a functionally
uncharacterised group of proteins named UapD that shows a patchy conservation in
ascomycetes. The black Aspergilli are the only members of the Aspergillus genus that
are predicted to include in their genome uapD-like sequences. In this study, UapC-
and UapD-like alleles from A. brasiliensis were selected to be characterized by
heterologous expression in A. nidulans. Both genes were expressed in mutant strains
lacking endogenous NAT transporters and the relevant strains were characterized
through growth test and kinetic analysis.

3.2.1 Heterologous expression and functional characterization of
AbUapC and AbUapD

The A. brasiliensis NAT homologues, from now on referred as AbUapC and AbUapD,
were identified in silico. The AbuapD ORF was amplified from A. brasiliensis
genomic DNA and cloned in a pBluescript vector carrying uapA up- and down-stream
regulatory sequences and the argB gene as a selective marker (See Materials and
methods). The selection of the uapA regulatory sequences was chosen given the
extensive work already published and the knowledge of our lab concerning uapA
expression profile. AbuapC ORF was also cloned in the same vector (See Materials
and methods) as a control for testing whether ‘canonical’ NATs from A. brasiliensis
are functional in A. nidulans. The vector used, also carried the gfp ORF so that both
AbuapC and AbuapD genes were cloned in frame, at their C-termini, with it.

The plasmids were transformed into a null mutant strain lacking the NAT
transporters (4duapA AuapC dazgA or AACZ) and transformants were selected based
on complementation of the arginine auxotrophy. Selected transformants of single
copy plasmid integration were tested by growth tests on uric acid, xanthine,
hypoxanthine and the toxic analogue oxypurinol. The negative AACZ control could
not grow on the purines tested and was resistant to oxypurinol. As shown in Figure
39A, strains expressing AbuapC grew on uric acid and xanthine and were sensitive to
oxypurinol, whereas strains expressing AbuapD showed no distinct phenotype. A
strain expressing AbuapD with gfp at the N-terminus (GFP-AbUapD) had similar
phenotype to AbUapD-GFP, as shown in Figure 39A.

Microscopic analysis of the strains used in the growth tests was performed in
order to detect their localization (Figure 39B). AbUapC-GFP is mainly localized in
the plasma membrane and occasionally in vacuoles. On the other hand, AbUapD-GFP
is mainly localized in internal cytoplasmic structures, which we were able to identify
as vacuoles and perinuclear endoplasmic reticulum (ER) by staining (Figure 39B).
Similar results were obtained for GFP-AbUapD. So, for AbUapD no plasma
membrane localization was detected in all cases. Usually ER localization and
increased vacuolar degradation is associated with protein misfolding, suggesting that
AbUapD is probably intrinsically misfolded, at least when expressed in A. nidulans.
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Figure 39. Characterization of the strains expressing AbuapC and AbuapD alleles. (A) Left panel:
Growth test of selected transformants expressing AbuapC-gfp and AbuapD-gfp. A wild type strain (wt),
an isogenic negative control (AACZ), and isogenic strains expressing uapA-gfp or uapC-gfp are also
shown. Right panel: Microscopic analysis for GFP-detection in strains shown in the growth test. (B)
Microscopic analysis of the strain expressing AbuapD-gfp. In the upper panel perinuclear ER rings
(arrowhead) were identified by nuclear staining with Hoechst 33342 dye. In the lower panel vacuoles
(arrows) were identified by staining with CMAC dye. Conidiospores were inoculated in MM and
grown for 16 h at 25°C and pH 6.8 (NOs: sodium nitrate, 10 mM; UA: uric acid, 0.1 mg/mL; XA:
xanthine, 0.1 mg/mL; HX: hypoxanthine, 0.1 mg/mL; OX: oxypurinol, 100 pM).

After having identified the specificity profile of AbUapC, we performed
growth tests of A. brasiliensis wt strain on the same substrates (Figure 40). A.
brasiliensis grew on xanthine and uric acid and was moderately sensitive to
oxypurinol probably due to AbUapC substrate mediated transport.

”5 t
oxi -

Figure 40. Growth test of A. brasiliensis at 37°C. (NO3: sodium nitrate, UA: uric acid, XA: xanthine,

HX: hypoxanthine, OX: oxypurinol, — : lack of any nitrogen source; Concentrations are as in Figure
39).

NOg——>

3.2.2 Kinetic characterization of AbUapC

Radiolabeled xanthine uptake was used to characterize kinetically AbUapC (Figure
41). AbUapC xanthine mediated transport was linear for the first two minutes and
then reached a plateau similarly to most transporters studied so far in A. nidulans
(Figure 41A). A set of various purine and pyrimidine analogues were tested to
determine the specificity profile of AbUapC (Figure 41B). AbUapC-mediated [°H]-
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[*H]-xanthine uptake

xanthine uptake was reduced ~70-90% in the presence of excess (1000-fold) xanthine,
uric acid, hypoxanthine, 1-, 3- or 8-methylxanthine and ~50-30% in the presence of
guanine, adenine, 6-thioxanthine, 8-azaxanthine, uracil or cytosine.

Substrate binding affinities and inhibition constants (Ky) were determined for
xanthine, uric acid and hypoxanthine (Figure 41C). AbUapC binds with high affinity
xanthine (Ky 23 puM), medium affinity uric acid (K; 160 uM) and low affinity
hypoxanthine (K; 700 uM). As shown in Figure 41C, AbUapC has similar affinities
to UapC and thus properly was characterized as a UapC-like protein.
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Figure 41. Kinetic profile of AbUapC. (A) Time course of AbUapC mediated [*H]-xanthine. (B)
AbUapC mediated [*H]-xanthine uptake in the presence of excess (1000-fold) of different
substrates/inhibitors. (C) Affinity and inhibition kinetic values Ky; (uM). Results are averages of at
least three independent experiments in triplicate for each concentration point. Standard deviation was
<20% (UA: uric acid, XA: xanthine, GU: guanine, AD: adenine, HX: hypoxanthine, AL: allantoin, PU:
purine, UR: uracil, CT: cytosine, UD: uridine, 1mX: 1-methylxanthine, 3mX: 3-methylxanthine, 7mX:
7-methylxanthine, 8mX: 8-methylxanthine, 9mX: 9-methylxanthine, 6tX: 6-thioxanthine, 8aX: 8-
azaxanthine, 7dX: 7-deazaxanthine).

3.2.3 Construction of chimeric AbUapD proteins

AbUapD shares 44.2% identity with UapA in 584 amino acids overlap and 43.7%
identity with UapC in 593 amino acids overlap. Protein sequence alignment between
AbUapD and NAT homologues is shown in Figure 42.

Figure 42. Sequence alignment of selected NAT homologues. The sequences shown are: AbUapC
(JGI: 123452), AbUapD (JGI:52221; A. brasiliensis); UapA (UniprotID: Q07307), UapC (UniprotID:
P48777; A. nidulans); Lpel (UniprotiD: Q41760; Arabidopsis thaliana); UraA (UniprotID: POAGMT7),
XanQ (UniprotID: P67444; E. coli); SVCT1 (UniprotID: QOUHI7; Homo sapiens); SNBT1 (UniprotID:
D2KX48; Rattus norvegicus). Predicted transmembrane segments (TMS) for UapA are denoted with
rectangles and TMSs forming short b-sheets are shown with horizontal arrows (Kosti et al., 2012).
Residues of the NAT signature motif varying in UapD-like proteins are shown with vertical arrows.
Invariant and highly conserved amino acids are shaded in red and blue-lined boxes, respectively.
Absolutely conserved amino acids are in red shaded boxes.
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AbUapD has a shorter C-terminus than UapA and UapC and thus, we made
the hypothesis that a longer C-terminus might contribute to plasma membrane
localization. We constructed an AbUapD chimaera in which the C-terminal region of
AbUapD is replaced with that of UapA, tagged with GFP. The transformants
constructed after single copy plasmid integration were analyzed by growth testing and
epifluorescence microscopy (Figure 43). The chimeric protein, named AbUapD-A,
had no distinct phenotype at growth tests and was localized in ER and vacuoles,
similarly to AbUapD-GFP.

We observed that a functionally critical section of UapA, including major
elements of the substrate-binding site of canonical NATs (TMS8-TMS10), is highly
similar to that of AbUapD. As known from previous studies, replacement of this part
of UapA with the respective one from UapC, resulted in a functional UapA molecule
with a UapC-like specificity profile (Diallinas et al., 1998). We thus replaced the
relative middle part of UapA (amino acids 311-443) with that of AbUapD (amino
acids 319-451), and constructed a chimeric molecule, named UapADA. This chimera
was introduced in the AACZ strain and single copy transformants were analyzed as
described previously. No transport-related function was detected by growth testing in
any of the transformants analyzed. In addition, in these transformants, UapADA-GFP
was found to be localized in ER and vacuoles (Figure 43). Detailed descriptions of
the plasmid constructions are included in Materials and methods.

NO, UA XA OX HX
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Figure 43. Growth tests and microscopic analysis of the AbUapD chimeric proteins (NOs: sodium
nitrate, UA: uric acid, XA: xanthine, HX: hypoxanthine, OX: oxypurinol; Concentrations are as in
Figure 39).
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In summary, AbUapC was found to be a high-affinity xanthine and uric acid
transporter, which also contributes to low-affinity hypoxanthine binding, similar to
the A. nidulans or A. fumigatus UapC orthologues (Diallinas et al., 1995; Goudela et
al., 2008; Krypotou and Diallinas, 2014). In contrast, no distinct transport-related
phenotype or plasma membrane localization was detected for AbUapD. Chimeric
UapA/AbUapD proteins also led to apparently misfolded proteins and ER retention.
Replacement of a critical ~110 amino acids part of UapA with the respective one from
AbUapD, also led to a misfolded UapA allele, even though both proteins share high
identity at this region and UapA mutations in this region never led to misfolded
mutant proteins (Koukaki et al., 2005; Papageorgiou et al., 2008; Vlanti et al., 2006).
One can assume that AbUapD includes intrinsic sequences that could lead a protein to
misfolding and eventually degradation.

111



3.3 Functional analysis of the purine/cytosine transporter
FcyB

In this chapter we describe a mutational analysis of the A. nidulans FcyB transporter
and functionally analyzed the relevant mutants in order to identify residues critical for
transport function or substrate specificity. FcyB, as described in the Introduction, was
already characterized by Vlanti and Diallinas (2008) as a high-affinity, low-capacity,
transporter, specific for hypoxanthine, adenine, guanine and cytosine. The crystal
structure of Mhpl (Weyand et al., 2008) allowed the construction of a theoretical
model for FcyB, using homology modelling. Our work was supported by the
computational analysis performed by E. Mikros’ team, and reciprocally our data
supported the theoretical model of FcyB.

3.3.1 Homology modelling and substrate docking in FcyB3

A theoretical structural model for FcyB was built by V. Kosti and V.
Myrianthopoulos. The model was built by homology modeling using as a template
Mhpl (PDB ID: 2JLO). The FcyB and Mhpl binary alignment showed that they share
a rather moderate sequence similarity (18% identity), which is, however, adequate for
sustaining a theoretical model of FcyB. The model constructed was validated through
Molecular Dynamics analysis. The FcyB model corresponds to an outward-facing
conformer that consists of 12 TMSs with mostly helical secondary structures (Figure
44). The model can be divided in two distinct domains, a compact core domain
consisting of TMSs 1-10 connected with rather short loops and a C-terminal domain
consisting of TMSs 11-12; the two domains are connected with a longer loop. The
FcyB core domain is composed by two repeats made of TMSs 1-5 and TMSs 6-10.
The helices of the two repeats are completely intertwined forming distinct
subdomains made of TMSs 1, 2, 6 and 7 (referred also as bundle motif) and TMSs 3,
4, 8 and 9 (referred also as hash motif) linked with TMSs 5 and 10. The helical
secondary structure of TMSs 1 and 6 is disrupted in the middle. The substrate binding
site is located in the space between the central four-helix bundle and the outer hash
motif (Figure 44B).

The Mhp1 structure used in homology modeling is occluded with a substrate
and thus, residues participating in substrate binding could be identified (Weyand et al.,
2008). Through superposition of the FcyB theoretical model constructed and the
Mhp1l structural model we located the respective residues that could participate in
substrate binding in FcyB. Residues probably participating in substrate binding are
highlighted in Figure 44.

® Details concerning the methodology used in the computational analysis can be found in Krypotou et
al. (2012), see Appendix.
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Figure 44. FcyB structural model. (A) The modeled three-dimensional structure of FcyB validated
with molecular dynamics using the Desmond software. (B) Top view of the FcyB model where the core
of the first 10 TMSs is clearly distinguished from the last two TMSs 11 and 12. The core can also be
seen as two subdomains, the first made of TMSs 1, 2, 6 and 7 and the second of TMSs 3, 4, 8 and 9,
linked with the flexible helices TMS5 and TMS10. The substrate binding site is located in the space
between the two subdomains of the core. In the lower panel, the topology of probable residues
participating in the substrate binding is shown in zoom-in. (C) Side view of the FcyB structure showing
the topology of probably important for function residues are shown. The computational analysis was
performed by V. Kosti and V. Myrianthopoulos.

Induced fit substrate docking (IFD) analysis was carried out by V. Kosti and V.
Myrianthopoulos on the FcyB model. All the physiological substrates, namely
hypoxanthine, adenine, guanine and cytosine, and the toxic analogue 5-fluorocytosine
(5FC) were docked on the model. As shown in Figure 45, all substrates were located
between two Trp residues, Trp159 and Trp259, which interact through n-n stacking
with the purine or pyrimidine ring of each substrate. In addition to the n-n stacking
interactions, adenine (K; 7 uM) was stabilized in the binding site through a bidentate
H-bond with the Asn163 side chain and by an H-bond with the Ser85 side chain;
hypoxanthine (K, 11 uM) and guanine (K; 20 uM) interacted with FcyB through H-
bonding with Ser85, Asn163 and Asn354 side chains; cytosine (K; 17 uM) and 5FC
(Ki 145 puM) formed H-bonds with the Ser85, Asn163 and Asn354 side chains.
Although cytosine and 5FC were predicted to interact identically with the binding
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residues, a lower affinity for 5FC could be due to a steric chlash of the bulky 5FC
fluoride with the nearby residues.

In summary, Asn163 (TMS3), Trp159 (TMS3) and Trp259 (TMS6) interacted
with all substrates docked in the binding site, Ser85 (TMS1) and Asn354 (TMSB8)
interactions occurred in all cases except for adenine. Ser261 (TMS6) was also located
in the binding site and was in close proximity to the substrates. The computational
analysis also predicted that Asn350 and Asn351 (TMS8) formed H-bonds with
Asn354, probably providing stability to the Asn354 interactions with the substrates
during transport cycle and contributing to the proper architecture of the binding site.
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Figure 45. Substrate docking in FcyB. (A) Adenine. (B) Hypoxanthine. (C) Guanine. (D) Cytosine.
(E) 5-FC. Hydrogen bonds are depicted with black dashed lines. Residues predicted to participate in
substrate binding are shown. The computational analysis was performed by V. Kosti and V.
Myrianthopoulos.

3.3.2 Rational design of FcyB mutants

The residues predicted by the computational analysis to participate in substrate
binding were Ser85, Asn163, Trp159, Trp259 and Asn354. As shown in the multiple
protein sequence alignment (Figure 46) that includes FcyB and characterized
homologous NCS1 proteins, Trp159 is absolutely conserved in all proteins, whereas
Trp259 is a Trp in Fcy-like proteins and Mhpl and a Phe/Tyr in Fur-like proteins.
Similarly to Trp259, Asnl63 is an Asnh in all Fcy-like proteins but varies to
GIn/Glu/Leu in other homologues. Residues Asn350 and Asn354 are absolutely
conserved within all NCS1 proteins, whereas Ser85 varies to Ala/Asn/Pro. Residues
conserved through the whole NCS1 family could be critical for the transport function
of the proteins and residues varying among proteins with different specificity profile
could be involved in substrate specificity

Based on the computational analysis and the multiple sequence alignment we
selected amino acid residues that could participate in the transport function and/or
determination of substrate specificity. Those residues were replaced with either an Ala
residue or an isofunctional or isostructural residue. For example, if a polar amino acid
interacts with the substrate and is replaced by an Ala, it should result in reduction of
substrate uptake capacity. The mutations devised were: N81A, N81S, S85A, V83N,
W159A, N163Q, N163L, T191A, E206A, W259A, S261A, N350Q, N350D, N350A,
N351A, P353A, N354Q, N354D and N354A. All mutations were constructed in a
modified vector carrying the fcyB ORF and 5’ and 3’ uapA regulatory sequences.
Studies on fcyB native promoter expression have shown low levels of transcription
(Vlanti and Diallinas, 2008). Thus, the well-studied uapA promoter was used instead
as it drives low but significant expression (Gorfinkiel et al., 1993). Transformants
were selected by auxotrophy complementation of pabaAl or riboB2 strains, with
vectors carrying also pabaA of A. nidulans or riboB of A. fumigatus. For plasmid
construction details see Materials and methods. The plasmids carrying the fcyB
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mutant alleles were introduced in null mutant strains that did not express the major
purine transporters, namely a A7 strain (4fcyB AuapA AuapC AdazgA AfurD AfurA
AcntA) for mutations V83N, N163Q, N163L and S261A or a AA strain (4fcyB AuapA
AuapC AazgA) for the rest mutations; for details see Materials and methods.
Transformants carrying single and multiple random plasmid integrations were
selected based on Southern blot analysis and were functionally analysed.

Figure 46. Multiple sequence alignment of FcyB and NCS1 homologues of known function. The
three-dimensional FcyB model was constructed on the basis of the alignment shown with Mhpl.
Putative TMSs of FcyB are denoted in colored cylinders. Invariant and highly conserved amino acids
are shaded in red and blue-lined boxes, respectively. The listed NCS1 homologues include: FcyB (A.
nidulans, Gl: 169798762); Af FcyB (A. fumigatus, Gl: 169798764); Fcy21lp (S. cerevisiae, Gl:
392860008); Fcy2p (S. cerevisiae, Gl: 6320897); Mhpl (M. liquefaciens, Gl: 210060746); FurA (A.
nidulans, Gl: 2876438); Furdp (S. cerevisiae, Gl: 6319495); Dal4p (S. cerevisiae, Gl: 392860728);
Fuilp (S. cerevisiae, Gl: 6319429); FurD (A. nidulans, Gl: 149212441); AtNcsl (A. thaliana, Gl:

16648836).
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3.3.3 Functional analysis of the FcyB mutants

The transport function of FcyB becomes detectable by growth testing on adenine and
hypoxanthine, only when the major transporter for salvageable purines, AzgA, is
genetically inactivated. This is due to a significant overlap in the substrate specificity
profile of these two transporters.

A strain expressing a functional fcyB via its native promoter in an azgA null
background confers low growth on MM supplemented with adenine or hypoxanthine
as sole nitrogen source (guanine is not usually used in growth tests as it has low
solubility and because it is inefficiently catabolised), and is sensitive to 5FC. fcyB
expressed via the uapA promoter leads to increased growth on MM supplemented
with adenine or hypoxanthine. Loss of FcyB function leads to absence of growth on
adenine and hypoxanthine and resistance on 5FC. Selected single-copy transformants
expressing the mutant fcyB alleles were tested on adenine, hypoxanthine and 5FC at
37°C and 25°C. In Figure 47A growth tests at 25°C are shown (the same results were
obtained at both temperatures). From the growth test analysis, we could divide the
mutants in the following groups: (i) wt-like mutants: not altering growth on either
adenine and hypoxanthine, and conserving sensitivity to 5FC (E206A); (ii) total loss-
of-function mutants: correspond to absence of growth on either adenine and
hypoxanthine, and resistance to 5FC (N81A, S85A, W159A, N163L, W259A, N350Q,
P353A and N354D); (iii) partial loss of function mutants: correspond to equally
diminished growth on both purines and partial resistance on 5FC (N81S, V83N and
S261A); (iv) altered specificity mutants: correspond to growth only on hypoxanthine
or adenine but not on both, or partial resistance/sensitivity to 5FC (N163Q, T191A,
N350D, N350A, N351A, N354Q and N354A).

GFP-tagged versions of the mutants were constructed to examine their cellular
localization. Plasmid construction was performed by cloning of fcyB mutant alleles
lacking a translation stop codon in a vector carrying GFP (see Materials and Methods).
Single copy transformants were selected and analysed. In Figure 47B epifluorescence
microscopy is shown for all mutants and an FcyB control, carried out at 25°C. FcyB is
normally localized in the plasma membrane and in a lower degree in internal
structures. Mutants V83N, E206A, W259A, S261A and N350A had a wt-like
topology, meaning mostly plasma membrane localization and less in internal
structures. In contrast, we detected increased localization in internal structures and
none or minimum plasma membrane localization in mutants N81S, N81A, S85A,
N163Q, N163L, T191A, N350Q, N351A, N354Q, N354D and N354A. Absence or
reduced plasma membrane localization of transporters is usually associated with loss
of apparent transport function. The internal structures appeared mostly as rings were
possibly due to localization in perinuclear ER. In order to confirm this hypothesis, we
stained the nuclei with Hoechst 33342 in a strain expressing FcyB-GFP and N81A-
GFP and, also, we constructed a strain expressing FcyB-GFP or N81A-GFP
simultaneously with the histone protein HhoA tagged with mRFP (strain produced by
genetic crossing with the H1-mRFP strain referred in Edgerton-Morgan and Oakley,
2012) (Figure 48). Epifluorescence microscopic analysis revealed that GFP ring-like
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structures surround the nuclei in both occasions (Hoechst staining and HhoA tagging
with mRFP) that is consistent with localization in the perinuclear endoplasmic
reticulum (ER). ER localization is often associated with membrane protein misfolding.
We have observed occasional ER localization for the wt FcyB-GFP protein and
reduction of the apparent transport function that could be due to GFP tagging.
Occasionally GFP can affect protein folding and function, e.g. PrnB proline
transporter in A. nidulans (Tavoularis et al., 2001). So, concerning internally localized
FcyB mutants it is possible that a mutation alone or synergistically to GFP led to
partial structural collapse of the protein that resulted in increased ER-retention.
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Figure 47. Functional analysis of FcyB mutants. (A) Growth tests of strains carrying single copy
FcyB-plasmid integration on purines as sole nitrogen sources and resistance/sensitivity test on 5FC in
the presence of NaNOjat 25°C. AD is adenine, and HX is hypoxanthine. Growth on urea is also shown
(UR) as a control. Concentrations used are: UR: 5 mM, AD and HX: 0.1 mg/mL, 5-FC: 50 uM, NaNOg:
10 mM. Positive (FcyB) and negative (AFcyB) isogenic control strains are shown. (B) Epifluorescence
microscopy showing in vivo subcellular expression of FcyB-GFP mutant alleles and a wild-type control
(FcyB) is presented as dark structures in a grayscale inverted mode. In selected samples, arrows and
arrow heads depict perinuclear ER membrane rings and vacuoles, respectivel

y. Strains of single copy FcyB-GFP-plasmid integrations are shown. All samples were prepared from
fresh conidiospores inoculated in liquid MM supplemented with NaNO3 (10 mM) and were incubated
for 14-16h at 25°C.
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Figure 48. In vivo subcellular localization of wild-type FcyB-GFP (upper panel) and mutant
FcyB-N81A (lower panel) in relation to positioning of nuclei. (A) Nuclei stained with Hoechst
33342. (B) Nuclei labeled with HhoA-mRFP (histone H1). Samples for microscopic analysis were
prepared as before. Nuclei staining was performed according to manufacturer’s instructions. V:
indicates vacuoles, ER: indicates endoplasmic reticulum, N: indicates nucleus.

Western blot of the FcyB-GFP mutants was performed to monitor protein
stability. Figure 49 shows immunodetection with an antibody against GFP in total
protein extracts; actin was used as an internal control for equal loading. Most mutants
showed similar or increased protein levels (up to ~6-fold) compared with the wit.
Mutants N350A and N354A showed rather lower protein levels compared with the wt,
even though N350A localization is similar to wt. For some mutants with ER-retention
(N163Q, N163L, N350Q, N351A, N354Q) we observed also increased protein levels,
which may be accounted by protection from proteolysis by retention in the ER.
Mutants V83N, E206A and W259A had increased protein levels and plasma
membrane localization that could be be due to increased protein stability.
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Figure 49. Western blot analysis of total proteins from FcyB-GFP mutants detected with anti-
GFP antibody. Antibody against actin was used as an internal marker for equal loading. Cultures for
total protein extraction were grown in MM supplemented with urea at 37°C for 8 h.
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3.3.4 Kinetic analysis of FcyB mutants

Transport assays were performed using [*H]-hypoxanthine to determine the initial
uptake rates (V) of the mutants. All uptake experiments were performed during linear
uptake phase of FcyB, that is for 1 min at 37°C (Vlanti and Diallinas, 2008). As
shown in Figure 50, all mutants, except E206A, showed decreased uptake rate
compared with the wt. Mutants V83N, N163Q, T191A, S261A and N350A preserved
~30-50% of their V; mutant E206A showed 1.5-fold increased transport rate; while
the remaining mutations led to <10% transport rate compared with the wt. These
results are in good agreement with the growth test analysis, as only mutants with an
uptake rate >30% grew on hypoxanthine (see Figure 47), similarly to other
transporters studied previously in our lab. In some mutants reduced transport capacity
could be associated with low plasma membrane localization and increased ER-
retention (see Figure 47).
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Figure 50. Apparent transport rates for FcyB mutants. Comparative initial uptake rates of [°H]-
hypoxanthine for 1 min at 37°C in FcyB mutant alleles and a wild type (wt) (FcyB) control. 100% is
the transport rate of the wt. Results are averages of at least three independent experiments in triplicate
for each mutant. Strains used in the uptake assays correspond to the ones used for the growth test
analysis, carrying single copy FcyB-plasmid integrations.

We then determined the binding and inhibition values (K) for the four physiological
substrates (hypoxanthine, adenine, guanine, cytosine) of FcyB for mutants with
measurable uptake rate (Table 9). For mutants with low hypoxanthine uptake rate (<
20%) we used multi-copy transformants (2-4 plasmid integrations). This was
necessary because of the difficulty to measure precisely rates of uptake if they are too
low, and stressing that increasing protein concetration in the membrane would change
the Vimax, but not the Kyi. Mutations V83N, T191A, E206A, S261A and N351A led to
minor changes (maximum up to ~2-fold increase or decrease) of the K, for one or
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more substrates in each case; e.g. V83N led to ~2-fold higher K; for adenine, but ~1.5-
fold lower K, for hypoxanthine, while retaining the same K; for cytosine. On the
contrary, replacement of the two Asn, Asn163 and Asn354, with a GIn and a Glu
respectively, both led to ~30-fold decrease in K; for guanine. Moreover, N163Q led to
~3-4-fold lower Ky,; for hypoxanthine and cytosine and ~3-fold higher K; for adenine.
Mutation S85A led to significant decrease (~2-7-fold) in Ky for all substrates except
guanine that remained unchanged. Interestingly, mutation N350A led to ~2-fold
higher Ky, for hypoxanthine, 4-fold higher K; for cytosine and ~1.5-fold lower K; for
guanine, but no measurable K; for adenine (>1000 uM) that was also reflected in the
growth test analysis (wt-like growth on hypoxanthine, but leaky growth on adenine;
see also Figure 47).

Table 9. Kinetic and specificity profile of mutant versions of FcyB. Ky values (uM) were
determined as described in Materials and methods. >500 or >1000 stand for inhibition values close to
10-20% at 0.5 and 1 mM respectively. Results are averages of at least three independent experiments in
triplicates for each concentration point. Standard deviation was <20%. HX: hypoxanthine, AD: adenine,
GU: guanine, CY: cytosine. For mutants with low V (< 20%) multi-copy strains (2-4 plasmid
integrations) were used.

Km (HM) Ki (HM)
HX AD GU CY
wt 11 7 17 20
V83N 16 2 7 18
S85A 78 26 16 45
N163Q 47 2 > 500 73
T191A 9 11 4 3
E206A 6 7 10 14
S261A 4 6 50 17
N351A 3 1 4 16
N350D 5 8 31 6
N350A 6 > 1000 25 5
N354D 3 1 > 500 4

In summary, the computational analysis combined with the mutational and functional
analysis led to identification of several amino acids as critical for FcyB function. The
amino acids thus identified are: Asn81, Ser85 (TMS1), Trpl59 (TMS3), Trp259
(TMS6) and Pro353 (TMSB8) as absolutely necessary for function; Asn163 (TMS3),
Asn350 and Asn354 (TMS8) as critical for function and substrate specificity; Thr191
(TMS4), Ser261 (TMS6) and Asn351 (TMS8) as important for wt-like transport.
Interestingly, Thr190 and Asn351 could contribute specifically to hypoxanthine
uptake indirectly, as T190A and N351A mutations affect hypoxanthine uptake (no
growth and low V) but do not affect significantly the binding affinity for any substrate.
Some of the residues were proven to interact directly with the substrates, but others
could participate in retaining the proper architecture of the binding site or set in
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position neighboring critical residues in order to succeed substrate binding and finally
transport.

3.3.5 Design of FcyB-specific novel inhibitors

The FcyB model constructed during this study was used by the teams of E. Mikros, P.
Marakos and N. Pouli in the rational design and synthesis of novel purine analogues
that may act as substrates/inhibitors for FcyB and potential antifungals. An efficient
antifungal targets specifically the pathogenic fungus and not the host organism. Purine
analogues are often considered as potential antifungals as they can lead to toxicity or
loss of growth by inhibiting purine uptake or metabolism.

In particular, several new hypoxanthine- and adenine-analogues were
synthesized and 27 were used in competition uptake assays with radiolabeled
hypoxanthine in a strain expressing only fcyB under the regulation of uapA promoter,
lacking all known transporters related to purines, pyrimidines or nucleosides (uapA,-
FcyB-pabaA AuapA AuapC::AfpyrG AdazgA AfcyB::argB AfurD::riboB AfurA::riboB
AcntA::riboB pabaAl pantoB100, see Materials and methods). As shown in Figure
51 analogues 1549, 1552, 1682 and 1683 caused 80-95% inhibition of the [°H]-
hypoxanthine uptake indicating a binding affinity probably < 200 uM. Further Kinetic
experiments to determine the inhibition affinities (K;s) of these analogues, as well as
physiological tests to check whether they possess antifungal properties, will define
whether these analogues could be used as antifungal drugs.

Interestingly, the tick-borne bacterium Borrelia burgdorferi that causes the
multistage inflammatory Lyme disease, lacks the enzymes responsible for purine
synthesis and its pathogenicity was proved to depend on the uptake of purines from
the host by two AzgA like proteins (Jain et al., 2012). Thus, the AzgA-like proteins of
B. burgdoferi are suitable targets of purine analogues that can block the uptake of
purines. In an effort to identify a potential inhibitor for AzgA among the purine
analogues synthesized for FcyB, we tested them in competition uptake assays with
radiolabeled hypoxanthine in a strain expressing azgA and lacking fcyB, but no
inhibition was detected for any of the analogues (not shown). Apparently, these
analogues can specifically inhibit FcyB-mediated hypoxanthine uptake and not AzgA,
and thus they could be tested in pathogens expressing Fcy-like proteins.
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Figure 51. FcyB-mediated [*H]-hypoxanthine uptake in the presence of various purine analogues.
A multiply deleted strain, A7, expressing fcyB under uapA promoter was used. The chemical formula of
each inhibitor is shown on the top part of the Figure. The reference numbers shown for each inhibitor
in the Figure correspond to the ones deposited in the chemical library of School of Pharmacy,
University of Athens. HX: stands for hypoxanthine and —: stands for no inhibitor.
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3.4 Characterization of the orphan Fur proteins and
functional analysis of FurD and FurE

The Fur family includes 7 members, as described in the Introduction, with FurD and
FurA already characterized. In the current study, we attempted to characterize through
over-expression the rest 5 Fur proteins of A. nidulans. Structural models for FurA,
FurD and FurE, built by E. Mikros and T. Evangelidis, were used in order to predict
residues that interact with substrates. Subsequently, a mutational analysis in FurD and
FurE was performed in order to identify residues critical for the function or/and
specificity.

3.4.1 Over-expression of the orphan Furs

Out of the seven Fur proteins only two (FurA and FurD) led to distinct phenotypes by
null mutations (Hamari et al., 2009). Northern analysis performed in Hamari et al.,
(2009) showed under the conditions tested, that furC, -E, -F and -G are very poorly
transcribed. Since low expression was detected along with the absence of distinct
phenotypes, over-expression of the fur genes might lead to detectable phenotypes.
Thus, all fur ORFs were amplified and cloned into a pGEM modified vector that
carried the promoter of gpdA and the 3’ terminating region of trpC. GpdA is a
glyceraldehyde-3-phosphate dehydrogenase with a well-studied promoter that is
constitutive and results in high expression (Punt et al., 1988, 1990), and thus is often
used to increase expression of poorly transcribed genes. TrpC is a trifunctional protein
involved in tryptophan biosynthesis with well-studied gene structure and regulation.
The trpC terminating region is often used in expression systems as it confers stability
to the cognate mMRNA produced due to a long poly-A tail (Mullaney et al., 1985). The
vector used also carried the pantoB (panB) gene that complements the pantoB100
auxotrophy for pantothenic acid. All plasmids were introduced in the A7 strain, a
multiple deleted strain that lacks all major transporters for purines, pyrimidines and
nucleosides (duapA AuapC::pyrG AdazgA AfcyB::argB AfurD::riboB AfurA::riboB
AcntA::riboB pabaAl pantoB100). The use of this strain allows to detect easily
distinct phenotypes related with purine or pyrimidine uptake resulting from the
overexpression of the relevant fur gene. Transformants selection was based on the
complementation of pantoB100 auxotrophy. For details on plasmid construction and
strains see Materials and methods.

Selected single-copy transformants were analyzed by growth testing on
various purines and toxic analogues at 37°C and 25°C. Growth tests at 25°C and 37°C
are shown in Figure 52. In agreement with previous observations (Hamari et al.,
2009), furD over-expression led to growth on uric acid and xanthine at 37°C and
increased sensitivity to 5-fluorouracil (FU), FC and 5-fluorouridine (FUd). furA over-
expression led to toxicity on allantoin, probably due to over-accumulation of this
substrate that is known to cause toxic effects (Darlington and Scazzocchio, 1967).
Interestingly, over-expression of furA led to sensitivity in FU which was not expected.
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Over-expression of furE led to growth on allantoin and uric acid and sensitivity to FU,
FC, FUd and oxypurinol (OX). For fur-C, -F and -G we detected moderate sensitivity
in FU in the order furC > furG > furF. Finally, for furB we could not detect any
phenotype at conditions tested.
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Figure 52. Growth tests of transformants overexpressing Fur transporters. Nitrogen sources or
toxic analogues used are: urea (U; 5 mM), allantoin (AL; 0.1 mg/mL), uric acid (UA; 0.1 mg/mL),
xanthine (XA; 0.2 mg/mL), 5-fluorouracil (FU; 50 pM), 5-fluorouridine (FUd; 10 uM), 5-
fluorocytosine (FC; 50 uM) and oxypurinol (OX; 100 pM). Growth tests shown were at 25°C, or at
37°C when indicated. Toxic analogues were used in media containing urea as a nitrogen source. All
strains used are single copy plasmid integration transformants. A wild-type strain was used as a
positive control and A7 as a negative control.

3.4.2 Construction and analysis of multiple fur deleted strains

Over-expression of the furs revealed that Fur-C, -E, -F and -G are functional, each
contributing to 5-flourouracil (5FU) sensitivity, and in the case of FurE, to growth on
allantoin and xanthine. The minor sensitivity on 5FU probably reflects the low
transport capacity or/and affinity of Fur-C, -F, and -G for this toxic pyrimidine
analogue. Inability to detect any phenotype in strains carrying null mutations could be
due to low expression of the corresponding genes, at least at conditions tested, in
combination with low transport capacity. We constructed multiple null fur mutants by
genetic crossing in order to test FU resistance when the major uracil transporter, FurD,
is also absent. The strains were constructed in collaboration with J. Bobonis.

Double null mutants (4furDfurA, AfurDfurC, AfurDfurE, AfurDfurF,
AfurDfurG, AfurEfurA) and triple mutant AfurDfurAfurE were constructed and tested
for resistance on 5FU by growth testing at 37°C and 25°C (same results obtained
under both conditions). As shown in Figure 53A, furD knockout was highly resistant
to FU, while the rest single null mutants were sensitive and more or less similar to the
wt. The double mutants were resistant to 5FU in a degree similar to AfurD; minor
differences in resistance were detected but were not consistent, so no secure
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conclusions could be deduced. So, even though all Fur transporters (except FurB)
contribute to 5FU uptake when over-expressed, only FurD seems to clearly contribute
to 5FU uptake when Furs are expressed with their native promoters.

In order to further investigate whether Fur transporters contribute to uracil
uptake and since uracil cannot be used as a nitrogen source, we constructed the same
combinations of the null fur mutants in a pyrG89 background (strain constructions
were performed in collaboration with J. Bobonis). PyrG is an orotidine-5'-phosphate
decarboxylase which catalyzes the conversion of orotidine monophosphate (OMP) to
uridine monophosphate (UMP) (David et al., 2008). The pyrG89 mutation blocks
pyrimidine biosynthesis and leads to uracil requirement (Palmer and Cove, 1975) so
that growth of pyrG89 mutants depends on the efficiency of uracil accumulation from
the media.

The pyrG89 null mutants were tested on MM supplemented with uracil,
growth on uridine was used as a control, at 37°C and 25°C (both conditions resulted in
the same phenotypes). As shown in Figure 53B, AfurD was the one with the least
growth among the single null mutants, the rest had moderately less growth compared
with the wt. In contrast, double null mutants AfurDfurE and AfurDfurF grew less
compared to the AfurD and the triple AfurDfurAfurE mutant grew by far less than all
the strains tested.

We finally tested the double AfurAfurE strain on allantoin, as we already were
aware of the leaky growth of AfurA on allantoin and that FurE is capable of
recognizing and transporting allantoin when over-expressed. In Figure 53C is
apparent that the leaky growth on allantoin is absent in a AfurAfurE genetic
background.
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Figure 53. Growth tests of simple, double or triple null Afur mutants. (A) pyrG™ strains tested in 5-
fluorouracil (FU) in presence of urea (upper panel). Growth on urea is shown as a control (lower panel).
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(B) pyrG89 (pyrG) strains grown in media supplemented with 2.5 mM uracil (Ur), or 10 mM uridine
(Ud) as a control. In both cases urea was used as the sole nitrogen source. Growth tests shown are at
25°C. (D) Growth tests of single AfurA and double AfurA AfurE null mutants in the presence of 2 mM
allantoin (AL) or urea (U) as sole nitrogen sources. Growth tests shown are at 25°C. Wt strains are
shown in A, B and C as controls.

In summary, fur over-expression revealed that FurA, FurC, FurD, FurE, FurF and
FurG contribute to 5FU uptake in the following order FurD > FurE, FurA > FurF,
FurC, FurG. When Furs are expressed by their native promoters FurD is the major
transporter for uracil, while the rest of Furs (except FurB) have minor contribution in
uracil, mostly apparent in a pyrG89 background. Finally, FurE was shown to be
specific for the uptake of allantoin, uric acid and the toxic analogues 5FC, 5FUd and
oxypurinol.

3.4.3 FurE kinetic profile

Transport assays using [*H]-uracil were performed in all strains over-expressing Fur
transporters. As shown in Figure 54A, besides from FurD-mediated uracil uptake that
was, as expected, significant low but distinct FurE-mediated uptake was also detected.
Even though we proved that the remaining Furs, except for FurB, can contribute to
5FU or/and uracil uptake, their direct involvement in [*H]-uracil transport could not
be detected. Given that the radiolabeled substrate used was at a concentration of 0.1
uM, this might be a concentration not sufficient to detect uptake of low K, or/and
capacity Fur transporters.

We performed time-dependent transport assays for Furk to establish its kinetic
profile. In Figure 54B, is shown that FurE-mediated [*H]-uracil transport is time
dependent, as it is linear at first and reaches a plateau after 4-5 min; a profile similar
to most transporters studied so far.

The binding and inhibition kinetic values (Kn;) were determined for Furk
recognized substrates (Figure 54C). FurE binds with low affinity uracil and allantoin
(Kn~1 mM) and with high affinity uric acid (20 uM), while no significant inhibition
was detected for xanthine, hydantoin or thymine. The low measured uptake could be
due to the low affinity for the radiolabeled substrate; but this does not controvert the
results obtained as proper controls were used at all times. We finally, tested the H™-
uncoupler carbonylcyanide chlorophenylhydrazone (CCCP) and found that [*H]-
uracil uptake is H" dependent.
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Figure 54. Kinetic analysis of FurkE transporter. (A) Uracil transport assays. Initial uptake rates of
[*H]-radiolabeled uracil (0.1 pM) for 1 min were measured in transformants over-expressing Fur
transporters. Standard deviation is depicted with error bars. (B) Time course of FurE-mediated [*H]-
uracil uptake (0.1 uM). Time course of FurD is shown as a control. Standard deviation is depicted with
error bars. (C) Specificity profile of FurE. Middle column: FurE-mediated [*H]-uracil uptake in the
presence of excess (1 mM) unlabelled uracil (UR), allantoin (AL), uric acid (UA), xanthine (XA),
hydantoin (HY) or thymine (TH), or in the presence of the H'-uncoupler carbonylcyanide
chlorophenylhydrazone (30 puM, CCCP). Standard deviation values are shown. Right column:
Approximate K.; (uM) values of putative inhibitors. ~1000 or > 1000 means that at K; values
(inhibition close to 50%) are close to 1 mM or > 1 mM.

3.4.4 Transcriptional profile of FurE

Previous studies have shown that expression of furE mRNA from its native promoter
is hardly detectable in conidiospores grown for 3 h at 37°C in MM supplemented with
urea (Hamari et al., 2009). In addition, transcriptomic analysis RNA-seq was
performed by Sibthorp et al. (2013) from A. nidulans cultures grown in the presence
of various nitrogen sources or under nitrogen starvation and showed that furE mRNA
in the presence of neutral nitrogen sources or ammonium is marginally detectable, but
its expression is upregulated upon nitrogen starvation.

We performed Northern analysis for furE under various conditions (nitrogen
sources, temperature, pH) (Figure 55). In more detail, conidiospores of a wt strain
were grown for 16 h at 37°C and pH 6.8 in the presence of different nitrogen sources
(NOg, allantoin, uric acid) and uracil (in the presence of NO3), or after reaching full
growth followed by 4 h nitrogen starvation. In addition, conidiospores were grown for
16 h at 25°C or 42°C (pH 6.8) or at pH 5 or 8 (temperature 37°C). As shown in Figure
55, furkE is marginally detectable at 37°C in the presence of nitrate, allantoin, uracil or
at pH 8 and at 42°C, but is not detected in the presence of uric acid, at pH 5 and at
25°C. furE expression is highly upregulated under nitrogen starvation, a common
phenomenon in nitrogen related transporters studied in A. nidulans (Amillis et al.,
2004; Vlanti and Diallinas, 2008).
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Figure 55. furE northern blot analysis. Total RNA extracts were analyzed and furE was detected
with a specific probe. Cultures were incubated for 16 h at 37°C and pH 6.8 in the presence of nitrate
(NO>), or allantoin (AL), or uric acid (UA), or uracil (UR). Nitrogen starvation (-) was performed after
collecting the mycelium from a culture supplemented with NO5 grown for 16 h at 37°C and pH 6.8 in a
new MM without any nitrogen source. Cultures at 25°C and 42°C (pH 6.8) or pH 5 and pH 8 (37°C)
grown for 16 h were also performed. As an internal control for equal loading 185 RNA was used.

3.4.5 Fur protein localization and stability

We constructed GFP tagged versions of the Fur proteins and used epifluorescence
microscopy for studying their subcellular localization. As shown in Figure 56A, Fur-
A, -C, -D, -E, -F and -G were localized in the plasma membrane. However, in the case
of Furk and FurF some vacuolar localization was also present. In addition, in the case
of FurF low fluorescence was detected. We never detected plasma membrane
localization for FurB, which appeared to be mainly localized in cytoplasmic structures
and foci beneath the plasma membrane, including probably perinuclear ER; thus, lack
of FurB localization in the plasma or other membrane was compatible with absence of
any characteristic phenotype related to transport, whether assessed by deletion or by
overexpression. We also tested conditions triggering endocytosis in purine/pyrimidine
transporters, namely presence of ammonium or substrate (Gournas et al., 2010). For
Fur transporters, previous data (Hamari et al., 2009) and our results proposed as
putative triggers for substrate endocytosis uracil, allantoin and uric acid. Figure 56A
shows that FurA, FurD, FurE and FurF are sensitive to ammonium endocytosis in the
following order FurD < FurA < FurE, FurF. FurE appears to be highly but
differentially sensitive to substrate endocytosis, in an order that was uracil < uric acid
< allantoin. FurD and FurF were moderately sensitive to uracil and FurA to allantoin.
Interestingly, FurC and FurG were absolutely resistant to ammonium and substrate
endocytosis.

We performed western blot analysis for the Fur proteins to estimate their
turnover. Free GFP was used as an indicator for vacuolar degradation. The analysis,
shown in Figure 56B, revealed that all Fur proteins (except FurB and FurF) are rather
stable proteins. FurC and FurG appear as the most stable proteins, as their ratio Fur-
GFP:free GFP is 1.7 and 5.2 respectively. FurA and FurD are rather stable with
protein amounts of Fur-GFP similar to free GFP. FurE-GFP and FurF-GFP, as shown
also by the microscopic analysis, are the ones with most increased vacuolar
degradation. We did not detect any free GFP for FurB-GFP, while the protein
amounts of intact FurB-GFP and FurF-GFP, were significantly lower compared to the
rest Furs.
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Figure 56. In vivo subcellular localization and protein expression levels of Fur transporters. (A)
Epifluorescence microscopy of GFP-tagged Fur proteins expressed from the gpdA promoter. Arrows
and arrowheads depict vacuoles and perinuclear endoplasmic reticulum (ER) membrane rings
respectively. (UR: uracil, AL: allantoin, UA: uric acid). Cultures were grown in MM for 14-16 h at
25°C. (B) Western blot analysis of total protein extracts of strains expressing GFP-tagged Fur proteins
using an anti-GFP antibody. At the left panel, all lanes correspond to the same blot. FurF is shown in a
separate blot with FurB as an internal control. Antibody against actin was used as an internal marker
for equal loading. Molecular weight markers in kDa are shown. Relative amounts of Fur-GFP and free-
GFP, normalized to actin protein levels, are shown below the blots. Cultures for total protein extraction
were grown in MM supplemented with urea at 25°C for 16 h.
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3.4.6 FurB and AbFurB2 subcellular localization

As shown from the analysis presented above, FurB was detected in cytoplasmic foci
and not in the plasma or any other membrane, and in addition, no transport function
could be assigned to it. In silico analysis, performed by G. Diallinas and C.
Scazzocchio, showed that FurB is present only in A. nidulans and A. clavatus (74%
identity among them), whereas a rather close homologue (~54-56% identity), named
FurB2, is present in few more Aspergilli (A. carbonarius, A. niger, A. tubingensis, A.
kawachii, A. acidus, A. aculeatus, A. brasiliensis, A. glaucus, A. terreus). In order to
check the functionality of the FurB2 subgroup, we selected FurB2 from A. brasiliensis,
named herein AbFurB2, and expressed it in A. nidulans. AbfurB2 was amplified from
A. brasiliensis genomic DNA and cloned, in-frame with gfp, in the same vector used
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to study all other Furs. The cognate plasmid was introduced, as previously described,
in the A7 strain (for details see Materials and methods).

Figure 57 summarizes the functional analysis performed for a selected single-
copy transformant. Growth test analysis was performed on various purines, used as
nitrogen sources, or purine and pyrimidine analogues. As shown in Figure 57A, the
strain expressing AbfurB2 was moderately sensitive to 5FU and showed no distinct
phenotype under any other condition tested (not shown). The AbFurB2-GFP
localization was detected, using epifluorescence microscopy, mainly in the plasma
membrane and at lower amounts in vacuoles (Figure 57B). This is a typical
localization of a transporter, and obviously contrasts with FurB. We also used
conditions triggering endocytosis (ammonium and uracil) and observed increased
vacuolar localization only when ammonium was used. Finally, a western blot was
performed for total protein extracts from strains expressing AbfurB2-gfp and furB-gfp
(Figure 57C). AbFurB2-GFP protein levels were clearly higher than those of FurB-
GFP; free-GFP, an indicator for vacuolar degradation, was also present for AbFurB2-
GFP, whereas no free-GFP was detected in the strain expressing FurB-GFP.
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Figure 57. Functional characterization of AbFurB2 in comparison with FurB. (A) Growth test at
25°C and 37°C on MM containg FU in the presence of urea (U). (B) Epifluorescence microscopy of
strains expressing AbFurB2-GFP and FurB-GFP in the presence of nitrate (NO3), ammonium (NH,) or
uracil (UR). Cultures were grown in MM for 14-16 h at 25°C. (C) Western blot analysis of total
protein extracts of strains expressing GFP-tagged AbFurB2 and FurB proteins using an anti-GFP
antibody. Antibody against actin was used as an internal marker for equal loading. Molecular weight
markers in kDa are shown. Cultures for total protein extraction were grown in MM supplemented with
urea at 25°C for 16 h.

In summary, even though AbFurB2 and FurB share 56% identity on protein sequence
level, FurB appears as a non-functional protein with localization in cytoplasmic
structures, while AbFurB2 corresponds to a 5FU specific transporter with the
expected plasma membrane localization and turnover. We performed protein
sequence alignment of the two proteins and we did not identify any apparent
differences that could explain the “instability” of FurB. Thus, it was tempting to
conclude that FurB might contain intrinsic sequences that probably cause protein
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misfolding, reflected as lack of proper localization and rapid turnover (See
Discussion).

3.4.7 Homology modeling, molecular dynamics and substrate
docking for FurA, FurD and FurE+4

Structural models for FurA, FurD and FurE were built by E. Mikros and T.
Evangelidis by homology modeling, using Mhpl structure (PDB ID: 2JLO) as a
template. The three Fur proteins share 22.1-24.2% identity in 421 amino acids overlap,
out of the 501 amino acids of the shorter Mhp1, which is adequate for sustaining solid
homology models. It should be noted that Fur-like proteins similarity with Mhpl is
significantly higher than those of Fcy-like proteins and Mhpl. The Fur structural
models built are shown in Figure 58.
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Figure 58. 3D structural models of Fur proteins. Upper left panel: topology of FurA occluded with
allantoin and orientation with respect to the membrane. Upper right panel: topology of FurD occluded

* Details concerning the methodology used in the computational analysis can be found in Krypotou et
al. (2015a), see Appendix.
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with uracil and orientation with respect to the membrane. Lower panel: topology of FurE occluded with
uracil and orientation with respect to the membrane. Models were built on the basis of alignments with
Mhp1l. The planes of the membrane are depicted with dashed lines. The substrate binding site including
residues of TMS1, TMS3 TMS6 and TMS8 is located in the space between the hash and the bundle
domains. Major residues of the substrate binding site are designated with spheres. In all cases, the
putative substrate binding cavity is highlighted in zoom-in panels. Homology modelling was performed
by T. Evangelidis.

The structure predicted is similar to the one predicted for FcyB. In particular,
the topology of the Fur transporters consists of two distinct domains, a compact core
(TMS1-10) and a C-terminal domain (TMS11-12). The core is subdivided in two
inverted repeats made of TMS1-5 and TMS6-10, arranged in a two-fold
pseudosymmetry axis, running in parallel with the membrane plane. The two repeats
are completely intertwined and are formed by TMSs 1, 2, 6 and 7 (also referred as
bundle motif) and TMSs 3, 4, 8 and 9 (also referred as hash motif) linked with helices
TMS5 and 10. The substrate binding site is predicted to be located in the space
between the two subdomains.

The Fur structural models were used for induced fit substrate docking (IFD)
assays and molecular dynamics (performed by T. Evangelidis) in order to identify the
putative binding site and validate the models constructed. The substrates used for the
IFD were allantoin for FurA, uracil and uric acid for FurD, uracil, allantoin and uric
acid for FurE. The most dominant positions occurred during the calculations are
shown in Figure 59A. FurD interacted with uracil (Ky, 0.5 uM) through two hydrogen
bonds with GIn134 and Asn341 side chains. The high affinity binding of uracil could
be due to additional interactions that could not be identified through IFD calculations.
Uric acid binds with less affinity (Ki 100 uM) and was predicted to interact with FurD
through H-bonding with Asn249 (bidentate), Asn341 side chains and Ala56 backbone.
Uric acid was also stabilized in the binding pocket through n-nt stacking interactions
with Trp130. FurA is specific for allantoin, but its affinity cannot be measured
because of unavailability of commercially sold radiolabeled substrate. Through IFD,
allantoin was predicted to interact with FurA through H-bonding with Asn58, GIn136,
Asn252 and Asn349 side chains. FurE was identified in this study as a high affinity
transporter for uric acid (K; 20 uM) and low affinity transporter for allantoin and
uracil (Kp, ~1000 uM). The IFD calculations predicted that FurE interacted with uric
acid through H-bonding with GIn134, Lys252 and Asn341 side chains and could also
interact occasionally with Trp130 through m-m stacking. Uracil was predicted to
interact through H-bonding with GIn134 and Asn341 side chains; while allantoin
interacted through H-bonding with Ser54, Ser56 and Asn341 side chains.

In the case of FurD, an extended molecular dynamics (MD) calculation was
also performed (by T. Evangelidis) in the constant presence of uracil or uric acid to
identify more interactions and if possible predict its trajectory in the binding pocket;
the results obtained are shown in Figure 59B. Uracil was again predicted to interact
through H-bonding with GIn134 and Asn341 side chains, but a H-bond interaction
with Leu253 backbone was also added. The MD calculation also predicted
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interactions through water bridges, specifically, mediated by Asp51 and Asn256 side
chains (infrequent). The side chain of Thr252 was also detected to be stabilized in a
position to interact with uracil through a constant water bridge connecting its side
chain with Gly248 backbone. Additional stability to the protein-substrate binding
might also be provided by a less frequent water bridge, between Asp51 and Asn256.
Uric acid was predicted to interact through H-bonding with Asn249 and Asn341 side
chains and Asn249 and Ala56 backbone (interactions also identified by IFD).
Frequent water bridges also contributed to substrate binding connecting it with
Thr252 side chain and backbone, GIn134 side chain and less frequently with Asn137
side chain. In summary, the MD calculations confirmed and extended the interactions
predicted by IFD calculations for FurD-substrate interactions.

The residues identified herein for the three Fur transporters are located in
TMSs 1, 3, 6 and 8 similarly to the ones identified previously for FcyB. Two residues,
GIn in TMS3 and Asn in TMS8 (conserved in all three transporters), contribute
through H-bonding for all substrates binding. The Trp identified in TMS3 (important
for FcyB) also interacts through n-n stacking in most cases.
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Figure 59. Modelled substrate interactions with the binding sites of Fur proteins. (A) Predominant
Docking Poses from IFD calculations. Upper panels: FurD with uracil (left) and uric acid (middle),
FurA with R-allantoin (right). Lower panels: FurE with uracil (left), uric acid (i) and (ii) (middle) and
R-allantoin (right). Similar interactions were observed for S-allantoin (results not shown). Hydrogen
bonds are depicted in black dashes, and m-n-stacking is highlighted with two-headed red arrows. (B)
Representative snapshots from MD trajectory of FurD with uracil (left) and uric acid (right). Water
oxygen density is depicted in mesh form and the water molecules that formed stable water bridges are
shown in black dashes. IFD and molecular dynamics were performed by T. Evangelidis.
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3.4.8 Mutational analysis of FurD and FurE

The computational analysis identified a few residues of FurD and FurE that are
involved in substrate binding. Those residues are for FurD: Ala56 (TMS1), Trp130
and GIn134 (TMS3), Asn249 and Tyr250 (TMS6), and Asn341 (TMS8); for Furk
were: Ser54 and Ser56 (TMS1), Trp130 and GIn134 (TMS3), Pro251 and Lys252
(TMS6) and Asn341 (TMS8). In a multiple protein sequence alignment with
representatives of NCS1 family, Figure 60, we located the residues predicted by the
computational analysis (highlighted with yellow). Trp130 and Asn341 (FurD) were
absolutely conserved in all NCS1 proteins, while residues Asn249 and Tyr250 (FurD)
varied. GIn134 is conserved in the Fur family, but is replaced by Asn in Fcy family
and by Glu in plant NCS1 protein.

In order to determine the significance of residues in transport function or/and
substrate specificity, identified by the IFD and MD analysis, and those in crucial
positions that vary among NCS1 members, we selected FurD to perform an extended
mutational analysis. The choice of FurD was due to the fact that Furk is a low
capacity transporter and in addition, there is not available radiolabeled substrate for
FurA. The amino acid substitutions carried out in FurD were: N54A, T57A, W130A,
Q134E, Q134A, N249A, Y250A, Y250F, Y250W, Y250K and N341A. The rationale
of the mutations were to replace each amino acid with one isofunctional or
isostructural residue or one present in homologue proteins.

We also performed a few mutations in FUurE and in particular changed residues
that were specifically predicted to interact with the substrates, but were significantly
different from the amino acids usually found at the same positions in other Fur
transporters. The FurkE mutations made were: S54N/S56N/M57T, S54N/S56A/M57T,
P251N, K252F and P251N/K252F. The rationale behind the mutational changes were
to introduce in FurE the cognate residues found in FurA or FurD under the gpdA
promoter. The plasmids thus constructed were introduced in the A7 strain. Selected
single copy transformants were functionally analyzed. Construction and
characterization of the FurD mutant strains was performed in collaboration with J.
Bobonis.
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3.4.9 Functional analysis of the FurD and FurE mutants

Figure 61 summarizes the functional analysis performed for the FurD mutants by
growth testing. Functionality of FurD is reflected as growth on uric acid and xanthine
at 37°C and sensitivity to FU, FC and FUd at 37°C and 25°C. From their phenotypes
on the substrates tested the mutants could be categorized in the following groups: (i)
wt-like: corresponds to similar to wt growth on uric acid and xanthine and sensitivity
to FU, FUd and FC (N54A and T57A); (ii) total loss-of-function: corresponds to total
absence of growth on uric acid and xanthine and resistance to FU, FUd and FC
(W130A and Y250K); (iii) partial loss-of-function: corresponds to lack of growth on
uric acid or/and xanthine, and/or resistance to one or more toxic analogues (Q134A,
Q134E, Y250F, Y250W and N341A); (iv) broadened specificity: corresponds to
growth on allantoin and retention of the ability to recognize some or all the
physiological substrates (N249A and Y250A). Interestingly, two mutants proved
thermosensitive, namely Y250F grew on xanthine and N249A grew on all substrates
(uric acid, xanthine and allantoin) only at 25°C.

The growth test analysis performed for the FUrE mutants is shown in Figure
62. Functional (over-expressed) FurE confers growth on uric acid, allantoin,
sensitivity to FU and moderate sensitivity to FUd and FC. Mutations
S54N/S56N/M57T and S54N/S56A/M57T led to a loss-of-function phenotype,
namely absence of growth on uric acid and allantoin, and resistance to all toxic
analogues. Mutation K252F led to a higher capacity or/and affinity transporter with
broader specificity, namely better growth on uric acid at 25°C, growth on xanthine
and allantoin and increased sensitivity to FU, FUd and FC. Mutation P251N led to
partial lack of growth on uric acid and allantoin, while exhibited increased capacity
for FUd and FC. Finally, the double mutation P251N/K252F resulted in absence of
growth on uric acid, growth on allantoin and increased sensitivity to FUd and FC.

Figure 60. Sequence alignment of selected NCS1 members with distinct specificities. Putative
TMSs of FurD are denoted in colored rectangles. The sequences shown are: Mhpl (D6R8X8; M.
liquefaciens), FurA (Q5BFMO; A. nidulans), FurD (A6N844; A. nidulans), FurE (Q5ATG4; A.
nidulans), Fur4 (P05316; S. cerevisiae), Dal4 (Q04895; S. cerevisiae), Fuil (Q04895; S. cerevisiae),
PLUTO (Q9LZDO0; A. thaliana), CrNCS1 (A8J166; C. reinhardtii), FcyB (C8V329; A. nidulans), Fcy2
(P17064; S. cerevisiae), Thi7 (Q05998; S. cerevisiae), Tpnl (P53099; S. cerevisiae) and Nrt1 (Q08485;
S. cerevisiae). Amino acids of the binding site of Mhpl, FurA, FurD and FurE are highlighted with
yellow color.
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Figure 61. Functional analysis of FurD mutants. Growth tests of FurD mutations single copy
transformants. Nitrogen sources or toxic analogues used are as in Figure 52. Growth tests shown were
at 25°C, or at 37°C when indicated. Toxic analogues were used in media containing urea as a nitrogen
source. Isogenic positive (FurD) and negative (A7) controls were used.
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Figure 62. Functional analysis of FUurE mutants. Growth tests of FurE mutations single copy
transformants. Nitrogen sources or toxic analogues used are as in Figure 52. Growth tests shown were
at 25°C, or at 37°C when indicated. Toxic analogues were used in media containing urea as a nitrogen

source. Isogenic positive (FurE) and negative (A7) controls were used.
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3.4.10 Kinetic analysis of FurD mutants

Radiolabeled uracil uptake was performed for all FurD mutants to determine their
initial uptake rates (V) and their binding and inhibition values (K.;) for their
substrates. As shown in Table 10, mutations W130A, Y250K and N341A led to
absence of uracil transport, in agreement with resistance to FU. Mutants Q134A,
N249A, Y250F and Y250W retained more or less (75-90%) their uracil uptake rate
compared with the wt. Mutants N54A, T57A and Q134E had significantly reduced
uptake rates that were 5-15% compared with the wt, while Y250A-mediated uptake
rate was 25%. Briefly, all Ala substitutions, except Q134A and N249A, led to
significant reduction of the initial uptake rate of uracil (0-25% V compared to the wt).

Table 10. Initial uptake rates (V) and K values (uM) were determined for FurD mutants using
[*H]-uracil uptake competition. Results are averages of at least three independent experiments in
triplicate for each concentration point. Standard deviation was < 20%. n.m., non measurable. UR:
uracil, UA: uric acid, XA: xanthine, AL: allantoin, HY: hydantoin, TH: thymine. Single copy plasmid
integration transformants were used.

K, (uM) K, (uM)
V(%) UR “UA XA AL  HY TH
FurD 100 05 99 100 >1000 40 3

N54A 5+2 40 500 500 >1000 800 -
T57A 15+5 05 18 110 >1000 - -
W130A 0 nm n.m n.m n.m nm nm
Q134A 905 2 66 140 >1000 100 2
Q134E 8+3 8 216 300 >1000 500 40
N249A 755 24 510 190 >1000 250 5
Y250A 25+2 20 >1000 =>1000 >1000 =>1000 130
Y250F 90+3 45 194 300 >1000 67 6

Y250W 806 3 10 200 >1000 - 1
Y250K 0 nm n.m n.m n.m nm nm
N341A 0 nm n.m n.m n.m nm nm

Kmi values were determined for the FurD mutants with measurable uptake
capacity. FurD binds uracil with high affinity (0.5 uM), uric acid, xanthine and
hydantoin with medium affinity (40-100 uM), and thymine also with high affinity (3
uM). Mutations N54A, Q134E, N249A and Y250F led to lower affinity for all
substrates with changes of variable-fold. In more detail, Ala substitution of Asn54 led
to 80-fold lower affinity for uracil, 5-fold for uric acid and xanthine, and 20-fold for
hydantoin. Mutation Q134E led to 16-fold lower affinity for uracil, ~2-3-fold for uric
acid and xanthine, ~13-fold for hydantoin and thymine. Mutation N249A led to ~5-
fold lower affinity for uracil and uric acid, ~2-fold for xanthine, ~6-fold for hydantoin,
while it had almost no effect on thymine binding. Substitution of Tyr250 with a Phe
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led to lower affinity for uracil (9-fold) and for uric acid or xanthine (~2-3-fold), but
had almost no effect on hydantoin or thymine binding. The rest of the substitutions of
Tyr250 had variable effects on the binding affinities. In particular, Y250A resulted in
~40-fold lower affinity for uracil and thymine, but no binding (>1 mM) for the rest of
substrates. On the contrary, mutation Y250W led to 10-fold increase in uric acid
affinity, but 6-fold and 2-fold decrease in uracil and xanthine binding, respectively,
and no effect on thymine binding.

Ala substitutions of Thr57 and GIn134 differentially affected each substrate.
For T57A, xanthine binding was wt-like, but uric acid binding affinity was ~5-fold
increased. For Q134A, the affinity for uracil was 4-fold reduced, for uric acid 1.5-fold
increased, and for xanthine and hydantoin 1.5-fold and ~2.5-fold increased,
respectively. Finally, even though N249A and Y250A mutants grew on allantoin, we
did not detect any significant allantoin binding (>1 mM) similar to wt.

In summary, the most severe effect on substrate transport and binding was due
to mutations in Asn54 (TMS1), Trpl30 (TMS3), Tyr250 (TMS6) and Asn341
(TMS8), indicating the involvement of these residues in direct interactions with
substrates, as also predicted by the substrate docking analysis. A variable effect on
binding of different substrates, probably related with substrate specificity, was
obtained by mutations in Asn249 and Tyr250.

3.4.11 Kinetic analysis of FurE mutants

Similarly to FurD mutants, we performed kinetic analysis for all FurE mutants to
determine their initial uptake rates (V) and their K, values (Table 11). As shown
herein, Furk is a high affinity transporter for uric acid (20 uM) and shows low affinity
for uracil and allantoin (~1 mM). [°H]-uracil uptake was used to kinetically
characterize the FurE mutants, since radiolabeled uric acid was not available (due to
high affinity for uric acid, more accurate results could have been obtained with that
substrate). Mutants in TMS1 (S54N/S56N/M57T and S54N/S56A/M57T) lost
transport function since no measurable uptake was detected. Differently from the
above, mutants P251N, K252F and P251N/K252F led to a surprising increase in
uracil initial uptake rate (~13-20-fold) compared with the wt. This increase could be
associated with an increase in uracil Ky, ~37-fold for P251N, 125-fold for K252F and
~333-fold for P251N/K252F. These mutations also increased the affinity for other
substrates.

In addition, mutation P251N resulted in 4-fold lower K; for uric acid, but 55-
fold, higher K; for allantoin, ~10-fold higher K; for hydantoin and thymine. Mutation
K252F, similarly to P251N, led to 4-fold lower K; for uric acid, ~18-fold higher K; for
allantoin, and ~10-fold higher K; for hydantoin and thymine, while it could also bind
xanthine with a K; of ~1000 uM. Finally, the double mutation P251N/K252F led to
12.5-fold lower K; for uric acid, and higher K; for the rest of substrates: 3-fold for
allantoin, 25-fold for hydantoin, 2000-fold for thymine and could bind xanthine with a
Ki of 800 uM.
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Apparently, residues Pro251 and Lys252 affect substrate binding, and their
substitution with residues present in FurA (Asn and Phe respectively) resulted in high
affinity binding of uracil and other substrates, as well as increased initial uptake rate.

Table 11. Initial uptake rates (V) and K,; values (uM) were determined for FUrE mutants using
[*H]-uracil uptake competition. Results are averages of at least three independent experiments in
triplicate for each concentration point. Standard deviation was < 20%. All symbols as indicated in
Table 10. Single copy plasmid integration transformants were used.

K., (uM) K, (uM)
V (%) UR UA XA AL HY TH

FurE 100+2 ~1000 20 >1000 ~1000 =>1000 >1000
P251N 2000+ 15 27 80 >1000 18 97 140
K252F 2000+ 25 8 80 ~1000 56 130 117
PK/NF 128015 3 250 800 330 40 5
SN/SN/MT 0 nm nm n.m n.m nm nm
SN/SA/MT 0 nm nm n.m n.m nm nm

3.4.12 A putative selective gate in FurD

TMS10 in Mhpl has been described as a moving flexible element (Weyand et al.,
2008) that could be related to the entry of the substrate from the outer environment to
the binding pocket. In addition, as described in the Introduction, a single mutation in
Leu353 of Mhpl resulted in transport of a bulky analogue, that could bind but could
not be transported by the wt protein (Simmons et al., 2014). We located the respective
area in FurD by protein sequence multiple alignment (Figure 63) and identified
residues highly or partially conserved with Mhp1.

TMS10

—_— J

I I -
Mhpl 351 PWOQ..... F AGV|LN|T|F|L/N L|L|A|S|A|L|G P|L A|G|T D
FurA 383 |PWN.LVSDSNQF|T . |T|Y|L|SA[Y[S|I|FIL(S A|TL AG|\ D
FurD 375|PWK.ILESASNF|L.NFMSAYAIFILIGP|IAA D
FurE 375 WY.IQNSAASF|S.|SFLGG|v|SLFLGA[IAG D
Furd 455 PWN . LMATSSK|F|T . |MA|L|S A|Y|A[I|F|L(S S|I A|G D
Dald 457 [PWN.LMASSSKF|T . |S|alLlGAlv|aT|FILIS S|z alGv IjcA]D
Fuil 415[PWD.LLSSSSKFT.|TA[LAAlY[AVF[LSALAG D
Pluto 464 PWR.LLKSSESFVY|TWLIG|v[SALLGE|IGE D
CrNCS1 373 [PWN.LVSSTHG|F|VN|TW|LIIG|Y|SAILILIGE[V I|G D
FcyB 332|IA[IPGYSHFETVLENFMNE|I|AYWLAI|Y SAl D
Fcy2 355|IS|TPATYYFDGFMENFMDS|T|G[Y[¥[La I|y 1A E
Thi7 385|PWN.FYNSSSTF|L.|T|V[MS SF|GV[VMT P|I I|S[V D
Tpnl 413 |CA[LIGRNHF ST|I|LGNF|L/P MI|G[Y|[W|I|SM[YF|I E
Nrtl 385pPWN.FYNSSSTEL.[TVIMSSEGVVMTP|L IjalvMI clpl

Figure 63. Sequence alignment of TMS10 of selected NCS1 transporters. The sequences shown are:
Mhpl (D6R8X8; M. liquefaciens), FurA (Q5BFMO; A. nidulans), FurD (A6N844; A. nidulans), Furk
(Q5ATG4; A. nidulans), Fur4 (P05316; S. cerevisiae), Dal4 (Q04895; S. cerevisiae), Fuil (Q04895; S.
cerevisiae), PLUTO (Q9LZDO; A. thaliana), CrNCS1 (A8J166; Chlamydomonas reinhardtii), FcyB
(C8V329; A. nidulans), Fcy2 (P17064; S. cerevisiae), Thi7 (Q05998; S. cerevisiae), Tpnl (P53099; S.
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cerevisiae) and Nrtl (Q08485; S. cerevisiae). Arrow heads indicate the positions Leu353 in Mhpl
could align with the rest sequences.

In particular, Leu353 of Mhpl could be aligned with two residues in FurD,
Leu386 or Met389. The first residue, Leu386, varied to Thr/Leu/Ser among Fur-like
proteins and Val/Leu/Met in Fcy-like and plant homologues. On the other hand, the
residue at the position corresponding to 389 of FurD was a Met only in FurD and Fcy-
like proteins, and a Leu in the other homologues. In order to identify a potential role
of these residues, we constructed the following mutations in FurD: L386A, L386S,
M389A, M389L, L386-N387/L386-E387*-N388 (Glu387 is an inserted residue,
corresponding to the extra amino acid found in Fcy-like transporters). The mutant
alleles were introduced to the proper recipient strain as previously described.

Selected transformants were analysed by growth tests (Figure 64) similarly to
the FurD mutants. Mutations L386A, L386S, M389L and L386-N387/L386-E387*-
N388 led to loss-of-function phenotypes, but mutation M389A led to a functional
transporter with broadened specificity. More specifically, a single copy transformant
expressing FurD-M389A could grow on uric acid and xanthine at 25°C and 37°C,
showed moderate growth on allantoin and hypoxanthine (2 mM) and was sensitive to
FU, FUd, FC and 8-azaguanine (AZ). Multi-copy expression of FurD-M389A led to
increased growth on allantoin and hypoxanthine.

These results indicate a probable role of Met389 in substrate specificity,
despite the modelling evidence showing that it is not part of the bona fidae substrate
binding site. A possible explanation could be that M389 is a dynamic element of an
outward-facing, channel-like, filter or “gate”, which controls substrate access to the
major binding site, and thus affects substrate selectivity, similar to what was observed
for UapA (Kosti et al., 2010).

In order to expand the observations obtained by using M389A, we combined
this mutation with those that were shown to affect substrate specificity of the
substrate-binding site (N249A, Y250A and Y250F). The mutants were constructed as
previously described and transformants were analyzed by growth tests (Figure 64).
Plasmid and strain construction of the double mutants was performed in collaboration
with G. Sioupouli.

The double mutant N249A/M389A combined properties from both mutations,
as it grew on uric acid, xanthine, allantoin, hypoxanthine (1-2 mM) and was sensitive
to all toxic analogues. It thus seems that at least the double mutant N249A/M389A
has a broader specificity profile, characteristic of a promiscuous Fur transporter. On
the other hand, mutant Y250A/M389A grew on allantoin and hypoxanthine (2 mM)
and was sensitive to all toxic analogues, whereas mutant Y250F/M389A grew on
xanthine and uric acid, similarly to the single mutant Y250F, grew on allantoin and
hypoxanthine (2 mM) only at 37°C, and was sensitive to all toxic analogues.
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Figure 64. Functional analysis of FurD TMS10 mutants. Growth tests of FurD TMS10 mutations

transformants. Nitrogen sources or toxic analogues used are as in Figure 52, hypoxanthine (HX) and 8-

azaguanine (AZ: 0.1 mg/mL). Growth tests shown were at 25°C, or at 37°C when indicated. Toxic

analogues were used in media containing urea as a nitrogen source. HX corresponds to a concentration
of 1 mM and HXx2 to 2 mM. Isogenic positive (FurD) and negative (A7) controls were used.

The single and double mutants were also kinetically analyzed by [*H]-uracil
uptake; initial uptake rates (V) and Kp; values were determined (Table 12) for
mutants with measurable uptake. The single mutant M389A and the double mutants
N249A/M389A and Y250F/M389A retained their initial uptake rate at 70-90%
compared with the wt, while N249A/M389A expressed reduced V at 20% compared
with the wt. Mutation M389A led to 16-fold lower affinity for uracil, but 2-fold
higher affinity for uric acid and xanthine, and to a measurable affinity for allantoin
(700 uM). Addition of the second mutation N249A led to wt-like uracil affinity, 5-
fold lower affinity for uric acid, 3-fold higher affinity for xanthine and medium
affinity for allantoin (100 uM). On the other hand, double mutation Y250A/M389A
led to 13-fold lower affinity for uracil, >10-fold lower affinity for xanthine and uric
acid and medium affinity for allantoin (330 uM). Finally, Y250F/M389A behaved
similarly to M389A, namely led to wt-like uracil uptake, and ~1.2 fold lower affinity
for uric acid and xanthine, and to low affinity for allantoin (700 uM). Interestingly,
only for the double mutant Y250A/M389A we could detect measurable uracil uptake
inhibition in the presence of excess hypoxanthine (35%).
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Table 12. Initial uptake rates (V) and K,,; values (uM) were determined for FurD TMS10 mutants
using [*H]-uracil uptake competition. Competition of [*H]-uracil uptake by excess hypoxanthine (HX)
is also shown (right column). Results are averages of at least three independent experiments in
triplicate for each concentration point. Standard deviation was < 20%. UR: uracil, UA: uric acid, XA:
xanthine, AL: allantoin.

% Uracil
K., (uM) K, (uM) uptake
V (%) UR UA XA AL HX (1mM)

FurD 100 0.5 99 100 >1000 100
M389A 90+5 8 40 50 700 88+3
N249A 755 24 510 190 >1000 805
N249A/M389A 706 0.5 500 34 100 88t6
Y250A 25+2 20 >1000 =1000 =>1000 776
Y250A/M389A 205 6.5 ~1000 =>1000 330 358
Y250F 90+ 3 45 194 300 >1000 775
Y250F/M389A 85+4 0.5 85 77 700 60+6

In summary, Met389 and probably other elements in TMS10 could be
implicated in substrate selectivity directly or indirectly. Combination of M389A in
TMS10, which is a mutation that apparently allows new substrates to be transported,
with specificity mutations in the major binding site, led to a transporter with broader
specificity and increased affinity for most substrates, both physiological and non-
physiological.
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Discussion

4.1 An evolutionary perspective of fungal nucleobase
transporters

The purine/pyrimidine transporters identified by phylogenetic and functional analyses
in A. nidulans belong to three distinct families: (i) NCS1 family with 12 members (5
Fcy- and 7 Fur-like proteins), (ii) NCS2/NAT family with 2 members (UapA/C-like
proteins), (iii) AzgA-like family with one member (AzgA). To highlight the distinct
evolutionary profile of each transporter family, a phylogenetic analysis of the
homologous proteins found in Aspergilli is shown in Figure 65.

The NCS1 family is predicted to have expanded by multiple gene duplications
in fungi and resulted in multimembered Fcy and Fur subfamilies (Krypotou et al.,
2015a). FurA and FurD fungal orthologues of the Fur subfamily are ubiquitously
found in almost all Aspergilli, whereas the other Furs are absent from many fungi
(Figure 65A). Interestingly, FurA and FurD, correspond to the major allantoin and
uracil transporters respectively in A. nidulans (Amillis et al., 2007; Hamari et al.,
2009), whereas the function of FurC, FurF and FurG as uracil transporters and Furk
as an allantoin-uracil-uric acid transporter was revealed, only upon over-expression,
suggesting a low capacity and/or low affinity for the substrates. Similarly to the Fur
subfamily, Fcy-like proteins are variably conserved among the Aspergilli (Figure
65A) and we can also detect homologous proteins that are not present in A. nidulans
(Figure 65A). Of the Fcy subfamily, FcyB was characterized as a high-affinity,
medium capacity, hypoxanthine-adenine-guanine-cytosine transporter (Vlanti and
Diallinas, 2008). The function of a second member of the family was recently
revealed upon over-expression (G. Sioupouli and G. Diallinas, unpublished results).

In contrast to the NCS1 family, AzgA- and NAT/NCS2-like proteins
constitute single-membered (AzgA) or much less expanded (NAT/NCS2) families
(Figure 65B). A single AzgA-like protein is highly conserved in all Aspergilli except
A. zonatus. All Aspergilli include a UapC-like protein and three species also include
UapA-like members (A. nidulans, A. zonatus, A. ochraceoroseus). The more distinct
UapD subgroup has members in fewer species, particularly the black Aspergilli.
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Thus, the three transporter families seem to illustrate distinct examples of how
genetic and evolutionary mechanisms have variably affected the emerging and
establishment of novel functions and specificities. An organism can acquire new
genes through at least three distinct, potentially overlapping mechanisms: lateral gene
transfer from another organism, evolution by modification of a preexisting gene after
duplication, or de novo generation from noncoding DNA. Both two first scenarios
could concern the NCS1 family. Existence of multiple gene copies relaxes the
selective pressure and allows random evolutionary processes to take place. Thus, gene
duplications are quite abundant in nature and several scenarios are possible for the
fate of a duplicated gene, few of which are: inactivation of one copy by accumulation
of deleterious mutations (pseudogene), improvement of a preexisting function by
accumulation of neutral mutations or emerging of a novel function (for a review see
Andersson et al. 2015)

The phylogeny of the transporters studied herein suggests that gene
duplications do not occur ubiquitously or randomly (e.g. a single AzgA gene in all
fungi vs. multiple NCS1 genes). An increasing number of studies currently supports
the existence of “hotspots” in the chromosomes of organisms, where genetic
crossovers are more likely to occur and can potentially lead to gene duplications.
These “hotspots” seem to partly depend on local DNA sequence and their frequency
varies from one organism to another (Hey, 2004). Another hypothesis that could
explain the diverse phylogenetic profile of the transporter families studied herein is
that some protein structures might have more potentiality to acquire new function or
to conserve old functions in spite of random mutations, while other are very
"intollerant™ and are much more easily inactivated and then subsequently lost.

The creation of new genes after duplication is proposed to be based on three
aspects “innovation-amplification-divergence”, where the parental gene has a trace of
a function additional to its main function; this trace can be inherited in the duplicated
gene and evolved in an environment where this is beneficial (Andersson et al., 2015).

Figure 65. Maximum likelihood phylogenetic trees of the NCS1 (A), NCS2 and AzgA-like
proteins (B) of the Aspergilli. (A) Fur-like proteins are highlighted in shades of blue and Fcy-like
proteins in shades of pink according to identified Fcy proteins in A. nidulans, distinct proteins with
homologues absent from A.nidulans are in white background. (B) UapA-like proteins are highlighted in
shades of blue and AzgA-like proteins in red. Characterized proteins are highlighted in red. Mhpl from
M. liguefaciens, AtNCS1 from A. thaliana in (A) and UraA from E. coli in (B) are used as outgroups.
Sequences were retrieved with BlastP using FcyB, FurA and UapA as probes in JGI database. The trees
were build with PhymL after alignment of protein sequences with Clustal Omega and curation with
TrimAl (Capella-Gutiérrez et al., 2009; Guindon et al., 2010; Sievers et al., 2011).
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In particular, the phylogenetic profile of Fur family (Figure 66) suggests that
Fur proteins originate from an ancestral protein closer to FurE (Krypotou et al.,
2015a). Characteristics of the functional promiscuity of FurE (allantoin, uracil, uric
acid) were thus, probably, inherited and evolved in Fur proteins with increased
specificity (e.g. allantoin or uracil) and higher transport capacity (e.g. FurA and FurD,
respectively) or lower transport capacity (FurC, FurF, FurG). Interestingly, a single
Fur protein without an apparent function was also found (FurB), suggesting that some
genes/proteins might have acquired deleterious mutations and are prompt to become
extinct. A similar case to FurB was also found within the UapD-subgroup of the
NCS2 family (discussed separately later).

out

BG

Figure 66. Simplified scheme of a maximum likelihood phylogenetic tree of fungal Fur proteins.
The tree shows the phylogeny of the Fur proteins of A. nidulans (represented as capital letters). Furg
(E) is predicted to be closer to the ancestral Fur protein. The Figure was adapted from (Krypotou et al.,
2015a).

It is also interesting that substrate specificities of fungal nucleobase
transporters seem to have evolved independently more than once, often in transporters
with distinct structural topologies. More specifically, the specificity profile of AzgA
(hypoxanthine-adenine-guanine) overlaps that of FcyB (hypoxanthine-adenine-
guanine-cytosine), that of UapA/C (uric acid-xanthine) overlaps that of FurD (uracil-
uric acid - xanthine), while the A. nidulans and S. cerevisiae uracil, allantoin or
nucleoside transporters belong to distinct Fur sub-groups or even to different major
transporter families (see Hamari et al., 2007).

furB and uapD: proto-neogenes or proto-pseudogenes?

Northern analysis (Hamari et al., 2009) and RNA-seq transcriptomic analysis
(Sibthorp et al., 2013) have shown that furB-mRNA is not detected under any of the
conditions tested, with the only exception a low but detectable expression under 72
hours nitrogen starvation (Sibthorp et al.,, 2013). Expression of FurB from a
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constitutive non-native promoter led to low protein levels, associated with
cytoplasmic foci and internal structures and never with plasma or other organellar
membrane, as expected for a transporter. Thus, is not surprising that no function was
ever detected. A close homologue of FurB from the FurB2 subgroup is a functional
transporter specific for uracil with plasma membrane localization, which suggests that
FurB has accumulated a low number of mutations leading to its low expression and
misfolding. The absence of FurB from most Aspergilli might even suggest that this
gene is in the process of becoming extinct.

The case of FurB resembles that of AbUapD from A. brasiliensis. Both
proteins were found localized in internal structures, non-functional and with a patchy
phylogenetic profile. Transcription data show that the uapD orthologue of A. niger is
transcriptionally inactive (Delmas et al., 2012; van Munster et al., 2014), similarly to
FurB. Moreover, the fact that chimeric molecules, made mostly by UapA and short
segments of AbUapD, were also unstable and functionless, suggests that AbUapD
might contain intrinsic characteristics that lead to misfolding and high protein
turnover. The lack of any function or expression and the incongruous phylogenetic
profile suggest that UapDs might constitute a group of genes that accumulated
deleterious mutations and might eventually evolve to pseudogenes or new genes.
Interestingly, we detected a bona fidae UapD pseudogene in Pyrenophora teres that
includes several stop codons and truncations and lacks a start codon, while its
orthologue in Pyrenophora tritici shows an open reading frame.

A third, similar case of unstable and functionless transporter has also been
reported recently as a homologue of the major acetate transporter, AcpA (Sa-Pessoa et
al., 2015).

Thus, it seems that occasionally some genes can be evolutionary conserved
despite the fact that they might encode for proteins with apparently no function. This
idea contrasts the dogma that genes without a function get extinct or rapidly become
pseudogenes. As mentioned above, proteins of novel function can arise after a number
of random mutations in a preexisting gene, a process that can be succeeded only after
gene duplication in order to assure that at least one functional gene copy will remain
and one will be available for evolutionary “experiments”. FurB and UapD, and similar
genes, could be the intermediates of an evolutionary process that could eventually
lead to a pseudogene or a gene with new properties. Thus, these genes could be cases
of proto-pseudogenes or proto-neogenes (Krypotou et al., 2015b).

4.2 The cryptic physiological function of Furs

Overexpression of the Fur proteins revealed the functionality and in particular the
specificity profile of the orphan Furs, except FurB; however, their physiological role
remains unclear. The only data available related to their physiological function are
from expression analysis experiments. In particular, RNA-seq transcriptomic analysis
(Sibthorp et al., 2013) revealed that all Fur proteins are significantly expressed under
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nitrogen starvation conditions, but only FurA, FurD and FurE are expressed in the
presence of NO3; (Hamari et al., 2009; Sibthorp et al., 2013). Thus, the minor
phenotypes revealed herein by growth tests on uracil and 5-fluorouracil of multiply
fur deleted strains were justified (see Results).

Interestingly, next to FurE lie two genes (AN8417 and AN8418) predicted to
encode for proteins with hydrolytic activity. In particular, AN8417 is predicted as a
hydantoin racemase. The three genes FUurE, AN8417 and AN8418 appear to form a
cluster conserved in other Aspergilli, while they are lowly expressed under the same
conditions (Sibthorp et al., 2013). Similarly, next to FurF lies a putative alternative
allantoinase (AN9327), an orthologue of the PuuE alternative allantoinase from
Pseudomonas fluorescens; and next to FurC lies a putative second paralogue of the
enzyme (AN3354). furC and furF along with their neighbouring putative enzymes
appear to be expressed under the same nitrogen conditions (Sibthorp et al., 2013). It
seems that the Fur proteins are conserved as an enzyme-transporter cluster and their
physiological role could be related with the role of the neighboring enzymes. Thus, a
further analysis that involves the functional characterization and the expression profile
of the proteins of each cluster could reveal the physiological role of Furs.

A more detailed analysis concerning the enzymes lying next to Furs can be
found in Galanopoulou et al. (2014).

4.3 Structural determinants of the function and specificity
of NAT/NCS2 and NCS1 proteins

Based on the crystal structures of bacterial homologues, A. nidulans NCS1 proteins
are predicted to comprise an Mhp1-like (or LeuT-like) fold with 12 TMSs, whereas
NCS2 and AzgA proteins are compatible with a UraA-like fold with 14 TMSs (see
also later). Even though, at first sight, the structural folds of Mhpl and UraA seem
quite different (Figure 67, see also Introduction), they do share several structural and
mechanistic features and are predicted to be of common origin (Véstermark and Saier,
2014). In particular, the 5+5 symmetrical structure of the LeuT-fold is predicted to
have arisen after a duplication of the 5-TMS subunit; while, the 7+7 symmetrical
structure of UraA-fold seems to have arisen after two consecutive duplications: (i)
duplication of an N-terminal hairpin of a similar to LeuT-fold 5-TMS subunit creating
a 7-TMS subunit and (ii) duplication of the 7-TMS subunit to create the 7+7 final
structure (Vastermark and Saier, 2014). Thus, TMSs 1, 3, 6 and 8 that are predicted to
comprise the substrate binding site in LeuT-fold proteins, seem to structurally
correspond to TMSs 3, 5, 10 and 12 in UraA-fold proteins (Vistermark and Saier,
2014). However, the substrate binding site in UraA is located between TMSs 1, 3, 8
and 10. Thus, the two structures have functionally diverged, even though they are
considered to have a common overall structural origin.
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UraA Mhp1

Figure 67. Overview of the crystal structures of UraA and Mhpl. TMSs are highlighted in different
colors. (Lu et al., 2011; Shimamura et al., 2008)

The current and previous studies from our laboratory have identified few
residues critical for the function and specificity of the NCS1 (FurD, FcyB), NCS2
(UapA, UapC) and AzgA proteins of A. nidulans. One class concerns residues located
in the TMSs hosting the substrate-binding site, a finding that might be expected. More
interestingly, a distinct class of residues affecting mostly and more dramatically the
specificity of all A. nidulans purine transporters concerns residues located outside the
binding site. This finding led to the novel concept that transporters contain channel-
like gates controlling substrate selectivity (see also later).

4.3.1 AzgA-like proteins acquire an NCS2-like structure

A solid theoretical model was built for AzgA by homology modelling on the crystal
structure of an NCS2/NAT member, UraA, even though AzgA-like and NCS2
proteins constitute distinct transporter families (Krypotou et al., 2014). Computational
analysis of the theoretical structural model of AzgA identified few residues to interact
through hydrogen bonding with the substrates, namely Asn131 (TMS3), Asp339
(TMS8), Glu394 (TMS10) and the amide group of the backbone of Val393 (TMS10)
(Krypotou et al., 2014). In addition to these residues, a hydrogen bond network
among Asp339-Glu394-Asp342 is predicted to be involved in H® binding and
substrate translocation.

Our mutational and functional analysis, presented herein, proposes that
Asnl131, Asp339, Asp342 and Glu394 are involved directly or indirectly in substrate
and/or H* binding, since they were found irreplaceable for function. Interestingly,
their substitutions differentially affected the binding affinities of AzgA physiological
substrates, especially adenine, proposing a different contribution in the binding of
each substrate. Among the residues mutated, additional three were found to be
necessary for AzgA function, Gly129 (TMS3), Thr390 and Gly402 (TMS10). These
three amino acids are predicted to be in close proximity to the substrate-binding site
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and could contribute to substrate translocation or formation of a proper binding cavity
architecture. Mutations of the rest of amino acids led to more or less significant
phenotypes, but because of the non-physiological protein localization we could not
reach definite conclusions. Additional AzgA loss-of-function mutants could be easily
acquired exploiting the high rate occurring resistance sectors of AzgA-expressing
strains grown in the presence of the toxic analogue 8-azaguanine. An AzgA mutant
library based on thorough screening could reveal residues critical for AzgA transport
function not predicted by the computational analysis.

The functionally critical residues identified herein are in good agreement with
those identified by the work of Papakostas et al. (2013) for the bacterial AzgA-
homologues (PurP and YjcD). In particular, the E. coli PurP and its isofunctional
YicO were identified as adenine transporters and YjcD and its isofunctional YgfQ as
hypoxanthine and guanine transporters (Papakostas et al., 2013). Mutational and
functional analysis revealed an Asp (Asp267 for PurP and Asp271 for YjcD) in TMS8
and a Glu (Glu318 for PurP and Glu322 for YjcD) in TMS10 that were essential for
function. The Asp and Glu residues from the bacterial proteins correspond to Asp342
and Glu394 in AzgA (also found critical for function) (Figure 68). Other residues
found to impair more or less the function of YjcD/PurP and AzgA were: Thr35/Thr38,
Thr275/Thr271 in YjcD/PurP and Ser323 in YjcD that correspond to Thr49, Thr390
and Ser395 in AzgA.
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Figure 68. Multiple protein sequence alignment of AzgA predicted TMSs that constitute the
binding site, and AzgA-like sequences and characterized NAT proteins. Invariant and highly
conserved amino acids are shaded in red and blue-lined boxes, respectively. Amino acids essential for
substrate binding and transport are highlighted with red asterisks. Residues critical for function and less
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or not important residues are marked with blue and black asterisks, respectively. The alignment is part
of the full length sequence alignment shown in Figure 34.

Interestingly, the two bacterial homologues have distinct specificity profiles,
PurP is specific only for adenine and YjcD only for hypoxanthine and guanine, in
contrast with fungal and plant AzgA-like proteins that can take up all three substrates.
Based on their protein sequence alignment, several residues vary among PurP or YjcD
and the rest AzgAs that could reflect their different specificities. For example, YjcD
has Ser, Thr, Ala and Ala instead of Gly (Gly129), Asn (Asn131), Asp (Asp339) and
Thr (Thr390) respectively found in the fungal and plant AzgAs (AzgA residues in
parenthesis); while, PurP shares more common residues with the other AzgAs with
only an Asn residue varying from the conserved Asp (Asp339) (Figure 68). The
varying residues could be related with the different specificity preferences of PurP
and YjcD affecting their substrate specificity.

The well-characterized NAT homologues, UapA from A. nidulans and XanQ
from E. coli have revealed a set of amino acid residues that are absolutely essential for
function. The residues identified herein for AzgA and in the work of Papakostas et al.,
(2013) for PurP and YjcD seem to topologically correspond to several of the residues
proven important for UapA and XanQ. For example, the functionally irreplaceable
Glu356/Glu272 (TMS8) and Asn409/Asn325 (TMS10) of UapA/XanQ correspond to
Asp339 and Glu394 of AzgA (Figure 68).

Thus, it appears that the NAT proteins are structurally related to the AzgA-
family, as they share similar structural fold and amino acid residues critical for
function with respective topology. Based on phylogenetic analyses (Cecchetto et al.,
2004; Krypotou et al., 2014), the AzgAs are also predicted phylogenetically more
related to NATs than other families. AzgA and NATs common structural fold could
be due to events of convergent evolution or the AzgA-family could have diverged
early from the NAT family, since they exhibit a completely different specificity
profile.

4.3.2 Fcy and Fur transporters differ in substrate specificity
elements

Theoretical structural models for FcyB, FurA, FurD and FurkE were built based on
homology modelling on the crystal structure of the bacterial benzyl-hydantoin
transporter Mhpl (Krypotou et al., 2012, 2015a). The models were used in substrate
docking calculations to identify residues participating in substrate binding (Krypotou
et al.,, 2012, 2015a). Our mutational and functional analysis for FcyB and FurD,
presented herein, identified residues critical for function or/and substrate specificity
located in TMSs 1, 3, 6 and 8 that compose the binding site. A multiple sequence
alignment of characterized NCS1 proteins and predicted binding site TMSs for FurD
are shown in Figure 69.
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The residues identified in TMS1 as critical for function were Ser85 in FcyB
and Asn54 in FurD, the latter corresponds to GIn42 in Mhp1, which was also found to
be important for function. Based on the multiple sequence alignment shown in Figure
69, Asn54 in FurD corresponds to Val83 in FcyB, which was not shown as critical for
function. Topologically respective residues in TMS3, Asn163/GIn134 in FcyB/FurD,
were identified to participate in substrate binding and specificity. This position in
TMS3 is differentially conserved in NCS1 proteins and varies from an Asn in fungal
Fcy-like proteins to a Gln in fungal Fur-like proteins and Mhpl, an Asp in plant
NCS1 homologues and a Leu in the uridine transporter Fuil from S. cerevisiae
(Figure 69). The replacement of Asn163 in FcyB with a Leu or a GIn, residues found
in FurD and other NCS1 homologues, did not lead to the binding or transport of
“new” substrates suggesting that substrate specificity of FcyB is not determined solely
by residues of the binding site.

Residues Trp159/Trp130 (TMS3) and Asn354/Asn341 (TMS8) in FcyB/FurD,
corresponding to Trpll7 and Asn318 in Mhpl, were proved irreplaceable for
function. These residues are absolutely conserved in the NCS1 family and are
predicted to contribute in substrate binding by n-n stacking interactions (Trp) and H-
bonding (Asn). In FcyB, a second Asn residue (Asn350) conserved in all NCS1
proteins, additional to Asn354 (TMS8), was proved critical for function. Both Asn
residues in FcyB affected the transport capacity as well as substrate specificity,
whereas Asn341 in FurD was proved to be involved in transport function. In FcyB,
Asn354 seems to interact through hydrogen bonding with all substrates except
adenine, while Asn350 could indirectly affect substrate binding by affecting the
architecture of the substrate binding site. Pro353 in FcyB, an also irreplaceable
residue for transport, is probably affecting similarly to Asn350 substrate binding or by
setting the neighboring Asn354 in the proper position for binding.

Interestingly, the conserved aromatic residues in TMS6 were shown to have
different roles in FcyB and FurD. The position corresponding to Trp259/Tyr250 in
FcyB/FurD is always occupied by an aromatic amino acid, highly conserved among
NCS1 subgroups, a Trp in Fcys and plant homologues, a Phe in Furs and a Tyr in
FurD. The only exception is Furk, which instead of an aromatic residue has a Lys.
Trp259 in FcyB was shown to be irreplaceable for function and probably participates
in m-m interactions with substrates. Tyr250 in FurD was shown to participate in
substrate binding and to determine substrate specificity. Contrasting the irreplaceable
Trp259 of FcyB, replacement of Tyr250 in FurD with an Ala led to a transporter with
the capacity to take up a non-physiological substrate, allantoin, but not xanthine or
uric acid. Other substitutions made herein (with a Trp or a Phe) also led to functional
versions of FurD, which variably affected substrate affinities for the physiological
substrates. Similarly, substitution of the neighboring Asn (Asn249) with an Ala led,
again, to a fully functional transporter with altered specificity and increased capacity
to uptake all its physiological substrates and allantoin.
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Figure 69. Multiple sequence alignment of FurD predicted TMSs that constitute the binding site,
and characterized NCS1 proteins. Invariant and highly conserved amino acids are shaded in red and
blue-lined boxes, respectively. Amino acids essential for function or specificity for FurD and FcyB are
highlighted with black arrows. The alignment is part of the full length sequence alignment shown in
Figure 60.

In order to verify whether the residues of TMS6 corresponding to Asn249 and
Tyr250 of FurD determine the specificity, also, in other Fur proteins, we replaced the
respective residues (Pro251 and Lys252), found in Furk, with those found in most
Furs. Thus, mutations P251IN and K252F, led to high affinity binding of uracil and
allantoin (38-100-fold increase) and also binding of new substrates (xanthine,
hydantoin, thymine). In conclusion, this region in TMS6 was identified as critical in
substrate specificity for both FurD and FurE, but not FcyB.

Residues of the substrate binding site of PLUTO/AINCSL1, a uracil-adenine-
guanine transporter from A. thaliana, mutated in the work of Witz et al. (2014)
indicated residues similar with those of FcyB and FurD to participate in substrate
binding (Table 13). Briefly, the substitutions of the relevant residues led to
identification of a Glu in TMS3 as critical for function. The additional residues
mutated, including the aromatic residues of TMS3 and TMS6, were shown to be of
less importance for PLUTO function as they had minor effect in transport capacity.
Interestingly, Trp223 (TMS3) and Phe341 (TMS6) are predicted to be involved in
substrate specificity.

A Met residue in TMS10 of FurD (Met389) was shown to be critical for the
specificity of FurD. Actually, when mutated to an Ala led to an extention of substrate
specificity (M389A led to low affinity uptake of allantoin and hypoxanthine). This
residue corresponds to a highly conserved Leu residue in Mhpl, the rest Furs and
plant NCS1 proteins, but a Met in all Fcys and FurD (see alignment in Figure 63).
Additionally, it was shown that in Mhpl this Leu was responsible for the incapacity

159



of Mhpl to take up a bulky inhibitor (Simmons et al., 2014). When we combined the
FurD mutation M389A with specificity mutants of the binding site, we created FurD
alleles with increased capacity and affinity for non-physiological substrates (allantoin
and hypoxanthine). Thus, similarly to Mhpl and UapA, we identified a residue in
FurD not located in the major binding site that affects its substrate specificity profile
indicating the existence of elements outside the binding site participating in substrate
selectivity (see also later).

In summary, for the NCS1 family, residues of TMS1 and TMS3 are predicted
to be involved in transport function and capacity, while residues of TMS6 and TMS8
are predicted to affect substrate affinity and specificity (Table 13). The variable role
of residues identified in FurD and FcyB in topologically respective positions, mainly
in TMS6 and TMSS, could be due to the functional diversity of the two subfamilies,
Fur and Fcy. The flexible TMS10 was shown, at least for Mhpl and FurD, to be
involved in substrate selectivity without grossly affecting substrate affinities for
physiological substrates or transport capacity.

Table 13. Residues important for transport function in Mhpl, FcyB, FurD and PLUTO. Residues
irreplaceable for function are in red, more or less critical for function are in black and those affecting
substrate specificity are in bold.

TMS1 TMS3 TMS6 TMS8 TMS10
GIn42  Trpll7 GInl21 - Trp220 Asn314 Asn318 Leu363
Ser85  Trpl59 Asnl63 - Trp259 Asn350 Asn354 -

Asn54  Trpl30 GIn134 Asn249 Tyr250 - Asn341 Met389

Gly147 Trp223 Glu227 Phe341 Trp342 Asn426 Asn430 -

4.4 Transporter gating elements as channel-like selectivity
filters

In an increasing number of transporters, recent findings point out residues located
elsewhere than in the major binding site, which control occlusion or opening of the
binding site, and thus affect the transport of substrates (e.g. LeuT, Mhp1l; see also
Introduction). Herein, we identified a residue in TMS10 of FurD that when mutated
affects the uptake of a non-physiological substrates (see above and Results). Based on
the crystal structures of Mhpl and biochemical data (Shimamura et al., 2010;
Simmons et al., 2014; Weyand et al., 2008), TMS10 is predicted to act as a flexible
gate that bends over the occluded substrate binding site and triggers conformational
changes from an outward to an inward state. The apparent ability of TMS10 in both
Mhpl and FurD to distinguish physiological from non-physiological substrates
resembles to selectivity filters usually present in channels. Additionally, a plethora of
genetic data have been published for UapA that report the ability of specific mutants
mainly outside the binding site to bind or/and uptake non physiological substrates (for
a review see Diallinas 2014).
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The idea supporting the existence of channel-like gates in transporters was
first reported by Papageorgiou et al. (2008) based on observations concerning UapA
specificity mutants, and recent data on different transporters seem to support it. Based
on our results for FurD, we propose that the specificity of a transporter is not
determined solely by the residues comprising its binding pocket, but also by more
distant elements. Based on our results, these elements are predicted to interact through
hydrogen bonding or other active interactions with the putative substrate and thus co-
operate in transport catalysis. A potential steric clash or “misfit” of a substrate/ligand
with the gating elements, even though it can fit or even bind in the binding pocket
might block the necessary conformational cascade needed for transport. In conclusion,
the current study supports and contributes to the hypothesis that active selectivity
gates are an intrinsic element of the transport function present in transporters and
dynamically determine, along with the major binding site, the overall kinetics and
specificity profile of a transporter.

4.5 Could transporter studies lead to rational design of
more effective drugs?

The majority of drugs used currently are small hydrophobic compounds that enter the
cell through the plasma membrane by slow non-facilitated diffusion and were selected
based on random screening methods. Only few cases have been reported, where the
drugs target specific transporters or channels in order to enter the cell or to block the
transport proteins themselves (for a review see Diallinas 2014).

Molecules targeting specifically membrane proteins present only at the surface
of pathogenic or cancer cells could be more efficient in disease treatment without any
undesirable side effects. In order to design these molecules, what is necessary, is the
elucidation of the function, properties and molecular mechanism of transport proteins
found in pathogenic microbial organisms and cancer cells. Computational,
biochemical and genetic approaches are necessary in order to develop efficient drug
molecules.

An example of combined knowledge in the process of drug discovery was
presented in the current study for the FcyB transporter, where rationally designed
purine analogues inhibited competitively and specifically FcyB-mediated
hypoxanthine uptake. Recently, unpublished results of G. Sioupouli and G. Diallinas
confirmed the specific high affinity binding of few purine analogues. FcyB shows
increased homology with Fcy-like proteins of A. fumigatus and C. albicans, two
widespread pathogens, and thus, any inhibitor designed for FcyB could be finally
tested for the two pathogens.

We believe that the current study has contributed in the knowledge of the
transport mechanism met in fungal NCS1, NCS2 and AzgA-like transporters and has
revealed elements critical for transport function that could be exploited in rational
design of novel antifungals.
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(Bacl(ground: The purine-cytosine FcyB transporter is a prototype member of the NCS1 family.
Results: Using homology modeling, substrate docking, and rational mutational analysis, we identify residues critical for function

Conclusion: Important aspects concerning the molecular mechanism and evolution of transporter specificity are revealed.
Significance: The first systematic approach on structure-function-specificity relationships in a eukaryotic NCS1 member is

N

J

The recent elucidation of crystal structures of a bacterial
member of the NCS1 family, the Mhp1 benzyl-hydantoin per-
mease from Microbacterium liquefaciens, allowed us to con-
struct and validate a three-dimensional model of the Aspergillus
nidulans purine-cytosine/H* FcyB symporter. The model con-
sists of 12 transmembrane a-helical, segments (TMSs) and cyto-
plasmic N- and C-tails. A distinct core of 10 TMSs is made of two
intertwined inverted repeats (TMS1-5 and TMS6-10) that are
followed by two additional TMSs. TMS1, TMS3, TMS6, and
TMS8 form an open cavity that is predicted to host the substrate
binding site. Based on primary sequence alignment, three-di-
mensional topology, and substrate docking, we identified five
residues as potentially essential for substrate binding in FcyB;
Ser-85 (TMS1), Trp-159, Asn-163 (TMS3), Trp-259 (TMS6),
and Asn-354 (TMS8). To validate the role of these and other
putatively critical residues, we performed a systematic func-
tional analysis of relevant mutants. We show that the proposed
substrate binding residues, plus Asn-350, Asn-351, and Pro-353
are irreplaceable for FcyB function. Among these residues, Ser-
85, Asn-163, Asn-350, Asn-351, and Asn-354 are critical for
determining the substrate binding affinity and/or the speci-
ficity of FcyB. Our results suggest that Ser-85, Asn-163, and
Asn-354 directly interact with substrates, Trp-159 and Trp-
259 stabilize binding through 7-7 stacking interactions, and
Pro-353 affects the local architecture of substrate binding
site, whereas Asn-350 and Asn-351 probably affect substrate
binding indirectly. Our work is the first systematic approach
to address structure-function-specificity relationships in a
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eukaryotic member of NCS1 family by combining genetic and
computational approaches.

Purines and pyrimidines (nucleobases) are absolutely essen-
tial metabolites for all cells, being not only the precursors of
nucleotide and nucleic acid biosynthesis but also being involved
in cell signaling, nutrition, response to stress, and cell homeo-
stasis. Most cells in all domains of life possess specific nucleo-
base transporters, distinct from those involved in the uptake of
nucleosides (1, 2). Nucleobase transporters are important in
protozoan and plant development and in the susceptibility of
human, protozoan, or fungal cells to purine-related drugs
(3-10). Fungi possess three evolutionary distinct families of
transporters specific for nucleobases (2, 11, 12). Members of
one of them, the so called nucleobase cation symport (NCS1,2
also known as purine-related transporter) family, are ubiqui-
tously distributed in all fungi and are present in some eubacte-
ria, archaea (11-14), and plants (15) but are absent in protozoa
and metazoa (see uniprot online). Besides purines, cytosine,
and uracil, other known substrates for NCS1 transporters
include the antifungals 5-fluorocytosine (5-FC), and 5-fluorou-
racil, benzyl-hydantoin, allantoin, thiamine, pyridoxal-based
compounds, and nicotinamide riboside. All NCS1 members of
known function probably act as H* symporters, although the
Microbacterium liquefaciens benzyl-hydantoin transporter was
reported to be a Na™* symporter (11).

The NCS1 family includes two major subfamilies, the Fcy-
like and the Fur-like transporters (11). Three Fcy-like proteins
of Ascomycetes have been well characterized genetically and
studied with respect to regulation of expression, transport
kinetics, and substrate specificity. These are the Fcy2p (16),
Fcy21p (17), and FcyB (13) permeases of Saccharomyces cerevi-

3 The abbreviations used are: NCS1, nucleobase cation symport 1; TMS, trans-
membrane segment; 5-FC, 5-fluorocytosine; IFD, induced fit docking; MM,
minimal media; ER, endoplasmic reticulum; mRFP, monomeric red fluores-
cent protein.
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siae, Candida albicans, and Aspergillus nidulans, respectively.
All three are involved in high affinity transport of adenine,
hypoxanthine, guanine, cytosine, and 5-FC. The only physio-
logical difference between Fcy2p/Fcy21p and FcyB is that the
two yeast transporters constitute the sole high capacity gate-
ways for purine uptake, whereas in A. nidulans high capacity
purine uptake is catalyzed by another transporter, called AzgA
(17), EcyB acting basically as a cytosine supplier and only sec-
ondarily as a purine carrier (13).

Despite some classical genetic approaches in Fcy2p that
identified several residues critical for substrate or cation bind-
ing and transport (18 —20), very little was known with respect to
structure-function relationships in NCS1-like transporters
until recently. In 2008, however, the crystal structure of a bac-
terial member of the NCS1 family, namely the Mhp1 benzyl-
hydantoin permease from M. liquefaciens (21), was reported
(22). Surprisingly, the Mhp1 topology has proved to be very
similar to that of several recently revealed structures of other
bacterial transporters that showed no sequence similarity and
exhibited entirely different specificities. These include the
amino acid transporter LeuT (23), the galactose transporter
vSGLT (24), the betaine transporter BetP (25), and two amino
acid transporters, AdiC (26) and ApcT (27). Dysfunction of
members of this growing superfamily in humans is associated
with neurological (28) and kidney disorders (29), cancer (30),
and drug resistance (31). The core of the fold shared by these
transporters is an “inverted repeat” motif with two sets of five
transmembrane helices oppositely orientated with respect to
the membrane (often called the 5HIR-fold) (32—34). The two
extra TMSs (TMS11 and TMS12 in the NCS1 family) do not
seem to participate in transport activity, and their role is
unclear.

Most interestingly, several different conformations have
been observed for these transporters in the recent years. These
can be categorized into three classes: outward-facing, as
observed in LeuT (35, 36), Mhpl (22), and AdiC (26, 37);
occluded, where a trapped substrate is blocked from exiting on
either side of the protein as seen in LeuT (23), Mhp1 (22), BetP
(25), and AdiC (37); inward-facing, as seen in Mhpl (34),
VSGLT (24), ApcT (27), and LeuT (36). Up to date, Mhp1 and
LeuT are the only transporters trapped into three structural
conformations associated with transport catalysis. From analy-
ses of these three structures and molecular dynamics simula-
tions, a mechanism has been proposed for the transport cycle in
Mhpl or LeuT (34, 36, 38). Switching from the outward- to the
inward-facing state goes through occluded states and is primar-
ily achieved by a rigid body movement of several TMSs (e.g. 3, 4,
8, and 9 in Mhpl) relative to a rather rigid bundle of helices (1,
2, 6, and 7 in Mhpl). In the occluded transient states, “thin
gates” involving only a few residues in specific TMSs (e.g. 5 and
10 in Mhp1) and parts of loops control the opening and closing
of the substrate binding site to the exterior or interior. This
forms the basis of an alternating access mechanism applicable
to probably all transporters of the 5HIR superfamily (32—34, 36,
39). Evidently, details of substrate transport, especially those
concerning the occlusion mechanism, remain largely contro-
versial because models have been derived by comparing trans-
porters with divergent amino acid sequences that transport a
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wide variety of substrates and that possibly select and transport
different ions (Na™ versus H™) for driving the symport of their
major substrates (34, 36, 38). Furthermore, what is often
ignored is that all available structures concern prokaryotic
transporters, which despite being similar to important mam-
malian carriers, also present significant structural and bio-
chemical differences. For example, eukaryotic transporters
possess long N- and C-tails or longer hydrophilic loops, absent
in prokaryotes, that are often associated with transporter sub-
cellular trafficking, function, specificity, stability, or topology
(40— 42).

In this work we construct and validate a three-dimensional
model of the A.nidulans purine-cytosine FcyB transporter
based on the outward facing substrate-occluded crystal struc-
ture of the Mhp1 benzyl-hydantoin permease from M. liquefa-
ciens (PDB entry 2JLO). Subsequently, we use this model to
perform independent docking studies and thus identify resi-
dues that might be involved in substrate binding and transport.
Most importantly, we experimentally validate our speculations
on specific amino acid residues by a systematic functional anal-
ysis of relevant mutants. Our work is discussed with respect to
the molecular determinants underlying substrate specificity in
the NCS1 family.

EXPERIMENTAL PROCEDURES

Homology Modeling—Proteins with significantly similar
structural-fold with FcyB were identified using HHpred. All
5HIR transporters showed significant similarity with FcyB, but
only Mhp1 showed a 100% probability (E value 1.8E % p value
6.6 E7°%). Homology model building was performed using
MODELLER v.9.8 software (43).

Protein Preparation—The protein was prepared for docking
calculations using the Protein Preparation Workflow
(Schrodinger Suite 2011 Protein Preparation Wizard) imple-
mented in the Schrodinger suite and accessible from within the
Maestro program (Maestro, Version 9.2, Schrodinger, LLC,
NY, 2011). Briefly, hydrogen atoms were added, and the orien-
tation of hydroxyl groups, Asn, Gln, and the protonation state
of His were optimized to maximize hydrogen bonding. Finally,
the ligand-protein complex was refined with a restrained min-
imization performed by Impref utility that is based on the
Impact molecular mechanics engine (Impact Version 5.7,
Schrodinger, LLC, NY, 2011) and the OPLS2001 force field,
setting a max root mean square deviation of 0.30 (44). Ligand
preparation for docking was performed with LigPrep (LigPrep,
Version 2.5, Schrodinger, LLC, NY, 2011) application that con-
sists of a series of steps that perform conversions, apply correc-
tions to the structure, generate ionization states and tautomers,
and optimize the geometries.

Molecular Dynamic Simulations—For the molecular dynam-
ics simulations, Desmond v.3 software was implemented (Des-
mond Molecular Dynamics System, Version 3.0, D. E. Shaw
Research, NY). The system was prepared by embedding the
protein in a 1-palmitoyl-2-oleylphosphatidylcholine (POPC)
lipid bilayer, solvating the membrane by TIP4P explicit water,
neutralizing with counter ions, and adding 150 mm salt and
subsequently following the stepwise equilibration protocol as
developed by Desmond for membrane proteins (45). The ori-
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entation of the protein in the bilayer was determined by using
the Mhp1 template available in OPM database (46). An 18-ns
simulation was performed in the NPyT ensemble with Lan-
gevin thermostat and barostat and semi-isotropic pressure
restraints (supplemental Fig. S1).

Induced Fit Docking—Molecular docking was performed
using the induced fit docking (IFD) protocol (Schrédinger Suite
2011 Induced Fit Docking protocol) that is intended to circum-
vent the inflexible binding site and accounts for the side chain
or backbone movements or both upon ligand binding (47). 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 per-
formed with Prime 1.6 (Prime, Version 3.0, Schrodinger, LLC,
NY, 2011) on all residues having at least one atom within 8.0 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 trun-
cated-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 30 kcal/
mol of the minimum energy structure are used in the last step of
the process, redocking with Glide 5.7 (Glide, Version 5.7,
Schrodinger, LLC, NY, 2011) 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 that accounts for the receptor-ligand
interaction energy (GlideScore) and receptor strain and solva-
tion energies (Prime energy).

Media, Strains, Growth Conditions, and Transformation
Genetics—Standard complete and minimal media (MM) for
A. nidulans were used. Media and supplemented auxotrophies
were at the concentrations given online in fgsc. Nitrogen
sources were used at the final concentrations, 5 mm urea, 10 mm
NaNO,, 0.5 mm purines. Escherichia coli was grown on Luria-
Bertani medium. Media and chemical reagents were obtained
from Sigma or AppliChem (Bioline Scientific SA, Hellas,
Greece). Transformations were performed as described previ-
ously (48). A single-copy plasmid integration of the FcyB served
as a standard wild-type control. A AfcyB:argB; AuapA;
AuapC::AFpyrG; AazgA; riboB2; pabaAl mutant strain (13)
was the recipient strain in transformations with the wild-type
pANS520, the pAN530, the pAN540 (see below), or the mutant
FcyB alleles carried on the above vectors. As a negative, trans-
formants with empty pAN vectors were used. These vectors
allow selection of transformants based on p-aminobenzoic acid
(pabaAl) or riboflavin (riboB2) auxotrophy complementation.
Transformants expressing intact fcyB or fcyB-gfp alleles,
through either single-copy or multi-copy plasmid integration
events, were identified by PCR and Southern analysis. For the
relative subcellular localization of wild-type or mutant N81A
FcyB-GFP with mRFP-tagged histone H1 (HhoA-mREFP),
appropriate strains were constructed by standard genetic cross-
ing. The strain harboring HhoA-mRFP is reported in Edgerton-
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Morgan and Oakley (49). Growth tests were performed at 25
and at 37 °C, pH 6.8.

Plasmid Constructions and FcyB Mutations—pAN520 is a
modified pBluescript KS(+) vector (Stratagene) based on the
plasmid pAN510 (50) that carries the FcyB orf cloned in-frame
between the 5" and 3’ regulatory sequences of the uapA gene
and also carrying the pabaA gene as a selection marker (13).
pAN530 and pAN540 are similar to pAN520, but in this case
the fcyB and the fcyB fused C- or N-terminally with the gfp
together with the 5’ and 3’ regulatory sequences of the uapA
gene were cloned in the pGEM™-T vector (Promega), also
carrying the riboB gene from Aspergillus fumigatus as a selec-
tion marker. Mutations were constructed by site-directed
mutagenesis according to the instructions accompanying the
QuikChange® site-directed mutagenesis kit (Stratagene) on the
above vectors and were confirmed by sequencing. Oligonucleo-
tides used for cloning and site-directed mutagenesis purposes
are listed in supplemental Table S1.

Standard Nucleic Acid Manipulations—Genomic DNA
extraction from A. nidulans was as described in fgsc. Plasmid
preparation from E. coli strains and DNA bands were purified
from agarose gels done with the Nucleospin Plasmid kit and the
Nucleospin Extractll kit according to the manufacturer’s
instructions (Macherey-Nagel, Lab Supplies Scientific SA, Hel-
las, Greece). Southern blot analysis was performed as described
previously (51). [**P]dCTP-labeled molecules used as fcyB-,
riboB-, or pabaA-specific probes were prepared using a random
hexanucleotide primer kit following the supplier’s instructions
(Takara Bio, Lab Supplies Scientific SA) and purified on
MicroSpin™ S-200 HR columns following the supplier’s
instructions (Roche Diagnostics). Labeled [**P]dCTP (3000
Ci/mmol) was purchased from the Institute of Isotopes Co. Ltd,
Miklés, Hungary. Restriction enzymes were from Takara Bio.
Conventional PCR reactions were done with KAPATaq DNA
polymerase (Kapa Biosystems, Lab Supplies Scientific SA).
Cloning and amplification of products were done with Pfx Plat-
inum (Invitrogen) or Phusion® Flash High-fidelity PCR Mas-
terMix (New England Biolabs, Lab Supplies Scientific SA).

Membrane Protein Extraction and Western Blot Analysis—
Cultures for membrane protein extraction were grown in MM
supplemented with urea at 37 °C for 8 h. Membrane protein
extraction was performed as previously described (52). Equal
sample loading was estimated by Bradford assays. Total pro-
teins (30 ng) were separated by SDS-PAGE (10% w/v polyacryl-
amide gel) and electroblotted (Mini PROTEAN™ Tetra Cell,
Bio-Rad) onto PVDF membranes (Macherey-Nagel, Lab Sup-
plies Scientific SA) for immunodetection. The membrane was
treated with 3% (w/v) BSA, and immunodetection was per-
formed with a primary mouse anti-GFP monoclonal antibody
(Roche Diagnostics) or a mouse anti-actin monoclonal (C4)
antibody (MP Biomedicals Europe, Lab Supplies Scientific SA)
and a secondary goat antimouse IgG HRP-linked antibody (Cell
Signaling Technology Inc., Bioline Scientific SA). Blots were
developed by the chemiluminescent method using the
LumiSensor Chemiluminescent HRP Substrate kit (Genscript
USA, Lab Supplies Scientific SA) and SuperRX Fuji medical
X-Ray films (FujiFILM Europe, Lab Supplies Scientific SA).
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Kinetic Analysis—[*H]Hypoxanthine (19.6-33.4 Ci/mmol,
Moravek Biochemicals, CA) uptake in MM was assayed in ger-
minating conidiophores of A. nidulans concentrated at 107
conidiospores/100 ul at 37 °C, pH 6.8, as previously described
(40, 53). Initial velocities were measured at 1 min of incubation
with concentrations of 0.2-2.0 um [*H]hypoxanthine at the
polarity maintenance stage (3—4 h, 130 rpm). K, , values were
obtained directly by performing and analyzing uptakes (Prism
3.02: GraphPad Software) using labeled hypoxanthine at 0.2—
0.5 uMm or at various concentrations (0.5-2000 uM) of non-la-
beled substrates. K; values were calculated by satisfying the cri-
teria for use of the Cheng and Prusoff equation K; = IC.,/(1 +
(L/K,,)) in which L is the permeant concentration. IC, values
were determined from full dose-response curves, and in all
cases the Hill coefficient was close to —1, consistent with the
presence of one binding site. Reactions were terminated with
the addition of equal volumes of ice-cold MM containing 1000-
fold excess of non-radiolabeled substrate. Background uptake
values were corrected by subtracting either values measured in
the deleted mutants or values obtained in the simultaneous
presence of 1000-fold excess of non-radiolabeled substrate.
Both approaches led to the same background uptake level, not
exceeding 10—15% of the total counts obtained in wild-type
strains. All transport assays were carried out in at least three
independent experiments, with three replicates for each con-
centration or time point. S.D. was < 20%.

Epifluorescence Microscopy—Samples for fluorescence micros-
copy were prepared as previously described (52). In brief, germ-
lings incubated on coverslips in liquid MM supplemented with
NaNO, as the nitrogen source for 12-14 h at 25°C were
observed on an Axioplan Zeiss phase-contrast epifluorescent
microscope, and the resulting images were acquired with a
Zeiss-MRC5 digital camera using the AxioVs40 V4.40.0 soft-
ware. Image processing, contrast adjustment, and color com-
bining were made using the Adobe Photoshop CS4 Extended
Version 11.0.2 software or the Image] software. Images were
converted to 8-bit grayscale or RGB and annotated using Pho-
toshop CS4 before being saved to TIFF.

RESULTS

FcyB Structural Model—The construction of a structural
model of FcyB was based on the crystal structure of the Mhp1l
benzyl-hydantoin permease from M. liquefaciens (PDB entry
2JLO (22)). The two proteins share a rather moderate sequence
similarity (18% identity), which is, however, adequate for sus-
taining a theoretical model of FcyB. The model built here was
based on the alignment of the two proteins, as shown in a mul-
tiple alignment including all NSC1 carriers with known func-
tion, which was further modified manually (Fig. 1). Model
building was performed using MODELLER software. The loop
refinement routine and a slow simulated annealing protocol for
model refinement were implemented. As a first validation of
the model, the structure with the best spatial restraints score
was subjected to a 18-ns molecular dynamics run using Des-
mond software. The system was prepared by embedding the
protein in a POPC lipid bilayer and solvating the membrane by
explicit water. The root mean square deviation of the trans-
membrane helices a-carbons from starting coordinates was
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monitored throughout the simulation and did not exceed 3 A,
thus indicating the stability of the theoretical model.

The overall three-dimensional structure of the FcyB model
(Fig. 2) corresponds to an outward-facing conformer made of
12 TMSs that adopt a mostly helical secondary structure. The
architecture of the transporter divides it in two distinct
domains, a compact core consisting of segments TMS1-10 and
a C-terminal domain made of TMS11-12. The transmembrane
helices in the core are connected with rather short loops (<14
amino acid residues), whereas the loop separating the core and
TMS11-12 is longer (23 residues). The distribution of the ion-
ized residues on the protein surface is reasonable, as most of
them are positioned either at the cytoplasmic and periplasmic
sides or along the protein pore in the protein interior. Positive
charges are mostly concentrated in the cytoplasm-facing loops.
The core of FcyB is subdivided in two inverted repeats made of
TMS1-5 and TMS6-10, arranged in a 2-fold pseudosymmetry
axis, running parallel with the membrane plane. The two repeat
units are completely intertwined, giving two topologically dis-
tinct subdomains made of TMSs 1, 2, 6, and 7 and TMSs 3, 4, 8,
and 9, respectively, linked with helices TMS5 and TMS10. As
will be shown below, the substrate binding site is located in the
space between the two subdomains of the core (see Fig. 2B).

Substrate Docking in FcyB—Using the FcyB model, aspects of
substrate recognition were addressed using docking calcula-
tions. The four major physiological substrates, namely hypox-
anthine, adenine, guanine, and cytosine, as well as the antifun-
gal 5-FC were docked to the modeled structure of FcyB.
Calculations were performed using the IFD protocol as intro-
duced by the Schrodinger 2011 Suite of programs. The IFD
protocol is based on an iterative implementation of Glide algo-
rithm for rigid docking and Prime algorithm for protein refine-
ment, resulting in an improved simulation of binding in terms
of protein flexibility. Furthermore, because Prime is a modeling
tool especially developed for refinement of protein structures
derived by homology, its implementation as part of the IFD
protocol was considered in the case of FcyB as promising. The
best orientation for each substrate was finally selected on the
basis of lowest energy, number of intermolecular interactions,
and visual inspection.

Fig. 3 shows the modeled interactions of FcyB with its four
physiological substrates and the antifungal 5-FC. FcyB interacts
with adenine through a bidentate H bond that is formed
between Asn-163 and ligand sites C6-NH, and N1, an H bond
between Ser-85 and purine N7, and 7-1 stacking of the purine
ring between the indole rings of Trp-159 and Trp-259 (Fig. 34).
FcyB interacts with hypoxanthine and guanine through the
establishment of three H bonds between Asn-163 and N1-H,
between Ser-85 and C2=0,,, and between Asn-354 and N3, as
well as - stacking of the purine ring between Trp-159 and
Trp-259 (Fig. 3, B and C). Finally, FcyB interacts with cytosine
and its toxic analog 5-FC by forming three H bonds between
Asn-163 and N3, between Asn-354 and ligand C4-NH,, and
between Ser-85 and C2=0, as well as -7 stacking with Trp-
159 and Trp-259 (Fig. 3, D and E).

These results establish that Asn-163 and the two invariable
Trp residues, Trp-159 and Trp-259, interact with similar posi-
tions of the rings of all purines and cytosine, whereas the inter-
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FIGURE 2. FcyB structural model. A, shown is the modeled three-dimensional structure of FcyB validated with molecular dynamics using Desmond software.
B, shown is the top view of the FcyB model where the core of the first 10 TMSs is clearly distinguished from the last two TMSs 11 and 12, which probably do not
affect transport catalysis per se. The core can also be seen as two subdomains, the first made of TMSs 1, 2, 6, and 7 and the second from TMSs 3, 4, 8,and 9, linked
with flexible helices TMS5 and TMS10. The substrate binding site is located in the space between the two subdomains of the core. In the lower panel, the
topology of residues critical for the function of the substrate binding site, Ser-85, Trp-159, Asn-163, Trp-259, Asn-350, Asn-351, Pro-353, and Asn-354, is shown
inzoom-out. C, shown is the side view of the FcyB structure showing the topology of residues Ser-85, Trp-159, Asn-163, Trp-259, and Asn-354, involved in direct
interactions with substrates (see also Fig. 3). Residues Thr-191 and Glu-206 are also shown (see Results). TMS regions are highlighted with colors as in Fig. 1.

actions involving Ser-85 and Asn-354 vary depending on the
substrate docked. As will be shown and discussed later, muta-
tional analysis strongly support the docking results. In addition,
the model and docking analysis showed that two neighboring
Asn residues, Asn-350 and Asn-351, might interact with Asn-
354 in a way that probably builds a necessary architecture for
substrate binding (see also supplemental Fig. S2). The impor-

tance of residues Asn-350 and Asn-351 in substrate binding
was rigorously established through mutational analysis in this
work (see later). Finally, in the docking models for purine bind-
ing, Ser-261 was also within H bond distance from either N3
(adenine) or N9-H (hypoxanthine, guanine). However, in this
case, mutational analysis did not support the involvement of
Ser-261 in direct substrate binding (see also later).

FIGURE 1. Multiple sequence alignment of FcyB and NCS1 homologues of known function. The three-dimensional FcyB model was constructed on the
basis of the alignment shown with Mhp1. Putative TMSs of FcyB are denoted in colored cylinders. Invariant and highly conserved amino acids are shaded in red
and blue-lined boxes, respectively. Amino acids critical for function and specificity discussed in the Results are highlighted with asterisks: red for residues
interacting with substrates, blue for those critical for substrate binding and transport, and black for other residues discussed in the Results. The listed NCS1
homologues include: FcyB of A. nidulans, Gl: 169798762; AfFcyB of A. fumigatus (Af_FcyB), Gl: 169798764; Fcy21p of S. cerevisiae, Gl: 392860008; Fcy2p of
S. cerevisiae, Gl: 6320897; Mhp1 of M. liquefaciens, Gl: 210060746; FurA of A. nidulans, Gl: 2876438; Furdp of S. cerevisiae, Gl: 6319495; Dal4p of S. cerevisiae, Gl:
392860728; Fuilp of S. cerevisiae, Gl: 6319429; FurD of A. nidulans, Gl: 149212441; AtNcs1 of Arabidopsis thaliana; Gl: 16648836. All Fcy-like proteins are
purine-cytosine transporters. Fur4p and FurD are uracil transporters. FurA and Dal4p are allantoin transporters. Fuilp is a uridine transporter. AtNCS1 is
reported to be specific for adenine-guanine-uracil transport, but no direct information on its ability to transport other nucleobases exists (15).
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FIGURE 3. Substrate docking in FcyB. A, adenine. B, hypoxanthine. C, guanine. D, cytosine. E, 5-FC. Hydrogen bonds are depicted with dashed lines.

Rational Design and Construction of FcyB Mutants—Results
derived from docking methodologies suggested that five resi-
dues in FcyB might be directly involved in substrate binding.
These are Ser-85 in TMS1, Trp-159 and Asn-163 in TMS3,
Trp-259 in TMS6, and Asn-354 in TMS8. Two more Asn resi-
dues, Asn-350 and Asn-351, might also interact with Asn-354
in a way that is critical for substrate binding. Five of these puta-

36798 JOURNAL OF BIOLOGICAL CHEMISTRY

tively functional residues, Trp-159, Asn-163, Trp-259, Asn-
350, and Asn-354, superimpose with amino acid residues,
which have been shown to directly interact with the substrate
(benzyl-hydantoin) in Mhpl, namely Trp-117, Gln-121, Trp-
220, Asn-314, and Asn-318. Interestingly, these residues are
either absolutely (Trp-117, Asn-314, and Asn-318) or highly
(Trp-220 and Gln-121) conserved in the NCS1 family (see Fig.
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FIGURE 4. Functional analysis of FcyB mutations. A, shown are growth tests on purines as sole nitrogen sources and resistance/sensitivity test on 5-FC at
25°C. ADis adenine, and HX is hypoxanthine. Growth on urea is also shown (UR) as a control. Positive (FcyB) and negative (AFcyB) isogenic control strains are
shown. B, epifluorescence microscopy showing in vivo subcellular expression of FcyB-GFP mutant alleles and a wild-type control (FcyB) is presented as dark
structures in a grayscale inverted mode. In selected samples, arrows and arrowheads depict perinuclear ER membrane rings (verified by DAPI staining; not shown)
and vacuoles, respectively. C, comparative initial uptake rates of *H-radiolabeled hypoxanthine in FcyB mutant alleles and a wt control are shown. 100% is the
transport rate in the wt (FcyB). D, Western blot analysis of total proteins from FcyB-GFP mutants detected with anti-GFP antibody is shown. Antibody against

actin was used as an internal marker for equal loading.

1). Given the different substrate specificities of NCS1 members,
this suggests that some other residues might also be critical for
substrate binding, a prediction supported in this work (see
later).

To test the functional role of the residues discussed above, as
well as residues differentially conserved in NCS1 members with
different specificity profiles or residues positioned close to the
proposed binding site, we constructed a series of relevant muta-
tions and analyzed functionally the corresponding mutants.
The 19 mutations made were: N81A, N81S, S85A, V83N,
W159A, N163Q, N163L, T191A, E206A, W259A, S261A,
N350Q, N350D, N350A, N351A, P353A, N354Q, N354D,
N354A (See supplemental Table S2). The rationale for the spe-
cific changes constructed was either to introduce Ala or highly
conserved residues or replace FcyB residues with those found in
other NCS1 members with different specificity.

All mutations were made in vectors carrying the FcyB orf
expressed from the uapA promoter (see “Experimental Proce-
dures”). This was so because the endogenous fcyB promoter is
very weakly expressed under all conditions tested (13). The
uapA gene encodes a very well studied uric acid-xanthine trans-
porter (for reviews, see Refs. 2 and 12), and thus we used its
promoter, which drives low but significant transcription. Fur-
thermore, the uapA promoter can be totally repressed in the
presence of ammonium ions or glutamine and can be induced
in the presence of uric acid or the gratuitous induced 2-thiox-
anthine (54). In all constructs fcyB transcription is terminated
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by the 3'-flanking region of uapA. In one set of constructs, the
FcyB orf was fused in-frame with the gfp orf. All plasmids were
introduced in a strain lacking all endogenous purine transport-
ers (“Experimental Procedures”).

Phenotypic Analysis of FcyB Mutants—We analyzed all
selected transformants on different purines as sole nitrogen
sources together with positive and negative isogenic control
strains. A summary of this analysis of transformants express-
ing single-copy FcyB plasmids is shown in Fig. 4A4. The positive
control strain expressing wild-type FcyB from the uapA pro-
moter can grow on adenine and hypoxanthine as sole nitrogen
sources and is sensitive to 5-FC. The negative control strain
lacking FcyB cannot grow in any purine and is resistant to 5-FC.
Based on our previous experience with A. nidulans transport-
ers, any mutation reducing steady state rates of purine uptake to
<50% that of the wild-type rate is clearly reflected in relevant
growth tests. Transport reductions to levels >50% do not lead
to distinguishable growth phenotypes. As expected, all strains
showed normal growth on nitrogen sources other than purines
(e.g urea). None among the FcyB alleles conferred a capacity for
growth on other purines, such as uric acid or xanthine, which
are not physiological substrates for the wild-type FcyB (not
shown). Within the limits of growth testing on hypoxanthine or
adenine and sensitivity to 5-FC, FcyB mutants could be classi-
fied into apparent wild-type-like (E206A), total loss-of function
(N81A, W159A, N163L, W259A, N350Q, P353A, N354D), or
partial loss-of function (V83N, S261A) or altered specificity
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showing differential capacities to grow on adenine, hypoxan-
thine, or 5-FC (T191A, N163Q, N350A, N350D, N351A,
N354A, N354Q). In particular, mutants T191A, N351A,
N354A, and N354Q grow better on adenine than on hypoxan-
thine, but in addition, T191A has wild-type like 5-FC sensitiv-
ity, whereas the other three mutants are significantly resistant
to this toxic analog. In contrast, N163Q and N350A grow better
on hypoxanthine than on adenine, but in addition, N163Q is
resistant to 5-FC, whereas N350A has wild-type-like 5-FC sen-
sitivity. N350D does not grow on hypoxanthine and adenine
but is 5-FC-sensitive. The conclusions from this growth test
are: (i) Asn-351 and Asn-354 are very important for hypoxan-
thine and 5-FC (and probably cytosine) transport but less for
adenine, (ii) Asn-163 is more important for 5-FC but less criti-
cal for adenine transport and even less for hypoxanthine trans-
port, (iii) Asn-350 is more critical for the transport of adenine
and less for hypoxanthine 5-FC, and (iv) T191 seems critical
solely for hypoxanthine transport.

Apparent Purine Transport Rates in FcyB Mutants—W e per-
formed comparative radiolabeled hypoxanthine uptake meas-
urements in the strains shown in Fig. 44. Our results (Fig. 4C)
were in line with growth tests. All mutants characterized as
loss-of-function had no or extremely low (V' < 6%) apparent
uptake capacity for hypoxanthine. Partial loss-of-function
mutations had 33-53% apparent uptake capacity, and E206A
showed 150% transport capacity compared with wild type.
Specificity mutants had low rates for hypoxanthine transport
(2-15% that of the wild-type) except N350A (67%). These
results showed that most amino acid residues tested, except
Glu-206 and to a certain degree Val-83 and Ser-261, are critical
for FcyB transport activity and substrate specificity.

Expression Levels and Cytoplasmic Localization of Mutant
Versions of FcyB—Reduced apparent V'values could imply FcyB
problematic trafficking, high turnover, or bona fide reduction
in transport activity. To distinguish among these possibilities,
we reconstructed relevant FcyB alleles tagged with GFP and
performed Western blots and epifluorescence microscopic
analyses.

Western blot analysis of total proteins isolated by the
mutants probed with anti-GFP showed that the FcyB protein
steady state levels are either similar or increased (up to 6-fold)
compared with the wild type (Fig. 4D). Increased protein steady
state levels are in principle due to either increased intrinsic
stability, often associated with reduced transport function, or
due to reduced vacuolar turnover due to ER retention.

Epifluorescence microscopic analysis of the same mutants
confirmed that the FcyB-GFP protein was expressed in all
mutants and further revealed that in several mutants (N81A,
S85A, N163Q, NI163L, T191A, N350D, N351A, N354Q,
N354D, N354A) FcyB-GFP had increased ER retention relevant
to the wild-type FcyB-GEFP protein (Fig. 4B). In fungi, the ER
membrane appears mostly as very characteristic perinuclear
rings, as verified by Hoechst 33242 or DAPI staining, or by
fluorescent labeling of an ER resident chaperone (55-57). We
have previously shown that transporters with problematic traf-
ficking are mostly retained in these ER perinuclear rings (11,
40). We also verified the identity of the FcyB-GFP-labeled ER
perinuclear rings in a relative mutant (N81A), by nuclei stain-
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TABLE 1
Kinetic and specificity profile of mutant versions of FcyB
K, values (um) were determined as described under “Experimental Procedures.”

m/i
>500 or >1000 stand for inhibition values close to 10 -20% at 0.5 and 1 mm, respec-
tively. Results are averages of at least three independent experiments in triplicate for

each concentration point. S.D. was <20%.

Hypoxanthine Adenine Guanine Cytosine
WwWT 11 7 17 20
V83N 16 2 7 18
S85A 78 26 16 45
N163Q 47 2 >500 73
T191A 9 11 4 3
E206A 6 7 10 14
S261A 4 6 50 17
N351A 3 1 4 16
N350D 5 8 31 6
N350A 6 >1000 25 5
N354D 3 1 >500 4

ing, and by examining the relative localization of these rings
with histone H1 labeled with mRFP (supplemental Fig. S3).
Noticeably, in some mutants (e.g. N81A) the FcyB-GFP signal
intensity does not correspond to the protein steady state levels
detected by anti-GFP (see Fig. 4D). This discrepancy between
higher GFP signals in the cells and low level detection by West-
ern analysis is not uncommon and is probably due to partial
misfolding of proteins that might differentially affect protein
turnover and GFP visualization. Also, noticeable is the obser-
vation that in mutants with more prominent ER retention the
protein levels of FcyB-GFP are often higher than in wild type,
probably due to reduced vacuolar turnover.

Mutants related to residues Trp-159, Trp-259, and Pro-353
show a subcellular localization picture similar to wild type (no
significant ER-retention), so that their lack of function should
be directly associated to lack of transport activity. In mutants
showing problematic FcyB trafficking, such as those concern-
ing polar residues Asn-81, Ser-85, Asn-163, T191, Asn-350,
Asn-351, and Asn-354, we cannot rigorously conclude whether
the relevant residues are critical for transport activity per se or
whether they affect transport activity indirectly due to partial
misfolding. However, the fact that most of these mutants con-
serve minimal activity allowed us to perform a kinetic analysis
and show that they are indeed critical for substrate binding (see
below).

Specificity Profile of FcyB Mutants—We performed direct
radiolabeled hypoxanthine uptake competition assays to define
the binding constants (K,,, ;s) of FcyB for its physiological sub-
strates in the relevant mutants (for details see “Experimental
Procedures”). We could only perform transporter kinetics in
mutants that preserve a measurable uptake rate of hypoxan-
thine. These were S85A, V83N, N163Q, T191A, E206A, S261A,
N350D, N350A, N351A, and N354D. Given that K, , values do
not depend on the number of transporter molecules expressed
in the plasma membrane, for mutants showing very low hypox-
anthine uptake (< 6%), such as N350D, N351A, and N354D, we
used multicopy transformants for performing the kinetic anal-
ysis. Table 1 summarizes the results obtained. The mutants
analyzed could be classified to those little affecting substrate
binding (V83N, T191A, E206A, S261A, N350D) and those
modifying significantly and, in most cases, differentially the
binding of various substrates (N163Q, N350A, N351A,
N354D). Among the latter, N163Q leads to a 4-fold reduction in
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the binding of hypoxanthine or cytosine, >30-fold reduction in
guanine binding, and a 3.5-fold increase in adenine binding.
N350A conserves binding affinities for hypoxanthine, guanine,
and cytosine close to those of the wild-type (moderately
increased binding for hypoxanthine and cytosine) but exhibits a
dramatic loss of adenine binding (K; > 1000 um). N351A has a
general tendency to bind with higher affinity (4-7-fold) all
purines, but not cytosine. Finally, N354D has a 4-fold increased
capacity for hypoxanthine, adenine, and cytosine binding but a
dramatic loss of guanine binding (K; > 500 um). Noticeably, the
dramatic differential effect of mutation N350A on the ability of
FcyB to bind adenine versus hypoxanthine or cytosine binding
was nicely reflected in growth tests showing that N350A grows
better on hypoxanthine than on adenine and is sensitive to 5-FC
(see Fig. 4A). In summary, kinetic analysis of mutants showed
that residues Asn-163, Asn-350, and Asn-354 are critical for
substrate specificity, whereas Asn-163 and Asn-350 are mostly
critical for substrate binding affinities.

DISCUSSION

Evidence from structural studies and molecular simulations
have strongly supported the proposal that the transporters of
the 5HIR superfamily function by an alternating access mech-
anism in which substrate binding triggers a conformational
change from an outward-facing open conformation through an
occluded structure to the an inward-facing open state of the
protein (32-34, 36, 39). However, many aspects of this mecha-
nism, as for example the exact steps along the substrate and ion
translocation pathway or how gating operates in each case,
remain to be investigated. Our current work did not intend to
approach the alternating mechanism of transport by members
of the 5HIR superfamily. It rather focused on the identification
of specific residues that determine the function, transport
kinetics, and substrate specificity of a eukaryotic member of the
NCS1 family.

The first part of our work presents a theoretical structural
model of the FcyB purine-cytosine transporter that reveals a
number of important aspects concerning how this transporter
might bind and transport its substrates. To validate the theo-
retical conclusions, we proceeded in a systematic mutational
analysis of putatively critical residues. Our experimental results
fully support the involvement of specific residues in TMS1,
TMS3, TMS6, and TMSS in substrate binding and/or trans-
port. In particular, residues Ser-85, Trp-159, Asn-163, Trp-259,
Asn-350, Asn-351, Pro-353, and Asn-354 were shown to be
irreplaceable for FcyB-mediated transport. Among these resi-
dues, Ser-85, Asn-163, Asn-350, Asn-351, and Asn-354 seem
critical for determining the substrate binding affinity and/or
specificity of FcyB (see Fig. 4 and Table 1). Among the irreplace-
able amino acids, Asn-163 and Asn-351 might also affect FcyB
stability or/and turnover as the GFP-tagged versions of these
alleles are significantly blocked in the ER compared with the
wild-type protein. The other residues analyzed, Asn-81, Val-83,
Ser-261, Thr-191, and Glu-206, seem to have a less critical role
on protein turnover or FcyB transport activity. Only mutation
T191A moderately affects the affinity and substrate specificity
of FcyB. Noticeably, E206A, a residue within TMS5 that has
been reported to function as a putative inward-facing gate,
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leads to a reduction in FcyB turnover and an increase in appar-
ent transport capacity (see Fig. 4).

Among the eight residues essential for FcyB function and
specificity, Trp-159, Asn-163, Trp-259, Asn-350, and Asn-354
correspond to residues shown to be directly involved in sub-
strate binding by the Mhpl transporter (Trp-117, Gln-121,
Trp-220, Asn-314, and Asn-318). Ser-85 is similarly, but not
identically positioned, with Gln-42 in Mhpl, which is also
involved in substrate binding. The rest two essential FcyB resi-
dues, Asn-351 and Pro-353, are within hydrogen bonding dis-
tance with residues proposed to be involved in direct substrate
binding such that they may hold the local architecture of the
binding site in a position to interact with substrates. Thus, FcyB
and Mhpl, despite their important specificity difference and
overall low amino acid sequence identity, share very similar
residues to build their substrate binding sites; four residues are
identical (Trp-159, Trp-259, Asn-350, and Asn-354, number-
ing of FcyB), one is highly conserved (Asn-163 of FcyB replaced
by Gln-121in Mhp1), and three are not conserved (Ser-85, Asn-
351, and Pro-353 in FcyB versus Gln-42, Pro-315, and Ala-317
in Mhpl). In fact, the four absolutely conserved residues
between FcyB and Mhp1 are also highly conserved in all NCS1
members, whereas the other four residues are differentially
conserved among different homologues (see Fig. 1). In particu-
lar, Asn-163 is conserved in nearly all purine-cytosine Fcy-like
NCS1 members, replaced by a Glu residue in a plant adenine-
guanine-uracil transporter (AtNcsl), by a Gln in homologues
specific for uracil (Fur4dp/FurD) or allantoin (Dal4p/FurA), and
by a Leu in a uridine-specific transporter (Fuilp). Asn-351 and
Pro-353 are conserved in microbial NCS1 members specific for
purine-cytosine (Fcy-like proteins) but are replaced by Ile and
Ala in the plant adenine-guanine-uracil transporter (AtNcsl)
and the uracil- or allantoin-specific transporters (Fur4p, FurD,
FurA, and Dal4p) or by Leu and Gly in a uridine-specific homo-
logue (Fuilp). Interestingly, Ser-85, a major amino acid in FcyB
function, is not a conserved residue in the NCS1 family.

None of the single mutations constructed and analyzed in
this work, including N163L, N163Q, or P353A, which intro-
duce residues present in uracil, allantoin, hydantoin, or uridine
transporters, conferred to FcyB the ability to bind or/and trans-
port substrates other than adenine, guanine, hypoxanthine, and
cytosine (results not shown). In fact, mutations N163L, N163Q,
or P353A led to loss or highly reduced transport capacity of
FcyB. This observation strongly suggests that substrate speci-
ficity has a more complex molecular basis and might not even
be solely determined by the architecture of the binding site but
also by elements acting as gates or selectivity filters or by ele-
ments contributing to protein stability. We have arrived at a
similar conclusion with respect to the role of interdomain syn-
ergy in determining the specificity of another group of purine
transporters, the nucleobase-ascorbate transporter (NAT/
NCS2) family, which was extensively studied in our laboratory
(40— 42).

A genetic analysis of Fcy2p, a true orthologue of FcyB in
S. cerevisiae, supports results presented in this work. Geneti-
cally selected and subsequent site-directed mutations have
strongly suggested a major role of residues Asn-374, Pro-376,
and Asn-377, equivalent to Asn-351, Pro-353, and Asn-354 in
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FcyB, in substrate binding (18 —19). Noticeably, the effects of
mutations in Asn-374 and Asn-377 were partially due to a shift
of the pK, of an ionizable amino acid residue of the unliganded
transporter (18). Interestingly, mutation S272L in TMS6, iso-
lated as an allele nonspecific, second-site, suppressor of loss-of-
function mutations T213I, N3741, or N377G, partially restored
the binding of hypoxanthine and cytosine (19).

Based on the above comparative observations, the docking
results with FcyB, and the mutational analysis presented herein,
we propose that residues corresponding to Trp-159, Trp-259,
Asn-350, Pro-353, and Asn-354 in FcyB are major elements of
the substrate binding site in all NCS1 members, whereas resi-
dues corresponding to Ser-85, Asn-163, and Asn-351 are
mostly specificity determinants. We propose that residues Ser-
85, Asn-163, and Asn-354 make direct H-bonds with substrates
and Trp-159 and Trp-259 stabilize binding through - m-stack-
ing interactions with the purine or pyrimidine ring, whereas
residues Asn-350, Asn-351, and Pro-353 have an indirect role
in substrate binding through local interactions between them-
selves and the residues binding substrates. The critical role of
residues of the four Asn residues, Asn-163, Asn-350, Asn-351,
and Asn-354, in FcyB function and specificity is strongly sup-
ported by both growth phenotypes and kinetic profiles of the
corresponding mutants (Fig. 44 and Table 1). For example,
FcyB-N350A binds similarly to wild-type FcyB hypoxanthine,
guanine, and cytosine but has lost the capacity for adenine
binding. FcyB-N350D has increased binding affinity specifically
for hypoxanthine and 5-FC, but only the latter is transported
efficiently. N354D or N163Q have specifically lost the ability to
bind guanine. Finally, N351A, N354A, and N354Q transport
adenine much more efficiently than hypoxanthine and 5-FC, as
deduced from the growth tests shown in Fig. 44 (a similar
growth phenotype is also exhibited by N351I; results not
shown).

Our work is the first systematic functional analysis of a
eukaryotic member of the NCS1 family that, moreover, is com-
bined with theoretical approaches concerning the three-di-
mensional transporter structure. Given the privilege of the sev-
eral Mhpl crystal structures available corresponding to
different conformations achieved during transport catalysis, we
are now in a position to perform a second round of rational
mutagenesis combined with unique genetic screens available in
A. nidulans to understand in more detail not only how FcyB
works and selects its substrates but also how substrate specific-
ity has evolved within the NCS1 family.

Acknowledgment—All molecular dynamic simulations were run on
Cy-tera high performance computing (HPC) facility.
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Transport assays allow the direct kinetic analysis of a specific transporter by measuring apparent K, and
Vmax values, and permit the characterization of substrate specificity profiles through competition assays.
In this protocol we describe a rapid and easy method for performing uptake assays in the model filamen-
tous ascomycete Aspergillus nidulans. Our method makes use of A. nidulans germinating conidiospores at a
defined morphological stage in which most transporters show maximal expression, avoiding technical

'<e3fw‘?rd5{ o difficulties associated with the use of mycelia. In combination with the ease of construction of genetic
S:ilcm;ga:ltmg conidiospores null mutants in A. nidulans, our method allows the rigorous characterization of any transporter in genetic
Xanthine backgrounds that are devoid of other transporters of similar specificity. Here, we use this method to char-
Uptake acterize the kinetic parameters and the specificity profile of UapC, a uric acid-xanthine transporter pres-
NAT ent in all ascomycetes and member of the ubiquitous Nucleobase-Ascorbate Transporter family, in
Specificity specific genetic backgrounds lacking other relevant transporters.

© 2014 Published by Elsevier Inc.

1. Introduction

Plasma transmembrane (PM) transporters, channels and recep-
tors constitute primary targets of cellular regulatory circuits con-
trolling the communication of cells with their environment, cell
nutrition, homeostasis and signaling. Their importance is reflected
in the fact that the genome of all organisms contains 10-15% genes
encoding such proteins (Lee et al., 2008; http://www.membrane-
transport.org/). In addition, transporters are related to phenomena
of multidrug or antibiotic resistance/sensitivity, whereas their
malfunctioning is associated with serious diseases (e.g. neurode-
generation, diabetes, cystic fibrosis; http://www.tcdb.org/
disease_explore.php).

Model fungi have contributed significantly in understanding
transporter function. Indeed, the first eukaryotic transporters, spe-
cific for amino acids, nucleobases or ammonium, were identified
genetically in Saccharomyces cerevisiae (for a review see Barnett,
2008), Aspergillus nidulans (Darlington and Scazzocchio, 1967;
Kinghorn and Pateman, 1975; Pateman et al., 1974a, 1974b;
Scazzocchio, 1966) and Neurospora crassa (Kappy and Metzenberg,
1967) in the 60s or early 70s. Direct evidence for the function and
specificity of some of them followed through the development of
assays for measuring transport in living fungal cells (Arst and
Scazzocchio, 1975; Grenson et al., 1970; Kappy and Metzenberg,
1967; Pall, 1970, 1971; Polak and Grenson, 1973; Scazzocchio

* Corresponding author. Fax: +30 (210)7274702.
E-mail address: diallina@biol.uoa.gr (G. Diallinas).

1087-1845/$ - see front matter © 2014 Published by Elsevier Inc.
http://dx.doi.org/10.1016/j.fgh.2013.12.004

and Arst, 1978; Tsao and Marzluf, 1976; Wolfinbarger and Kay,
1973) and through cloning and characterization of the relevant
genes in the 80s and 90s (Ahmad and Bussey, 1986; Diallinas
and Scazzocchio, 1989; Gorfinkiel et al, 1993; Jauniaux and
Grenson, 1990; Sophianopoulou and Scazzocchio, 1989; Unkles
et al., 1991). It soon became clear that fungi possess a multitude
of transporters of overlapping specificities and a variety of kinetic
characteristics.

One of the drawbacks of original efforts to characterize trans-
porter function and specificity by direct uptake assays, especially
but not solely before the cloning era, was the multitude of func-
tionally similar transporters in all organisms. In our view, it is
impossible to assign rigorously the kinetic characteristics and
specificity in a single transporter in cases where other very similar
transporters function in parallel. The development of extremely
efficient reverse genetic approaches in fungi is however opening
the way to study a single transporter in a ‘clean’ genetic back-
ground, where other relevant transporters are knocked-out (see
later).

Transport assays can be easily performed, using radiolabeled
substrates, with single cell organisms such as bacteria, yeasts or
protozoa (de Koning et al., 2005), or with specific types of animal
cells such as Xenopus oocytes (Sigel, 1990) or erythrocytes (Desali,
2012; Thomas et al., 2011), which can be grown as homogeneous
cell suspensions. More difficulties are encountered with multicel-
lular organisms, such as filamentous fungi, and obviously with
plant cells or mammalian cell cultures. Early attempts to perform
transport assays with filamentous fungi used germinating
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conidiospores or germlings in N. crassa (Tsao and Marzluf, 1976;
Wolfinbarger and Kay, 1973), and young mycelia (Arst and
Scazzocchio, 1975; Scazzocchio and Arst, 1978) or protoplasts
(Elorza et al., 1969) in A. nidulans. In most cases, transport activities
were expressed per mg of dry fungal mass, involved large amounts
of living material, and in general proved quite laborious. An
attempt to monitor growth more precisely by amino acid incorpo-
ration into proteins was also attempted, but despite its elegance
this method had the drawbacks of double radiolabeling and long
incubation times (Arst and Scazzocchio, 1980). In addition, early
uptake assays were performed in wild type or mutant cells
apparently possessing transporters with similar function with the
one studied. Thus, despite some success in characterizing a handful
of transport activities, these early methods never became very
popular.

Work by Uygar Tazebay and one of us (G.D.) in the laboratory of
Claudio Scazzocchio in the early 90s established the conditions for
performing efficient and rapid transport activity measurements in
A. nidulans (Diallinas et al., 1995; Tazebay et al., 1995, 1997). The
original approach was based on the observation that germinating
conidiospores at the end of the isotropic growth phase and prior
to germ tube emergence show maximal proline or xanthine trans-
porter-mediated uptake, which moreover did not depend on the
constitution of the growth medium. Using this morphological stage
where A. nidulans conidiospores resemble unicellular yeast cells,
transport activities could be expressed per number of living coni-
diospores, rather than dry mass (Amillis et al., 2004). In addition,
uptake assays could be performed with small aliquots of coni-
diospores distributed in eppendorfs. Importantly, all transporters
studied up to date in A. nidulans have been shown to follow a
maximal, growth medium-independent, expression pattern at this
specific morphological stage of conidiospore germination. Over the
last 15years, our method has been optimized and simplified
significantly so that today we can easily perform a minimum of
40 transport assays in triplicate in one day. Most importantly,
today transport assays can and should be performed in genetic
backgrounds lacking similar transporters. Here we give a detailed
account of the method as it is presently used and use it to
characterize the kinetic parameters and the specificity profile of
UapC, a uric acid-xanthine transporter (Diallinas et al., 1995,
1998), in specific genetic backgrounds lacking other relevant
transporters.

2. Materials and methods
2.1. Growth media, strains and DNA manipulation

Complete (CM) and minimal media (MM) and supplements for
auxotrophies for A. nidulans were used at the concentrations given
by the Fungal Genetics Stock Centre (http://www.fgsc.net). Growth
tests were performed on MM at 25 °C and 37 °C, pH 6.8. Sole nitro-
gen sources were used at the final concentrations: Urea 5 mM,
NaNOs; 10 mM, purines and nucleosides 0.5 mM. In the presence
of Urea as sole nitrogen source, Oxypurinol, 5-Fluorouracil and
5-Fluorocytosine were used at final concentrations of 100 M
and 5-Fluorouridine at a final concentration of 10 uM. The princi-
pal strains used in this work are listed in Table 1. All single null
mutations have been previously described (Amillis et al., 2007;
Diallinas et al., 1998; Hamari et al., 2009; Pantazopoulou et al.,
2007; Vlanti and Diallinas, 2008). The multiply deleted strains
were made by standard genetic crossing using complementary
auxotrophic markers. High fidelity and conventional PCR reactions
were performed using KAPA-HiFi and KAPA-Taq DNA polymerases
respectively (Kapa Biosystems, Lab Supplies Scientific SA, Hellas).
Radiolabelled [8->H]-xanthine (22.8 Ci/mmol) and [2,8->H]-hypo-

Table 1
A. nidulans strains used in this study. All strains also carry the veAl mutation.
Name Genotype
wt pabaAl
UapC~  uapC::AfpyrG uapAA azgAA fcyB::argB furA::AfriboB furD::AfriboB
cntA::AfriboB pabaAl pantoB100
UapC"  uapAA4 azgAA fcyB::argB furD::AfriboB furA::AfriboB cntA::AfriboB
pabaAl pyroA4
UapA*  uapC::AfpyrG azgAA pabaAl
ACA-1  ACA-1 uapA24 uapC201-401 azgA4 yA2

xanthine (27.7 Ci/mmol) were purchased from Moravek Biochem-
icals, Brea, CA.

2.2. Uptake method

2.2.1. Establishing a morphological stage for transport measurements

Uptake assays were performed with germinating conidiosp-
ores at a morphological stage after polarity establishment and
just prior to germ tube emergence. This stage, which usually
needs 4-5h of conidiospore incubation at 37°C or 8-9h at
25°C, can be followed and identified microscopically, as previ-
ously described (Amillis et al., 2004). It has been previously
shown that all genes encoding transporters of nitrogenous com-
pounds tested (UapA, UapC, AzgA, FcyB, FurD, FurA, CntA, PrnB,
AgtA, UreA, etc.) are maximally transcribed and expressed at
the above morphological stage (Abreu et al, 2010; Amillis
et al., 2004, 2007; Hamari et al., 2009; Pantazopoulou et al.,
2007; Tazebay et al., 1995; Vlanti and Diallinas, 2008). A similar
observation was also obtained for AcpA, an acetate transporter
(J. Sa-Pessoa, M. Casal and G. Diallinas, unpublished results). In
selected cases (UapA, UapC, AzgA and PrnB), it has been shown
that appearance of transport activities is due to de novo tran-
scription of the corresponding genes, which starts early during
the isotropic growth phase, prior to the first nuclear division.
Most interestingly, transcriptional activation of transporters is
independent of the constituents of the growth medium. In addi-
tion, activation of transporter transcription at this stage is inde-
pendent of pathway-specific transcriptional factors (e.g. UaY or
PrnA) and only partially dependent on general transcription reg-
ulators (e.g. AreA). This development control is eventually over-
ridden by regulatory control circuits (e.g. substrate induction, N
or C catabolite repression), which start to operate at the end of
the germination phase and at the onset of mycelium develop-
ment (Amillis et al., 2004; Tazebay et al.,, 1995). We have pro-
posed that, unlike S. cerevisiae which uses transporter-like true
sensors (Rubio-Texeira et al., 2010), A. nidulans seems to employ
the transient, developmentally controlled, activation of trans-
porter during germination as a nutrient sensing mechanism
(Amillis et al., 2004).

For all transporters studied so far and for the present study of
UapC, we used approximately 108 conidiospores germinating for
4-4.5hat 37 °C, at 130-150 rpm, in liquid MM supplemented with
1% w/v Glucose as a carbon source and urea or nitrate as a nitrogen
source. Empirically, approximately 10® conidiospores can be ini-
tially obtained, using a spatula, from a 4 day-grown culture, incu-
bated on CM, at 37 °C. The inoculum, sufficient for 40-50 assays,
is transferred in 5 ml of 0.01% v/v Tween80, briefly vortexed in or-
der to separate the conidiospores from vegetative structures, fil-
tered through a nylon net filter (Blutex, pore size > 50 um), and
used to inoculate a 100 ml Erlenmeyer flask containing 25 ml
MM supplemented with appropriate carbon and nitrogen sources
and necessary vitamins. The amount of conidiospores can be esti-
mated using a Neubauer counting-chamber slide or by measuring
viable conidiospores after standard serial dilutions and plating on
CM.
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2.2.2. Uptake assays

A stock solution of the radiolabeled substrate of interest is pre-
pared in water or MM, so that for each assay 25 pl of the stock will
be used. The stock concentrations should be adapted to the specific
activity of the available radiolabelled substrate, and should ideally
be 10- to 50-fold lower from the K, value of the transporter stud-
ied (see below). After reaching the optimal germination time, the
conidiospores are collected by centrifugation for 5 min at
4000 rpm, at 15-25 °C, resuspended in 4 ml standard MM and dis-
tributed in 75 pl aliquots in 1.5 ml Eppendorf tubes. Conidiospore
suspensions can be kept at 4 °C for at least 24 h without loss of
transport activity. Prior to uptake, aliquots are incubated in a heat
block at 37 °C (or 25 °C, if needed) for 5-10 min, before addition of
radiolabeled substrate. A crucial parameter for estimating the ki-
netic parameters of solute uptake for any given transporter is the
time of exposure to a relevant radiolabeled substrate. For measur-
ing initial uptake rates, which are necessary for determining Kp;i
and apparent V.« values, the time of incubation is defined through
time-course experiments at different concentrations of labeled
substrate. Most transporters show linearly increased activities for
at least 1 min. Time points usually are 10, 20, 30, 60, 120 and
240s. For steady state substrate accumulation a period of
>5 min is usually used. For each time point, measurements are
performed in triplicate. The transport reaction is stopped by adding
an equal volume (100 pl) of ice-cold unlabeled substrate at 100- to
1000-fold excess concentration, brief vortex, and direct transfer of
the assay/eppendorf tube in an ice bucket. The conidiospores are
then collected by centrifugation at 11,000g for 3-5 min at 4 °C,
the supernatant is discarded through vacuum aspiration using a
capillary Pasteur pipette, washed by vortexing in 1 ml ice-cold
MM, followed by a second centrifugation at the same conditions
as above. The pellet is resuspended in 0.5-1 ml of scintillation fluid
and the eppendorf tubes are placed into scintillation vials for ana-
lyzing substrate accumulation in a scintillation counter.

For K, determination of a transporter, different substrate con-
centrations should be used, for a fixed incubation time, previously
determined to reflect initial uptake rates. In most cases this is
1 min. The range of concentrations used is determined at first
empirically. In the final experiments, at least 3-4 concentration
points below and above the apparent K., value should be used.
For each concentration point measurements are performed in trip-
licate. The stock solutions are prepared using a mixture of fixed
radiolabeled substrate and increasing concentrations of non-radio-
labeled substrate. K; measurements are determined by estimating
ICso values (concentration for obtaining 50% inhibition) of a given
substrate/inhibitor, using the formula Kj=ICso/1 +[S]/Kn, where
[S] is the fixed concentration of radiolabeled substrate used. In
our assays, K values equal ICso values since the [S] is very low
(at least 10-fold lower than the K, value). The method is in fact
identical to the one for K, determination, but stock solutions are
prepared using a mixture of fixed radiolabeled substrate and
increasing concentrations of non-radiolabeled other putative sub-
strates, ligands or inhibitors. K, values for a radiolabeled substrate
can also be estimated at different concentrations of established
inhibitors, in order to test whether inhibition is competitive or
not (i.e. single substrate binding site).

Uptake measurements at different pHs or in the presence of
proton gradient inhibitors and other energy uncouplers, are also
commonly performed in order to define whether a transporter is
a facilitator (energy-independent) or a H" symporter. For the effect
of pH, the assay medium is modified accordingly. The H*-uncou-
pler carbonylcyanide chlorophenylhydrazone (CCCP) and the
H*-ATPase inhibitor N,N'-dicyclohexylcarbodiimide (DCCD) are
commonly added at final concentrations of 30 uM and 100 uM
respectively, for 5-10 min, during the pre-incubation period, be-
fore the assay, at 37 °C. If needed, the effect of Na* or K" ions

(100 mM) on transporter activity, can also be tested by modifying
the uptake medium.

2.2.3. Analysis of transport measurements

Radioactive counts are converted to the amount of moles of
substrate taken up by a defined number of germinating conidia
over a defined period of time, based on the concentration and spe-
cific activity of the stock of radioactive substrate used. The actual
number of viable conidiospores in each assay is determined, as de-
scribed above, by counting individual colonies originating from a
series of conidiospore dilutions. Background, transporter-indepen-
dent, radioactive counts, obtained due to unspecific labeling of
cells or in some cases by simple diffusion, are estimated using con-
trol assays with an isogenic transporter-deleted strain, or in the
simultaneous presence of 100-1000 fold excess non-labeled sub-
strate. Background counts are subtracted from the values obtained
in strain expressing the relevant transporter. K, K and V.« deter-
mination is carried out using standard Lineweaver-Burk or Eadie-
Hofstee equations formulas, or a relevant software (e.g. GraphPad
Prism). The analysis is performed through a non-linear regression
curve fit and sigmoidal dose response analysis. Quality factors for
the analysis result are: R?> which should be >0.99 and the Hill
co-efficient (Weiss, 1997), which should be approximately —1 for
a transporter with one binding site.

3. Results and discussion
3.1. Controversy over the specificity of UapC

Growth tests of UapC loss-of-function mutants strongly sug-
gested that UapC is a secondary xanthine and uric acid transporter,
but also provided evidence that it might also transport, albeit with
very low efficiency, other purines. The main evidence for this last
assumption was based on the observation that the leakiness of
growth of an azgA~ or azgAA strain on hypoxanthine or adenine
is reduced in the presence of uapC or uapCA loss-of-function
mutations (Scazzocchio and Gorton, 1977). In addition, prelimin-
ary efforts to assay the function of UapC, expressed from an
integrative plasmid, in a uapA~ azgA~ background, showed some
evidence for UapC-dependent hypoxanthine accumulation
(Diallinas et al., 1998). Thus, UapC was tentatively referred as a
general purine permease (Diallinas et al., 1995), although no
rigorous Kinetic and substrate profile has ever been performed.
However, a number of more recent preliminary observations have
shed doubt on the ability of UapC to transport purines other than
uric acid and xanthine. More specifically, overexpression of UapC
resulted in significant increase in uric acid or xanthine transport,
but to no detectable increase in hypoxanthine or adenine accumu-
lation (G. Diallinas, unpublished results). In addition, evidence has
been obtained for a complex functional interplay among
purine-pyrimidine transporters, so that, the plasma membrane
localization and expression of one can have a moderate, but detect-
able, indirect dominant effect on the expression or localization of
another transporter (E. Krypotou, S. Amillis and G. Diallinas,
unpublished observations).

To resolve the above issues concerning the function and speci-
ficity of UapC, we used standard reverse genetic approaches (see
Materials and methods) to construct two novel, multiply
knocked-out mutant strains which allowed rigorous investigation
of the function and specificity of UapC. The first strain lacks all
known transporters specific for purines-pyrimidines (UapC, UapA,
AzgA, FurD and FcyB), allantoin (FurA) or nucleosides (CntA).
Although FurA and CntA have been previously shown not to
contribute to detectable nucleobase uptake (Hamari et al., 2009),
the relevant knock-out alleles were included in the present study
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for a broader assignment of the specificity of UapC. The second mu-

tant strain constructed is isogenic to the one described above, but

it has an intact uapC gene (UapC*" UapAA AzgAA FurDA FurAA
FcyBA CntAA). Both mutant strains, which proved fully viable,
were tested for growth on purines, nucleosides or allantoin as
nitrogen sources, or for their resistance/sensitivity to purine/

pyrimidine/nucleoside analogues. Fig. 1 highlights our results; it

is clearly observed that the presence of a functional UapC trans-
porter contributes to growth on uric acid and xanthine as sole

nitrogen sources, leads to partial sensitivity to oxypurinol, but

has no effect on growth on any other purine or analogue tested.
The growth on uric acid and xanthine is significantly less than in

the control strain expressing UapA, which is the major transporter
for these purines. This result strongly suggests that UapC is a low

capacity xanthine/uric acid transporter which also contributes to

oxypurinol uptake, but has no physiologically significant ability
to transport other natural purines or pyrimidines.

3.2. UapC is a H* symporter specific for high-affinity xanthine

transport and moderate affinity uric acid transport

We used the strain expressing solely UapC to further character-
ize its kinetic parameters and specificity. Fig. 2A shows that, simi-
larly to all other A. nidulans transporters studied, UapC-mediated
radiolabeled xanthine transport is linear for 2 min at 37 °C, and
reaches a plateau at 4-6 min. At 25 °C, UapC activity is approxi-
mately 50% of that measured at 37 °C and increases linearly with
time for only 1 min. Fig. 2B shows that UapC activity is fully inhib-
ited in the presence of CCCP, a standard proton gradient uncoupler,

strongly suggesting that UapC, as all known A. nidulans secondary

active transporters, is a H symporter. Using initial uptake rates we
established the apparent K, and V.« of UapC for xanthine, as de-
scribed in Materials and methods. Fig. 2C and D establish that UapC
has high-affinity (K 3.3 uM) for xanthine, but only a moderate
affinity (K; 135 uM) for uric acid. The 40-fold difference in the
affinity for xanthine versus uric acid contrasts what was found
for UapA, which has practically identical high affinities for these

purines (10-30 uM; Goudela et al., 2005). In fact, UapC rather

resembles its homologues in A. fumigatus (Goudela et al., 2008)
and Candida albicans (Goudela et al., 2006), which also have in-
creased affinity for xanthine compared to uric acid.

3.3. UapC can recognize with very low affinity several nucleobases, but

can solely transport oxypurinol

Radiolabelled xanthine transport competition assays were per-
formed, as described in Materials and methods, to further establish

the substrate specificity profile of UapC. Fig. 3 shows that, among

natural nucleobases, 2000-fold excess (1 mM) of unlabeled ade-

nine, hypoxanthine, guanine or uracil led to 40-60% inhibition of

UapC-mediated radiolabelled xanthine transport. A stronger inhib-

itory effect was observed with some purine analogues, such as oxy-
purinol, 3-, 7- or 8-methylxanthine (60-75% inhibition) and
especially with 1-methylxanthine or 2-thioxanthine (~90% inhibi-
tion). In contrast, excess allopurinol, purine, cytosine, thymine,
L-ascorbic acid (Fig. 3), or nucleosides (not shown) did not, or little,
inhibited UapC activity. Finally, UapC showed a very moderate in-
crease in activity in the presence of allopurinol. This increase is
however much less than that seen previously for UapA in the pres-
ence of allopurinol (Diallinas, 2013). In conclusion, the competition
profile is clearly distinct from that established previously for UapA
(Goudela et al., 2005).

Fig. 1 shows that the presence of UapC clearly improved growth
on uric acid and xanthine, which is compatible with the kinetic
analysis of UapC. However, despite the low affinity binding of UapC
measured for purines other than xanthine and uric acid, the utili-
zation of hypoxanthine or adenine was not improved in the pres-
ence of UapC. This observation supported the notion that UapC
can bind purines other than xanthine and uric acid, but cannot
transport them. To further confirm this, we also performed direct
uptake assays of radiolabelled hypoxanthine of the strain express-
ing solely UapC and the experiments showed that UapC cannot
mediate detectable hypoxanthine uptake (data not shown). Thus
our results collectively show that UapC, despite showing a more
promiscuous substrate recognition ability compared to UapA, is un-
able to transport any purine other than xanthine, uric acid or
oxypurinol.

3.4. A chimeric UapA-UapC molecule including TMS8-TMS11 of UapC
shows a kinetic profile similar to UapC, but a specificity profile similar
to UapA: further evidence of independent specificity domains in the
NAT family

Previous genetic, biochemical and structural modeling analyses
have led to the identification of four residues in UapA interacting
directly with substrates (xanthine) (Amillis et al., 2011; Kosti
et al., 2012). These residues correspond to F155 in transmembrane
segment 3 (TMS3), E356 in TMSS8, and A407 and Q408 in TMS10. Of
these four, E356 (TMS8) and Q408 (TMS10), play the most impor-
tant role as they contribute to strong H bonds through their polar
side chains, whereas F155 and A407 are only involved in weak H
bonds through their backbones. These residues are highly con-
served in the bacterial homologues XanQ, XanP and YgfU, where
it has also been shown that they directly interact with substrates
(Frillingos, 2012; Karatza and Frillingos, 2005; Papakostas and
Frillingos, 2012). In fact, these residues are highly conserved in
all known members of the NAT family that are specific for nucleo-
bases, including the plant homologue Lpel or the rat homologue
rSNBT1. In contrast, members of the NAT family specific for
L-ascorbate uptake, rather than for nucleobases, found only in pri-
mates, conserve E356 in TMSS, but lack the second critical polar
residue (Glu or GIn) in TMS10, which is replaced by a Pro residue

UapC-

25°C 37°C
UA XA OX UA XA OX HX AD IN ALL FC FUR FU U =
9@ *aclesw - 0o -
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Fig. 1. UapC-mediated growth phenotypes. Growth and sensitivity/resistance tests of a standard wild type strain (wt), a strain carrying null mutations in genes encoding all
known purine/pyrimidine/nucleosides transporters (UapC~), and an isogenic strain expressing solely UapC (UapC"). Tests shown are carried out, at 37 °C or 25 °C, in MM
containing purines (UA: uric acid, XA: xanthine, HX: hypoxanthine, AD: adenine), allantoin (ALL) or nucleosides (IN: inosine) at 0.5 mM as sole nitrogen sources, or absence of
any nitrogen source (-), or relevant toxic analogues at 100 uM (OX: oxypurinol, FC: 5-fluorocytosine, FU: 5-fluorouracil) or 10 uM (FUR: 5-fluorouridine), in the presence of

urea (U) (5 mM) as the nitrogen source.
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Fig. 2. Kinetic characterization of UapC. (A) Time course of the uptake of [*H]-xanthine (0.2 pM) at 25 °C and 37 °C. (B) Effect of the proton gradient inhibitor CCCP (30 uM) on
the initial uptake rate of [*H]-xanthine (0.2 uM). (C and D) Dose response curves of UapC for xanthine and uric acid. Initial uptake rates of [*H]-xanthine were measured in the
simultaneous presence of increasing concentrations of non-labeled xanthine and uric acid. Apparent Kp,;; and Vi« values were determined as described in Materials and
methods. Graphs show averages of at least two independent experiments, in which triplicate assays were performed for each concentration point. Standard deviation was

<20%, in all cases.

100 4 & ‘I’ -

50

% [*H]-xanthine initial uptake rate

Fig. 3. Determination of the specificity profile of UapC. Initial uptake rates of [*H]-
xanthine (0.5 tM) were measured in the simultaneous presence of excess (1 mM) of
various putative substrates or ligands. XA: xanthine, UA: uric acid, 1-MX: 1-
methylxanthine, 3-MX: 3-methylxanthine, 7-MX: 7-methylxanthine, 8-MX: 8-
methylxanthine, 2-TX: 2-thioxanthine, 6-TX: 6-thioxanthine, AL: allopurinol, OX:
oxypurinol, HX: hypoxanthine, AD: adenine, GU: guanine, TH: thymine, CY:
cytosine, UR: uracil, AA: ascorbic acid, PU: purine. Graph shows averages of two
independent experiments, in which triplicate assays were performed for each
putative substrate/ligand. In all cases, standard deviation was <20%.

(Fig. 4) (Diallinas and Gournas, 2008; Gournas et al., 2008; Kosti
et al., 2012).

Interestingly however, while nearly all NATs specific for nucle-
obases seem to use practically identical residues for substrate
binding, they seem to have very distinct affinities and specificities
for different nucleobases. For example, bacterial or fungal NATs
which are able to bind and transport xanthine with high affinity
(4-10 uM) differ significantly in their binding affinity and trans-
port rate for uric acid. More specifically, the K, values for uric acid
of UapA, UapC, Xut1 and YgfU are 10, 135, 50 and 500 nM, respec-

tively, while XanQ and XanP do not bind uric acid at all (Diallinas
and Gournas, 2008; Frillingos, 2012; Gournas et al., 2008). Further-
more, bacterial NATs specific for uracil do not recognize any other
nucleobase (Lu et al., 2011). In addition rSNBT1, which can also
bind and transport xanthine, cannot recognize uric acid but can
transport hypoxanthine, guanine or uracil (Yamamoto et al.,
2010). This observation suggests that other elements along the
substrate translocation trajectory can affect the affinity for a sub-
strate, and thus also its specificity profile. This assumption gained
significant support as far as it concerns UapA, where specific amino
acid residues in TMS12, TMS13 and TMS14, or in the loop linking
TMS1 with TMS2, that is, at regions not involved in the formation
of the major binding site, were shown to affect both its affinity for
uric acid and its overall specificity (Amillis et al., 2011; Kosti et al.,
2010, 2012; Papageorgiou et al., 2008).

In order to investigate the molecular basis of the difference in
UapC and UapA specificity, we characterized the kinetic parame-
ters of a functional chimeric transporter. This chimera, called
ACA-1, includes the TMS8-TMS11 region of UapC (from residue
344 to 436), and TMS1-TMS7 and TMS12-TMS14 from UapA
(Diallinas et al., 1998; Vlanti et al., 2006). In other words, this chi-
mera includes the region containing the main molecular elements
of the putative substrate binding site of UapC, in an otherwise
UapA molecule. Results in Table 2 show that the ACA-1 chimera
has affinities for xanthine and uric acid nearly identical with those
of UapC, rather than of UapA. We also established by competition
assays the substrate profile of the ACA-1 chimera. Fig. 5 shows that
ACA-1 is highly specific for xanthine and uric acid and shows only
very weak affinity for some other purines or pyrimidines. In that
sense, the ACA-1 chimera resembles UapA, rather than UapC. In
conclusion, the ACA-1 chimera shows a kinetic profile similar to
UapC, but a substrate specificity profile similar to UapA. This
provides further strong evidence for the existence of independent
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UapC KEA IMCSVDWTRRNRFILTASFAVGMAATLVPDWESYFFTYSGDNHALEGLLOAVELVMANGFAVTGE 533
AFUapC [KFA I‘&?llblirzj NRFILTASFAV TLVPDWFSYFFTYSGDNHALEGLLNAVELVMENGFAITAV 532
UapA [KEA, IVAKAPFTRRNRFILTASMALGYGATLVPTWFGNVFPQT . ENRDLEGFENAIELVLE TGFAVTAF 533
Xutl KEA TKIISTTEFTRRDRFVLTAAVLBGLGATMLPNWFEHVFTYQGGNKSLKGFENAIIVVVESGFCLSGV 512
UraA [KLA TRVLIESKVDYNKAONLILTSVT ITGA.AELKGMALATI 397
YgfUu |[KMA TRTLSRCNY TTNRYNLY IVATSLGVGMTPTLSH. . - DFFSKLEAVLQPLLHSGIMLATL. 433
XanQ MIG TRIIITNGLKRRETLIVATSLGLGLGVSYDPEI. . .FKILPASIYVLVENPICAGGL 437
XanP AVS IVSREPLNRRAILIIALSLAVGLGVSQQPLI ...LQFAPEWLKNLLSSGIAAGGI 449
Lpel [KEG §LDQYFNT LRTKFILSISLELGLSIPQYFRVYEMFFGFGPVHTHSVAFNVMVNVIFSSPATVAA 472
hSVCT2 [KFS. SNLQFIDL RNLFVLGFSIFFGLVLPSYLRQNP. . ... LVTGITGIDQVLNVLLTTAMF .VGGC 563
rSNBT1 KIG ISNLOYVDMNSSRNLFVFGFSIFCGLAVPNWVNKNP. . . EKLQTGILQLDQVIQVLLTTGMF . VGGF 519
[T™MS 14
UapC LGL] ﬁ‘r I1LPEDMEEDVVESEEDYEATTVVGMOGGSE PGSSGONVKA 580
AFUapC IGLVISNLVLPEDFEDEAAIVEATARDAPTEE LKDSDPSSLKAGQPSGSLAV 583
UapA Vi IMPAEVEHE IGAVTPMPVSAHDNRDGEAEYQSKQA 574
Xutl IAVIINLLIPQVEEDVEEINELVLDVVGSATESARQKFEEKEGVKLEALRSQLSNIKSNGGSQDAI TVLHRNDGFPDLK 591
UraA VGIGESLIFKLISVLRPEEVVLDAEDADITDK 429
Ygfu SA \VEFFNGYQHHADLVKE SV SDKDLKVR TVRMWLLMRKLKKNEHGE 482
XanQ TAILINIILEGGYRQENVLEGITSAEEMD 466
XanP TAT ILIFPPE. 463
Lpel ILAYMIDCTHLYWEASVKKDRGWFWWEKFKSYKYDGRSEEFYRLPYGLSRYFPSL 527
hSVCT2 VAFINNTIPGTPEERGIRKWK LDGME SYNLPFGMNI IKKYRCFSYLPISPTFVGY TWKGLRKSDNSRSSDEDSQATG 650
rSNBT1 LG! INTI LEERGLLAWGE IQEDSEE TPKASKVYGLPWGIGTKFCTSSCTRILPFWPRIDHHGDEVGASQLTLCSQTSSGKHPWSVTETKM 614

Fig. 4. Multiple alignment of UapC with selected homologues of well established specificity. Putative o-helical transmembrane segments (TMS) are indicated in colored
rectangles. TMSs forming short B-sheets are shown with arrows. Invariant and highly conserved amino acids are shaded in red and blue-lined boxes, respectively. Amino acid
residues of UapA shown to be involved in direct substrate binding are highlighted with arrows. Amino acid residues found to be critical for UapA function and specificity are
marked with arrow heads. Transmembrane regions (TMS) are also indicated. Transporter sequences used, their specificity, and their origin are the following: UapC (xanthine-
uric acid, A. nidulans, GI: 790973), UapA (uric acid-xanthine, A. nidulans, GI: 88984992), AFUapC (xanthine-uric acid, A. fumigatus, G1:74668719), Xut1 (xanthine-uric acid, C.
albicans, GI: 60502227), XanQ (xanthine, Escherichia coli, GI: 161784262), XanP (xanthine, E. coli, GI: 84028014), YgfU (uric acid-xanthine, E. coli, GI: 85675700), UraA (uracil,
E. coli, GI: 187775829), Lpe1l (uric acid-xanthine, Zea mays, GI: 162462794), rSNBT1 (xanthine-hypoxanthine-guanine-uracil-thymine, Rattus norvegicus, GI: 284010030),
hSVCT2 (1-ascorbate, Human, GI: 6048257). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Comparison of affinities for xanthine and uric acid.

K Xanthine (uM) K; Uric acid (uM)

UapC 33 135
UapA 10 30
ACA-1 2.8 130

- XA UA HX AD GU UR TH CY AL OX

% [*H]-xanthine initial uptake rate

Fig. 5. Kinetic characterization and specificity profile of a UapA-UapC chimera.
Relative comparison of [*H]-xanthine initial uptake rates in strains expressing
UapC, UapA or the chimeric protein ACA-1 (see text), in the presence of excess
putative substrates/ligands. XA: xanthine, UA: uric acid, HX: hypoxanthine, AD:
adenine, GU: guanine, UR: uracil, TH: thymine, CY: cytosine, AL: allopurinol, OX:
oxypurinol. The results shown represent an average of two independent experi-
ments, in which triplicate assays were performed for each substrate/ligand.
Standard deviation was <20% in all cases.

elements, outside the major substrate binding site, that affect UapA
or UapC function and specificity.

We have previously proposed that outward- and cytoplasmic-
facing dynamic gating domains, mostly located in TMS12, TMS13
and TMS14, in the NAT family, permit, block or partially block
the access of substrates to a sensu strictu binding site (Amillis
et al,, 2011; Kosti et al,, 2010, 2012; Papageorgiou et al., 2008).
Subtle synergistic interactions of the gating domains with other
transmembrane regions and mostly those hosting the substrate
binding site determine the overall function and specificity of NATs.
It seems that partial genetic or evolutionary modification of such
interactions has a more dramatic effect on uric acid transport than
on xanthine transport. We do not know the mechanistic basis for
this, but the observation that uric acid is a larger and more proton-
ated purine, compared to xanthine, might be the basis for the dif-
ference in xanthine or uric acid transport by UapA and UapC.

4. Conclusion

We have described an updated method for the functional anal-
ysis of transporters in A. nidulans using >H- or '“C-labeled substrate
accumulation. The method utilizes germinating conidiospores at a
defined morphological stage in which all transporters tested show
maximal, growth medium-independent, expression, ideal for mea-
suring apparent K., and V.x values, and defining the specificity
profile of a transporter. The method is rapid, efficient and rigorous,
allowing the full characterization of any transporter in less than a
week. The method described can be modified and adapted for most
filamentous fungi that produce asexual spores. In fact, we have
used the present method successfully to perform uptake assays
in A. fumigatus (Goudela et al.,, 2008), but also in C. albicans
(Goudela et al., 2006) and S. cerevisiae (Leung et al., 2010).

We further propose that any given transporter should, ideally,
be functionally characterized in a genetic background lacking all
other similar transporters, that is, in mutants where similar trans-
porters are knocked-out, as described herein. In most cases, easy
growth tests might be employed for initial testing of knock-out
strains and for concluding whether a substrate is taken up by

one or more transporters. Analogues of substrates should also be
tested both in initial growth tests and in competition assays for
defining an extended specificity profile of a transporter.

We used this method to characterize the kinetic parameters and
the specificity profile of UapC, a member of the ubiquitous
Nucleobase-Ascorbate Transporter family. As suggested above,
the kinetic characterization of UapC was performed in appropriate
genetic backgrounds lacking other relevant nucleobase transport-
ers. UapC proved to be a secondary xanthine-uric acid/H* sym-
porter, with 40-fold higher affinity for xanthine than uric acid. In
addition we showed that UapC functions as a moderate affinity
transporter for the drug oxypurinol, and can also recognize, but
is unable to transport, other purine-related solutes with very
low, probably physiologically non-significant, affinities. In conclu-
sion, UapC compared to UapA, recognizes xanthine equally well,
but shows distinct moderate to low affinities for other purines
and analogues, and in particular recognizes uric acid with signifi-
cantly reduced affinity. Interestingly, it is UapC that is ubiquitously
present in all Aspergilli, rather than UapA. Curiously however,
UapA homologues seem to exist not only in A. nidulans and A. zona-
tus, but also in some phylogenetic out-groups such as N. crassa and
members of Pezizomycotina. Our results are expected to contribute
further in understanding the evolution and the basis of structure-
function-specificity relationships in the NAT family.
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identify residues essential for function and specificity of the
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Summary

The AzgA purine/H* symporter of Aspergillus nidulans
is the founding member of a functionally and phyloge-
netically distinct transporter family present in fungi,
bacteria and plants. Here a valid AzgA topological
model is built based on the crystal structure of the
Escherichia coli uracil transporter UraA, a member of
the nucleobase-ascorbate transporter (NAT/NCS2)
family. The model consists of 14 transmembrane,
mostly o-helical, segments (TMSs) and cytoplasmic N-
and C-tails. A distinct compact core of 8 TMSs, made of
two intertwined inverted repeats (TMSs 1—4 and 8-11),
is topologically distinct from a flexible domain (TMSs
5-7 and 12-14). A putative substrate binding cavity is
visible between the core and the gate domains. Sub-
strate docking, molecular dynamics and mutational
analysis identified several residues critical for purine
binding and/or transport in TMS3, TMS8 and TMS10.
Among these, Asn131 (TMS3), Asp339 (TMS8) and
Glu394 (TMS10) are proposed to directly interact with
substrates, while Asp342 (TMS8) might be involved in
subsequent substrate translocation, through H*
binding and symport. Thus, AzgA and other NAT trans-
porters use topologically similar TMSs and amino acid
residues for substrate binding and transport, which in
turn implies that AzgA-like proteins constitute a
distant subgroup of the ubiquitous NAT family.
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Introduction

Purines and pyrimidines, besides being the precursors of
nucleotide and nucleic acid biosynthesis, are also involved
in cell signalling, nutrition, response to stress and cell
homeostasis. Most cells in all domains of life possess
specific nucleobase transporters, usually distinct from
those involved in the uptake of nucleosides (De Koning and
Diallinas, 2000; Gournas et al., 2008). Purine transporters
are important in bacterial, protozoan and plant growth and
development and in the susceptibility of human, protozoan,
bacterial or fungal cells to purine-related drugs (Kraupp
and Marz, 1995; Schultes et al., 1996; De Koning et al.,
2005; Barrett and Gilbert, 2006; Mourad et al., 2006;
Zrenner et al., 2006; Kése and Schiedel, 2009; Frillingos,
2012; Pfaller, 2012; Young et al., 2013). Fungi possess
three structurally, functionally and phylogenetically distinct
families of H* gradient-dependent symporters for purines
and/or pyrimidines (Pantazopoulou and Diallinas, 2007;
Diallinas and Gournas, 2008; Gournas et al., 2008). These
are the NCS1 (nucleobase cation symporter 1) family, the
NAT (nucleobase-ascorbate transporter) family, also
known as the NCS2 family, and the AzgA-like family (see
also http://www.tcdb.org/). NAT/NCS2 members are found
ubiquitously in all domains of life, whereas NCS1 and
AzgA-like transporters are present in prokaryotes, fungi
and plants.

The AzgA family has been historically defined by the
homonymous AzgA permease of the filamentous fungus
Aspergillus nidulans. AzgA-specific mutations were iso-
lated in the 60s and very early on the specificity AzgA for
salvageable purines was assigned (Darlington et al., 1965;
Darlington and Scazzocchio, 1967). The gene was
cloned and characterized by a transposon methodology
(Cecchetto et al., 2004) and soon after the AzgA transport
activity and specificity were characterized in great detail
(Goudela et al., 2006). AzgA is now known to be a high-
affinity, high-capacity, H* gradient-dependent transporter,
specific for adenine-hypoxanthine-guanine. AzgA also rec-
ognizes with moderate affinity specific purine analogues,
some of which are cytotoxic, such as, purine or 8-
azaguanine, and guanosine. On the other hand, AzgA
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cannot recognize the oxidized-purines xanthine and uric
acid, pyrimidines, or major purine derivatives, such as
allantoin or caffeine. AzgA expression is regulated at the
level of transcription, being induced in the presence of
purines and in response to conidiospore germination
(Amillis et al., 2004; Cecchetto et al., 2004; Pantazopoulou
et al,, 2007). A very similar gene/protein has also been
studied in Aspergillus fumigatus (Goudela et al., 2008).
Interestingly, while AzgA-like proteins exist in most fungi,
prominent losses seem to exist in Saccharomyces cerevi-
siae and other post-genome duplication yeasts. Two plant
AzgA homologues have also been identified and charac-
terized and shown to be functionally similar to fungal AzgAs
(Mansfield et al., 2009). Recently, two paralogous AzgA-
like proteins have also been characterized in Borrelia
burgdorferi, the tick-borne bacterium that causes the mul-
tistage inflammatory Lyme disease (Jain et al., 2012). Most
interestingly, B. burgdorferilacks the enzymes required for
de novo synthesis of purines for RNA and DNA synthesis
and therefore is dependent upon the tick vector and mam-
malian host environments for salvage of purine bases for
nucleic acid biosynthesis. In the same work, B. burgdorferi
lacking AzgA-like transporters was shown to be non-
infectious in mice, suggesting that purine transport
systems may serve as novel antimicrobial targets for the
treatment of Lyme disease.

AzgA-like proteins show little primary amino acid
sequence similarity (< 18% identity) with members of
other nucleobase or functionally related transporter fami-
lies. In addition, AzgA-like proteins do not possess the
conserved motifs shown, in the NAT (Kosti et al., 2012)
or NCS1 (Krypotou et al., 2012) families, to be involved
in substrate binding and transport. Furthermore, earlier
phylogenetic analyses placed AzgA proteins in a cluster
clearly separated from the NAT or NCS1 families.
However, some recent statistical methods, based on
structural and sequence similarity, proposed that the
AzgA family might be phylogenetically related to the
amino acid-polyamine-organocation (APC) superfamily,
which also includes the NAT and NCS1 families (Wong
et al,, 2012). Importantly for the present work, in a pre-
liminary homology threading search we have observed
that AzgA-like proteins are very probably structurally
related to members of the NAT family.

Here, we construct and validate a 3D model of the A.
nidulans AzgA transporter based on the inward facing,
substrate-occluded, crystal structure of the uracil trans-
porter UraA from Escherichia coli (Lu et al., 2011). Sub-
sequently, we use this model to perform docking
approaches, molecular dynamics and mutational analy-
sis, which led to the identification of residues that are
involved in substrate binding and/or transport. Our
results are discussed in relationship to the phylogenetic
origin of AzgA.

Results

AzgA is phylogenetically distinct from the NAT and
NCS1 families

We ran a standard blastp analysis of AzgA towards avail-
able databases and subsequently analysed by phyloge-
netic approaches the sequences selected. We confirmed
that there is no AzgA-like sequences in protozoa and
metazoa. One single apparent exception is an annotated
Ceratitis capitata homologue, which however, is very prob-
ably a microbial contaminant or a product of horizontal
transfer, as itis 93% identical to AzgA-like sequences from
enterobacteria. Another AzgA-like sequence of 435 amino
acids appears in the annotation of the human genome
(http://blast.ncbi.nim.nih.gov), but this is also a bacterial
contaminant, as it is 90% identical to a sequence from
Leuconostoc lactis. Fungal and plant AzgA sequences
cluster closer to each other (35% average identities) than
to bacterial and archaeal sequences (25-30% identities).
Bacterial AzgA homologues are significantly shorter (430—
480 amino acids on average) than fungal and plant pro-
teins (530-580 amino acids), mostly due to much shorter N
and C termini. Within fungi, AzgA sequences are ubiqui-
tously conserved in filamentous molds and Schizosaccha-
romycetes sp., but absent in Saccharomycotina, including
Candida species. Ascomycete and Basidiomycete homo-
logues are 57-90% and 50-67% identical, respectively,
with A. nidulans AzgA. All 21 known genomes of Aspergil-
lus sp. include a single gene encoding highly similar AzgA-
like orthologues (533-581 amino acid long, 87-94%
identical). This contrasts what is observed for the two other
fungal families of purine transporters, the NAT and espe-
cially the NCS1, which include several and more divergent
paralogues in all Aspergillus species. Finally, in 17 of the
Aspergillus sp. genomes, azgA-like genes include 3
introns with conserved topologies. A. nidulans, A. niger
and A. aculeatus have 4 introns, Neosartoria fischerihas 2,
and a shorter A. zonatus gene has none.

Interestingly, all known AzgA-like purine transporters
and homologous sequences (Fig. S1) are clustered in a
closely related group, clearly distinct from representative
NAT or NCS1 members (Fig. 1). The AzgA clade is
however closer to the NAT clade compared with that of the
NCS1 family, suggesting that there is a distant evolutionary
relationship between AzgA and NAT carriers, which, as will
be shown in the present work, is reflected in similar 3D
topology in respect to transmembrane segments and,
importantly, residues critical for substrate binding and
transport.

AzgA structural model

We constructed a structural model of AzgA based on the
crystal structure of the UraA uracil transporter of E. coli

© 2014 John Wiley & Sons Ltd, Molecular Microbiology
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UraA Fig. 1. Phylogenetic analysis of AzgA. A
18 robust phylogenetic tree was constructed as
0.98 ‘ 1 CUapA — : described in Experimental procedures using
0.96 UapC Fungi | Z AzgA-like sequences of known function, plus
0.89 XanQ ungl some selected representatives as out-groups,
and selected NAT and NCS1 proteins of
YefU known function and substrate specificity. The
B.subtilisPbuG sequences shown are: AzgA (CAE00849.1)
o E.coliPURP efmd Ang-iiI/:g quueénces fr;)mPAspe”rgillus
: : . ‘umigatus _5G09750), Penicillium
E'C,OIIYJCD Bacteria oxalicum (EPS25670.1), Neurospora crassa
B.burgdorferiBBB23 (XP_965513.2), Schizosaccharomyces pombe
B.burgdorferiBBB22 (NP_596491.1), Ustilago maydis
Halonotius.sp Archaea (XP_757903.1), Escherichia coli
I < (PurP/P31466.2 and YjcD/AGX33403.1),
0.91 0.9 i () Bacillus subtilis (PbuG/O34987.1), Borellia
' S.pombe N burgdorferi (BBB22/NP_047008.1 and
X N.crassa i < BBB23/NP_047009), Halonotius sp.
P.oxalicuii ungl (WP_021040151.1), Chlorella variabilis
0.98 AfAzgA (EFN58296.1) and Arabidopsis thaliana
A Ag i (NP_566384.1 and NP_199841.2), as well as
NAZE NAT sequences from A. nidulans
0.9 A.thalianaAZG1 (UapA/CAA50681.2, UapC/CAA56190.1) and
2 AthalianaAZG? | Plants E. coli (UraA/YP_490725.1
C.variabilis XanQ/NP_417358.2, YgfU/YP_491089.1), and
VArapis NCS1 sequences from A. nidulans
0.99 —————FurA - (FurD/ABR22526.1, FurA/AN0660,
0.93 —FuD Fungi 8 FcyB/ACA81792.1).
FeyB 4

(Lu et al.,, 2011). The two proteins share a rather moder-
ate sequence similarity (~ 20% identity in 418 amino acid
overlap), which is however adequate for sustaining a
theoretical model of AzgA. The final AzgA-UraA alignment
(Fig. S2) used for building the AzgA model was based on
the binary alignment with UraA, manually modified on the
basis of a multiple alignment of selected AzgA-like
sequences (see Experimental procedures).

Using the membrane comparative modelling protocol
of Rosetta 3.4 we constructed 9230 topologically correct
models of AzgA, which were clustered on the binding
site. The top 89 cluster medoids were selected for
further analysis, as described in Experimental proce-
dures. All 12 substrates of AzgA with measurable K con-
stants (Goudela etal., 2006) were docked into the
putative active site and the top-down concordance coef-
ficient between the predicted and experimental ranking
was calculated for the 89 cluster representatives using
47 different scoring schemes. In this respect, we
selected the medoid of the 70th largest cluster as the
best structural model of the substrate binding cavity of
AzgA. That model was included placed in the top-10 list
yielded by Vina, NNscore1 and NNscore2, but not DSX
scoring algorithm (Durrant and McCammon, 2010;
2011a,b). The respective top-down concordance coeffi-
cients were 0.253 (P =0.2) from Vina, 0.723 (P=0.012)

© 2014 John Wiley & Sons Ltd, Molecular Microbiology

from network 9 of NNscore1 and 0.823 (P = 0.003) from
network 17 of NNscore2 software.

The overall 3D structure of the AzgA model (Figs 2 and
S3) corresponds to a cytoplasmic-facing occluded confor-
mation, in which the substrate is not directly accessible to
the cytosol. The structure consists of 14 transmembrane
segments (TMSs), mostly helical in nature, that also retain
the characteristic two beta strands at the core of the
protein. TMSs 1—4 and 8—11 form a rather compact core
domain, whereas TMSs 5-7 and 12—14 form a more flex-
ible gate domain, similar to other NAT members modelled
by similar approaches (Amillis et al., 2011; Karena and
Frillingos, 2011; Kosti et al., 2012). As proposed for the
UraA structure (Lu etal, 2011), these two domains
possess distinct topology and function. The transmem-
brane helices are connected by large loops, most of which
are the result of lengthy insertions that render the predic-
tion of accurate 3D co-ordinates very difficult for those
regions. In line with UraA and UapA (Lu et al., 2011; Kosti
etal.,, 2012), a mild negative electrostatic potential distri-
bution is accumulated on the outer surface of the trans-
porter, while the inner surface possesses strong positive
charge within a region below helices 13—14, at the inner
entrance of the transporter (Fig. S4). The surface of the
intermediate region of the transporter is neutral, consistent
with its natural position inside the membrane bilayer.
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Fig. 2. Theoretical model of AzgA. The 3D AzgA model was constructed on the basis of the alignment with UraA shown in Fig. S2.

A. Side-view of the best Rosetta model (medoid of cluster 72) highlighting the topology of residues selected as crucial for the function. The
transmembrane helices are designated with numbers (core domain: 1-4, 8-11; gate domain: 5-7, 12—14) and the planes of the membrane
with dashed lines.
B. Bottom view of the same model. The substrate binding site is located in the space between the core and the gate domains. The topology of
residues critical for the function of the substrate binding site are also shown (see also Fig. S3).

Substrate docking in AzgA

Using the AzgA model, aspects of substrate recognition
were addressed using docking calculations. The three
major physiological substrates, namely hypoxanthine,
adenine, and guanine were docked to the modelled struc-
ture of AzgA. Starting from the structure of AzgAin complex
with hypoxanthine or adenine or guanine, as derived from
Autodock Vina calculations, 1000 steps of Low-Mode/
Monte Carlo docking calculations were run as imple-
mented on Macromodel v9.9 (Suite 2012: MacroModel,
version 9.9, Schrddinger, LLC, New York, NY, 2012).
Figure 3 shows the modelled interactions of AzgA with its
three physiological substrates. A single substrate orienta-
tion is proposed for hypoxanthine (Fig. 3A) and guanine
(Fig. 3B), but two different substrate positions are
proposed for adenine showing 3.5 kcal mol~' energy differ-
ence (Fig. 3C and D). AzgA interacts with all its physiologi-
cal substrates through H bonding mediated by the polar
side-chains of residues Asn131, Asp339 and Glu394, and
the amide group of the backbone of Val393. This rational-
izes the very similar K., values measured for hypoxan-
thine, adenine and guanine. According to the models
proposed these residues interact with N1(H) and C6=0
(hypoxanthine, guanine) or C6-NH. (adenine) of the
pyrimidine moiety, and N7(H) and N9(H) of the imidazole

moiety. In addition, the C2-NH. group in guanine, interacts
with Asn131 (backbone) and Thr390 (side-chain) through a
double hydrogen bond (Fig. 3B). N3 might only be involved
in AzgA interactions with adenine, if we consider the first
orientation proposed (see Fig. 3C). Finally, a weak n—=n
stacking interaction with Phe392 might also stabilize
hypoxanthine and guanine, but not adenine, binding.

Molecular dynamics simulations of AzgA in complex
with hypoxanthine, adenine and guanine

The MD trajectories of hypoxanthine, adenine and guanine
capture the transition of the inward-facing occluded state to
an inward-facing open conformation. This transition
happens very early in all 3 trajectories, when transmem-
brane helices (TM) 13 and 14 of the gate domain move
upwards, thus opening a putative inward-facing gate (see
Fig. 2). A similar gate was also described in the uric-acid-
xanthine/H* symporter UapA (Kosti et al., 2012). At the
same time, the movement of TM helices 13 and 14, as well
as bending of TM helix 5, elicits a flood of the substrate
binding cavity with cytosolic water. Although water is
present in the cavity for almost 190 ns (see Video S1),
hypoxanthine remains constantly bound to the side-chains
of Asn131, Asp339, Glu394 and the backbone of Val393

© 2014 John Wiley & Sons Ltd, Molecular Microbiology
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Fig. 3. Substrate docking in AzgA. (A) Hypoxanthine, (B) guanine, (C and D) adenine. Amino acid residues implicated in substrate binding

are shown. Hydrogen bonds are depicted with dashed lines.

and Asn131, through strong H-bonds (Table S1). We
should note that a hydrogen bond between the side-chains
of Thr390 and Asp339 is always present in the course of
200ns of simulation time, stabilizing the conformation of
Asp339 to face always the binding pocket. The putative
conformation transition from the inward-facing occluded
conformation to an open conformation has been captured
in Video S2, but is not validated experimentally. In contrast
to hypoxanthine, adenine and guanine are displaced from
their initial position in the course of the trajectory. Adenine
is initially H-bonded to Asn131, Asp339, Thr390 and
Glu394 side-chains, as well as to Asn131, Ala132 and
Tyr133 backbone (Table S2), but approximately in the
middle of the trajectory, it moves towards TM helices 5, 8
and 14 of the gate domain, where it is immobilized via
H-bonds with Asp339, Glu394 and Asp478 side-chains.
Similarly, at the first 150 ns guanine is constantly at the

© 2014 John Wiley & Sons Ltd, Molecular Microbiology

major putative substrate binding pocket through stabilizing
H-bonds with Asn131, Asp339, Thr390, Glu394 side-
chains and the backbone of Asn131 (Table S3). In the last
50 ns the ligand moves lower between TM helices 5, 8 and
14, and stays there through H-bonds with Asp339, Asp342
side-chains and Phe335 backbone.

Apart from the H-bonds implicated in ligand binding we
also identified a few H-bonds that appear to stabilize the
tertiary structure of the transporter (Table S4). These
include H-bonds between Ser443 side-chain of TMS12
and Val263 main chain of TMSs 6-7 connecting loop,
Phe392 main chain from the beta strand of TMS10 and
Gly127 from the beta strand of TMS3, Asn60 side-chain
from TM helix 1 and the Asn131 side-chain from TMS3,
Asn62 side-chain from TM helix 1 and Phe426 main chain
of TMSs 11-12 connecting loop, Ser65 side-chain of TMSs
1—2 connecting loop and Tyr202 of TMSS5, and finally,
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A

gate

Fig. 4. Computational solvation analysis and the H* Trajectory.

A. Overview of the average co-ordinates of AzgA in complex with hypoxanthine.

B. Detailed view of the H-bond network on the substrate binding region. Small blobs (orange coloured in the online version): water oxygen
density; Na* and CI- densities are also shown (green and blue coloured blobs in the online version) close to the start of TMS1 and in the
putative outward gate respectively. Only low free energy water molecules are present as calculated from SZAMP software. The putative

trajectory of the H" has been marked with black dotted lines.

Arg32 side-chain of N-terminus loop and Ala351 of TM
helix 8. The importance of these residues in AzgA turnover
is not examined by mutational and functional assays in this
work.

Water molecule analysis and H* trajectory

The binding mode of a substrate can be examined using
docking calculations and molecular dynamics simulations,
but the H* trajectory is, in principle, very difficult to be
simulated. Previous hypotheses assume that residues
like Asp, Glu and His are employed in interactions with H*
(Abramson et al., 2003; 2004). We considered that water
molecules inside the transmembrane surface of the trans-
porter might be also involved in the H* translocation. Con-
sequently, mapping the solvation of the transporter interior
would result to models of a hypothetical proton pathway
through the protonation of both amino acid residue side-
chains and low-mobility water molecules.

To evaluate our hypothesis, we used two different
approaches to analyse the existence of water molecules
inside the transporter. First water oxygen, Na* and CI-
densities were calculated from all trajectories. Second, we
calculated the average structure from the simulation run
and we used the SZMAP application (OpenEye Inc.) to fully

investigate possible water accessible surfaces inside the
AzgA structure. From the resulted calculations we selected
to examine all water molecules having free energy estima-
tions less than —1.5 kcal mol~', near the binding cavity
(within 12 A). The results from this consensus water mol-
ecule analysis are depicted in Fig. 4A, B. In Fig. 4B it is
clear that both approaches pointed three regions near the
binding cavity, with high water density, creating an H-bond
network connecting Asp342 with Glu394 through three
water molecules. Similar calculations were run for adenine
and guanine substrates depicting hydrogen bond network
among Asp339-Glu394-Asp342 (Fig. S5).

Rational design and construction of AzgA mutants

A relative comparison of the modelled topology of AzgA
with the crystal structure of UraA bound with uracil (Lu
etal, 2011) and the modelled structures of other NATs
(UapAand XanQ) (Karena and Frillingos, 2011; Kosti et al.,
2012), as well as, the substrate docking positions shown in
Fig. 3, led us to the identification of a limited number of
AzgA residues that might be critical for purine binding and
transport. The functional role of these residues, as well as,
of selected conserved residues in AzgA sequence align-
ments, was tested through a rational mutational analysis.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology



The 24 mutations constructed concerned 14 residues
located in TMS1 (Thr49), TMS3 (Gly129, Asn131), TMS8
(Phe335, Asp339, Asp342, Thr346), TMS10 (Thr390,
Glu394, Ser395, Gly398, Gly402, Lys404) and in the
outward-facing limit of TMS14 (Asp478). The rationale for
the specific substitutions made was to introduce either Ala
residues or isofunctional/isostructural residues. All muta-
tions were constructed in vectors carrying the azgA gene,
fused in frame with the green fluorescent protein orf, and
expressed from the azgA native promoter. We have
previously shown that C-terminal translational fusion of
AzgA with GFP is fully functional and shows normal sub-
cellular trafficking and plasma membrane localization
(Pantazopoulou et al., 2007). All plasmids were introduced
in the mutant strain azgAA uapAA uapCA, which carries
total deletions in the genes encoding all major endogenous
purine transporters (for more details see Experimental
procedures).

Phenotypic analysis of AzgA mutants

We analysed and selected transformants, arising from
single-copy integration events, on different purines as sole
nitrogen sources, together with positive (azgA*) or nega-
tive (azgAA) isogenic control strains. A summary of the
analysis of the selected transformants is shown in Fig. 5A.
The positive control strain expressing wild-type AzgA—-GFP
(azgA’) grows on adenine or hypoxanthine as sole
nitrogen sources, and is sensitive to the toxic analogue
8-azaguanine. The negative control strain azgAA uapAA
uapCA (azgAA) shows leaky growth on adenine or hypox-
anthine, due to the presence of the minor purine trans-
porter FcyB (Vlanti and Diallinas, 2008; Krypotou et al.,
2012), and is resistant to 8-azaguanine. As expected, all
strains showed normal growth on nitrogen sources unre-
lated to purines (e.g. nitrate). None among the AzgA
mutant alleles conferred a capacity for growth on purines,
such as uric acid or xanthine, or purine metabolic deriva-
tives (e.g. allantoin), which are not physiological substrates
for the wild-type AzgA (not shown). Several of the mutants
showed reduced growth phenotypes on adenine or hypox-
anthine or increased resistance to toxic 8-azaguanine,
compatible with diminished AzgA transport capacity. In
fact, AzgA mutants could be classified into two major
groups; those showing growth profiles similar to the control
strain expressing wild-type AzgA (T49A, T49S, G129A,
N131A, N131D, F335A, D342E, T346A, E394D, S395A,
S395N, G398A, K404R, D487A) and those with signifi-
cantly reduced or apparently lost AzgA transport activity
(G129F, D339A, D339N, D339E, D342A, D342N, T390A,
E394A, E394Q, G402A). Some AzgA mutants seemed to
grow slightly better on hypoxanthine than adenine (D342E
or S395A) or vice versa (E394Q or G402A). In summary,
growth testing suggested that at least residues Gly129 in

© 2014 John Wiley & Sons Ltd, Molecular Microbiology
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TMSS, Asp339 and Asp342 in TMSS8, and Thr390, Glu394
and Gly402 in TMS10, are critical for apparent AzgA activ-
ity. In fact, residue Asp339 seemed irreplaceable for func-
tion, as all substitutions made, including its replacement
with Asn or Glu, led to lack of growth on purines.

Apparent purine transport rates in AzgA mutants

We performed comparative radiolabelled hypoxanthine
uptake measurements (V, initial transport rates) in mutant
strains shown in Fig. 5B. Our results were in good agree-
ment with growth tests shown in Fig. 5A. Most AzgA
mutants characterized by growth tests as reduced or loss-
of-function mutants, had reduced or no AzgA-mediated
transport rates for hypoxanthine (V < 20% compared with
wild-type AzgA), whereas most AzgA mutants with no
significant defect for growth on adenine or hypoxanthine,
had hypoxanthine transport rates of > 30% of the wild-type
AzgA. This observation is in line with previous experience
with A. nidulans transporters, where only when a mutation
reduces transport rates to < 30—-40% of the wild-type, the
defect is reflected in relevant growth tests (Papageorgiou
et al,, 2008; Krypotou et al., 2012). The only apparent
disagreement between growth tests and hypoxanthine
uptake rates concerned mutants N131Aand N131D, which
had significantly reduced transport rates, but could still
grow well on hypoxanthine. But even in this case, when we
measured steady state accumulation of hypoxanthine,
rather than initial uptake rate, we found out that these
mutants were eventually capable of 30—-60% hypoxanthine
accumulation compared with wild-type, explaining why
they grow on this purine as sole nitrogen source (results
not shown).

Expression levels and plasma membrane localization of
mutant versions of AzgA

Apparently reduced AzgA uptake rates could imply prob-
lematic trafficking towards the plasma membrane, high
turnover or bona fidae reduction in AzgA transport activity.
To distinguish among these possibilities we performed
western blots and epifluorescence microscopic analyses
of all AzgA mutants. Figure 5C (see also Table 2) shows
that in most mutants AzgA protein steady levels are similar
or little modified (up to ~ 2-fold) compared with the wild-
type control strain. A few mutants show more significant
increases (3- to 5-fold) in protein levels (D339A, D339E
and E394D). Significantly reduced AzgA protein levels
(from > 4-fold and up to the limit of detection) were detected
in T49A, T49S, G129A, N131A, F335A and T390A. Epif-
luorescence microscopic analysis (see Experimental pro-
cedures) further revealed that several of the AzgA mutants
(N131D, D342A, D342N, E394A, E394Q and G402A)
exhibited partial ER-retention or association with vacuoles
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Fig. 5. Functional analysis of AzgA mutants.

A. Phenotypic analysis of AzgA mutants. Growth tests on nitrate (NO3"), hypoxanthine (HX) or adenine (AD) as sole nitrogen sources,
resistance/sensitivity test on 8-azaguanine (AZ) and without any nitrogen source (-), at 32°C. Positive (azgA*) and negative (azgAA) isogenic
strains are shown as isogenic controls.

B. Comparative initial uptake rates of [*H]-radiolabelled hypoxanthine in AzgA mutant alleles and a wild type (wt) (azgA®) control. 100% is the
transport rate in the wt.

C. Western blot analysis of total proteins from AzgA-GFP mutants and a wt control detected with anti-GFP antibody. Antibody against actin
was used as an internal marker for equal loading. Molecular weight markers in kDa are shown. Relative amounts of AzgA-GFP, normalized by
using actin protein levels, are shown below the blots (see Experimental procedures).

D. Epifluorescence microscopy showing in vivo subcellular expression of AzgA-GFP mutant alleles and a wt control. In selected samples,
arrows and arrow heads depict perinuclear ER membrane and vacuoles respectively. The identity of such perinuclear rings as ER membranes
has been previously rigorously established, and is a picture often obtained when partially misfolded versions of GFP-tagged transporters are
expressed (Vlanti et al., 2006; Gournas et al., 2010; Krypotou et al., 2012).

© 2014 John Wiley & Sons Ltd, Molecular Microbiology



Table 1. Kinetic profile of AzgA mutants.

Kn HX (uM) Ki AD (uM) K GU (uM)

Wit 2.8 3 1.3
T49A 1.8 2 2.5
T49S 1.6 0.7 0.4
G129A 0.3 0.3 0.4
G129F n.m. n.m. n.m.
N131A 1 16 2
N131D 2 1 4
F335A 1.6 0.7 1.1
D339A 0.3 0.2 0.5
D339N 0.2 <0.2 <0.2
D339E <0.2 0.3 0.2
D342A 3.1 3.9 1
D342N 0.8 1.5 3
D342E 3.7 16 30
T346A 2 3.2 1.3
T390A 3.7 1.3 2.8
E394A n.m. n.m. n.m.
E394Q n.m. n.m. n.m.
E394D 1.5 16 3.6
S395A 2.3 3.4 2.8
S395N 1 1 0.4
G398A 2.1 3.3 1.4
G402A 3.1 15 0.7
K404R 4.2 2.0 2.1
D478A 4 3.2 4.4

Kwi values (uM) were determined as described in Experimental pro-
cedures. Results are averages of at least three independent experi-
ments in triplicates for each concentration point. Standard deviation
was < 20% (n.m., non-measurable). HX, AD, GU stand for hypoxan-
thine, adenine and guanine respectively.

and other cytoplasmic foci (Fig. 5D). In all cases showing
significant ER-retention or increased turnover, which are
probably due to partial misfolding, we cannot conclude
whether the relevant mutation has also a direct effect on
transport activity. On the other hand, most mutants showed
AzgA protein levels and plasma membrane topology
similar to wild-type and thus could provide more rigorous
information on the role of the relevant residues mutated
(see below).

Kinetic and specificity profile of AzgA mutants

K values for hypoxanthine and K values for adenine and
guanine were measured for all mutants showing detect-
able AzgA transport activities, as described in Experimen-
tal procedures. Table 1 summarizes the results obtained.
Most mutations did not alter significantly the K, or K values
for hypoxanthine, adenine or guanine, and thus are con-
sidered as mutations that do not grossly affect AzgA folding
or the ability to bind substrates. Reduced hypoxanthine
transport rates or growth on purines in several of these
mutants, was most often associated with reduced plasma
membrane localization and/or increased turnover (see
Fig. 5). Thus, no further conclusion concerning the func-
tional importance of the relevant residues could be drawn
from these specific mutants.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology
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On the other hand, prominent modifications of K values
or loss of transport activity were observed for some other
AzgA mutants, which showed normal AzgA expression and
localization in the plasma membrane. The first concerns
mutation G129F which leads to loss of transport activity,
despite increased protein levels and normal plasma mem-
brane localization. In addition, mutation G129A, which
despite its very low protein expression allows measure-
ment of Ky values, shows a very significant increase (up to
10-fold) in substrate affinities for all AzgA substrates (see
Fig. 5 and Table 1). Thus, we can conclude that Gly129 is
a residue essential for substrate binding and transport. A
second functionally critical residue is Asp339, where all
substitutions tested do not affect expression in the plasma
membrane but lead to total loss of transport activity and,
surprisingly, significantly increased Ky, values for all sub-
strates. The simplest explanation of these results is that
Asp339 is a residue involved directly in interactions with
substrates and that its replacement traps substrates in the
binding pocket. Similar results were obtained with con-
served mutations replacing Glu356, a residue shown to
bind substrates, in UapA (Papageorgiou et al., 2008; Kosti
etal,, 2012). A third AzgA residue critical for substrate
binding and transport is Glu394. Although mutants E394A
and E394Q show loss of apparent transport activity, most
probably associated with misfolding and dramatically
reduced localization in the plasma membrane (see Fig. 5),
the conserved substitution E394D is functional and leads
to distinctly modified binding affinities for different purines.
More specifically, hypoxanthine and guanine binding is
similar to wild-type, while adenine binding is 5.3-fold
reduced. Finally, specific mutations in two other residues,
Asn131 and Asp342, also seem to affect differentially the
binding of purines. Mutants N131A and D342E, which are
both normally expressed in the plasma membrane (see
Fig. 5), reduce the binding of adenine 5.3-fold, while
D342E also reduces guanine binding 23-fold.

The above observations suggest, independently from
modelling and docking approaches, that residues Gly129
and Asn131 in TMSS3, Asp339 and Asp342 in TMS8, and
Glu394 in TMS10, are involved in substrate binding/or
transport (see Table 2). Importantly, modelling and docking
approaches strengthened the conclusions originating from
functional studies, as discussed below.

Discussion

In the first part of our work we presented a theoretical
structural model of the AzgA purine transporter, which
shows 14 transmembrane, mostly helical, segments
(TMSs), arranged as a compact core (TMSs 1—4 and 8—11)
and a flexible gate (TMSs 5-7 and 12-14) domain. A
putative binding pocket was located between the core and
the gate domains. This model and independent docking
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Table 2. Summary of AzgA mutants functional analysis.

Effect on
substrate/H*
Hypoxanthine binding and ER retention/ Protein
Allele TMS growth V (% translocation Traffic defect (%)
azgA* +++ 100 No 100
T49A 1 + 46 - No 10
T49S 1 ++ 32 - No 20
G129A 3 ++ 44 +* No 10
G129F 3 - 8 +* No 180
N131A 3 + 23 + No 20
N131D 8 + 10 + Yes 70
F335A 8 ++ 35 - No 10
D339A 8 - 8 + No 320
D339N 8 5 + No 510
D339E 8 21 + No 140
D342A 8 - 7 + Yes 80
D342N 8 - 19 + Yes 130
D342E 8 + 32 + No 110
T346A 8 ++ 57 - No 60
T390A 10 - 16 - No 0
E394A 10 = 0 + Yes 70
E394Q 10 - 0 + Yes 270
E394D 10 + 49 + No 170
S395A 10 A+ 71 - No 160
S395N 10 ++ 40 - No 90
G398A 10 + 53 No 90
G402A 10 - 12 - Yes 120
K404R 10 +++ 88 - No 50
D478A 14 +++ 75 - No 100

The TMS location of each mutant is indicated. V is initial uptake rate. Protein levels are estimated by Imaged using the relative intensities of AzgA-
and Actin-specific bands shown in Fig. 5C. The asterisk ‘ * stands for an indirect effect. For more details see text.

approaches and MD simulations revealed a number of
important aspects concerning how this transporter might
bind and transport its substrates. In particular, residues
Asn131 (TMS3), Asp339 (TMS8), Glu394 (TMS10) and the
amide group of the backbone of Val393 (TMS10), were
proposed to be the major residues interacting, through H
bonds with all substrates. These interactions implicate
N1(H) and C6=0 (hypoxanthine, guanine) or C6-NH,
(adenine) of the pyrimidine moiety and N7(H) and N9(H) of
the imidazole moiety. In addition, MD approaches sug-
gested that a hydrogen bond network among Asp339-
Glu394-Asp342 might be involved in H* binding and
substrate translocation, thus adding one more residue,
Asp342, in the set of amino acids absolutely critical for
AzgA function.

In the second part of the work we experimentally tested
the functional importance of several residues by system-
atic mutational analysis. The residues selected were
chosen on two basic criteria: evolutionary conservation in
AzgA sequences and topological position in the modelled
structure of AzgA in respect to substrate and/or H* binding.
Our results showed that Asn131, Asp339, Asp342 and
Glu394, which are the four major residues proposed to be
involved in direct interactions with substrates and/or H*,

were found to be irreplaceable for physiological AzgA
transport activity. More importantly, specific highly con-
served substitutions of these residues lead to significantly
modified affinity constants for substrates. Specific substi-
tutions in three other residues, Gly129, Thr390 and Gly402
were also found to dramatically reduce or abolish AzgA-
mediated purine transport. All these residues are in close
proximity (H bonding distance) to the residues proposed to
be involved in direct substrate and/or H* binding. Impor-
tantly, our conclusions in respect to the functional role of
these residues are based on mutations that do not modify
the expression and localization of AzgA in the plasma
membrane. A summary of the functional analysis of AzgA
mutants is presented in Table 2.

The present structural models are in very good agree-
ment with previous transport competition experiments
using purine analogues with variably modified positions of
the purine ring (Goudela et al., 2006). For example, the
importance of positions N1(H) and C6=0/C6-NH. in
binding is supported by the significantly reduced affinity of
AzgA for purine (Ki 99) and especially 1-deazapurine
(Ki 589). The importance of positions N7 and N9 is also
supported by the non-binding of pyrimidines and 7-
deazaguanine, or the reduced affinity (K 339) for

© 2014 John Wiley & Sons Ltd, Molecular Microbiology



9-methylguanine. In all three cases protein interacts with
the substrate through a formation of 3 hydrogen bonds:
Glu394 side-chain as an acceptor, Val393 amide back-
bone as a donor and Asp339 side-chain as an acceptor. A
similarity between guanine and hypoxanthine is apparent
from the docking results where the corresponding scheme
for hydrogen bonding is N9(H) as a donor, C6=0 as an
acceptor and N1(H) as a donor. Adenine shows a com-
plete different scheme with N(9)H as a donor, N3 as an
acceptor and NH, at position 6 as a donor. Moreover
Asn131 appears to be always a donor to N7 or N3; this
should be important and detrimental for the affinity against
xanthine and uric acid, as in the relevant position the
nitrogen is always protonated. Finally the non-binding of
3-methyladenine, supports the model of adenine binding
depicted in Fig. 3C, rather than the one shown in Fig. 3D.

The MD simulations suggest a possible mechanism of
purine translocation. Although the substrate binding cavity
remains open throughout most of the trajectory, the
strong H-bond network that keeps hypoxanthine/adenine/
guanine at that position is unperturbed, which further sug-
gests that a more drastic change is necessary for triggering
the release of substrates into the cytosol. The driving force
may be a protonation of the side-chain of one of the Asp339
or/and Glu394, which form constant H-bonds with all three
ligands. The importance of Asp339 was also supported by
the replacement of Thr390 by alanine, as MD simulations
revealed that Thr390 is stabilizing the conformation of
Asp339 side-chain towards the binding pocket. In the
T390A mutant K values were not changed although the
apparent initial uptake rate of 3H-radiolabelled hypoxan-
thine dropped to 16% of the wild-type levels, although this
seems to be due to an increase in the turnover of the
protein. Another interesting observation made from the MD
trajectories is the increased water oxygen density at con-
tiguous positions, which traces a pathway that starts from
a putative outward-facing secondary gate and ends at the
bottom of the transporter. These ‘structural’ water mol-
ecules may serve as a bridge to the proton that is believed
to be symported with the ligand (Johansson et al., 2011).

Interestingly, increased Na* ion density in the hypoxan-
thine trajectory was only detected at the brink of a putative
outward-facing gate. In that case, the ligand did not move
from its initial position and no cations were constantly
present in the interior of the transporter. In contrast, in
adenine and guanine trajectories, where the ligands
moved downwards, increased Na* density was observed
between the Asp339 and Glu394, directly beneath the
ligand. From the solvation analysis, the position and the
orientation of water molecules inside the binding cavity
could indicate a hypothetical trajectory of H*. A theoretical
trajectory pathway can be visualized in Fig. 4B. Three
low-mobility water molecules connecting Asp342 and
Glu394, are placed beneath the binding pocket and could

© 2014 John Wiley & Sons Ltd, Molecular Microbiology
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be considered as transition states of H* trajectory, which
triggers the final re-orientation of the transporter in order to
facilitate the movement of the substrate inside the cell. In
that case the role of H" is to neutralize progressively
Asp342 and Glu394 in order to facilitate the movement of
the substrate inside the cytosol. Mutations in Asp342 and
Glu394 affect AzgA-mediated transport and reduce cell
growth on purines, a phenomenon probably related to
substrate/H* flow in agreement with our solvation analysis.

When this manuscript was in preparation, K. Papakos-
tas, M. Botou and S. Frillingos published an article on the
functional identification of four AzgA-like purine transport-
ers in E. coli, namely PurP, YicO, YjcD and YgfQ
(Papakostas et al., 2013). The first two were shown to be
specific for adenine, whereas the other two for hypoxan-
thine and guanine. The work of Papakostas et al. (2013)
also shows that residues irreplaceable for purine uptake
activity or crucial for substrate selectivity in the E. coli
AzgA-like transporters are identical or very similar to the
functionally residues identified herein for A. nidulans AzgA
(Fig. S1). In particular, they have found that an Asp and a
Glu residue in TMS8 and TMS10, respectively, are abso-
lutely essential for the function of the E. coli AzgA-like
transporters, as we also showed for Asp339 and Glu394 in
AzgA. On the other hand, the observation that E. coli
AzgA-like homologues show a specificity preference for
adenine or hypoxanthine-guanine, not shown by fungal or
plant homologues could be instructing on which amino acid
residues are important for conferring substrate promiscuity
versus increased specificity. For example, among the resi-
dues shown to be critical for substrate binding by AzgA,
Gly129, Asn131, Asp339 and Val393 are differentially con-
served in the E. coli transporters, which recognize either
adenine or hypoxanthine-guanine. More specifically, PurP
has an Asn and lle residues instead of Asp339 and Val393,
whereas YjcD has Ser, Thr, Ala and lle residues instead of
Gly129, Asn131, Asp339 and Val393 respectively (see Fig.
S1). The ease of direct genetic screens for altering the
purine specificity of AzgA, as it was achieved for NATs
(Amillis et al., 2001; Papageorgiou et al., 2008; Kosti et al.,
2010), might constitute a powerful tool in uncovering
the molecular elements affecting AzgA substrate/ligand
recognition.

Interestingly, functionally important residues in bacterial
and fungal AzgA transporters are located at topologically
similar positions with residues which are also critical for the
function of NAT homologues, such as UapA or XanQ. Thus,
AzgA-like transporters were shown not only to fold similarly
to NAT proteins, but also to use topologically similar TMSs
and similar amino acid side-chains to dictate their function
and specificity preferences. Does this observation by itself
suggests that AzgA-like and NAT proteins, despite their
very low overall primary amino acid sequence similarity,
are phylogenetically related? Although the phylogenetic
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analysis performed here does not give a rigorous answer to
this question, the AzgA-like proteins clearly form a distinct
transporter group which seems more related to the NAT
group, compared with other purine transporter families
(e.g. NCS1). In agreement with the idea that AzgA forms a
functionally and evolutionary distinct group of transporters,
all functionally critical residues of AzgA, identified in the
present work and in Papakostas et al. (2013), are nearly
absolutely conserved in the AzgA family, but none of these
residues is conserved in the NAT or NCS1 families (Fig.
S1). We can thus conclude that, although the AzgA and
NAT proteins seem to share a common molecular ancestry,
as reflected in similar overall and local topologies, they also
seem to have significantly diverged in respect to their
specificities by employing different polar side-chains for
substrate binding and transport.

Experimental procedures
Model construction

Multiple threading alignments were created with LOMETS
metaserver (Wu and Zhang, 2007) using the full-length
sequence of AzgA from A. nidulans (Uniprot ID: Q7Z8R3). All
alignments of AzgA with the sequence of the E. coli uracil/H*
symporter UraA (PDB ID: 3QE7), as well as the consensus
alignments of their combinations created with T-Coffee
(Notredame et al., 2000), were tested on the basis of model
construction with Rosetta 3.4 (Leaver-Fay et al., 2011). The
final alignment used for production of AzgA structural models,
shown in Fig. S2, was obtained by HHsearch (Séding, 2005)
and modified manually on the basis of the multiple alignment
of selected AzgA-like sequences shown in Fig. S3. The full-
length sequence of AzgA from A. nidulans was submitted to
TOPCONS meta-server (Bernsel et al., 2009) for consensus
membrane protein topology prediction. A total of 10257
models of AzgA residues 21-502 were constructed in total
using the Rosetta threading protocol with the membrane spe-
cific scoring function terms (Yarov-Yarovoy et al., 2006; Barth
et al., 2007; 2009). The secondary structure of the protein, as
predicted by SAM server (Karplus, 2009), as well as the
consensus membrane protein topology prediction made by
TOPCONS meta-server, were also taken into account in the
form of restraints during model construction. 3-mer and 9-mer
peptide fragments for modelling were created locally using
the SAM-predicted secondary structure of AzgA. Unfolded
and broken structures were excluded by retaining only the
90% top-scores models (9230). A random model among them
was superimposed on the crystal structure of UraA using the
combinatorial extension (CE) algorithm (Shindyalov and
Bourne, 1998), and the putative substrate binding cavity of
AzgA was determined by selecting every residue that was
poised within 8 A from uracil ligand. A trajectory was assem-
bled from the 9230 models and was clustered with
GROMACS Tools v4.6.1 (Pronk et al., 2013) using the back-
bone heavy atoms of the putative substrate binding pocket.
The algorithm used for clustering was ‘gromos’ and the cut-off
used was 1 A, which produced 2095 clusters in total. Only 89

clusters encompassed 10 or more models and those were
retained for further analysis.

Docking and rescoring

The medoid structures of the 89 largest clusters were super-
imposed on UraA X-ray structure using the backbone heavy
atoms of the putative substrate binding cavity. Then a search
volume box for docking with Vina (Trott and Olson, 2010) was
defined centred at uracil with dimensions 17 x21 x 21 in
Angstroms. Side-chains of residues within 7 A of uracil were
left flexible during docking of the 12 substrates for which
accurate K; values existed (Goudela et al., 2006). The whole
setup was conducted in Pymol with the Computer-aided drug
design platform (Lill and Danielson, 2011). Subsequently all
the poses generated with Vina were rescored with NNscore1
(Durrant and McCammon, 2010) and NNscore2 (Durrant and
McCammon, 2011b) as well as DSX (Neudert and Klebe,
2011) programs. That procedure yielded 47 different scoring
schemes for each of the 89 cluster medoid structures.
Approximate free energies of binding were calculated from
the experimental K values using the following formula:

6
E:—R*T*In(gj
Ki

where R=T was set to 0.5957632602.

The 12 substrates were ranked according to their binding
affinity using their docking scores, therefore 47 different rank-
ings were produced (one for each scoring scheme) for each
of the 89 cluster medoid structures. For each ranking we
calculated the statistic termed top-down concordance (Iman
and Conover, 1987; Teles, 2012), which quantifies the agree-
ment between raters (in this case a particular scoring scheme
and the experimental measurements), by emphasizing more
on the lowest ranks (namely the most potent substrates).

— 1 S 2 2
= w8y (ZR Y *”)
where M is the number of groups of ratings (2 in our case); n
the number of items ranked (12 in our case) and R;is the sum
of the Savage scores (Savage, 1956), across the M groups,
at rank position i; S; is Savage score 1. For a given sample
size n, the " Savage score is:

Thus, for example, if n=4, then S1=11+1/2+1/3+
1/4=2.083, S2=1/2+1/3+1/4=1.083, S3=1/3+1/4=
0.583, and S4 =1/4=0.250. If there are tied ranks (two or
more substrates with identical docking scores or estimated
free energies), then we used the mean of the Savage scores
for the positions of the tied data. For example, if n=4 and
ranks 2 and 3 were tied then we use (1.083 + 0.583)/
2 =0.833 for both S2 and S3.

The top-down concordance coefficient ranges between 0
and 1 (the higher the better) and its significance (P-value) can
be found in the table for N=12 (p. 23) in Iman (1987).

The validity of the cluster medoids was assessed according
to their highest top-down concordance values and by visual

© 2014 John Wiley & Sons Ltd, Molecular Microbiology



inspection of the docking poses with Binana (Durrant and
McCammon, 2011a). The selected best docking poses of
hypoxanthine, adenine and guanine were further subjected to
fully flexible receptor docking calculation performed using the
Low-Mode/Monte Carlo (LMCS) protocol implemented in
Macromodel 9.9 (Suite 2012: MacroModel, version 9.9,
Schrédinger, LLC, New York, NY, 2012). The LMCS protocol
encompasses 1000 step search of the mixed Monte Carlo/Low
Mode (MC/LMOD) search algorithm with a ratio of 0.3 and
OPLS-2005* force field. A distance-dependent dielectric ‘con-
stant’ of 4rwas used. All residues within 6.0 A from the ligand
were allowed to move freely, all residues within 4.0 A from the
freely moving atoms were treated as fixed using a 100 kJ mol™
A2 force constant and the remaining residues were treated as
‘frozen atoms’. After each successful run the complex was
minimized using the TNCG algorithm (rmsG < 0.01 kJ mol™
A~"). Unique conformations were stored only if they were within
the lowest 50 kJ mol™.

Molecular dynamic simulations and trajectory analysis

For the MD simulations Desmond v.3 software was imple-
mented (Desmond Molecular Dynamics System, version 3.0,
D. E. Shaw Research, NY). The system was prepared by
embedding the protein in a POPC lipid bilayer, solvating the
membrane by TIP3P explicit water, neutralizing with counter
ions and adding 150 mM salt and subsequently following the
stepwise equilibration protocol as developed by Desmond for
membrane proteins. A200 ns simulation was performed in the
NPT ensemble with Langevin thermostat and barostat and
semi isotropic pressure restraints for each of the three sub-
strates studied (adenine, hypoxanthine and guanine). The
H-bond frequencies were calculated with VMD 1.9 (Humphrey
et al., 1996) using a distance cut-off of 3.5 A and angle cut-off
of 30°. The electrostatic potential distribution was calculated
with APBSmem (Baker et al., 2001; Callenberg et al., 2010),
upon Gasteiger charge assignment with PDB2PQR (Dolinsky
et al., 2004; 2007). The dielectric constants for the protein and
the lipid tails were set to 2, whereas for the solvent and lipid
headgroups to 80. Images were created with PyMOL
[The PyMOL Molecular Graphics System, Version 1.5.0.4
Schrédinger, LLC] and UCSF Chimera 1.8 (Pettersen et al.,
2004), and the videos with UCSF Chimera and VMD 1.9.

Computational solvent mapping

Possible hydration sites of the protein—ligand complex were
identified using both the water densities derived from the MD
trajectories, as well as the SZMAP application. Average water,
Na*, CI and ligand densities were calculated from the 200 ns
trajectories with Amber Tools 13 (Case et al., 2012) using a
grid spacing of 0.5 A. The SZMAP protocol was the following:
first pch application was run to assign partial charges and radii
and split protein and ligand files. After, SZMAP application was
run using stabilization protocol: calculations for complex, apo
and ligand grids were run and then further processed to yield
(complex-apo-ligand) stabilization grids, describing where
water is stabilized or destabilized the binding reaction. For
every grid point szmap places one explicit water, then treats
the rest as a continuum and samples the water orientations.

© 2014 John Wiley & Sons Ltd, Molecular Microbiology
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Media, strains, growth conditions and
transformation genetics

Standard complete and minimal media (MM) for A. nidulans
were used. Media and supplemented auxotrophies were at the
concentrations given in http://www.fgsc.net. Nitrogen sources
were used at the final concentrations: urea 5 mM, NaNO; 10
mM, purines 0.5 mM. E. coli was grown on Luria-Bertani
medium. Media and chemical reagents were obtained from
Sigma-Aldrich (Life Science Chemilab SA, Hellas) or Appli-
Chem (Bioline Scientific SA, Hellas). Transformations were
performed as described previously (Koukaki et al., 2003). A
single-copy plasmid integration of the AzgA served as a stand-
ard wild type control. A azgAA uapAA uapCA::AfpyrG argB2
pabaA1 mutant strain (Vlanti et al., 2006) was the recipient
strain in transformations with the plasmids carrying the mutant
AzgA alleles. As a negative control a transformant with an
empty vector was used. These vectors allow selection of
transformants based on arginine (argB2) auxotrophy comple-
mentation. Transformants expressing intact azgA—gfp alleles,
through either single-copy or multicopy plasmid integration
events, were identified by PCR and Southern analysis. Single
copy transformants were selected for further work, and when
necessary multicopy transformants were used for the kinetic
analysis of the mutants with very low uptake rate. Growth tests
were performed at 32°C, pH 6.8.

Plasmid constructions and AzgA mutations

The plasmid used is a modified pBluescript KS(+) vector
(Stratagene) carrying the azgA gene fused C-terminally with
the gfp gene, as well as, the argB gene as a selection marker.
The argB gene was cloned in the Sall site of the pBluescript
multicloning site and the azgA gene (orf and regulatory
sequences) was amplified from A. nidulans genome locus and
cloned in the BamHI position of the multicloning site. PCR
mutagenesis was used to destroy the Xbal site of the multi-
cloning site and replace the azgA stop codon with a Xbal
restriction site. Finally, gfp was amplified with Xbal extensions
and cloned in frame at the end of the azgA orf. This plasmid
was used for the creation of the mutant alleles of azgA.
Mutations were constructed by site-directed mutagenesis
according to the instructions accompanying the Quik-Change®
Site-Directed Mutagenesis Kit (Stratagene) on the above
vectors and were confirmed by sequencing. Oligonucleotides
used for cloning and site-directed mutagenesis purposes are
listed in Table S5.

Standard nucleic acid manipulations

Genomic DNA extraction from A. nidulans was as described in
http://www.fgsc.net. Plasmid preparation from E. coli strains
and DNA bands were purified from agarose gels were done
with the Nucleospin Plasmid kit and the Nucleospin Extractll
kit according to the manufacturer’s instructions (Macherey-
Nagel, Lab Supplies Scientific SA, Hellas). Southern blot
analysis was performed as described in Sambrook et al.
(1989). #P-dCTP labelled molecules used as azgA or argB
specific probes were prepared using a random hexanucleotide
primer kit following the supplier’s instructions (Takara Bio, Lab
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Supplies Scientific SA, Hellas) and purified on MicroSpin™
S-200 HR columns, following the supplier's instructions
(Roche Diagnostics, Hellas). Labelled *P-dCTP (3000 Ci
mmol-') was purchased from the Institute of Isotops Co. Ltd,
Miklés, Hungary. Restriction enzymes were from Takara Bio
(Lab Supplies Scientific SA, Hellas). Conventional PCR reac-
tions were done with KAPATag DNA polymerase (Kapa Bio-
systems, Lab Supplies Scientific SA, Hellas). Cloning and
amplification of products were done with Kapa HiFi (Kapa
Biosystems, Lab Supplies Scientific SA, Hellas.

Total protein extraction and western blot analysis

Cultures for total protein extraction were grown in MM sup-
plemented with nitrate at 32°C for 14 h. Total protein extrac-
tion was performed as previously described (Karachaliou
et al., 2013). Equal sample loading was estimated by Brad-
ford assays and Coomasie staining. Total proteins (30 ug)
were separated by SDS-PAGE (10% w/v polyacrylamide gel)
and electroblotted (Mini PROTEAN™ Tetra Cell, BIORAD)
onto PVDF membranes (Macherey-Nagel, Lab Supplies Sci-
entific SA, Hellas) for immunodetection. The membrane was
treated with 2% (w/v) non fat dry milk and immunodetection
was performed with a primary mouse anti-GFP monoclonal
antibody (Roche Diagnostics, Hellas) or a mouse anti-actin
monoclonal (C4) antibody (MP Biomedicals Europe, Lab
Supplies Scientific SA, Hellas) and a secondary goat anti-
mouse IgG HRP-linked antibody (Cell Signaling Technology
Inc., Bioline Scientific SA, Hellas). Blots were developed by
the chemiluminescent method using the LumiSensor Chemi-
luminescent HRP Substrate kit (Genscript USA, Lab Supplies
Scientific SA, Hellas) and SuperRX Fuji medical X-Ray films
(FujiFILM Europe, Lab Supplies Scientific SA, Hellas). Den-
sitometry analysis of AzgA—GFP and actin-specific bands
was performed using the Imaged software. The relative
density of the AzgA-GFP double band was quantified and
normalized by dividing with the respective actin-band density.

Kinetic analysis

[*H]-hypoxanthine (19.6—-33.4 Ci mmol™', Moravek Biochemi-
cals, CA, USA) uptake in MM was assayed in germinating
conidiospores of A. nidulans concentrated at 107 conidi-
ospores/100 ul, at 32°C, pH 6.8, as previously described
(Cecchetto et al., 2004; Papageorgiou et al., 2008). Initial
velocities were measured at 1 min of incubation with concen-
trations of 0.2-2.0 uM of [*H]-hypoxanthine at the polarity
maintenance stage (3—-4h, 130 rpm). K, values were
obtained directly by performing and analysing uptakes (Prism
3.02: GraphPad Software), using labelled hypoxanthine at
0.2-0.5 uM, or at various concentrations (0.5-2000 uM) of
non-labelled substrates. K; values were calculated by satisfy-
ing the criteria for use of the Cheng and Prusoff equation
Ki=ICso/(1 + (L/Ky)), in which Lis the permeant concentration.
IC5, values were determined from full dose—response curves
and in all cases the Hill coefficient was close to —1, consistent
with the presence of one binding site. Reactions were termi-
nated with addition of equal volumes of ice-cold MM containing
1000-fold excess of non-radiolabelled substrate. Background
uptake values were corrected by subtracting either values

measured in the deleted mutants or values obtained in the
simultaneous presence of 1000-fold excess of non-
radiolabelled substrate. Both approaches led to the same
background uptake level, not exceeding 10—15% of the total
counts obtained in wild-type strains. All transport assays were
carried out in at least three independent experiments, with
three replicates for each concentration or time point. Standard
deviation was < 20%.

Epifluorescence microscopy

Samples for fluorescence microscopy were prepared as pre-
viously described (Karachaliou et al.,, 2013). In brief, ger-
mlings grown in 35 mm Petri dish (WillCo-dish®, Series
GWSt-3512) in liquid MM supplemented with NaNO; as nitro-
gen source for 12-14 h at 32°C, were observed on a Zeiss
Axio Observer Z1 inverted epi-fluorescent microscope and
the resulting images were acquired with an AxioCamMR3
digital camera using the Zen 2012 software. Image process-
ing, contrast adjustment and colour combining were made
using the Adobe Photoshop CS4 Extended version 11.0.2
software or the ImagedJ software. Images were converted to
RGB and annotated using Photoshop CS4 before being
saved to TIFF.

Phylogenetic analysis

The AzgA protein sequence was used as an in silico probe to
search, using standard blastp, for similar sequences in the
non-redundant protein sequence database (http:/blast
.ncbi.nim.nih.gov/Blast.cgi) and in specialized fungal data-
bases (http://www.aspgd.org/; http://genome.jgi.doe.gov/
programs/fungi/index.jsf). Multiple sequence alignments were
built at either http:/multalin.toulouse.inra.fr/multalin/ or http://
www.ebi.ac.uk/Tools/msa/muscle/. Phylogenetic analysis and
evolutionary tree construction was made at http:/www
.phylogeny.fr/, using PhyML 3.0 and TreeDyn 198.3 respec-
tively (Dereeper et al., 2008).
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The Nucleobase-Ascorbate Transporter (NAT) family includes members in nearly all domains of life.
Functionally characterized NAT transporters from bacteria, fungi, plants and mammals are ion-coupled
symporters specific for the uptake of purines, pyrimidines and related analogues. The characterized
mammalian NATs are specific for the uptake of L-ascorbic acid. In this work we identify in silico a group
of fungal putative transporters, named UapD-like proteins, which represent a novel NAT subfamily. To

Key yvords: understand the function and specificity of UapD proteins, we cloned and functionally characterized the
E]ljlrr:nie two Aspergillus brasiliensis NAT members (named AbUapC and AbUapD) by heterologous expression in
Phylgogeny Aspergillus nidulans. AbUapC represents canonical NATs (UapC or UapA), while AbUapD represents the
Pseudogene new subfamily. AbUapC is a high-affinity, high-capacity, H"/xanthine-uric acid transporter, which can
Specificity also recognize other purines with very low affinity. No apparent transport function could be detected

for AbUapD. GFP-tagging showed that, unlike AbUapC which is localized in the plasma membrane,
AbUapD is ER-retained and degraded in the vacuoles, a characteristic of misfolded proteins. Chimeric
UapA/AbUapD molecules are also turned-over in the vacuole, suggesting that UapD includes intrinsic
peptidic sequences leading to misfolding. The possible evolutionary implication of such conserved, but
inactive proteins is discussed.

© 2015 Published by Elsevier Inc.

1. Introduction

The ubiquitous Nucleobase-Ascorbate Transporter (NAT) family,
also known as the Nucleobase-Cation Symporter 2 (NCS2) family,
includes thousands of putative members in nearly all organisms
in almost every phylum (Diallinas and Gournas, 2008;
Papageorgiou et al., 2008; Frillingos, 2012). NAT proteins share
14 a-helical hydrophobic transmembrane segments (TMS) and
cytoplasmic N- and C-terminal regions, as well as, significant over-
all amino acid sequence identity (>24% among bacteria, fungi,
plants or mammals) and conserved motifs. The two most
conserved motifs, located in TMS1 (GIn-His) and TMS10 (Gln/
Glu/Pro-Asn-X-Gly-X4-Thr-Arg/Lys/Gly), serve as additional diag-
nostic criteria for NAT transporters. These motifs are part of the
substrate-binding site of NATs (Amillis et al., 2011; Karena and
Frillingos, 2011; Kosti et al., 2012)

* Corresponding author. Fax: +30 (210)7274702.
E-mail address: diallina@biol.uoa.gr (G. Diallinas).

http://dx.doi.org/10.1016/j.fgb.2015.01.009
1087-1845/© 2015 Published by Elsevier Inc.

Approximately 20 members of the NAT family have been func-
tionally characterized to date (see Frillingos, 2012). Most of these
are H* (bacteria, fungi, plants) or Na* (mammals) coupled symport-
ers specific for the cellular uptake of xanthine, uric acid or uracil, and
related analogues or drugs. Interestingly, in primates, NATs are
solely specific for L-ascorbic acid (vitamin C) transport. Structure—
function relationships of two NAT proteins, UapA from the ascomy-
cete Aspergillus nidulans (Diallinas et al., 1998; Meintanis et al., 2000;
Koukaki et al.,2005; Vlanti et al., 2006; Pantazopoulou and Diallinas,
2007; Papageorgiou et al., 2008; Kosti et al., 2010; Amillis et al.,
2011) and XanQ from Escherichia coli (Georgopoulou et al., 2010;
Mermelekas et al., 2010; Frillingos, 2012) have been studied in great
detail. These studies have led to the identification of amino acids
critical for substrate recognition and transport. The publication of
the first crystal structure of a bacterial NAT member in 2011, the
uracil transporter UraA from E. coli (Lu et al., 2011), together with
genetic and biochemical studies in UapA and XanQ, led to a coherent
view concerning structure-function relationships in NATs. An
important novel concept arising from the studies on UapA is that
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substrate specificity is not solely determined by the major substrate
binding site, but also by the functioning of channel-like gating
domains (Diallinas, 2008, 2014). These gates are present at the
outward- and inward-facing sides of the transporters and their
apparent role is to open and close upon substrate binding and
release (Papageorgiou et al., 2008; Kosti et al., 2010). The opening
and closing of the gates is probably substrate-selective, but this issue
remains to be shown (Diallinas, 2014). The possible a priori predic-
tion of transporter specificity by in silico analyses is a vexing ques-
tion. The work on NAT proteins has provided some valuable
answers to this problem. However, as gating domains are not very
conserved and function with different mechanisms in different
transporters (Kazmier et al., 2014; Penmatsa and Gouaux, 2014;
Simmons et al., 2014), predictions on substrate specificity are not
straightforward. In addition, specificities can also arise through con-
vergent evolution, which complicates predictions based on primary
amino acid sequences and phylogenetic analyses. This is particularly
evident in another nucleobase transporter family, NCS1 (Hamari
et al., 2009).

In this work we describe the in silico identification and study of
a sub-family of NATs showing a patchy distribution in fungi. This
sub-family, called UapD, shows 45-47% identity with canonical
fungal NATs, which have significantly higher similarity among
themselves (>55%). Most importantly, the UapD-like proteins do
not conserve the specific amino acid residues involved in purine
or pyrimidine binding and transport, present in all other NATs.
To understand the function and substrate specificity of the UapD
group, we cloned and functionally characterized by heterologous
expression in A. nidulans the two Aspergillus brasiliensis NAT pro-
teins, one of which is similar to canonical NATs (named AbUapC)
while the other represents the UapD group (AbUapD). While one
of the homologues functions as a canonical NAT transporter,
AbUapD is an intrinsically misfolded non-functional protein. The
possible evolutionary implication of such conserved but inactive
proteins will be discussed.

2. Materials and methods
2.1. Phylogenetic analysis

Fungal genomes currently present at NCBI, JGI (Nordberg et al.,
2014; Grigoriev et al., 2012) and AspGD (Cerqueira et al., 2013)
were searched for NAT sequences using blastp and tblastn. The A.
nidulans UapC sequence (Uniprot ID: P48777) was used as the in
silico probe. Selected NATs from all major taxa of dikarya and NATs
of known function from all organisms were used to construct a
phylogenetic tree (the species included in the phylogenetic trees
are shown in Supplementary Table S1). Multiple sequence align-
ment was performed with MAFFT (Katoh and Standley, 2013),
curation of the alignment with BMGE (Criscuolo and Gribaldo,
2010) and phylogenetic analysis with PhyML (Guindon et al.,
2010). Trees drawn with FigTree v1.4.0 (http://tree.bio.ed.ac.uk/
software/figtree/).

2.2. Media, strains, plasmids, growth conditions and A. nidulans
transformation

Standard complete and minimal media (MM) for A. nidulans
were used. Media and supplemented auxotrophies were at the
concentrations given in http://www.fgsc.net. Nitrogen sources
and analogues were used at the final concentrations: NaNO;
(NO3) 10 mM, purines 0.5 mM, xanthine (XA) 1 mM and oxypuri-
nol (OX) 100 uM. Media and chemical reagents were obtained from
Sigma-Aldrich (Life Science Chemilab SA, Hellas) or AppliChem
(Bioline Scientific SA, Hellas). A. nidulans transformation was

performed as in Koukaki et al., 2003. A AuapA AuapC::AfpyrG
AazgA pabaAl argB2 mutant, named AACZ (Pantazopoulou et al.,
2007), was the recipient strain in transformations with plasmids
carrying the AbuapC and AbuapD genes. Selection was based on
complementation of arginine auxotrophy argB2. AbuapC and
AbuapD were amplified from A. brasiliensis genomic DNA and
cloned in a modified pBluescript vector containing 5 and 3’ uapA
regulatory regions and the argB gene as a genetic marker. The
vector also contained the gfp open reading frame cloned in frame
at the C-terminal region of AbuapC and AbuapD genes. Similar
vectors without the gfp orf or with the gfp orf cloned in frame at
the N-terminal region of AbuapD or chimeric versions with uapA
and AbuapD, were also used. Strains and primers used in this study
are shown in Tables 1 and 2, respectively. Transformants express-
ing intact alleles, through either single-copy or multi-copy plasmid
integration events, were identified by PCR and Southern analysis.
All shown strains are single-copy transformants. Growth tests
were performed at 37 °C or 25 °C, at pH 6.8, for both A. nidulans
and A. brasiliensis.

2.3. Standard nucleic acid manipulations

A. nidulans and A. brasiliensis DNA extraction was as described in
http://www.fgsc.net. Plasmid preparation and purification, and
purification of DNA fragments from agarose gels, was performed
with the Nucleospin Plasmid kit and the Nucleospin Extractll kit
(Macherey-Nagel, Lab Supplies Scientific SA, Hellas). Southern blot
analysis was performed as described in Sambrook et al., 1989.
Conventional PCR reactions were performed with KAPATaq DNA
polymerase (Kapa Biosystems, Lab Supplies Scientific SA, Hellas).
Cloning and amplification of products were performed with Kapa
HiFi (Kapa Biosystems, Lab Supplies Scientific SA, Hellas).

2.4. Transport assays and Epifluorescence microscopy

[*H]-xanthine (22.8 Ci mmol~!, Moravek Biochemicals, CA, USA)
assays were performed at 37°C and pH 6.8, in germinating
conidiospores of A. nidulans as recently described in detail in
Krypotou and Diallinas (2014). Epifluorescence microscopy was
as previously described (Gournas et al., 2010; Karachaliou et al.,
2013).

3. Results and discussion

3.1. Phylogenetic analysis revealed a previously unknown NAT sub-
family: the UapD group

Currently known fungal NATs are named UapA or UapC, based
on their phylogenetic relationship to the A. nidulans UapA and
UapC transporters, which have been rigorously analyzed with
respect to their function and specificity (Goudela et al., 2005;
Krypotou and Diallinas, 2014). A UapC protein from Aspergillus
fumigatus has also been kinetically characterized (Goudela et al.,
2008). The major distinction between UapA- and UapC-like pro-
teins is that the former are specific for the high-affinity binding
and transport of both uric acid and xanthine, whereas the latter
are more promiscuous, recognizing xanthine with high affinity,
uric acid with moderate affinity, and several other purines with
very low affinity.

We used the A. nidulans UapC transporter sequence as an in
silico probe to search for all fungal NAT sequences. NAT sequences
were ubiquitously found in dikarya, but showed a limited and pat-
chy distribution in more primitive fungi (data not shown). Fig. 1
shows an evolutionary tree in a cartoon form of selected proteins
showing significant similarity to known NATs (UapC/UapA) of
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Table 1
Strains used in this study.

Strain name Genotype (Reference)

wt pabaA1 (FGSC)

AACZ AuapA AuapC::AfpyrG AazgA pabaAl argB2 (Pantazopoulou et al., 2007)

UapA-GFP uapA-GFP-argB AuapA AuapC::AfpyrG AazgA pabaAl (Pantazopoulou et al., 2007)
UapC-GFP uapC-GFP-argB AuapA AuapC::AfpyrG AazgA pabaAl argB2 (Pantazopoulou et al., 2007)
AbUapD AbuapD-argB™ AuapA AuapC::AfpyrG AazgA pabaAl argB2 (This study)

AbUapC-GFP AbuapC-GFP-argB™ AuapA AuapC::AfpyrG AazgA pabaAl argB2 (This study)
AbUapD-GFP AbuapD-GFP-argB AuapA AuapC::AfpyrG AazgA pabaAl argB2 (This study)
GFP-AbUapD GFP-AbuapD-argB™ AuapA AuapC::AfpyrG AazgA pabaAl argB2 (This study)
AbuapD-A-GFP AbuapD-A-GFP-argB  AuapA AuapC::AfpyrG AazgA pabaAl argB2 (This study)

ADA-GFP ADA-GFP-argB™ AuapA AuapC::AfpyrG AazgA pabaAl argB2 (This study)

CBS101740 Aspergillus brasiliensis (A gift from the Fungal Biodiversity Centre Institute of the Royal Netherlands Academy of Arts and Sciences (KNAW))

" For plasmid constructions see Section 2.

Table 2
Oligonucleotides used in this study. Restriction sites are in bold.

Primer name Sequence 5-3'

AbuapC FOR GCGAGATCTACCTGACCAGATAGGCCCG
AbuapC REV GCGACTAGTGCACTCGAGGGCTCGC

AbuapD FOR GCGCTGCAGATGGAGTCCAAGTCTAGCCC
AbuapD REV GCGTCTAGATCAAGGCAACACTGTATCCACCTTC

AbuapD NS REV
AbuapD-NO-CT REV
uapAct FOR
AbuapD ADA FOR
AbuapD ADA REV
GFP FOR

GFP NS REV

GCGTCTAGAGGCAACACTGTATCCACCTTC
CGCCTGCAGGCAACAACAAATTCAACAACACCCC
GCGCTGCAGAAGTCGAAGAGATCGGTG
GCGCCTGCAGCAACAGGCTACTGGTCTCGC
GCGCCTGCAGCGAATTTACCGAAGATGCCC
CGCCTGCAGATGGTGAGCAAGGGCGAGG
CGCCTGCAGCTTGTACAGCTCGTCCATGCC

dikaryotic fungi. All NAT sequences found and used for the phylo-
genetic analysis are shown in Supplementary Fig. S1. The tree can
be divided in two major clades, one including the canonical NATs
(UapA- and UapC-like and similar sequences) and a clade not
previously identified, which we called UapD. The term canonical
is used here to describe NAT sequences fulfilling the following cri-
teria: (i) >55% identity with the functionally characterized UapA
and UapC transporters of A. nidulans and A. fumigatus, (ii) the pres-
ence of conserved motifs and specific amino acid residues shown
to be necessary for purine or pyrimidine binding and transport,
as identified through genetic, biochemical, structural and modeling
studies on UapA and bacterial homologues, and (iii) conservation,
throughout dikarya (with the exception that post-whole genome
duplication members of the Saccharomycetales have lost NATs
altogether). The UapD sequences do not satisfy any of these
criteria.

The major group of canonical NATs includes the UapC-like
homologues (with identities of 74-91.4%), present in nearly all
fungi and duplicated in some. A. nidulans has both UapA and UapC
transporters. A UapA-like paralogue is present in Aspergillus
zonatus, but absent from both Aspergillus versicolor and Aspergillus
sydowii, which are closely related to A. nidulans. Neurospora crassa
has a UapA-like transporter, as evidenced both by the present phy-
logenetic analysis and older biochemical assays (Tsao and Marzluf,
1976). The functional analysis of the Candida albicans NAT trans-
porter (Xutl) shows intermediate characteristics of UapA and
UapC (Goudela et al., 2005), which is in line with its phylogenetic
position.

UapD proteins show patchy conservation in ascomycetes and
are absent from basidiomycetes, suggestive of significant evolu-
tionary losses. UapDs are also absent from non-dikaryotic fungi
and non-fungal organisms. UapD sequences show 45.5-47.8%
identity with UapC and UapA, but most importantly do not
conserve residues necessary for purine or pyrimidine binding
(see below). UapD-like proteins share 60-96% identity among
themselves, depending on the evolutionary distance of the relevant

species in binary comparisons. The UapD clade seems to be ances-
tral, as it has homologues in fungi as divergent as Aspergilli and
Tuber melanosporum (black truffle), a basal species of the Pezizo-
mycotina. It is also present in Kuraishia capsulata, a non-basal
member of the Saccharomycotina (Morales et al., 2013), where
an orthologue of the characterized Xut1 of C. albicans is also pres-
ent (Goudela et al., 2005) (Fig. 1 and Supplementary Fig. S1). In
Aspergillus species, UapD genes are syntenic and the six full-length
genes have 3-4 introns in well-conserved positions (results not
shown). A partial UapD-like sequence is found in Aspergillus terreus,
which seems to represent a putative pseudogene. The full-length
UapD proteins are predicted to have 14 TMSs, similar to canonical
NATs, as shown by homology modeling (results not shown).

3.2. UapD does not conserve amino acid residues involved in
nucleobase binding and transport

We compared the UapD primary sequences with those of UapC
and UapA in order to detect similarities and differences in specific
amino acid residues known to be involved in substrate binding and
transport, or in other elements involved in specificity. Fig. 2 high-
lights our findings. Unlike all canonical NATs, which have been
shown to be nucleobase transporters, UapD does not conserve
the two major residues, a Glu in TMS8 and a GIn/Glu at TMS10,
which are involved in strong H bond interactions with substrates.
In canonical NATs, these two residues are irreplaceable for function
in all cases tested (e.g. UapA, XanQ, UraA). In UapD, the analogous

residues are replaced by Ser/Leu/Val and Gly/Ala, respectively
(underlined residues depict most frequent replacements). In addi-
tion, UapD has some major differences when compared to UapA
and UapC in a number of residues supposed to be within bonding
distance from the putative substrate-binding site. For example, a
well-conserved Phe/Tyr/Ser in TMS10, which has been shown to
be critical for substrate specificity in UapA (Phe?®; Kosti et al.,

2010), is replaced by GIn/His in UapD sequences. On the other
hand, UapDs conserve some essential elements of the NAT family.
They possess an intact Gln-His motif in TMS1 and an Asp in TMSS8,
which have been shown to be necessary for transport activity in
UapA and XanQ. They also conserve residues shown to be elements
of selective gates located in TMS13 (inward-facing gate) and
TMS14 (outward-facing gate) of UapA. Importantly however, none
of the conserved residues are directly involved in substrate bind-
ing. Overall, our analysis predicts that UapD cannot recognize pur-
ines, pyrimidines or ascorbic acid, as none of the necessary
residues for this latter activity are conserved (Kosti et al., 2012).
The N-terminal region of UapD proteins is highly similar to canon-
ical NATs. This region is essential for translocation and exit from the ER
and also affects the turnover of UapA, and probably of other NATs
(M. Evangelinos, S. Amillis and G. Diallinas, unpublished). In particular
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Fig. 1. Maximum Likelihood Phylogenetic rooted tree of selected fungal NAT proteins in cartoon form. A more comprehensive tree is shown in Supplementary Fig. S1. The
functionally characterized proteins are in red lettering. The cartoons comprising major clades are color coded as: Pezimycotina: UapC-like, blue; UapA-like, red; UapD-like,
green; Saccharomycotina: purple; Basidiomycetes: pink; Bacterial NATs: yellow; Mammalian NATs: cyan. The branches of the single members included from the
Taphrinomycotina (S. pombe) and Plants (A. thaliana) respectively are in black. The only UapD paralogue within the Saccharomycotina (K.capsulata_584391391) is also
included in the UapD (green) cartoon representation. The full names of species can be found in Supplementary Table S1. The protein IDs are as in JGI or NCBI, except for the
previously characterized homologues which are indicated by their published names. Uniprot IDs for the characterized proteins shown are: UapA: Q07307; UapC: P48777; A.
fumigatus_UapC: Q4WGRO; Xut1: Q5BN32; Lpel: Q41760; UraA: POAGM7; XanQ: P67444; XanP: POAGM9; SVCT1: Q9UHI7; SVCT2: QOUGH3; SNBT1: D2KX48. Alignment
carried out with MAFFT, G-INS-i with Blosum62 scoring matrix, curation with BMGE 1.0 with default parameters, phylogenetic tree with PhyML with default parameters,
redrawn with FigTree. The digits at the nodes indicate aLTR (Approximate Likelihood-Ratio Test values, Anisimova and Gascuel, 2006). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

an absolutely conserved Asp-Tyr-Asp-Tyr motif, also present in the
UapD clade, in the middle of the N-terminal region has been shown
to be necessary for UapA membrane trafficking and turnover. Thus,
UapD seems to possess the proper signals for secretion toward the
plasma membrane. On the other hand, the C-terminal regions of
UapDs, which are approximately 10 amino acid residues long, are
significantly shorter than those of canonical NATs and in this regard
are more akin to bacterial homologues. The C-terminal region of
UapA has been shown to be essential for ubiquitination, internaliza-
tion from the plasma membrane and vacuolar turnover in response
to endocytic signals, such as the presence of ammonium or excess
substrate (Gournas et al., 2010; Karachaliou et al., 2013). In fact,
removal of the entire C-terminal region of UapA stabilizes the
protein in the plasma membrane (Gournas et al., 2010). Thus, these
observations suggested that UapD might be a transporter that can be
normally sorted and stay stably localized in the plasma membrane.
As will be shown in this work, this is not the case (see below).

3.3. Expression of the two A. brasiliensis NAT/NCS2 homologues in A.
nidulans

To investigate the function of UapD-like proteins, we cloned
and functionally analyzed the UapD from A. brasiliensis (AbUapD)

by heterologous expression in A. nidulans. We also cloned and stud-
ied the putative UapC transporter from the same species (AbUapC)
as a control.

We constructed plasmid-borne GFP-tagged AbuapD and AbuapC
fusions, driven by the well-studied A. nidulans uapA promoter
(Gorfinkiel et al., 1993). Given our previous experience with uapC
from A. nidulans (Krypotou and Diallinas, 2014) we expected the
AbUapC-GFP fusion to be fully active. In fact, this fusion comple-
ments a AuapA AuapC AazgA deletion mutant strain, allowing
growth on xanthine and uric acid and resulting in sensitivity to
oxypurinol. In addition, AbUapC-GFP shows the expected subcellu-
lar localization in the plasma membrane and septa, and very little
association with vacuoles (Fig. 3A). As we could not know a priori if
and how a GFP fusion affects the folding of AbUapD, three con-
structions all driven by the uapA promoter were tested, namely
uapA,-AbuapD, uapA,-gfp-AbuapD, uapAp-AbuapD-gfp. In no case
was complementation of the AuapA AuapC AazgA phenotype
observed. Neither the amino terminal nor the carboxy terminal
GFP fusions localize at the membrane, but instead in intracellular
structures identified as the perinuclear endoplasmic reticulum
(ER) and vacuoles (Fig. 3B). These results are consistent with the
absence of complementation of the growth phenotype of the
AuapA AuapC AazgA strain by AbUapD expression, as correct
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Fig. 2. Sequence alignment of selected NAT homologues. The sequences shown are: AbUapC, AbUapD (A. brasiliensis); UapA, UapC (A. nidulans); Lpel (Arabidopsis thaliana);
UraA, XanQ (E. coli); SVCT1 (Homo sapiens); SNBT1 (Rattus norvegicus); for protein IDs see Fig. 1. Predicted transmembrane segments (TMS) for UapA are denoted with
rectangles and TMSs forming short b-sheets are shown with horizontal arrows (Kosti et al., 2012). Residues of the NAT signature motif varying in UapD-like proteins are
shown with vertical arrows. Invariant and highly conserved amino acids are shaded in red and blue-lined boxes, respectively. Absolutely conserved amino acids are in red
shaded boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (A) Left panel: Growth test of selected transformants expressing AbUapC-GFP and AbUapD-GFP. A wild type strain (wt), an isogenic negative control (AACZ), and
isogenic strains expressing UapA-GFP or UapC-GFP are also shown. Right panel: Microscopic analysis for GFP-detection in strains shown in the growth test. (B) Microscopic
analysis of the strain expressing AbUapD-GFP. In the upper panel perinuclear ER rings (arrowheads) were identified by nuclear staining with Hoechst 33342 dye. In the lower
panel vacuoles (arrows) were identified by staining with CMAC dye. Conidiospores were inoculated in MM and grown for 16 h at 25 °C and pH 6.8 (NOs: sodium nitrate, UA:
uric acid, XA: xanthine, HX: hypoxanthine, OX: oxypurinol). In all cases (A and B), single-copy transformants are shown.

localization to the cell membrane is a necessary (but not sufficient)
condition for transporter activity.

Given that AbUapC proved to be a genuine xanthine-uric acid
transporter when expressed in A. nidulans, it is expected that it
would function similarly in A. brasiliensis. This is in line with
growth tests showing that A. brasiliensis grows similarly to A. nidu-
lans on uric acid, xanthine and hypoxanthine as sole nitrogen
sources, and shows moderate sensitivity to oxypurinol (Fig. 4).

3.4. Kinetics and specificity profile of AbUapC

To determine the kinetics and specificity profile of AbUapC we
carried out uptake assays of radiolabelled [>H]-xanthine in the A.
nidulans strain expressing AbUapC-GFP. AbUapC-mediated xan-
thine transport reaches a plateau in 2 min, similarly to most other
transporters studied so far in A. nidulans (Fig. 5A). AbUapC-medi-
ated [?H]-xanthine uptake is reduced ~70-90% in the presence of
excess (1000-fold) xanthine, uric acid, hypoxanthine, 1-, 3- or 8-
methylxanthine and ~50-30% in the presence of guanine, adenine,
6-thioxanthine, 8-azaxanthine, uracil or cytosine (Fig. 5B). Sub-
strate binding affinities and inhibition constants (Kp;) were deter-
mined for xanthine, uric acid and hypoxanthine (Fig. 5C). AbUapC

Fig. 4. Growth test of A. brasiliensis at 37 °C. (NO3: sodium nitrate, UA: uric acid, XA:
xanthine, HX: hypoxanthine, OX: oxypurinol, - : lack of any nitrogen source).

shows high affinity for xanthine (K, 23 pM), medium affinity for
uric acid (K; 160 uM) and low affinity for hypoxanthine (K;
700 uM). This profile confirms its classification as a UapC-like,
rather than a UapA-like, transporter.

3.5. AbuapD is an intrinsically misfolded protein

The partial ER-retention and vacuolar degradation of AbUapD is
typical of partially misfolded proteins. To further investigate the
reasons for AbUapD apparent instability, we constructed two
GFP-tagged, chimeric proteins, using sections of UapA. In the first
chimaera, we replaced the short C-terminal region of AbUapD with
that of UapA (named AbUapD-A). In the second case, we replaced a
sequence of A. nidulans UapA (amino acids 311-443) with the cor-
responding sequence of AbUapD (amino acids 319-451) (named
UapADA). The region replaced includes the major elements of the
substrate-binding site of canonical NATs (TMS8-TMS10). Impor-
tantly, mutations made in several residues of UapA or bacterial
NATs in this region do not affect the folding of these transporters.
It is also noteworthy that a similar chimaera made by using UapA
and UapC sequences was functional and normally localized in the
plasma membrane (Diallinas et al., 1998; Diallinas, 2013). Fig. 6
shows that both chimaeras we made herein were mainly localized
in the ER. This result strongly suggests that AbUapD contains ele-
ments leading to intrinsic misfolding and high turnover. Growth
tests in Fig. 6 confirm that these chimaeras do not confer any
apparent nucleobase transport activity.

3.6. Proto-pseudogenes or proto-neogenes? A hypothesis

It is extremely surprising to find a whole clade of UapA/UapC-
like transporters, named UapD, with specifically conserved
residues, which if the results obtained with AbUapD can be gener-
alized, show characteristics of misfolded and highly turned-over
proteins. We have recently reported that in A. nidulans, within
the Fur family of transporters, one member called FurB, shows
the same intracellular localization as AbUapD, typical of misfolded
proteins, when its expression is driven by an heterologous pro-
moter (Krypotou et al, manuscript under revision). Moreover,
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Fig. 5. Kinetic profile of AbUapC. (A) Time course of AbUapC mediated [*H]-xanthine. (B) AbUapC mediated [*H]-xanthine uptake in the presence of excess (1000-fold) of
different substrates/inhibitors. (C) Affinity and inhibition kinetic constants Ky (UM). Results are averages of at least three independent experiments in triplicate for each
concentration point. Standard deviation was <20% (UA: uric acid, XA: xanthine, GU: guanine, AD: adenine, HX: hypoxanthine, AL: allantoin, PU: purine, UR: uracil, CT:
cytosine, UD: uridine, 1mX: 1-methylxanthine, 3mX: 3-methylxanthine, 7mX: 7-methylxanthine, 8mX: 8-methylxanthine, 9mX: 9-methylxanthine, 6tX: 6-thioxanthine,
8aX: 8-azaxanthine, 7dX: 7-deazaxanthine). In all cases (A, B and C), single-copy transformants are shown.
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Fig. 6. Growth tests and microscopic analysis of the AbUapD chimeric proteins
(NO3: sodium nitrate, UA: uric acid, XA: xanthine, HX: hypoxanthine, OX:
oxypurinol). Single-copy transformants are shown.
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putative orthologues of FurB show also a pattern of patchy phylo-
genetic distribution. In addition, we have not detected transcrip-
tion of furB from its native promoter (Hamari et al., 2009; E.
Krypotou and G. Diallinas, unpublished results). We do not have
transcription data for uapD in A. brasiliensis, but no transcription
was detected for the orthologous Aspergillus niger uapD (Delmas
et al, 2012; van Munster et al., 2014). We are aware of other cases
where forced expression of transporters in E. coli (S. Frillingos, pers.
com) or Saccharomyces cerevisiae (M. Casal, pers. com) do not result
in a detectable polypeptides.

As gene duplication relaxes selection pressure and allows muta-
tional divergence of paralogues, it is to be expected that some of
these mutations could lead to partial misfolding and loss of activ-
ity. These ‘junk’ polypeptides would accumulate more mutations,
which will, usually, lead to translation stops (pseudogenes) and
eventual extinction. In fact we have detected a bona fidae uapD
pseudogene (loss of start codon, presence of several stop codons
and truncations) in Pyrenophora teres, while its orthologue in
Pyrenophora tritici, shows an open reading frame (data not shown).
AbUapD or FurB might constitute intermediate evolutionary steps
of inactive polypeptides, which will most probably, but not neces-
sarily, become extinct, and thus we might call the relevant genes as
‘proto-pseudogenes’. However, as these genes in spite of encoding
misfolded proteins show perfectly constituted open reading
frames, they could evolve toward a new functionality, and thus
could also be considered as ‘proto-neogenes’. Despite the fact that
it is generally accepted that novel function cannot arise in single
mutational steps, the fate of molecules representing intermediate
steps is usually not discussed. How long could these proto-pseudo

(neo) genes persist without a function and no selective pressure
imposed upon them? Could it be that their presence has a cryptic
function unrelated to their canonical homologues (e.g. acting as
misfolded polypeptides titrating out proteolytic mechanisms;
Adrain and Freeman, 2012; Zettl et al., 2011), or is there a conser-
vative mechanism at the DNA/chromatin level that shields them
from evolutionary extinction mechanisms?
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Summary

NCS1 proteins are H'/Na* symporters specific for the
uptake of purines, pyrimidines and related metabo-
lites. In this article, we study the origin, diversification
and substrate specificity of fungal NCS1 transporters.
We show that the two fungal NCS1 sub-families, Fur
and Fcy, and plant homologues originate through
independent horizontal transfers from prokaryotes
and that expansion by gene duplication led to the
functional diversification of fungal NCS1. We charac-
terised all Fur proteins of the model fungus Aspergil-
lus nidulans and discovered novel functions and
specificities. Homology modelling, substrate docking,
molecular dynamics and systematic mutational analy-
sis in three Fur transporters with distinct specificities
identified residues critical for function and specificity,
located within a major substrate binding site, in trans-
membrane segments TMS1, TMS3, TMS6 and TMS8.
Most importantly, we predict and confirm that residues

Accepted 22 February, 2015. *For correspondence. E-mail diallina@
biol.uoa.gr; Tel. +30(210)7274649; Fax +30(210)7274702.

© 2015 John Wiley & Sons Ltd

determining substrate specificity are located not only
in the major substrate binding site, but also in a puta-
tive outward-facing selective gate. Our evolutionary
and structure-function analysis contributes in the
understanding of the molecular mechanisms underly-
ing the functional diversification of eukaryotic NCS1
transporters, and in particular, forward the concept
that selective channel-like gates might contribute to
substrate specificity.

Introduction

The cellular uptake of purines and pyrimidines is mediated
by specific plasma membrane transporters identified in
prokaryotes and eukaryotes (De Koning and Diallinas,
2000; Pantazopoulou and Diallinas, 2007; Young et al.,
2013; Girke et al., 2014). Nucleobase transporters also
mediate the uptake of purine- and pyrimidine-based drugs
widely used against different diseases, infections, cancer
or as antiviral and antiprotozoan compounds (Kraupp and
Marz, 1995; De Koning and Diallinas, 2000; Frillingos,
2012; Young et al., 2013). Two families are highly specific
for purines and pyrimidines. These are the NAT/NCS2
(Nucleobase Ascorbate Transporters or Nucleobase
Cation Symporter family 2) and NCS1 (Nucleobase Cation
Symporter family 1) families. The NAT family is ubiquitously
presentin all organisms, with few notable exceptions being
some members of the Saccharomycotina, including Sac-
charomyces cerevisiae and most protozoa (Diallinas and
Gournas, 2008; Gournas et al., 2008; Frillingos, 2012).
Members of the second nucleobase transporter family,
NCS1, are present in prokaryotes, fungi and plants, and
seem to be absent from other domains of life (for reviews,
see Pantazopoulou and Diallinas, 2007; Girke etal.,
2014). Fungal NCS1 transporters have been further clas-
sified, based on their primary amino acid sequences and
specificity profiles into two sub-families, the Fcy-like and
the Fur-like transporters (De Koning and Diallinas, 2000;
Pantazopoulou and Diallinas, 2007). No rigorous phyloge-
netic analysis exists for bacterial NCS1 proteins, whereas
the recently identified plant NCS1 proteins (Mourad et al.,
2012; Witz et al., 2012; 2014; Schein et al., 2013) seem to
be closer to the Fur family, although a broader phylogenetic
analysis is critically missing. Functionally characterised
fungal Fcy-like transporters are high-affinity H* symporters
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specific for cytosine-adenine-guanine-hypoxanthine or
pyridoxine (Weber et al., 1990; Stolz and Vielreicher, 2003;
Paluszynski et al., 2006; Vlanti and Diallinas, 2008;
Krypotou et al., 2012; for a review, see Pantazopoulou and
Diallinas, 2007). Fungal Fur-like proteins are also high-
affinity H* symporters but have an entirely different and
non-overlapping specificity profile from that of fungal Fcy
transporters, being specific for allantoin, uracil, uridine,
thiamine, nicotinamide riboside, but also for uric acid,
xanthine (Jund et al., 1988; Yoo et al., 1992; Enjo et al.,
1997; Singleton, 1997; de Montigny et al., 1998; Vickers
etal., 2000; Amillis etal., 2007; Belenky etal., 2009;
Hamari et al., 2009). Interestingly, the few functionally
characterised plant NCS1 transporters, despite being
more similar to fungal Fur sequences, show a specificity
profile overlapping that of fungal Fcy and Fur proteins; they
transport adenine, guanine, allantoin and uracil (Mourad
etal., 2012; Witz et al., 2012; 2014; Schein et al., 2013).
The two functionally known bacterial NCS1 transporters,
CodB in Escherichia coli(Danielsen et al., 1992) and Mhp1
in Microbacterium liquefaciens (Weyand et al., 2008), are
specific for cytosine and benzyl-hydantoin respectively.
Crystal structures of Mhp1, caught in three different
conformations, are available (Shimamura etal., 2010;
Simmons et al., 2014), making the NCS1 family an excel-
lent candidate to determine how substrate binding and
transport specificity is determined.

It is apparent that substrate specificities within the
NCS1 family cannot be predicted by amino acid sequence
comparisons, simple phylogenetic analyses, or even from
crystal structures. This conclusion is reinforced by a pre-
viously published phylogenetic analysis of Fur proteins in
ascomycetes, which showed that the same transport
activity could be catalysed by non-orthologous proteins
(Hamari et al., 2009). More specifically, extent evidence
shows that uracil and allantoin transport activities have
appeared independently by convergent evolution at least
three and two independent times, respectively, in S. cer-
evisiae, S. pombe and A. nidulans (Hamari et al., 2009).

The presence of large numbers of NCS1 paralogues of
unknown function is evident in most species, especially in
fungi. For example, A. nidulans has five Fcy-like and
seven Fur-like proteins, the function of which is known
only for three of them; FcyB is a cytosine-purine trans-
porter (Vlanti and Diallinas, 2008; Krypotou et al., 2012),
whereas FurA and FurD are allantoin and uracil transport-
ers respectively (Amillis et al., 2007; Hamari et al., 2009).
Null mutations of all other Fcy or Fur proteins do not lead
to the apparent loss of any detectable transport activity
(Hamari et al., 2009, E. Krypotou and G. Diallinas, unpub-
lished). Importantly, although the three known A. nidulans
transporters are absolutely conserved in all 23 species of
Aspergillus and most ascomycetes (see later in Results),
the orphan NCS1 genes are only partially conserved. The

high number of orphan NCS1 paralogues contrasts with
other transporter families analysed, such as the NAT
family, which includes 1 or 2 paralogous proteins of known
function in each species (Gournas et al., 2008). In other
words, the NCS1 family seems to exhibit a striking struc-
tural and evolutionary plasticity leading to a plethora of
putatively novel and unknown functions and substrate
specificities.

In this article, we carry out wide-ranging rigorous phy-
logenetic analyses and functionally analyse all the Fur
proteins of A. nidulans. Our results strongly suggest inde-
pendent prokaryotic origins, through lateral gene transfer
of the fungal and plant NCS1 homologues, expansion by
gene duplication in dikarya, and absence in protozoa and
metazoa. We characterise FurE as a promiscuous low-
affinity transporter, FurC, FurF and FurG as minor uracil
transporters, and FurB as a putative ‘proto-pseudogene’.
We subsequently identify, by modelling and mutational
approaches, residues critical for substrate binding and
transport in FurA, FurD or FurE, and present evidence for
the existence of selective outward-facing gate in FurD.
Our results are discussed in relation to the molecular
events underlying the mechanism and evolution of sub-
strate specificities in Fur transporters, and in particular the
role of selective channel-like gates in transporters.

Results
Phylogenetics of NCS1 proteins

To gain an evolutionary insight into the NCS1 superfamily,
we carried out an exhaustive phylogenomic analysis in the
context of 1093 fully sequenced genomes from all life
domains (see Experimental procedures). Profile-based
searches revealed 2248 NCS1 family members in the
inspected genomes, with a widespread presence in the
major fungal clade Dikarya and plants, but a highly
patchy distribution among other fungi and the remaining
eukaryotic and prokaryotic groups (not shown). We next
used sequence alignment and maximum likelihood
(ML) methods to reconstruct the evolutionary relationships
within this family. In the resulting phylogenetic tree
(Fig. 1A) the two fungal transporter sub-families, Fur and
Fcy, appeared well separated by the rest by long, highly
supported branches, with most non-fungal sequences
lying between these two groups, which is in agreement with
previous observations (Hamari et al., 2009), pointing to
independent origins in fungi. These two clades were highly
homogeneous, with only three green algae sequences in
the case of Fur and 2 sequences from Phytophthora
ramorum in the case of Fcy, breaking their monophyly and
showing patterns from recent horizontal gene transfer
(HGT) from fungi to these groups. The plant NCS1 trans-
porters, with the exception of the algal sequences men-
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Fig. 1. Evolution of NCS1 transporter
proteins.

A. Maximum Likelihood phylogenetic tree of
all 2248 sequences from 1093 species from
all domains, carrying the PF02133 Pfam
domain (NCS1 superfamily). Fcy and Fur
fungal proteins correspond to purple lines.
Plant (Viridiplantae) NCS1 proteins are in
green, Actinobacteria, Proteobacteria and
Firmicutes are in red, blue and yellow
respectively. The cases of recent horizontal
gene transfer (HGT) from fungi to other
groups are indicated with arrows.

B. Maximum Likelihood phylogenetic tree of
the fungal Fur family of transporters (190
sequences). Colors are as in A. The
sequences from plants, cluster within bacterial
ones. The substrate specificities of
experimentally characterised transporters are
shown in red (Ur: uracil, Ua: uric acid, Al:
allantoin, Uri: uridine, Xa: xanthine, Thi:
thiamine, Nr: nicotinamide riboside). The
protein names of those start with a three
letters species code for clarity (Ani:

A. nidulans, Ang: A. niger, Sce: S. cerevisiae,
Clu: C. lusitaniae, Spo: S. pombe, Ath:

A. thaliana, Mli: M. liquefaciens). The names
of the five sub-families follow the protein
names of the A. nidulans Fur proteins
(FurA—G). The blue circles in the base of
each sub-family clade indicate approximate
Likelihood Ratio Test (aLRT) branch support
of 100.

CR
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were confirmed with a smaller sampling of species (339
sequences in 83 species), with the exception of the three

tioned above, are only distantly related to the fungal clade
and appear associated with a prokaryotic clade, pointing

to yet another independent horizontal acquisition in the
hypothetical proto-plant cell. All the above observations
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putative transferred algal sequences, which moved out of
the fungal Fur clade with long and poorly supported
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branches (not shown). We cannot rule out the possibility
that the two fungal groups result from vertical descent from
ancient paralogous genes that diverged before the origin of
eukaryotes. However, this would imply multiple parallel
gene losses in every other eukaryotic lineage. Therefore,
we conclude that the HGT scenario is more parsimonious.

We zoomed into the evolution of the fungal Fur sub-
family in two steps. First, we reconstructed a phylogeny
using 303 NCS1 sequences from 56 fungi sampled among
all major fungal clades, four plants, the early opisthokont
Fonticula alba, 20 bacterial genomes and the Mhp1 hydan-
toin transporter from M. liquefaciens. From this phylogeny,
we extracted the 190 sequences from the monophyletic
fungal Fur clade and its nearest neighbouring clade, plus
the Mph1 sequence and reconstructed a new gene tree.
Based on the branching patterns in the tree, and the known
substrate specificities of characterised transporters, we
defined five sub-families of fungal Furs (Fig. 1B). All of
them were present throughout Dikarya and one of them
was also present in the early-diverging aquatic fungus
Gonapodya prolifera (Fig. 2). The presence of sequences
from most dikaryal main groups in all the clades supports
their emergence by gene duplication in the proto-Dikaryon
or earlier, followed by subsequent independent losses in
specific lineages. Gene duplication is considered one of
the major sources for functional innovation (Ohno, 1970).
Our phylogenetic analysis revealed that duplication has
been rampant in the Fur family (Fig. S1). We used a
phylogeny-based method to detect and date gene duplica-
tion events (Huerta-Cepas et al., 2007) and calculated the
number of observed duplications for the family in each of
the lineages in our taxonomy (Fig. 2). We observed 57
duplication events in a phylogeny of 56 species, with six,
eight and nine ancient duplications mapped to the bases
of fungi, Dikarya and Lleoteomyceta (Pezizomycotina)
respectively. The largest duplication wave corresponds to
11 events specific to Lipomyces starkeyi, a basal species of
the Saccharomycotina.

Overexpression of orphan fur genes reveals cryptic
transport activities and novel substrate specificities

The FurA and FurD proteins have been functionally ana-
lysed in detail and shown to act as highly specific allantoin
or uracil transporters respectively. FurD has very high
affinity for uracil and 5-fluorouracil (5-FU) (0.5 uM) and
medium affinity for uric acid and xanthine (~100 uM)
(Amillis et al., 2007). No kinetic analysis was possible with
FurA, as there is no radiolabelled allantoin commercially
available. Genetic deletions of all other fur genes, namely
furB, furC, furE, furF and furG, showed no distinct pheno-
type, when scored on various purines as nitrogen source or
on purine or pyrimidine toxic analogues (Hamari et al.,
2009). In addition, previous northern analysis (Hamari

etal., 2009) and transcriptomics (Sibthorp et al., 2013)
show that all furgenes, except furD and furA, are very lowly
transcribed under most conditions studied.

To identify the possible transport activity of the five
orphan Fur proteins, we overexpressed them using the
gpdA strong promoter (Punt et al., 1990), in a genetic
background lacking not only furA and furD, but also all
transporters specific for nucleobases and nucleosides
(AfurD AfurA AfcyB AuapA AuapC AazgA AcntA). Gene
overexpression in this strain, called A7, permits the direct
assessment of cryptic transport activities related to nucle-
obases or nucleosides (Krypotou and Diallinas, 2014).

Figure 3A shows a growth test of selected transfor-
mants overexpressing Fur transporters, compared with
appropriate isogenic control strains. The A7 negative
control strain cannot grow on purines as sole nitrogen
sources, shows residual growth on allantoin due to a
non-identified transporter and is resistant to 5-FU,
5-fluorocytosine (5-FC), 5-fluorouridine (5-FUd) or oxypu-
rinol. Overexpression of FurD led to increased sensitivity
to 5-FU and increased capacity for growth on uric acid or
xanthine. Overexpression of FurA led to a compact mor-
phology on allantoin, apparently due to over-accumulation
of this metabolite, which is toxic (Darlington and
Scazzocchio, 1967). FurD overexpression also led to
highly increased sensitivity to 5-FC, 5-FUd and oxypurinol
and that of FurA to 5-FU and moderately to 5-FC. This test
revealed an enlarged substrate specificity profile of these
transporters. FurE overexpression conferred increased
capacity for growth on uric acid or allantoin, but not on
xanthine, and led to moderately increased sensitivity to
5-FU, 5-FC, 5-FUd and oxypurinol. FurC, FurF and FurG
overexpression led to increased sensitivity to 5-FU, albeit
at different levels (FurC > FurG > FurF). Finally, FurB
scored exactly as A7, revealing no transport activity
related to its overexpression.

Several Fur transporters contribute to uracil or
5-FU accumulation

In order to further establish the physiological contribution of
the different Fur transporters (except FurB, which has no
apparent transport function, see also later) in the uptake of
relevant substrates, and especially of uracil and 5-FU,
which seem to be common substrates for all Fur transport-
ers, we constructed combinations of Afur null mutants
among themselves and with the pyrG89 auxotrophic
marker, using standard genetic crossing. The pyrG89
mutation blocks pyrimidine biosynthesis and leads to uracil
requirement (Oakley et al., 1987) so that growth of pyrG89
mutants depends on the efficiency of uracil accumulation
from the nutrient. Thus, pyrG89 serves as an ideal genetic
background for estimating the contribution of different
Fur transporters in uracil uptake. Highlights of growth

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950
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Fig. 2. Evolution of Fur transporter proteins. NCBI taxonomy tree structure of the 61 eukaryotic species included in the detailed analysis of
the Fur family (56 fungi, four plants and Fonticula alba) and the distribution of the sub-family members among the fungal species. Sphere
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A. Growth tests of transformants overexpressing Fur transporters. Nitrogen sources or toxic analogues used are: urea (U), allantoin (AL), uric
acid (UA), xanthine (XA), 5-fluorouracil (FU), 5-fluorouridine (FUd), 5-fluorocytosine (FC) and oxypurinol (OX). Growth tests shown were at
25°C, or at 37°C when indicated. Toxic analogues were used in media containing urea as a nitrogen source. A wild-type strain was used as a

positive control and A7 as a negative control (see text).

B-C. Growth tests of simple, double or triple null Afur mutants. Panel B shows pyrG* strains tested in 5-fluorouracil (FU) in presence of urea
(upper). Growth on urea is shown as a control (lower panel). Panel C shows pyrG89 (pyrG) strains grown in media supplemented with
2.5 mM uracil (Ur), or 10 mM uridine (Ud) as a control. In both cases urea was used as sole nitrogen source. Growth tests shown are at 25°C.

D. Growth tests of single AfurA and double AfurA AfurE null mutants in the presence of 2 mM allantoin (Al) or urea (U) as sole nitrogen
sources. Growth tests shown are at 25°C. Wt strains are also shown in B, C and D as controls.

phenotypes, relevant to uracil or 5-FU uptake, of selected
single, double or triple mutants are shown in Fig. 3B and C.
Results in the upper panel of Fig. 3B show that FurD has
the highest contribution in 5-FU uptake (i.e. AfurD has
highest resistance to 5-FU toxicity), whereas all other Fur
transporters (A, C, E, F and G) do not seem to contribute to
5-FU accumulation, as the single mutants are more or less
equally sensitive to 5-FU with a wild-type control. Further-
more, the double mutants AfurEAfurD, AfurAAfurD,
AfurCAfurD, AfurFAfurD or AfurGAfurD are also similarly
resistant to 5-FU compared with the AfurD single mutant. In
other words, despite what has been revealed by overex-
pression, when Fur transporters, other than FurD, are
expressed from their native promoters, they do not contrib-
ute to 5-FU sensitivity/resistance. This also highlights the
importance of overexpression in identifying the biochemi-
cal function of these transporters. Results in Fig. 3C
proved more revealing in respect to the individual contri-
bution of different Fur transporters in uracil uptake.
Through this test, it became apparent that at least FurF and
FurE contribute to uracil uptake, because the double
mutants AfurEAfurD and AfurFAfurD grew slightly less than
the AfurD single mutant in uracil-containing media. In
addition, the triple mutant AfurAAfurEAfurD grew less than
AfurEAfurD and all other single and double mutants tested,
revealing the minor contribution of also FurA in uracil
uptake.

Overall, our results strongly suggest that: (i) FurD is the
major transporter for uracil and 5-FU accumulation, but all

Fur proteins, except FurB, have the capacity of mediating
uracil or 5-FU transport, when overexpressed, in the order
FurD > FurE, FurA > FurF, FurC, FurG. (ii) Furk, FurA,
FurF, FurC and FurG contribute very little, if not at all, to
uracil or 5-FU transport, when expressed from their native
promoters. (iii) When biosynthesis of pyrimidines is geneti-
cally blocked (pyrG89), FurE, FurA and FurF have low, but
detectable, contribution to uracil transport. (iv) FurA is the
main allantoin transporter, whereas FurE acts as a second-
ary allantoin transporter. This is as also supported by the
observation that the double mutant AfurA AfurE grows less
than AfurA single mutant on allantoin-containing media
(Fig. 3D). (v) FurE has a broader specificity profile from
other Fur paralogues.

FurE is a novel promiscuous nucleobase transporter

We measured Fur-mediated uptake of radiolabelled uracil
in all strains overexpressing Fur transporters. We could
not detect any measurable uracil uptake mediated by
FurB, FurC, FurF, FurG or FurA, the latter being known to
be specific for allantoin. In contrast, we could detect low
capacity uracil transport mediated by FurE (Fig. 4A). The
lack of uracil transport by FurB is expected given the total
lack of any detectable relevant phenotype in growth tests.
In contrast, the fact that we could not detect any uracil
transport activity mediated by FurC, FurF, FurG or FurA,
somehow contradicts the contribution of these transport-
ers in 5-FU sensitivity. This indicates that these transport-

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950
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ers might have very low substrate affinities and transport
capacities for uracil, which is technically impossible to
measure.

FurE-mediated uracil transport was time dependent,
reaching a plateau in 4 min, similar to most other transport-
ers studied so farin A. nidulans (Fig. 4B). FurE activity was
inhibited by excess allantoin, uric acid and uracil (Fig. 4C).
The profile and degree of FurE inhibition suggested that
FurE might be a low-affinity transporter, with binding affini-
ties following the order uric acid > allantoin > uracil.
Although we could not measure the exact K, value of Furg
for uracil, which is necessary for rigorous estimation of K
values of other putative substrates using the Cheng and
Prusoff equation (1973), we could still establish approxi-
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Fig. 4. Kinetic analysis of FurE transporter.

A. Uracil transport assays. Initial uptake rates of [*H]-radiolabelled
uracil (0.1 uM) for 1 min were measured in transformants
overexpressing Fur transporters. Standard deviation is depicted
with error bars.

B. Time course of FurE-mediated [*H]-uracil uptake (0.1 uM). Time
course of FurD is shown as a control. Standard deviation is
depicted with error bars.

C. Specificity profile of FurE. Middle column: FurE-mediated
[®H]-uracil uptake in the presence of excess (1 mM) unlabelled
uracil (UR), allantoin (AL), uric acid (UA), xanthine (XA), hydantoin
(HY) or thymine (TH), or in the presence of H*-uncoupler
carbonylcyanide chlorophenylhydrazone (30 uM, CCCP). Standard
deviation values are shown. Right column: Approximate K (LM)
values of putative inhibitors, determined through ICs, values by the
Cheng and Prusoff equation. As we cannot determine the exact Kn
value of uracil for FurE, the values given are approximate (see
text). We consider, however, that as the concentration of labelled
substrate used (uracil) is much lower than the notional K, value of
uracil, the Cheng and Prusoff equation is appropriate in spite of the
intrinsic limitations of the method (for more details, see
Experimental procedures). The graphs from which the K values
are calculated are shown in Fig. S5). ~1000 or > 1000 means that
at Ki values (inhibition close to 50%) are close to 1 mM or > 1 mM.
In such cases, the low solubility of nucleobases (< 1 mM) does not
allow for a more accurate estimation of binding constants. Results
are averages of at least three independent experiments in triplicate
for each concentration point. Standard deviation was < 20%.

mate Kis based on apparent ICs, values. FurE seems to
have very low-affinity binding capacity for uracil, allantoin,
thymine and hydantoin (> 1 mM), but surprisingly relatively
high affinity for uric acid (20 uM) (see Fig. 4C). This values
are obviously approximate, and only give an order of
magnitude but are valid for comparative purposes with
mutant versions of the FurE protein. Overall, judging from
both growth tests and uptake assays, FurE shows (i)
relatively high affinity and transport capacity for uric acid,
(i) low affinity but high transport capacity for uracil and
allantoin and (iii) no significant binding affinity and trans-
port capacity for xanthine, adenine, guanine, hypoxan-
thine, thymine or hydantoin. Growth tests on relevant toxic
analogues further suggested that FurE transports with high
capacity cytosine (highly sensitive to 5-FC) and has mod-
erate transport capacity for uridine (5-FUd) and oxypurinol
(see Fig. 3A). Finally, FurkE was also severely inhibited by a
standard proton uncoupler, showing that it acts as a proton
symporter, analogously to all A. nidulans transporters
characterised so far.

Fur transporters, with the exception of FurB, are
localised in the plasma membrane

None of the Fur proteins of A. nidulans has been previ-
ously analysed for subcellular localisation. We con-
structed C-terminally GFP-tagged chimeric Fur proteins
and tested their subcellular localisation. The GFP ver-
sions of Fur proteins were expressed from the gpdA pro-
moter and all proved functional, as judged from growth
tests of the relevant transformants (not shown), except
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Fig. 5. In vivo subcellular localisation and protein expression levels of Fur transporters.

A. Epifluorescence microscopy of GFP-tagged Fur proteins expressed from the gpdA promoter. Notice that in all cases, except FurB, GFP
fluorescence labels primarily the periphery of cells, as expected for plasma membrane (PM) transporters. FurB-GFP is localised in cytoplasmic
structures and foci beneath the PM. Arrows and arrowheads depict vacuoles and perinuclear endoplasmic reticulum (ER) membrane rings
respectively. (UR: uracil, AL: allantoin, UA: uric acid). Cultures were grown in MM for 14-16 h at 25°C.

B. Western blot analysis of total protein extracts of strains expressing GFP-tagged Fur proteins using an anti-GFP antibody. At the left panel,
all lanes correspond to the same blot. FurF is shown in a separate blot with FurB as an internal control. Antibody against actin was used as
an internal marker for equal loading. Molecular weight markers in kDa are shown. Relative amounts of Fur-GFP and free-GFP, normalised to
actin protein levels, are shown below the blots (see Experimental procedures). Cultures for total protein extraction were grown in MM

supplemented with urea at 25°C for 16 h.

from FurB-GFP, which had no apparent function to be
tested. Figure 5A shows that FurA-GFP, FurC-GFP, FurD-
GFP, FurE-GFP, FurF-GFP and FurG-GFP are all plasma
membrane proteins. In all cases, Fur-GFP fluorescence
associates nearly entirely with the periphery of mycelia
and septa and secondarily with vacuoles. This is the
normal picture obtained with most A. nidulans transport-
ers functionally tagged with GFP. In contrast, FurB-GFP
labels mostly the cytoplasm, characteristic perinuclear ER
rings and prominent cortical foci which seem associated
with the inner side of the plasma membrane. In addition,
the level of fluorescence is lower than all, except FurF, Fur
proteins.

Figure 5A also reveals that the Fur proteins show differ-
ential sensitivity towards endocytic signals. FurC and FurG

do not show either ammonium- or substrate-elicited inter-
nalisation (Gournas et al., 2010; Karachaliou et al., 2013).
On the other hand, FurE is highly sensitive to substrate-
elicited and especially to ammonium-elicited endocytosis.
Substrate-elicited endocytosis is triggered by uric acid and
allantoin and less efficiently by uracil. FurA, FurD and FurF
are sensitive to ammonium endocytosis, the latter two
being also moderately sensitive to substrate-elicited endo-
cytosis. The response of FurA, FurD, FurkE and FurF trans-
porters to substrate-elicited endocytic turnover is in
agreement with their established substrate specificity
profile.

Western blot analysis, at the same conditions as those
used for epifluorescence microscopy analysis, using anti-
GFP antibody (for details, see Gournas etal, 2010;
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Karachaliou et al., 2013), confirmed that all GFP-tagged
Fur proteins are rather stable proteins of the expected
molecular weight (Fig. 5B). FurA, FurC, FurD and FurE
showed, more or less, the same degree of turnover, as
evidenced by the amount of free GFP detected (free GFP
levels originating from GFP-tagged transporters is a
measure of vacuolar degradation). FurG was significantly
more stable compared with other Furs, as very little free
GFP was detected.

The relative amounts of free GFP detected in westerns
agrees with the detected vacuolar fluorescence. For
FurF, lower amounts of the intact fusion protein are very
probably due to increased vacuolar degradation, as
assessed by a dramatic increase in free GFP and by the
relevant microscopic analysis. In contrast, in FurB, the
low steady state levels of the GFP-tagged protein are not
associated with an increase in free GFP. This indicates
that FurB is synthesised at low rates or rapidly under-
goes proteolysis.

Structural models of FurA, FurD and FurE

We constructed structural models of FurA, FurD and FurE
based on the crystal structure of the Mhp1 benzyl-
hydantoin permease from M. liquefaciens (PDB entry:
2JLO). The Fur proteins and Mhp1 share a significant
sequence similarity (22.1-24.2% identity in 421 amino
acid overlap, out of the 501 amino acids of the shorter
Mhp1), which is adequate for sustaining solid homology
models of FurA, FurD and FurE. The similarity of Furs with
Mhp1 is significantly higher than the similarity of Fcy-like
proteins to Mhp1 (~18%; Krypotou et al., 2012). The final
sequence alignments used to build the Fur models are
shown in Fig. S2.

The 3D structural models of the Fur proteins are shown
in Fig. 6 and correspond to substrate-occluded conform-
ers. The models also show the approximate substrate
binding sites, highlighted in zoom-in panels. The topology
of all transporters consists of two distinct domains, a
compact core consisting of segments TMS1-10 and a
C-terminal domain comprising TMS11-12. The distribution
of the ionised residues on the protein surface is as
expected, as most of these are positioned either at the
cytoplasmic and periplasmic sides or along the protein
pore in the protein interior. Positive charges are mostly
concentrated in the cytoplasm-facing loops. The core of the
transporters is subdivided in two inverted repeats, made of
TMS1-5 and TMS6-10, arranged in twofold pseudo-
symmetry axis, running parallel with the membrane plane.
The two repeat units are completely intertwined giving two
topologically distinct subdomains constituted by TMSs 1, 2,
6 and 7 (bundle motif) and TMSs 3, 4, 8 and 9 (hash moitif),
respectively, linked with helices TMS5 and TMS10. As it will
be shown below, the substrate-binding site is located in the

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950
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space between the two subdomains of the core (see below
Fig. 7).

Substrate docking and Molecular Dynamics (MD) reveal
residues critical for substrate binding and/or specificity
in FurA, FurD or FurkE

Using the Fur models, we addressed aspects of substrate
recognition using induced fit docking (IFD) calculations
and/or MD. In each case we investigated the possible
interactions of the relevant physiological substrates. For
FurA, this is allantoin, for FurD uracil and uric acid, and for
FurE uracil, uric acid and allantoin. Figure 7 shows the
modelled interactions of the Fur proteins with their recog-
nised physiological substrates. The most probable sub-
strate orientations are shown. Details on how these models
are generated are provided in Experimental procedures.

FurD, FurA and FurE interactions with their respective
substrates were identified by induced fit docking calcula-
tions (Fig. 7A). FurD interacts with uracil through two
apparently strong H-bond interactions with GIn134 and
Asn341. Given that the K, of uracil is high (0.5 uM), more
interactions with amino acids might be involved. This is
confirmed using a MD approach described below (see also
Fig. 7B). FurD also interacts with uric acid (Kn ~100 uM)
via H bonds with Ala56, Asn249, Asn341 and n-rt stacking
with Trp130. GIn134, may also contribute to binding. FurA
interacts with allantoin (no K, available) mainly through
H-bonds via the side-chains of Asn58, GIn136, Asn349 and
Asp53 (neutral aspartate), but also with the backbone of
Asn252. In this modelled state, allantoin has a net charge
of +1 and Asp53 is protonated, suggesting that this may be
an intermediate state in the substrate/proton symport of
FurA. FurE interacts with uric acid (K ~ 20 uM), allantoin
(~1 mM) or uracil (~1 mM). Interactions with uric acid
involve primarily a n-n stacking interaction with Trp130
side-chain, an H-bond with its backbone, but also an
H-bond with Asn341 side-chain. The negatively charged
uric acid can also potentially form an H-bond with GIn134
and a salt bridge with Lys252 side-chain. In most of the
docking poses, allantoin is stabilised in the substrate cavity
by H-bonds with Ser54, Ser56 and Asn341 side-chains.
There is also a large number of docking poses where
allantoin forms H-bond interactions with the side-chains of
GIn134 and GIn379 (not shown). Finally, uracil forms
H-bonds with a wide range of residues, the most frequent
of which were GIn134 and Asn341.

FurD-substrate interactions were also derived from the
MD trajectories (Fig. 7B). The first 150 ns were discarded,
as they corresponded to protein relaxation time (red arrows
in Fig. S3), and only the last 250 ns were used in the
analysis. According to these data, FurD interacts directly
with uracil with constant H-bonds mediated by Gin134 and
Asn341 side-chains and Leu253 backbone (Table S1). It
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Fig. 6. 3D structural models of Fur proteins.
Upper panel: topology of FurD occluded with
uracil and orientation with respect to the
membrane. The structure shown is taken from
the MD trajectory upon relaxation of the
protein in membrane-aqueous environment.
Middle panel: topology of FurE occluded with
uracil and orientation with respect to the
membrane, as predicted by OPM server.
Lower panel: topology of FurA occluded with
allantoin and orientation with respect to the
membrane, as predicted by OPM server.
Models were built on the basis of alignments
with Mhp1. The planes of the membrane are
depicted with dashed lines. The
substrate-binding site including residues of
TMS1, TMS3 TMS6 and TMS8 is located in
the space between the hash and the bundle
domains. Major residues of the substrate
binding site are designated with spheres. In
all cases, the putative substrate binding cavity
is highlighted in zoom-in panels.
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Fig. 7. Modelled substrate interactions with the binding sites of Fur proteins.

A. Predominant Docking Poses from IFD calculations. Upper panels: FurD with uracil (left) and uric acid (middle), FurA with R-allantoin (right).
Lower panels: FurkE with uracil (left), uric acid (i) and (ii) (middle) and R-allantoin (right). Similar interactions were observed for S-allantoin
(results not shown). Hydrogen bonds are depicted in black dashes, and n-n-stacking is highlighted with two-headed red arrows.

B. Representative snapshots from MD trajectory of FurD with uracil (left) and uric acid (right). Water oxygen density is depicted in mesh form
and the water molecules that form stable water bridges are shown in black dashes.

also interacts indirectly through infrequent water bridges
mediated by Asp51 and Asn256 side-chains (Table S2). In
addition, the side-chain of Thr252 is stabilised in a position
to interact with uracil through a constant water bridge
connecting its side-chain with Gly248 backbone. Another,
less frequent water bridge, between Asp51 and Asn256,
may provide extra stability to the protein-substrate binding.
FurD also interacts directly with uric acid through a n-nt
stacking interaction with Trp130 and five frequent H-bonds,
mediated by Asn249 side-chain and backbone, Asn341

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950

side-chain, and the Ala56 backbone (Table S3). Uric acid
binding is further stabilised by frequent water bridges
connecting it with Thr252 side-chain and backbone,
GIn134 side-chain, as well as less frequently with Asn137
side-chain (Table S4). It should be highlighted that
although we used a physiological NaCl concentration,
unlike Mhp1, no Na* or CI- ion was localised in proximity to
the substrate binding site during the two 400 ns long
simulations with ligands, as indicated by the respective
density maps (data not shown). Overall, the MD approach
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confirmed and extended the results obtained with docking
studies concerning FurD-substrate interactions.

These results establish a small number of amino acid
residues as primary elements of a single major substrate
binding site built by TMS1, TMS3, TMS6 and TMS8 in all
three Fur transporters analysed. Two residues, Gin in
TMS3 and Asn in TMS8, are involved in strong H-bonds in
all cases. The Trp residue in TMS3 seems to have a
specific role in uric acid binding. The interactions with
TMS1 and TMS6 are more variable, pointing to a role in
determining substrate specificity (see also later).

Mutational analysis identifies residues critical for
substrate binding and specificity in FurD and FurkE

Results derived from homology modelling, docking and
MD approaches suggested that specific residues in
TMS1, TMS3, TMS6 and TMS8 of Furs are directly
involved in substrate binding. In order to test experimen-
tally the functional role of these residues and understand
further the molecular basis of substrate specificity and
differences among Furs, we constructed a series of rel-
evant mutations in FurD and FurE and analysed func-
tionally the corresponding mutants. We did not make
mutations in FurA as this transporter cannot be analysed
by transport assays.

The mutations made in FurD were N54A, T57A, W130A,
Q134E, Q134A, N249A, Y250A, Y250F, Y250W, Y250K
and N341A. The rationale for these mutations was to
replace amino acids located at bonding distance from
substrates according to the docking analysis, but also
neighbouring conserved residues, with Ala residues or
residues differentially conserved among NCS1 members.
For example, Q134E was made because plant NCS1
members have a Glu residue at this position. Similarly,
substitutions Y250F, Y250W and Y250K replaced the FurD
residue (Tyr) with those found in FurE or FurA or plant
NCS1. In FurE, we mutated solely residues, at bonding
distance from substrates that are significantly different
from the corresponding residues in FurD and FurA
(Fig. S4). The substitutions made (S54N/S56N, S54N/
S56A, P251N, K252F and P251N/K252F) introduce
residues found in FurD, FurA or other functionally charac-
terised NCS1 transporters. All mutant versions of FurD or
FurE expressed from the gpdA promoter were introduced
in the A7 mutant strain and selected transformants arising
from single-copy plasmid integration events were analysed
on different purines as sole nitrogen sources and on
relative toxic analogues (for details, see Experimental
procedures).

The analysis of FurD mutants is shown in Fig. 8A. As
expected, all strains showed normal growth on nitrogen
sources other than purines (e.g. urea). The functionality of
FurD was reflected as conferring growth on uric acid or

xanthine at 37°C and full sensitivity on 5-FU, 5-FC or
5-FUd. Based on this, Ala substitutions in Asn54, Thr57,
Trp130 and Asn341, scored as either complete or partial
loss-of-function mutations. Mutations in GIn134 seem to
differentially affect FurD specificity. In particular, Q134A
has led to loss of xanthine uptake, whereas Q134E led to
loss of uptake of both uric acid and xanthine, and to some
resistance to 5-FC and 5-FUd, but not to 5-FU. Mutation
N249A conferred increased capacity for growth on uric
acid, xanthine and allantoin, as well as high sensitivity on
5-FU, 5-FC and 5-FUd. The neighbouring mutation Y250A
also conferred a capacity for allantoin uptake, despite loss
of uric acid and xanthine uptake. Mutant Y250A also con-
served 5-FU, 5-FUd and some 5-FC sensitivity, appar-
ently due to uptake of these drugs. Other substitutions in
Tyr250 scored mostly as general loss of function muta-
tions. Overall, residues Asn54, Thr57, Trp130 and Asn341
were shown, within the limit of growth tests, to be neces-
sary for FurD transport activity, whereas GIn134, Asn249
and Tyr250 proved critical for specificity.

For FurkE (Fig. 8B), the functionality of the wild-type
transporter was reflected as conferring growth on allan-
toin and uric acid (mostly at 37°C), and high sensitivity to
5-FU, compared with the A7 negative control strain. The
double substitutions S54N/S56N and S54N/S56A, mim-
icking FurA and FurD, respectively, scored as loss-of-
function mutations. P251N seemed to be a specificity
mutation, as it scored like a partial loss-of-function muta-
tion for allantoin and mostly uric acid transport, but also
led to increased 5-FU, 5-FUd and 5-FC sensitivity. K252F
is a gain-of-function mutation, increasing the uptake of
most substrates, including xanthine. The double substitu-
tion P251N/K252F is a loss-of-function mutation for the
transport of uric acid, allows allantoin transport, but leads
to increased sensitivity to 5-FC. The profile of FurE
mutants strongly suggested that Pro251 and Lys252 are
important specificity determinants.

Kinetic analysis of mutants: residues determining
substrate binding affinities and specificity

We performed comparative radiolabelled uracil uptake
measurements in FurD and FurE mutants (Fig. 8C and D).
In FurD, several mutants (N54A, T57A, W130A, Q134E,
Y250A, Y250K and N341A) showed significantly reduced
or undetectable rates of uracil uptake (0-25% of the wild-
type). The rest (Q134A, N249A, Y250W and Y250F) con-
served > 75% of the wild-type FurD transport rate. There
was good agreement of FurD transport activities meas-
ured and FurD-mediated growth phenotypes at 37°C (no
uptake measurements were performed at 25°C).

To further investigate the effect of specific mutations on
substrate binding and transport, we measured K, or K
values of uracil, uric acid, xanthine, allantoin, hydantoin

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950
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Fig. 8. Functional analysis of FurD and FurE mutants. Growth tests of FurD (A) and FurE (B) mutants. Details are as in Fig. 3. Initial uptake
rates (V) and K., values (uM) were determined for FurD (C) and FurE (D) using [®*H]-uracil uptake competition, as described in Experimental
procedures. The graphs from which the K values are calculated are shown in Fig. S5. Results are averages of at least three independent
experiments in triplicate for each concentration point. Standard deviation was < 20%. n.m., no measurable.

and thymine for the wild-type and mutant versions of FurD
(Fig. 8C). The main conclusions coming from these results
can be summarised as follows: (i) Ala substitutions of
Asn54, Trp130, Asn249, Tyr250 and Asn341 led to either
no transport activity (W130A and N341A) or to significant
reduction in the binding of all substrates, albeit at different
degrees (N54A, N249A and Y250A). (ii) Ala substitutions of
Thr57 and GIn134 have more subtle and specific effects,
related in each case, with specific substrates. In particular,
T57Adid not affect at all the affinity for uracil and xanthine,
but increased fivefold the affinity for uric acid binding,
whereas Q134A has practically no effect on xanthine, uric
acid or thymine binding, but reduced uracil and hydantoin
binding three to fourfold. (iii) Specific substitutions of

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950

GIn134 and Tyr250 showed varying effects on the binding
of different substrates. Q134E showed a general but vari-
able reduction in the binding of all substrates. Y250W
increased 10-fold and threefold uric acid and thymine
binding, respectively, reduced sixfold uracil binding and
had no effect on xanthine binding. All mutants analysed did
not show any measurable binding affinity for allantoin,
adenine, guanine, hypoxanthine and cytosine (results not
shown).

A similar kinetic analysis was performed for FurE
mutants (see Fig. 8D panel). Both single mutations
(P251N and K252F) and the double mutation (P251N/
K252F) showed dramatically increased transport capaci-
ties. In addition, they had an impressive positive effect on
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the affinity of FurE for uracil (~37- to 330-fold), but also for
allantoin, thymine and hydantoin (~8-250 fold). The same
mutations had a moderate negative effect on uric acid
binding and little effect on xanthine binding. Given that,
Pro251 and Lys252 substitutions were designed to mimic
FurD or FurA, our results, provided strong evidence
confirming the critical role of these residues in determin-
ing the particular transport kinetics and specificity in Fur
transporters.

A putative outward-facing gate is critical for
FurD specificity

Although the modelled structures of the FurD and FurA
binding sites are rather similar (conserved residues :
Asn54/56 in TMS1, Trp130/132 and GIn134/136 in TMSS3,
Asn249/252 and Tyr250/Phe253 in TMS6, Asn341/349 in
TMS8), their physiological substrate specificities are quite
different. This observation points to the existence of ele-
ments, outside the major substrate binding site, acting as
additional determinants of substrate specificity. The best
candidates for a synergistic role in substrate selection
and transport are domains that might act as selective
gates. This idea is strongly supported by work on the
UapA transporter, where mutations in putative outward-
and inward-facing gates modified substrate specificity
(Kosti etal., 2010; 2012; Papageorgiou et al., 2008).
We searched for analogous gating domains in the Fur
transporters.

According to structural data, the transport mechanism
in Mhp1 involves substrate binding to an outward-facing
conformation of the transporter, between the bundle
(TMS1, -2, -6, and -7) and hash or scaffold domain
(TMSS, -4, -8, -9) (Shimamura et al., 2010), followed by
bending of the N-terminal part of TMS10 (TMS10a) over
the substrate and occlusion of the binding site (Weyand
et al.,, 2008). In other words, TMS10a acts as a dynamic
element of an outward-facing gate. Primary sequence
alignments show that in TMS10a fungal Fur transporters
differ in specific amino acid residues that might affect the
bending flexibility of this o-helical segment (Fig. 9A). In
addition, plant Fur transporters and transporters of the
Fcy-like sub-family have an extra amino acid inserted in
the same region. Most importantly, a specific mutation in
Mhp1 (L363A) converts the analogue Naphthyl-methyl-
hydantoin (NMH) from a competitive inhibitor to a sub-
strate, suggesting that the modification of the outward-
facing gate can affect the transport specificity of Mhp1
(Simmons et al., 2014).

Based on these observations, we constructed the follow-
ing FurD mutations: L386A, L386S, M389A, M389L, L386-
N387/L386-E387*-N388, where Met389 (Fig. 9A and B)
corresponds to Leu363 in Mhp1, and Glu387 is an inserted
residue, corresponding to the extra amino acid found in

Fcy-like transporters. Strains expressing FurD alleles were
made as previously described. Growth tests (Fig. 9C)
show that insertion of Glu387 and substitutions L386A,
L386S and M389L led to apparent loss or partial loss of
FurD-mediated transport. Most interestingly, M389A led to
an active version of FurD, which besides its natural sub-
strates, could also transport allantoin, hypoxanthine and
the toxic analogue 8-azaguanine. Subsequent transport
and competition assays confirmed that FurD-M389A can
recognise not only uracil, uric acid, xanthine with high/
moderate affinities (8-50 uM), but also allantoin and
hypoxanthine with low affinities (0.7—1 mM) (Fig. 7D).
Thus, introducing a small aliphatic residue in a critical
position in TMS10a enlarged the specificity of FurD.

To further understand the role of Met389, we also com-
bined mutation M389A with mutations N249A, Y250A or
Y250F, located in the major substrate-binding site, as this
was defined in this work. Results in Fig. 9C and D show
that all combinations of mutations led to kinetically differ-
ent versions of FurD, both in respect to substrate affinity
and specificity. This constitutes further strong evidence
that the function and specificity of FurD is determined by
synergistic interactions of the binding site with TMS10a
(see also Discussion).

To investigate the structural impact of M389A mutation
that enlarges the specificity of FurD, we monitored the
sulfur-aromatic interactions between Met389 and the
proximal aromatic amino acids Phe129, Trp130, Phe131
of TMSS3, as well as Phe388 and Tyr392 of TMS10, in the
three MD trajectories (Fig. S6). We started our analysis
after the 150th ns, where we believe the protein has been
completely relaxed (see Fig. S3). We considered a sulfur-
aromatic interaction to exist when the distance between
the center of mass of Met is below 7 A (Valley etal.,
2012). Our results suggest that Met389 in the FurD-uracil
complex interacts strongly with Phe129 and Phe388 and
sporadically with Tyr392 aromatic side-chains. In the
FurD-uric acid complex, Met389 interacts constantly with
Phe129 and Trp130 and transiently with Phe388 and
Tyr392 (see Fig. 9B). Finally, in the FurD-apo Asp51 tra-
jectory, Met389 interacts constantly with Phe129 and
Tyr392 (TMS10) and rarely with Phe388 (TMS10).
Overall, all our results are in line with the idea that Met389
is an element of a putative outward-facing gate.

Discussion

Evolutionary and functional plasticity in
NCS1 transporters

There are several basic conclusions arising from the phy-
logenetic analyses performed in this work. First, NCS1
sequences originated in prokaryotes, but their patchy dis-
tribution also suggests significant losses. Second, the two
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Fig. 9. Functional characterisation of FurD-M389A.

A. Sequence alignment of TMS10 of selected NCS1 transporters (see also Fig. S4). The sequences shown are: Mhp1 (D6R8X8;

M. liquefaciens), FurA (Q5BFMO; A. nidulans), FurD (A6N844; A. nidulans), FurE (Q5ATG4; A. nidulans), Fur4 (P05316; S. cerevisiae), Dal4
(Q04895; S. cerevisiae), Fuil (Q04895; S. cerevisiae), PLUTO (Q9LZDO; A. thaliana), CrNCS1 (A8J166; Chlamydomonas reinhardtii), FcyB
(C8V329; A. nidulans), Fcy2 (P17064; S. cerevisiae), Thi7 (Q05998; S. cerevisiae), Tpn1 (P53099; S. cerevisiae) and Nrt1 (Q08485;

S. cerevisiae).

B. Topology of Met389 in TMS10a. Neighbouring aromatic amino acids are also shown. n-n-stacking interaction of substrate (uric acid)-Trp130
is illustrated with two-headed red arrow and the dotted two-headed arrow represents the sulfur-aromatic interaction Met389-Trp130.

C. Growth tests of TMS10 FurD mutants. Details are as in Fig. 3. (mc, multicopy plasmid integration).

D. Initial uptake rate (V) and K values (uM) were determined for FurD-M389A and N249A,Y250A,Y250F/M389A double mutants by
[H]-uracil uptake, as described in Experimental procedures. The other mutants in TMS10 had no measurable uptake (not shown). The graphs
from which the K values are calculated are shown in Fig. S5. Competition of [°H]-uracil uptake by excess hypoxanthine is also shown (right
column). Results are averages of at least three independent experiments in triplicate for each concentration point. Standard deviation was

< 20%.

distinct fungal families, Fur and Fcy, originated indepen-
dently from prokaryotes, very probably through HGT.
Interestingly, early-diverging fungi do not have NCS1
sequences, with only two exceptions within the 56 fungi in
our dataset (G. prolifera and Batrachochytrium dendroba-
tidis ) and only three more within the full set with 271 fungal
species included (not shown). Third, the plant NCS1 pro-
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teins, with the exception of some algal sequences, are only
distantly related to the fungal clade and appear to repre-
sent an independent horizontal acquisition in the hypotheti-
cal proto-plant cell. Fourth, protozoa and metazoa do not
contain NCS1 sequences, with very minor exceptions that
may in fact represent artifact annotation due to symbiotic or
contaminating bacteria. Fifth, the fungal NCS1 sequences
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of dikarya, in both the Fur and Fcy families, have expanded
in number due to repeated duplication. This seems to have
allowed the evolution of novel functions and specificities
through divergence or/and convergence of molecular ele-
ments necessary for substrate recognition and transport
(Ohno, 1970). The previously proposed functional plastic-
ity of the Fur family through convergent evolution (Hamari
et al., 2009) is further reinforced here. It seems that uracil,
allantoin or uridine transporters arise independently by
convergent evolution in fungi (Fig. S7).

Interestingly, our analysis also suggests that promiscuity
might have preceded specificity in NCS1 evolution. The
FurE sequence is the closest, among all seven Furs ana-
lysed in this work, to a common ancestral Fur molecule
(Fig. S8). In line with this, FurE orthologues are lost in most
fungi. FurE is a rather promiscuous NCS1 transporter,
recognising uracil, uric acid, allantoin, 5-fluorocytosine and
5-fluorouridine when overexpressed. Interestingly, plant
NCS1 transporters, which have a prokaryotic origin inde-
pendent from that of the fungi, are also quite promiscuous.
Our molecular and genetic analysis has shown that muta-
tions in selective gates can lead to a general increase in
promiscuity (e.g. FurD-M389A; see Fig. 9), whereas muta-
tions in the substrate binding site often lead to more
specific modifications of substrate recognition and trans-
port (e.g. FurD-Y250A, FurE-P251N, FurE- P251N/K252F;
see Fig. 8). Thus, one canimagine an ancestral transporter
with a promiscuous binding site and ‘open’ gates, which
duplicates and evolves progressively to novel, more spe-
cific, transporters through either acquisition of selectivity in
the opening of gates or/and modifications within the bona
fidae substrate binding site.

The case of FurB: a persistent ‘proto-pseudogene’?

Independent evidence showed that the furB gene is not
transcribed under all conditions tested (Hamari et al.,
2009; and results not shown, see below), whereas its
forced transcription via a strong promoter led to very low
steady-state levels of a polypeptide, which is localised in
cytoplasmic structures of unknown identity, rather than in
the plasma membrane. This picture has not changed when
we followed FurB expression under various conditions
concerning temperature, pH, N or C sources, or conditions
inducing secondary metabolism (Canovas et al., 2014;
Yaegashi et al., 2014) (results not shown).

In no case we manage to detect furB transcription
from its native promoter, or FurB-GFP localisation in the
plasma membrane or other recognisable organellar
membrane, except the endoplasmic reticulum (ER). The
sequence of the putative FurB polypeptide does not show
any particular feature distinguishing from the other six
Furs with established transport activities. Phylogenetics
showed that FurB has orthologues in two other Aspergillus

species (A. clavatus and A. niger) and some other dikarya
(Fig. S9), supporting that it must have been present in the
ancestral Dikaryon and then lost in various lineages creat-
ing a patchy distribution. Could FurB be an unstable junk
polypeptide or does it have a cryptic function? Cryptic
functions were found for the so-called pseudo-enzymes in
the rhomboid family of proteases (iRhoms). (Zettl et al.,
2011; Adrain and Freeman, 2012; Reiterer et al., 2014).
Large-scale sequencing of genomes has revealed that
most enzyme families include inactive homologues.
However, these pseudo-enzymes, unlike FurB, are
expressed and often well conserved, implying a selective
pressure to retain them during evolution, and therefore that
they have significant function. We have recently obtained
two cases, similar to FurB, concerning intrinsically unstable
transporter paralogues showing limited conservation
during evolution (Krypotou et al., 2015, Sa-Pessoa et al.,
2015). Whether such cases correspond to orphan trans-
porter genes with cryptic functions or represent persistent
cases of ‘proto-pseudogenes’ is, we believe, an interesting
issue.

Specificity determinants are partially determined by the
Fur substrate-binding site

All evidence obtained supports the idea that substrate
specificities within the NCS1 family cannot be predicted by
simple sequence alignments, or through comparison of
amino acid residues in the major substrate binding site
defined in this work. Similar to what has been found in the
UapA uric acid-xanthine transporter (Papageorgiou et al.,
2008; Kosti et al., 2010; Diallinas, 2014), specificity seems
to be determined by complex synergistic effects of the
major substrate binding site and gating domains, which act
at allowing or occluding access to or from the major sub-
strate binding site. This explains how NCS1 proteins of
very similar putative substrate binding sites have totally
different specificities. A prominent example concerns the
Dal4 and Fur4 transporters of S. cerevisiae, which are
highly specific for either allantoin or uracil, but are very
similar proteins and most importantly seem to have identi-
cal residues for substrate recognition (see Fig. S4). Their
distinct specificity might well be explained through differ-
ences in gating domains.

The first point arising from the modelling and mutational
analyses was that a single major binding site, made of
residues mapping in TMS1, TMS3, TMS6 and TMSS, is
present in all three Fur transporters analysed. In this site,
the absolutely conserved Trp residue in TMS3 and Asn
residue in TMS8 seem irreplaceable for function, as their
substitution leads to total loss of transport activity. In agree-
ment with this result, these amino acids are the only
residues of the substrate binding site that are absolutely
conserved in all NCS1 proteins. Their substitution has also
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a negative effect on the transport activity of other NCS1
transporters, such as Fcy2 (Ferreira et al., 1997), FcyB
(Krypotou et al., 2012), Mhp1 (Simmons et al., 2014) or
PLUTO (Witz et al., 2014), further confirming that these
residues are major elements for substrate binding in
NCSH1. Interestingly, no substitution of these residues led to
a change in specificity, showing that they participate in
rather flexible interactions as H donors or acceptors (Asn)
or in -t stacking (Trp). A third amino acid shown here to be
important in the binding and transport of substrates is a GIn
residue in TMSS3. This residue, absolutely conserved in Fur
proteins, is replaced by an Asn residue in Fcy-like trans-
porters, or Glu in plant NCS1 and can vary in bacterial
NCS1 members (Asn/GIn/Glu). Its replacement with other
amino acids leads to a moderate negative effect on Fur
activity, but a more dramatic loss of activity in Fcy trans-
porters oraplantNCS1 (PLUTO). Specific mutations in this
Gin residue can however differentially affect the binding of
various substrates, showing that it contributes to specific-
ity. Finally, a fourth residue shown to be important for FurD
or FurE functioning was Asn54 or Ser54, respectively,
within TMS1. Replacement of these polar residues with Ala
led to dramatic loss in substrate binding affinity and trans-
port. Interestingly, this amino acid position is variably con-
served in NCS1 proteins, in Fur transporters is either an
Asn (FurD and FurA) or a Ser (FurE), a Val in Fcy-like
proteins, a Gly or Val in plant NCS1s, and variable in
bacterial homologues. In the plant PLUTO transporter,
Asn54/Ser54 in FurD/FurA corresponds to Gly147 (Witz
et al., 2014). However, the presence of a conserved Asn in
uracil (FurD and Fur4), allantoin (FurA, Dal4) or uridine
(Fui1) fungal transporters, argues against a simple expla-
nation on how this residue affects specificity. The analo-
gous residue in the crystal structure of Mhp1, GIn42, was
shown to be in close distance, but not to interact, with the
substrate. Mutations replacing GIn42 with aliphatic resi-
dues led to significant loss of transport activity. Overall, it
seems that this residue participates in flexible and variable
interactions critical for substrate binding and/or transportin
different NCS1 transporters.

The more pronounced specificity changes due to muta-
tions in the major substrate binding site in FurD and FurE
were obtained by substituting residues in TMS6. For both
proteins, specific mutations, replacing these residues with
those found in other Fur-proteins shifted substrate spe-
cificities in a pronounced fashion. For example, we could
make a FurE version recognising with high-affinity pyrimi-
dines, but not purines (FurE-P251N/K252F), or a version
recognising with relatively high-affinity several substrates
(FurE-K252F, e.g. uracil, allantoin, uric acid, xanthine,
thymine or hydantoin). Or, make a FurD version transport-
ing with high-capacity, but low-affinity, allantoin (FurD-
N249A). In line with the importance of TMS6 residues in
determining the specificity of NCS1s, these residues are
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quite variably conserved among NCS1 members pos-
sessing distinct specificities, in close distance from sub-
strates (see Fig. S4).

A selective gate in FurD is critical for specificity

As some of the specificity changes obtained by mutations
in the substrate binding site of FurD were moderate or
somehow non-expected, we predicted and showed that
specificity is also determined through the functioning of
putative gating domains, acting independently from, but
synergistically with, the major substrate binding site.
Mutant FurD-M389A could transport an enlarged set of
substrates, including hypoxanthine and 8-azaguanine,
which no known Fur protein can recognise. In the mod-
elled structure, residue Met389 lies over the substrate
binding site, at the N-terminal part of TMS10 (see Fig. 9B).
In Mhp1, TMS10 is shown to be an element of an outward-
facing gate. Crystallography has shown that TMS10 is
relatively free in the outward-open ligand-free state, but
upon substrate binding, it bends over it, occluding it in the
binding site and, subsequently, the protein switches to the
inward-facing form (Weyand etal.,, 2008; Shimamura
et al.,, 2010). Moreover, MD simulations suggest that in the
outward-facing state, this helix is in equilibrium between
open and closed conformations (Shimamura et al., 2010;
Adelman etal,, 2011; Shi, 2013; Zhao and Noskov,
2013; Kazmier et al., 2014). Very recently, X-ray crystal-
lography has shown that in presence of a bulkier molecule
(NMH; 5-(2-naphthylmethyl)-L-hydantoin) in the substrate-
binding site, TMS10 retains the conformation seen in the
ligand free structure. However, that condition is inverted by
a single mutation at position 363 (L363A), which relieves a
steric clash between a leucine and the ligand, hence
allowing the closure of TMS10, which is a prerequisite for
transport (Simmons et al., 2014). Thus, it can be conjec-
tured that the M389A mutation in FurD has an effect
analogous to mutation L363A in Mhp1. An important dif-
ference though between the two homologues is that
Met389 is surrounded by many aromatic residues, includ-
ing the TMS10 amino acids Phe388 and Tyr392, as well as
the TMS3 residues Phe129, Trp130 and Phe131. Sulfur-
aromatic interactions are of mixed electrostatic and
dispersion nature and have an associated energy compa-
rable with salt bridges in proteins (Valley et al., 2012).
Thus, the simplest scenario of the transport properties of
FurD-M389A is that in the wild-type protein Met confers a
degree of substrate selectivity through specific interac-
tions with other parts of the protein. When replaced with a
small residue like Ala, the Met389-Trp130 sulfur-aromatic
interaction is lost allowing the bulky Trp130 to rotate
easier, thus facilitating fitting of more diverse substrates in
the binding pocket, as well as the transition to the inward-
facing substrate occluded state.
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Noticeably, there is an impact of the temperature on
FurD- or FurE-mediated growth, which might be related to
the gating process. In fact, there is general trend towards
better growth on uric acid or xanthine at 37°C compared
with 25°C, but this is not the case for growth on allantoin
or pyrimidine analogues (see Figs 3, 8 and 9). The appar-
ent functional cryosensitivity of FurD and FurE suggests
that uric acid and xanthine must have a different binding
mode compared with allantoin or uracil and that this dif-
ference becomes more visible at lower temperatures,
where protein flexibility is lower. Importantly, in some
mutants, the cryosensitivity on uric acid or xanthine is
partially or totally suppressed (e.g. N249A, Y250F,
M389A, N249A/M389A in FurD, or K252F in FurE). In
addition, FurE-mediated accumulation of allantoin also
becomes cryosensitive in P251N (see Fig. 8). Thus, sup-
pression or modification of the effect of temperature on
Fur activities always concerns mutations in the putative
gate (TMS10) or in the part of the substrate binding
domain (TMS6) that is just below the gate. In other
words, mutations that modify the effect of temperature on
Fur activities are located in dynamic domains that syner-
gise to define the specificity of these transporters.

Experimental procedures
Sequence data/identification

For the large-scale profiling and phylogeny, proteins encoded
in 1093 fully sequenced genomes available at PhylomeDB
(Huerta-Cepas et al., 2014) as of May 2014 were downloaded.
The final database comprises 8 962 138 unique protein
sequences. For the second part of the analysis, where we
focused on the evolution of Fur family using a reduced species
sampling, we selected 81 species (Table S5), covering all
fungal taxonomic ranges available (61 genomes), four plant
genomes, 20 bacterial genomes and the Mhp1 sequence from
M. liquefaciens as the only member of the superfamily with a
solved structure. The NCBI taxids, species names, source and
date of each genome getting integrated in PhylomeDB are
provided in the Table S5. Proteins within our genomes data-
bases containing at least one Nucleobase cation symporter-1
domain were detected by searching for the PF02133 ‘Transp-
_cyt_pur’ profile as found in Pfam using HMMER 3.1b1 (Eddy,
2011). The above domain is specific for the NCS1 superfamily
being part of all of its members sequence and only in it. The
scan was performed using the Gathering Cut-Off threshold
(—cut_ga), minimising the number of false positives. In the
case of A. nidulans, the superfamily members were added
manually, given that for one member of the Fcy family the open
reading frame is split between two scaffolds and thus absent
from the proteome.

Phylogenetic analysis

In all the cases of gene family trees, the execution of the
different phylogenetic workflows was done using the bioinfor-

matics tool ETE-NPR as an environment (J. Huerta-Cepas, P.
Bork and T. Gabaldén, unpublished) and by using the single
gene tree execution mode without the npr functionality. For
the first larger tree of 2248 sequences, multiple sequence
alignments were built using CLUSTALO v1.2 (Sievers et al.,
2011). The resulting alignment was trimmed using trimAl v1.3
(Capella-Gutierrez et al., 2009) using a gap score cut-off of
0.01 due to the large alignment size. Phylogenetic trees were
reconstructed using an ML approach as implemented in Fast-
Tree 2.1.7 (Price etal., 2010) using the WAG evolutionary
model and the gamma parameter. In all the other gene family
trees, we used a similar pipeline to that described in
Huerta-Cepas et al. (2011). Multiple sequence alignments
were built from each set of homologous sequences using
M-COFFEE v8.80 (Wallace etal., 2006) to combine the
results of three different alignment programs: MUSCLE
v3.8.31 (Edgar, 2004), MAFFT v6.814b (Katoh, 2008) and
DIALIGN-TX (Subramanian et al., 2008). Alignments were
performed in forward and reverse direction, thus evaluating
six alignments per query. The resulting alignment of each
family was trimmed using trimAl v1.3 (Capella-Gutierrez et al.,
2009) using a gap score cut-off of 0.1. For each sequence
alignment, the best fit evolutionary model selection was done
prior to phylogenetic inference using ProtTest 3 (Darriba et al.,
2011). In each case three different evolutionary models were
tested (JTT, WAG and LG). The model best fitting the data
was determined by comparing the likelihood of all models
according to the AIC criterion (Akaike, 1973). An ML tree was
inferred with RAXML v8.0.2 (Stamatakis, 2014) using the
best-fitting model. A discrete gamma-distribution model with
four rate categories plus invariant positions was used. The
gamma parameter and the fraction of invariant positions were
estimated from the data. Branch support was computed using
an aLRT (approximate likelihood ratio test) based on a chi-
square distribution using PhyML (Guindon and Gascuel,
20083).

Phylogenetic tree analysis and visualisation was per-
formed by using the methods provided in the ETE toolkit
(Huerta-Cepas et al., 2010) apart from the visualisation of the
unrooted trees that was done using the web-based tool iTOL
(Letunic and Bork, 2011).

Homology modelling

Full-length sequences of FurA, and FurE from A. nidulans,
were retrieved from AspGD (Cerqueira et al., 2013) (acces-
sion codes AN0660 and AN8416, respectively) and FurD of
the same species from UniProt (accession code A6N844).
For homology model construction, we used a previous pub-
lished alignment between NSC1 members, including FurA,
FurD, FurE and Mhp1 from M. liquefaciens (Krypotou et al.,
2012; Fig. S2). The full-length sequences of FurA, FurD and
FurE were submitted to TOPCONS meta-server (Bernsel
et al., 2009) for consensus membrane protein topology pre-
diction. Two thousand models of FurA residues 20-500,
2000 models of FurD residues 22—-493 and 2000 models of
FurE residues 20-507 were constructed in total, using the
Rosetta threading protocol with the membrane specific
scoring function terms (Yarov-Yarovoy etal., 2006; Barth
et al., 2007; 2009). The secondary structure of the proteins,
as predicted by SAM server (Karplus, 2009), as well as the
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consensus membrane protein topology prediction made by
TOPCONS meta-server, were also taken into account in the
form of restraints during model construction. The 3-mer and
9-mer peptide fragments for modelling were created locally
using the SAM-predicted secondary structure of each
protein. Unfolded and broken structures were excluded by
retaining only the 90% top-score models. A random model
among them was superimposed on the crystal structure
of Mhp1 using the combinatorial extension algorithm
(Shindyalov and Bourne, 1998), and the putative substrate
binding cavities of FurA, FurD and FurE were determined
by selecting every residue that was poised within 8 A from
the benzyl-hydantoin ligand. Trajectories were assembled
from the remained low-energy models and were clustered
with GROMACS Tools v4.6.1 (Pronk et al., 2013) using the
backbone heavy atoms and CP carbon of the putative sub-
strate binding pocket. The algorithm used for clustering was
‘gromos’ with cut-off 1.5 A.

Induced fit docking

The proteins were prepared for docking calculations using
the Schrédinger Suite 2014 Protein Preparation workflow
(Schrédinger Inc., New York, NY, USA). Molecular docking
was performed on the most dominant cluster representative
receptor structures using the Schrodinger Suite 2014 IFD
protocol, which is intended to circumvent the inflexible binding
site and accounts for the side-chain and backbone move-
ments upon ligand binding (Sherman et al., 2006). The details
of IFD are described in the Supporting information.

Molecular dynamics simulations

The orientation of FurD with respect to the membrane plane
(x-y plane) was predicted by Orientations of Proteins in Mem-
branes (OPM) server (Lomize et al., 2006). Subsequently,
FurD-apo with neutral Asp51, FurD with uric acid and FurD
with uracil structures were prepared and submitted to
CHARMM-GUI (Jo etal., 2008), to be inserted into pre-
equilibrated DPPC bilayers and solvated into rectangular
boxes with final NaCl concentration of 150 mM. These three
systems were processed by the LEaP module in Amber-
Tools14 (Case et al.,, 2014), where Amber ff14SB force field
parameters were applied to the protein, lipid14 (Dickson
etal, 2014) to the DPPC lipids and TIP3P to the water
molecules. For the ligands, we used the atomic charges we
calculated using the R.E.D. Server development (Dupradeau
et al., 2010; Vanquelef et al., 2011; Wang et al., 2013) along
with  PARM10 parameters (Zgarbova etal, 2011), as
described in the Supporting information. Constant pressure
and constant temperature (NPT) runs were performed on the
three protein-membrane systems using the GPU implemen-
tation of the AMBER 12 code (Case et al., 2014), following a
short energy minimisation and equilibration in the NVT
ensemble, as described in detail in the Supporting informa-
tion. A 4th system containing FurD-apo Asp51/M389A was
modelled using the 300th nanosecond snapshot of FurD-apo
Asp51 trajectory, to avoid relaxing the protein again, and a
new simulation was seeded. The total simulation time for
FurD-uric acid and FurD-uracil complex was 400 ns, for
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FurD-apo 555 ns and for FurD-apo M389A 255 ns (starting
from the relaxed structure). Finally the trajectories were ana-
lysed using AmberTools14 and GROMACS Tools 4.6.1.
Water-Bridge frequencies were calculated through combina-
tion of g_hbond module of GROMACS Tools and a post-
processing python script we developed. H-bonds were
considered to be formed when the donor-acceptor distance
was less than 3.5 A and the donor-H-acceptor angle less
than 30°. Simulations were performed in a membrane con-
sisting of saturated lipids, like the well-studied DPPC, in order
to emulate as much as possible the membrane constitution of
the fungal lipid raft (ergosterol, sphingolipids and glycer-
ophospholipids). Unfortunately, there were no sterol, sphin-
golipid or glycerophospholipid parameters in LIPID14 force
field and hence we used homogenous DPPC bilayers.

Media, strains, genetic techniques, growth conditions
and A. nidulans transformation

Standard complete and minimal media (MM) for A. nidulans
were used. Media and supplemented auxotrophies were atthe
concentrations given in http://www.fgsc.net. Nitrogen sources
and analogues were used at the final concentrations: urea
5 mM, purines 0.5 mM, xanthine (XA) 1 mM, 5-fluorouracil
(5-FU) 50-100 uM, 5-fluorouridine (5-FUd) 10 uM, 5-
fluorocytosine (5-FC) 50 uM, 8-azaguanine (8-AZ) 1 mM, oxy-
purinol (OX) 100 uM. E. coli was grown on Luria—Bertani
medium. Media and chemical reagents were obtained from
Sigma-Aldrich (Life Science Chemilab SA, Hellas) or Appli-
Chem (Bioline Scientific SA, Hellas). Derivatives of mutant
strains were made with standard genetic crossing using aux-
otrophic markers for heterokaryon establishment. Multiple
Afur strains were identified by phenotype and PCR. A list of
strains used in this study is included in Table S6. A. nidulans
transformation was performed as described previously
(Koukaki et al., 2003). A AfurD::riboB AfurA::riboB AfcyB::argB
AazgA AuapA AuapC::AfpyrG  AcntA::riboB  pabaAt
pantoB100mutant strain, named A7, was the recipient strain in
transformations with plasmids carrying fur genes or alleles.
This strain has been described in Krypotou and Diallinas
(2014). In brief, it lacks, due to genetic deletions, all genes
encoding major transporters for purines, pyrimidines and
nucleosides. Selection was based on complementation
of pantothenic acid auxotrophy pantoB100. Transformants
expressing intact fur or fur—gfp alleles, through either single-
copy or multi-copy plasmid integration events, were identified
by PCR and Southern analysis. As a negative control a trans-
formant obtained with an empty vector pantoB was used and
as a wild type strain a pabaA1 strain. Growth tests were
performed at 25°C or 37°C, at pH 6.8.

Plasmid constructions and FurD/E mutations

The principal vector used is a modified pGEM-T-easy vector
carrying the gpdA promoter (~1000 bp), cloned at Aatll and
Spel restriction sites of the multicloning site (MCS), the trpC
3’ termination region, cloned at Notl and Pstl restriction sites
of the MCS, and the pantoB gene, at the Ndel restriction site
of the MCS. The fur orfs were obtained from wild-type
genomic DNA by PCR using appropriate primers and cloned


http://www.fgsc.net

946 E Krypotouetal. M

at the Spel-Notl sites of the vector. For fur-gfp constructions,
the fur orfs lacking the translation stop codon were amplified
with relevant primers and the gfp orf was amplified using
primers with Notl extensions and cloned in frame at the end
of the fur orfs. Mutations were constructed by site-directed
mutagenesis according to the instructions accompanying the
Quik-Change® Site-Directed Mutagenesis Kit (Stratagene)
on the above vectors and were confirmed by sequencing.
Oligonucleotides used for site-directed mutagenesis, cloning
or diagnostic purposes are also listed in Table S7.

Standard nucleic acid manipulations

Genomic DNA extraction from A. nidulans was as described
in http://www.fgsc.net. Plasmid preparation from E. coli
strains and DNA bands purification from agarose gels were
done with the Nucleospin Plasmid kit and the Nucleospin
Extractll kit according to the manufacturer's instructions
(Macherey-Nagel, Lab Supplies Scientific SA, Hellas).
Southern blot analysis was performed as described in
Sambrook et al. (1989). [**P]-dCTP-labelled molecules used
as fur or pantoB specific probes were prepared using a
random hexanucleotide primer kit following the supplier's
instructions (Takara Bio, Lab Supplies Scientific SA, Hellas)
and purified on MicroSpin™ S-200 HR columns, following
the supplier's instructions (Roche Diagnostics, Hellas).
Labelled [*2P]-dCTP (3000 Ci mmol~') was purchased from
the Institute of Isotops, Miklés, Hungary. Restriction
enzymes were from Takara Bio (Lab Supplies Scientific SA,
Hellas). Conventional PCR reactions were done with
KAPATaq DNA polymerase (Kapa Biosystems, Lab Supplies
Scientific SA, Hellas). Cloning and amplification of products
were done with Kapa HiFi (Kapa Biosystems, Lab Supplies
Scientific SA, Hellas).

Total protein extraction and western blot analysis

Cultures for total protein extraction were grown in MM supple-
mented with urea at 25°C for 16 h. Total protein extraction was
performed as previously described (Galanopoulou et al.,
2014). Equal sample loading was estimated by Bradford
assays and Coomasie staining. Total proteins (30 ug) were
separated by SDS-PAGE (10% w/v polyacrylamide gel) and
electroblotted (Mini PROTEAN™ Tetra Cell, BIORAD) onto
PVDF membranes (Macherey-Nagel, Lab Supplies Scientific
SA, Hellas) for immunodetection. The membrane was treated
with 2% (w/v) non-fat dried milk, and immunodetection was
performed with a primary mouse anti-GFP monoclonal anti-
body (Roche Diagnostics, Hellas), a mouse anti-actin mono-
clonal (C4) antibody (MP Biomedicals Europe) and a
secondary goat anti-mouse 1gG HRP-linked antibody (Cell
Signaling Technology Inc, Bioline Scientific SA, Hellas). Blots
were developed by the chemiluminescent method using the
LumiSensor Chemiluminescent HRP Substrate kit (Genscript
USA, Lab Supplies Scientific SA, Hellas) and SuperRX Fuji
medical X-Ray films (FujiFILM Europe, Lab Supplies Scientific
SA, Hellas). Densitometry analysis of Fur-GFP, free-GFP and
actin-specific bands was performed using the ImageJ soft-
ware (Schneider etal., 2012). The relative density of the
Fur-GFP and free-GFP bands were quantified and normalised
by dividing with the respective actin-band density.

Kinetic analysis

The kinetic analysis was performed as recently described in
detail in Krypotou and Diallinas (2014). In more detail, [*H]-
uracil (40 Ci mmol-', Moravek Biochemicals, CA, USA) uptake
was assayed in A. nidulans conidiospores germinating for
3.5-4 h at 37°C, at 130-150 r.p.m., in liquid MM supple-
mented with 1% w/v Glucose as a carbon source and urea or
nitrate as a nitrogen source, pH 6.8. The conidiospores were
collected by centrifugation and resuspended in fresh MM at a
concentration of 107 conidiospores/100 ul. Initial velocities
were measured by incubation with concentrations of 0.2—
2.0 uM of [*H]-uracil at 37°C. The time of incubation was
defined through time-course experiments and the period
where each transporter showed linear increased activity was
chosen respectively. Ky values were obtained using labelled
uracil at 0.2-0.5 uM in the presence of various concentrations
(0.5—2000 uM) of non-labelled substrates. Reactions were
terminated with addition of equal volumes of ice-cold MM
containing 1000-fold excess of non-radiolabelled substrate. K;
values were calculated by satisfying the criteria for use of the
Cheng and Prusoff equation K;= ICs¢/(1 + (L/Kz)), in which Lis
the permeant concentration (Cheng and Prusoff, 1973). In our
assays, K values equal IC50 values as the L is very low (at
least 10-fold lower than the K, value). Radioactive counts are
converted to the amount of moles of substrate taken up by a
defined number of germinating conidia over a defined period of
time, based on the concentration and specific activity of the
stock of radioactive substrate used. Background, transporter-
independent, radioactive counts, obtained due to unspecific
labelling of cells or in some cases by simple diffusion, are
estimated using control assays with an isogenic transporter-
deleted strain, or in the simultaneous presence of 100- to
1000-fold excess non-labelled substrate. Background counts
are subtracted from the values obtained in strain expressing
the relevant transporter. K., K and V;.x determination is
carried out using standard Lineweaver-Burk or Eadie—
Hofstee equations formulas, or a relevant software (e.g.
GraphPad Prism). The analysis is performed through a non-
linear regression curve fit and sigmoidal dose response analy-
sis. Quality factors for the analysis result are: A2 which should
be > 0.99 and the Hill co-efficient (Weiss, 1997), which should
be approximately —1 for a transporter with one binding site. All
transport assays were carried out in at least three independent
experiments, with three replicates for each concentration or
time point. Standard deviation was < 20%.

Epifluorescence microscopy

Samples for epifluorescence microscopy were prepared as
previously described (Gournas etal.,, 2010; Karachaliou
etal., 2013). In brief, germlings incubated on coverslips in
liquid MM supplemented with urea as nitrogen source for
12-14 h at 25°C, were observed on an Axioplan Zeiss (Carl
Zeiss AG Corporate, Oberkochen, Germany) phase-contrast
epi-fluorescent microscope or a Zeiss Axio Observer Z1
inverted epi-fluorescent microscope, and the resulting
images were acquired with a Zeiss-MRC5 digital camera
using the AxioVs40 V4.40.0 software. Image processing,
contrast adjustment and color combining were made using
the Adobe Photoshop CS4 Extended version 11.0.2 software

© 2015 John Wiley & Sons Ltd, Molecular Microbiology, 96, 927—950
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(Adobe Systems Incorporated San Jose, California, USA) or
the ImagedJ software. Images were converted to RGB and
annotated using Photoshop CS4 before being saved to TIFF.
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