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H mopodoa owaktopikny SwtpiPn exkmovinke oto E6vikd kot Koamodiotprokd
[Mavemotiuio AbBnvov, ev pépel oto Epyaostnplo tov kov. AwdAiwd, oto Tunua
BwoAoylag, kor e&v péper oo Epyaotipo tov kov. Mikpov, oto Tunuo

DopHLOKEVTIKTG.
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EYXAPIXTIEX

H owWoaktopikn pov dwrpPn mpaypatomodnke oto EKITIA kot dupknoe
oyedov técoepa ypdvio. Méca ¢’ avTd TO OCTNIO. GLVEPYAGTNKO LE OPKETOVG
avOp®TOVG, Y10 TOLG 0moiovg Ba NBEL VO KAV €0 o PveioL.

Apycd, Oa n0eha va vyapioTiom tov emPBAETOVTA pov, ['dpyo AloAlva. Xto
EPYOOTNPLO TOV EPYACTNKO KOl MG TPOTTUYLOKY KOl UETOTTUYIOKY POLTHTPLO, OAAL
Kol G LTOYNeLo SOGKTOpaG. Xyxedd6v OAEC HOL Ol EMOTNUOVIKEG YVOOELS
amoktOnKav ¢’ avTd T0 EPYOCTPLO, UE TIG KOAEG KOl TIG AMYOTEPO KOAEG OTIYUES,
Omm¢ yiveton o€ OAOLG TOVG YMPOVS epyaciag, Omov mepvdg mepimov 12 mpeg
nuepnoing. Oa ndeia, Aowmdv, va vyopeTHGH TOV KUPLO ALOAAMVA TOVL POV £0MGE
™mv evkapio va epyastd pall Tov Kot vo amoKTNo® gunepieg Long.

®a nBera emiong va gvyapoTiocw ToV k0. Mdvo Mikpo, 610 £pYAcTAPIO TOV
omoiov ekmOVNGa LEPOS TNG SO AKTOPIKNG LoL dtpPnc. Tov evyoplotd Yo v moAD
KOAN HOG ovvepyooio, Yo TNV WYLYOAOYIKY] LIOGTNPIEN MOV OV TPOGEPEPE TIG
oTyléG mov NPEA VO TOL TAPATAC® KOl Y10 TIG YVAGES TOV TOGO OVIOOTEAMG OV
TPocEPepe. Xwpig avtdv d¢ Ba eiyo KatapEpel vo 560G TopadDdo® oVTO TO YPATTO.

‘Eva peydio evyopiotd opeihw kot otov Ko. Xtadn ®Opidiyyo. H avtoAiioyn
EMOGTNUOVIK®OV amOye®V Lali TOL NTov TEPA Y10 TEPA EVYAPIGTN KOl ETOKOOOUNTIKT.
Ot ovpPovAéc tov g pédog ™G ZvpPovAevtikng Emitpomng Mroav koipileg xor pe
Bonbnoav va mpoywpdw ™v Epguvd pov. Télog, n ompiEn tov, €WIKA KoTd ™
O10pH®G™ TOL TEAKOD KEYWEVOL TNG O100KTOPIKNG oL dloTpiPng, etvor avektiun .

Eo® Ba nbela vo svyopotiom kot to vwOlouta, HEAN TG E€EETOCTIKNG
EMTPOMNG, TOV KO. Xtovpo Xapddpaxo, v Ko Apoiio Kopaykodvn, mv Ko.
Koatepiva ITonmmd ko v xo. Bikv Zogiovomoviov. Tovg guyoapiot®d yio 1o ¥pdvo
TOVG, Y10 TO EVOLOPEPOV TOVG VO H10pHMOOVV EMUEADMS TN TP LoV KOl VO LoV
dDGOVV KaIPlEG KoL EMOTNUOVIKEG 010pODCEIC-CVUPOVALS.

Olo owtd to gpdvia, Opw®G, ot GvBpomol mov pe €noov TEPIGCOTEPO KOl
ompi&ov Kadnuepwvé v pdodo Lov Nrav To Tadld Tov epyactnpiov pov. Ipdta
Kot KOopla am’ 6Aovg Ha nfera va gvyopiotiom tov Zompn ApirlAn. Tov gvyapiotd
ywrti Nrav mavto ekel, va pog Avoel TG omopieg pog, va pog Pondnoer dtov
KOAAOVGOE TEWPAPATIKA, VO Hog ompiSel Yuyorloywkd OTav ommoyonTELOUAGTAV.
[Tévto vropovetikdg Kot TpoBupog o ATL Kt av Tov {nTodoape, mhvto ekel. ZOTAPN,

G’ EVYOPIOT® TOAD Y10, OACL.



Eniong Oa Mbera va evyapiomiow tov Xpnoto lovpvd ko tov T'idvvn
[Mamayewpyiov. 'Htav ot vroymeiot d10dktopeg mov avéAUBov TV EKTAIOELOT) OV
amd TN OTIYU] 7OV UTNKO GTO EPYOCTNPO MG TPOTMTLYWKTN @ortnTpl. Tovg
EVYOPIOTM TOL LoV Epabov amd TO MO oTAO, TOG VO KPOATA® TNV TUtéT, HEXPL VO
oKEPTONOL KOL VO Opm oav emtotrovos. Ewdwkd pe 1o Xpnoto nepdoape oteleimteg
hpeg mepyévovtag mave and évo gel Western, avomopovovtag av 0o ddoel onpo
ovPuovitviopévng Lodvng. .. XpnoTto, 6° EuxapIoTd Kol KOAY 6TOS100popLiaL.

Tov éva xpOvo oV TEPAGH GTO EPYUGTIPLO TOL KOV. Mikpol glya Tnv gukapio
VO GLVEPYOOSTD WE OVO KAAODG EMGTNUOVEG, OALL Kupiwg avOpdmovg, tov 'dpyo
Aaumpwvion ko tov BacsiAn MupuovBomovro. Ga 0ela Aomdv va Toug ELYOPIGTIOM
YO TO VLEPOYO KoL OOPOPETIKA Tpdypato mov pov &deav. Ilpwv and avtnyv v
eumepio N Evvola PomAnpoPopiky] Lov frav 6xeddv dyvootm og aviikeipevo. Tovg
EVYOPIOTM Yo TNV KABOONYNO™, TNV VOOV TOVG VO (e LBovV AyveoTo Tpdyata,
omwg Linux, python, modeller, SAR... AAG Kvpiog TOVG ELYOPIGTO YO TIC
oVUPOVAES TOVG KOt TO ¥POHVO TOVG, AKOUT Kot 6T 010pO®GT TOV YPATTOD [LOV.

Eniong, 6o nbela va €uyopoTic® TOLG OUWTAMUOTIKOVG WE TOVG OTOI0LG
ovvepydotnko OAo avtd TO. ¥poOvw, ™V Ayiia Kpurotov mov eivon mAéov
Yroynow Awdaxtopog Kot Kavape poli pio dnposicvon pe dpiot cvvepyacio, Tov
BooiAn Toieln, v Katepiva Todavomoviov, tov Mivowa EvayyeAwd kor tov
AlEEavopo KokoTo.

Téhog Ba MOl v EVYAPICTAC® TNV OIKOYEVELL OV KOl TOVG (IAOVG OV TTOV
pe ompiEav Ola avtd To XpOVIL, TOVG Yoveig pov Bayyédn kot Aécmowvo Kol Tov
adelpo pov Kmvotavtivo. Idwitepa opme ecéva popd, yurti yopic eséva o€ 0o ta

glya KatapEpet. ..



ITEPIAHYH

O pepPpovikés mpowteiveg petagopdg owdpapatiCovv kpicyo polo otnv
avantuén, OSwpoponoinon kol emPimon TV EVKAPLOTIKOV KLTTApwV. TToAAég
avOpamves acBéveieg Exovv cuvdebel pe duoAettovpyia 1 Tpomomoinuévn Agttovpyia
HeUPpavIKOV HeTAPOPE®V, OTMG N KLGTIKY {veon kot 1 adpEVOAELKOSVLGTPOPIaL.
E&attiag teyvik®v dvokoMav, dgv givor duvaty 1 KPLOTOAA®GT KOl 0TdO0CN TNG
TPLEOLAGTATNG SOUNG OA®V TOV TPOTEIVOV. 1o To Adyo anTo, pia TpdT WE Yo TV
avadimA®o™n TOV SPOP®Y TEPOYDV TNG TPOTEIVNC B umopovce va Anedel péow
HOVTEA®V  opoAoylag, €6v  vmlpyer  OwBéciun  HI0  OVTUTPOCMOTEVTIKN
KpvotaAloypagikn doun. To tedevtaio ypdvia €xer kpvotarliwbOel évag peydiog
aplOuog TPOTEIVOV UETOPOPAS, KOl HEGH otV &xovv dnuovpyndel povtéla
OLOAOYIOG CLYYEVIK®DV TPOTEIVOV. TETO0 TOPASEIYUO OTOTEAOVV Ol UETAPOPEIS
devtepoyevoig evepydtrag. Kabmdg 1 kpuotarroypapio amodidel £va 6Tatikd, Hovo,
OTLYHOTLTO OLVOLUK®V TPOTEIVIKOV O0UdV EE® amd TN ATIOKN) OmAocTolBdoa, M
omoio. amoteAel ™ QLOKN TOVG TOMOAOYiO, OAmOUTOOVTOL TAVTOYPOVO, KOl GAAES
Bloroywécg mpooeyyioels. Ilpokepévor va amoca@nvietodv ol Topdyovteg Tov
kaBopilovv TV eKAEKTIKOTNTO TOV VTOGTPMOUOTOS GE OOUEG LE YOUNAY TPOTOTAYN
opoAoyie, OAAGL LYNAN OOMIKT] OHOWOTNTO €IVl EMITOKTIKY 1) GLVOVLOGTIKY] YPNON
dedopévav  kpvotoAroypapiag kabmdg kol cvotnuotikng petorlroSryéveons. H
terevTaio VT PLOAOYIKY) TPOGEYYIOT GE GLUVOLAGUO LE TNV KOTAGKELY] LOVTEALOL
oporoyiog pmopel vo AmOTEAEGEL 0L ATOTEAECUOTIKY KOl 0EIOTIOTY TPOCEYYIoT OTN
HEAET] TV  OYECE®MV  OOUNG-AELTOVPYIOG TOV — UETAPOPEMY  OEVTEPOYEVOVG
EVEPYOTNTOG. ZTO. TANICLO TNG TAPOVGAG OOOKTOPIKNG JTPPne HeAeTHONKay pe
Blopuowéc kol yeveTIKEG/LOPLoKkEG TPOGEYYIGES OVO HETAPOPEIS TOLPIVAOV GTOV
npotuno ackopvknto Aspergillus nidulans, o UapA kot o FcyB.

O UapA sivar £évag GUPMETAQOPEDNS ovplkod oféoc-EavBivng/H g
owoyévelag NAT/NCS2, yia tov omoio vrdpyel TANODPA SOMIKOV Kol AEITOVPYIKDV
UETOAAOYDV. ZTO TAOICLOL TG TAPOVCAS SIOUKTOPTKNG SOTPIPNG KATACKEVAGTNKE TO
HOVTEAO opoAoyiag Tov, omnpdpevo oty doun tov UraA, v mpodh
KpuotoAhoypaio ¢ otkoyévelas. To povtédo emaAnfedtnke pe HOPLoK] SLVOLLKY|
(Desmond). Mg vtoAoy1opo0g AKaUTTNG Kol E0KAUTTNG TPOGOEcNG VITEdELYON N BEom
OECUELONG TOV VTOCTPMUATOS OTOV UETOPOPEN, TO OUVOEIKE KOTAAOITO 7OV

GUUUETEXOVYV, O UNYOVIGLOC TPOGOEOTG KAl 1) TOPELD, TOV VTOGTPOUATOS atd TN 0éom



déopevong mpog to Kuttapomiacpo (LMCS, Glide-IFD, QSAR). [Ipog emaAnbsvon
TOV  VTOAOYIOU®V  KatooKevdotnkav, pe katevBovopevn  petorralryéveon,
HETOAAOYEG TOV  KATOAOIT®V 7OV LIodelyOnkay omd TOLG VLIOAOYIGHOVS OTL
CLUUETEYOVY OTN OECUELON KOl UETAPOPA TOV VTOSTPOUATOC. Ta otedéym mov
EPEPOV TIG UETAALAYEG OVTEG XOPOKTNPIGTNKOV TANP®OG QOVOTUTIKG (e OOKIUOGIES
avantuéng o movpiveg w¢g povadikég myég aldTov) Kot Proynuikd (Le LETPNOELS
TPOGANYNG padloonUacUEVNS EavOivng Ko TEpdpaTa avToymviopov), kabmg emiong
HEAETNONKE Kol 1) VTOKVTTOPIKY TOVS TOTOAOYiN (UE UIKPOGKOTMIKTY TOPOTPNON TNG
npwteivng cvvelevypévng pe GFP). H Broloywn avty mpocéyyion emoindevce toug
VTOAOYIOUOVG TPAGdeoNg Kot To mpoPrendpevo poviého. TELOG, KOTAGKELAGTNKAY
AL dVO HOVTEAD OLOAOYING TNG OtKoYEVELDG, TOL petapopéa EavOivng SNBT1 (otov
Rattus novergicus) kot tov petapopéo L-ackopPiukod (octov HOomo sapiens). Xta
HOVTEAD. 0T HE LTOAOYIOHOVS Ttpdadeons vredeiydn to kévipo OéoUELONS TOV
VTOGTPOUOTOC KOl GLVEKPIONGAV To KATAAOUTO, TOV GUUUETEXOVV UE TO OVTIOTOL(O
tov UapA. BpéOnke 011 10 KATAAOUTO. TOV GUUUETEYOLV EIVaL KOVE, VTOOEIKVOOVTOGC
™V €£EMKTIKY| TOVG GYEDT.

O FcyB eivot évac ovppstapopéag movpvdv/H' e owoyévertag NCS1/PRT,
yapoxmmpiopévog otov A. nidulans. Xta mloicie g TopovGOS SOAKTOPIKNG
STPIPNg KOTAOKEVASTNKE TO HovTtéAo opoloyiag tov , Pacilopevo otn doun tov
Mhpl ¢ dwog owoyévelag. To poviého avtd emPePoidbnke pe vwoAoyiopovg
poplakng dvvapkng (Desmond). Téhog, pe vmohoyiopovg mpdcadeong vredeiydn n
0éom déapevong TV vrootpopdtev (adevivn, vro&avlivn, yovavivn, Kutocivn) otov
petagopéo Kol TOL  EUMAEKOpMEVO  apvoiikd  katdlowta. Bdoet ovtov  Tov
OOTELECUATMV KOl TNG CLVTNPNONG TOV KATOAOIT®OV GTNV GTOiYIoN TP®TOTOYOVS
aAAnAovyiag mpotadnKav HETOAAOYEG Vi TNV €NOANOELON TO®V VTOAOYIGU®OV
1p6edeong 1000 otov FeyB, 060 kat o dAla pédn g otkoyévelag otov A. nidulans

(FurA, FurD).



ABSTRACT

Membrane transport proteins play a crucial role in development, differentiation
and survival of eukaryotic cells. Many human diseases have been linked to
dysfunction or modified function of membrane transporters, such as cystic fibrosis
and adrenoleukodystrophy. Due to technical difficulties, it is possible to crystallize
and yield of all the three dimensional structure of proteins. For this reason, a first idea
for the folding of the various regions of the protein could be obtained by homology
modeling, if there is provided a representative crystallographic structure. In recent
years a large number crystallize transport proteins, and these are created by homology
models related proteins. Such an example is secondary activity transporters. As
crystallography yields a static, single, dynamic snapshot protein structure outside of
the lipid bilayer, which is the physical topology, requires time and other biological
approaches. In order to clarify the factors that determine the selectivity of substrate
structures with low primary homology but high structural similarity is imperative that
the combined use of crystallographic data and systematic mutagenesis. The latter
biological approach in conjunction with the construction Homology modeling can be
an effective and reliable approach to the study of structure-function relationships of
transporters secondary activity. In this PhD thesis were studied by biophysical and
genetic / molecular approaches two purine transporters in the model ascomycete
Aspergillus nidulans, UapA and FcyB.

UapA is a uric acid-xanthine / H" co-transporter of the NAT/NCS2family, for
which there is a wealth of structural and functional mutations. In this PhD thesis we
constructed homology model, relying on the structure of UraA, the first X-ray
crystallography of the family. The model was verified by molecular dynamics
(Desmond). Calculations with rigid and flexible tether suggested binding site of the
carrier substrate, amino acid residues involved, the fastening device and the path of
the substrate from the binding site to the cytoplasm (LMCS, Glide-IFD, QSAR). To
verify the calculations made by site-directed mutagenesis, mutations of residues
indicated by the calculations that are involved in binding and transport of the
substrate. The strains bearing the mutations were characterized phenotypically
completely (with growth assays in purines as sole nitrogen sources) and
biochemically (by measuring uptake of radiolabeled xanthine and competition

experiments) and also studied and their subcellular topology (by microscopic



observation of the protein-conjugated GFP). The biological approach verified the
calculations mooring and the estimated model. Finally, two other models were
constructed homology family, carrier xanthine SNBT1 (in Rattus novergicus) and
carrier L-ascorbate (in Homo sapiens). In models with these calculations suggested
the binding of the substrate binding site and the residues were compared with the
corresponding part of UapA. Found that the residues involved are common, indicating
their evolutionary relationship.

FcyB is a purine / H* co-transporter of the NCS1/PRT family, featured on A.
nidulans. In this PhD thesis we constructed a homology model, based on the structure
of Mhpl of the same family. This model was confirmed by molecular dynamics
calculations (Desmond). Finally, binding calculations suggested that the binding of
substrates (adenine, hypoxanthine, guanine, cytosine) to the carrier and the affected
amino acid residues. Based on these results and maintenance of residues in primary
sequence alignment proposed changes to verify the calculations tether both FcyB, and

other family members in A. nidulans (FurA, FurD).
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1.1 Aspergillus nidulans: éve cOetnno peléTng pe TOALOTAG TAEOVEKTNOTA

O Aspergillus nidulans givor un mafoydévog opofaliKkdg VNUATOEWONG LOKNTAG,
Onwc moAlol LKpoOopYaVIGHOL, AVATTUGCETOL LE EVKOMO GE PTNVE GTEPEN KoL VYPA
Opentikd VTOGTPOUATA, € PHeEYGLo 0poc Oepuokpacidv (15-44°C), emrpénoviag tnv
amopdvoon Beppogvaicdntov Kot Beppoaviextikdv petoriaydv. Arobétel mowida
LETABOMKOV HOVOTOTUDV, TOAAG amd ovTtd To omoia eivar yopaktnpiopéva. ‘Etot
umopel vo ypnolomotel pioe TANOmpo SPOPETIK®OV TTNY®V aldTOoVv Kot GvOpaKaL.
[MAeovéKTNUA TOV Y10 LTOVG TOVG YAPOUKTNPIOUOVS, 1| VG TOL CPVAETIKOD KOKAOUL
AVOTOPUYMYNG TOV, TOL divel TN dvvaTdOTNTA VITAPENG LING TOKIALNG GUIVOTOTT®V, &V
avtifécel pe to avénon-un ovénon tov Paxtmpiov. H dduetpog g amowiog,
TUKVOTNTO, KOl TO VYOG TV EVOEPL®OV VO®V, N VmapEn N un Kot o aplduoc tov
KOVIOLOGTOPI®V EMTPEMOVV TOV OMOALTO OLOYWPICUO UEPIKNG N OAIKNG OITMAELNG TNG
AertovpykdtnTag, avlekTIKOTNTAS, evalctnciag 1| vIepevacnciog oe Kdmolo ToEIKN
ovoia (Todd et al., 2007).

O @uAetikOG TOV KOKAOG €lvorl mOAD YpNyopog LOG Kol GE TPES TO TOAD
gpoouddeg amd v €vopEn Hog ooTavpmong eivar dvvar 1 avdAvorn Tov
anoyoveov. Kabe kieiotobnkio mepiéyet £og kot 100.000 aokovg Kot kdbe aoKog o
oktad0 aokoomopiwv. O 1600 peydrog oaplBudg amoydvev kabiotd gOKOAN TN
YEVETIKY| YOPTOYPAPNON Kot £XEL TOPAYEL EVAV OO TOVG TO AEMTOUEPELG YEVETIKOVG
YOPTEC OpYavIoU®V oL Vdpyel. [ 10 Adyo avtd GAlmote Tov emélele Kol O
Pontecorvo (Pontecorvo, 1952; Pontecorvo et al., 1953), ue okond ™ digpgvvnomn g
dopng TV yovidiwv, kol cLVEBOAE OVOLNGTIKA GTNV omocVlevén TG 060G TOV
adlipETOL YOVIOIOL HE OVTAOV NG HOVASOS OVOGUVOLOGHOV, HETOAAMYNG Kot
Aertovpywodmrog. Eivor yapaktmpiotikd nog otov 4. nidulans éyet yiver dtoympiopog
EVOOYOVIOLOKAOV HETOAAAYDV Tov améyovv poMg 11 Cevyn Bacewv petald tovg, pe
XPNON HEWWTIKOV avacvvovacuob (Scazzocchio, 2006). To katomvo cvotnua BERora,
tov Benzer pe tov @dyo T4 amodeiybnke peyoADTEPNG OVOALTIKNG WKOVOTNTOGC
(Benzer & Champe, 1961).

Emiong n opoBaiiikn kot amAogldng epvon Tov PoknAov emtpénel Ty cOVINEN
TOVG KOl OMuovpyio otabepdv €TEPOKAPVMOV, OVOUECH GCE OMOLUONTOTE GYEOOV
otedéyn. H onuovpyio otobepdv  SmAogdikdv Kovidloomopimv UECH  TOL
TOPAPVAETIKOD KOKAOVL KOOG0TA €0KOAN TN HEAETN TV aAAnAemidpdcewv 600 M
TEPLOGOTEP®V UETAALAYDV KOODC Kol TOV KOBOPIoUO TOV UETOED TOVLG YEVETIKOV

YOPAKTNPO (T.), EMKPATEIS, VIOAEMOUEVES HETAAAAYES, PaIVOUEVO emioTOoNS). Me



™ Sdkacio ™G amAogdonoinong eivar duvaty N xaptoypdenon petoAroydv. o
T0 OKOTMO OUTO, OTOUOVAVETOL OTEAEYOG LE OWTAOEWN TVPNVE, HE YPNOM
TOPUPLAETIKOD KUKAOL HETOAED TOV €MOLUNTOD OTEAEYOLG KO EVOG LE TOLAUYIGTOV
Vo QOIVOTLTIKG SLOKPITO YOVIOLOKO yopaktnpa Yy Kafe ypopdcoupa. Kotdmv
amootafeponoteitoar TO  OMAOEWEG, Kot givor dvvary M wOPOKOAOVONCT TOL
YPOUOGMUATOG TO 0Toio axorlovBel v embount petaAroyn. Eniong, pe ypnon tov
LITOTIKOD Mo U0D ivat OLVATN 1) XOPTOYPAPNON HIOG LETAAAAYNG GE GYECT UE TO
kevipouepés (Lopez-Villavicencio et al., 2013).

Ot ovetépm Adyor, aAAG kar m evpeia ypnon tov A. nidulans eiyav
ONUIOVPYNOEL Ho HEYAAT YKAUO HETHAAOY®DV KOl OQVEOTPOPLADV, Ol OTOlES UE TNV
avoKGALYN TG KOVOTNTAG YEVETIKOD petacynuaticpot tov A. nidulans (Tilburn et
al., 1983) xotéotnoav dvvaty TV €Qoproyn LEBOd®V aVAGTPOPNG YEVETIKNG KOl TV
€0KOAN KOTOOKELT O10E10IKMV TAaoudiov pe yovidla emAoyng ywo tnv Escherichia
coli xou tov A. nidulans. H wkovomomtiky amodoTikdTNTo UETACYNUATIGHOD OF
CLVOLOAGHO HE TNV IKAVOTNTA «OIACMONC» TV TAUCUIIOV TPOSPEPOLY TNV eveMEia
TOV  HOPOKAOV KOl YEVETIKOV YePopmv. EmumAiéov, m avevpeon ovtovoua
avtypapopevov mhacudiov (Gems et al., 1991), mov av&dvouv Kotd mTOAD TV
OTOTELECUATIKOTNTO TOV UETOCYNUATIOHOD, OlELKOALVE TOAD TNV  KOTOGKELN
YOVISIOUATIKOV BifAodnkdv, akdun kot yopic v avaykn kKhovomoinong o E. coli.

[Ip6éopata, kot petd t™ Onuocievon NG TANPOVSE OAANAovYiag TOv
yovidiopotog Tov A. nidulans (Galagan et al., 2005), éxet avomtuybei (o celpd amod
TEYVIKEG TOL EMTPEMEL TNV EVKOAN OATOAOLPY| KOl OVIIKATACTOCT YOVISiwv N N
ONLLOVGT T®V TPOTOVTI®V TOVG e pio oMo emtdénwv. [To cvykekpiéva, £govv
Kotookevachel oteléym mov eépovv ElAenym tov yovidiov g NKUA DNA ghikdong
(Nayak et al., 2006), vrevBovng yio. yeyovota €TEPOLOYOL OVOGLVILAGUOD. XTO.
OTEAEYN OWTA O UETACYMUATIGHOS Oivel YEVEST GE amOYOVOUS OV E£XOVV TPOEADEL
oxeddV HOVo amd yeyovota opoOAoYoL avacvvovacuov. Etol kobictatar suvkolotepn
N OTOYELOUEVN] EVOOUATOOYT TAAGHOIOV 610 Yovidiopo, Kot ot Kabe &idovg
YOVIOLOKEG  OVTIKOTOOTAGES, 1 ONUAVOES TPOTEIVOV UE  EMITOMOVS  GTOV
yovidiopotikd toug tomo (Szewcezyk et al., 2006). Meydin cvopporn o awtd €ixe M
avantuén véov PCR teyvikov yuo ™ ovlevén dtapopetikdv DNA tunpdtov yopic
SOUEGOAAPNON KLTTAPWY KoL THV 0vAyKN TEPLOPIOTIKGV evdovovkieaonv (Yu et al.,
2004), kabmhg ko 1 KoTaokevn Tov cvothuatog cre/lox (Forment et al., 2006), mov

EMTPENMEL TNV AVOKOKAMOT TOL YOVIdiov €MAOYNG TOL HETaoyNUoTiIopod. Me 1



YPNON TOV ovetépo epyoreimv £€ytve TOAD EVKOAOTEPOG O  YOPOUKTNPIGUOC
AmOPOITNTOV YOVISI®V, LG Kol OaAOLpY] TOLG 0dNYel HOVO Gg PLdoipa eTepoKapLa
(Osmani et al., 2006). Av mpocbéoel KOVEIS TIG GUYYPOVEG TEYVIKEC TMV
wkpoovotoydv, PAEnel mowg o A. nidulans podler étownog yioo v €moyn NG
BroAoyiog Zvotudatov kot g [poteopkng. O A. nidulans éyel ypnoponombel o
gpyorelo-mpoOTLTO GVGTNUA o€ Tpio. KLPIOG emoTNUOVIKA Tedia: TG pvOonN tov
KLTTOPIKOD KOKAOL, TNG pOOMONG NG YOVIOWOIKNG £KQPOONG KOl TNG MEAETN NG

avamtuéng Tov poKnToL.

1.2  IMhoopotikny pepppavn - Mepppavikéic mpoTeiveg petagopeig
1.2.1 E&&MEn ¢ mAaopaTiKiG pepfpdvng

H mloopotiky pepPpdvn oamotelel 10 @LGIKO GOVOPO TOV KLTTAPW®V, Kol
TOVTOYPOVO, TO TPMTO ONUELD OAANAETIOpaoNG e TO TEPIPAALOV. ZNUEPO TIOTEVETAL
¢ 1 Proroykn eEEMEN oTa TpdTA TG Ppata StadpopaticTnke HEGH GE KVOTIOW
Moy dmhootolBddmy. [pdyuatt, 1 KovOTNTA EKAEKTIKNG SOIMEPATOTNTOS TOV
popiov kédbeta ot duthootolPada kot 1 oplobétnomn evog acPaAOVS Kol TAOVGLOL
TePPAAALOVTOC GTOV EAMTN TPOTOYOVO UETOPOMGUO TPEMEL VO OMOOELYTNKE Kpioiun
ywo v peténerta eEEMEN ¢ Cong (Alberts et al., 2002). Me v moAvmlokoTnTo, KO
TOV QVTAYOVIGUO VO avEAVOVTOL, KOl TO YNUIKA OpEnTIKA pHéG Vo EAATTOVOVTOL, M
TAOGULOTIKY] UHEUPPAVN oméKTNoE VEOLG POAOVG Ko €0moe  AOGES. A@evog,
Quo&évnoe mpmteivee OV UETEQEPAY VEES, MO oOVOETEG OpYOVIKEG OVLGIEC GTO
KOTTOPO, Ol 0Toieg dev pmopovoayv va dacyicovv ™ pepPpdvn. ‘Etol, véeg mnyéc
dvBpaka kot aldTOL, EVEPYELOKA TAOVGLOTEPEG, GAPYIOAV VO, YPTCLLOTOLOVVTOL.
Aopetépov, eEeliyOnke oTIg EMEAVELES TOV HEUPPAVAOV 1) OTOGHVOEST|, KOl KOTOTLY 1
avamvon, Kot amoeevyOnke to dwparvopevo mpoéwpo TéAog g Cong. Me 1
OLUEPICUATOTTOINGTN TOL KLTTAPOL &yve €QIKTN M oWENGN TOV OYKOL Kol TNG
TOALTAOKOTNTOG TOV, EVAD TO KVTTOPO UTOPECE VO OvVTIAAUPAVETOL TEPPOUAAOVTIKES
oAloy€G, OAAG Ko pmvopato amd GAAOLG OpYAVIGHOLS. MEcm TNng KLTTOPIKNG
OVVOEDTG KOl TPOCKOAANGONG, OALG KO TNG OVATTUENG UNYOVIGLAOV Yol TV KUTTOPIKN
emuolvovia, €ytve  duvatd TO TEPACUO OO  TOVG  HOVOKVTTOPOUG GTOVG

TOAVKVTTOPOLS opyavicpovs (Cooper, 2000).



1.2.2 Aopn ™ TAacpatikig pepppavng

H mhoopatikr pepppavn amoteieiton amd Amidio, TpmTEVES Kot VOATAVOPAKES,
o€ avaloyieg OV OPEPOLY HETOED OPYOVICU®V, OAAL Kol KLTTAP®Y TOL 1510V
OPYOVIGHOV, OKOUN Kol GTO 1010 TO KVTTAPO avaioyo pe TIC ouvOnkes. Ot dtapopéc
AVTEG AVTOVOKAOUV AEIToLpYIKeS Kot eptParloviikég e&edikevoets. To poviého Tov
pevotol pwooaikov (Singer & Nicolson, 1972) amotélece o mpodiun mpoomdbeio
AmEIKOVIONG TNG O1GOAGTUTNG OPYAVMOONG TOV TPMOTEVOV Kol TOV MIiov o1V
TAOGUOTIKY  HEUPpavn, Kou omewkovilel TNV  TAOCUOTIKY HeUPpavn ©¢ £€va
TOAOTAPAYOVTIKO TEPIPAAAOV LE TIG AELTOVPYIKG EVEPYEC TPMTEIVES OACTOPTEG GE
wo. oxetikd opotoyev Amdikn dumhootoldde (Ew. 1-1). To poviédo avtd dev
amodidEl AELTOVPYIKY) CUOGIOL GTNV PUGLKT| ETEPOYEVELL TNG OPYAVAOCTS TV ATdimv
amd TV omoio Umopel va TPoKVYOLV BEPUIKES OLOKVUAVOELG Kot Un W00VIKT avEapién.
Kotapépvelr va eEnynoet TiIc QUOIKOYMUKES SlapopES TG MepPpdvng, Omwc
pevotoTTO, TO onueio ™MENG kol ™ Oepuokpacio petdntwons. Aweopés ot
o0oTOoN 6€ AMTopd 0&€a, GTO UNKOG KOt TOV aplpd TV aKOPEGTMOV JECUAV TMV
OAELPATIKOV 0ALGIO®V, OALL KOl TNG TEPLEKTIKOTNTOC 0 oTEPOAES, puOuilovv TIC
AVOTEP®D TAPOUETPOVG. X& QLGLOAOYIKEG ocvvOnkeg M pepPpdvn datnpeiton og
Katdotoon «vypod KpvotdAdlovy. H pevotdémmra avty, mov givar cuvaptnon g
oVvoTaong TS, ahAdlel pe ) Beppokpacio. ‘Etot, 6tav n pepppdavn yoybel ko Ppebdet

0TO KAT® OP1lO TOL GNUEIOV HUETATTMOTG TNG, LETOTPEMETOL AVTIGTPENTO GE TKTMLLOL.

Tpoteivy) "aykvpa

Teprgspucy peppporik
TPOTEIVY

Aumdiy
AwiocTonpdda

AWRERPPOVIKT TPOTEIVI)- TIpoTeiv) "eyvpopoinnéivy” " .
Kovai 65 o Teprepuca) peppporvucay
TPOTEIVY

Awpepfppoviki TpoTEiv)

Ewkévo 1-1 Movtého Tov pevetod pocaikov. (Lodish et al., 2008)



Qo1660, T TEAELTOLO XPOVIO EVOG UEYAAOG aplOUOG LEAETMV EXOVV TTOPACYEL
ONUOVTIKA To cLVOETN €1KOVA TNG 0PYAVOONS TV AMOIOV KOl TOV TPOTEIVOV GTN
pHepPpdvn tov TAAGUATOG. XVVOEST TNG OOUNG-TEPLEKTIKOTNTOC TNG HEUPPAvNG ue
OLYKEKPIUEVES Plohoyikég Aettovpyieg €ytve PE TO HOVIEAO TOV ATTIIIKOV GYEOI®V
(lipid rafts — Simons & lkonen, 1997; Brown & London, 2000). H vrndbeon g
Mmdkng oyediag otpiletar oy 10é€a OTL Ta Amidlo TG TAAGUOTIKAG HEUPpavn
EYOVV JPOPETIKEG Plopuoikéc Tdoelg ohvoeong tov evog pe 10 GALO, Kot TNV
amAoVoTEPN HOPPN NG, Tpoteivel TNV VmOPEN TAEVPIKNG ETEPOYEVELNS OTNV
TAOCUOTIKY] HEUPPAV TOL TPOKOTTEL OmO TNV oVoTNPOTEPY] GOVOEST NG
YOANOTEPOANG LE KEKOPESUEVO, KOL LLOVO-OKOPESTO POCEOMTIdI omd OTL LE TOAV-
axopeota poceoMnida. H vdBeon avtn cuoyetilel tn Aettovpyikn onuocio pe v
VILAPYOVCO TAEVPIKT ETEPOYEVELN GTNV TANCUOTIKN HEUPPAVN Kol TPOTEIVEL OTL Ol
TEPLOYES TNG HEUPPAVIG TTOL TPOKVTTOLV OO TETOEG £TEPOYEVELES TOloVV EvePYO
pOLO og JAPOPES PLGLOAOYIKEG dlepyacieg CLUTEPIAAUPAVOUEVNG TNG UETOYWYNG
onuatog (Gasperi et al., 2013; Sebastido et al., 2013), g dakivnong kvotdimv (de
Juan-Sanz et al., 2011; Echarri et al., 2007), ¢ ©pookOAANONG KoL THG KIVITIKOTNTOG
tov kuttapov (Jahn et al., 2011; Rege & Hagood, 2006), ka1 tng 166600 maboyovaov

v kot Baktnpiov (Vieira et al., 2010).

GPIl-cuvdedpeveg

Avmidun
oy Edia

TPOTEIVEG
XOANCTEPOAN

TEPLOYN
KPLOUOTOG

& OKVALOUEVES

TPOTEIVEG

GKE}\.ST(’)Q GKT{V]]C; Lo ] f a £ e Y - 0T 0 2

Ewévo 1-2 Mkpodopég g mhaopotikig pepppavis. To pikpoomiiowe kot o1 Mmdwkég oyedieg
elvar LKpodopég eEAPTMOUEVES OO T YOANGTEPOAN TOV OTOIMV 1 OPYAVOGCT PAIVETL VO SIEVKOAVVEL
M 010A0YN TOV TPAOTEVOV KOl TOV MWV TOV 0pyavdvovTol 6e VYNAG datetaypéves dopués. H
pikpoomniotivy kabodnyel T0 GYNUOTIOUO TOV WKPOCTNAOI®V Kol QOivVETOl VO GAANAETIOPG e
Tn0dpo TPOTEIVOV HECH NG TEPOYNG  IKptdpotog g (caveolin  scaffolding  domain).
(Tpomomompévo amd Laude & Prior, 2004)



O Mmdwcég oyedieg gaivetor va glvar mAOLGLEG GE YOANGTEPOAN KOl KOPECUEVQ
Mmidia, 6mwe ceryyoAnidw mov torofetovvtan pall yio vo oynUaticovy pie dKpmg
dwtetaypévn doun, Owakpty] amd v mepPailovca  “Oalaccoa”’ TV ATOKTO
dwtetaypévav, Kupiog akdpeotov, Amdiov (Ew. 1-2). H vrdbeon g Amidikng
oxedlag mepthapPdver kot ta dVo @UAAO NG TAAGUOTIKNG HepPpdvng, mapd to
yYeYovog OTL To. GPryyoAnidwn Ppickovtal povo oto mepumhacpikd eOAAo (Laude &
Prior, 2004). Ta yAvkooptyyoluridwo dtobétovv cuviBwg éva AMmapd o&D poakpdG
aAvoidag mov mpoteivetanr va elval o Béomn va cuvddeTon pe pio doun AUTIOKNG
oxedlog EUMAOLTIOUEV] OE KOPEGUEVO, MmO, YOANOTEPOAN KOl TEPLPEPIKES
TPOTEIVES ayKupoPoinuéveg ue KEKOPECUEVEG OKVA-0AVGIOES 610
KUTTOPOTAACUATIKO @UAAO. Kat’ avtdév tov Tpomo n dwitepo dtatetayuévn goon
OLTNG TNG TEPLOYNG TOPEYXEL EVOL UNYXAVICUO Y10 TN OLAOYN TV TPOTEIVAOV KOl TOV
MTdiov avaloya e TNV IKOVOTNTA TOVG VO TAPEUPAAAOVTOL GE VTV TV OLGTHPA
depévn doun (Laude & Prior, 2004; Sengupta et al., 2007). ITpwteiveg mov Ppiokovtan
TPOG TOV TEPIMAAGIUIKO YDPO TPOGOEUEVES LUE AYKVPES YAVKO-POCPATIOVA-IVOGITOANG
(Glyco- phosphatidyl- inositol — GPI anchors), npwteiveg mov Bpiokovtal mpog To
KUTTOPOTANCO, TTPOGOEUEVES LE KOPEGUEVES TOAUTOVAO- 1| LUPIGTOVA- OHAOES KO
TPOTEIVEG TOV TPOGOEVOLV TN YOANGTEPOAN, OAEC POIVETOL VO TEIVOLV VO EIGYM®POVV
oe Mmdkég oyedieg (Lingwood & Simons, 2010). Adym TG SOUKNG TOVG OLOLOTNTAS
Le TIg MmdkéG oyediec, to pikpoonniiato (caveolae) cuyva e€etdalovianr g €161KOG

VIOTOTOG TOV MTSIKOV oyeddv (Ew. 1-2).

1.2.3 EXKAEKTIKI] OLOTEPATOTNTA TG TAUGCHATIKIG RERPPEVNG
H mhacpatiky pepfpdvn eivor dramepatn yio pkpd, pn moAka popio, 6mwme n
aBavorn. To vopdeofo, OUmS, TEPPAALOV TOV OAEIPATIKOV OLP®OV TOV MTOI®V
dnpovpyel éva oxeddV adlomEPACTO PPAYUO Yoo LEYAAES | TOMKEG evaoels. [ Tig
EVOOELS OVTEG TO KOTTOPO OloBéTEL o TOWKIAMO pNYovVICU®V vrevduveov oo
petagopd kot T pHOon g cvykévipmong Tovg. Eivar eviumwoiokd to yeyovog ot
oe Olovg TOoVG opyaviopovs 0 10-20% TV yovidi®v TOvg KMOOKOTOWOLV Yyio
TPWOTEIVEG LETOPOPAGC, KovaAla kat petagopeig (Xiong, 2006).
Ot punyoviopol StopeuPpovikng HETOPOPEG UTOopoLV vo. TaStvounbovv og

téo0epi; kKotnyopieg (Cooper, 2000):



L. TTabnticn petapopd — AmAn dudyvon PEcw TV Mmdiov

H Mmdum duthootifdda etvar wdiaitepa dlamepatn o€ aépia, OTWS T0 0ELYOVO
(O2) ka1 10 010&€id10 Tov dvBpaka (CO,), oe VOPOPOPa POPLa, dTwS TO Peviévio, Kot
o€ WKPA TOAMKE 0AAG N @opTiouéva poplo, Ommg 1 aBavoin, 1 ovpia Kot To vePO
(H,O — 6opmon, Ew. 1-3A). Kotd v anmdn diwbyvon 1o pope avtd Kivovviot
Slpécov TV Mmdinv, Bdoel Tng KAIoNg TG GLYKEVTIPOONS TOVG, HEca 1] £E® amd TO
KOTTOPO, Y®PIS TN GULUUETOYN GAA®V Topaydviev (m.y. mpmteiveg petapopdsg). O
pLOUOG d1dyvong g eKAoToTe ovoiag Eaptdtal amd TV KAIGN NG GLYKEVIPWONG

g ko TNV vopoPoPucodtntd ¢ (Ewc. 1-3A).

11 ToBOntixy petopopd — A1evKoAvVOUEVH 01000 UETM OLOGUEUSPOVIKDV TPWTEIVWDV

H devkoivvopevn Owdyvon eivor évag TOTOC maONTIKNAG HETAPOPAS, OTOL
oplopéves ovaieg dracyilovv v pepPpdvn, LSO SOUEUPPAVIKOV TPOTEIVOV, KAODS
LOVEG TOVG AOLVATOVV VA OlePAcOVY TN Aok durhootifdda. H petapopd avtm
yivetal Katd TV KAIoN TG CLYKEVTPMOOTG TOVG, 1 AV TPOKELTAL Y10, POPTIGUEVA LOpLoL
Bdoel Tov NAEKPOYNUIKOV TOVS dVVOALIKOD, Kot dgv amorteitonl evépyeta. Tétowa popla
elvar To 16vta, o1 VOATAVOPOKES, TO VOUKAEOoIOwW Kol To opwvogéa. Xtm
SLEVKOAVVOLEVT] dLAYLON OLTOV TOV LOPI®V GUUUETEXOVLY 0VO KATNYOPIieS TPOTEIVDV,

TO, KOVAALDL KOl O1 LETAPOPELS.
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Ewéva 1-3 Mnyaviepoi modntiknig peta@opdc. A. Amin didyvon HEow g Mmdkng ImAoostiBédoc.
B. ot I'. AtevkoAvvopevn dudyvon PEGHm KOV Kot PETOPopEN avtioTorya. A. Ocpmon pécm g
AMmdKNG dmAooTPddag (aplotepd) Kol HETOPOPE Hopimv vepoy dlapécov axovamopivig (0e€ld).
(http://www.phschool.com/science/biology_place/biocoach/index.html)



Ta xovélo oynuatiCovv ovoytodg OldAoLg Kotd UAKOG TG  HeUPpdvng
emrpémovtag v ehevbepn dudyvon kb popiov mov drabétel 10 KaTdAANA0 péyebog
kot goptio (Ew. 1-3B). Ta mepiocdtepa kovaAo 0ev TOPAUEVOLY UOVIIA OVOLYTA
napd pvOuilovrar omd THLeG (gates), ol omoiec avoiyovv TayVTATA ATOKPIVOUEVES OTO
oNUa TOL dEYOVTAL. ALUUEGOV AVTAOV HETAPEPOVTAL KLUPIWS 1OVTO, VELPOIUPIPACTES
Kot vepd (axovamopivec—aquaporins, Ewc. 1-3A). Avtifeta, ot petagpopeig tpocdévouv
e€edikevpéva ta popla mov Ba petagépovv. ‘Emerto vmokevton oe oAdoyn TG

SLHOPP®GTG TOVS 1) 0TolaL EMTPEMEL 6TO UOPLO Vo oeAevfepmBbel otV GAAN TAELPA

g nepPpavng (Ewuc. 1-31).

1II. Ilpwroyevig evepyog uetapopd.

H pon tov popiov ot dievkoivvopevn owdyvon, €ite HEC® UETAPOPE®V M
KovoMav, Tpoypotoroleitor mwdvto oe katebbvvon mov kabopiletor amd TV
nAekTpoyNUIK] KAlon 1 v KAion ovykévipwong (UeETa@opd amd TV LYNAN o1
YOUNAN) KaTd pNKoG NG HEUPPAvNG. Xe MOAAEG TEPUTTAOCELS, OCTOGO, TO KVTTAPO

TPEMEL VO, LETOPEPEL LOPLaL avTiBETO OO TNV KMOT) TG GLYKEVTIPW®GNG TOVG,.

[TepMAAGULKOG XWPOG Na

@
® 0 ¢ Na+
QAR

[Maopatiky pepBpavn

BEEEBEE8E @
@ ATP
s o
® @
KuttapomAaouatikog xwpog ;K‘J,

Ewéva 1-4 Tympotikn avorapaotocn g ovriiag Na'/K'. Apywd mposdévovrar tpion Na*, omdte
Kot topodoteitar 1 ATP-gEaptdpevn pocpopuriimon g avtiios. H pocpopvAiinon exbétel Tig Béoelg
Tpodcdeonc Tov Na* oo mepimhaciio kot ehoTtdvet Tn cuyyévela déopevong e avtiiog yio Na©, ondte
Kot To wvta aneievfepdvovtat. Tavtdypova tpocsdévovtat dvo K+ otig mepumhacikég BEceig vyming
ovyyéveloc. H mpocdeon twv K mupodotel thy omopmogopurimon thg avirag Kot GUVEn®dg v
EMOVOQPOPE THG TPOC TO KLTTUPOTAAGUL TOV KLTTAPOV, 6oL amehsvdepdvovton ta vra K. H
LETaPOpa Kot TV 600 VIOV Tpoylatomoleitol avtifeto amd v KAIoN TG CLYKEVIPMOONS TOVG.
(https://en.wikipedia.org/wiki/Active_transport)

2TV TPOTOYEVH EVEPYO UETOPOPA, 1 EVEPYEW TOV TOPEXETOL O OGAAN
ovvelevypévn avtidpaon (6mmwg n vopoéivon tov ATP) ypnowomoteitan yoo v

aVOPPOTKY| LETAPOPA TOV HOPIwV TTPOS evepyelakd dvouevi KatevBuvon. Ot avtiieg
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mov dTnpovv TNV KAIoT TOV WOVIOV KOt UAKOG TNG TAAGUOTIKNG HepPpdvng
OOTELOVV OVIUTPOCMOTEVTIKO TAPASELY LA EVEPYOD LETAPOPES oL KaBodnyeitar amd
mv vdpoérvon tov ATP, omoc ot avidiec Na'/K™ (Ew. 1-4) ko Ca'. TMopodpoteg
AVTMEC OVI®V 0TV TAAGUHOTIKY HepPpdvn tov PBaxtmpiov, tov (oudv, Kot Tov
PUTIKGOV KVTTAPOV eivon VIEVOVVES Y10 TV evepyd petapopd H é€m amd to koTTapo.
Emmléov, H® avthovvor evepynrikd kou €£0 omd To emOnlokd KOTTOUPO TOL
OTOMAYOV, GUVTEAOVTOGC OTNV o&0TNTO TOV YUSTPIKOV VYP®OV. AOMKA OLOKPITEG
avThieg etvor vevBuveg Yo ™V evepyd petagopd tv H' evidg tov Avcocopdtov
Kol Tov evdocopdrov. Efaipeon amotelel évag tpitog TOmog avtriiog H' otig
ovvbetdoeg tov ATP tov ptoxovopiov Kot T@V YAOPOTANCTOV: XE OVTEC TIG
TEPIMTAOGELS, Ol avTAes pmopel va Bewpnbel 6TL Agttovpyovv avtictpoea, Kabdg M
Kivnon Tov 1OVIov Katd TV NAEKTPOYNMKY Toug oafdouion, Ko oyt avtibeta amd

avtnv, kabodnyet ™ obvbeon tov ATP (Cooper, 2000).

Ewkovo 1-5 Aopn tov petagopéo Savli866 tng vmo-oukoyéveiag MDR-ABC tov Staphylococcus
aureus cvykpvetailopévo pge AMP-PNP. (Dawson & Locher, 2007)

H peyorbtepn owoyévela ATP-gaptopevov  pepPpovikdv UETOQOPEDV
amoteAeitan amd tovg petagopeic ABC (ATP binding cassette transporters), mov
ovopdlovtor €tol emewdn yopokmmpilovior amd VYNAL cLVINPNUEVES TEPLOYES
déopevong tov ATP (Ew. 1-5). Tlepiocdtepa omd ekatd PEAN TNG OKOYEVELNG EYOVV
tovtoromBel 1660 ©€ TPOKAPLOTIKA OGO KOl GE ELKOPLOTIKA KLTTOPO. XTO

Baktpia, ot ABC petapopeic xpnoomolovy v evEPYELD TOV TPOEPYETOL OO TNV
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vdpdivon ATP yio va petaeépovv éva gupv eacpa popiov, coureptlapnBovouévaoy
WOvTov, cakyapov kot apvoééwmv (Cooper, 2000). tovg EVKAPLMOTIKOVG OPYOUVIGHOVG
N VIEPEKPPOCT 1 1 OLGAEITOLPYIN TOVS ExEL GVVOEDEL e asBéveles , dTwg o0 KapKivog
[uetagopeic MDR (multidrug resistance) — Sui et al., 2012] ko n KvoTIK voon
[CFTR (cystic fibrosis transmembrane conductance regulator) — Hoffman & Ramsey,
2013] oavtictoryo. Méypt onuepa Exovv AvOel KPLGTOAAOYPOQIKE OeKomTEVTE
HETOPOPELS TNG OtKoYEVELNG oe apyaia (dV0), Baktpla (evvéa), OALA KOl GE QLTIKOVG
(600 otnv Arabidopsis thaliana) kot {mukovg (600 otov Mus musculus) opyavicpotg
(otoryeio a6 RCSB Protein Data Bank — 22/06/2013).

1V. Acvtepoyeving evepyog UETOPOPO,

Ta xavaio 160viov ko ot petagopeic ABC mov cuinmbnkoav mponyovpuévmg
YPNOLOTOOVV EVEPYELD TTOL TTPoEPYETAL omevBeiag amd v vOpoAlvon ATP yia ™
HETA@OPG  HOplV  €VAVTIOL OTNV  MAEKTPOYNUIKY TOLG KAlon. Alo  popu
LETAPEPOVTOL EMIONG EVAVTIAL GTNV KAMON TNG GLYKEVIPWOONG TOVG, YPNCULOTOLDOVTOG
TNV EVEPYELD TTOL TPOEPYETOL OO TN GLVELELYUEVN LETOPOPA EVOG OEVTEPOV LOPIOV
Tpog TNV evepyelakd evuvoikny katevbvvon (Cooper, 2000). H dSwofaduon
ouykévipoong tov Na® mov dwatnpeitar amd v avidia Na'™-K' mapéyet pa cuyvd
YPTCULOTOLOVLEVT] TTNYY| EVEPYELAG IOV TPOPOJOTEL TNV EVEPYO LETAPOPH COKYAP®V,
opvoémy, Kot 1OvVIov os kottapa Onlaotikdv. H khion H' kabopileton amd Tic
avtrdiec H og Paxtipra, pdknteg kou outikd koTTopa kot Stadpapatilel mapopoto
poro (Thwaites & Anderson, 2007).

H evepyog petapopd pmopel va mpaypatomondet ite pe soppetagopd, dSniodm
pe petagopd 6vo popimv mpog v 0o kKatevBuvon, gite pe avipetapopd, Katd v
omoio. VO pOplo peTaPépovTal mpog ovtifetec kotevBivoelc. H  tavtdypovn
mpdINYn YAukOINe/Na™ etvon €va TUTIKG TOPASELYO. CUUIETAPOPAS GTOL KOTTAP
Oniactikov (Ew. 1-6) (Wright et al.,, 2004). e Boktipla, POKNTEG KOl QUTIKA
KOTTAPQ 1| GUUUETAPOPE TOV OPETTIKGV 0VGLhY Tpaypotonotsiton pe HY, avti 16vtov
Na®. TTopdro mov o Na* Bswpeitar To Kvpiapyo 10V GUUUETAPOPES GTO ONAACTIKG,
éxouv Ppedei kou ovupetagopeic H' (Thwaites & Anderson, 2007). Tomikd
TOPAOELY IO OVTILETAPOPAS EVaL TO Ca*? ot avOpomve KHTTOPL TO Ca* e€hyetan
amd to  KOTTOpO Oxt pUOvo amd MV aviiio Ca*?, o eniong Héow €vog
OVTILETAPOPEQ Na*-Ca*? nov netapépet Na© péoo oto KOTTAPO KO Ca*? € amd

avto (Jornot et al., 1999). 'Eva dAAo mapdderypo amotelodv o1 TpOTEIVES OVTOAANYNG
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Na*-H", ot omoiec pvOuiovv to evdokvttapikd pH ota kbTTopa TV Onractkdv. Ot

; + ot , + , , , oIyt
avtipetapopeic Na'-H™ petapépovv Na” evtdg tov kuttdpov katd v e€aywyn H,
amopakpHvovtog £Tot TV mepicosta H' mov mapdyovrar amd Hetaforticés avTidpaoeic
Ko amotpémovtog v ofivion Tov kvuttapomidopoatog (Ahearn et al., 1994).
[pocoata, dvo avrpetapopeic Na™-H™ oty Yersinia pestis dvnke va emmpedalovv
TNV LOAVGUOTIKOTNTA TNG, OMOTEAOVTOG £TCL PUPUOKEVTIKO GTOYO Y10 AOUMEELG TOV
TPOKOAOVVTOL OO OLTHV, Kol EVOEYOUEVOS Kol Yia dAAa maboydva Poakthiplo Tov

uetadidovran pe to aipa (Minato et al., 2013).

[TepIMAQOUIKOG XWPOG
e 9O © 9 e 9O
@ it o © (] o ©

o
Z
[+5})
h
3
c
A
o~
ko)
- e = o
&

Kuttapomiaoua

Eucéva 1-6 Movtéro g svppetagopds Na'-yAvkéing ano tov avOpodmve peragopéo SGLT1. H
neputhocpiky mepicosio. Na® kafodnysi ) petagopd YAKO(NG TPOC TO ECMTEPIKO TOL KLTTAPOL
avtifeto omd ™ Swfdduion cuYKEVIpmonc TG Apxikd, to mepmAacuikd Na® mpoodévetor otnv
OPVNTIKG POPTICLEVT] TPAOTEIVT] Y10 VO EMTPEYEL TN d€cpevon g YAvkO(Ng e vynAn couyyévela. Avo
16vra Na* kat £va 1op1o YAKOING HETAPEPOVTAL GTN GUVEXELD KOTH UNKOC TNG HEUBPEVIG, OOV TPOTO!
N YAko{n kot émerta to. Na© omelevBepdvovial 6To KOTTAPOTAAGHO, AGY® TG YOUNMGS GUYYEVELNS
Yoo T yAKO(n Ko G yoaunMig evoKvTTaPIKAG ovykévipmong tov Na'. H mpoteivn yopic
TPOGOEUOTO GTN GUVEYELL EMGTPEPEL GTNV OPYIKN SOUOPP®ST KUPIMG AOY® TOV OPVITIKOD SUVOUIKOD
™G pepBpévng kot thg VyMATg eEntepikig cuykévipmong Na®. (Wright et al., 2004)

1.2.4 O pepPpovikéc TpOTEIVEG pETAPOPAS
O pepPpoavikés mpwteiveg mov eivar vmedOLVEG Yoo TN HETOPOPA OLGLOV

dtakpivovTol 6 KOVAALL Kol LETOPOPELS.

1.24.1 Toakavaio og pepPpoavikéc TPpOTEIVES HETAPOPAS
Ta kavdiio pmopel va amotedovvior eite amd SopepPpavikés P-mTuyOTES

emedveleg, mov oynuatiCovv éva B-Papéit, 0mmg £xel mapoatnpndel oy emtepikn
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pepppavn tov kotd Gram Baxtmpiov, 6To HTOYOVOPLO Kol GTOVS YAWPOTAAUCTEC,
elte ovyvotepa amd o-éAKes, OmMOG omavtdOviol og  apyoio, Pokmmple, Kot
EVKAPLOTIKOVS 0pyavicpovs. 'Eyovv oto kévipo toug kot kdbeta 1| oxeddv kdbeta
ot Hepppdvn évav vodatvo TOMKO TOPO KATAAANAOL €0POVE Y10 VO EMTPEMEL TO
TEPAGLLO. CUYKEKPIUEVOV LOPIOV GOUG®VO HE TNV MAEKTPOYNUIKY TOVG KAIoT Kot
xopig v avaykn evépyelog (Saier, 2000). Ta televtaio ypdvia €xel Ppebei 0Tt TaL
KavéAlo, OmmG Kot ol HETOPOPELS, AaUPAVOLV SLOPOPETIKES SUUOPPDCELS, KAELOTN
AdPAVNG — LEPIKMG EVEPYOTOMUEVT] — AVOLYTN — UEPIKMG ATEVEPYOTONUEVT], OVAAOYL
ue tig ekdotote avaykeg (Ew. 1-7) (Bdhring & Covarrubias, 2011). v avoyym
SpUOPO®MOY  TPAYUOTOTOLEITOL  UETOPOPE, EVO OTNV  adpPOVY, OTNV  UEPIKAGS
EVEPYOTOMUEVT] KOL OTNV OTEVEPYOTONUEVT] OYl. ZTNV UEPIKDG EVEPYOTOUUEVN
KOTAOTAOT, TO KOVOM e£akoAovOel va mopapével KAEIGTO, OAAG TEMKA UETOMIMTEL
oV avoyT. AvTIfET®S, OTIG SIUHOPPADCELG OTTOV EIVOL OTTEVEPYOTOINUEVO, TO KOVAAL
LETAMINTEL OTNV AOPOVT KATAOTOON Kol OLGKOAGTEPA otV evepyomomuévn. Etot,
oTNV 0OPAVY], OTNV UEPIKMG EVEPYOTOUUEVT] KOl GTNV OEVEPYOTOMNUEV 1| POT} TOV
VTOGTPAOUATOS  TOPEUTOOILETOL OO  OPIOUEVEG  OLOHOPPMOELS TOV  KOVOALOD,
ocoumeptiopupavopévng g amodepaing Tov wopov. QotdGo, Ol UNYOVIGHOT Tov
EAEYYOLV TO GVOLYHO/KAEIGIHO KO TNV adpOvVOTOINGT TV KAVOAIDV TOTEVETOL OTL
etvar o€ dopkd SloKPLTEG TEPLOYEG KO, MG EK TOVTOV OVOPEPOVTOL MG SLOPOPETIKES
“modec” (gates) 1 “meproyéc eleyyouevng npdoPaocnc” (gating domains) (Bahring &
Covarrubias, 2011; Mathie et al., 2010).

1.2.4.2 Metagopeic: Hwo. OLOKPLTH] OOUIKA KOl AEITOVPYIKG KOt yopia
REUPPUVIKOV TPOTEIVAOV PETAPOPAS 0O TO KOAVAALL

Ot petagopeis amotehovvrol amd apketd StapeuPpovikd tunpata (TMS), ta
omoia &yovv Kupiwg dopn| a-éAkoc. Ot a-EMkec oynuatiCovtal og eni 10 TAEiGTOV 0o
un TOAKA VOPOPOPa apvo&éa. AVTO GUVTEAEL GTIV GMGTI TOTOYEVEGT] TOVG KOTA TNV
npwteivocuvieon oTig pepPpdveg tov adpod evdomiacuatikov diktvov (EA), aiid
KOl OTNV 6OOTH SLUOPP®OT| TOVG 6TO AAEIPATIKO TeEpPdriov ¢ pepppdvne. H a-
EMKOL £YEL EMKPUTIOEL GTOVS UETAPOPEIS AOY® TNG EVKAUWYING TNG, TOV EMTPENEL TIG
KIVAGES, OAAG Kot Tng TOWKIAOTNTOG oTov opdud oapwvo&émv evog TMS. H
TOWKIAOTNTO VT TV apvo&émv éxel oxéon pe T Asttovpyio, OAAG KOl UE TO
yeyovog OtL 1 dStapdppmon evog TMS dev eivan mévta kKaBetn otn pepPpdvn, evo oe

OTaVIEG TEPITTOOELC aKkouT kot opilovtia (Xiong, 2006).
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O mpoGavaTOMGHOG TeV peTagopév KabopileTal amd TOV TPOGUVOUTOAMGHLO
TOV apvoteAMkoy Kot KapPolutehkol dxkpov g mpwteivig ot pepPpavn. H
mAnpogopia vmdpyer ot apvolikn g okoAovBia, m omoio kaBopiler TNV
tomofétnon g ommv pepPpdvn tov EA katd v CUVHETAQPACTIKN TOTOYEVEST).
Inuovtikd poéro mailer 1 vopopofikdotnta evog TMS addd kot n VmapEn TOAKOV,
OeTikd POPTIGUEVOV QUIVOEEDMV OTIC EVOOKVLTTOPIKEG ONALEG OV Guvdéovy dvo TMS
(“positive inside rule” - Andersson & von Heijne, 1994). H telikn doun evioyvetat
HEG® VIPOPOPOV OAANAETIOPACEDV KOl GTOVIOTEPO HEGH OECUMYV LOPOYOVOL KO
OVTIKGOV oAAnAemdpdoewv (Xiong, 2006).

Mepikadg Mepikdg

A Apavéc EVEPYOTOINUEVO Avoyrs B Apavéc EVEPYOTOUEVO Avorytd

Li-ls- U B BUS IR
Ua-Ud oy

KXewotd Avoryto
) . Kieoto
OTEVEPYOTOMNUEVO  OTEVEPYOTOULEVO
QTEVEPYOTOMUEVO

Ewkéva 1-7 Zynpoatikn avenapaotacsn TMV EVOALAYAV TIG S1opdpmong £vOg KavaAloD 6g Evav
KOKAO PETOQOPAEc. Ot aKkploveS YPOUATIOTESG VTOUOVADES €tval OEKTEG TOV GNLOTOG EVEPYOTOINONG M
amevepyomoinong tov  kavoAov. A. Kovéie mov  petamintovv  mpdTo. o pio  avouyth
ameEVEPYOTOMUEVN dpdpPmaon Kot Enerta oty KAeoth. B. Kavdiia mov petanintovv anevbeiog and
TNV UEPIKMG EVEPYOTOMUEVT] 1] TV AVOLYTY SUOPP®ON GTIV KAEWGTY amevepyomompévn. (Bahring &
Covarrubias, 2011)

H dopn tov petapopémv dev oynuatiCel ovoktd mopo, émwg ta kovéio (Ew.
1-7), oAl potdlel mepiocotepo pe £VEDUO OV EKAEKTIKG OVOIYEL KO UETOQEPEL
e€edikevpéveg ovoieg pe odlhayn e otepeodiapopemonc tov (Ew. 1-8). Apykd
elyav olatvmmbel 000 pPNYAVICHOL HETOPOPAG: TO HOVTEAO HE eVOAAMYT| Kivmong
(rocker-switch mechanism — Mitchell, 1963) kot o pnyaviopuds tov eleyyduevov
nopov (gated-pore mechanism — Patlak, 1957). Zoppova pe to TpdTo, 1 ALy TNG
dapopmwong amd mepumAaciuky (outward-facing) oe kvtrapomloouartiky (inward-
facing) mpoyuatonoleitor pe amOTOUEG KOl GKOUTTEC KIVIOES TOV OO OlOKPLTOV
dopkd Kot Aettovpyikd mepoymv, Twv N- ko C-tepuatikov mepoydv (N- and C-
terminal domains), kofepd amd T1g omoieg anotedeiton amd £E1 OTEVA TAKETUPIOCUEVES
EMKEG, KO 01 dVO0 TEPLOYEC EVOVOVTAL e VAV LOKPD, KUTTOPOTAAGLOATIKO, KEVTPIKA

tonoBetnuévo Ppoyo (loop) (Ewc. 1-8A). O mdpog HETATOTIONG TOV VITOCTPMDUOUTOC
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evromiletar peta&y tov N- kor C-teppotikdv mepoycdv (Law et al., 2007). To
LOVTEAO TOV €AEYXOUEVOL TOPOL €0TIALEL OTIC TOMIKEG KIVIGELS TMV TEPUTAAGIUKOV
KOl KUTTOPOTAOGUOTIKOV TUAMY, TOL TANICIOVOLY Tnv 0éomn décuevong Tov
VTOGTPAOUATOG Kot VToBdAlovtor og evarracoopeva avoiypata (Ew. 1-8B).

Mo peydho ypovikd Sdotnuo vanpye M memoibnon Ot ot dVO TOPATAVE®
punyoviopol stvon dwokprrol. H katdotaon avty GAAaEe [Le TN GLGGMOPELGT OOUIKAOV
OedOUEVOV PETOPOPE®V TTOV ERPAVILOY EVOLAESH GTOLYEID, OPYNG YEVOUEVNG OO TO
2005 pe v kpvotarroypapio Tov LeuT (Yamashita et al., 2005). Ta dedopéva avtd
Jelyvouv OTL 0 UNYOVIGUOGC HETOPOPAS GTOVS LETAPOPEIS OEVLTEPOYEVODVS EVEPYOTNTOG
eupavifer otoyeio kol TV dVO TPOAVAPEPHEVT®OV UNYXAVIGUAOV, TEPIAAUPAVOVTOG
€101 1oouEPIoUO PETAED TNG TMEPIMANCUIKA KOl KVTTOPOTAAGUOTIKE GTPOUUEVIG
SWUOPP®ONG, KOOMDS Kol TOTIKO AVOlyHo Kot KAEIGIHO TV TLADV TTOv €V PEPEL N
TANP®G £YKA®PIlovv To decpeELIEVO VTOGTPOUA. ETTAEOV EVOIAUESES SLAUOPPDCELS
pmopel va TPoKHYOLV HETOED TEPIMAACUIKA KOl KLTTOPOTAUCUOTIKG GTPOUUEVNG
SLUOPPMONG, EITE GE SUUOPPMOT| LLE TO VIOCTPOUN 1] XOPIC AVTO. ZNUOVTIKO elval
TO YeYOVOG OTL 1| BepUOdLVALIKT VTTOYyopeVEL OTL I HeTapopd odnyeital uévo omd
SPOPE TOV NAEKTPOYNUIKOD SVVAUIKOD TNG OALIEVNS 0VGIG OTIG 000 TAEVPES TNG
pepppavne, kot etvar ave&dptnn omd t dwdpoun. Qg ek TovTOL, 0 APOUOS Kot 1
OYXETIKN 6TAfEPOTNTA TOV EUTAEKOUEVOV OUUOPPDOGEDV UToPEl va TokideL, £ '0GOV
KavEva amd Ta EVOLOUESH gV el Lio EAeVBePT evEpPYELD TOV €lval TAPO TOAD VYA
N TOAD YapnAT, E0AAAWDG TO EvEPYELOKE epmOdla elvor vYNAA. Yrootnpilovtag oty
NV Aoy, S1IPOPOL LETOPOPEIS KPLOTAAADONKAV GE SLOPOPETIKES SOUOPPADGELS, Ol
omoieg maPEYOVV SOLUKT GTLYUIOTLTO TOL KUKAOL LETOPOPAG.

310 o0yYpOVo HoVTELD evallaccoOpevng TpocPaocng (alternating-access model —
Ew. 1-8T") o xvxhog petagopds Eekvd pe évov Kevl, TEPUMAACIKA OTPOUUUEVO
uetapopéa (outward open) mov decpedel o VIOSTPOUO. Kol TO GLLEVYUEVO 1OV amd
10 e£mKuTTOPIKO dtdAvpo pe Tawtdypovo KAgiowwo tg moAng (outward bound). O
petagopéag veiototor o UETAPOON G€ PO KUTTOPOTAAGUOTIKG GTPOUUEVN
SWUOPP®GT] TNV OToi0 N TEPITAACUIKT TOAN 0V Umopel TAEOV Vo avoilel, evd €xel
evepyomomBel To Avorypo NG KLTTOPOTAAGHUATIKNG TOANG, M OToio Kol auTh &ivon
npog 1o mopov kiewoth (inward bound). Me to dvorypo TG KLTTOPOTANGUOTIKNAG
TOANG omeLevBepdVOVTOL TO VTOGTPOUA Kol TO WOV 6T0 KutTopomiacpoe (inward
open), divovtog £va GdE0 KLTTOPOTAACUATIKA GTPApUEVO dtopopeouepéc (inward

empty closed). Méow 1ocoueplopod TO OLOUOPPOUEPES OVTO  EMICTPEPEL OTNV
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TEPMAOCUIKG  KAEWOT]  oTpappévn  Kotaotoon  (outward empty  closed),

0AOKANPOVOVTOG £TGL EVV KOKAO LETAPOPES.

T Iepumioopud Hepimhaopikd  Kyrrapomhasuaticd
avorytdg KAEIGTOG e KAEIGTOG pE
VTOGTPOHA VTOGTPO LA

3 1; E]m

TlepumhaGpiKn Kvtraporhaoparticy

SpopeOoN Sapdpemon

4 #
- W=

\ 7 Tepimhoopkd

Y, ; = Kvtroporhacpotikd
. K)»su’srog Xops KAe1oTOG YWpig Kvutraponioopatikd
TMeputhoopkn Kvuttaporhocpotiky VROOTPOH VIOCTPOUN avouytog
Slapdppoon dapdpewon TRENDS in Pharmacological Sciences

Ewévo 1-8 Mnyoviopoi petagopdg vrootpopdtov. A. xor B. Zynupoatikny avamopdotoon tov
povtédmv rocker-switch ot gated-pore avtiotoya (Focke et al., 2013). T. ZOyyxpovo povtélo
evalAoooopevnG TPOSPaoNS Yy TN GLUUETAPOPE VTOCTPOUOTOS (KOKKIVN oaipa) Kot 1OVTog
(mpdovn oaipa), mov cuvOLALEL oTotyeio Kot oo To dvo povtéda (Boudker & Verdon, 2010).

Onwg mpoavaeépnke,  doun TV HeTa@opEémv potalet pe ekeivn tov eviopmyv.
"Eto1, Kot 1 KivnTikY| Toug VToKoVEL OTIC KAOGGIKEG Bewpieg mov meptyplpovTat yio o
évlopa and tovg Michaelis-Menten kot yapoxtnpiletor amd tpelg 1010TTEG: TNV
€€e1dlkevon mPog 10 LWOSTPOUA, TN GLYYEVELW TTPOS T0 VIdoTpoue (Km) Kol TV
tayvtnto. petagopds (V). Me Baon avtég tig Oswpiec, 0tov OAeg o1 Béoelg déouevong
VTOGTPOUOTOC TOV HETAPOPEN €IVOL KOTEMNUUEVEG TOTE O HETOPOPENS £XEL TN
péytotn toyvnro PeTopopds (Vmax). H otabepd cvyyévelag tov petagpopéa yo v
ovocia (Km) opileton ¢ ion pe ™ cuyKEVIP®GN TOL VITOCTPMUATOS KATA TV OToia M
Tay0OTNTO. LETOPOPAG eivarl To Vmax/2 (Randall et al., 2002).

TéNog, ot népeg oG, He TPOYPAUUOTE TPOPAEYNC SEVLTEPOTAYOVS OUNG KOl
TG Owbéoieg  KPLOTOALOYPOQIKE Avppéves OopéC, @aivetolr TG 1 HEYAAN
mieloynoio Tov petagopéwv, amoteieiton ond 10-14 SwpepPfpovikd tunquote o-
EMKaG, TOL eVAOVOVTOL HETAED TOVG HE GYETIKA HIKPA, VOPOPIAQ, £EMKVLTTOPIKE 1)
kutomhaopatikd tunquoato (Shaikh et al., 2013 — Ew. 1-9). H opowdtnto g
APIVOEIKNG aAANAOVYIOG TV HETAPOPE®Y gival avdAoyn TG eEEIBTIKEVONG TOVG, EVM

avtifeTo 01 gvePYELOKEG OMOITNOES KOl TO KIWVNTIKG TOVG YOPOKTNPIOTIKA givat
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avegaptnta omd TV €EEBIKELOT MG TPOG TO VIOGTPWUEA TOVG KOl AVTOVOKAOVY TNV
e£eMKTIKN TTpocapproy Tovg oto mePPAliov 6t0 omoio Asrtovpyovv (Lluis et al.,
2013).

Ewova 1-9 Kpvoetairoypaikd hopéveg dopég petagopémv. A. O Mhpl (NCSI1 owoyévelwr) pe 12
TMSs (Shimamura et al., 2010). B. O UraA (NCS2 owoyévewr) pe 14 TMSs (Lu et al., 2011).

1.2.5 H Proroywn} onpocio ToV peTo@opi®v 611 Asttovpyio Kot 11 frooipotnra
TOV KVTTApPOL
Onwg &xel NoN avoaeepbel, N oNUOVTIKY Y100 TO KOTTOPO TKOVOTNTO EKAEKTIKNG

JmEPATOTNTOS TG TAOCUOTIKNG HeUPpdvng ogeiletor kuvpiwg otnv Vmapén

LETAPOPIKAOV TPOTEIVAOV G€ avTNV. Ot TPOTEIVEG AVTES LETAPEPOLY Lol TOAD HEYOAN

mowMa  ovoudv, ovuPdiloviog oe mOAAEG Swdwkaocies. Xe pio mpoomdfeia

MEPUNTITIKNG OVOPOPAS TOV POA®V TOV TPOTEIVOV OVTOV, TPEMEL Glyovpa Vo

avaeepbei Tog ol petagopeic (Abramson et al., 2003; de Koning & Diallinas, 2000;

Koronakis et al., 2000; Poncet & Taylor, 2013):

e Eivar ot Stopecorafntéc g eAeyyOUEVNC OLOKVLTTOPIKNG EMKOWOVING 1 NG
EMKOWVMVING TOV KLTTAPOL LE TO TEPPAALOV TOV.

o YVUUETEXOLV €VEPYA GTNV TPOGANYN OPENTIKOV GLGTATIKOV 0ntd TO0 TEPPAALOV,
amd TOUG HOVOKVTTOPOUS OPYOAVIGHOUS €MG KOl TO E€TEPOTPOPO KOTTOPO TWOV
TOAVKVTTOPWOV OPYOVIGUAV.

o JuUBAAAOLV GTNV KOTAVOUT TOV HETAPOMTMV GTO OpYyovidLaL.

o Amexkpivouv tayémg ToEkéG Ovaies.

e Awtnpodv Ty moAkdTTe TG pepBpivng (m.y. Na*/K -ATPdosq).
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e Yyuupdaiovv kaboploTiKd oTN VELPIKN KOl ULIKN Acttovpyion HEC® NG ToEiog
petapopds vevpodloPifactdy kol acPecTiov GTOVE VELPAOVEG KOl TO HLIKA
KOTTOPO.

o Metagépovtag opuoveg Kot GALEG OLGIEC TOV EVOOKPIVIKOD Kol TOPUKPIVIKOD
GLOTNHOTOG, CUULETEXOVY GTNV QLEGT] TPOGUPLOYY| KOl GUVEPYOGIN TV O1LPOPOV
opyavoV.

e EaceaAilovv duuva kot TpocTtacio. 6TovG 16TOVE LE TN SLOVOUT KOl OVOKOTOVOLT
avTIBLOTIKOV KOl OVIL-UKOV  OVCIAV, 0AAY Kol OVTIOEEIOMTIK®Y, OTWS OVPIKO N
ackopPikd o&v.

e ALGQOpPO CLOTAUOTO HETOPOPAS VOUKAEIKOV 0EEMV TPOAYOLV TNV OVTUAANYN
YEVETIKOU DAMKOU UETOED OLOPOPETIKADOV OPYOVIGU®OV LE GLVETEWD TNV TPOMONCT
NG SLPOPOTOIN GG TWV EWDV).

e  ATOTELOVV EVKOPLOKOVE GTOYOVS Y10 TNV €1G0O0 1MV GTO KVTTAPO.

e Mmnopobv vo omoteAEcOLV UOPLOL GTOYOVS Yo TNV OVIIUETOTION Tafoyovov
HUIKPOOPYOVIGLAOY, HEC® TNG OVOCTOANG ™S Opéyng tovg, N NG KAADTEPNG

TPOGANYNG TOEIKDV Y10 VTOVG OVGUDV.

1.2.6 Meta@opeic movpivav

Avo movpiveg kot 600 TLPUISIVEC ATOTEAODV TOV KOPUO TWV TANPOPOPLOKDV
popimv g {ong, tov DNA kat tov RNA (Ew. 1-10) . Zvvenmg, po EMAENT 6€ aVTEG
Oa glye KaTaOTPOPIKEG GUVETELES Y10, TO KUTTOPO. Ot TEPLETOTEPES TOVPIVEG UITOpPOHV
va ypnoponomBodv og TyES aldTov 6€ TOAALOVS LKPOOPYOVIGHOVG, OALG Kot GUTA,
HEG® €VOG EKTETOUEVOL HETOPOAIKOD HOVOTOTION, TO OTOI0 eV LIAPYEL GE OAOVG
TOVG OPYOVIGHOVG. XTO TOPAyOUEVO 0LPIKO 0&D €xovv amodobel avtloEedmTIKEG
KOVOTNTES, Kol KUKAOQOPEL 6T0 TAAGHO TOV avOp®TIVOL aipatog Alyo kdTm amd
dwwAvtomta tov (Faaland et al., 1998; Tsukaguchi et al., 1999; de Koning &
Diallinas, 2000). AvéAoyo moLPWVOV KOl TOPYISIVOV YPNOLUOTOIOVVTIOL (G
OVTILETAPOAITES Kot OVTIKOPKIVIKA. Q6TOGO, | TAACUATIKY HepPpdvn amotelel Eva
QLOIKO QPAYLO Y10l TIG TEPIOGOTEPES OO OLTEG, KOL LTOPOVV VA, TV dlooyicovy HOvo
pe m Pondeia tv avtictorywv petapopiéwv tove. Tétolor petapopeig Exovv Ppebdet
ota Apyaio, Ta Baxtipila, tovg Moknteg, ta dutd, ta Ipotolwa, ta Metdlma ko
otov AvBpwmo. ‘Evag pukpdg apBudc tétoimv petagopiémv £xel yapoaktpiobel ta

terevtaia ypdvia, eved M UEYOAN TAEoyMEio TOV OUOAOY®V TOLG TAPAUEVOLV
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dyvoomng AettovpytkonTog Kot evoeigelg yio ) Agrtovpyio Tovg Pacilovror oty
opotdTNTO. TOV TOPOVSIALoLY pE Hopla YvooTig Asttovpyiag. H pedétn tov tpdmov
kafopiopod g  e€edikevong  petapopiéwv-poviéhwv kot 1 Peitioon  TtoV
OPYOVICHAOV-CLGTNUATOV €TEPOAOYNG Ekppacns Oa Pondrcovv KataAvTiKd GTO
YOPOKTNPIGUS TNG AerToVpYiog TOL HEYAAOVL OYKOL CAANAOLYIOV TOL £XEL TPOKVYEL

Ao T OAANAOVYICELS YOVIOIOUAT®V.

INH 2

o]
| | | o] MHz2 I8
Fos T U [
[ 5 il H / : EC/ HN/“‘\E‘ H 4 - 4KEC H
ch 2 l\y\/ o C! ‘J . 8 £H jz 6CHH C|2 rL”H j: . ”
St ST TR NS S S
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\ ) { J
Y !
[Tovpivec [Tuprudiveg

Ewova 1-10 Ov aévre vovkheoTidikég Paceig tov DNA kou RNA. (http://staff.um.edu.mt/acusl/
3Molgen.htm)

Me 1o vmbpyovta Oedopéva, Ol  HETAPOPEIS VOLKAEOTOWK®OV Pdosmv
taivopovvion o€ €61 0IKOYEVELES, KO OAOL TOVG ivar dguTEPOYEVOVG EvepyOTNTaG. Tal
Kpurpa yio Ty taSvopnon o€ pia otkoyévela, eivat: 1) n tavtdtmra tave arnd 20%,
2) n opodtnTa Whve and 40%, 3) mapdpotleg W10TNTES VIPOPOPkdTTaS, pe 10-14
TMS kot 4) n OTapEN GLVTNPNUEVEOY OAANAOLYLOV TOL Vo Bpickoviol o€ TOPOUOIES
TOmoAOYIKG meploxés. H  avoyvopion ocuykeKpEVOV  OAANAOLYUDV, TOL  EYEL
amodelyfel TG £YOVV AETOVPYIKN ONUOCIK, O UEPIKADS ONUOGIEVUEVEG N N
TANPOVGES TOL OVOTEP® KPLTNPLAL TPOTEIVEG, £xel fondnoel oty Ta&vounoy Tovg

(Saier et al., 2009).

1.2.6.1 H owkoyévera NAT/NCS2

H mpomm wor onupavtikdtepn owoyévelr ivar ovtn TV HETAPOPEDV
voukAeoTIOIK®V Pdoewv-ackopPikod o&€og (Nucleobase Ascorbate Transporters,
NAT/Nucleobase Cation Symporters 2, NCS2) kot meptrappdavel péAn and Apyoaia,
Baktipla kot Evkapomtikd (yio Aertouépeteg PA. §1.5.1).
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1.2.6.2 H owkoyévero mwov opiletar amé tov AzgA

M debtepn, TPOGPATO YOPAKTNPIGUEVT] OIKOYEVELD, OVTUTPOCOTEVETOL O
tov petagopéa AzZgA (netagopéac adevivnc-vmo&avOivng-yovavivng) tov A. nidulans
Kol copmeptlappavel petapopels oe apyaio, Paktiplo, POKNTEG Kol GUTE, 6oL N
Aertovpyion Tovg €xel cvoyetiotel pe ddpopeg acbéveleg (Jain et al., 2012). H
npwteivn AzgA (580 apvo&éa, 12 mpoPfremdpeva TMS) tov A. nidulans eivor évag
VYNANG CLYYEVEWG KOl LETOPOPIKNG TKAVOTNTOG LETAPOPENS adEVIVIG, LIToEavOivnc,
yovavivng, 8-alaavBivng xor 2,6-dtapuvomovpivig, 0 OMOI0C HETAPEPEL EMIOMG
novpiveg kot 1o To&kd avaroyo 8-alayovavivny (Cecchetto et al. 2004, Goudela et al.
2006). Xty ida owoyévelo avikel katl o petapopéag vro&avlivng-yovavivng PbuG
tov Bacillus subtilis (Johansen et al. 2003). Xto gpyactfpid pog kKAwvomomdnke kot
YOPOKTNPIOTNKE KIVNTIKA, pe etepdrhoyn ékepoor otov A. nidulans, o oudroyog
uetapopéag tov Aspergillus fumigatus, AfAzgA (Goudela et al., 2006), o omoioc
eupaviCer mapopown  kvnrikn kKo e€ewdikevon pe tov  AzgA.  TIpdoopata
yapaktnpicOnkav dvo opboroya tov AzgA tng Arabidopsis thaliana wg petagopeig
adevivnc-yovovivng (AtAzgAl ka1 AtAzgA2 - Mansfield et al., 2009).

1.2.6.3 H PRT 11 NCS1 owkoyévero

H tpitn owoyéveln yvooty og PRT (NCS1) (Purine Related Transporters,
Nucleobase Cation Symporters 1), avtimpocmnedetol amd HETOPOPEIG TOVPIVOV Kot
TUPLUSIVAV TOL amovT®vTal ota Bakthpia, toug Moknteg ko ta Apyaio (Jund et al.,
1988; Weber et al., 1990; Danielsen et al., 1992; de Montigny et al., 1998) (yia
Aemtopépeteg, PA. §1.4.1).

1.2.6.4 H ENT owoyévern

H tétoptn owoyévein (ENT, Equilibrative Nucleoside Transporters)
neptlopfavel petapopeils kupimwg voukAeoodimv, oAAd Kot VOUKAEOTIOIK®V PAcEmV
KOl OTTOVTOTOL HOVO GE VuKapLOTIKOVS opyaviopove (Hyde et al., 2001). Xtov
avBpwmno &povv avayvopiotel téooepelg petapopeic g owkoyévelag (hENT 1, 2, 3
kot 4), pe tovg hENTI kor hENT2 (50% tovtdétnta aAinAiovyiog) va eivol kald
peAETNEVOL, OTTMG KOl Ol OpOAoYOL Tovg otov apovpaio (tENTI1, rENT2). ITpoxetton
v gvpelag €Eedikevong Kol KATOVOUNG UETAPOPEIS TOVPIVIKMOV/TUPYUOVIK®V
vovkAeoowimv kot avaldoyov tovg. Ot hENT1 xow rENTI1 omaviovior oty

TAGLOTIKY pepPpavn, oto ptoyovopla kot to Avcoocouata (Lee et al., 1994). O

21



hENT2 éyet mepimov 100-1000 pikpdtepn cvyyévela yio To VOUKAEOGIOW amd TOV
hENTL1 (Visser et al., 2002), aAAd petagépetl kot Tic movpiveg vmo&avoivn, adevivy,
yovavivn, Kafdg Kot T1g mupyudiveg Bupivn Ko ovpaxidn, eved amotelel Tov TPOTO
AVOYVOPLOUEVO LETOPOPEN VOVKAEOTIOIKMV Pdoewv og Onlaotikd (Yao et al., 2002).
[Ipoéopata, n avactoln g Asttovpyiog Tov hENT1 cuoyetiotnke pe Tpootacio Tov
NMOTOG GE oY OUKE ETEGOd0 Kot TpoTdOnKav avactoAieig ENT yio v mpdAnynm 1
v Bepoameia ™G wyayuknc PAaPNG Tov Nrotog (Zimmerman et al., 2013). O hENT3
givol Awoocopukog pH-e&aptoduevog petapopiag pe vpeio e€edikevon (Hyde et al.,
2001). O hENT4/PMAT eivar apketd SapopeTiKOg AEITOVPYIKA 0md TO. LIOAOLTO
HEAN. Apykd Teptypdonke o¢ peTapopéog povoaptvo/opyavikov (PMAT), @woetdco
Tapovctdlel KAmow SVVATOTNTA UETAPOPAS NG odevocsivng oe O0&wvo pH, ot
avaoTEMAETAL LOVO 060EVAG 0o Tovg KAaokovg avaotoleic twv ENT (Barnes et al.,
2006).

MéA g owoyévelog, extdg and ta OnAactikd, dabétovy Kot Ta TpOTOL®A
Kkabmg emiong ko ot opyavicpoi A. nidulans, S. cerevisiae, A. thaliana, C. elegans ko
D. melanogaster. "Exyovv yapoaxtnpicbei Aettovpyikd 6vo ek twv mévte ENT tov C.
Elegans petagopeic adevosivng-ovpdivinig CeENT1 kaw CeEnt2 (Appleford et al.,
2004), ot petagopeic vovkieoowimv-topyudtveoy ENT1 (Mohlmann et al., 2001;
Bernard et al., 2011) kou ENT3 1ng Arabidopsis thaliana (Traub et al., 2007;
Cornelius et al., 2012) xor o petagopéog Fun26p tov S. cerevisiae, o omoiog
evtomileTal oTa YLHOTOMIO Kot HETAPEPEL 0VPLOivN, adevosivn kat kuTdivny (Vickers
et al., 2000).

[dwaitepa pehetnuévol kan yapoktnpiopévol eivar kot ot ENT petagopeig tov
npotoldwv Plasmodium faliciparum (PfNT1, petapopéag voukAE0oo1dimv/avoroymy,
adevivng, vroavOivng - Carter et al., 2000; Parker et al.. 2000), Toxoplasma gondii
(TgAT1 won TgAT2, petapopeic adevosivng, wociving Kol GAA®Y TOVPIVIKAOV Kot
TOPUSIVIK®V  voukAgoodiov kat avoroyov tovg — de Koning et al., 2003),
Leishmania donovani (LdNTI1.1 ot LANTI.2 petagopeic adevooivig kat
mopyudvev kot LANT2 petagopéac vooivng kot yovavooivng - Aronow et al., 1987;
Vasudevan et al., 1998), Leishmania major (LmaNT3, vyning ovyyévelog
petagopéag Eavlivng, vmofavOivng, yovavivng, adevivng, oAAOTOLPIVOANG Kot
LmaNT4, youning cuvdeeiog petagpopéag adevivng - Ortiz et al., 2009a; Sanchez et
al., 2004) ka1 Trypanosoma brucei brucei (TbNT2 petapopéag adevooivng, wooivng,

yovavooivng kot TbAT1 petagopéog adevosivng kot adevivng - Carter & Fairlamb,
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1993; Maser et al., 1999; Sanchez et al., 1999). Eriong yopaktnpiopévog eivor o
TbNBT1 petagopéag tov T. brucei brucei, o mpmtog avayvopiopévog ENT
HETOPOPENS EEEIOIKEVUEVOG HOVO Yol VOUKAEOTIOWKEG PBacelg (vmo&avOivn, adevivn,
yovavivn, EavOivn) ko Oyt yuoo vovkieooiolo (Burchmore et al., 2003; Henriques et
al., 2003), o omoiog éyer emmhiéov pekemnOel pe tovyoio ko katevBvVOuEVN
petaAla&ryéveon Kot £xouv TavTonombel TEPLOYEG CNUAVTIKES Yo TN AgrTovpyio Kot
e€e1dikevon tov (Papageorgiou et al., 2008a). Zto T. brucei brucei &yovv evtomiotel
ovvolkd 16 péin g owoyévewng ENT, ek tov omoimv To mepiocodtepa eivan

yapaxtmpiopéva (Al-Salabi et al., 2007; Ortiz et al., 2009b).
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Ewkove 1-11 Movtélo tov petagopéo TONBTL. A. Tynuatikh avamapdotocT Tng SeVTEPOTUYONG
doung tov petapopéa. To poviého dnpovpynonke pe ™ péBodo TMPRED. Ot éhikeg avamapictovtot
pe ykpt KVAivopovg kot to TMS apiBuodvrar and I-IX. B. IIpoPremodpevn tprtotayng doun Tov
petapopén Bacel mg doung tov LacY. Ta TMS amewoviovtor og kopdéhes. (Papageorgiou et al.,
2008a)

Mertagopeic ENT popdlovror po mpotevopevn tomoroyio Tov amoteAeiton
a6 11 SwopepPpovikéc meployés, He €va KOTTUPOTAAGUOTIKO OUVOTEAIKO AKPO Kot
éva, epumlaciuko kappoéutehkd (Sundaram et al., 2001). Meléteg tav SopdOpOV
ENT tov avBpomov ot tov apovpaiov delyvovov Ott N mepoyn peta&d
Swpepppavikev meploy®v 3 kot 6 mepEyxel KatdAowro vmevbvva T6G0 Yoo TNV
evaoOnoia kot TV avtictaon 6g ToEIKA avAAoYo KOl GTEPAVIOI0 OYYELOOOCTOATIKA
(Sundaram et al., 2001; Sundaram et al., 1998). Zystikd pe v €KAEKTIKOTNTA TOL
VTOGTPAOUATOS, Ol dtapepuPpavikéc mepoyxés 1 ko 6 otov hENT2 copfdaiiovv oty
KOVOTNTA TOL VO LETAPEPEL OEOEV-VOVKAEOGIO, EVD Ol SapEUPPavIKES TePLoyEg S
Kot 6 EUTAEKOVTOL GTHV ovayvedpLom tng vovkigotidkng Baong (Yao et al., 2002; Yao
et al., 2001). O TbNBT1 petagopéag tov T. brucei brucei npopiémetan emiong va
amoteleiton amd 11 TMS, pe KOTTOPOTACGUOATIKO OUIVOTEMKO Gkpo, Oums. Ot

SLdoYIKES a-EAKEG cLVOEOVTOL LETAED TOVG e KOVTOLG Bpdyovg, ektdg amd avtong
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peta&d tov TMS 1-2 ko TMS 6-7, ot omoiot givan wdaitepa empmkovvopévor (Ew. 1-

11 — Papageorgiou et al., 2008a).

1.2.6.5 H CNT owoyévern

H owoyévelr  GUYKEVIPOTIKOV  UETOPOPE®V  VOLKAEOSWOIOV Kot
voukAeotkdv Pacewv CNT (Concentrative Nucleoside Transporter) mepiéyet péin
o€ Betikd ko apvnTika katd Gram Boktiplo Kot LOKNTES, OTOV EIVOIL GUUUETAPOPEIS
HY, ko1 oe Onlaotikd, 6mov eivon ovppetagopeic Na', alld oyt oe mpoTdlma
(Podgorska et al., 2005). Arotedovvtotl amd mepimov 400 apvoééa (Paxktpia) | omd
600-700 apwvo&éa (svkapvmtikd) devbetnuéva oe 10-14 dopepPpovikd tpuqpota o-
énkag (TMSs). O yapaktmpiopévog petapopéag TCNT1 tov moviikod mpoPAémeton
va omoteheiton amd 13 TMSS, pe 10 apwvotelkd Gkpo vo Ppioketar wpog To
KuttapoéTAacua, v to KapPoéutedikd tpog to mepiniacpo (Hamilton et al., 2001).
Ytov avBpomo &xovv Ppebel tpelg OSapopetikng e&edikevong pHeETOQOpPElS NG
owoyévewag, ot hCNT1, hCNT2 kot hCNT3. O hCNT1 petagéper vovkAeooidia
mopyudvev kot adevooiviy, o hCNT2 petagépel OmOKAEIGTIKG VOUKAEOGIOLN
novpwvav kot 0 NCNT3 eivon evpeiog e€€1dikevong Kot HETAPEPEL TOGO TOVPIVIKG OGO
Kot Toppudvikd vovkieooidwn (Molina-Arcas et al., 2009). I'o tov hCNT2 10 evepyd
KEVTPO Qaivetar v amoteleitar and o TMS 7-8 , evd o hCNT3 mpoPfAénctol va
amoteAeitan amd 13 7 15 TMS (Ewc. 1-12 — Slugoski et al., 2009).

Ytov poknto C. albicans o opdloyoc petagopéog ovoudletor CaCNT xon
mBavoroyeitor 0Tl Eyel TV 1010 Tomoioyio pe Tov petapopéa TCNT1 tov movtikov
(Hamilton et al., 2001; Loewen et al., 2003). Ot NupC, NupG xot XapB g E. coli
uetapépovv povo Eavlivn (Loewen et al., 2004). O tpeig petagopeis tov B. subtilis
TIOTEVETOL TG £YOLV SOKPITEG IKOVOTNTEG, O TPADTOS UETUPEPEL VOLKAEOGIOLL
vro&avliviig kot yovavivng, o J0g0TEPOG VOLKAEOGId adEVIiVIG Kol O TPitog
voukAeooiole — mupyudvav  (Kutdivn,  ovpdivip Ko ta.  avtioToyo
deo&upipovovkieociowr). Ta mpdta tpioc TMSS tov CNT1 tv Onlaotikdv dev eivan
amopoitnTo yio T Aettovpyio Tov Kot pdAoto amovctdlovv amd ta PokInplokd
opdroya (Hamilton er al., 2001). To povoadikd péELOG TG olKoyévelwng otov A.
nidulans, o CntA, amote)el évav gupeiog eEe1dikenonc, VYNANG GLYYEVELNG LETAPOPED.
VOUKAEOOWimY, OT®MG ovpwdivy, KuTwivy, tvocivny, Ovudivn, odevocsivn kot
yovavooivr (Hamari et al., 2009). Erniong amnotehei 10 povodikd HETOPOPED. TOV

o€ avdioyov 5-¢00po-ovpdivn otov poknrto. A&ilel Téhog va avaeepbel 0TL M
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Aertovpyio TETOIOV TPOTEIVOV CLOYETILETOL GTOV AVOPOTO LE TEPMTMGELS YPOVIOG

Leppoxvttopikng Aevyariog (Pastor-Anglada et al., 2004).
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Ewévo 1-12 TIpofrenopevo povréro
tov hCNT3 (GenBank™ accession
number: AF305210) pe 13 + 2 TMs,
OmmG TpoPrémetar pe PLOTANPOPOPIKY
avAALOT TOV HEADV TNG OKOYEVELNG
CNT. Mg eodoyn tov TMS 5A kot
11A ot peuPpdvn kot ovtifeteg
devbenoelg  tov  TMS  6-11
ovvtelobv oe povtého pe 15 TMS
(mhaicro). (Slugoski et al., 2009)

1.2.6.6 H owoyévero PUP

H owoyévela PUP meptlopfdvel petagopeic moupvav Kot Topyudivav mov
OTOVIOVTIOL OMOKAEIOTIKA O @ULTE. AOUIKA Ol HETOPOPEIS NG OIKOYEVELNG
npoPAémeton va amotelovvtot omd 9-10 TMSS. O mpdTog PLeTAPOPEAS TNG OIKOYEVELS
mov yopaxtnpiomke Nrav o AtPUP1 oto @Aoimpa kot Toug yupedkokkovg g A.
thaliana, o omoiog avayvopilel kol peta@épel pe LYNAN ovyyéveln odevivr Kot
Kvtooivn, mhovadg pe ovppetapopd mpwtoviov (Gillissen et al., 2000). Aileg
novpiveg Omwg M vmo&avOivn, Kabdg kot eutoppdveg (Ceativn, kvtokwvivn) kot
OAKOAOEWN (KaPEIV) amOTEAODV GLVAYMVIOTIKODS OVOGTOAELS TNG TPOGANYNG
adevivng kot mhavde cuvietody vrootpdpato tov petaeopia (Williams & Miller,
2001). Xtov id10 opyaviopo £xovv Bpebei 15 mapdroya yovidia (28-54% tavtotnto o
oLykpicelg avd 600), EVEO UN YOPOKTNPICUEVOL PHETAPOPEIG QAIVETOL VO VTTAPYOVY CE

moAla eutd (Gillissen et al., 2000; Burkle et al., 2003).

1.2.6.7 H owoyévero UPS
H owoyévein UPS (Ureide Permeases) 7 NBUT (Nucleobase Uptake
Transporter) g omoio. péAn mpoépyovion emiong Kvpimg amd @utd, meplapPdavet

LETOPOPELS TOVPIVAVY, OLPEIdDV, KLTOKIVAOV KOl OVOIAOY®V TOVG. XOPOKTNPIGUEVQ
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HEAN TNg owoyévelng amoteAovy ot petapopeic AtUPST kot 2 tov A. thaliana kot o
uetapopéag aliavtoivng tov Phaseolus vulgaris, ot omoiot petapépovy alhovtoivn,
ovpoakiin ko pOopo-ovpakiin (Desimone et al., 2002; Schmidt et al., 2004), evd o
AtUPSI petagépet eniong ovpikd o&o ko EavOivn (Desimone et al., 2002). H UPS
owkoyévela ovpmephopupavel mévte mapdroya g A. thaliana, ta omoio Tapovsialovv
TOVTOTNTO OTNV apvolikn Toug axoAovBio 64-82%, evd Opoleg aAiniovyieg &xovv
EVTOTIOTEL 08 apKETA GAL0. PLTA. Mokpivd opodloya cvvavtdvior ota Bacteroides
thetaiotamicron xa1 Entamoeba histolyticia. O AtUPS1 petapopéog mbavmg
amoteleiton  amd Oéka  SpepPpovikd  TUAHOTe  pe  pion  HOKPLYL  KEVTIPIKN
KUTTOPOTAACHLATIKY] TEPLOYY], EIVOL GUUUETOPOPENS TPOTOVIOV KOl 1 £KOPOCN TOV

puOuileton and mnyéc aldrov (Desimone et al., 2002).

1.3 XOyypoveg TaGoElg oTN UEAET] TOV OYEGEMV OOpNG — AslTouvpyiog

OLIUENPPAVIKAOV HETUPOPE®Y

Ov pepPpavikég mpoteives petapopds owdpapatitovv xpicipo poéio oty
avantuén, dapopomoinon kat emPioon tov svkopvotikdv kuttdpmv (Oberai et al.,
2006). IloAAéc avOpomiveg oaoBéveleg £xovv ovvdebel upe dvoiertovpyioc M
TPOTOTONEV AELTOVPYIO HEUPPOVIKADV LETOPOPEMVY, OTMS 1| KVUGTIKY tveworn Kot M
adpevorevkodvatpopio (MacGurn et al., 2012; Geillon et al., 2012). E&outrtiag
TEYVIKOV OVOKOMMV, dOgv  glvor dvvaty M KPLOTAAA®GON Kol amddoon NG
TPLEOIAoTOTNG OOUNG OA®V TV TPOTEIVOV. [1a T0 Adyo avTo, pio Tp®OTN WE Yo TNV
avadiTA®o™n TOV SPOP®Y TEPOYDV TG TPWTEIVNC Bo umopovce va Anedel pécw
HOVTEA®V  opoAoylog, €6v  vmlpyer  OwBéciun U OVTUTPOCMOTELTIKN
KpuotoAhoypapkny doun. Ta televtaio ypovia €xel KpvotaAlmbel évac peydrog
aplOuog TPOTEIVOV HETOPOPAS, KOl HEGH otV Exovv dnuovpyndel poviéla
opoAoyiag ocvyyevikov mpoteivov. Tétolo mapddetypo omotelobVv Ol UETUPOPEIS
devtepoyevoig  evepyotnrag (Boudker &  Verdon, 2010). Ot petagopeic
deuTeEPOYEVODS €vEPYOTNTOG Olakpivovial oe dldeopes OKoyEveleg pe Pacn v
TPOTOTAYN] TOLG GAANAOLYIO Kol TN Aettovpyia Tovg. Opwe, moAAég amd avtéc TIg
owoyéveleg en@oviCouv SOMIKEC OUOLOTNTEG, VTOONAMVOVTAG OTL TEPLOPIGUEVES
dopkég avadmimwoelg £xovv eehybel oe petaeopeic pe SopopeTikn Agttovpyia
(Oberai et al., 2006). H mAcioynoia 1oV yvOOTOV S0UOV EUTITTOVY GE TPEIG KOWVEC

AVOOITAMGELS TTOV OVTITPOCOTEHOVTIOL OO TNV Tepuedon g Aaktolng LacY, tov
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ovppetagopéa Aevkivnc-Na® LeuT (Boudker & Verdon, 2010), kat T0 GUULETAPOPED,
ovpakiing/H™ UraA (Lu et al., 2011).

Kabag n kpvotarroypagio amodidet Eva ototikd, évo, GTIYHOTLUTO SLVOUK®MOV
TPOTEVIKOV dop®Vv €0 amd 11 Mmidkn oimAootoldda, 1 onoio arotehel T QVOIKNY
TOVG TOTTOAOYi0, amaLToVVTOL TOTOYpOVa Kot GALEG Brodoyikég mpooeyyioelg (Kaback
et al., 2011). [Ipoxeévoy Vo OTOCAPNVIGTOVV Ol TaPAyovTeg Tov kabopilovv tnv
EKAEKTIKOTNTO TOL VTTOCTPMUATOS GE OOUEG LE YOUNAY TPOTOTOYT OHOAOYiO, OAAG
VYNA oMK opoldTNTO ElvOl EMTOKTIKY] 1) OLVOLOOTIKY YPNON OEOOUEVOV
KPLOTOAAOYpaiog kaBmg Kol cuoTUoTIKnG petaAloStyéveonc. H televtaio avt
Blodoyikn TpocEyyion 6€ GLVIVAGUS LE TNV KATAOKELY] LOVTEAOL Oopoloyiag pmopet
VO OTOTEAEGEL Ol OTOTEAEGUOTIKY] KOl OELOMIOTN TPOGEYYION OTN UEAETN TV
OYECEMV BOUNG-AEITOVPYIOG TOV HETAPOPEMVY devTePOYeVoDS evepyotntag (Frillingos,

2012).

1.3.1 Aopn Kol pnyovicpuog peta@opds tg 6+6 dwopopemong peragopiov — To
nopaostypo tov LacY

H owoyéveia petapopémv MFES (Major Facilitator Superfamily) amoteAei
HEYOADTEPN YVMOTH OIKOYEVELD HETOPOPEDY OELTEPOYEVOVS evepyoTnToc. Eivon
vevBuvn Yo TN LETAPOPE LOVIMV GE GLVOVAGUO LE VO EVPL PAGLLO VTOGTPOUATOV,
amd povoapiveg uéypt odxyapo kol memtidwo (Saier et al., 1999). H nepuedon g
Loxtolne (LacY), évac ovpuetapopéac cakydpov/H', omotedel T0 péloc-mpdTumo
TOV QVTOV HETAPOPEMV, 01 0moiol cuvnBmg oynuatilovv 12 TMSs, av kot opiopéva
péAN éxovv 14 éhkeg. Meréteg kpvotarroypagiog aktivov X mov enélvcay T doun
g LacY (Abramson et al., 2003) kot evog GAhov petagpopéo twv MFS, tov GLPT
(Huang et al., 2003), £d6ei&av Ot1 o1 12 élikec drotdocovtar og 600 TePLoyés Tov EEL
erikov 1 kabepd (Ewc. 1-13), ot omoieg epgavilovy yevdo-coppetpio pe Evav aova
va datpéyel kbbeta ) pepPpdvn petald tov dvo ooy, H eEehiktikny oyxéon mov
TPOTEIVETOL amd TNV OOWKN OUOWOTNTA TOV OVO0 TEPOYDV EIVOL GUVETNG WHE TNV
Tapovcia eEEAKTIKA cuvinpnuévay HoTifov aAAniovyiag petald twv ehMkov 2 kot 3
oV N-TepUATIK TEPLOYN KOl OTIC CLUUETPIKEG TOLg €hkeg 8 kot 9 oty C-
TeppoTikn meproyn (Saier et al., 1999). Avéivon tov kKpvotoAlkdv dopdv g LacY
amoKAAVYE OTL o1 000 TEPLoYEG oyNUATICOVY Hiat KOIAOTNTA OV £lval avotyTh TPOg To
KuTTOpOTAGCUA, UE pio BEon TPdGOEON KATA TPOGEYYIGT GTO KEVIPO TNG MEUPPAVIG

(Abramson et al., 2003). Ot onuovTikéc TAEVPIKES OAVGIOES VIO TV OVAYVMOPLOT] TOL
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cakydpov eivar kupiog otv N-teppotikn mepoyn (Mirza et al., 2006). KatdAioura
TOL OIOLTOVVTOL Y10 TNV UETATOTION TV TPMTOVImV givan gniong mepimov otn péon
™m¢ pepPpavne, ov ko to kataAouto avtd Ppiockovror kvpiwg otnv C-tepuotikn

neployn (Smirnova et al., 2009).
A

<

& ¢

Ewova 1-13 Aopn ko pnyoviepds petagopdg tov LacY. A kot B. Awpopodoeg tov LacY pe m
0éom déopevong Tov VTOGTPMUNTOG eKTEDEEVN GTO KLTTOPOTAAGHO (KpuoTaAloypapio — A) 1 6TOV
TeEPmAAGUIKO Y®po (noviého — B)(Radestock & Forrest, 2011). T. TIpotevopevog punyoviods KOKA0L
petapopds otov LacY, 6mov 1 mEPmAAGHIKG GTPOUUEVT] Olopdpemon (Yordlie) petafoivel otnv
KUTTOPOTACGHATIKY (TPAGIVT) UE EVOLAUETES SIOUOPPDGELG TV KAEIGTN TPOTOVIOUEVT] LUE VTOCTPOLLOL
(ykpt, Y: vIOOTPOUQA) KOl TV KAEIGTH UN-TpoToviopévn pe vrootpoua (Madej et al., 2012).

Ta mepapoticd dedopéva GuyKAivouy 610 Yeyovog 0Tt o LacY veictatan peydin
aAloyn ot SloHOPE®GCT TOL TPOKELUEVOL VO €kBECEL TO VIOGTPOUA GTNV GAAN
mAevpd ™G pepPpdvng, coppova pe tov unyoviopd evorlracsopevng tpocaong (PA.
§1.2.3.2). Katd ) dibpketa ovtig TG oAlayng To o000 Licd KivodvTon oveSaptnta Kot
avtifeta 10 éva amd TO GAAO, CLVIEADVTOG OTN UETAPOCT TOL VTOCTPOUOTOC
amevbeiag amd TV TEPWANCIKY TEPLOY] ©TO KuTTapdmAooua (rocker-switch
mechanism — BA. §1.2.3.2) . To @o TPOGPATO HOVTEAO TOV UNYOVIGHOD UETAPOPASG

nephopPaverl kat vOLauecseg Slopopedcel; Tov petapopéa (Madej et al., 2012).

1.3.2 Aopn Ko pnyovicpog peta@opds tg 5+5 dwupopemong peragopiov — To
napaderypa tov LeuT
O debtepog TOMOG AVAdITAMONG AVTITPOCHOTEVETAL and Tov peTapopso LeuT
™G OKOYEVELNS GuppETaopémv vevpodiaPifactdv/Na® (neurotransmitter-sodium-
symport — NSS), oAhd tdpa €xel mopoatnpndei kKot o€ po oelpd GAA®V doudv Tov
onuootedtnKav T teEAevtaion ypdvia. Avtég ot douéc evromilovion og TOAAOVG

LETAPOPELG OEVTEPOYEVOVG EVEPYOTNTOS OO SLOPOPETIKESG OIKOYEVELEG GTOVG OTOI0VC,
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AOY® ™G YOUNMANG TOVS OHOOTNTOG OC TTPOG TNV TPMTOTUYN aAAniovyio, dev ftav
OVOLEVOLLEVO VL £XOVV UL TAPOLOLOL AVASTTAWGT).

Extoc am6 tov LeuT, mopduoleg Oopég eu@oaviCouv 0 GCULUUETOPOPENS
yohoxtolncg/Na® vSGLT (Faham et al., 2008; Watanabe et al., 2010) ¢ owkoyévetog
ovppeTagopéav  dlvtdv  ovoidv/Na®  (sodium-solute symporter — SSS), o
ovppstagopéac Petaivng/Na® BetP (Ressl et al., 2009; Perez et al., 2012) g
owoyévelng uetagopémv  Petaivnc/yolivng/kapvitivng (betaine/choline/ carnitine
transporter — BCCT), o avtiuetapopéag L-kapvitivne/y-BovtvpoPetaivng CaiT (Tang
et al., 2010; Schulze et al., 2010) andé v S owoyévela, kot Tpioe HEAN NG
OIKOYEVELNG HETAPOPE®V apvo&eémvimolvapivng/opyovik®v — katidviov (aminoacid/
polyamine/organocation — APC), o avtipetapopéog apywivng/ayuativng AdiC (Fang
et al, 2009; Gao et al, 2009; Gao et al., 2010; Kowalczyk et al., 2011), o yevikdg
petagopéoc opvotéwv/H  ApcT (Shaffer et al., 2009), o avtuetapopéag
yrovtopkov/GABA GadC (Ma et al., 2012) kou 0 petagpopéag vdavtoivng Mhpl
(Weyand et al., 2008; Shimamura et al., 2010) ¢ 01KOYEVELNG GUUUETAPOPEDV
vovkAeoTdkdv Baoswv/H -1 (nucleobase cation symport-1 — NCS1) (Ew. 1-13A). H
avadimAmon oVt £XEL TEPLYPOPEL O 0L OAVESTPOUUEVT ETAVIANYN TEVTE EMK®V
otV onoia ot tévte AE 10V apuvotelkol dkpov givarl TomoAoyikd 16000OVOUES e TIC
EMOUEVEG TTEVTE KOl GLOYETICOVTAL HETAED TOVG LE EVA O1GOIA0TOTO YEVOO-AEOVO TOV
datpéyet To kEVTPO Tov puepPpavng (Abramson & Wright, 2009) (Ew. 1-13B). Ta 600
piod g TpoTeivg elvanl TANPOS aAANAEVIETA KOODS apeotepa GuUPEALovY GTN
Spdpemon ¢ B€oMG dEGUELGTG TOV VTTOCTPAOUATOC, 1| ool PBpioketan “Ooppévn”
o pepPpdvn, TepiTov 61O KEVIPO TOL KAOE LETAPOPEQ.

[Ipdopata, avokaAdEOnke Kot €vog Tpitog TOTOS OLUOPPOONG TOV TPOG TO
POV OVTITPOCOTEVETAL OO pio. LOVO doun, avti Tov petapopén ovpakiing UraA

¢ E. coli, n onoia avoddeton Topakdro (BA. §1.5.2.1).
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LS N

r AdiC (3LRB/
3NCY) AdiC (3L1L)
BetP (4DOJ) _ LeuT (2A65)
Mhp1 (2JLN) AdiC (30B6) Mhp1 (2JLO)
ITMpog KAeloTOG [MAMpog KAEIoTOG
(ovppetpikd (ovppetpkd
€vOLILECO) £VOLGECO)

Avouytog Zovdedepivog Kiewotog
NE VTOGTPOUA -

ApcT (3GIA) Tepimhocuo Betp (2W|T)
BetP ,(AAI N)
= =
Kurwponohwua
CaiT (2WSW) CaiT (3HFX/ VSGLT (3DH4)

GadC (4DJI) 2WSX)
Mhp1 (2X79)

Ewkévo 1-14 Aopi] kévipov OEGHEVONG KOL PNYOVIGUOS HETOPOPAS TMOV UETOPOPE®V pe 5+5
dwapépowon. A. xor B. H aveotpoppévn emavainyn tov Mhpl (Weyand et al., 2011). A. Ot N-kou C-
TEPUOTIKEG EmavolapPavopeves povaodeg omewkoviCovtol pe tov 1010 mTPosavatoMopd, oAAL Exovv
dwympiotel yo éppaocn. H Béon tov diedidotatov yevdo-dEova vrodnidvetat oe oynua ofdi. B. H
C-teppotikn emavainymn £xel TEPIOTPAPEL YOP® amd TOV d160106T0T0 YeLdo-GEova Tov A.

. ZopUETPIKES S0UOPPDOCELS KATO PNKOG TOV EVOAAOKTIKOD LUNYOVICUOD TPOGROCTG TOV LETUPOPEDY
pe v avoditioon tov 5+5 avestpappévav emavolnyemv. Me v mpdcdect] TOL VTOGTPMIOTOG
(KOKKIVO EAAENYOELDEG) GTNV avOLYTN TTPOG Ta £EM® apo SUOPP®GT], 1| GLVOESEUEVT] LE TO VITOGTPMLLOL
dwpdpowon (AdiC) e&elicoetol oe pio KAEGTH, OOV dVO TOAES (MOl KOl AEMTH]) OMOTPEMOVY T
Slvon TOL VTOCTPAOUNTOC TPOG OmoWdmoTe mAELPA TG HepPpdavng. H  ovyikieion tov
VIOGTPAOUATOG OO [0l AETTN TOAT| €lvat EVag GUVNOIGHEVOS UNYOVIGIOG GTOV KOKAO LETAPOPAS QVTOV
TOV LUETOPOPEDV, TOPC TH GULUETOYT] SLOPOPETIKMOV LOPLOKDY YEYOVOTMOV, OTMG TEPTYPAPETAL Y10, TOVG
Leut, vSGLT, Mhpl, BetP, kot AdiC. Ot mpog 10 £00-HOpPEg oyeTilovTal GULUUETPIKA UE TIG
avtiotolyeg mpog ta EEm. Metdfaon oTig TPog Ta €6 HOPPEG amattel £va Tapodikd TANPOS KAEGTO
GUUUETPIKO eVOApETO. Xe cuvelevypévoug pe 10vta cvppetapopeis (Leut, vSGLT, Mhpl, ApcT, kot
BetP) po glevBepn petdfoon petald tov avorytdv Sopdv (Tpog Ta 5@ Kol TPOG TO £0®) OTOLTEITOL
v va KAglogl Tov kKokho petapopdc. H kieiotn apo dour tov ApeT (20) mpoceyyilet ovthiv 0 popen.
Ytovg avtipetapopeic (AdiC, CaiT kot GadC), n emotpopn otV Tpog 1o E® KOTAGTOON OTALTEL TN
O£€GLELON KOl T PETATOTIOT EVOG VEOV EVOOKVTTUPIKOD VIOGTPMIOTOG TTOL O0 KIVIGEL TOV LETOPOPEN
avtifeta pécm OAWV TV HopP®V, 0AAG Ttpog TV avtifBetn katevbuvon. Ot kwdkol TpdGPacng g
Protein Data Bank avagépovtat otig mapeviiceis. (Tpomomompévo and Kowalezyk et al., 2011)
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1.4  Mslétn TOV oyéccov dopng — Asttovpyiog oty owkoyévera NCS1/PRT
1.4.1 HNCS1/PRT o01koy£vEld GOPPETOPOPEMY VOUKLEOTIOIK®V Pacewv/H'

Ta péin g owoyévelag NCS1/PRT (Nucleobase Cation Symporter 1/ Purine
Related Transporters) amotehovvtar omd 419-635 auwvoééa, kar ot uéypt mpOTIVOG
npoPAdyelg devtepotayos doung avépepav 9-12 mbovd dSapepPpoavikd tunpoto
(transmembrane segments — TMSS), pe to auwvo- kot 0 KapPo&utehkd GKpo va
dtevbeTovvtal TPog To KLTTOPOTAACHO. OpIoHEVOL Omd TOVE HETAPOPEIC VTG TNG
owkoyévelag £yst deryBei OTL eivon ovupetagopeic vroostpmdpatoc/H'. H owoyévela
NCS1/PRT mepropileton oe mpokapumtika, poknteg ko @utd (de Koning &
Diallinas, 2000). IlepthopPdavel peTAPOPELS TOLPWVAOV, OLPAKIANG, KLTOGIVIG,

ovpdivng, aAlavtoivng, mopdosivng kat Oswopivng (http://www.tcdb.org/). Me Bdon

10 YEYOVOC O0TL oplopéva Paktnploka uéAn tng owoyévelag NAT/NCS2 (Nucleobase —
Ascorbate Transporters/Nucleobase Cation Symporter 2), 6nwg yio mopddetypo o
uetopopéag Eavlivng PbuX tov B. Subtilis, éyovv opotdtnreg pe pén g
NCS1/PRT, éyet mpotabei 6Tt o1 600 OVTEC OIKOYEVEIES UTOPEL VO XOVV HOKPIVI

e&elktikn ovyyévela (http://www.tcdb.org/) (de Koning & Diallinas, 2000).

Metagpopeic movpvdv kot mopyudveov e owoyévelag NCS1/PRT eiyav
YOPAKTNPLOTEL Y10 TPMOTN POpa TPty amd mepiocoOTePa amd 20 ypovia 6to LupopvKn T
S. cerevisiae. Ot peta@opeic avtoi pmopoHv va YmPLeToOV 6€ V0 VIOOIKOYEVELES TIG
Fcy-like xon tig Fur-like (de Koning & Diallinas, 2000). An6 avto0g, 0 uetapopiag
adevivnglyovavivng/ vro&avOivnc/kvutooivng Fcy2p (Weber et al., 1990) xoi o
uetapopéag ovpokiing Furdp (Jund et al., 1988) &yovv amotedécel mpdTLTOL Y10, TN
LEAETN TNG UETOPOPIKNG Agrtovpyiog Kot Tng Kuttapikng pvbuone. H apvo&iknm
TouTOTNTOL HETaED Tov FeyZ2p ko Furdp eivar youmAn (19% tovtéomta) oA
amavtovior kowd potifa (de Koning & Diallinas, 2000). Al\a yopoaktnpiouéva
HEAN TNG OKOYEVELNS OmoTEAOVV O petapopéag kvtocivig CodB g E. coli
(Danielsen et al., 1992) kot o petapopéag adevivng-yovavivng-vro&avoivg-
kvtooivng g C. albicans (Fcy21) (Goudela et al., 2006). Opdroyot petagpopeic Tov
Fcy2p éxovv avagepbei kat otov maboyovo poknta C. lusitaniae (Chapeland-Leclerc
et al., 2005), evdo n Candida glabrata dwfétel éva cOomua petapopds adevivig-
yovavivng (Ky 0,6-5,7 uM), éva dtapopetikd chotnua petapopds kutosivig (Ky 4.0
uUM) kot dgv dabétel ovotnuo petaeopdg vmo&avOivng (Gupta et al., 1995).
Ayvmotng Asttovpyiag TpOTEIVES Le TapOUOLES OAANAOVYiES £xovV avapepOel oe glon

Aspergillus, Neurospora, Bacillus, Streptococcus, Pseudomonas, Pyrococcus kot
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Aeropyum. Mepwég opdroyeg mpwteiveg pe tig Fey2p xon Furdp dyvootng
Aertovpyiag vmdpyovv ce Olovg Tovg GAAovg Cuuopdknteg (Pantazopoulou &
Diallinas, 2007).

Ytov A. nidulans vrapyovv 12 puéin g owoyévelag NCSL/PRT ek twv
omoiwv entd opadomolovvtal ot Fur-like mpoteivec ko mévte otig Fey-like
npwteives. Ano Tig Fur-like mpwteiveg €xovv yopoaktmpiotel ov petapopeic FUrA,
TPOKELTAL Y100 TOV KOP1o, OAAG Oyt Tov povodiko, petagpopéa aAlavtoivng (Hamari et
al.,2009; Aonpooievto amotedéopoto gpyootnpiov Awdiva) kot FurD, évog
netapopéag e&opeTikd VYNNG cvyyévelag yio ovpakiin (Ky 450 nM) (Amillis et al.,
2007). Amndé tic Fey-like mpoteiveg éxer yapoaxtmpiotel o FCyB, évag vymAng
OLYYEVELOG KOl YOUNANG UETOPOPIKNG KavOTNTOG GULUUETAPOPENS Lo&avOivng —
adevivng — kvtooivng — yovavivig/H' (Vlanti & Diallinas, 2008). O pusiohoyikdg Tov
poOLOC @aivetor vo eivor M TPOGANYTN KLTOGIVIIG Kol 1 UIKPY, OAAG oLVEXNG
TPOPOJOTNON TOL KLTTOPOL WHE TIS LTOAOWEG TOLPIVEG G EVOAAUKTIKY TNYM
TPOGANYNG TOVG, devtepevovca Tov AZgA. Tnyv televtaio mevtaetio £ytve yvoot 1M
TpO™N Tprodldotarn dour petagopéo TG NCS1 owoyévewog pe v oamdktnon
KPLoTdAAov tov petapopén Pevivro-vdavtoivnig Mhpl oand to Microbacterium
liqufaciens (Weyand et al., 2008).

1.4.2 Kpvotorlloypapikd dcoopuéve oo Tov petapopia Mhpl

O Mhpl am6 to Microbacterium liquefaciens eivor péhog g otkoyévelog
cvppetopopémv  vovkieotdikdv Pacsov/H™ NCS1/PRT (Suzuki & Henderson,
2006). O idtog 0 Mhpl avakaddeOnke eTeldn aviKel 68 £Va GOUTAEY LA YOVISI®V TOV
neptlopfdvoov pio voavtoivaon kot pio kapPapodrAdcn mov UETATPEMOVY TIS 5-
vrokateotnuéveg  l-vdavtoiveg oe  l-apwvo&éa (Suzuki & Henderson, 2006).
Awmiotodnke 6tt o Mhpl kataidelr v petapopd 5-tvdoAvA-uebvi- 1 5-Beviviro-
vdavtoivng ota PoKTAPlY, OTOL UTOPOLV VO UETOTPOTOVV GE TPLATOPAVI 1
eovolaAavivn and ta dAla évivpa thg cvototyiog yovidimv (gene cluster) (Weyand
et al., 2008).

1.42.1 Aopq Tov Mhpl
H Souy tov Mhpl A00nke opyucd pe avédvon 2,85 A e 00 Stapopeticé
SAUOPPOCEIC: TNV TEPITAAGUIKT avoryTh dtapdpemon (outward-facing open) kot tnv

TEPUTAOCUIKY] OEGUEVUEV] LE TO VTOOTPOUA KAEOT dopudpewon (outward-facing
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occluded) (Weyand et al., 2008). Amotekeiton omd 12 TMSs ta omoio &ivar
devbetuéva o€ 600 emavorapPavoueveg povadeg (TMSs 1-5, apvoééa 20-190 ko
TMSs 6-10, aupwvo&éa 204-388) evopéveg pe o Onietd 29 apvolémv  kat
akoAovBovueveg amd 600 akoua dapepfpavikéc a-éakes. (Ew. 1-15A). H opotdtnra
TV V0 emavorapuPavOpeEveV HovAdwV glval mOAD peYOAN, Tapd TNV omovcio
ONUOVTIKNG OUOWOTNTOG G eMmedo aAAniovyiog HETOEL Tov 600 povddwy. Ot dvo
povadeg £xovv avtifetn tomoloyia oe oyéon pe ™ pepPpdvn kot oyetiCovratl petald
TOVG pE [0, TEPLoTPo@n Tepimov 168° yupm and &vav dEova mov dlomepvd To KEVIPO
™mg peuPpdvng kot eivor mOPAAANAOG TPOG TNV EMPAVEIL NG AVESTPOUUEVT
emovalopPoavopevn TomoAoyio cuyvad mapoInpEital 6e  TOAAOVS  pepUPpovikovg
petagopels kot Kovaio. Ot obo emavaropPavopeves povédeg sivar TANP®G
SlmAeyUEVEG LETAED TOVG oYNUATICOVTOG Hio KEVIPIKT OECUN TEGGAPWV EMK®V TOV
amoteleitoan omd TG 600 StoKomTOpEVEG OlapepuPpovikég Eakes, Tig 1 Ko 6 mov
oyetiCovron pe T1g 2 kot 7. Avt n déoun mepiPdAletal, otV TAELPE TV edikwv 1
Kol 6 amd £vo oTpOU TOV OMpovpyeital amd aAleg 6 Ehkeg. Ot €hkec 3 ko 8, Tov
Bpiokovton akpipmg amévavtt amd Tic 1 kou 6 (avtictorya), oynuatiCovv po pakpld
avTITopdAANAN povéda mov drumepva Tig 000 douég oynuotog V mov oynuotilovrol
amo TG ehkeg 4-5 kot tig 9-10, avtictoyya (Ew. 1-15B). Ot Béoeig déopevong tov
VIOGTPAOUOTOG KoL TOV KoTovtog Kot 1 eEmyevag otpappévny (outward facing)
KOWLOTNTA TOV GLVOEEL OWTEG TIG BECELS e TO eEMTEPIKO PEPOG NG HeUPpdvng, etvan
Olo OtevBetnuéva PeTalld ™G SECUNG TOV KEVIPIKOV 4 eAlKOV Kot TOV £E®TEPIKOD
otpopaTog TV eAlkov (Ew. 1-15T). H apwvo&ikn aAiniovyia yro tig €dukeg 11 ko 12
Kot M kapPoéutehkn meployn eivar moAd Alyo cvvimpnuéveg oty okoyévern NCS1
KOt 0 dopkOS porog awthg dev meployng oev Exet Eexabapiotei (Weyand et al., 2008).

10 povtédo mov dnpootevdnke to 2008 amd tovg Weyand kot cuvepydteg, M
0éom mPOGOEGNC TOL VITOGTPMOUATOS EVTOTILETOL GTNV E€YKOT TOV OOKEKOUUEVDV
erikav 1 kot 6, kot amévovtt oo T1¢ 3 kot 8 (Ew. 1-16A). To onpeio evroniletar ot
Baon g mEPMAACHIKO OTPOUUEVNG KOWOTNTOG, M Omoio. OomoTeAEitol OO TIg
YEWOVIKEG empaveleg Tov eAikov 1, 3, 6, 8 ko 10 kot emtpénel v npdsPfocn tov
VTOGTPOUATOC 6T0 onueio Tpodcdeonc (Ewc. 1-16A). O daktvAtog TG véavToivng oyn
potilel o odnAenidpoon pHEc® TOL T NAEKTPOVIOKOL VEQOLG (pi-stacking) pe tov
wdoAkd daktOAo TG TpuTtoPdvng (W) 117 kou Bpioketar o€ kovtiviy amdGTOOT LE
v aonapoyivn (N) 318 kot ) yAovtapivn (Q) 121 €101 dote vo emTpémeton M

dnpovpyia deopov vépoyovov (Ew. 1-16). H W117 kou n N318 elvar cuvinpnuéveg
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Ewkovo 1-15 Aopr tov petagopéa véavroiviig Mhpl Tov Microbacterum liquefaciens.

A. Toroloyia tov Mhpl. Ot Béce1g 6€0UEVGNG TOV VIOGTPMLOTOG KoL TOV KATIOVTOG omelkovilovtal pe
™ Hopen Kapé EAeYNG Ko pumde KOKAov avtictoyyo. H pepfpdvn ameucovileton e yKpl xp®Uo Kot 1
e&mTEPIKN KOWATNTA TOVL TapaTNpEiTaL 6€ ovTh TN dopn diveton pe yoAdlio ypopo. Ta TMS 3 kot 8
ocvvdéovtar peta&d Toug TNy Tpiodidotatn doun. B. Aoun tov Mhpl ot pepfpdvn xopic vrdotpopo.
O1 Oéoelc SécUevoNC TOV VIOGTPGUOTOC Kat Tov Na* diveton o¢ avopopd. I'. Kéroyn amd v
eEwtepucn mievpd g pepPpavng. (Weyand et al., 2008)

HeTald OAV TOV UETOPOPE®V NG oKoyévelng, eved 1 Q121 Sdapopomoteitan poévo
otov petaeopéa ovpdiving Fuil. ‘Eva dAio ocvvinpnuévo xotdroimo, n N314,
Bpioketon evtdg amdotaomng uikovg decpov H amd v N318 étol dote pmopel va
ovykpateital 1 TAELPIKY oAvcida TNng oomapayivng oe KatdAAnin 0éom kot va
oAANAETIOPA pe To vdoTpopa. O daktuAlog Bevioiiov Tov vooTpduaTOg BpioKeTal
peta&o g W220 kou e Q42 (Ewc. 1-16A). H mievpikn aivcida g W220 kiveiton
péco oto KEVIPO déopevong oe oxéon pe T 0éom mov €xel otV doun Ywpig
VIOGTPOUO Ko dnpovpyel o odAnienidpacn tomov pi-stacking pe to Pevioikd
dakTOA0. AVTOG 0 TPOTOG TPOGOESTS GLUPMVEL e TNV mapatipnon 6t o Mhpl €xet

KOAVTEPT] GLYYEVELD TPOGIESTC Y10 TNV S-1vO0AVA-UeBVA-VOavTOTVY ad TV Bevivro-
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voavrtoivn (Suzuki & Henderson, 2006), yioti o vdohkdg SOKTOAMOG GTNV VOAVTOTVY
Ba oynudtile po mo exteTapévn Kot 6tev] ahAnienidopaon pe tnv W220, ko eniong,
N mevpikn alvcida g Q42 Oa pumopovoe va oynuatilel Eva deopd VIPOYOVOL UE TO
4lmto TV WéoMK®V d0KTLAI®V. AVTé TO KatdAouto Ba umopovoe va mailel poAo
omv &fedikevon g mpog T vmootpopate otovg NCSI  petagpopeils Omog
npoteiveton and cvykplon oAlniovyimv (Pantazopoulou & Diallinas, 2007; Weyand
et al., 2008).

pevlvio-
VAAVTOTVY]

Ewkovo 1-16 Ofosig 060HEVGNS VTOCTPAOUATOS KOl KOTIOVTOS. A. OE0M dEGIEVGNG VTOGTPMOUATOG
LLE T1G CUUUETEYOVGEG EAKES KOl TO. KOTAAOWTE, 1OV oAANAETdpovv. H Bevivio-vdavtoivn Kot 1o véTplo
delyvovtanl pe pof ko pmke ovtiotoryo. B. Ot éhkeg kot o Kotdhouro mov mepBarliovy Tig 0Ecelg
déopevonc. I'. H oddayn dwapopemong ot 0éom déopevong tov vrootpopatog. H éhka 10 kot o
Bpoyoc petacd tov 9 kou 10 mapovstalovy po aAlayr] StopdpP®ong mov epmoditovv v ££000 TPog
10 e£@TEPIKO TOV TPOGOEUEVOL VIOGTPMOWATOS. To {yvog autig TG EAlKa, OElVETOL HE YKPL, KoL
Bploketon amd mive ot dopun pe vrdotpope. H Bevivio-vdavtotvn 6” avtéc tig 0éce1g cupforileton
pe BH. (Weyand et al., 2008)

Ta xoTdAouma Tov TOPATHPNONKAY GTO KEVIPO SEGUEVCTG TOV VTOGTPMUOTOG
CLUUPOVOVV LLE TO OTOTEAEGLOTO EPEVVOV KATA TIG OToleg HeAeTONKOV peETOAAQYES
otov Fcy2. Av kat o Fcy2 givor pokpvod cuyyevikd opdroyo tov Mhpl, ta katdrouro
OV EUMAEKOVTAL OTIC OE0E1C OEGLELONG TOV VTOCTPAOUATOS KOl TOV KOTIOVTOG

umopovv va otoyynbovv pe avtd tov Mhpl pe BePordtnra. Tpeic amd TIC YEVETIKOG
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emAeypéveg petaAlaypéves popeég tov FCy2, ot omoieg deiyvouv éva addaypévo Kp
YL TV TPOGANYN TOV VITOGTPAOLUATOS, NTUV VITOKATAGTACELS TOL - A-N-N-1-P-N*"
Tunuatog tov Fey2, to omoio avtiotoryodv ota katdioura 311-318 tov Mhpl
(Chevallier et al., 1975; Blotch et al., 1992; Bréthes et al.,, 1992). Mehétec
OTOXEVUEVNG HETAALOELYEVEONC GE OVTA T Katdlowmo £3€i&av TN onpacio otV
TPOGOEST| TOV LITOSTPMUATOG ™G N374 kot g N377, ta omoia eivar 1odbvapo pe
v N314 ko1 N318 tov Mhpl, avtictorya (Ferreira et al.,, 1997; Weyand et al.,
2008). To katidv mov Ppébnke 6tov KPHOTOAAO Kot LEAETHONKE TO KEVTPO SEGUEVONG

T0Vv Ntav o Na, yeyovog mov Oa culntnbei extevéotepa mapaxkdtm (PA. §1.4.2.2).

1.4.2.2 O podlrog Tov 16vTog

v apyikn doun tov Mhpl vanpye o peydin KotoTnTa Tov EKTEWVOTAV OTd
TNV TEPUTAAGLUKT OY1) TNG TPOTEIVIG UEYPL TO KEVTPO, ONAGOT 1 SOUN MTOV OVOLKTH
Tpog to TEpimacpa pe Pdon to evarracopuevo poviého npocPaong (Ewc. 1-17), kot
dgv mepieiye decpevuévo vrootpoua. Ilepieiye, ®oTd660, NMAEKTPOVIOKT] TUKVOTNTO
otV 1810 Béom dmec To 10V vatpiov otov LeuT, o omoiog Mnke og avdivon 1,65 A
(Yamashita et al., 2005). Xvvendc, n nAekTtpoviakn ovt TLKVOTHTO Oe@prOnke
eniong vatpro otov Mhpl, Aappdavovtog vroyn Kot Tig 0mocTAGES LETOED TOV 1OVTOG
Kol TV KotaAoimmv mov 1o meptéfarav. Kdmolor and tovg petagopeig g NCS1
oKoYévelng otovg (UUOMVKNTEG KoL TO POKTAPLL, GUUTEPIAAUPOVOUEVOL Kol TOV
Mhp1, Bswpovvtav va eivan mbavotepa Tpmtovio- mapd vatpro-eEaptdpevot (Suzuki
& Henderson, 2006; Pantazopoulou & Diallinas, 2007; Ren et al., 2007). H e£aptnon
oo VATPLO GE PEAETEG OAKNG KLTTOPIKNG LETOPOPAS Umopel va emnpeactel omd v
Tapovcio. vog EEYMPIGTOL OVTIGTAOUIGTIKOD GLGTIUATOS LETAPOPAS VaTpiov otV
ueuPpévn. v mepintoon tov Mhpl 1 evasbnoio OV YMUKOV SOKIHLOCIDOV
HELOVETOL OO TNV HEWOUEVT] SHALTOTNTO Kot AMTOPIAN UGN TOL VLITOCTPMOUATOC,
eumodiCovtag tov éheyyo v &dptnon amd vATplo ota TpwTeolMmocopata. Eivot
eniong mOavod 6t o Mhpl ko dArot NCS1 petagpopeig Exovv gvéhktn ekAekTikOTNTA
Yo To Kooy, onwg o MelB ocvppetagopéoc cokyapov-katidovrog (Wilson & Ding,
2001; Weyand et al., 2008).

lNa v «kmon g TEPMAACHIKNG-KAEIOTNG Katdotaons o  Mhpl
OLYKPLOTUAAGONKE Tapovsia g Bevivro-voavtoivng. H mpokidntovsa doun, av Kot
younAig avaivong (4 A), £8eiée 611 1 Beviuro-vdovToivn deopeveTon 6To KAT® HEPOG

g Kowkdttog M omoia eixe mapatnpndet oty €£m-avorkt doun. Tavtdypova pe
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v déopevon g Pevivro-vdavtoivng elxe emiong cvpuPel pio StopopP®TIKN aAlOyY
n omoia kAeldwoe tOo vmOoTPpOHO ot Béom  déopevong Tov, Gepayilovtog
amotedecpatika TV ££000 Tov pog 10 eEwtepikd (Ewk. 1-18). To mépacua mpog 1o
£0OTEPIKO axopn eumodifdtav and apvotéo mov ekteivovrav mepimov 20 A pokpid
VTOOEIKVOOVTAG OTL piot TOAD UEYOADTEPT] SOUOPPMTIKY] OAAOYT NTOV ovaryKoio yio
va oAAGEeL T Béom SECUELONG TOV VTOCTPAOUATOS MOTE VO, Eival TPOoSPAGIHO GTO
eowteptkd. H mpog 1o €0m-0voikT] popen amoKTnOnke amd KPLOTAAAOVE MOV
avartoyOnkay and emAeyUEveS TaPTidEg TPWTEIVNG oV €lye ekppaotel og E. coli og
kabopiopéva péca vd v mapovoia ceinvopedelovivng (Shimamura et al., 2010).
Ye autn TN dopn M €EMKVLTTOPIKY] TAEVPA TNG TPMOTEIVIG NTAV EVIEADMG KAEIOTN KO
avt’ aVToD pio KOWOTNTO LIPYE GTNV EVOOKVLTTAPIKT TALLPA. X1 B€om déopevong
ToL vatpiov TopaTNPNONKE MAEKTPOVIOKY TLUKVOTNTO VLTOSEIKVOOVTOG OTL £val

dyvooto poplo iye deopevdel katd TV €KEpaoN TG TPOTEIVIG Ko KAEIdwoe TV

TPOTEIVN 6€ pia TPOG To E0M-AVOIKTN SIOUOPPOOT).

Ewova 1-17 Avomopactdcsis sm@oveiog Tov Tpidv popedv tov Mhpl, mov dsiyver Tig
KowAOTNTEG TNG KoOgmds. Ta dwypdppoto pe kopdéhes £xovv ypopotiotel 6nwg oty Ewova 1-15.
(Am6 10 cvumAnpopoTikd vVAKO tov Shimamura et al., 2010)

Ot Béoelc 0GEVONG TOV VTOCTPMUATOS KOl TOL votpiov Ppiockovtol ot
deropn tov potifwv déoung (bundle motif) kon kotakeppaticpod (hash motif). Xtig
Pog T €M OTPAUUEVEG dOUES Kal o1 dVO Béoelg etvan dbikteg pe to 16V vatpiov va
oAMAemdpd pe xatdrowmo ota TMS 1 kow 8 wor v Peviuro-voavtoivn va
tomobfeteital paprooTd HETOED TV dakTLAIOY vOOANG Twv Trpll7 oto TMS 3 kat
Trp220 oto0 TMS 6 (Ewc. 1-18). v KTTOPOTAAGUATIKA avolyTr doUn Kot ot 600
0éoeig déopevong Exovv datapayBel, Wwitepa n Béon décpevong Tov vatpiov, 6TOL
T KOTGAOUTOL TOV OAANAETISPOVV L TO 10V omopapivovton mepimov 4,5 A (Euc. 1-
18). H yopodidraén tng 0éon déougvone tov vatpiov VTOdEKVLEL Evay Thavd poAo

TV 16vTev 6to unyavicpo. H cvykévipmon tov vatpiov givor mbavov va etvor mToAd
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VYNAOTEPN GTO TepimAacua TV Poktnpiov ce oxEoN HE TNV KLTTOPOTAUGLOTIKY
(Harold & Maloney, 1996). H déopevon tov vatpiov o mpénet va otabepomomBel
™V TPog T €M OAUOPPMOT TG TPWTEIVNG, N OToid amovcio TOV VaTpiov TPEMEL VoL
epoavifeton  mopodikd. Xe oavtv T Owpopewon 1mn  Béon  déopevong Tov
VIOGTPOUOTOS glvar £Towun va dexbel To vidoTpwpa, To omoio eivar mBavo va gival
TapoOV 6 TOAD YOUNAOTEPO EMIMEdA. XTNV TPOYUATIKOTNTO, OE TEPALATO SPEomng
@Bopiopov (fluorescence quenching) n mwopovsio varpiov avédvel T GLYYEVELN TOV

Mhp1 ywo Bevloro-vdavtoivn mepimov déka popéc (Weyand et al., 2008).

Kierom /\,i. Kvtrapomhaopotikd avoryti
Ewévo 1-18 O Béce1g déopevons Tov vaTpiov Kol TOV VTOGTPOUNTOS OTNV KAELOTY] KOl GTNV
KUTTOPOTAUGIATIKG OVOIKTI] dop1. TNV KAEIGTN Sopn TO 10V vatpiov €xel mapactadel ¢ o pop
ocoaipa kot 1 Beviuro-vdavtoivn pe Kvavo dtopo GvOpoko. TV KUTTOPOTAAGHOTIKG OvVOL T doUn
O6mov Ta LOploL oVTd dev glvar TapdVTO OvVATOPICTOVTOL OTNV LTOOETIKY TOVG BECN e AEVKO YPDLLOL.
(Shimamura et al., 2010)

H odéopevon tov vmootpopatog Bo mpémel va TpoKaAel piol OLOUOPPMOTIKY|
aAdoyn Yo T HeTdfoot TG TPOTEIVNG GTNV KVTTOPOTAAGHOTIKO TPOCAUVATOAIGUEVT|
KATAoTOOoT, OmOGTafEPOTOIDOVTOS £T6L TIG BEGEIC OECUEVONG TOL VATPIOL KoLl TOV
VTOGTPAOUATOS KO EMTPENOVTOS TNV €I0000 ALTOV HEGH 6TO KOTTOPO. To akpiPn
frjuata kotd pnKog Tov povomatiol dgv €xovv amocaenviotel. Agdopévov OTL M
petagopd g Pevivro-vdavtoivng culevyvutan pe vatplo, gaivetar 6Tt n tpdcdeon
VTOGTPOUOTOS OmoLGio vaTpiov dev B TPEMEL Vo EVEPYOTOGEL TNV OAANYY GTNV
TPOG TOL £00 TPOGUVATOAGUEVT dtapoppmon. Ko moh mewpdpata oféong eBopiopov
(fluorescence quenching) dsiyvouv 0tL M cvyyévela tov vatpiov avédvetor Otav M
Bevluro-vdavtoivn eivor mopovca, LTOJEIKVOLOVTAS OTL 1| cvuvdeon TG Pevivio-
vdavtoivng emiong wbel v woppomio VEP TG TPOG Ta €M SapdpPwons. Avtdg o
UNYOVIoHOG vtooTnpiletal amd TPOGOUOIMOELS Hoplakng dvvaukng (Shimamura et
al., 2010).
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1.4.2.3 Tleproyéc ereyyOpevIS O1EAEVGG TOV VTOGTPONATOS

O unyoviopog evoriayng Hetalld TV SoPOp®V KATUCTAGEMY TNG TPMTEIVNG
Exel meprypogel pe 600 opddec molmv: v moayd (thick) xor t Aemty (thin)
(Krishnamurthy et al, 2009; Abramson & Wright, 2009). Ot Aemntég mOAec, mOL
amotelovvtal oamd Alya pOVo  opvodikd  kotdAouma, €AEYYOLV T PO TOV
VTOGTPOUOTOS PEGH Kot EE® amd TNV KOWOTNTO o€ KABE TAgLpd TG TpwTEivNC. ZTOV
Mhpl, ot éhikec 5 ko 10 wailovv 10 pOAO TOV EVEOKLTTOPIKAOV KOl EEMKLTTAPIKOV
AEMTAOV TUADV, AVTIGTOT(O, OV KOl TPOG TO TapOV dgv ivar capés av Ba pmropovce va
VIAPYEL M0 TPOG TAL €0 TPOCAVOTOAICUEVN KAEOT) Kotdotaon. H moyid woin
emnpedlel v evardayn peta&d g TPog To £6M KO TPOG TOL EEM TPOGAVATOMGUEVNG
Kotdotaong. Xtov Mhpl ovtd Asrtovpyel TeptocdTEPO GO Evag unyavicuos, Omov M
TOAN givon gite oty pia Stopdpemon 1 oty GAAY, Yopic vo epeaviletor ToTté o
KOTAGTOOT GTNV OMOoi0 Vo, VITAPYEL VOl KOVOAL amd TN pio TAELPE TNG TPOTEIVNG EWG
mv aAAn (Ew. 1-19). O unyovicpog xpnolomolel Ty 0MTEPIKN GLUUETPIO. TNG
npoteivng pe to TMSS kot 10 va extedolv pia mapopoto Aettovpyio 610 E6MOTEPIKO
Kol o010 €€MTEPIKO NG TPWTEIVNG, aviiotora. Qo1dc0, dedouévov OTL 0 AEOVOG
TEPLOTPOPTG OEV Elval 6TO KEVTPO TNG TPMOTEIVNG Kot o1 C-TtepUaTIKES SLOUEUPPOVIKES

EMKec meplopilovv TG KIVAGELS GTO £VOL LEPOG TNG TPWTEIVNG € GYEoT UE TO AL, TO

oLOTNUA dEV EIVOL EVIEADG CLUUETPIKO.

Meprrhoomka avoryti Kiaiom Kvtropomiaopatikd avouyti

Ewkovo 1-19 O pnyaviepog petagopdag tov Mhpl. O kwvioglg oprobgtovvton amd to féAn. A. H
&l 10 kdumreton Thve omd to vrdotpope. B. To potifo katakepuoatiopon mepiotpépetot katd 30°
YOp® omd TOV AEOVA TEPIGTPOPNG TOV eRPaviletarl g pio povpn ypouun. I'. H pkpn e€oxvttapikn
EMKo Kvelton Yoo va oepayicel evieddg v eEokuttaptiky TAevpd ¢ mpoteivne. A. H élka 5
KOUTTETOL Y10 VO 0VOIEEL TNV KOWAOTNTO GTNV EVOOKVLTTAPIKY] TAELPE e TPOTO OVAAOYO OLTOV TNG
éhcag 10. (Shimamura et al., 2010)
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1.4.3 O peragopéag FcyB atov Aspergillus nidulans

To avoytd mhaicto avayvoong (orf) tov fcyB amotedeiton amd 1.605 (edyn
Baoewv kot £xel Eva esmvio ufikovg 78 C.B. (Bpioketon petald tov 442 ko 521 £.B.),
cOUE®VO e TNV KaTaydpnorn oty Pdon dedopévav tov A. nidulans. Avaivorn g
vrofeTikng meployNg Tov vtokwvnT Tov feyB yovidiov £deiée Ot mepiéyet Tpelg Ooelg
WGATAR mov mpocapudlovtor 6Ty Kovi] aAANAovyio Tov YEVIKOD HETOYPAPIKOV
napdyovta AreA, mov eivonr évog opotalmv pe GATA (GATA-like) petaypagikoc
TOPAYOVTOG OmOPOITNTOS Yoo TNV EKEPOCT OYed0V OA®V TV Yovidiov Tov
eumiékovtal otn ypnon tov aldtov otov A. nidulans, cvumepiappavopévev kot
OAOV TOV TPONYOLUEVDS YVAOOTOV YOVIOI®V 7OV KMOKOTOOUV Yol UETOPOPELG
nmovpwvav (Scazzocchio, 2000; Pantazopoulou & Diallinas, 2007). Oleg avtég ot
0éoeic éxovv 1o potifo TGATA ko Bpiokovion otig B€oelg -55, -72 kan -221 and to
onueio évapéne g petaepacnc. O vrokivnmg tov fcyB emiong sumepiéyer v
aAnrovyia 5°-CGG-X6-CCG-3° mov avtictoyyel o éva UaY e€dikd onueio
npocdeong (Béon -523 amd 10 KOdkOVo EvapEng). O UaY eivar Betikdc
HETOYPOPIKOG TAPAYOVTOS, €101KOG Y100 TO HOVOTATL KOl OLOUEGOAMPNTAG KOTE TNV
emayoyn uéom movpwav (Suarez et al., 1995). Ouv 0Oéoceig déopevong TV
petaypagikav mapaydviov AreA kot UaY pumopodv va dpodv ¢ puctoloyikés BEoelg
déopevong LECOAAPMVTAG OTNV KOTAGTOAN HECH Katafoltdv aldTov Kol otV
enaymyn péocm movpvav. (Vlanti et al., 2008)

H mpwteivn mov mapdyetol and to avorytd mAaicto avayvoong tov feyB eivan
eEapetikd vOPOPoPn kot amotedeitan amd 508 apvocéa T omoia Exovv mpoPrepOet
va oynuatiCouv pa dgvtepotayn doun pe 12 TMSS evopéva pe oyeTikd Kovtég
Onielés, evo ta apvotelkd kot kapPfolutelkd dxpa Oa mpénel va evromilovtal 6To
kuttapdémiacpa. Ensrta amd dnuiovpyic oteleydv pe omevepyomomuévo to fcyB
uéow knock-out, amodeiynke O0tt 0 FCyB ocupuetéyel otn HETAQOPA TOVPIVDV,
ovvelsQEPOVTG LOAG TO 5-10% g cuvolkng TpdsAnyng vo&avlivng oe oTéhey0g
dyprov tomov (ITiv. 1-1), pe v vwdAowT TPOGANYT va. yiveton Kotd Bdon and tov
KOpo petapopén movpwvav AzgA (80-85%) kot og mOAD HIKPO TOGOGTO OO TO
veviko petagpopéa mtovpvav UapC (5%) (Vlanti et al., 2008).

Y& oteléym mov Epepav anaroen tov feyB (4F) kot tov yovidiov uapA, uapC,
azgA xa fcyB (AACZF), Bpébnke 01t kot To 00 TV TAPOG 0VOEKTIKA 6TO TOEIKO
avéloyo S-pBopokvtocivn vrodeikvoovtog 6tt o FCyB elvar 1 kbpla €i60d0¢ TOL

avardyov kot mhoavae kot g kvtooivng (Tlivaxoag 1-1)(Vlanti et al., 2008). Ouwg,
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Bpénke o0tL 600 aKOUA HETAPOPEIG GLUUETEXOVY G TOAD WIKPO TOCOGTO OTNV
TpoOcANY” S-eBopokvTocivng Kot icmg Kol KuTocivng, 0 Hetapopéas ovpakiing FurD

(Amillis et al., 2007) ka1 o petagopéac vovkieoodiowv CntA (Hamari et al., 2009).

Mivaxag 1-1 Tvyyévero déopevong (K. ko ghevOepn evépyeia (AG®) S1a9épmv ovoldvV 6TOV
FcyB. (Vlanti et al., 2008)

Yrootpodpota K. (uM)  AG° (kj-mol™)
Adgvivy 7 -30,6
Tovavivy 115 -29,3
Yno&avOivn 20 -27,9
Kvtocivn 20 -27,9
5-¢p0Bopokvtocivn 145 -22,8
5-pefviokvtocivy 146 -22,8
3-pebdvioadevivy 260 -21,3
T'ovavocivy 280 -21,1
5-alakvTocivn 346 -20,6
9-pebBvioyovavivy 380 -20,3
6-0g10y0vaVivy 1000 -17,8
Amvomovpivoin 1000 -17,8
2-UEPKOATO 4-GULVOTOPLULEIVY 1000 -17,8
IMovpivy 1000 -17.,8
7-0galayovavivy >1000 >-17,8
6-yAowpomovpivy >1000 >-17,8
8-alayovavivy >1000 >-17,8
8-alatavOivy >1000 >-17,8
EavOivy >1000 >-17,8
Ovpakiiy >1000 >-17,8
2-vdpo&y 6-apvoTovpivy >1000 >-17,8
Allomovpivoin >1000 >-17,8
Insalomo >1000 >-17,8
6-0g10movpivn >1000 >-17,8
1-d6zalamovpivy >1000 >-17.8
2-vdpoSumopyudivy >1500 >-16,8
5,6-0wdpoovpakiin >1500 >-16,8

Adevooivn >1500 >-17,8




1.4.3.1 O @vowroyikég porog Tov FcyB

OMlot ot vpat®ddelg LHKNTES pe YvooT aAiniovyio £xovv opOAOYES TPMTEIVES
ue tov FcyB 1 pe toug Fecy21p/Fey2p tov S. cerevisiae. Evtovtolg, gaivetotl oti ot
opowor pe tov FCyB petagopeic pmopovv va otpatoroynfodv Yo SlopopeETIKEG
QLO10A0YIKEG dtadikaciec. Ot vpat®dOelg LOKNTEG YPNCILOTOOVV TIG TOVPIVES MG
my£ES al®dTov Kol 0 KOPLOg HETAPOPENS Yio Lallkn TPOoANYN adevivng, vro&aviivng
Ko yovavivng @aivetor va givor o AZgA yia tov A. nidulans kot ot opotdlovieg pe
AzgA petagopeig yio Tovg GAAovG poknTEC. XTOoV S. Cerevisiae avtéc ol movpiveg dev
YPNOLOTO0VVTOL OC TNYES al®dToL 1 elvan avemapkelg, Ady® andAielag eviOI®mV TOv
KOTOBOAMKOD  HOVOTOTIOL TV TOUPWVAV  Katd TN  Owdpkewo g  eE€MENG
(Pantazopoulou & Diallinas, 2007). ‘Etotl, katd 1 dibpkewo thg eEEMENC moAlol
Copopvknteg épacav ko tig AzgA-like mpwteiveg, dumg umopodv va mpooidfovv
TOAD KavomomTika adevivn, vro&avOivn Kot yovavivny, ot omoieg ¥pnoLoTotovvToL
ywo T ovvbeon TV vovkieotidiov, pécm tav FCy2p/Fey21p petopopéwv.

[TioteveTon, Aomdyv, 0TL 0 KOp1og Proynuikdg poAog tov FCyB eivon n mpdoinym
NG KLTOGIVNG, EVM TOVTOYPOVA, 1| CLVEYNG, GAAL, YOUNAT TPOGANYTN TOVPIVAV TOV
Ka01oTd €QedPIKO otV Tapoyn METAPOMTOV Yo T oVUVOEGT VOLKAEOTOI®MV 1
VOuKAEIKAV 0&Emv. BOempntikd, 6o pmopovoe o FCyB va mapéyer movpiveg vmd
ouvOnkeg mov dev ekppdletor o AZgA, oAl avtd dev Exel emPePfarwbel péypt todpa
TEPOopOTIKG Kabhg doev €xovv Ppebel kamoleg @uoloAoyIKEC cuvOnkeg KoTd TNV
BAaotnTiKn avantuén omov exkepaletor poévo o FCyB kar 0t o AzgA. Emiong, kot ot
VO TPAOTEIVES £XOVV VYNAN GLYYEVELD OEGUELONG Y10, TIG TOVPIVEG KO ETCL UITOPOVV
va TpocdEVouV T vTooTpdpaTd Tovg eicov kord (Vlanti & Diallinas, 2008).

‘Enerta and cvykpion mg ékepoaong tov FCyB kot tov AZgA ota uAeTikd Ko
a@LAETIKG Sopepiopata tov A. nidulans eavnke 0Tt akoAovBoHV d1aPoPETIKO TPOPIL
(Vlanti & Diallinas, 2008):

1. O FcyB gkppdleton 6€ S10popomomUEVA KOTTOPO 0T’ OTTOL TPOKVTTOVV TO, GTOPLAL
Kot 6t eKPAacTdvovta kovidloondpia, eved o AZgA Oyt

2. O FcyB exgpdletor 6T00G VEOpOUS 00KOVG/00KOGTOPL, VM Kot TaAl o AZgA
amovotdlet.

Avtég o1 Tapatnpnoels eivor coppatéc pe v vedBeon o6tL o FCyB eivor mbavd
évag avaPoAkog LETOPOPENS TOL TOPEYEL KVTOGTIVN Kol Tovpives Katd ™ ddpKela
NG KLTTOPIKNG/TUPNVIKNG SLOUPECTG OTO GTOPLOL TOV TOPAYOVTOL KOTA TOV (PLAETIKO

KOl TOV OQLAETIKO KOKAO. ALTA TOL 0£00UEVA GLUPMVOVV ETICNG LE TO YEYOVOS OTL O
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FcyB ekppdletor oe vynid emineda, mapodikd, 610 onueio g ekPAdotnong mov
CLUTIMTEL pHE TNV TPOTN TOPNVIKY dwaipeon Katd tnv PAASTNTIK ovOTTUEY).
Ymooeuvoetat, Oniadn, 0t o FCyB e&ummpetel otnv mapoyn VoukAEoTIdOk®V Pdcemv
KOTA TN OIIPKELD TUPNVIKAV OUPECEDV GE AVOTTLEINKE 0TAdL TToV Bo 001y ICOVV
oe KuTtaplkn Sweoponoinon. To yeyovog Oupmg OTL 0ev aviyvedbnke KATO10G
QOVOTLTTOG OV Vo oyeTiletan pe v eKPAAGTNON, TNV TOPAYWYT OCKOGTOPI®V M
KOVISL06Topiv 1 TNV PLociuodtnTo oTeEAEX®V OTaV fTay omevepyonomuévo to feyB,
TPOTEIVEL OTL M pHETAPOPIKN Aettovpyion tov FCYB dev eivar ovoumong, oAdd o

ac@aMoTikn dikAeido ot {on tov pokitov (Vlanti & Diallinas, 2008).

1.4.3.2 Avaykn dnmuovpyiog povrérov Tov FcyB

H xotavémon tov unyovicpod e TpoTEIVIKNG AEITOVPYiag YEVIKA amontel T
YVOON NG TPLEOACTATNG OOUNG TG TPOTEIVNG, N omoia Telkd kabopiletar and TV
apvo&ikn] aAAniovyia. O KaBopiopdg TG TPMOTEIVIKNG SOUNG LE YPNOT TELPOUATIKOV
pueBOdwV Ommg KpvotaAroypapio axktivov X 1N @oacuotookomioc NMR dev eivan
EMTLUYNG UE OAEC TIC MPWTEIVEG €OKA TIG MepPpoavikés. Méyxpt to 2006 vanpyov
TEPIMOV 2 EKATOUUDPLO. TPOTEIVES Katatedeuéves otn Pdon dedopuévmv SWIssprot kot
TrEMBL, avaueoa otig omoieg mepimov 30.000 dopéc eiyav Avbel mepapoatikd. Av
Kol 0 pLOUOS TOL KABOPIGUOV SOUMV TEPAUATIKA GUVEXLCE VL oEAVETAL, O apPlOOC
TOV VEOV 0KOAOLOIOV ov&dvetor Toyvtepa amd Tov apldud TV AVUEVEOV dOUMV
(Xiang, 2006).

To 1epdotio kevd petald tov aplfpod TV S1afEcIUOY GAANAOVYIOV KOl TOV
Mpévov tpoteivav Bo pmopovce va pewwbel pécm vmoAoyotik®v pebddwv. H
Bempnrtikn Tpdyvoon doung pmopel va yopilotel oe 600 otpatdmeda: pe ypnon ab-
initio pebodov kar pe dnuovpyio opdroywv poviédwv (homology modeling). H
TPAOTN TPOGEYYIoN YPNOLUOTOEL apyEC BewpnTiKNG yMUEINS KO PUGIKNG, TPOKELUEVOD
vo TPoPAEYEL TG TTOYXWOONG TG TPOTEIVNG. Avtifeta, 1 devtepn néBodoc mpoPArémet
TNV TPIGOIGTOTY OOUN Lo TPMTEIVNG EXOVTOS MG LOVO OEOOUEVO TV OUVOEIKT TNG
aAAnAovyia, a@od Opmg Ppel TV OHOLOTNTA GE EMIMEOO OAANAOLYIOG ME MO M
TEPLOGOTEPEG TPMOTEIVEC YVmOTNG doung (Xiang, 2006).

H dnpovpyia tov opdroywv poviéAwv cuviog meptlapufdvel ta Tapokat®
TEGCEPU PHATO: 0) AVAYVAOPLON OLOAOYNG TPOTEIVNG YVOOTNG doung amd tn Pdon
dedopuévav PDB mov Ba ypnoyomomBel wg mpdtumo, B) otoiyion g embountig

aAAnAovyiag otn doun mpdTLTO, ¥) YTIGO TOL HoVTEAOL e Bdom T oTolyion Kot J)
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éleyyo kot tpomomoinon tov povtélov. Otav m tovtdTo TG aAAniovyiog sivor
néve and 40%, n otoiyion eival KaAn Kot 0ev VILAPYoVY TOAAN KeVA, Kot To0 90% TV
ATOUMV TNG KVPLG 0ALGidag Oa pumopovoav va dnuiovpyncovy poviého pe RMSD
(root mean square distance) cedipa ™ tanc tov 1 A. e avtd 10 Eemimedo
TOVTOTNTOG UETOED TV OAANAOLYLOV Ol JPOPEG ot dopn HETAE) TV TPOTEIVOV
opeidetal o OnAelég kol mhevpikég aAvoideg. Otav 1 tavtdtrTa ™G oAAnAovyiog
etvan epinov 30-40%, eivar dvokoAo vo dnpovpynbel cwot| otoiyion yati pmopet
v VITaPYoVV TOAAEC eAlelyelc ko mpooOnkeg Pdoeswv. o opotdtnteg avtod Tov
emmédov, 10 80% TV aTOU®V TOL OKEAETOD NG KLPG OAvcidag propohv va
mpoPrepfodv ne RMSD cdipa T taéng Tov 3,5 A, evéd ta vrolowmo kotdloura
TOV HOVIEAOL €OV UEYOADTEPO GOAALATO, EW0IKE OTIC TEPLOYES TOV LILAPYOLV Ol
eMelyelg Kot ot mposnkeg. AKOUO KO GE GMOOTA GTOLYIOUEVEG TTEPLOYEG, VILAPYOVLV
SVGKOAEG GTNV EVOOUATMGT] TV ONAELDV KOl TOV TAEVPIKAOV AAVGIO®V GTO LOVTELO.
Ortav 1 opodTa g axorovbiog sivor pikpodtepn tov 30%, 10 KHplo TpOPANUa gival
N avoyvoplon ToV OHOAOY®mV OOUMV Kol 1) oToiylon yivetoar okOpo 7o OVoKOAN
(Xiang, 2006).

Ymv mepimtwon tov FCyB n 0wbéoyun opdioyn odour eivor ovt tov
uetapopéa voovroivig Mhpl. Ta povtéla mov dnuiovpyodvratl givar dabéotpa yio
TEPALTEP® OOKIUAGIES LEG® VTOAOYIOTIKMV PeBOdwV. Tétotov THmov doxacieg etvan
1o threading xou ot vroAoyiouoi mpdodeong (docking calculations), 6mov 1o mTpdTO
aPOpd GTOV EAEYXO TOV HOVTEAOL TOL dNUOLPYNONKE omd SVVAUIKTG GKOTLAG KOOGS
KOl GTNV EKTIUNON TOV 0€ GYECN e TNV apvo&IKn aAAnAovyia TG TPOTEIVIG, VD TO
debteEPO aopd otV €VpecT MOAVAOV AAANAETIOPACE®Y TG TPOTEIVIG Ue KATO10
pOplo OV EMAEYOLE Kol £TGL TOV TPOGOOPIGUO TOV OpVOEE®V oL oynuatifovv
deapovc vopoyovov (0H) pe to udpio kot wbava v ebpeon-tpdPAeyn Tov EvepyoD
KEVIPOL TNG TPWTEIVIG.

Mo omd TG EVOOQEPOVCES EQUPUOYEG TOV VTOAOYICUOV TPOGdeons elvarl o
0pBoLOYIKOG GyedacnOc apudkmy. H avdmtuén evog kawvovplov eapudiov eivan
pa dtadtkacio Tov cvyvd amaitel mepimov 10 ypdvia TpoomdOelag Kot TOAAES POPES
Lo TEPACTLO. OIKOVOULKT] EMEVOLGT). Me TN ypnon TV VTOAOYIGUAOV TpOcdEcNS Oa
umopovoe va TpoPAreeBodv oe apykd oTddo ovcieg ol omoieg de Ba pmopovcav vo
aAAnAemdpdoovy cmotd Kot €tol 1 dnupovpyio eoppdkov Bo ywvotov o

amotedeopatikny ko ypryopn (Lavecchia & Di Giovanni, 2013).
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1.5 Melétn Tov oyxicemv dounc-Aettovpyiog otny otkoyévera NAT/NCS?2
1.5.1 H NAT/NCS2 owkoyévera 6OppETAPOPEDY VOUKAEOTIOWKGY Paosmv/H'

H owoyéveia NAT/NCS2 opiotnke totopikd pe v klovomoinom Kot
YOPOKTNPIOUO TOV petagopémv  ovpikol oféwmc-EavOivng UapA (Diallinas &
Scazzocchio, 1989; Gorfinkiel et al., 1993) kau UapC (Diallinas et al., 1995) oto
npoTLTTO GVOTNHO-HovTELD A. nidulans kat tev petapopémv ovpakiing UraA oty E.
coli (Anderson & von Heijne, 1994) xou PyrP otov Bacillus subtilis (Turner et al,
1994) . Eivaw 1 mo gupémg S10050UEVT] OIKOYEVELNL UETAPOPEDY TOVPIVAOV UETOED
TOV OpYOVICU®V Kot mepAapufdvel péAn and Poakmpia, apyoic, LOKNTEG, QULTA,
EVTOUO, VNUOTAOOES Kot OMAACTIKA, cLpmepAapuPavolévoy Kot Tov avOpadTov.
Metogopeic avTAg NG OKOYEVELNG OEV OMOVIMVIOL OTOV S. Cerevisiae kot oto
TOPAGITIKA TPOTOMOL.

Ifuepa, £X0VV XAPOKTNPLOTEL MG TPOS TV e&E1dikevomn Kot T Agltovpyia Tovg
apkeTol axopa petapopeis g owkoyévelag NAT (TTiv. 1-2). Evoiapépov mapovoidlet
10 YeYovds OTL 01 mEPLaOTEPOL Yopaktnpiopévol NAT petapopeic tov Onloctik®dv
(SVCT1 and SVCT2) avayvopilovv pe vymin e€edikevon L-ackopfikd o0&y, kot Oyt
nwovpiveg 1 mopyudives (PA. §1.5.1.3). Emopévmg, n owoyévera NAT pmopel va
vrodlopebel o Tpelg vootkoyéveleg pe Paon v e€edikevon. H mpodt amovtdton
o€ Pakmpia, poKNTES Kot UTA Kot teptlapPdvel petapopeic EavBivng 1/kat ovpikod
o&éoc, n 0evTEPN amavtdtol Lovo oe Paxktipio Kot £ivol EEIOIKELIEVT Y10 LETAPOPE
oVpOKiANG, kol M Tpitn amoavrdtor oto Oniactikd ko sivor eEgdikevpévn yia
ackopPikd 0&v. H ovyyévewn déopevong, Ky, mokidler and 2-8 pM yio v EavOivn,
7-130 pM y1o 10 ovpkd 0&D kot 8-237 uM vyia 10 ackopPikd 0&L. H petagpopikn
wavotnta eEaptdron and To enineda EKPPUCNG TOL LETOPOPED, 1] OOl LE TN GEPA
™G e€apTdTon amd TOIKIAN avaTTLELOKE Kol QUCIOAOYIKA GNUHOTO, OAAG YEVIKA Ol
petapopeig NAT yapoaktnpilovtal and péTplo ¢ vynAY petaeoptkn woavotnra. Ot
petapopeic EavOivncg/ovptkod 0EE0G LETOPEPOVV HE YOUNAR amdOS00T| KOl OVPOKIAT,
eve emmAéov avayvopilovv, ahld dev petapépovy L-ackopPikd 0&D og moAd vYNALS
ovykevipooelg (> 35 mM). Avtifeta, ot SVCT1 ko SVCT2 petapopeic ackopfiko
o&éoc oev avayvopilovv vovkAieotidwég Paceic. Ouv NAT petagopeig Paxtmpiov,
LVKNTOV Ko pUTAOV givon cuppetagpopeic HY, evd ot petopopeic Tov MLacTikdy sivot

ovppstagopeic Na*.

45



IMivakag 1-2 TMpoTteiveg Tng owkoyéverog NAT yvootig Aettovpyiog. (Tpomomompévo and Gournas

et al., 2008)
®vooioyikd , ,
Opyoviopés  Metagopéag — VIOGTPAORATA Rfi‘;‘ig:ﬁ;‘;ﬂ Blﬁ(i;ly(;“{plt)(:)(gm‘l
[Kmh (HM)]
Diallinas &
Aspergillus UapA X [7], UAT8] H Scazzocchio, 1989
nidulans UapC X[4], UA[136] M Dlallllr;%sset al,
Aspergillus Goudela et al.,
fumigatus AfUapC X [6], UA [171] H 2008
Candida Goudela et al.,
albicans Xutlp X [4], UA50] H 2005
Karatza &
XanQ X [4] H Frillingos, 2005
Karatza &
Escherichia XanP X [3] L Frillingos, 2005
coli Papakostas &
Ygiu UA [500] H Frillingos, 2012
Andersen et al.,
UraA U n.d. 1995
Schultz et al.,
Puc] UA, X n.d. 2001
Schultz et al.,
Bacillus PucC UA, X n.d. 2001
subtilis -
Christiansen et al.,
PbuX X n.d. 1997
PyrP U n.d. Turner et al., 1994
Zea mays Lpel X [30] , Ua [33] H Arayrou etal.
Tsukaguchi et al.,
SVCT1 AA [29] H 1999
Rattus SVCT?2 AA [10-100] L Toukaguenetal.
norvegicus
U [21], X [83],
[SNBTL  HX [17], T [13], H vamamoto etal,
G [80]
Mus SVCT1 AA [8] n.d. Castro et al., 2001
musculus SVCT2 AA [103] M Castro et al., 2001
Daruwala et al.
hSVCT1 AA [65-237] H ’
Homo 1999
sapiens Daruwala et al.
hSVCT2 :
AA [8-62] L/H 1999
Sus scrofa SVCT2 AA [27] n.d Holms et al., 2000

X: EavOivn, UA: ovpwd 0&0, HX: vmo&avbivn, U: ovpokidn, T: Qouivn, G: yovavivn, AA: L-

ackopPikd o&D

H: vymAn, M: pétpia, L: yopmn, n.d.: dev éyet mpaypotomom et

46


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Karatza+P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_AbstractPlus&term=%22Karatza+P%22%5BAuthor%5D

[Ipokewévoyv por dyvootn mpoteivn va taStvoundel oty owkoyévein NAT
npémel va TAnpol tpio kprnpua: va €yt prkog 400-650 apvoléa, va anotereiton amod
10-14 mBava TMS pe to apvotelkd kot kappo&utelkod dikpo devdetnuéva Tpog to
KUTTOPOTAOCLO, KOU VO QEPEL O KATAAANAEG OEcelc 000 LYNAL cvvTnPMUEVES
OLVOVETIKEG aAANAovYyieg. Ot aAlnAovyieg avtég eivar n ahAniovyio VIOYpPAEN NG
owoyévewe,  [(F/Y/S)*"X(Q/E/P)NXGXXXXT(R/KIG)XXNR*Y]  (6mov  X:
VOPOPOoPo apvocy, Eviovn ypaen: apvoééa pe vynAo PBabud cuvinpnong) n omoia
evtomiletal oe o apgumodikny meployn petd to TMS8 (Diallinas et al., 1998 ;
Koukaki et al., 2005) kot to potifo QH oty xapdid tov TMS1 (Pantazopoulou &
Diallinas, 2006). Ot 6v0 mopomdvem aiiniovyieg €xetr derybel OtTL eivon W1UTEP®OG
ONUAVTIKES Yo T Asttovpyia Tov petapopéwv UapA, UapC kot XanQ. EmmAéov
KPLTNPLO GUVIGTA 1| TOPOVGI OPIGUEVEOV GYEIOV ATOAVTA GLVTIPNUEVOV TOMKOV 1)
Qopticpévey apvotémv. Me Bdon ta mopomdve Kpitnplo, KOToOVIAdes mTpOTEiveg
dyvoomng Aertovpyiog omd katd Gram-opvntikd kot Betikd Baxtipuo, Apyoia,
Moxnreg, Putd Ko Zoa £yovv koatatoydel oty owkoyéveln NAT.

Méypt mpdo@ata, dev vanpyxe OWWOECIUN KPLOTOAALOYPOPIKE ALUEVN doun NG
owoyévewng (BA. §1.52 — Lu et al, 2011), mapd povo upoviélo mpoPreync
JELTEPOTAYOVG OOUNG. ZOUP®VO HE OVTA, 1 TPOPAETOUEVT] dELTEPOTAYNG SOUN TWV
NAT ocvvnbwg amotereitar amd 12 TMS pe kutapomhacpatikd apvo- kot koppo&v-
TEMKA  Gkpo, oounl mov HOwdlel UE OVTV TOV TEPIOCOTEP®V UETAPOPEDV
devtepoyevolg evepydtntag, ovumeptlopuPavouéveov tov petagopéwv g MFS
OwKoYEVeLnG, emainBevpévn pe kpvotodloypoeukd dedopéva (BA. §1.3.1). T Tovg
petagopelg avtovg £xet detyBel mwg ta onpeio OEGUEVOTG VTOGTPMUATOG 1] TPWOTOVIOV
dopovvtorl and cuyKekpEVO apvoEéa Tov Bpickovtarl oty Kopdtd TMS, aidd €xet
TOVIOTEL Kol 0 GNUOVTIKOG pOAOG EVEMKTOV OUPITAOTKOV EMK®V Kot SToUEUPPOVIKDV
eovpketdv (Sobczak & Lolkema, 2005). Xtnv owoyévelo, NAT, n wpofieyn vyming
TEPLEKTIKOTNTOG OE 0-EMKEG VTOCTNPILETOL OO TPOTAPYIKE TEPAUATO KUVKAIKOV
dypwicpov, mov deiyvouv 01t Tta dvo mpoéTvmo péAN g (UapA kar XanQ)
amotedovvtal >80-90 % a-éAkeg (Lemuh et al., 2009). Ev avtiféoet pe puéin g
MFS owoyévelag kot mopdpota pe ) Sopopemon petapopéwmv tomov LeuT (BA.
§1.3.2), dev mapatnpeitar Kapioo cuppeTpio 1§ KATO10G HEYAAOS KUTTOUPOTAOCILOTIKOG

Bpodyoc va evvel to 800 piod g mpwteivng (Ewc. 1-20).
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Ewovo 1-20 TIpoPremopevny dop] Kol oyécels oopng-Aettovpyiag Tv ovo mpototimov NAT
peta@opémv, UapA ko XanQ (péypr to 2011). To vrobeticd a-ghkoedn] TMSs eppavilovtor mg
KOAWOpoL.  Amewkovilovtor T oNUOVTIKA KotdAowto Yo tn Aettovpyia. Ta amoAdTtwg oavoykoio
KoTdAouto o T Agrtovpyia amewoviCovtar g povpo eovro (UapA: Q85, E356, D388, Q408, N409
ko YQfO: Q324, N325). Ta xatdlowmo mov emmpedlovv tnv efedikevon H/kar TN ovyyévelo
anewoviCovton ot tetpdywva (UapA: N71, L77, L84, Q113, G411, T416, R417, T526, F528 ko YgfO:
T332, G333, N430, 1432). Ztov XanQ ot kukhouéveg meployéc epgaviCovv 1i¢ 0éoeg odpmwong pe Cys-
petarha&ryéveon). (Tpomomompévo amd Diallinas & Gournas, 2008)

1.5.1.1 E&ehmktikéc oyéoers Tng owkoyéveroag NAT

l'evikd o1 petagopels twv Poktnpiov kot tov pokntev — epeaviovv
peyoAvTepn oporoyia apvoSikng aAiniovyiog peta&d tovg (30-35%), amd OTL pe
TOVG HETAPOPEIG TV PuTOV Ko Tev (dov (22-24%) (Pantazopoulou & Diallinas,
2007). A&woonueioto givar to yeyovog 6tL o Saccharomyces cerevisiae o dwobétet
Kavévo petagopéa tng owkoyévelng NAT, yeyovdg mov avtavakAd tnv EAAetym
evlopov katafolcopov Eavlivng kot ovpikod o&éog. Eldyiotot givarl ot opyaviopol
mov dgv dwbétouv NAT opodroya, e yapaktnpiotikotepo mapaderypa to [pwtdlma.
O UapA ka1 UapC speavifovv 65% tavtdémra kot 80% opotdtra. Ot vrdéiourot

Aomépyilrot €xovv povo évav NAT, oudroyo tov UapC, émwg deiyvel cuvtovikn
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avarvon (Pantazopoulou & Diallinas, 2007). Ta ¢@utd Swbétovv moAliovg NAT
LETAPOPELS, €K TOV OMOI®V O HOVOG AELITOLPYIKA XUPOUKTNPIGUEVOS €fvol 0 VYNANG
GUYYEVELNG KOl LETAPOPIKNC IKAVOTNTOG GUUUETAPOPENS ovptkol o&éoc-EavOivng/H™
Lpel, o omoilog &ivar amopoitntog Yy TO GYNUATICUO TOV YA®POTAACTOV GTO
kohaumokt (Argyrou et al., 2001). H Drosophila melanogaster swabéter éva NAT
oporoyo, eved o Caenorhabditis elegans é&1. Ot NAT mpoteiveg tov petaldov gival
35-40% tovtoonueg petald toug kot 25% TovTOoUES UE TIG TPMTEIVEG TV PLTMV.
Ta Inhootikd, extdg amd Tovg SVO YOPAKTNPIGUEVOVS LETOPOPELS aoKopPukod 0EEog
(SVCT1 ka1 SVCT2), dtobétouv Kot oporoya dyvmotng AEITovpyiog To 0ol pEPOVV
ocovtnpnuéveg  aAdniovyieg mov  powdlovv  WEPIOCOTEPO  PE  OWTEG TV
YOPUKTNPIGUEVOV LETAPOPEDY VOVKAEOTIOIK®OV BAoemv TV Paktnpimy, LUKATOV Kot
evtav. Me Baon Tig mapatnpnoels avtég elxe mpotabel TG o1 TPWTEIVES aVTEG
pumopel vo  elvar  vmebbuveg yuoo TV epeaviopevn  evepydnta  TPOGANYNG
VOUKAEOTWOIKAV PBhoemv mov glxe aviyvevbel malotepa ota OnAacticd (Gournas et
al., 2008). IIpayuati, TpdoEOTO YOPUKTNPICONKE EVOG OO GLTOVG TOVE UETOPOPEIG
tov Rattus norvegicus, 0 rSNBT1, ®¢ 0 mp®dTog UETAPOPENS VOVKAEOTIOIKDV PAcE®V
TOV INAOCTIKAOV, LE VTOCTPOUATO TIC OLPOKIAN, Bopivn, vrofavlivn, yovavivn kot
EavOivn (Yamamoto et al., 2010). Yrootpdpoto Tov HETAPOPEN ATOTEAOVV ETIGNG TA
T0&Kd  avaroya  5-¢06po-ovpakidn kot  o&umovpwvoAn. H o efedikevon  Tov
OLYKEKPIUEVOL UETOPOPEN EIVAL GOPADS TTO SIELPVUEVT] OO TO LVKNTIOKO OUOAOY
TOL Kol Holaletl apketd pe petaddaypuéves popeég tov UapA (BA. §1.5.1 — ITw. 1-2).
Onwg Mroav  avapevopevo, o ISNBT1 eivoar  dgvtepoyevovg  evepydtntog
GUUUETOPOPENS KOTIOVT®OV vatpiov. Oporoyd tov dev @aivetol va, LITAPYOLV GTOV
avOpwno (Yamamoto et al., 2010).

Ov mpwteiveg mov TAEIVOHOLVTOL HE TOUG HETAPOPEIS aoKopPKod TmV
ONAooTik®V  TPoEpyoviar OAeG omd OMOVOLAMTA Kol VTOSUPOVVIOL GE  dVO
e€elMiTikovg Khdoovg, 1o éva mapodpoto pe tov SVCTL kot to Ghdo pe tov SVCT2
(Ew. 1-21). Ta meplocdtepo. omMOVOLA®TA, €KTOG OmMd TO TPMTEVOVTO, EMIONG
owbétovv NAT opdroya, ta omoia ta&vopodvtal 6e EexmPlotd KAGSO, OTOL Kot
AVIKEL O TPOCPOTO YOPAKTPICUEVOS LETOPOPENS VOUKAEOTIOIK®V PBdcemv, ISNBT1.
Ta opdroya ovtd Oviog Owbétovv cuvinpnuéveg aAiniovyieg mov potdlovv
TEPLOCOTEPO LE TOVG UETAPOPEIS VOUKAEOTIOIK®MVY Pdoemv Paxtnpimv, LUKATOV Kot
QLTAOV, TOPA LE TOVS UETOPOPELS aoKopPikod TV ONAACTIK®V Kot givat TOAD TOavo

va gppavitovv mapdpoleg evepydtres. Tehevtaia €xel apyioel va yiveton avtiinmtd
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TOG 1 GLVINPNON GLYKEKPIUEVOV CNUAVTIKOV OUVOEIKOV KATOAOITOV &ivol mo
kpiown yia tov kaBopiopd g e€edikevong tov peadv g owkoyévelag NAT, mapd n
TPOTOTAYNG OUIVOEIKT opotoTnTa. AAAwote ta LEAN TG owkoyévelng NAT ¢aiveton
va £ovv avortdéel o wiaitepn tlaotikdtTa og tpog v e€edikevon (Goudela et

al., 2005; Koukaki et al., 2005).

YicE
Ygfo

T T.p donana
1 | U. maydis
C. elegans

S. pombe
xut1
UapA
Af UapC
UapC
S. purpuratus 2

— _|—s. p:rpurlg::s 1
— A. melifera
D. melanogaster
I_| R. norvegicus 1
A. gambiae

M. domestica 1
o G. gallus
X. tropicalis 3
T. rubripes
T. nigroviridis
D. rerio

ascorbate
transporters

Lpe1
A. thaliana
0._3. japonica

D. discoideum
4‘_‘ PyrP
UraA
PucJ
0.1 PbuX

Ewova 1-21 ®vlroyeverikd dévipo mov ometkoviler Tig e&eMkTikég oyéosig emhieypuévov NAT
peta@opimv. e povto Ppiockovtal ol petapopeic ackopPikov o&éog twv petalmwv. (Atd Gournas et
al., 2008)

1.5.1.2 O poérog twv NAT 611 QUGLOAOYIN TOV 0PYOIVIGUAOV

>to Baktipuo, toug Moknteg ko ta dutd ot NAT givor vaehBvvot yio tnv vyning
OLYYEVELNG KO LETAPOPIKNG IKOVOTNTOG TPOSANYN 0vptkoL 0&E0g ka/n EavOivng, 1
ovpakiing. To ovpwd 0&D Katafolriletal, HEc® GLVEXOUEVOV 0EEWDDCEMVY, OPYIKA GE
OVLPETOEG Kt TEMKA o€ ovpia Kot appumvia, orote umopel va ypnoipomondel cov pa
oyetikd kaAn myn alotov (Pantazopoulou & Diallinas, 2007 — Ew. 1-22, 1-23). H
EavOivn ofedmvetal oe ovpkd o0&y, akolovbmvtag ev cuveyeion To 1010 PETAPOAIKO

povordtt. To ovpwd o&H dev pmopel va ypnoyomoindel ywoo TNV TOPUCKELN

50



VOuKAE0OOOImV Kot povo pepikd Baktpla kot dutd pmopodv va xpnoLoTotcouy
mv Eavlivn v avaPoikods okomovg. Ev avtiBéoet, n ovpakiln pmopel dpeca va
katevBuvlel 6t GVVOEGT VOLKAEOGLOIWV Kot VOUKAETKDOV 0EE®V, aALE dev pmopel va
ypnoomomBel cav mynq alotov. Kdamow oOuwg Bokmpio (my tov yevov
Pseudomonas ot Rhizobium) ypnowonowodv v ovpoxiin yw tn Procvveon
alavivng kot aomaptikod o&éoc. Ta Boktipia ypnoipomoiovv toug NAT yu v
npooAnyn ovpikod o&foc ka/m EavBivng 1 ovpakiing (Turner et al., 1994; Andersen
et al., 1995; Karatza & Frillingos, 2005; Papakostas & Frillingos, 2012), evéd ot
HOKNTEG Yoo TV TPOoAnyM ovpikol o&éog kar EovOivng (de Koning & Diallinas,
2000). apd 1o yeyovog mwg 6Aa ta Bakmpla €yovv NAT mpoteiveg, povo pepikd
(m.y, B. subtilis) pmopodv va ypnoyonotcovy 10 ovpkd 1 v Eavlivn cav mTyég
almtov, evd ta vtolouta dev umopovv (m.y E. coli), Aoyw avenapkodc katafoiicuov.
Awoxprrol povotvmot oyetilopevot pe ™ Aertovpyio tov NAT moapatnpodvtol DKoAN
otov A. nidulans, 6mov petoddiayés amoielog Aettovpyiog tov UapA 1 UapC
LETOPOPEWY 001 yoOv o€ avemopkn avénon otig movpiveg avtég (Darlington &
Scazzocchio, 1967; Pantazopoulou & Diallinas, 2007) (Ew. 1-22).

WT AC AA AAC

UAY ..-. Ewéva 1-22 Aokipacicg avantuEng 6TEAE)®V QVGIKOD TOTOV
' (WT), ko oteheyav pe anarorgn Tov uapC (AC), uapA (AA)

UR .. N kot Tov 000 (AAC) NAT petagopémv, o ovpio (UR) 1
! b ovpiko 0&0 (UA) o¢ povadikés nnyéc alotov.

Yta eutd uoévo o NAT mpoteivn, 1 ZmLpel (leaf permeasel) tov Zea mays

Exel yapaktnplobel pe Aertovpyiky copumAnpmeon evog oteléyovg tov A. nidulans pe
MLy oToLg gvdoyeveic petagopeic movpvav. H mpoteivn avtn givor Evag vyning
ovyyévelng petapopéag EavBiving kol ovptkod 0EE0G, TOAD OUOLN UE TIG HUKNTIOKEG
UapA kot UapC mpwteiveg (Argyrou et al., 2001). 'Eva adAiio andAeiag Aettovpyiog
tov Ipel mapovoidler mpoPAnpatiky yAoporhaotiky ovamtuén (Schultes et al.,
1996), ywpic opumg o Lpel va eivor mhootidiokdg petapopéac. To Ipel yovidwo
exppaletoal 6e UN-@OTOCoLVOETIKOVE 10TOVG, Kuplwg otic pileg, ko @oaivetor vo
avaoTEALETOL amtd ¢, H £Kkppaot| Tov TPoTEiveEl TMG 0 HETAPOPENS AVTOS UTOPEL val
unv givor povo vrevbovog yio v TpoOcANYTN ovpikov o&éog/EavOivng, aAld vo
oyetiCetor pe TV TAACTIOWKY Agttovpyion Koum HETOAPOAMKES SadKaGie TOv
emmpedlovtar amd 10 eog. Apketoi NAT €yovv emiong peietOei oty Arabidopsis

thaliana oAAd m Aertovpyio TOLC TAPAUEVEL AyvmOTY, a@OD 1 €TEPONOYT| TOVLG
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EkQpoor Ogv NTOV EMTLUYNG 1 OTEAEYN HE dSoypa®n yovidiwv Oev eiyov OlaKplTd
eowvotvomo. Eivalr povo yvemotd mmg ot mEPGGOTEPOL £(OVV YEVIKN EKOPOGCT, WE
010iTEPN TOPOLGIN GE PAOIWUOTIKOVG 16TOVG, ol EVOEIEN TG 16MG AEITOLPYOVV GTN

avadiovoun petofoltdv o peydieg anootacelg (Maurino et al., 2006).

Metagopeig Ev8oKuTTapikog peTaBoAiopog
Adevivn lovavivn

azgA (ANID_08534.1)
anapvaon tne adevivng
uapC (ANID_06730.1) nadA (ANID_06078.1)

fcyB (ANID_10767.1) ’ =
Ynofavlivn 2 (ANID_05613.1) anapvéaon Tne yovavivng

udpoguldan Twv moupivav II
(udpo&uAaon Tou VIKOTIVIKOU)

hxnS (ANID_09178.1) ZavBivn
uapA (ANID_06932.1) rd
uapC (ANID_06730.1) S1o€uyevaon tng EavBivng ( :gsggg@%sg;:¥&°gg;‘e’&"’]b -
xanA (ANID_10081.1) XA (ANID, 05613.1)
furD (ANID_11247.1) = 2
Oupiko 0§V

udpo&ulaon Tou oupikol
uaZ (ANID_09470.1)

5-08po&u-1000UPIKO 08V

udpo&uldon touv HIU
uaX (ANID_02910.1)

2-6£0-4-u8p6&u-4 kapBogu-5-oupsido-tdaloiivn
anokapBofuldon Tov OHCU

ualW (ANID_00070.1)
furA (ANID_00660.1) ( S-(+)-AAAavtoivn

apvoiidpoAdaaon tng S-(+)-aAlavroivng
alX (ANID_04603.1)

AAAavToiko6 0§V

apvoiidpoldon
Tou alAavToikou
aaX (ANID_03104.1)

Oup&ido-yAUKOAIKOG 0§U
Spoldon Tou yA A \
(ANID_01342.1)

ureA (ANID_00418.1) ( Oupia £
apvoiidpoldon tne oupiag
ureB (ANID_10079.1)

Apppwviaka

Ewkovo 1-23 To povordrtt katafoliopod movpv@v tov A. nidulans kar ov yvootoi petagopseic
ovT®OV. Mol pe Tig exdotote evlupkég evepydtnreg mapatifevral To avtioToyo yovidia, kabmg Kat o
K®dwoG tovg appoc. H tebhacpévn ypopupn vrodekviel HETO-UETOPPOCTIKEG TpoTtonomoels. Ot
TPOTEIVEG TOV GUUUETEYOVV GE HETO-UETAPPOCTIKES TPOTOTOUGELS £YOVV YKPL YPOLO, OTMOG KOl TO
B€Loc mov vodeVHEL TNV TOOVOAOYOVLEVT] S1AGTOCT TG YOLOvivig 6g vmo&avOivn.

1.5.1.3 Méin g owkoyéverog NAT petagépovv aokopPikd oY ota KOTTOPO,

TOV INLACTIKOV

H PBuopivn C  elvor g amotedeopatikn  aviogedotikny ko UV-
amoppoentikny (Ringvold et al., 2000) ovoia, evd gvéyel onuoviikd poLo o€ TOALES
evOUHOTIKES avVTIOPAGEIS MG cuumapdyovtac. H mowiddovoa dacmopd g petald
€EM- KOl €VOO-KLTTOPIKAOV LYP®V, N TAPOLCia TNG 6€ pio. TAN0dpa opydvov Kot
0TAV, Kol TO YeYOovog mwg ot GvBpomor &yovv ydoel ™ dvvardTTO VO TN
Blrocuvhétovy, 0dMyNcav e TOALEG TPOCTAOELES Yo TOV YOPOKTINPIGUO TMV 1O10THTOV

KOl LOPLOKAOV GTOYEI®MV TOV PETAPOPIKAOV NG cuatnudtov. [Ipokataptikés peréteg
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ot ONAaoTikd amokdAvyav v Hmapén SV0 SKPITAOV GLOTNUAT®V, £Vl Yol TNV
YOUNANG GLYYEVELNG LETAPOPA TNG OEEWMUEVNG TG LOPPNG, 0vuIPO-aoKopPikd o0&y,
Kol GALO éva LIEVOBVVO Yo TNV VYNANG CLYYEVEWS KOl HETAPOPIKNG KOVOTNTOG
npdsinyn 10V  L-aokopPikov o&oc. To mpdTO mpaypatomoleitol amd TOLG
dlevkoAvvopevng Owdyvong petagopei eEolov (GLUT1, GLUT3 xor GLUT4)
(Rumsey et al., 1997; Rumsey et al., 2000), ot omoiot dtwBéTovv TIES GLYYEVELNG
OECUELONG YO TO OVLOPO-0oKOPPIKO NG Tdéng Tov 1 mM. H pucloloyikr) onuacio
avtob gtvar vtd apeePnon, agod 1 Prrapivn C ondvia Bpicketan o TETOO LOPOT
in vivo, ka1t M ovykévipoon Tov &Eoldv, TOV TLYYOVOUV TOAD UEYOAVTEPTG
OLYYEVELOG Y10 OLTOVG TOVG UETAPOPEIS, eivar vymAdtepr. To devtepo amoteleitat
and 0o péAN g owoyévelog NAT, toug SVCTL ko SVCT2 (Daruwala et al., 1999),
OV TPAYUATOTOOLY €vEPYO ocvupetagopd Prropivig C ko 6viov vatpiov. Ta
OUOAOYE TOVG GTOV OpovPaio MOV avTd Tov KAwvomowdnkav mpwta to 1999
(Tsukaguchi et al., 1999). Xtovg avOpmdmovg, N NAT owoyéveln mepilapfavel tovg
hSVCT1 ka1 hSVCT2, xabdg kar 600 oppava péAn, tovg hSVCT3 kar hSVCT4
(Daruwala et al., 1999).

Onmg vTodeIKVOETOL OO TIG AELTOVPYIKES TOVG OLAPOPES, TNV KATOVOUT TOVG
OTOVG 10TOVG KOU OTNV TOAKOTNTO NG HeUPpdvng, ot 000 HETOPOpEls €yovv
dapopetikovs puotoroykovg porovs. O SVCTL eivan vrevBuvog yio tnv dtatrpnon
NG COUATIKNG OPOLOGTACTG 0IOKOPPIKOV 0EE0C, HEG® SONTNTIKNG ATOPPOPNoNG Kot
veppikng enavampooinyne. O SVCT2 éyel empoptichel pe v tpdcAnyn Prrapivng
C oe petaforikd evepyég kot e£eldkeLUEVEG OOUES, TPOOTATEVOVTAG TEC omd TO
0&edmTIKO 6TPpEG Kat TNV LITePL®OT akTvoPoAria. TTovtikia opoluya yio dorypagn Tov
slc23a2 nébavav apéong petd ™ yévvnon, Topd T GLUGIOAOYIKT avamTvén oV ElyaV
ot untpa (Sotiriou et al., 2002). H artio. Oavdtov ftav 1 avamvenoTiky averapKela
AMOY®  OyuTNnG  EYKEQPUAIKNG  OUOPPOYiOG, 7OV  VTOOEIKVVEL  TTPOPANUOTIKES
Aertovpyieg Tov vevpikov cvotiuatoc. Ta etepdluya emPincav g v evnikioon
oALG glyov petmpéva enineda aokopPikod 0&E0G 6ToV EYKEQUAO KO TOAALOVS AAAOVG
totovc. H pedétn avt €0e1&e v amdivtn avaykn tov SVCT2 katd ) odpkela g
euPpuikng Cmng, mov emPefordveror amd 10 POAO TOV UETOPOPEN GTNV TPOCANYN
ackopPiov o&éoc otov mlakovvta (Biondi et al., 2007). daivetor mog N unTpikn
napoyn Prrapivng C eivor moAd onuoviikn oto OnAactikd, a@ov 1 Procvvleon
ackopPucov oapyilet apyd katd tnv kvmorn. Ta mpwtevovia doev ProovvOéTovv

KaBOLov aoKOpPIKO, VTOdEIKVVOVTAG éva MO KPIGo POAO NG UETOPOPAS TOVL.
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Kémoeg yevetikés oopopeéc twv SVCT 100 avBpomov €xovv cvoyetiobel pe
npoéwpo toketo (Erichsen et al. 2006).

O1 8600 petapopeig £xovv derybel va exppalovtal o pio TAnfmpa wotdv. Evog
onuovtikog porog tov SVCT2 eivar m avdmtuén, opipavon Kot 0EEBMTIKN
TPooTaGio TV veupmvmv Tov gykepdiov (Tsukaguchi et al., 1999; Qiu et al., 2007).
Yynin éxepacn tov SVCT2 €xet emiong deyybei otovg opbaipovg (Obrenovich et al.;
2006) 6mov 10 ackopPikd moteveTO TG ToilEl onpoavtikd UV-amoppopntikd poro,
aviAoyo TOL OVLPIKOV OTO EVIOHO KOl TO TTNVA, Kot i60¢ otovg pokntec. Eivon
aloonueiowto TG to VOKTOPLO OMACCSTIKA Kol TTnvd €yovv pElOUEVO EmImESQ
aoKOPPIKOV Kot ovpkoD 0EE0C GTO HATL OVTIGTOW(O, GE GYECN LE TOVG Muepdfovg
ovyyevelg Toug. O SVCT2 éyet emiong deybel va exppaletar e vynid eninedo ota
emwveppioto (Bornstein et al., 2003; Patak et al., 2004) kot to pvedd twv ootmdv (Wu
et al., 2004; McNulty et al., 2005), 6mov 10 ackopPikd £xel avTloEEdMTIKOVE Kot

pLOGTIKOHS POAOVC.

1.5.2 Eyéoeig dopng-rertovpyios g owkoyéverog NAT og mpotoma pikpofroxd

ovoTnota — To mapaderypa Tov UapA

O oyéoelg dopng-Aettovpyiag twv NAT €yovv peketmbel kvpiowg otov
gukapvoTiKd petapopéa UapA, oAld kot otov mpokapvotiké XanQ (Ew. 1-19). O
UapA sivat éva vynAng cuyyEvelog Kot LETOPOPTKNG TKAVOTNTOG LETAPOPENS OVPIKOD
o&éoc kat EavOivng otov vnuatogdn aokopdknta A. nidulans kot évag amd tovg mo
EKTEVAC HEAETNIEVOVC GVUpETaQOpPEC Stalvpévng ovsiac/H™ g owoyéveiog NAT,
1000 o€ YeveTIkd 060 Kot o€ Proynukod eminedo (Gorfinkiel et al., 1993; Gournas et
al., 2008; Diallinas et al., 2008). Xwopikég katackevég tov pe tov UapC (éva
KivnTtikd dakprtd mapdroyo tov UapA) (Diallinas et al., 1998) xot tuyaio
emieypéveg N opboloyikd oyedlouopéveg  PETOAAaYES, éxovv  peAetnOel  pe
pkpookomikny mapatypnon (He cvvelevypévn v apdowvn ebopilovca mpwteivn —
GFP) kot Aemtopepr] KWwNTIKY  aVAADGY  TOV  AELTOVPYIKOV  UETOAAOYDV
YPNOUOTOIOVTOS o GLAAOYN ovoAdymv movpivng. Ot mopamave HeAETES Exovv
00MNYNOEL GE GNUOVTIKA GUUTEPAGLOTO MG TPOG TIG GYEGELS OOUNG-AEITOVPYIOG TOL €V
Aoyo petapopéa (Meintanis et al., 2000; Amillis et al., 2001; Koukaki et al., 2005;
Pantazopoulou & Diallinas, 2006; Vlanti et al., 2006; Papageorgiou et al., 2008p).
[ToAAG dAAaEaY pe TNV AmOKTNON TNG KPLGTUAAOYPOUPIKNG doung tov mpdtov NAT
opoAdyov, UraA, e E. coli (Lu et al., 2011).
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1.5.2.1 Movtého TG devTEPOTAYOVS doung Tov UapA

2opeova pe mpoypappato tpdPAeyng devTeEPOTOYoVS OOUNG O LETAPOPENS PaiveETOL
va amotedeitonr amd 12 SwapepPpovikés a-Akeg, evouéves petald TOvg UE
HKkpoTEPOLG N peyolvutepovg Ppodyovg (Ek. 1-24A). Orot ot akydpibpotl tpoPfrémovy
To StapepuPpovikd tunpato mov epgavitovior oty ewova og TMSI-TMS9 kot
TMSI12. H enéktaon tov TMS9 «katd 600 a-ehkoedeic oneipeg Pociotmke oto
amoteréopata tng Cys-capwong (PA. §1.5.2.3) otov petagopéa XanQ (Karatza et al.,
2006). Ot mepiocdtepol arydpiBuor mpoPArénovv emiong ta TMS10-TMSI1 6nwg
eaivovtalr otnv ewdéva. Mepikol adyopiBpot mpoPAénovy éva emmiéov TMS oto
Bpoyo peta&d twv TMSS koaw TMS9 (opilovtiog kOAvdpog oty Ewk. 1-24A). Xe Oleg
oYEOOV TIG TEPIMTMGELS, To TMSs mpofAénetal va eivar Kuplwg o-eAK0E1ON Kal EVTOG
™G AMTOKNG dtmAooTifadas. To poviého gaivetatl, exiong, va VTOKOVEL GTOV KOVOVOL
TV ETIKAOV TTPOG TOL £6M, 06OV 0POPA TOVG BpodYovg Tov eviyvouv ta TMSs. Me Bdon
10 TOPATAVE, EYel Tpotabel 6T N emmAéov a-élka peta&d Towv TMS8 ko TMS9 Ba
Umopovoe va glvar o VEAIKTN Kol OLVOUKT TTeployn (EmavagicepyOuevos Ppoyog -
reentrant loop), TOV ATOKTE EVAALAKTIKY] TOTOAOYIO KATA TN OAPKELN TNG OEGUEVONG
TOL VTOCTPMUATOC Kol TNG petapopdg (Papageorgiou et al., 2008p). Télog, cvppwva,
LLE TO TOPOATAVED HOVTELO GTNV TEPLOYY] TOL GLVOEEL TOL SOUEUPPAVIKA TUHOTA 8 Kot
9 (TMS8-TMS9), tov pokpd opepiikng ovong Ppodyxo, eviomiletoan TO
YOPAKTNPLOTIKO HOTIBO TNG OIKOYEVELNG “®EFQNNGVIALTRCANR* (BA. §1.5.1)
Kol mepEyovion  Pacikd  otoreion TG OECUELONG KOU TG  UETOPOPAS TOV
vrootpopotog (Meintanis et al., 2000; Koukaki et al., 2005; Papageorgiou et al.,
2008p).

1.5.2.2 Tevetikd ko Proynpuikd 0edopéve Yo TS OYECELS OOUNS-AELTOVPYIOG
otov UapA

Ao yevetkég pehéteg eAvnKe OTL TOL GTOLYEIN TOV GUUUETEXOLV GTN OEGHELON
KOL TN HETAPOPE TOV VITOGTPMOUOTOS OVTOVOUKADVIOL GE TECCEPO OVOVTIKATAGTOTO.
apwvo&éa (E356, D388, Q408, N409) kat moAAd dAlo katdlouro mov exnpedlovy
Aertovpyia, Tn cLYYEVELN OEGILELGNG TOV VITOGTPAOUATOS 1] TNV eEgdikevon Tov UapA
(A363, E371, R373, G411, T416, R417). Kwntikég evdeifelg vrodnidvovy éviova
ot 10 mopandve potifo aAAnAemidpd pe 1o daloikd tunpa g Eavlivng, tov
ovpkov o&fog 1 dAhmv vootpmpdtmv tov UapA (Koukaki et al., 2005; Goudela et

al., 2005). Xe ovtfiv v aAAnieniopacn, to Q408 Oo umopodoe va kdvel Gueca
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deopd vopoyovov pe ™ Béom N9 17 C8=0 g EavBiving M tov ovpkod o0&Eog,
avtiotorya (Ew. 1-23B), evd to N409 ¢aivetar va elvor €va duvapkd otoryeio
AmOAVTMG avaykaio yio TV kKatdivorn g petagopds. Ta G411 xou T416 eivon
onuavtika ywo v e&edikevon tov UapA yuo EavBivn kot ovpkd 0&D, evd to R417
avédavel ™ ovyyévela tov UapA edika yia ovpikd o&H (Koukaki et al., 2005; Goudela
et al., 2005).

Al I 1] v Vv Vi vii vl IX X X X

6 7
1 5 %
2 8
N 9 BT )
N
H ~2-3 ~16
AG"m= 30.3 kJ/mol AG°m= 30.6 kJ/mol
X (A(G%) = ~29-30 kJ/mol X (A(G")) = ~30 kJ/mol

Ewova 1-24 Movtéha tov UapA. A. Movtého devtepotayovg doung tov UapA Bdaoet dtopdpmv
aiyopibuwv (PredictProtein, HHpred, TMHMM, SOSUI, TMAP, TopPred, kAm.), to mpdypappa
Conseq (http://conseq.tau.ac.il/), kot pikpég yEPOKIVITEG TPOTOTOWGELS OVAAOYO HE TNV TOPOVGia
Katoroitmv Tpoiivig ota Opto TV vobetik®v edikwv. Ta I-XIT avimrpocmmehovy Tig StopepPpoviKés
nepoyég (TMS). Yrodewvoovtar ot apifpoi tov apvoééwv ota 6pta twv TMSs. Ot Agvkoi kat pavpot
KOUKAOL OVTITPOGMTEVOVY CLIVOEED TTOV GUUUETEXOVY GTNV oAAay] TG eE€10TKeEVONG 1} TNG AtTOoVpYing
tov UapA, avtictoya. Alia apwvo&éa {oTikng onuaciog yio T Aettovpyio enionuoivovtol 1e yKpt
kokhovc. (Papageorgiou et al., 20088) B. Movtého towv olniemdpdocmv tov UapA pe 1o
vrootpodpatd Tov. Ot AG® vrohoyilovtar and to avtictoryo Ki [6mov Ki=IC50/[1+(L/Km)]. To R
OVTUTPOGMTEVEL £VOL AUIVOED GTOV LETAPOPED TO OTTOT0 AAANAETIOPA, HEGM EVOG SEGUOL VOPOYOVOL, UE
po cuykekppévn Béon g movpivng (Tpomomomuévo amd Gournas et al., 2008).

‘Evag amoAbtog amapaitntog Aettovpykods porog €xel omodobel oto E356, evd
10 D388 @aivetor va gvéyel dopkd poro kar Oyt Aettovpywkd (Papageorgiou et al.,

2008B). In silico mpoPréyelc, avolnmon otig dopkés Phoelg dedouévov Kot
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dedopéva amd NMR zmpotevay 01t ta Asttovpykd aptvolikd katdioumo “BONNG*H
TPEMEL VO SLOHOPPAOVOLY [ OnAd, mhoavodg copmepthapfavopévng kot pag B-
otpoenc (Papachristodoulou kot ocuvvepydreg, adnuocicvta 0mOTEAEGHOTA TOL
gpyaotnpiov tov Kaf. E. Mikpon).

‘Exer Ppebel emiong pe petadloyés o0tL tpion Katdlowmo dievpvvovy Tnv
e€edikevon tov UapA ywpic va ennpedlovv TV KVNTIKY GUUTEPIPOPA TOV G TPOG
(ULGLOAOYIKE VITOCTPMOUATO, OVPIKO 0EL Katl ovOivn. Avtd givon ta T526 kol F528
o010 TMSI12 ka1 to Q113 otov pukpd vrobetikd mepmAaciikd Bpdyo mov GLVOEEL Ta
TMS1 xor TMS2 (Amillis et al., 2001; Vlanti et al., 2006; Papageorgiou et al., 2008
— Ew. 1-24A). TTo ocvykekpipéva, KoTOOTOATIKEG UETOAAOYEG Oe0TEPNG BEoMGg NG
kpvogvausOnoiog ™ Q408E petarrayng tov UapA evtomioctnkav oapyikd oTo
apwvolikd kotarowro F528 péoa oto mpoPremouevo TMS12 (Amillis et al., 2001).
JVOTNUOTIKY oTOXEVUEV peTahdabtyéveon €0e1le T¢ OTav ovtd T0  apvo&d
vrokafiototor amd pikpd 1 aiewpotikd apwvotén (F—A/S), 0 UapA petatpénetot o
Evay YOUNANG GUYYEVELNG, DVYNANG LETAPOPIKNG IKOVOTNTOG LETAPOPEN Yol OAOL TOL
€lon TOV TOLPVOV, YOPIG ETIMTMOON GTNV LYNAN TOV GLYYEVELL YL TO. PUGLOAOYIKE
TOL VIOOTPOUOTO, ovpka o0&y kat EavOivn (Vlanti et al., 2006). Me dlha Aoyia, T0O
F528 tov TMSI12 cuopuetéyel oe éva mOAD amodoTikd “pidtpo emilextikOTNTOG”
(specificity filter), to omoio amoxleiel movpiveg ektdOC amd TO OVPIKO 0ED KO THV
EavOivn amd 1o Kkévipo Oéouevonc tov UapA. Mol agaipedel 1o @iktpo (ue
uetalhaén tov F), o UapA umopel akdpo va decpedoel (oe 5-10 uM) kou va
LETOPEPEL TO. PVGIOAOYIKA VTOGTPAOUOTE TOV, TOGO AMOTEAEGUATIKO OGO KOl O
(QULOIKOL TOTOV HETOPOPENS, OALL Umopel emioNg VO OEGUEVCEL KOL VO UETAPEPEL
adevivn, yovavivn, vro&avlivn kot dAA0 TOLPWVIKA avAAoya, OTOV TOPEXOVIOL GE
OLYKEVTPMOELS TNG TAENG Tov mM. Eivan evolapépov mmg cuykekpévol cuvovacot
petaAlayov tov F528 pe vrokataotdoeic tov Q408 odnyodv oe o oepd popiwv
UapA pe Slopopetikd yopoakTnplotikd kivntikng Kot e€etdikevone. Avtd mpoteivel
po poplokY] “cuvoptMa” g meployng OECUEVONG TOV TOVPWVAVY, oV KabopileTon
a6 v aAniovyia-potifo twv NAT, kat 10 @iktpo emiektikotnTog oto TMS12, 1
omoia. kaBopilel To KvnTiKd Yopaxtnplotikd kot v eégwdikevon tov UapA. Me
Ouo10 TPoOTo Kot yopaktnpiopd petorraypévov oteleydv (Q113—L/E, T526—M/L
— Vlanti et al., 2006; Papageorgiou et al., 2008B) amodoOnke oto tpio avTA
katdrlowro (Q113, T526 ko F528) o yoapaxtnpiopdg “otoryeio poprokov @iltpov

emAeKTIKOTNTOS .
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M acBevéotepn oAAG mapopola emidpacm omnv eEedikevon tov UapA
TPOEKLYE EMIONG HE APKETES OPOOAOYIKA TYEOOGUEVEG LETOAAMYES KOTA UNKOG TOL
TMS1 (N71—A/DIQ, L77—A, L84—A — Papageorgiou et al., 2008p) , pepikéc amod
TIc omoieg umopel emiong va emnpealovv N Asttovpyio kot avakOkKAmon (turnover)
tov UapA (*QH®® — Argyrou et al., 2001; Gournas et al, 2010; Amillis et al., 2011).
Ewdwcég oAAnAemdpaoetg Kot KivnTikég LEAETEG DITOONAMVOLV EVTOVA OTL 1 OLOLPOPIKT
tomoBétnon twv TMS1 kot TMSI12 og oyéon pe v meproyn TMS8-TMS9 evepyei mg
éva SLVOIKO QIATPO Tov emutpémel N meplopilel v TPOSPAcT TOV SOPOPETIKMV
Tovpwvav otn Béon déopevong Tov vrootpopatog (Ew. 1-25 — Papageorgiou et al.,
2008p).

xanthine

AG® = 30.6 KJ/mol . - »
5(AGY) = ~29-30 KJ/mol Ewéva 1-25 Movtého TV TEPLOYOV TOV

UapA mov aiiniemdpovv pe v Eavoivn.
230 ~16 To okentikd Yoo ToV eviomoud TV HBécemv
TOV duKTLUAIOV ™mg EavBivng  mov
oAniemidpovv pe tov UapA €xel og e€ng: Me

H* ™ oOykpion Tov dwpopdv Tiudv AG®, mov

vroAroyilovtan amd Twég Ki, watd Vv

aAAnAenidpaon TV dvo VTOOETIKOV

@ “‘\ VIOGTPOUATOV TOL OlPEPOLY GE pio povo

\ 0éon  xabe  @opd (m.y., EavOivn Evavti
X vro&avOivn 1 2-0g0&avOivn), vroloyiletar 1
Vil ouvelspopd avtig ¢ Béong (m.y., C2) omv
TPOGOEDT. TNV TEPIMTMOON TOV OVOIAOY®V Le
OYKMOELS VITOKATUOTAGELS, 1 SLUKPIOoT HETAED

N EVEPYELONKADV OTOAEI®V AOY® TPOTOTOINGONG

Qo mg 0éong mov  eumAfKeTon  GUECH  OTN

déGELON N TPOTOTOINGNG OO GTEPEOYTLIKT

\\\_h nopepnddion Pacictmke otV KIWNTIK GL-

D¢ UTEPLPOPE. GTEAEYDV OV (PEPOVY UETOAAGYEG
ey eEedikevong. (Papageorgiou et al., 2008p)

Me Broynuikés avaAdoelg, Ol OTOieC EMTPEMOLY TN UETATPOTH TOV TUYLAOV
OLVOYOVIOTIKNG avaoToAng (Kj) 010popwv VOuKAEOTIOIKOV Pdocmv oe d1apopd
elevlepng  evépysiag AG°, éyovv yiver mpoomédeieg extipnong tov  Pabpod
OLVEICPOPAS KOBe BEong ToLv TOLPWVIKOL OOKTLAIOL OTI OAANAEMOPACELS LE TO
UapA (Ew. 1-24B xou §1.5.3). Ilpoteiveron Ot o1 movpiveg Seopevovtal o€
ovykekpléva apvolikd kotdiowta tov UapA pécm evog 1oxvpol 10VTIKOU OGOV
npwtoviov pe o Ni-H, evog acbevéotepov deopod H pe to Oy, kat gvog tpitov, mo
eVAOYIoTOL dgopov, pe éva 0éktn mpwtovimv (N7, Ng 1 Og) tov yudaloikod

daxktvuAiov. H evAvywsio g tpitng emagpng pmopel vo e€nynoet Tig SlopopeTkeg
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OLYYEVELES TPOGOESTG OAPOP®V AVIAOY®V OLGLOV GUUTEPIAUUPOVOUEVOV Kl TOV
QOPUAK®V AALOTOVPIVOAY KOl 0ELTOVPIVOAT. AvticTorya poviéha xovv avamtuydel
ywo. o, opdroya tov UapA otnv Candida albicans (Uapl) kou v E.coli (XanQ &
XanP) (Karantza & Frillingos, 2005). Zvykpttikéc avaAOGELS TOV TECOAP®V LOVTELDV
éoetav ot o1 petagopeig UapA, Uapl kor XanP oAAnAiemdpodv pe mopOpHoloug
VOPOYOVOOEGHOVS e TOV TOVPVIKG SOKTUAL0. Ot oAANAETIOPACELS Le TOV HIOALOAKO
SOKTOMO @dvnKe va elval eEAPTOUEVES KOl A0 TOV UETOPOPEN Kol amd TV ovcia,
Kol TEPIAALPAVOLY S0V VOPOYOVOUL e TiG Béoelg Ng (EavOivn), Og (ovpikd 0&0) 1
N7 (d1bdpopa avaroya). Tlap’ 6ho mov 6Aot o1 petapopeic deopevovv v Eavoivn pe
TapoUol.  LYNAN ovyyévela, m décpevotn Tov ovpwkolh 0&Eog amotelel WdaitepPO

YOPOKTNPLOTIKO TOV UETAPOPEDV LUKNTOV.

1.5.2.3 Tevetikd kot Proynmuikd o0edopévo. yuo TIS OYEGELS OOUNS-AELTOVPYIOG
otov XanQ

O polog g cuvinpnuévng aainiovyioc-potifo twv NAT ko tov meploymv
oL TNV TAOIGIOVOLY £xel peretndel emiong otov XanQ petapopéa EavBivng g E.
coli pe wxotevbvvopevn petoAlallyéveon Kol KLOTEIVIKY odpworn, divovtog
EVIVIOGLOKA TAPOUOLD. CGUUTEPACUOTO GYETIKA LE TO AETOLPYIKO POAO TV
apvoéikav Kotaroimov Q324, N325 ka G327 tov oe oxéon pe ta opdAoy
katdhomo (Q408, N409 xar G411) tov UapA. O poéioc tov GAlmv Vo,
CLUVINPNUEVAOV GTN GLVOLVETIKY aAAnAovyia twv NAT, katoloinwv tov UapA kot
XanQ (T416 ko R417 1 T332 wo G333, avtictorya — Ek. 1-26) gpguviOnke emiong
Kot amodeiydnkav vo  dwdpapatiCovv Pondntikd pdéko otov kaBoplopd NG
e€edikevong g TPOSANYNG, E01KA OGOV APOPA TNV OVAYVAPLoT TOL OVPIKOV 0EEOC
N GALOV VTOGTPOUATOV TpomomomuEvev ot Bécelg 7 kot 8 tov 1daloAkon
daxturiov (Karatza & Frillingos, 2005; Goudela et al., 2005).

Xpnowonowmvtag &vav  AETovpyikd petagopéo XanQ omoAloypévo amd
KLOTEVIKG KotdAoua (aKLOTEIVIKOG), KABe apvolikd KoatdAouro g aiAniovyiog
5GSLPITTFAQNNGVIQMTGVASRYVG* (¢ avtictoyne otov  UapA
STMTPMTTFQNNGVIALTRCANRWAG™)  avtikatootddnke pepovopéva e
Cys (avdivon petarradlyéveong oe KLoTeiveg, Cysteine scanning mutagenesis —
Frillingos et al., 1994). H eridpacn tov NEM (N-ethylmaleimide), éva avtidpaotipio
GOLAPLOPLAI®ONG HE IKOVOTNTO SLAGYIONG TNG TAACUATIKNG HeUPpdvng, 6To apyikod

T0GOooTO peTaPOPAS ovOivng Ko m avdAvorn g aAkvAlomoinong kdbe povig Cys-
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petaAlayng ommv axolovBio 315-340, éd6ei&av 6t ta kotdhouma A323, N326, G327,
V328, 1329, T332, G333 ko S336 pmopovv va avikatactabovv pe Cys ympic va
emnpeactel 1 AstrtovpykdTTo TOL pETAPOPEN, OAAE VROPAAAOVTIOL GE 1GYLPN
TapEUTOSIoN Katd TNV Tepattépm Tpomonoinon and NEM. H mo ebAoyn e€nfynon v
avtd givorl 0TL aVTd T KotdAouro oyetilovran eite pe T SIUOPEOTIKEG OAAAYES TTOV
TPOLYLOTOTOLOVVTOL KATO TNV KATOAVOT TNG UETOPOPAS, €ite pe TN otabepotnta Kot
10 YpOvo NuLmNg ™ mpoteivig. To 1010 £€0e1&e Kot TPOTOTOINGT TOV CLYKEKPLUEVMOV

uetolaymv pe 2-sulfonatoethyl methanethiosulfonate {MTSES(-)} (Georgopoulou et
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/
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Ewova 1-26 Movtého TG dgvtepoTayovs dopng tov XanQ. To poviédo PBaciletol 6to mTpdypopLuLa
TMHMM, cg mepapotikd ototyeio mog 1 C teppatikny meployn eivon kuttapomiacuotiky (7, 15) kot
a0MHOGIEVTO OTOTEAEGLOTO TOV €PYOoTNPiov, OYETIKE pe v mpooPaciudtnto tov Ppdyev ot
VIPOPILO. ovTIOpOaCSTAPLLL. AvavTiKatdoToTo KotdAowmo tov XanQ eivor apOunpéva kot toviepéva. Ot
evaicOnteg oe NEM 0éoeig epopavilovtar oe okovpo @dvto. To katdroima mwov ovoAdlOnKav e
rkatevBouvopevn petodralryéveon etvar kokhopéva. H dipopodpevn Tuipo TomoAoyio Tov TUAHOTOG
299-319 avappoikd tov potifov NAT yapaktnpiletor g TM9a, kot to apeuabkd tuqpo 330-354
nov akoiovbei yapaxktmpileton wg TM9b. H ocdvtoun ariniovyio mov mapepPdiretar petald tov
TM9a kot TM9b vodekvietal g £vVog ETOVEIGEPYOUEVOS BPOYYOC LE VIPOPIAO KVTTAUPOTAAGLLOTIKO
pétomo, pe Pdon To oTOlElo. GYETIKE HE TNV TPOGRUGILOTNTO TOL OSWADTN Kol TIG 1010TNTES
aVaYVOPLIoNG TOL VTOGTPMUOTOS TV Kotahointwv Tov NAT potifov. To katdiouro D276 (TMS) kot n
katappoikh criniovygio 2P TATAZ kabdg kot To kotdhowmo mov oxnuoTilovy &V GUVEXOUEVOD -
EMKOELOEC VOPOPILO LETmRo 610 TM9a gupaviovrar pe koxkwvo ypopa. (Mermelekas et al., 2010)

al., 2010), évav oikvAMOTIKO Tapdyovia mov, OU®S, advvatel vo dwuoyicel TV
VOpOéPoPN mhacpotikn pepPpdvn. To yeyovdg avtd oMUOiveEl TOG 1) CLUVOLVETIKN
oAMniovyic twv  NAT eivon  mpooPdoyun mepmlacpukd, ov Kot - €xEl
KUTTOPOTAACHATIKY] TomoAoyia. Evdlapépov emiong mapovcsialel to yeyovog mwg 1M
wavotnta dpeong ovtidopaong pe to NEM g petoddayng A323C evioyvetol

onuovtikd mapovsio EavBivng, yeyovdg mov mpotelvel OTL OLTO TO TUNUO TOV
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KOTOAOIT®V £YEL SUVOLIKA EVEPYT JAUOPO®GT KOl VTOPAAAETOL GE LETAKIVIGELS TTOV
ocvuvoéovior pe TOV KUKAO petagopds g mpwteiving. Téhog, mn  avéivon
petoddasryéveong oe Kuoteiveg mapeiye otoyeio copPatd pe v Bewdpnon mwg ta
katdiowro 329-339, mov Bpiokovial Katappoikd TG GUVOLVETIKNG OAANAOLYING TMV
NAT, &yovv dopn TPUOV GTPOEAV a-EMKOC, He To vroisipparto 1329, T332, G333,
S336 kou V339 va elvan og pia mepoyn evaicOntn oe aAkviioon pe tpdmo mov givon
onuovtikd yio ) petaeopd (Karatza et al., 2006). Avtd ta cvumepdopata TPOTEVAY
O0tL 1 voBetikn OapeuPpaviky) EAka PETE amd TNV GLVOLVETIKN OAANAovyio TV
NAT (TMS9) mpéner va. enextadei pe 600 npodchetec EMKOEEIS GTPOPEG HEcH OTNV
TPOTYOVLEVT] LOPOPIAN ONAd (PA. §1.5.2.1).

Kotdroita tov TMSI2 tov XanQ, mov avtiotoyovv Kot UE To KATAAOLTO
emektikdTTog Tov UapA, &rovv Bpebel va givor K1 €dd amoAdtog Kpioa yo )
Aertovpyion TOL pETOPOPEN, OAAG Oxl YOO TNV EMAEKTIKOTNTO VLTOGTPOUATOV
(Papakostas et al., 2008). ITio cvykekpipéva, ot cuyypageis vrootpilovv OTL Ta
N430 (to avrtioctoryo T526 otov UapA) ko 1432 (F528 otov UapA) Bétovv otepikong
TEPLOPIGUOVE GTO VTOGTPOUO. 1] OTNV TPOGOECT] TOVL, TPOKOAMVTOG YOUNANG
OLYYEVELNG OEGLEVGT] TOL (PLGLOAOYIKOD VTOGTPOUATOS EavOiv 1] GAL®V OYK®O®V
avaAdymv. v mepintowon tov N430 ot otepkég mopeumodicel qoivetor vo
TPOYLOTOTOLOVVTOL PE Gpecn aAAnAeniopaon, eved to 1432 mov Ppioketor amd v
GAAN TAELPA TNG EMKOG TIG OMIoVPYEL Eppeca, TOAVAS AOY® dAANAETIOpOONS LLE TO
Q324 (Q408 ctov UapA). Ot idtot cuyypapeig eniong mpoteivouy 0Tt Ta oputvo&Ea Tov
OLYKEVTIPOVOVTAL O€ Mo TAEVPA TV ehikwv TMS9 ko TMS12 eivar 1dwaitepa
evaioOnta oe otoxevpévn aikvitonoinomn, kot 6t too TMS8, TMS9 ko TMS12 icwg
aAAAemidpovy Aertovpykd Kot mlavag euoikd (Ew. 1-27). Blioynpukéc avaidoelg
oV XanQ @uotkov THTOV , AAAG Kol LETOAAAY®MV TOL €015V OTL O HETAPOPENS QVTOS
aAAnAemidpd kupimg pe to N3-H kot to Oy, ko Aryodtepo pe 1o Ni-H (pe 10 omoio

aAniemdpa o UapA — Ewc. 1-25) (Mermelekas et al., 2010).
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Casmeg s

.-

Ewévo 1-27 YroOetukn dwatoén tov TMS8, TM9a, TM9b kot TM12 etov petagopéo XanQ amnod
Kvttopomiacspotiky 6yn. To tuquote g alAniovyiog tov XanQ epgavifovtor g gltkoedn
oynuato Tov kataroinwv 259-276 (TM8), 301-318 (TM9a), 329-346 (TM9b) kot 419-436 (TM12). Ta
TEGoEPA OVOVTIKOTAoTOTO KotdAowma E272, D304, Q324, N325 (kokkiva) kot D276 (mepiéyet pio
onuovTiky kapPoSuiopddn — KOKKIVO, LTOYPooUéVO) Kot To N430, mov yeurrvidlel pe tn 0éom
déapevong tov vrooTpdaTog (9) etvar peyevBopéva, e vrova ypappoto Kot epeoviovral og otdyot.
Ot gvaicOnteg e NEM povég Cys petodroyés mov epgavifovtor pe okodpo eOvVTo, Kot ot VYMAL
evoioOnteg mepoyés (ICsg < 30 um) epgaviotor pe eviovotepn meprpépela. Or 0€oelg mov
CUULETEXOVV GTN OEGLLEVCT] TOV VIOGTPMUOTOS e AVENUEVT vaucbncio oty amevepyomoinon ond
NEM avoeépovtol pe KOKKIVO ypoduo kot givar vroypapopéveg (A323, G275). Ot Béoelg 6mov
LETOAAOYEG QVTAOV PAATTOVY TNV EKPPAGCT) TOV LETAPOPEN GTN HEUPPAvn LITOdEUVVOVTAL LE TPlY®VO.
To potifo NAT (peta&d tov TM9a kot TMOb) vrodeikvdetor oG emavelcepyOUevos Ppoxoc pe
KUTTOPOTANGUOTIKO HETOTO KOl TPOGTEAAGIUN GTO VIOCTPOUO EGOTEPIKN Kohdtnta. To katdloura
7OV JTNPOvVTOL €ite oVTA KaBAVTA €ite OGOV OPOPE TOV YOUPUKTHPO TG TAEVPIKNG TOVG OAVGISNG
OTOL YVOOTA WHEAN TNG Oowoyévewg vrodewkvvovtol peyeviovuéva. Ov Béoelg mov Satnpovv pio
VOPOEOPN TAELPIKY OAVGIOO OTO YVOOTA HEAT LTOSEIKVOOVTOL Omd Lo LEYOAVTEPT) OVOLXTOYPMLN
YKPL TEPLOYN 6TO EEMTEPIKO TNG EMKAG. BOEGES TTOL SLOTNPOVY VIPOPOPa. KOTAAOTA GE LEAN LLE GTEVT
oporoyio arAniovyiog pe Tov XanQ (tovtdotnta aAlniovyiog > 43%) vrodeikvoovtal pe Eva mpocheto
piKpd ofdA oto eEmtepikd G EAkaG pe Evav apldpd mov dNAdveL Tov aplBpd TOV SLOPOPETIKMV
VIOKATOOTAGEWV apvocéwv mov Ppébniay oe kdbe BEon. Oécelg mov dlatnpodv pic VIPOPIAN N pia
HUKPN TAEVPIKY 0AVGida delyVovTal MG YPUUHOGKIOGHEVOL KOKAOL 1} 6TdyoL, avtictorya. (Mermelekas
et al., 2010)

1.5.3 Zyéoseic dopng-rertovpyiog otovg SVCT petagopeic

Iapd to peydro 6yko dovAerds otovg SVCT, dev vmdpyel upéms amodeK
dmoym Yo To. KWWNTIKE TOVUG YOPOKTNPIOTIKE, LE TO OMOTEAECUOTO VO, OLOPEPOVY
HETAED KLTTOPIKAOV GEPDOV, 10TOV, | GLOTNUATOV £Kepaons. [a Tig avBpomiveg

16opopPES, TEG Ky amd 65-237 uM yuo tov SVCTL kat and 8-62 uM yio tov SVCT2
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&yovv avapepOet (Savini et al., 2008). 'Exet deybeil nog to Ky tov SVCT2 o déka
SOUPOPETIKEG OPYIKEG KVTTUPIKEG GEIPES eivar kovtd ota 20 uM (Godoy et al., 2007).
Ov tipég Vi emiong owpépovv. Agdopévo amd etepoOroyn EKEPOcT T®V VO
HETOPOPEDY  Oelyvouv vynAOTEPN peTaopikn woavotnta ywo tov SVCTI, evo
Kamoleg evooyevmg omoktnOeioeg Tég Oev dlapépovv onuovtikd. Kot ot 0o
petagopeig delyvouv gvanctnoio oto pH, pe 1N péylom petagopiky Kavotra vo
vrdpyet oto pH 7,5. Zto pH 5,5 n tyun awt petdverar oto 50-60%, pia drtapopd mov
dev umopel va eEnynBet amd tnv 10vikn Katdotaotn Tov ackopPikov o&éoc, apov N pKy
0V 670 4,2 VIodekVOEL TG TTEPLocHTEPO amd 95% tov L-ackopPikod oféog sivar
oTNV OTOTPOTOVIOUEVT] Lopen o€ avtd to pH (Varma et al., 2009).

Ot SVCTs £&yovv amdAvtn avaykn yio wovio vatpiov. Kivnrikée peréteg
TPOGANYNG UE TOIKIAEG GUYKEVTPAOGELS 1OVT®V vaTpiov kot otafbepr] cLyKEVIPp®ON
aoKOPPIKOV £J€1EAV GLYLOELDT KOUTVAT Kot Yo TOVG dV0 HETaQopeic. M ypopLpikn
avdAvon g amokAlong €dwoe po otabepd Hill pe tynq 2, mpoteivoviag mag
TOVAQYIoTOV 2 10VTO vaTpiov GLUUETOPEPOVTOL UE KAOE poplo ackopPikod o0EEOG.
Avto delyOnke dueca otov SVCTL pe ™ pérpnon kabapov Betikod @optiov Kotd
mv mpoécAnyn ackopPikov. Agv @davnke Opmg va ovuPaivel to 1010 Kol pHE TOV
SVCT2, o omoiog deiyOnke va unv eivar niektpoyevig (Tsukaguchi et al., 1999). O
petagopéag ExeL TNV amOAVTN avayKn 1OvImv acBectiov kol payvnciov, eved amovcio
Kol TV 000 0dNYeEl GE L OVEVEPYN LOPPT TOL LETAPOPEN, LEUDVOVTAG OPOLLLOTIKA
™MV Vi, xopig va ennpedlet onpavikd v Ky H otoygelopetpia 2:1 1dviaov vatpiov-
ackopPikov emiPefarddnke pe tn cOykpion TpOSANYNG PUSIOCLAGUEVOD VATPiov O
KOPEGUO 0aOKOPPIKOV, G€ GYECN HE TNV TPOCANYN 0ackopPucod. ZVYKEVIPOGELS
wvtev vatpiov mopardve ard 20 mM aAlalovy TV OapOpe®SN £VOG YOUNANG
ovyyévelag (Kn > 0,5 mM) og évav vyning ouyyévelog petagpopéa. Eivar evdtapépov
TG 1| GLYKEVIPWOT TOV aoKOPPIKoy 0&E0g emnpedlel GUVEPYATIKA TNV OAANYT OLTH
vrodnAmvovtag pia apotPaio Aertovpytkny aAAnienidopacn towv dvo vrosTpopdtoy. H
aAAnienidpacn avt) Kabopilel emiong 1n otoygopeTpio TIg avtidpaons, Kabmg Kot
™ ogpd ™G déopsvone, N omoia mpoteiveton mog sivor Na'-ackopPucd ofv-Na”
(Godoy et al., 2007). IMapdra avtd, Kot Onwg avaeépdnke tponyovuévac, o SVCT2
delyfnke kot oe oty Vv gpyacio va unv eivor miektpoyevig. Ot cvyypageig
npooTadncay vo eENynoovy 10 Tapddo&o avtd LE TI TapadoyEs Tws ite Ta pedpoTa
ntav oAy younAd vy vo  petpnbovv, eite o SVCT2 Aertovpyel wor g

OVTILETAPOPENS, ETITPEMOVTAG TNV EKPON EVOG KATIOVTOC.
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O poérog tv dVo cuveyduevov oyeddv amoilvto cuvinpnuévov omv NAT
aAAndovyio apvoéémv ot péorn Tov mPOTOL Sapepfpovikov tunpatog, QH, €xet
ueietnOet kar otoug SVCT. "Evag onuovtikdg AOyoc yuo T pedétn avti ntav n pH-
eCaptapevn Asrtovpyia tovg, kdtL oL OB pmopovce va ogeileTal o KOTAAOLTO
otdivng. Metodhaéryéveon g otdivng tov hSVCTL (His51) oe aiavivny odnynoce
oe petpévn Tpoésinyn padioonpocuévov ackopPfukov (Varma et al., 2009), Loyw
HKpnG peimong g ovyyévelag déopevons, yopic va emnpedletor 10 V. H
avtiotoyn petodhoyn g otdivng otov hSVST2 (H109A) anodeiydnke amdAeiog
Aertovpyiog (Ormazabal et al., 2010). MetoAlo&yéveon OA®V TV KOTOAOIT®V
1otdivng tov hSVCT2 £deiée mog onuavtikn yuo v pH-g&aptdpevn Agttovpyio Tov
givon n His413, mov Ppioketon otnv e€mkvtropikn ONAd peta&d tov TMS7 kot
TMS8. O unyaviopdc g e&aptnong and 1o PH @aivetoaw va mpoxodieiton amod
SLKOTY|] TNG GLUVEPYATIKNG OpAong WOvVTwV votpiov-ackopPikod o&éog otnv avénon
g ovyyévewng tov petapopéa. Ot cuyypageig emiong mpoteivouv Twg ot 10TIdIVES
His(203), His(206), and His(413), 6Aec €uplokOUEVEG TEPITAAGIIKG, GUUUETEXOVV
OoTN OOUIKY] CLYKPOTNON T®V OSWOUEUPPAVIKOV TUNUATOV TOL UETOPOPEN, EVO M
amodAvTa cuvenpnuévn Hisl09 icwg cuppetéyet ot déopevon tov ackopPikov o&Eoc.
Ta mapamdve dedopéva cuvnyopodv mepattépm g 1 ariniovyic QH oto mpmTo
Swpepppovicd tuiua tov NAT givor modd onpavtiky yio ) Asrtovpyio Tovg Kot To

OUVOEIKA 0T KATAAOUTO, GUUUETEXOVV GTO UNYOVIGHO AELTOVPYING TOV HETAPOPEQ.

1.5.4 Movtéha arinreniopaons Tov NAT pe Ta vroosTpORATA TOVS

Ta avdloyo movpveOV KOl TUPYUOVAV  YPNOUYOTOOVVIOL EVPEMS MG
avTieetafoAiteg evavia og Evav mAN00GC SPOPETIKMOV TaHOYOVOV LKPOOPYAVIGUOV
Kol 10V Ko 6TV ynueodepancio katd tov kapkivov kot tng Asvyopiog (5- eBopo-
OVLPOKIAN, 5-uépkamto-rovpivn, 6-0eio-yovavivn). Avdroya TOLPIVDV
YPNOCLOTOOVVTOL EMIONG G OVTI-UKEG evaoelg (acyclovir, ganciclovir, carbovir),
avTIBloTIKA Kol QAPHOKO EVAVTIO GE TOPACITIKES acBéveles (Y. OAAOTOVPIVOAN,
mopedapivn), oAl Kot yo v TpoOANYM TG AmOpPIyYNG LETAUOGYELCONG OPYaV®V
(alaBeromovpivn) ko ™ Ogpoameio ™ ovpikng apbpitdag (AAALOTOVPIVOAT) KO TNG
xpoviag Aeppoyevoig Aevyarpiog (Stelmach & Robak, 2013; Robak & Robak, 2012).
Ot KiyMTIKES KO YEVETIKEG OVOADGELS TOV LETAPOPEDY VOUKAEOTIOIKMOV PACEDY GTO
Boktnprokd Kot LUuKNTIHKA TPATLTO, GLGTILATO, OOV Lo dEGOUEVT) TPMTEIVI Umopet

va peketnOel oe éva yevetikd vmoPabpo mov otepeitan OAOVG TOLVG GAAOVE GYETIKOVG
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HeTaPOpelg, Hmopohlv vo odNyNoovV o1 SWUOPPMOOT TOV  OAANAETOPACE®DV
petagopéa-vrooTpdpotoc. Tétow povtélo pmopodv vo egetactovv pe ™ ypNnom
OVTIGTPOPNG YEVETIKNG Kol va xpNnoipomotnfodv yio v katavonon g Aettovpyiog
TOV UETOPOPEDY VOUKAEOTIOIK®OV PAcemv mafoyovov pokntov Kot Baktnpiov. Avt
N yvoon pmopel, HoKpompOOecua, va amoteAésEL €V OLGLOCTIKO Prua otV
TPOPAEYN NG XPNONG M/Kot TOV OYESGUOD  OVIIHVKNTIOK®OV POCIOUEVEOV OF
movpiveg mov dev Ba AapPdvovtol amd Tovg avAAOYOVLS LETAPOPEIS TOV LOAVGUEVOV
1GTOV TOV 06HEVAOV.

210 gpyaoctptd tov Avaminpot Kadnynm I'. AtoAlwvd, ypnoiponoudvtog To
KatdAAnAo yevetikd vrofobpa, £xovv mpayporomomBel AemTopEPEl KIVNTIKES
OVOAVCELS OEGUEVONC LIOCTPOUATOV apkeTOV pokntokdv NAT, 6mmog o UapA
(Goudela et al., 2005) Tov A. nidulans, o0 UapC (Goudela et al., 2008) tov A.
fumigatus ka1 o Xutlp g C. albicans (Goudela et al., 2006). H Aoyw1 avtig ¢
TPocEyylong  €xel  emiong ypnowomomBel emrtuy®G Yoo vo  kobopicel  TIg
OAANAETOPACELS LETAPOPEA-VTOGTPOUATOV Y10, LETAPOPEIS VOUKAEOTIOK®V PAGEDV
Kol voukAeoowinv mpwtoldwv kot Inilactikdv (de Koning & Diallinas, 2000;
Diallinas & Gournas, 2008; Gournas et al., 2008). Zvvontikd, ¥pNOUOTOIOVTOC (Lol
gupelo. CLAALOYN TOLVPIVAOV KOl TOVPIVIK®V OvOAoywv, kobopiotnkov Tnés K yia
EVOOELS OV TTOPEUTOdifovV TV TPOSANYN padtoonuocuévng Eavlivng, amd mAnpelg
Kapmodeg 0dong-avtidopaons. Koatdémv vmoroyiomnkav ot Téc g eAevBepng
evépyeiog kotd Gibbs AG® and tov tono AG® = - RTIn (Xj), 6mov 10 R givar i) 1davikni
otabepd tov aepiwv kot to T 1 andAivtn Oepuokpacio ((K). Zvuykpivovtag ) dtapopd
oe AG® oty aAAnAenidpacn 00 VIOOETIKOV VIOGTPOUATOV TOV SLAPEPOVY GE L0,
povo Béon kdéBe @opd (my. EovOivn/2-Bgr0-EavBivn 1 adevivn/3-6edla-adevivn),
voAoyiotnke N ovuPoAn avtrg g Béong ot décpevon. Aappavovtag voOy”n TIG
amoAElES AOY® TOOVAOV  OTEPEOEOIKAOV MOPEUTOSIGEOY N TNG OAAAYNIG TNG
TPIGOICTOTNG OOUNG TNG movpivng, KoBMG Kot TN OOUN TV TPOTYLMDUEV®V
TOVTOUEPDOV LOPPDV TMV VIOGTPOUAT®V, avOTTOXONKOV HOVIELD TOL TEPLYPAPOLV
TIG OAMNAETIOPACELS KATOL®V UETOPOPEDY VOVKAEOTIOIKAOV Pdcewv pe Ta mbavd
vrooTpOUaTd Tovg (Ewc. 1-24B). TToA) onuavtikn yio TV avamtuén Tov HOVTEAOV
tov UapA ftov 1 GLUVEICPOPA TNG LEAETNG TOV CAANA®V TTOL PEPOVY PETOAAOYES GTO
TMS12, ot omoieg Gpovv Tig otepeoeldikég mapepmodioel; (Papageorgiou et al.,
2008pB). Ta aAAqAla avtd, OTtmg £xel 1O avaeepOel (BA. §1.5.2.2) eEakolovBovv va

avayvopilovv pe v O ovyyévela v EavBivin kol to avdloyd G pe
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VIOKATAGTACELS G€ 0E5€1C oNUAvVTIKES Yia T déapevon. To yeyovog avtd evioyvoe Tig
TPOTYOVUEVEG TTAPOTNPTCELS KOL AELITOVPYNOE KOTOAVTIKA Y10l TNV UIKPT] TPOTOTOINGN
ToL HOVTEAOL pE okomd TN Peitioon tov. Daiveton mwg onuavtikég BEcelc yio ™
déopevon eivan ot Béoeig 1 kot 9, kot og pkpotepo Padud n 3 (Ew. 1-28). T'a tig
TpMTEG OV0, M evépyeln PpiokeTan otV TAEN £vOG 1GYXVPOL VOPOYOVOIEGHOV. Ady®
NG TPOTOVIMOTG TOV BEcEDV aVTOV, TO Mo TOAVS givol vo decpedovtol amd KAmolo
apVNTIKE QOpTIGUEVO aptvolD, ov kol €xovv Oeiybel meEPTTOGES TOL £va HOPLO
VoaTog Acttovpyel MG YéPupa HeTAED dV0 TPMOTOVIOPIA®Y OULAd®V. AVALOYO LOVTELQ
£YOLV KOTOOKEVAOTEL 08 cuvepyaocia pe v opdda tov Kabnyntm E. @pidiyyov ya
tov petagopéo XanQ tg E. coli (Goudela et al., 2005). Mg ™ ovykpion t@v
KIVITIKOV  HOVTEA®V TeV OpopeTikddv NAT petagpopéwv HePIKES ONUOVTIKES
dwpopés  €xovv  kabepwbel. Tlapadeiypoarog xbpv, ot mePLOYES OEGUEVONG
vrooTpOUdTOV Tov XanQ kot UapA, mopd TG opodTNTEG OGOV apOpd TN YEVIKY
SLUPOAT TOV TLPUIIVIKOV SaKTVAIOL TG EavBivig oTn GEGUELGT, EXOVV OTLLOVTIKNY
Jlpopd oTNV  €VEPYELD OEGUEVONG TOV aPopolV kdmoleg GAleg Oéceic. H mio
ONUAVTIKTY 010(popd woTOGO ivar 1 avikavotnTo Tov XanQ va decuehoel ovpikd 0&Y
N 10 AvAAOY TOLPIVMV TOL PEPOVV VITOKATAGTAGELS O0TIG BEcelg 7 1 8, mov emelnyel
10 Baocikd poio g 0éong 8 6TOVG SAUPOPETIKOVS OEGUEVTIKOVG TPOGOVATOAGHOVS

1oV vrootpoudtev (Ew. 1-28).

UapA XanQ
moupivn €avOivn oUpPIKO o0&V EavOivn
~8
~11
A
1 5 N
2<IIS ! 7
N >
N &7 )
3 H ~2-3 H ~17
AG’, =30.3 kJ/mol AG®,, = 30.6 ki/mol AG’,, = 33.2 ki/mol
X (A(G")) = ~29-30 kJ/mol T (A(GY)) = ~30 kd/mol T (A(GY)) = ~35 kJ/mol

Ewéva 1-28 Movtéha tov ailniemdpicsov tov NAT pe ta vmootpopatd tovs. Ot AG°
vroAoyiCovtal amd 1o avtiotoyo K [omov Ki=ICse/[1+(L/Ky)], §2.1.9]. To R avimpocwnedel Eva
apvo&H oTov HETAPOPED TO OTTOT0 OAANAETIOPA, HECH EVOG OEGHOD VIPOYOVOD, LE L0 GUYKEKPILEVT
0éom ¢ movpivng. (Gournas et al., 2008)

Amd Ttétolo povtéha kdmoleg mpoPAyels pmopovv va e€ayBovv oyeTikd pe
mOovA avILOYO VOUKAEOTIOIKAOV PACE®MY TOV HITOPOVV Vo YPNCILOTOmOovV yia
otdyevon TV pokntov. Ioapadetypatog yaptv, eaivetal 6Tt pior GNUOVTIKY O0popa

HETOED TOV HUKNTIOKAOV HETOPOPEDV TOL &Youv oavoAvfel kol tov avaioywv
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avOpOTveov petaeopémv glval n ocvppetoyn Tov N3 otn 666HELON VTOGTPOUATOV
(Kraupp and Marz, 1995; Wallace et al., 2002). Mvknrtiakd NATs dgv @aiveral va
xpnoporototv 1o N3 yia va depeLGOVY TO 0VPIKO 0&D, TV avOivn Kot Ta avdAoyd
ToVC. AvTO 00MYel otV TPOPAEYN TS ToL avdloya T EavBiving pe VTOKOTAGTAGELS
ot 0éon N3 {omg amoTeAéG0oVV £EEIOIKEVUEVO VTTOGTPMUOTA Y10l TOVG LUK TIOHKOVG
NAT. Eivor yvootd 6t ta N3-vnokabiotévia avdioyo d10yeTevoviol ot ohvheon
VOUKAETKOV 0EEMV KOl UTOPOVV Vo XPNOILOTOMO0VV G€ YOUNAES CLYKEVIPMOELS MG
g0kol avti-ukoi avootoltikoi mapdyovieg (Shigeta et al., 1988; Andrei & De
Clercq, 1990). IMapopoimg, movpivec 1 avdAoyd tovg Oo pmopovoav emiong va
YPNOUOTONO0VV MG OMOSOTIKA PAPHAKO EVAVTIO, 6TOVG Taboyovovg poknteg (Ward
etal., 2011).

Ot KivNTIKéEG PHeAéTeG 0TOVG LETOPOPELG aokopPLkod 0EE0G elivatl TEPLOPIoUEVES
kot £xovv TpaypotonomBel omopadikd. Ot SVCT €yovv avotpn e&edikevon yia L-
ackopPikd 0&L. Axoun Kot TOo oTEPEOicOpEPES TOv, D-16oackopPikd  0&Y
avayvopiletal modd acbevag (K, >700 uM) and tovg dvo avBpdmvovg HLeTapopEic
(Tsukaguchi et al., 1999, Wang et al., 2000). ApvdpoackopPikd 0D, YAvKOLN, de0&v-
yAvkoln ko por oelpd amd movpiveg, mupiudives kot Prrapiveg £oeiav KaboAoL M
EAGYLOTN OVOGTOA GTNV TPOCANYT padtooTpavopévoy ackopPikod o&éog (Rajan et
al., 1999; Tsukaguchi et al., 1999; Wang et al., 1999). EmnAéov, aviloyo tov
aoKOpPIKOL HE VEOKOTOOTACES oTlg Oéoelg 2 ko 3 emiong aivetor vo pnv
avayvopilovtar (Rumsey et al.,, 1999), ev avtiBéoer pe avaloyo mov @EPOLV
VIOKOTAGTACELS OTIG 0é0€1g 5 ko 6. MdMota 10 6-0e6&v, 6-1000-L-ackopPucd 0&D
Exel deybel va petapépeton (Kim et al., 2009). Ta mopondved vTOdEKVHOLY TMOG Ol
0¢éoeic 2 kan 3 eivar onpovtikes yio tig adinienidpdocelg tov SVCT pe 10 aokopPukod
0&0, evd o1 Béoelg 5 kar 6 Oy1, avoiyovtag Tov OpOUo Yio TOAVOVS PUPLOKEVTIKOVG

OYEOGLOVG.

1.5.5 Kpvotarhoypo@ika dgdopéva amd tov petapopéa UraA

O UraA ntav 0 Ipd1og HETAPOPENS TNG OIKOYEVELNS Y10, TOV OTOT0 amokTnOnKe
KPLOTOALOYpaPIKN doun, notic to 2011 (Lu et al., 2011). Méypt onjuepa dev vapyel
dALog kpvotarrog g NAT owoyévelag.
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1.5.5.1 Aom tov UraA

O UraA amotelel kavotopio otig dopés, kabdg 1 avadimlmon| g dev potdlet
pe xoptog mponyovuevng. Ieptrapupdavel 14 swapepPpovikd Tuquota, e To OUVo- Kot
KapPo&u-tedikd dxpa vo. fpickovtar oty Kuttaporiacuatiky misvpd (Ewc. 1-28). Ot
oo KapPoluterikéc a-éhkeg, al3 kor al4, elvar poévo kotd 10 NUIGL péCH OTN
pepppavn. Avo pikpés, avtimapdiinieg P-élkeg oto TMS3 ko TMS10 Bpiokovion
070 KEVTPO NG dounc. Kdbe B-khdvov mponyeiton pio ekteTapéVn, EedmAmuévn doun
Kot akoAovBel po ovvroun a-éAka, n o3 M al0 (Ew. 1-28B). Ot acvveyeig élkeg
&yovv mopotnpnOel oe po ogpd and mpoteives-petagpopeig (Screpanti & Hunte,
2007), oALd eivar aovvnO1oTO Yo pHio AmOEMKOUEVT TEPLOYN VO OTOTEAEL TO MGV
TOV OLUEUPPOVIKOD TUNUATOG. ALTE TO SOKE YopaKTNPLoTIKA dtokpivovy tov UraA
and GAAeG YVmOoTEG dopég drapepuPpoavikdv tpwteivov To NAT potifo pnkovg 11
apvoéémv, To omoio mPoPAEmOTAV Vo €ivol €vag KLTTOPOTAAGUOTIKOG PpoOyog
(Koukaki et al., 2005; Georgopoulou et al., 2010) anoteiei v al0 dapepppavikn
éMka otov UraA.

Toa 14 Swpepppavikd tuquotoa tov UraA dwatdocovior o€ 00O OOUIKES
emavainyetg, v TMS1-TMS7 kar tqy TMS8-TMS14, o1 omoieg cuvdéovtar peta&d
TOVG pe pio meplotpo@n mepimov 180° yhpw amd évav dEova mapdAinro mpog v
dumhoctoada g pepppavns. H mapovsia tov d00 avesTpopéveoy EToVoAyEmv
givor évor Koo yapakInplotiko yio évav aptdud petapopémv (Yamashita et al., 2005)
ko kavolmv (Fu et al., 2000; Wang et al., 2009) (BA. §1.3.2). Baoet g didtaéng
avtg ta TMSS opyavadvovtol o€ pio copmayn entkpdreia, Tov Topnva (core domain)
Kot puoe emikparelo eheyyopevns npocPaong (gate domain). H meployn tov mopniva
neptlopfdaver to TMS1-TMS4 kow TMS8-TMS11, kou n mepoyn TG EAEYYOUEVNS
npdcPaocng mepiéyel Ta dAra €& TuMqpato. H obvoeon peta&d tov 6000 ETKPOTELOV
TPOYUATOTOLEITAL KVPimG pe aAANAETOpacEL; VOPOPOPmY KaTdlouta arnd ta TMS],

TMS3 ko1t TMS8 oty meproyn tov mupriva kot to TMSS ko TMS12 meproyn
ereyyopevng mpdsPaong.
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Ovpakiin

Ewova 1-29 Aopn Tov UraA. A. Kdatoyn g dopng, 6ov vmodetkvietal 1 TpocdESEUEVT] OVPOKIAT|.
B. IIpécoyn ¢ doung. (Lu et al., 2011)

e avtifeon pe v vOPOEOPT dempdvela HeTAld TV dVO TEPLOYDV, VILAPYEL
évag pHeyarlog aplBpog deopdv vOpoyOVoL eVTOg TNG TEPLOYNG TOV TVPNVO, LE TIG B-
TTIOYOTEG empaveleg Tov TMS3 ko TMSI10 610 kévtpo. Extdc amd tovg kowvovg
JEGIOVG VOPOYOVOL TOV AVTITOPAAANA®Y B-eAikwv, 1 opdda vdpo&viiov tng Tyr 288
o010 TMS10 oymuartiet 600 deop0vS VOPOYOVOL e TO 0EVYOVO Tov KapPovuriov Kot
10 dlwto tov aupwiov ¢ Ser 71 oto TMS3. Ymdpyovv 12 emumiéov deopol
VOPoYOVoL peta&d Twv TMS3/TMS10 kot tov GAA®G Stopeufpavik®y TUNUATOY TG
MEPLOYNS TOVL TUPNVO.. AVTEC Ol EKTETAPEVEG OAANAEMOPAGELS UmOpOvV Vo
JEVKOAHVOLV TN JpdPP®ON TV amoehMypévov meploy®v Tov TMS3 kot TMS10
KaOADSC KOl oKIVNTOTOINGT TV SUEUPPOVIKOV TUNUATOV GTNVAEPLOYN TOV TLPN VO

(Luetal., 2011).

1.5.5.2 Aéopegvon g ovpakiing

Ot avtumwopdiiniot B-kAdvor kot ot PBpodyovg mov cuvodovv o TMS3 ko
TMS10 mapéyovv éva “kata@vylo” yu TV ovpakiln HETAED TOL TLPNVA KOl TNG
moANc. O SakTOMOG TVPIUISIVING TS oVPOKIANG, M omoio lval mepimov mapdAANAn
po¢ TG P-édikec, mepifaiietol and apvnTikd nAektpootatikd dvvapukd (Ewc. 1-
29A). H avayvdpion TG oOvpoKiAng TpoyUaTOnolEiTal oXed0V AMOKAEIGTIKG 0d TNV
TEPLOYN TOL TVPNVO, EUTAEKOVTOS KatdAowro and to TMS1, TMS3, TMS8, TMS10
kot TMS12 (Ewc. 1-29B). Avo xotdhowma yrovtapkov, to E241 ko E290, decpevovv
™V ovpokiin, oynuatiCoviag 1o kabéva 600 deopovg vopoyovov pe avtiv (Ewk. 1-
29B). Avtikatdotoon TV Kotaloimmv pe oloviviy odfynce oe mAnprn advvopio

déopevong ¢ ovpakiing. EmmAiéov, to 000 dropa ofvydvov TG ovpakiing
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oynuatifovv despoBs vépoyodvoy pe ta dropa aldTov TV apdiov g F73 kot g
G289. Ewwotepa, ot G289 kot E290 gvpiokovtar evtdg tov potifov vmoypagng
NAT. Mia opdoda vdpovAiov oto B-NG oynuotiler deopd vdopoydvov, tO60 HE TO
dlowto tov ywdaloriov g H245 660 ko pe 10 0o&uydévo ToL KOpPPOVLAIOL TNG
oVPOKIANG, YEYOVOG OV VTOSNAMVEL OTL vl HOPLO VEPOL UmOpel Vo KATOAGPEL TN
0éon tov B-NG vopoluAiov Kot Kével TapOpoleg OAANAETOPACELS. € oV TNV
nepintoon, N H245 pmopet va copPdier otnv 0écpevon g ovpokiing pe deopo

VOpoYOVOL dlapécov tov vepov (Lu et al., 2011).

F73(N)

B G
Ovpakiin :: g )

2L

Ewova 1-30 @féon g ovpakiing otov UraA. A. H ovpakiin evtomiletal g pio KOOTNTO TOV
nepfdAdeTorl omd opvnTIKO MAektpootatikd dSvvopikd. H mepoyn tov mopniva oameikoviletor g
EMPAVEID, MAEKTPOGTATIKOV dSvvoapkoy. B. H  ovpokidn (kitpwvn) Odecpevetar He  TOAKEG
aAAniemdpaoeig otov UraA. (Lu et al., 2011)

1.6 Xkomog TG TaPovGAS OLOUKTOPIKI S oL TPLP)g
1.6.1 Megrétn Tov peragopéa UapA

Onwg €xer Mo avaeepBel, o UapA eivar €vag moAd koAd peretnuévog
petagopéag pe mANOdpa YOUPUKTNPIGUEVOV UETOALOY®V Ol omoieg emmpedlovv T
dopkn dtabepdTo /Ko v e&edikevon tov. ‘Exel mpotabdei pdiiota 6t1 0 Q408
elvar 10 apvo&y mov decpevel 1o vtooTpopa and T 0éon Ni-H 1 Ng. Emiong, kot
dAAo VYNAG cvvinpnuéva apvoléa Exet derybel va GUUUETEXOVY GTI JEGLEVOT] TOV
VITOGTPMUOTOG, LE Ayvmoto uéypt mpv tpodmo (w.y. E356, D388).

AOY® ™G eKTETOUEVNC UEAETNG TOV €YOLV EVIOMIOTEL Kot GTOVKElM EKTOG TOL
NAT potifov mov emnpedlovv v e€etdikevon tov pe Eupeco mbavag tpémo (Q113,
T526, F528), cvviotdvtag v vmopén evog “poptokold @IATpov” mov emAéyel Ta,
eloepydpeva  otov  petopopéo vrootpopota. Eyxer mpotabel pdiota Ot 1O

amopakpiopéva avtd ototyeia (TMS1 kot TMS12) yerrvidlovv oty tprrotoyn doun
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v éva cuvepyloTikd omotéhespa (BA. Ew. 1-25). Ta otoyeia dpmg mov agopodcav
™ devtepotayn kot tprtotayn doun Tov UapA ftav acaen Kot ERpeca.

MoMg 1o 2011 oamoxtiOnke o TPOTOG, KOU MHOVASIKOG HEYPL ONUEPQ,
KPOGTAALOG OOUNG TNG OLKOYEVELNG, ALTOG TOV peTapopsa ovpakiing, UraA, oy E.
coli. H doun tov petapopéa avtod diépepe ®g Tpog T ddtaén Tev eMKOV Tov omd
TIG VIWOAOWTEG UEYPL ONUEPO. OOUES, VTOJEIKVOOVTAG TN OOUIKN 1dtontepdTNTO NG
owoyévelag. H doun avtn 01€pepe Ko omd T1g PPl TOTG TPOPAEYELS OELTEPOTAYOVG
doung tov NAT.

Me Bdaon to mapomdve, oto mAdiclo g mapovoag Adaktopiking Atatpipng
aKoAovOnOnKe SITAY TPOGEYYIoN, TOGO PLOPLGIKT), OGO KOl YEVETIKN:

A@evOg KATAGKEVAGTNKE TO LOVTELO TPLTOTAY0VS doung Tov UapA mpoxeiévou
va tpocdtopiotel n B€on tov NAT potifov ko 1 oyxetikn tov Béon pe 10 poploko
@iAtpo. Mg Bdom 10 pHoVTELO 0LTO Bo NTAV EPIKTN 1 XOPTOYPAPNON TOV KPICIU®V
OO TPONYOVUEVES YEVETIKEG UEAETES OUIVOEIKMV KATOAOIT®OV KOl 1| OTOGOY(QNVIoN
TOU POAOL TOVC OTN Ooun Kot T Asrtovpyia. tov petaopéa. Ilpoc avtnv v
katevbuvon cuvEBaAlav Kol TO TEPAUATO VTOAOYICU®MV TPOCOECNC, TO OmOoid
vrédelEav tov Tpdmo cvvoeomg NG Eavlivng pe ™ Béon déopevong g otov UapA.
Ta mepdpato avtd gvddwcav KaBdg MO vVINpyav dedopéva omd TPONYOVUEVEG
YEVETIKEG LEAETEG Y10 GUYKPLON, OAAG Kot TO VEQ KATOAOWTO OV TPOoTAONKaY NTOY
EPIKTO va 1000V VIO SOKIUN UE HOPLOKES KO YEVETIKEG TEYVIKEC, divovTag pia To
OAOKANTPOUEV TPATACT) Y10 TIG GYECELS OOUNG-AelToVpYiag otov petapopéa UapA.

[MopdAAnia pe to TOpomTave TeEPapato, OsAoope Le YEVETIKES TPOGEYYIGELG
Vo SIEPEVVIIGOVE TTEPOLTEP® TO UNYOVIGUO TNG CVVOESNS LETAPOPEA-VTOGTPMDLATOG
Kuplog and tig Béoelg N1 ko No. EmAéEape v adevivn og KataAlnAdtepn yio o
pOAO avTO. Aopikd 1 adevivn dlaPEpel KOTA TOAD amd TIG VITOAOTEG TOVPIVEG AOY®
g avtioTpopng tpwtovimong (oe oyéon pe v Eavlivn) otig B€oeig Ny kot Ng tov
TOVPWVIKOD SOKTLAIOV, OAAL Kol AOY® NG avTikatdotacns tov —O ot Béon 6 and
pio -NHy. Anhadn], n adevivn dwapépel otig Béceic mov péypt tpa Bewpovvtar 0Tt
GLUUETEYOVV OTO pnyovicpd déopevons. Emmpdobeta, n adliayr tov —O ot 0éon 6
SITAPAGGEL TOVG OEGUOVG TTOV THAVAOG dNUIOLPYOLVTOL KOTA TN OEGUELST OLTH.
AOY® TG TOCO PEYIANG SPOPETIKOTNTOS GTH dOUT| 1 AdEVIv] LETAPEPETAL OE KPS
Babuod amd tov UapA pe yapnAn cvyyévelo.

H petoAdayn F528S éxet kdvelr 10 mpoto PrApa yuoo v mpOGOEST NG

adevivng, kabmg o petagopéag €00 PpiokeTon GE U0 MO «oAopn» OOUN Kot
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emupénel oe PKpo Pabud tn petapopd g adeviving péow tov UapA, av kot pe
yoaunAn ovyyévewa déopevong (Ki = 3,5 mM). v moapovca S180KTopik| dtotpifin
0TOYOC MG MTAV VO OTOUOVAOGOLUE pio. PLeTaAlayn 0evtepng Béong n omoia, o€
ovvovaoud pe tn petodiayn F528S mov 1o avayvopilel mv adevivn, va BeAtuinoet
mv &€edikevon tov petapopéa yoo Ty movpivn avth. ‘Evag tétolog petapopéog
UapA Ba £xet Beltidoetl T ouyyévela déopevong o Kamown and tig 0éoeig 1, 6 ko 9.
Av 1 Bertioon avt etvan e€eldtkevpév yio v adevivn kat Oyt yu v vro&avoivn,
TOTE M ovyyévelwn Ba €xel avénbet and Tig Bécel 1 N 6 Tov daktvAiov NG TOVPIVIG.
Me avtdv tov TpOTO TPOGTOONCOUE VO OVOKOADWOLUE TTowo gival M TEPLOYN TNG

TPOTEIVNG TOL GLUUETEYEL GTO UNYAVIoUO décpeLoNS omd T Béom 1.

1.6.2 Meglétn Tov petagopéa FcyB

O petagopéag FCyB aviket og pia dAAn peydin owkoyéveta, v NCS1. Kot ¢
aLTV TNV owKoYéveln, Ommg Kot ot NAT, vrdpyel pio povo dbéoyun doun omd
Kpvotaido, ovty tov petagopéa Mhpl oto Microbacterium liquefaciens. O
petapopéag FCyB éxer 1dwaitepo watpofrorloyikd evolapépov, Kabmg HETAPEPEL TO
10&1K0 avaroyo S-eBopo-kvtociv, Evav mOavVO PaPUAKELTIKO AVTIHVKNTIOKO GTOYO.
[Mapodro mov o petapopéng Puotkov Tomov £xet yapaktnprotel (Vlanti & Diallinas,
2008), dgv vapyovv dwubéoiueg petarlayég doung N e&gdikevong mov o propovoay
va. GUUPBAAAOLY GTNV TEPAUTEP® UEAETN TOVL. XTO TAMICLO TNG TAPOVCOS EPYACING
KOTOOKEVAGTNKE TO HOVTEAO opoAoyiag tov FCYB kot pe vmoAoyiopovg mpocdeong
TPOTAONKE O UNYOVICUOG OEGUELONG TMV QUOIOAOYIKOV TOV VTOCTPOUATOV. Ta
OOTELEGULATO OTTO TOVG VTOAOYIGHOVS HEVEL VO EMPEPotmBOVV LE LOPLOKEG-YEVETIKES

TPOGEYYIGELC.
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2.1 Moknteg
2.1.1 Xreréym

Y10 mAaiola TG TopovGOS OOAKTOPIKNG SwTpPng ypnotporomdnkay to
TOPOKATO CTEAEYN LUK TOV:
wt: pabaAl Ztéleyoc A. nidulans @uowkod TOmOL CLEOTPOPO YO TOPA-OULVO-
Bevloikd 0&D.
AACZ argB2 pabaAl: argB2 pabaAl AazgA AuapC AuapA Metodhayég EAAEIYNG
TOV YOVISIOV TOV TPLOV petapopiémv tovpwvav ( azgA, uapC, uapA), av&6Tpoeo yio
apywivn kot Topa -optvo-pevioiko o&v.
UapA-GFP: 10 otéleyog AACZ argB2 pabaAl pe opdroyn HOVY EVEOUATMOGN GTO
argB tov pANS510-GFP nhacudiov (Pantazopoulou et al., 2007).

Ta otehéyn OV EEPOVY UETOAAAYEG OMAOAELNG 1) TPOTOTOMUEVNG AELTOVPYIOG
tov UapA éyovv kotackevachel ko meprypapel oe GAheg epyacieg ol omoieg
avaeépovtot. Ol eivan mpoidv tov otedéyovg 4ACZ argB2 pabaAl to omoio éxet
petaoynuotictel pe to TAAGUIOWN TOL PEPOVV TIC AVTIGTOLYEG LETAAAAYLEVES LOPPES
tov UapA ocvvelevypéveg pe GFP. Ola to vtoloma oTteléyn Tov avagEpovTol Kot
YPNOOTOOVVTOL G VT TN OTpPn amoteAodV TPOIOV UETACYNUATICHOD 1|
SCTAVPMOONG TOV OVOTEP® CTEAEXDV, KOl AETTOUEPELES Y10 OVTO AVOPEPOVTOL GTO
OTOTEAECLLATAL.

H petodroyn pabaAl npoxodel avéotpoia yio mopa-apvo-fevioikd o&H kot
opeidetal og PETOAAOYN) OTAOAEWNG AEITOLPYING TNG GLVOETAONG TOV TOPO-CLULVO-
Bevloikov o&éoc (Vlanti & Diallinas, 2008).

H petoddayn argB2 odnyel oe amoAein Agrtovpyiog Tov Yyovidiov Tng
tpavokapPapodraong g opvidiving, m omoio gumAéketon otn ProcvvBeon Tng
apywivng (Buxton et al., 1985).

Kopio omd 11c avotépo petoddoyéc dev eumiéketon 1 emmpedlel 1o

petafolopd Kot TNV TPOGANYN TOVPIVOV.
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2.1.2 OpenTIKA VAOGTPAONOTO

O koAMépyeteg Tov pokftev £ywvay og [TAnpn ko EAdyiota Yrootpdpota n
obotoon TOV omoiwv ovaypdeetar otovg Ilivakeg 2-1 wor 2-2 (Cove, 1966;
Scazzocchio et al., 1982).

ITlivokag 2-1 Xiotoon TOV OpenTIKOV VAOGTPOUATOV 7OV YPNOHOTOOnKey ywo TV
KorAEpysLa Ko Tov petooynuatiopd tov A. nidulans (o€ 6yko 11).

) i IsooopmTikd
MAqpec vréotpopa  Erdyioto vroctpopa

Complete Medium Minimal Medi
( p ) (Minimal Medium) (Sucrose MM)

ELé)oto vrootpopa

A/po. AhdTov* 20 ml 20 ml 20 ml
A/no Brrapvov* 10 ml - -
D-T'hokéln 10¢g 10¢g 10¢g
Casamino acids 1lg - -
Ienrtovn

24 - -
(Bacto-peptone)
Exyvhopa opng 1
(Yeast extract) g
Yaxyopoln - - 342,39

*: 1 ovotoom Toug eaivetal otov [ivaka 2-2.

H mpocappoyn tov pH éywve pe t yprion dweivparoc NaOH (3 N) ko HCI (1
N). Xt0 oteped Opentikd péoa, TANPN Kot eELdyoTa, Tpootédnke 2% kot 1% dyap
avtioToryo.  XTo  EKAEKTIKA  LWOGTPOUOTE Yo  OOKHOoieg — avamtuéng,
xpnowonomOnke pio dwd emeEepyacuévn ayop g etapeiag Oxoid, n omoia
TEPLEYEL EAMAYIOTOL TOCOOTA TNYOV al®MTOL, KOl EMETPEYE TN OAKPION UIKPOV
dpop®V 6T Hopen g amotkiog (HEyebog, TLKVOTNTO KOVISIOGTOPI®OY) TOV TPOG
LEAETY] OTEAEXDV. ZTO EKAEKTIKO OPENTIKO VITOCTPOLA TPOGTEONKE EMTALOV pio Tyn
almtov. H mo kowvn «ovdétepny» mnyn aldtov givar 1 ovpia, 1 omoia TPooTtéBnKE 61O
Opentikd vméoTpOUO O TEAMKY cvykévipwon S5 mM. [Movtauivny, mpoAivn wai
viTpikd 16vta ypnopomomdnkay oe telMkn ovykévipoon 10 mM. Ot movpiveg og
povadikég mnyés almtov ypnoiponombnkay cuvnbwg ce telk| cvykévipoon 0,1
mg/ml (mepimov 500-600 uM). Xe kaAlépyeteg Yo v amopdvoon RNA, ovpokiin
Kot kKvtooiv mpootédnkav oe ovykévipoon 0,1 mg/ml erniong. H o&umovpivodn,

T0&1KO avaroyo ¢ EavOivng mov petapépeton amd tov UapA, ypnoporombnke oe

76



tehMkn  ovykétpoon 100 puM. H  8-alayovavivin kot 1 6-pebolv-movpivn
ypnowonomdnkav oe tehkr ovykévipoon 0,1 mg/ml. Omov Mrov avaykaio M
TPocOn KN apywivng 1 ovpakiing Kot ovpdiving w¢ avEoTPoPldV, ¥pnoipoTo|OnKay
oe TeMKN ovykévipoon 5 mM, 2,5 mM kot 5 mM avrtictorya. H emoywyn g
ékppaong tov UapA amd tov vmokwvnth alcA, emredybnke petd omd 2,5 dpa
avéntuoéng oe MM pe ovpia (5 mM), @povktdln (0,1%) kot aBavorn (3%). H
Kataotoln emtevydnke oe MM pe ovpia (5 mM) ko yAvkoln (1%). e vypég
KOAMEPYELEG Y10 LIKPOOKOTIO. EMPOOPIGHOV, ATOUOVOCT TPOTEIVAOV 1] dOKIUAGTIEG
TpocANYNG padtoonuacpuévng Eavlivng, to KukAoeEIId TPooTEdnKe o TEMKN
ovykévtpoon 20 pg/ml, 15 Aentd npwv amd v TPocOHNKN VTOCTPOUATOS 1 WOVT®V
appoviag. Ot vmorouteg avEOTpoPieg YPMNOLOTOMNONKAV OTIS GLYKEVIPOGELS, Ol
0TO1EC AVOYPAPOVTAL BT GVGTAGT TOV dtoAvuaTog Prrapvav otov Hivaka 2-2.

ITivokag 2-2 Xvotaocn owAivpdtov (o 0yko 1 1) Kol GUYKEVIPAOGELS YPNOLUOTOLOVUEVMOV
av&oTpoPrLOV.

A/pa ALGTov A/po Brrapivev A/pa Ixvostovyeiov
KCl 26 g PABA* 20 mg N“ZE‘;‘S?'N 40 mg
MgSO,7H,0 26 g Buotivn 1mg CuSO45H,0 400 mg
KH,PO, 769  AoPéoTio** 50 mg FeO,P4 H,0 714 mg
XAopo@oppto 2ml  Piogropivy 50 mg MnSO,1H,0 728 mg

A/pa tyvootoyeiov 50 ml TMupidoivy 50 mg Na,Mo0O,2 H,0 800 mg

ZnS0O,7 H,0 8 mg

* pABA: p-apwvoBevioixd 00

** AcoPéotio: D-tavtoBevikd acBéotio

2.1.3 Xvvmiipnon oterey®v Tov A. nidulans

Ta otedéyn tov A. nidulans pmopovv va cvuvinpndovv yia tovidyiotov 600
wpovio. og yAokepodn 50% otovg -80 °C. Zvykekpiuévo, QpECKa KOVISIOGTOPLO
neptoVAAEYovTal oe coAva tomov Eppendorf mov mepiéyer 0,7 ml amootelpopévo
pvOuotikd dwdivpa PBS (ovotaon oe 1 1 NaCl 8 g, KCI 0,2 g, Na,PO4 1,44 g,
KH2PO4 0,24 g, pH 7,4 pe 1 N HCI). X avtd 10 Sdivpo Kovidtoomopiov
npootifetar icog 6ykoc 100% yivkepding. Koatdmv koing avadevoems akorovdel

anofnfkevon otovg -80 °C.
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2.1.4 Awotavpaocels otehey@v A. nidulans ko avaiver Tovg
Ot dactowpioelg oteleydv tov A. nidulans zmpaypatomomdnkay OT®C
neptypdoetar oto Pontecorvo et al., 1953. TTo cuykekpipéva:

= Ta emBountd oteAéym, to omoio £mpeme vo  OBETOVV  TOVAGYIGTOV o
OPOPETIKY  aVEOTPOPIDL €KOGTO Yoo TN OTOOEPOTOINGT] TOL  ETEPOKAPLOV,
eupolaodnkav o oteped TANPEG OPENTIKO VIOCTPOLA KOl GE ATOCTOCT HGOD
EKOTOOTOD KOl KATOMY em®dcOnkav péypt TO OYNUATICHO UETOED TOVG
avaotoudoemv TV ve®v. Edikd ta HUIAAC2 otedéym, AOyo g moAv
kaBvotepnuévng tovg ovamtuéne, epPfoialoviav oe oteped mANPEg OpemTikd
vrootpopo pe 0,5 M 5166Evo popopikd vATPlo, TOVANXIOTOV OV0 UEPES TPV
euporiochel o 6e0TEPO OTELEYOG.

= Ol OVOOTOUMDGCELS ATOKOMNKAY Kol UETAPEPONKAV o€ oTEPED EAGYIGTO Y10 TO
ETEPOKAPLO OpemTIKG VITOCTPOO (TOV TTapelye ONAOON HOVO TIS KOWEG TV dVO
oteEle®V avEoTpoPieg) pe vipikd ovto (ta vitpikd petafoiilovrol koAvtepa
avaepofia amd Tig dAleg myég aldTov) ¢ TyN aldTov Kot enmdcOnkay yuo 2-3
népec otovg 37 °C.

= AKoA0UONGE OMOKAEICUOG TOL AEPO KO TEPOUTEP® KAAMEPYELD Y10 2 TOLAGYIGTOV
eBdopadec otovg 37 °C.

» Téooepa TOLAGYOTOV  OYMUOTICHEVO,  KAEWOTOONKIO  amopovodnkav Kot
deppnyOnoav oe cwifvo tomov eppendorf pe amootelpopévo, aneotayuévo vepo,
wote va anelevfepmBovv To aoKosTOPLAL.

*  Astypoto omd autd emotpobnkay o oteped ELAYIOTO Yo TO £TEPOKAPLO OpemTIKO
VROGTPOO, Yo vo dmotwdel 1 mpoéhevon twv 600 TLPNVOV TOVL EYOLV
ovvtnyBel oto Kabe KreroToONKlo. MOvo amd kKhelotoBnKio 10 omoio Exel mpoéAhet
amd T oLVINEN TUPNVEOV TOV 0V0 UNTPIKMOV CTEAEYOV WITOopoLV va, TPoéAfovv
OVOGVVOVAGHEVOL amdOYOVOlL Ol Omoiol Vo, HEYOA®MVOUV GTo Opentikd avtd
VTOGTPOLLOL.

= Amd tétoln Osiypato €mMOTPOONKOV ApoIdCES 6 TANPEG oTePed OpemtiKd
VEOGTPOUO Y10 TNV OVATTUEN KO OTOUOVMOOT) TV OITOYOVOV.

= Ot andyovol avoAvOnKoy pe SOKIAoIEG avATTUENG KATAAANAES Y10 TOVG EKAGTOTE
YOVOTLTOVG, OGS oVPKO 0EH ¢ povadikn myn aldtov yuo tov UapA, kot Tig
avtioTotyeg Prrapiveg yia Tig HeETOAAAYEG OVEOTPOPLDV.

* O dywpiopde twv UapA omd AuapA kor uapA-gfp mpaypotomombnke pe
aAvcdwth avtidpacn molvpuepdong (Polymerase Chain Reaction — PCR) (ue v



KAPA Tag DNA polymerase thg KAPA Biosystems) ypnocuonoidvtog to (g0yog
exkvvntov UapA 5° upstream for xar UapA 3’ downstream rev kot Ti¢ cuvOnkeg
OV QOivovTol oTovg Tivakeg 2-3 kot 2-4. Xe oTeAéYn LE TO LETOPOPEN Oypiov
tomov (uapA) to péyebog tov mpoidvtog avauevotav ota 3.500 (evyn Pdoewv, oe
EMdeym yovidiov (4uapA) ota 800 (evyn Pacemv kot oe otedéyn pe Tov UapA-gfp
ota 4.200 (evyn Pdoewv.

ITivakag 2-3 Xvotaon s PCR avridpaong.

JVOTOTIKA TNG OVTIO PG TelMkn cvykévipmon
DNA vrooctpopo 10 png
Exxwmtig 5'- 3° 135ng
Exkwmtig3’- 57 135 ng
dNTPs
(dATP,dCTP,dGTP,dTTP) 250 pM 1070 kaéva
KAPA Taq polymerase lu
PvOpiotikd duivpa modlvpepdong
(ue Mg™?) =
H,0 (ameotaypévo) Méypt ta 25 pl
[Mivaxog 2-4 ZovOniqkeg Tng PCR avriopaong.
Brijua Ocppokpocio " C)  Awdpksia
1. Apyikf amodidtaén 95 3 min
2. Amodidrtaén 95 30 sec
25 koKAot
3. TIpdodeon ekkivnTdv Tm exkKOVNTOV 30 sec enavEyMC
4. Empunxovon 72 1 min/kb
5. Telkn empnfKvvon 72 5 min

6. ITavon 12 -

2.1.5 Amopdévoon yovisiopatikod DNA am6 to poxknta Aspergillus nidulans
To mpwtOKOAO 7OV Ypnowomomdnke 7y TNV  OTOUOVOOT  UIKPNG
ovykévipoong  yovidlopotikod DNA  amotelel moapordoyn TOL  avTiGTOL(OL
TPOTOKOAAOL TTOV TepLyphipetan and Tovg Lockington et al., 1985:
= 50-100 mg poknAiov Opvupatiomnkay Kadd pe vypod ALMTO Kol HETOPEPONKAY GE
ocwAnva Eppendorf yopnrtikdtrog 2,0 ml.
= Y10 Opvppaticpévo pokniio mpootédnkoay 0,8 ml dtaivuatog 0,2 M Tris-HCI pH
8,0, 1% SDS, 1 mM EDTA pH 8,0, kot akorovOnce endaon yio 10-20 Aentd otov

Tayo.
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* To moapackedacpo otn cvvéyela kobapiotnke pe @avoin kot yAopoeopuo. ITo

GUYKEKPLUEVAL:

v’ TIpootébnke icog dykoc (0,8 ml) ovdétepne eavoing (pH 7-7,5), g etaipiog
Sigma, kot HoTEPA OO KOAAN OVAIELGON TO TOPACKELOAGO PLYOKEVTPNONKE Yo
5 Aentd otig 12000 rppm.Metd 11 puyokévipnon dnuovpyndnkav dvo edacelg. H
ehappotepn @dom mepieiye to ddlvpa tov DNA, evd 1 pecodgoon mepieiye
SLapopa avemBHUNTO CLOTOTIKA TOV ELYOV ATOUEIVEL QIO TO LLKNALO.

v' Axkolo0Onoe mOAD mPOGEKTIKOS Stoympiouds g mhve @dong (DNA),
AmoPeHYOVTOS TN HECOPAON, Kot LETAPOPE o€ éva véo cwAiva Eppendorf.

v X1 ouvvéyew mpootédnke icog OyKog YAmpo@OpUIov Kot akolovdnoe kaAn
avAadELoT KOl QLYOKEVIPNON OTMOG TPONYOLUEVOS. MeTd TN @uyokévipnon
onuovpyndnkav ava 6vo edoelg, 6mov oty TIve edacn Ppiokdtayv 1o DNA
KoL TNV KAT® Ao TO YA®POPOPLLO.

v TlepovAéybnke 1 «mvo» ¢@daon oe véo Eppendorf amogevyoviog 1
UECOPOOT).

= AxoAoOOnoce «xatokpniuviony tov DNA pe v @pocHnkn icov  Oykov
eompomavoAng kat 1/10 tov dykov o&ikov vatpiov 3 M pH 5,2 pe puyoxévipnon

o115 12000 rpm yia 5 Aentd.

* To inuo exknAdOnke pe 70% abavorn, axorovbnoce e&ation g abavorng Kot
enavadldivon tov DNA og 50 pl vepod vyning kabapotntag.

2.1.6 IIéyn tov DNA e mepropiotikég evoovovkriedoes — Khovoroinon
Ov méyelg tov DNA Kot ot KA®VOTOMGE ©€ TAAGUOWKO QopEa
TpoyLaToToOnKay akoAovBmvtag Tig 001 yiec mov avagépovrat ota Kepdhiowa 1.53-

1.73 tov Sambrook et al. (1989).

2.1.6.1 TIéyn tov DNA pe meploploTiKéS EVOOVOVKAEAGES

2to mhoaiow ™G mopovoag SWOKTOPIKNG STPPng, TpayUaToTOOnKay
noAvapiBueg méyelg mhacudiokod kot yovidiopatikod DNA 71 mpoidoviov PCR
avtiopaong. H moocdtnta tov evlvpov, mov ypnowomombnke vy kabe méym,
eCapmOnke and v cvykévipwon tov DNA vroostpopatoc. I'evikodtepa, ot 1010t TEG
evog meploploTikov evEOov, KaBmG Kol 01 GLVONKES, OTIS OTOlEG TPUYLOTOTOLEITOL T

avtidopaon opilovror and tov kataokevooth (NEB, Fermentas, Takara).
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2.1.6.2 Klovomoinon tufqportoc DNA o€ TAacpidtoko gopéa

e Oheg TIG KAMVOTOMGELG TTOL TpayLotomotfnkay, 1060 10 £vBgpa 660 Kot 0
eopéag KAwvomoinong Ntav vynAng kabapdmroc. To mAacuidio kot to €vOeua
ypnooromdnkav oe avoroyio 1/3 (cuvnbwg oe cvykevipmoelg 0,1 pug mracudiov/
0,3 pg evBépatoc). XT1g TEPIMTAOGELS, OTIG OMOIEG £YIVE ATOKVKAOTOINGT TOV (OpPEQ
petd  omd méyn pe  éva povadikd  mepopotikd  €vlvpo,  axolovdnoe
ATOPOGPOPVAI®OT TV 5™ AKP®OV TOL HE TNV TPOGONKN KATAAANANG GLYKEVTPOONG
aAKOMKN S Qwoeotdong (Sambrook et al., 1989), mpokeipévov va oamoevybei M
KUKAOTOING™ TOL Popéa Ywpig TV emkOAANoN tov evBéuatog. [lpwv v TpocHNkn
™G Ayaomg, 1 omoio KATaAVEL TN ONUIOVPYIN POGPOIESTEPIKOD OEGLOD PETOED TMOV
AKp®V TOL POpPEN Kot TOV eVOEUATOG, NTOV amapaitnTn 1 amopdkpvven eviiImy Kot
Swivpdtov g mEYNG, elte péow omOnong amd €01K| KOA®wva, €ite  pe
KoTaKpnpvion mopovoio afavorng. Xe kdbe véa kAwvormoinorn pali pe to ddivpa
Mydong ovoumepAnebnke kot pio emmAéov avtiopdon «pdptupacy. H avtidpaon
avTY), meptelye Ta {010 GLOTATIKA LE TNV TPAYUOTIKY ovTidpaon Aydong, aAld Oev
nepieiye évBepa Kot vrodeikvue T mepinTwon VTapPENS CLUPATOV AKP®Y GTO PopEal,
elte Moym nuitehovg méyng, eite A0y® ateAovg OpAcnS TG OAKOMKNG POCPATACNG
(Sambrook et al., 1989).

2.1.7 T'eveTikog petacynpatiopos oterey®v Tov Aspergillus nidulans
Ot petooynuotiopoi éywvav omwg meprypaeovtal oto Koukaki et al., 2003.

Avoivtikdtepa:

= 200 ml gAdyroto BpeMTIKO LIOGTPOUO LE TI KATAAANAEG OVGIEG G TPOG TIG OTOTES
10 otéleyog eivor av&OTpoeo Kot 5 mM ovplag g povadikn mnyr aldTov
epuPoidlovion pe mepinov 3x10° Kovidroondpla o 10 ml 0,04 % amodiatakticon
tween kot enmdlovtar 6tovg 37 °C ue 130 rpm avédevon Yo 3-4 dpeg. H endoon
OTOUOTAEL OTN GACT) OOV LKPOGKOTIKY TapaTpnon Selyvel mmg To Kovidto LOALS
apyilovv va ekpractdvouy.

= 3T ovvéyeln, To  KOvidla pETO@EPOVTOL GE  COANva TOmov falcon ko
evyokevrpovvtan yw 10 Aentd otic 4000 rpm.

» To quoto emavoadtoivovior e 20 ml AwAivpotog 1 (Tlivakog 2-5), 170 mg
glucanex kot pepikovg kokkovg BSA (aAfovpivng opod Podiod, bovine serum

albumin). To evoaumpnuo avtd enmdleTon Yoo 5 AENTA GTOV TAYO KOl GTT) GLVEXELD
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otoug 30 °C pe avadevon otig 130 rpm kot yioe 90-120 Aentd yio tn Snuovpyio;
TPOTOTAACTOV.

= Metd 10 TEAOG NG EMAONONG Ol TPMTOTAACTEG Olapolpdlovior 6e YLAAIVOLG
(QLYOKEVTPIKOVG CMANVEG TOTOL corex OTov Kot PLYokevipovvtal Yoo 10 Aentd
o115 4000 rpm.

= To vrepkeipevo apaipeitar kol ot TpOTOTAGCTEG TAEVOVTOL HE TpocsOrkn 10 ml
AloAOpoTog 2 Kol QUYOKEVTPNON OIS TPONYOVHEVOC.

= To {{nua emavadioiveTtor oe O0yko AloAOHATOG 2 ovOAoyo pe tov opliud tov
LETAGYNUOTICU®OV OV  TPOYHOTOTOloUVTAL, — ypnowonowwvrag 200  pul
TPOTOTAACTAOV Y10 KAOE LETAGYNUOTIGHO.

* Ta 200 pl tpotomiactdv enmdlovtal pe 0,5-3 ug tov exdotote DNA napovsio
50 pl draivpatog 60% PEG 6.000 (polyethylene glycol) 6610 mM Tris-Cl pH 7,5,
10 mM CaCl; ya 15 Aentd otov mayo.

= ¥ ovvéyewn oto piypa mpotoniact®v-DNA mpootiBevion 500 pl drodvuartog
PEG 60% kot akorlovBel endaon ywo 15 Aentd o€ Oeppoxpacio dopatiov.

= To piypo @uyoxevipeiton yuu 10 Aemtd otig 6000 rpm ko oe Oegpupokpocio
dmpatiov.

* To ilnua mAévetar mpocBétovtog 1 ml AeAvpatog 2 Kot QUYOKEVIPOVTOS Yo 5
Aentd otig 5000 rpm ko o€ Oeppokpacia dwpatiov.

= Tehkd to lnuo mpotomAaotdv emoavadloivetor o 200 ul tov moapomdve
OWADHOTOG KOl OTAMVETOL MO GE 1GOOCUMTIKO EMAEKTIKO OTEPEO WEGO
KOAMEPYELOG.

* Ta tpuPrio erwdlovton yio 4 pépeg otovg 37 °C.

ITivokag 2-5 061001 TOV SLOAVUATOV 7TOV YPNGLULOTOLOVVTUL KATH TO PHETUGYNNOTIGNO.

Avdiopa Xvotoon
1,2M MgSO,

1
10mM Orthophosphate pH 5,8
1M Zopfiroin

2 10mM Tris-HCI pH 7,5

10mM CaCl,

2.1.8 Avaivon katd Southern yovioropoatikov DNA tov Aspergillus nidulans
H dwdwoocio g avdivong kotd Southern mov meptypdpeton mopokdTm,
amotelel tpomomoinon g avtictoyng pebddov mov meprypdoetar ota Kepdioio

9.31-9.57 oto Sambrook et al., 1989.



H avéivon katd Southern €ywve oe OAa To LETAGYNUOTIGUEVO GTEAEYN TOL A.
nidulans, mpokewévov va dwmotmbel 1060 TO €id0C TG EVOOUATOONG TOV
TAOGOT0V GTO YOVIOIMUA TOV GTEAEYOVG OEKTN OGO KoL 0 aplOIdg TOV TAAGUIOLOK®V

AVTLYPAQ®OV TOV EVOOULATOOMKAV.

2.1.8.1 IIéyn 7tov yovidropotikodo DNA ko owyopiopos tov (ovov o€
ANKTOURO oyapoing

3-5 pg yovidiopoatikod DNA mov oamopovabnke amd to HETAGYNUOATIOUEVO
oteléyn vmoPAnbnke oe mEYN pe TO KATOAANAO meEPLoploTikd €vivpo, Tapovcio
povovkiedong A 1 pg/ml. To exdotote mepropiotikd EvELIO TOV PN GLLOTOIONKE
EMAEYONKE LE TO KPUNPLO TNG EUEAVOLS JPOPAS OUOAOY®OV KOl ETEPOAOYWOV
EVOOULUTAOCE®MY OTOV €KA0TOTE Yovidltakd TOmo. Tlpokeévou va emrevyfel mAnpng
néym tov yovidlopatikod DNA, 1o meproptotikd évivpo mpootédnke o€ dVO PAGELS
VO T0 PLOUICTIKG dtdAvUA TOV TEPLOPLOTIKOV VOOV TTPOoTEONKE Omd TV apyn
oV 1eMKN ovykévipmon (1X). Ztnv Tpdtn @aon tpootédnke 1 Uion TocdHTNTU TOV
evlopov kot to éviouo apénke va dpdoet Yo dddeko dpeg otovg 37 °C. Metd v
TAP0od0 TOV dMOEKN WP®V TPooTEONKE V4 TG TocOTNTAG TEPLOPIoTIKOD VDOV KO

70 évlopo aeébnke va dpacet yio GAle 2 dpeg otovg 37 °C.

2.1.8.2 Meragopd tov DNA og pepppdvn vitpokvrrapivig

A@o¥ €yve KOAOG Sy ®PIGUOG e MAEKTPOPOPNOT TOV TPOIOVTI®V TNG TEYNG
oto mKTopa ayapolng (ya mepimov 5 wpeg ota 55 Volt), To mktoua torobetnke
vy 5 Aentd oty tpdmelo VIEPLOIOVS AKTIVOPOAMOG, TPOKEUEVOD VO SIOCTOCTEL TO
DNA ocg pkpOTepa KOUUATIL KOl VO O1EVKOALVOEL 1| LeETOPOPE TOv GE pepPpdvn
vitpokvttapivng. H amodidratn tov DNA mpaypatomombnke pe ) Pubion tov
TKTOUATOG o€ dtdlvpa petovsioong (Iliv. 2-6) yuw 30 Aemtd pe avddevorn oe
Oepuokpacio dopatiov Kot ot cvvéyeln eEovdeTepmONKE Gg dtdhvpa e£0VOETEPOONG
(ITiv. 2-6) yw 30 Aemtd pe avadevon oe Beppoxpacio dwpation. To DNA om
ocuvéyewl peTagEpOnke pECO NG Opdong TPLOEWOV QoIvOpEveOV oe  OeTikd
poptiopévn pepfpévn vitpokvttopiving Hybond-N* (Amersham) pe ™ Ponbeia
draAvpartog ardtov 20X SSC (Tlivaxag 2-6), yoptiov Whatman kot amoppopntiko
xaptiod (Sambrook et al., 1989). Metd v orokAnpwon g petaeopds tov DNA
ot uHeuPpavn, n peuPpdvn tomobetnOnke mave otnv tpdmelo UV vy 5 Aemtd,

TPoKEWEVOL va povipomomBel n mpodcdeon tov DNA ot pepuPpdvn péom g
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ONUIOVPYIOG OUOOTOMK®MV «oTavpodespumvy (cross-linking) petad tov apynrikd

(QOPTICUEVOV VOUKAETKAOV 0&EmV Kat TG BeTikd popTiopévng pepfpdvng.

ITivakag 2-6 ZY6To0) TOV SLOAVPUATOV TOV YPNCLUOTOM|0NKAY 6TO TEPARATA OVIAVGNG KOTA
Southern.

Awivpota 206T00M 670 ATPO
242 g Tris base
TAE (50x) 57,1 ml kpvotaiiiké CH;COOH
100 ml 0,5M EDTA pH 8,0
. , 1,5 M NaCl
Avdopo Metovoinong 0.5 M NaOH
1,5M NaCl
A r E r ) .
oo EEovdetépmang 1 M Tris-HCI pH 8,0
3 M NaCl
20X SSC 0,3 M NazCsHs0;

pH 7,0 pe NaOH

0,5 M Na,HPO,/NaH,PO, pH 7,0
1% BSA,

7% SDS

1 mM EDTA

Pvbuiotikd didivpo Church

2.1.8.3 Tpoippidropéc — Kataokevn padrosnpacpévov wyvndéty *P[°CTP] -
Ypprowopog
H emoyn g Bepurokpaciog oty onoio wpaypatorotleitol o mpoiPpidtcprog
Kol 0 LPRpOoHOS eivar koboplotikng onpaociag. Oco vynlotepn eivar avt) 1
Bepuoxpacio 1060 mo avoTNPEG Yivoviar ot cuvOnKkeG TPOGAESNG TOL 1YVNBETN GTO
DNA mov eivar mpocdepévo ot pepPpdvn. Le youniéc Bepuokpaciec guvoeital n
TPOGOEST] TOV YvNBET pe TUpoTo Tov Yovidtwpotikod DNA pe ta omoio vapyet
pKpY] OpoAOYioL GTNV VOUKAEOTIOWKY] OAANAOLYiO. XTO GUYKEKPIUEVO, TEPALOTO O
vBpdiopde éyve otovg 65° C. O mpodPpidiopdc e pepPpdvng mTpoypotonotonke
Yoo 2 dpeg eniong otovg 65° C oe puOutotikd didlopa Church (Tlivokag 2-6) pe
TEPLOTPOPT HEca Ge €101K0VG KVAIVOpouG. O vPp1dopog £yve ya 15-18 mpeg otovg
65° C oto 1610 puOucTiKd diilvpa TaPOLGio TOV KATEAANAOL PASIOCTIUAGHEVOD
OVLYVELTY).
O1 DNA 1yvnbéteg mov ypnoomobnkay otnv aviivon kotd Southern frav:
I'o to ORF tov uapA to tufuoe 860 bp mov evieybbnke pe tovg exkivntég 26 ko 27,
yw o argB to DNA tunqua 800 bp mov mpoxdmtel amd v méyn tov PAN510exp
mAaopdiov pe Sall, kot yia to pABA to DNA tufua ~2000 bp mov mpokvatet amd v
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néyn tov mAacpodiov PANS20exp pe Sacl. Amd «dBe mpoiov, 250 ng

xpMnooromOnkav yio v mapoackevn yvndém. H onuoavon tov yvnbém €ywve pe

«toyoio wpdodeon» (random priming) coOUEOVO HE TO TP®TOKOAAO t¢ BRL

Multiprime DNA labelling Kit. Ta Brjpota mov akoAovdndnkay €xovv wg €ENC:

* Ta 250 ng and tov ywvnbétn mpocapudotnKay o dyko 21 pl pe v mpocsbnkn
AmESTAYUEVOL VEPOD Kol omodtatdyOniay e Bpacpod yio 2 AeTTd, TPOKEWEVOL VoL
avoi&ovv o1 aAvcideg TG dmANg EAkag Tov DNA.

= To Bpoacpévo oetypa petapépbnke apécmg otov mayo, ®ote va pewmbel m
KIVNTIKOTNTA TOV 0AVGIO®V Kot vo. amo@evyBel n dnpiovpyio StmAng EMkag.

= ¥10 oamodwtaypuévo DNA mpootébnke piypo 6hov tov mbovdv cuvovacpodv
Toyoiov  eEavovkieoTdiov (random hexamers), to tpia amd TO TECOEPQ
deovvovkieotiow (dATP, dTTP, dGTP), 1o tétapto dco&vvovkieotioto dCTP
mov ftav padwonuacpévo pe 2P (¥P-[*dCTP]), Klenow DNA moAvpepdon,
KATOAANAO pUOUOTIKO S1GALHO KOl O GYKOG TNG OVTIOPUONS TPOCAPUOCTNKE LE
™mv pocbnkn vepov oto 50 ul (ITiv. 2-7). H avtidpaon erodotnke yio pio dpa.
otovg 37° C. To toyoia eEavovkdeotidia mpocdibnkov oe Tuyaieg 0éoeic oe KGO
povoxkimvn oivcida DNA tov 1yvnBétn. Xta kevd mov mopépevay oTig Vo
CUUTANPOUATIKEG 0AVGIdES, cLVTEONKE TO cuUTANPOUHaTIKO Koppdtt DNA, péow
¢ dpdong ™ Klenow molvpepdong, n omoia ypnoiponotel yio avtd 10 6Komod To
téooepo  Oco&uvovkieotiole. Emedn to dCTP  deofuvovkieotioo  eivat
POOIOCT|LOGUEVO LE 32p, 1 COUTANPOUATIKY 0ALGIO0 TOL CLVTEONKE TTePLeiye 2p_
[*dCTP] kou emopévers Arav padtoonUacHEV.

* Metd TV oAokApmon Tn¢ enmacng otovg 37 °C, 1o mopandve uiypo dindnonke
péoo amd €01K0 koiwvakt yopntikdétnrog 100 pl (Pharmacia), to omoio
oLYKPATNGE TO EAEVOEP VOUKAEOTIOIN TTOV OEV KATAPEPAY VO EVEOUATOOOVV KT
™ ovvBeon TG CLUTANPOUOTIKAG 0AVCIdAG TOL vnbétn kol To omoia
dnpovpyovy B6pvPo (Ladpeg KOVKISESG) GTO PIALL AL TOPASIOYPAPIOS.

= To piypo mov dmONMOnke amd 10 KOAWVAKL, amodlatdyOnke pe Ppacud yuwo 2 Aentd
Kol opécmg mpootédnke péco oto didAvua TPoHPPOIGHOD GTOV KOAWVOPO 7OV
Bpoxotay m  peuPpavn, v voa  Eekivnoet o vPpuwdicpds. O vPpdcudg

nporypatomotOnke yio tovAdyiotov 12 dpeg otovg 65 °C.
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ITivokag 2-7 H cvotacn ¢ avtidopaocng padstocipovens tov yvn0étn pe 32P-[adCTP], péow g
TVYiog TPOGIES G EEUpEP V.

JVOTATIKA TG AVTiopaoNS YVYKEVIPAGELS
DNA 1yvn0étng 250 ng

Toyaio eEavovkieotioln (Sigma) 10 ng

dATP (BRL) 10 uM

dGTP (BRL) 10 uM

dTTP (BRL) 10 uM
%2p_[%dCTP] 0,05 mCi
Klenow DNA moAvpepdon (Minotech) 5u

10X pvOuotco ddavpa Klenow 1X

H,0 (ameotaypévo) péxpt ta 50 pl

2.1.8.4 Exmidoeig g pepppavns — Epedvion

[TpaypoatomomOnkov cuvoAlKd T€6GEPIG EKTAVCELG TG LEUPPAvNG Kot 1 KAOE
ékmivon dmpkeoe pon dpa. Ot TPEIS TPAOTEG EKTAVGELS £YIVAV LEGO GTOV KOALVOPO
e TeplotpoPn kat otoug 65° C pe didhopa 2X SSC, 0,1% SDS. H televtoia ékmivon
éywe pe dwwvpa 0,2X SSC, 0,1% SDS, péoa oe Aekdvn pe avadevomn Kol Og
Oepuoxpacio dopatiov. Metd to T€A0g TV ekTAVCE®Y, N HeUPpdvn tomoBeTrOnke
og €101k kacéto avtopadoypapiog pali pe euip (Kodak X-omat) xor n xacéta
uetapépOnke otovg -80° C. H mpdtn ppdvion mpayuotonoidnke petd amd 3o dpeg
ékbeong, e KO QOTOYPOPIKA OlHAVHOTE OVATTUENG KOl HOVILOTOINoMG NG
etarpeiog Kodak, kot émetta avaroya pe tig avaykes. I'evikd, n dibpketo g ékbeong
kaBopileTon amd TV TOWOTNTO GNUOVONG TOV 1YvNOET aALG Kot oo TN CLYKEVIPM®ON

tov DNA 7mov éyet mpocdebei otn pepppdvn.

2.1.9 MeTpioeig Tpocinyng paotocIocHEVOV 0VGLAV KOl 1] KIVITIKI] TOVS
2.1.9.1 TIIpoctowpacio kovidiov Tov A. nidulans
Ta kivntikd Tepapato LETpNong g TPOCANYNG PUOIOCT| LAGHEV®Y TOVPIVAV

0€ KOVIO0GTTOPLaL KoL VeEapd poknia otedeymv tov A. nidulans éywvav copeova pe
™ dwdikacio mov Teptypdeetar and tovg Papageorgiou et al. (2008p) ko Tazebay et
al. (1995, 1997).

Ta oteléyn tov A. nidulans mov ypnowomomnkay, avartdydnkay ETopPKdS
HETO OO EMMOCT| TOVG GE OTEPED, MANPES Opentikd vtdotpoupa otovg 37° C yo 3-4

nuépes. Ta kovidoondpla Tov pOKNTA EXAVAOIOADONKOY GTN GLVEXEWL GE OLAAVLOL
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Tween-80, ovykévipoong 0,01%, omOnOnkav péom o@iktpov blutex ko
ypnowonomdnkav yw tov gupoiacud 25 ml vypng kaAlépyslog €AA(IGTOV
OpENTIKOD VTOGTPOUATOG TOV TEPLELXE TIC KATAANAES avEOTpOPies, KabMG Kot TIC
appolovoec katd mepintmwon myéc alotov kKo avOpaxa. [lpv and v empdivvon
VTOAOYIoTNKE O OapPBUOS TOV KOVISIOOTOPI®V KOl TPOCHPUOCTNKE OE TEAKN
oLYKEVTPOOT] 5 X 10° Kovidrtoondpia / ml kaAlépyelag. H kaAliépyeio enmwdotnke og
avadevdpevo enmactipo oe cuvOnkeg 37° C ko 140 rpm, ywo tov amoitoOueEVO
xPOVO. X115 cuvOnKeg avTEG TOL KOVIOooToOpla yperdlovtol tepimov 4 MPeG ylo va
@TAGOVV GTO TEAOG TNG IGOTPOTIKNG PACNG AVATTUENG, EVA HUKNALML, TOPOLOLL LUE TIG

ovvnBeig cuvONKes Tov puKpockomiov ypetdloviat Tepinov 16 dpeg endAONC.

2.1.9.2 TIpocOkn g paotoonuacpévng oveiag

TN cuvéreto akolovdnoe M Tpochnkn e podoonpacuévne ovolag ([PH]-
EavOivn (21.1 Ci/mmol), Moravek Biochemicals, Brea, CA) ce cvykévipwon 0,15
UMy ovykekpipuévo ypovikd odotnuoa (cvvnBwg 1 Aemtd). H mposAnyn g
POOIOCTUOGHEVNG OLGiaG Teppatiotnke pe TV mpoodnkn mepicoelag (o€ TEAKN
ovykévipoorn 1 mM) un onupacpévng ovcioc. AkoAovOnoav otddio EKTAveNG NG
POSLOCT|LOGHEVIG 0VGIOG TTOL eV glye mpooAnebel amd Ta kutTapa. H éxmivon éywve
e @uyoxkévipnon tov piypatog ot 12000 rpm yw 7-10 Aemtd, omdppirym TOL
VIEPKEIIEVOV, EMAVAIIOALGT TOL piypatog o 1 ml yoypod vypov SeAVUATOS Kot
euyokévipnon onwg mponyovpéves. To vmepkeipevo amoppipbnke ko to nua
TeEMKG  emovadloAvdnke Kot opoyevomomdnke pe vortex oe 1 ml dSAdpaToc
onvOnpiopod, mov meplelye Tov 0pyavikd OSlaAvTn ToAovévio, Triton-X-100 wat
LKPOTTOGOTNTES TV evioyvtdVv ofjuotog PPO kow POPOP (cvotaon og 1 1 666 mli
TohovEVI0, 2,66 g PPO, 0,066 g POPOP, 333 ml Triton-X-100). Té\og, ota delypata
aVTE TPAYHOTOTOMONKE 1 LETPNOT NG TPOSANYNG TNG PASTOCTLOCUEVG TOVPIVIG
o€ e101K0 PoTOpETPO omvOnpiopov (Tazebay et al., 1995; Tazebay et al., 1997).

2T0 TEWPAUOTE OVTOY®OVICUOD TPOCSTEOMKAY TOVTOYPOVA 1) PAOIOCT|LAGHEVT
ovcia oe ocvykévipoon 0,5 1 1 uM kot Ok SUPOPETIKES CLYKEVIPMGELS TNG UN
padtoonpacpévng ovciag (movpiveg, avdAoyo movpwadv), 1 omoio £3pOcE MG
AVTOYOVIGTAS. ATO TO TEWPANATO AVTOYOVIGHOD UTOPOVV v, avTAnBovv TAnpogopieg
Yo TV €E€101KEVGT TOV PETAPOPEN OG TPOS TO, VITOGTPMLOTO TOV YPTGLLOTOLOVVTOL

®G avToy®VIoTEC. To VTOGTPMOUATO TOL OEGUEVLOVTOL OTO EVEPYO KEVIPO TOV
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petagopéa givarl avtd mov avroywvifovtal T dEGUEVOT] THG PASIOG LAGHEVIC OVGTOG
oto 1010 evepyd kévipo. H déopevon evOc vIoGTp®UATOS OTO eVEPYO KEVIPO TOL
LETOPOPEN  OEV  CUVETAYETOL OMOPOITTOG OTL O UETAPOPENS UETOPEPEL  TO
GLYKEKPIUEVO VITOCTPOUO KOTE KOG TNG HEUPPAVNG. T TEPAUATO KIVITIKNG TNG
TPOCANYNG  POSIOCNUACUEVEOV  OLGLOV  Tpaypotomomonkoy  Tpelg  ave&apTnTeg
emovaANyelg v kdBe cvvOnkn kol vroAoyiotnke o HEGOG OPOg TMV TIUADV TOL
TPOEKLYOLV. o OTOOEGUEVTIG KMong TPOTOVIOV carbonylcyanide
chlorophenylhydrazone  (CCCP) ot o  avootodéag  ATPoaocdv  N,N'-
dicyclohexylcarbodiimide (DCCD) mpoctébnkov 10 Aentd mpwv v mpooHnkn
POSLOCTLAGLLEVOD VTTOGTPAOUATOG 0 SVYKEVIP®SELS 30 M kot 100 pM avtictorya.
H otafepd ovyyévelag Km TOL HETAPOPEN Y100 TO POOIOGTLOGHEVO VTTOGTPMLLOL
umopel  va vmoroywoBel  epapuoloviag 115 efiomoelg  Michaelis-Menten ko
Lineweaver-Burk, 6mov yivetar cuoyétion g taydmroag g aviidpaong (V) pe
OLYKEVTIPMOOT] TOL VTOCTPOUOTOS (S). Me tov TpOTO QVTO UTOPOLV Vo avVTANBOHV
TANPOQOPIiEC Yo TIG OYECELS GLYYEVELWNG TOL QLOWKOD TOMOV OGO Kol T®V
HETOAAOYUEVOV  LETAPOPEMY UE TO VTOCTPOUATE TOVLG, OAAE KOl ETEPOLOYWV
TPOTEVOV KatdAInio exkppaocpévov otov A. nidulans. Ta amotedéopoto TV
HETPHoE®V avaivOnKov pe to Tpdypappa Prism3, pe to omoio kot e€nydncov ot Tipuég
Kmi. Ta amotedéopota mpoépyoviol amd TovAdylotov 2 aveEdptnta mepdpota pe
TPEIS EMAVUANYELS EKOOTO, TOV OTOIMV 1) TUTIKT ATOKAIoT T®V Kabapdv TIHOV elval

70 oD 10%.

2.1.10 Amopdévomon ko avadivon TpmTEIVOV

I'o v amopdvmon mpoteivdv Tov A. nidulans, kovidioondpio and otedéyn
TOV pOKNTO OvamTLYHEVO Yo 4 Muépec o€ oteped TANPEg Opentikd vrdoTPOUO
ovMérOnkav oe 0.01% (w/v) TWEEN-20 xoi, péom ombnong pe ™ ypfon
amootelpopévoy eiktpov blutex, eufoidobnkav oe kwvikn @din pe 100 ml tov
ekdotote avtiotoryov eAdylotov Opemtikov pécov (MM), mov mepieixe TIC
aropoitreg mnyég aldTov kol avéotpoeieg. O1 kaAAEpyeleg enmwdotnray Yoo 12-16
wpeg otovg 25 °C, pe avadsvon otig 140 rpm. Ta pokniia cuAAExONKav e T ypnon
eiktpov blutex, Opvppoaticmnkav 4-5 eopég ékaoto Tapovaio vypol aldtov kat 400
mg Opvppotiopévovr pokniiov cvAiéyxbnkov ce coinveg 2 ml tomov eppendorf.
Kotémv axorlovdndnkoav dadikacieg avaioya pe to €100¢ TG emBLUNTAG avdAvong,

OTMG AVOPEPOVTOL TAPOUKATM.
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2.1.10.1 Amopdvmon epTAOVTICREVOV HEUPPAVIKOV TPOTEIVAV Y10, TNV GVIYVEVGT)
ovfikoviTivomopévev popeov tov UapA

To OpvupoTIoHEVO HUKNALD avad1oAVONKE LEYPL OLOYEVOTIOINOTG GE TAYOUEVO
dtdAvpo amopdvoone pe 25 mM N-ethyl-meilamide (NEM), 1 mM PMSF «kat
avaotoreis mpoteacmv (Sigma) (1:500) (puéxpt ta 2 ml) ko enwdcOnke 10 Aemtd
otov mdyo. AxkolovOnce ouyoxévipnon yw 3 Aentd otovg 4 °C, ota 3000 ¢
TPOKEEVOL VO, ATOLOKPLVOOUV ad1AGTOGTO KOTTOPO KOl KUTTAPIKE Toty®pata. To
vrepKeipevo petaeépinke oe véa mpomoyouévo eppendorf 2 ml kot o1 oAikég
pepppavikég mpmteiveg katakpnuvicOnkav pe puyoxkévipnon ota 13.000 g, otovg 4
°C yia 45 Aemntd. To ilnpa emavoiwpnibnke oe 400 ul didhvpa amopdvoong mov
nepieiye 5 M ovpilo Ko enwdcOnke otov wdyo yia 30 Aentd. Katomy guyoxevipnonke
oto 13.000 g ywo 45 Aemtd, otovg 4 °C, kot to inua emovoadiodlvdnke oe 320 plL
dlaldpatog amopdvoons, epmiovtiopévo pe 25 mM NEM, 1 mM  PMSF ko
avaotoleig mpoteacmv (Sigma) (1:500).

ITivokag 2-8 XOotaon SL0AVRATOV TOV YPNCLUOTOLONKAY Y10 TNV OTOUOVMGT] ERTAOVTIGUEVEOV
oVfKoVITIVIONEVOVY HEPPPAVIKOY TPOTEIVOV.

Awdlopa YVoT0o
100 mM Tris-HCI pH 7,5

Avddopo aroudvmong 150 mM NacCl
5mM EDTA pH 8,0
250 mM Tris
50 mM Tris-HCI pH 6,8
2% SDS

1x  Awdvpo petovoinong 10% I'Avkepdin
2 mM EDTA

2% PB-uepxamtootBovorn

0,005% umie g PpoUO@aIVOANg

o v koatakpnuvion tev mpoteivov npootédnkav 80 pl tpyydwpo-o&ikod
o&éoc (TCA) 50%. AkoloOOnoe emdoon otov mhyo yio 30 Aemtd Ko pUYOKEVTPTON
ota 13.000 g vy 30 Aemtd otovg 4 °C. To ilnuo mAvBnke pe mpocsHnKm Ko
emavappoenon 400 uL Tris Base 1 M, yia v e€ovdetépmon tov 6Ewvov pH Adym tov
TCA. AkoloObnoe enavadidivon tov lpatog oe 100 pl 1X diddvpua petovcimong
OVBIKOVITIVOAMOUEVOY  TPOTEIVIKOV  detypdtov. Ta mpoteivikd deiypato mov

Tpoékuyay uropovv vo Statnpndodv otovg -80 °C péypt ) yprion Tovg. Me owtd 1o
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TPOTOKOALO dgv glval OLVOTOC O TOGOTIKOG TPOCIOPICUOG TOV TPMOTEIVIKOV
detypdtov pue ™ pébodo tng Bradford war o kabopiopdc g 160mOGOTIKAG TOVG
eoptoong  yw v avéilvon Western €ytve pe  TPONYOVUEVY]  OVOALTIKN
niektpopdpnon pépovg tov detypatog oe SDS-PAGE kot ypdon pe Sdivpo
XPWOTIKNG coomasie (mapdypapog 6.17.7 ). Ilpwv v avdAivon tov deryudtov pe
SDS-PAGE gnwacOnkav yuo 10-15 Aentd otovg 37 °C.

2.1.10.2 IIpocoropiopnog TS GLYKEVTPMOONS TPMTEIVIKAOV OEYHaTOV pe 11 pébodo
Bradford

O 7©POoGOIOPIGHOE NG OLYKEVIPMONG TOV — TPOTEVIKOV  OElyHdT®V
npaypotorodnke pe tn pébodo Bradford (Bradford, 1976). To cdumloko mpmteiviv
ue ™ ypowotikn tov avtdpactnpiov Bradford (100 mg coomassie brilliant blue G-
250, 50 ml aBavorn, 100 ml H3PO4, 850 ml H,0) mpokarel aAloyn tov pEyloTo
AmOPPOPNONG TNG XPWOTIKNG ard to 465 NM ota 595 nM. To T0606Td amoppPOENGNG
givol avaloyo Tng CLYKEVIPMOOTG NG TPOTEIVNC. ZvyKekpiuéva, 2-5 pl mpmteivikon
ekyvMopatog petapépdnkoav oe 2 ml ovudpaoctpiov Bradford oe pukpotc
JOKIHOOTIKOVS GOANVEG, AVOUEXONKAY Kol 1| OTTTIKY] TOLG TUKVOTNTA TPOGOIOPIGTNKE
ota 595 nm. Q¢ tveAd ypnowonomnkav 2 ml tov avtidpactnpiov. H cvykévipwon
TOV TPpOTEIVOV Kabopiletar ocvykpivoviog TIg TIWEG ONMTIKNG OomoppdPNoNg TmV

JeyHAT®V pe TV TPOTLAN KOUTOAN amoppoenong g aifovuivng (BSA).

2.1.10.3 Hiextpopdpnon oe SDS-PAGE
H avédAivon tov npoteivikov detypdtov &ywve omwe oto Pantazopoulou et al.
2007. ITo ovykekpipéva, to detypoto StoympioTKay NAEKTPOPOPNTIKE GE TNKTMLLOL

noAivokpviapiong 10%, SDS 0,1%. H chotaon Tov TnKTOUATOV QoiveTol TopakdTo:

IIktopo swympiopod  INKTORE VGO PEVOS

FUOTOTIG 10% (10 ml) 4% (10 ml)
Acryla;n(;g/;a/g;s,asfglamlde 3.3 ml 1.3 ml
H,0 omreotaypévo 4,05 ml 6 ml

Lower Tris 2,5ml -

Upper Tris - 2,5ml
10 % (w/v) SDS 100 pl 100 pl
10 % (w/v) APS 50 pl 50 wl
TEMED 10 pl 20 pl

Lower Tris: 1,5 M Tris-HCI, pH 8,8 ; Upper Tris: 0,5 M Tris-HCI, pH 6,8
APS: Ammonium persulfate
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Ta detypata avarbOnkav niektpoeopntikd oto 110 V, napovsio dtaddporog
niektpoeopnong (25 mM Tris, 192 mM T'ivkivn, 0,1 % w/v SDS) o cuckevun Mini
PROTEAN™ Tetra Cell (Bio-Rad) péypt n ypwotikn tovg (~15 kDa) va ¢técet 610
KaT® pépog Tov mnrtopatog (~ 1,5 dpa). H nAektpopdpnon tov detypdrov yio tnv
aviyvevorn ovfucovttivoMopéveoy popeov tov UapA mpaypatonombnke oto 110 V
HéxpL vo @tdoel oto Kat® pEPog Tov mnkTdpotog M Lovn tov 50 kDa tov
npoteivikod pdptopo  (Fermentas) (=3 opeg). O AOYOC 1TNG  EKTETAUEVNG
NAEKTPOQOPNTIKNG  avAALONG NTOV 1 avAYKn  Olay®plopod TV  mhovadv
ovBikovttivoMopéveoy popedv tov UapA, agold 1o popto tng ovPukovttivig €xet
poplokod Papog mepimov 5 kDa, 6tav n UapA-GFP éyet mepimov 95 kDa, aArd tpéyet
ota 80 kDa. O Adyog yio TNV owénpévn NMAEKTPOPOPNTIKY KIVITIKOTNTA TG TPWTEIVIG
oG €ivor 0 010G Pe OA®V TOV HEUPPOVIKAOV TPMTEIVOV, LG Kol OEV TPOGIEVOLV TO
10 mocootd SDS cg oyéon e TIg KUTTAPOTAAGHATIKEG TPMTEIVES. QG YvmoTdV, 6TV
SDS-PAGE ot mpwteiveg avaidovtor miextpopopntikd pe Pdon to apvntikd
NAEKTPIKO QOPTIO TOL TOVG TMPOGOidEL N mpocdptnon popiwv SDS o vopdpoPa
apwvo&éa. Ot dwpepuPpavikés mpwteive dwbétovv meploodTEP TETOW, OMOTE
OTOKTOVV 1oYVPOTEPO APVNTIKO POPTIO Kot EUPAVIOLV OLENUEV NAEKTPOPOPNTIKY|
KIVNTIKOTNTA 0TI cLVOTKEG awTég. MeTd o TEPaV TG NAEKTPOPOPNONG, TO THKTMLLO
YPNOWOTOONKE YioL XPOON HE OOALUO YPMOTIKAG CoOomasie M petagépnke oe
ueuPpdvn PVDF (Amersham) yio thv mpoypatonoinon avéivong kot Western.

2.1.10.4 Xpoon pe draiopo ypootikiig Coomasie

H ypdon tov SDS-PAGE pe didAvpo ypmotikig Coomasie mpaypatomomdnke
ue euPamtion tov mnKtOpatog oe ddivpa 0,25% Coomasie brilliant blue, 45%
puebavorn, 10% kpvotodkd o&kd o&D yu pio dpa vwd avadevor. AkoAovOnoe
OTOYPOUATICUOS TOL TNKTOHOTOG e 2-3 mhvoipato tov 30 Aesntov oe 30%

pebavoin, 10% kpvotariikd 0Ekd o&v.

2.1.10.5 Meta@opd Tov npoteivov g pepppdvn PYDF

Metd 10 TtéA0G TG NAEKTPOPOPNONG TO TNKTOUO TomofeTnOnKe ce ddAvpo
peta@opds yro 30 Aentd, OGTE VO ATOKTHOEL OPLOTIKO TEMKO péyefog. Metd to mépag
avtav, 1 PVDF pepuPpavn evepyomombnke v 30 devtepdienta o pebovorn xot
tomofetOnke oe OSAvpa petapopdc yw 30 Aemtd. Koatomv n pepppdvn

tonofeOnke move oto mKTtoua kol dvo yaptid Whatmann 4 mm zmpooténkav
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exkatépbev. O avoTEP® GYNUOTIGHOG TOTOOETHONKE GTN GLOKELN UETAPOPACS, LE TN
pepppavn mpog to BTIKd TOAO (01 TPOTEIVES EYOLV ATOKTNGEL APVNTIKO POPTio AOY®
tov SDS kot O kivnBovv mtpog avtdv). H petapopd npaypatoromdnke yo 1 opa ota
100 V ot Sidhvpo petagopds Oeppokpaciog 4 °C kat yprion mayoxdotne. Metd 1o
TEAOG NG HETAPOPAS M HeUPpdvn mAvOnke oe didhvpo TBS kot tomobethOnke oe

dulvpa TBS-Tween péypt v endaor] Tng LE To EMBLUNTO avTicOLO.

ITivakag 2-9 ZYoTeon S10AVRaTOV HETUPOPAS Kol EKTAVGG.

Awdivopa Xvotaon

25 mM Tris
Avdivpo petapopdg 192 mM yhvkivn
20% (v/v) pebBavoin
20 mM Tris-HCI pH 7,5
500 mM NacCl

20 mM Tris-HCI pH 7,5
Awdivpa TBS-Tween 500 mM NaCl
0,05-0,1% Tween 20

Awiopa TBS

2.1.10.6 Xpoon T®V 0€GHEVPUEVOV G6E PEPPPAV] VITPOKVTTUPIVIIG TPOTEIVAOV NE
Ponceau S.

H amodotikdtrta tng petagopds umopei va eheyyOel pe xpmdon 1oV TpOTEVOV
ot upeuPpavn pe to ovtwpoctplo Ponceau S, to omoio deopedeTor £0KA GTIC
TPOTEIVIKEG {OVEC TPOGOHIOOVTAC TOVG YaPaKTINPLOTIKO 1hdec ypodpo (Salinovich &
Montelaro, 1986). I'a ™ ypoon, N ueuppavn enwdotnke pe didivua Ponceau S
(AppliChem) yw 2 Aemtd vd avASELOTN, KoL OT GUVEYEIN EKTADOMKE ue
OMECTAYUEVO VEPO UEYPL VO EREOVIGTOVV Ol (®veS TV TPOTEiVOY. AKoAlovOnoe

gkmivon g nepPpavng omd m xpwotikn og didlvpa TBS-Tween vrd avéogvon.

2.1.10.7 AvocoamotimTope Kol Xnueto@oopiopnog

Metd ™) petagopd Tovg 6T HEPPPEavn, ot TPOTEIVEG UTOPOLV VA aviyveELOOLV
€101Kd, e TN Pondeia aviicopdtov Tov avayveopilovy cuyKeKpévoug emtontovg. H
OAANAETIOPOOT  EMTOMOV-OVIICOUOTOS  EMITPEMEL TNV €01KN  KOL  VYNANG
SKPITIKOTNTOG aviyveLOT| (oG TPOTEIVNG Tov £xel axwnroromel o€ o pepPfpdvn,
pHéc® MG OdlKaciog mov KaAeitor avocoaviyvevon. Metd ) petagopd €vog
mktopatog SDS oe pepPpdvn, ot meproyés e pepPpdvng mov eivar edevBepeg

TPOTEIVOV TPEMEL Vo, adpavomomBodv mpokeévov vor amopevyfel 1 un €101k
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O€0UEVOT) TOL TPOTOYEVOVS 1 OEVLTEPOYEVOVG OVTICOUATOG oTn MHepPpdvn. T to
oKkomd avtd N pepPpavn emmdotnke yo 1 dpa oe 2% odAvpo okOVNG YOAUKTOG O
TBS-Tween (dudlvpa  adpovomoinong), o€ Oepupoxkpacio dopatiov, vad Mmia
avédoevon. AxolovOnoe emmaocm ™G HEUPPAVNG Yo 2 DPEG UE TO TPOTOYEVEG
avticopa (mouse anti-GFP povoxiwviko avticopa, Roche, apaioon 1:1000-2000 ce
dtdAvpa adpavoroinong) kot Ekmivon pe ddivpa TBS-Tween 2 X 10 Aentd, dote va
OTOLOKPVVOEL N TEPIGGELN TOV AVTICOUOTOG. XT1 CLVEYELD 0KOAOVONGE enddaom Yo 1
OPO. UE TO OEVTEPOYEVEG AVTIICMOUO GTO OMOI0 €ivol YMUKA GLVOEIEUEVO TO HOPLO
avaeopdc Horse Radish Peroxidase (HRP) (rabbit anti-mouse I1gG-HRP, Cell
Signalling). Metd v end®acn pe To avTioduato 1 HepPpavn ekmAdbnke pe dStdivpa
TBS-Tween 2 x 10 Aentd, otn cvvéyewn yio. ahdo 10 Aemtd pe ddivpo TBS. Téhog,
vroPAnOnke oe avtidpaon ynueobopiopov. I'ia to okond avtd ypnooromOnKe to
Supersignal West Pico Chemiluminescent (Pierce) mg vrméotpopo tov evidpov HRP.
H pepppavn oteyvodnke petal&d omOntikdv yoptidv, emkaidednke pe 2 ml
ULYHOTOC TOL GUYKEKPLUEVOD VITOCTPMUATOS TAV® G€ YLOM Yia 90-240 devteporenta,
TePTLALONKE oe Owapovi) pepPpdvn Kol ot ovvéyEw ekTédnke oe QAN
avtopadloypapiog, OTmg &xel meprypagel yioo ™ dwdkocion TS ovOALoNG KATA

Southern.

2.1.11 Mwpookornia em@0opiopov

Ta delypota yio 10 UKpPOSKOTIO £TPOOPIGHOV £XOVV ETOYACTEL COUPOVA LE
tovg Valdez-Taubas et al. (2004). EWdwotepa, to delypoto etmaotnKay 6€ TpuPAia
Petri 3 cm pe kaAvmtpido, TPOGTOTELUEVE OO TO PMOG, G VYPO EAAYIOTO OpemTIKO
vodoTpopo (MM — BA. Tv. 2-1) couminpopévo e ovpio mg wnyn Tov aldOTOL KoL TIG
KATAAANAES av&oTpopicg otovg 25 °C yia 12 dpeg Ko 6T cuvEELR LETAPEPONKOY OE
duapopeg cuvONKeg Yo 2-4 dpE.

H ypoon pe FM4-64 (Molecular Probes, Inc, USA) mpaypotonomdnke
ocbppova pe to Penalva, 2005. Ewwotepa, kahvntpideg pe ekfractnuéva kovidta 1
veapd poknAte torofetOnkav o tpuPAiio 3 cm, kahvppéveg pe 0,1 ml 10 uM FM4-
64, esmowdaotnkav otov mayo vy 15 Aemtd, CemAvOnkav pe 5 ml MM, ko
petapépbnkav e 3 mL véov MM yua 10 - 60 Aentd.

H ypdon tov yopotomiov pe CMAC (7-apvo-4-yAwpopedoulo kovpapivn)
(Molecular Probes, Inc, USA) ftov oduewvoe pe tovg Pantazopoulou et al., 2007.

KaoAvmtpideg pe ekfraoctnuéva kovidwa 1} veapd poknAta torofet)Onkay oe tpuPfiia 3
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cm, xoivppéva pe 0,1 ml apaioon 1/1000 g CMAC (5 mg/ml dwAvparog),
enmmaotray 6tovg 25 °C yuo 20 Aemtd, EemdvOnkav pe 3 ml MM, kon petopépOniay
o€ 3 ml véo MM vy1o 20 Aemtd.

Ta detypata wopatnpnOnkay ce pikpookdmo empOopiopod aviibeong pacemv
Zeiss Axioplan pe 1o katdAAnAo @iltpo Kot o1 TPOKHTTOVGES EIKOVES OMOKTNONKAY
pe v Zeiss-MRCS5 ynowkn @oToypo@ikn Unyovy He ¥pNomn ToL AOYIGHIKOD
V4.40.0 AxioVs40. Ot eicodveg otn cuvEyela eneEepydotnkay e 1o Aoyiopukd Adobe
Photoshop CS3.

2.2 Boaxkmipu
2.2.1 Opentikd vrootpopote & Xvvripnon

H xoliépyeio tov Pokmnpiov tov otedléyovg DH5a éyiwve oe Opemtid
vrootpopo Luria-Bertani (LB) (Zvotaon og 1 |: Bacto Tryptone 10 g, NaCl 10 g,
BactoYeast Extract 5 g, pH 7,0) (Sambrook et al., 1989). H npocappoyn tov pH éywve
pe owAvpoata NaOH (1 N) xor HCl (1 N). g nepmmtdcelc mopackeuns oTepeon
Openticod vrootpopatog, mpootédnke emmAfov 1,5% dyap petd v mpocapoyn
tov pH. Z11¢ TEPMTOCELS OTIG OMOlEg XPEWIGTNKE N TPOGONKN ApTIKIAAIVIG, GE VYPO
N oteped Opentikd vrdoTpwua, TPootédnke o€ TeAKN ovykévipoon 100 pg/ml
(Sambrook et al., 1989). Ta Baktnplokd otedéyn datnpnonkav ctovg -80 °C og 50%
YAVKEPOAN).

2.2.2 Baxtipro o¢ 0ékteg mAaopoimv — [poetoypnacia
H pébodog mov ypnoyomomdnke yio tnv TOPACKELN] TOV OEKTIKAOV KLTTAPOV

g E. coli amoterel mapailayn Tov TpOTOKOALOL TTOVL TIEPYphpeTar oo, Kepdiaio

1.82-1.84 oto Sambrook et al. (1989) kot dtapoppmbnke we €ENG:

* Mia amopovouévn amoikia tov Paktnpiov E. coli (DH5a) ypnowonombnke yio
mv empodAvven 5 ml vypod Opentikov vrootpodpatog Luria Bertoni (LB) kot n
KoAMEpYELo eTwaoTnke Yo 16 dpec otovg 37 °C pe avadevon otig 220 rpm.

Az Vv mokvi KoAMépyela Baktnpiov mov mapdydnke, ypnoworomdnke 0,5 ml
v v emporvven 400 ml vypod LB og kwvikn @idAn yopntikotntog 1 1, dote va
e€aoparoTel KOAOG 0EPIGHOG KOt OVAOELOT).

* Ta kottopa enndotkay 6tovg 37 °C pe avadevon otig 260 rpm péypt N OXTIKN
TOKVOTNTO TNG KOAMEPYELNG va pTdoet o 0,45-0,55, oe unkog kopoatog 600 nm.

*  AkolovOnoce Quyokévpnon Tmv KuTtdpmy yio 5 Aertd otig 4500 g kat otovg 4 °C.
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= To vrepkeipevo apapénie, Kot Ta kKOTTOP ETOVOSIOAVONKay og 160 ml yoypod
daivpatog TFB 1T (30 mM CH3COOK, 10 mM CaCl,, 50 mM MnCl,,100 mM
RbCl,, 15% yAvkepoin, pH 5,8 ue 1 M CH3COOH), enwdotnkoay yio 5 Aentd otov
Thyo Kol QUYOKEVTPNONKAV OIS TPONYOLUEVMG.

= To vrepkeipevo aparpédnke Eavd ko 1o ilnpa eravadioivdnke oe 20 ml yoypod
dwivpatog TFB 11 (10 mM MOPS pH 6,5, 75 mM CaCl,, 10 mM RBCl,, 15%
yAvkepoAn, pH 6,5 ne 1 M KOH).

= To gvoumpnuo TV KuTtdpwv enmdotnke yuo 15-60 Aentd otov mayo.

= Télocg, ta kOtTrapo Soupopdctnrayv oe Eppendorf kot amodnkevnkay otovg -80
°C, 6mov pmopovv va dtatnpndovv yio TovAdyiotov €1 uqveg Ympic va ydoovv v

dextikoTnTd TOoVg (Sambrook et al. 1989).

2.2.3 Metaoynpatiopog kuttapov E. coli
H pébodog mov ypnoyomomdnke vy TO UETACYNUATIOUO TOV OEKTIKAOV
kuttdpov E. coli omotelel moporiayn ToL TPOTOKOAAODL TOL TEPIYPAPETOL GTO.

KegpdAaa 1.74-1.81 tov Sambrook et al., 1989 ko mpaypatomombnke wg e€nc:

= ¥e 200 pl dextikmv kuttapwv tpootédnkav 0,01-0,5 g DNA.

= To pilypo enwdotnke yio 20 Aentd 6TOV TAYO.

= AxoloOBnoce Oeplikd GOK TOV OEKTIKMOV KLTTAP®V, LE OMOTOUN LETAPOPO TOVG
and tov wdyo otovg 42 °C yia 90 devtepdienta Kot amdToun ETOVOPOpPE GTOV
nwhyo, Omov kol mapéuevay Yoo 2 Aemtd. To Oegpuikd cok TV OEKTIKAOV
BokTnplok®dv KVTThpmv YOAAPOOE TNV KLTTOPIKY HEUPPAVN Kol d1EVKOAVVE TNV
€100 Y®YN TOL TAAGUISIOV.

* Ta kOTTOPO 6TN GLVEXEIN enmwdotnikay yio 60 Aertd otovg 37 °C oe 1 ml vypoo
Opentikod LB mpokeévov va  emavéEABOUV GTOVG  QLGLOAOYIKOVS  PLOUOVG
avamTUENG Kol Vo EKQPPOCTEL TO YOVIdlo Tng avOeKTIKOTNTAS OTO E€KAGTOTE
avtifotikd (my. to yovido bla g B-Aaxtapdong mov Oo eéacearicel ota
LETOCYNUATICUEVE, OTEAEYT aVOEKTIKOTNTO 68 QUTIKIAAIVY). O ¥pOVOG ETMOONG O
LB oev mpémel va Eemepvael ™ pio opa, dote to KotTopa mov Oo emieyfodv va
TPOEPYOVTOL OO LETOGYNUOTICUEVE KOTTOPO KOl OYL OO TNV SLOPEST] AVTAV.

* Toa petaoymuoticpéve KOTTOPO GTN CLVEXELD EMOTPOONKAY o€ oteped OpemTiKd
vrootpopo LB, mov mepielye 10 katdAAnio avtiflotikd (cuvnbmg apmkiAlivy og
TeMKY ovykévipwon 100 pg/ml).

»  AkolovOnoe endoon otovg 37 °C yia 16-18 dpec.
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2.2.4 Amopdévoon mhacpudtokod DNA ané faktnprokd kotTtapa
H pébodoc mov ypnoiponombnke yoo v amopdvmon vyning kobopdtnrtog
mAacdtokod DNA and Boktnplaxd kottapa E. coli, £yve dmwg meprypdpetol 610
kit Nucleospin g etapeiag Macherey-Nagel.
Mo ™ ypyopn amopdvmon HKpNG cLYKEVIPOONG Kot HETPLOG KabapdtnTag
mhacpdtakod DNA and Boktnplakd kOTTapa, yio SoyveOoTIKEG EQAPULOYES, OTMS Yo
TOPAOELY L0 TEYELG LLE TTEPLOPLOTIKEG EVOOVOVKAEAGES, YPNOILOTOONKE TO TOPAKAT®
amAd Kot YPNYopo TPOTOKOALO 7OV OMOTEAEL TOPAAAAYY] TOL TPOTOKOAAOL OV
neprypdoetat oto Kepdhowo 1.34-1.37 tov Sambrook et al., 1989. Zvykekpuéva:
= 1,5 ml avarntoypévng koAlépyelog Paktnpiov HETOTYNUATICUEVOVY IE TAACKLIO0,
evyokevtprOnke ywo 1 Aentd otic 12000 rpm.

® To ilnua eravadioAvnke e 200 ul dtodvpatog 50 mM Tris-HCI pH 8,0, 10 mM
EDTA.

® [Ipooténkav 200 pl SwAivpatog 200 mM NaOH, 1% SDS kot 1o piypo
avadEVTNKE KAAGL.

® 'Eneita, mpootédniov 200 pl drowdvpatog 3 M CH3COONa pH 5,5 kot to piypa
euyokevrprOnke ya 8 Aemtd otig 12000 rpm.

B ¥10 vmepkeipevo mpootédnkav 500-600 pl droAdpatog 16omTPOTAVOANG Kol TO
ptypo euyoxevipnonke yio 8 Aentd otig 12000 rpm.

" AxorovOnoce ékmivon tov Wnpatog pe 140 pl cBoavorng 70% won emavadidivon
o€ KATOAANAO0 0YKO vepol vynAng kabapdtrog (01g-aneotaypévo, HPLC, Milli-
Q).

2.3  KategvOuvopevn in vitro PCR petarlhalryéveon

Mo ™mv onuovpyioc GTOYXELOUEVOY UETOALOY®V ©TO Yovidolo UapA, kot
ovyKekpluévo, oto  mAacuidio pANS5S10-GFP  (Pantazopoulou et al., 2007)
epappoctnke 10 mpwtoékorAro ¢ PCR koatevBuvopevng petadloa&ryéveonc, Ommg
neprypapetar o6 Tty etoupeion  Stratagene  (quick change  mutagenesis),

YPNOLUOTOIMVTOG TOVS KOTAAANAOVS EKKIVITEC.
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2.3.1 XopokTnNpoTIKG TOV EKKIVIITOV 7oL  ypnoipomonidnkay  yio TtV

KOTOOGKEVY] GTOYEVOUEVOV NETUALAY DV

H «déBe perorloyn «ataokevdaotnke pe 1 ypnon &vog  Levyoug
oAryovovkAeoTiov peyéBovg 30-40 vovkheoTdikav Pacewv to Kébe €va, To omoia
nrav  peta&hd TOLVG GULUTANPOUATIKE Kot  avTuwapdAAnia. Ot ekkivntég mov
YpNoonomdnkav o€ ovtd TO TPOTOKOALO, MTOV OPKETE HEYOAOL (OOTE Vo
eCacporletan éva peydlo tUNUO OTOAVTNG GULUTANPOUOTIKOTNTAG, TO Omoio Oo
avTiotofpilel ™ HEI®UEVN GUUTANPOUOTIKOTNTO 0TO onueio Omov Ppickovior ot
TPOTOTONLEVES VOUKAEOTIOKES PBdoelc. H voukheotidkn akoAovBio tov 5 ekkvnt
NTOV TOVOUOLOTLTY LE TNV OAANAOLYI0 TEPLOYNG TOV YOVISIOL TTOV YPNOLUOTOMONKE
OG UNTPO, EVAO OTO KEVIPO TEPITOL EPEPE TIG VOUKAEOTIOWKES PAoelg Tpog ailayn. O
37 exKvnTig NTOV ATOAVTO GUUTANPOUOTIKOS Kol OVTITAPAAANAOG GTNV dAANAOLYIN
0V 57 ekKivnth. AOY® TOV «EKQUAGHOD» TOV YEVETIKOD KOIIKA, £ival yvwotod OTL
TOPOTAV® Omd Evo KMOKOVIO €ival SuVOTOV Vo KOIKOTooLV 1o 1010 apvo&y. To
KOOWKOVIO mov OB avTiKaf1oToNcE OTO TOV PLGIKOD TLUTOL YOVISIOL, MOTE V.
TPOKAAECEL TN HETOALOYY|, EMPEME Vo TEPLEYEL TO MIKPOTEPO OvVTO OPlOUd
VOUKAEOTIOIKMV OvVTIKOTOOTAcE®V (mismatch) kot emmAéov va ppavifotov pe vynin
oLYVOTNTO GTO YOVISI®UO TOL OPYOVICUOV, GTOV OT0I0 EMPOKEITO VO EKPPACTEL TO
peTaALayéEVO Yovioto.

H Ogppokpocio mpdcodeong tov ekkivnty ot DNA  pqrpa  (Tm),
vroAoyiotnke pe Baom Tov TopaKAT® EUTEPIKO TOTO:

Tm=69,3+0,41(GC%)-650/L
6mov L: 0 apBpdc voukAeoTidkdv PAGE®V TOV EKKIVITA Kot

GC%: t0 % mO00GTO MEPLEKTIKOTNTAG TOL €KKvNT o€ yovaviveg (G) xot
kvtooiveg (C).

Téco 10 L 600 ko 10 GC% avoeépetal 6to TUNHO TOL EKKIVITN, O OTOl0g
napovctdlel copuminpopotikétnto pe ™ DNA  pnitpa mov  mpokertow  vo
noAlamAiaciactel pe PCR. v mepintwon tov ekkivitdv mov YpnoyLorodnkoy
yio ) pETaALAELYEVEDT), amtd TO Try OV TPOEKLYE EQAPUOLOVTAG TOV TAPUTAVE® TOTO
apopédnke To TOGOOTO €Ml TOIC EKATO TV VOLKAEOTIOIKMV PACEWV Ol OToieg Elyav
uetoPAndei oe cOyKpion pe o ELOWKOV TOTTOL Yovidiov (% mismatch) kot and v
Oeppokpacioc  mov  mposkvye  aeopédnkov  emmAiéov  5°C. H  avtidpoon
Tpaypotomodnke oto pikpdtepo amd ta 6vo Ty mov vroAoyiotnke Yo kdbe (evyog

EKKIVIITOV.
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2.3.2 Xvotoon ¢ avtiopaons PCR katevOvovopevng petarralryéveong

H avtidpaon PCR ot0o ovykekpipuévo mpwtdkoAro, meplaufave povo 25
KOKAOVG TPOKEWEVOL Vo amoeevyfel 1 dnuovpyic AaBdV o1 VOLKAEOTIONKN
akolovBio tov mpoidvtog Tng avtidpaong. Ov mbBavoétteg dnuovpyiog AdBovg
eraylotomoOnkay Aoym ¢ xpnong piog ewdwng moivuepdong, tg Pfx DNA
nolvpepaong (Invitrogen). H molvpepdon avtn €xel ) dvvatdtta v dlopHdver
mOava AaBn tng (proof reading). EmmAéov, eivar avBekTikn otV TOpATETAUEVN
obvOeon, kabmg umopei va cuvBésel Thacpida peyébovg uéypt ko 15 kb. H diapkeia
obvBeone TG  CLUTANPOUOTIKNG  oAvcidag amd v DNA  molvuepdon
dwpoporomOnke avaroya pe 1o pé€yebog tov TAAGHSIOV TOV YPNGLOTOONKE
piTpa. ZOpeova pe To TPOTOKOAAO TG etarpeiag, 1 ddpkeln cvvBeong sivor 60
devteporenta v kdBe kb tov mlaoudiov. Tta cvykekpiuévo mepdpota, TO
macpido pnqtpa PANSL0-GFP éxer puéyebog mepinov 9 kb kot emopévac n obvbeon
gytve yio 9 Aemtd. H olotaon xou 10 mpodypoaupo tng avtidpaong PCR

KatevBouvopuevng petorialryéveong eaivovror otoug Ilivakeg 2-10 ko 2-11.

ITivaxkag 2-10 votaon g avtidpaong PCR g katevbovopevng petarialryéveong.

Yvotatikd tng PCR Telukn cvykévrpoon
[Maopido (vrocTpopa) 10 ng
Exxonmg 57°- 37 135 ng
Exkovnmce 3'- 57 135ng
dNTPs (dATP,dCTP,dGTP,dTTP) 250 uM kaBevog
Pfx DNA polymerase 25u
PuBuotikd didAvpa moivpepdong 1X
(mepiéxer MgCl,) (Ci. MgCIy 1,5 mM)
H,0 (ameotaypévo) péxpt teEAkov oykov 50 pl

IMivokag 2-11 Tpéypoppe PCR yo v g@appoynq g in  vitro koatev@ovopevng
petarralryéveone.

Bijua Ocppokpacio (° C) AvgpKeLOL
1. Apyun amodidroén 95 5 min
2. Anodidtaén 95 15 sec
, , , 25 kbkhot
3. IIpdcdeon exkivnTdv T exkivnTv 30 sec ,
) EMOVOANYG

4. Emypmkovon 72 1 min/kb mAacudiov

5. Telkn empnfkvvon 72 5 min

6. ITodon 12 -




2.4  YmolhoyloTiKG poypappaTo.
2.4.1 Movtého oporoyiag — Modeller 9v8

H xatackevr tov poviéhov opoAoyiog mpoypotomodnke He TO0 AOYIGHUKO
Modeller 9v8 (Sali & Blundell, 1993). Kataokevdotnkav 100 dapopetikd
Bewpnrtikd povtéda. H katackeun evog peydlov aptBpod poviélmv kot oyl evog Kot
Hovodtkoy HovTéAov emAéxOnke Ady®m G xpnong Tov  €Wwkov  aiyopiBuov
BeAtiotomoinong g dapdpemong Tov Ppoxwv g TpoTeivng. Me v epapuoy” Tov
alyopiBuov avtov mpaypaTomoleital pio EKTETAREVT OEPELYNOT TNG OLOUOPPOONG
TOV TUNUATOV TNG TOALTEMTIOKNG OAVGIONG TOL OV €YOLV HioL CLYKEKPLUEVN
devtepotayn| doun. H xotaokenn] ToOALOV HOVIEL®V EMTPENEL GTO AOYIGUKO TNV TTLO
EKTETOAUEVT] OLEPEVLVNON TNG YWPOJATOENS TOV TUNUATOV OVTOV TNG TOAVTENTIOKNG
aAvoidag kot dpa TNV axplPBEcTEPT AVaTOPACTUCT TOVC.

Mo wmmv emdoyn 7tov Pértictov HOVTIEAOL ®G KPUTNPO  EMAOYNG
YPNOOTOONKE 1 TN UIOG OVTIKEWEVIKNG cuvaptnong (objective function), pag
£yYYEVOUG cuvaptnong tov Aoytopkod Modeller oty onoia meprypdpeton o Pabudc
otov omoio &yovv tnpnbel or otepeoynuikol meplopiGpol mov TiBeviow amd TO
TPOYpOapLe Katd TN dtodkacio Kataokevng Tov poviéAwv. H tyun avt opesiiel va
etvat 660 10 dvvaTov To YounAn. To povtédo pe ™ YounAOTEPN TIUY EMAEYONKE Yo

neEPALTEP® eneEepyacio.

2.4.2 TlpocTolpocio TPp@OTEIVIS Y10 VITOLOYIGHOVG

H npoteivn TPoeTOAGTNKE Y10 VTOAOYIGHOVS TPOGOEGNS YPNOULOTOIDVTAS TO
Protein Preparation Workflow (Schrodinger Suite 2011 Protein Preparation Wizard),
O6mmg avtd vAomoteital ota Tpoypappato Schrodinger kot givatr TposPaocipo and o
Loyiopkd Maestro (Maestro, Version 9.2, Schrodinger, LLC, NY, 2011).

Ev ovvropia, mpootédnkav dtopo vopoydvov kot Peltictomomdnke o
TPOGOVATOAIGHOG TV Opad®v vdpo&vAiov, Asn, GIn, kabd¢ kot 1 KoTdoToon
npotovimong ¢ His yw va peylotomomBel 1 odvdeon vdpoyovov. Téhog, To
OUUTAOKO VTOCTPOUA-TPOTEIVY PeAtiotomomOnke pe pwoo VIO  TEPLOPIGUOVG
ehayotomoinon exktelovuevn amd to Impref mov Paciletar ot HOPLOKY UNYOVIKT
(Impact, 'Exdoon 5.7 Impact, Schrodinger, LLC, Néa Yopkn, 2011) kot 6to duvapukd
nedio OPLS2001, Bétovtag g péyiot tetpaywvikn pifo amdkiiong v tun 0,30
(Jorgensen et al., 1996). H mpostoluacio T@vV vIoGTpOUAT®V TPOyUOTOTOONKE pe

to LigPrep (LigPrep, "Exdoon 2.5, Schrodinger, LLC, Néa Yopkn, 2011) epapuoyn
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OV amoTeELElTOL Ao o GEPE PNUATOV TOV EKTEAOVV UETATPOTES, €QUPUOlovV
dopbooelg otn dour, SMUOLPYOVV KOTOGTAGELS 1OVIGHOD KOl TOUTOUEPT, Kot

BeAtioTtomolovv 1 yemueTpia.

2.4.3 XtabepétnTa povréhov — Desmond software

Metd v emhoyn ToL KOADTEPOL HOVTEAOL KOl TNV KOTOAANAN TpogTOlLaGioL
avtol, TPOyHOTOTOMONKE 1 TEMKY PEATIGTOTOINGT TOL KOl TOVTOYPOVO O EAEYYOGC
otafepomrag. H PeAtiotonoinon &vog poviéAov opoAoyiog cvvictotol Kotapynv
otV TANPM EAOIOTOTOINCT TG EVEPYELAG TOV VIO TOLG OPOVS TOL TTESIOL JVVAEWY
péso oto omoio Ha mpaypatomoinfovv ot vtoroyiopoi mov Ba akoAovBncovv. Katd
0evTEPO AOYO, HETO TNV €AOYIOTOMOINGN TPOYLOTOTOEITOL [0 TPOGOUOImoN
Moprakng Avvoapkng, 1 omoia e&vmnpetel 600 okomovc. A’ evdg OMOKANPOVETAL M
EVEPYELOKT| PEATIOTOMOIMNGON TV TALLPIKAOV CALGIOOV TV apvosémv. A’ €Tépov,
Kot T d1dpKee TG SUVOUIKNG Kataypdeetatl 1 péon tiun arokiong (RMSD) tov
GAQa-avOpaK®V TNG TOAVTENTIOKNG dALGIOAG amd Tig apykéS cuvteTaypuéves. H tyun
ot €lval GNUOVTIKO KPITNPLo oTafepOTNTAG KO TIEG OTOKAIONG IOV OV EEMEPVOVV
ta 3 A vmodeikviouy éva 6tabdepd poviéro.

v TPoKEWEV TEPImTOOTN Tpaypatomomdnke mpocopoiwon  Moplokng
Avvapkng pe 1o Aoyiopukd Desmond (Desmond Molecular Dynamics System,
Version 3.0, D. E. Shaw Research, NY), didpketag 18 kot 50 ns (otov FCcyB kot tov
UapA avtictolya), n omoia mpostopdotnke pe 1 NS duvoptkng ££160ppoOmIong o€
Mmook dumhootifada  pe  POPC  (1-palmitoyl-2-oleylphosphatidylcholine),
dwAvtomoiwvtag T pepPpdvn oe TIP4P vepd, eEovdetepdvovtog e 1OVTO Kot
npooBétovtag 150 mM aAdtt (Bowers et al., 2006). Kotd ) didpkeia tov ypdvov
TPOGOUOIONE, TO VIO KOTAOKELT, HOVIEAO @Aavnke otabepd kobMOG tnpovoe To
TOPOTAV® KPLTHPLO  omdkAone. AxkolovOncav vmoloyispoi ywo 10 PéATioTo

TPOTOKOALO TPOGOEGNC.

2.4.4 Ynohoyiwopoi tpocdeong (Docking)

IMa ™ ddikacion VIOAOYIGUAV TPOGOESNS OlaKpivovTon dV0 KLPIMG TEYVIKES, 1
arapmm npdcdeon (rigid docking) kot n edkapntn npodcdeon (flexible docking). Ta.
TEPLOCOTEPA AOYIGUIKE UTOPOVV VO 0&LOTOCOVY Kol TIG OLO HeBOdoVS, avdAioya pe

TIC AVAYKEG TOV YPNOTN.
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2.4.4.1 Ymoloywopoi akapntng mpocdsong (Rigid Docking)

Y10V VITOAOYIGHOVG Gkapmtng Tpocdeong (rigid docking) tdéco n tpwteivn 660
Kol TO TPOGOELO, avaTapioTAVTOL 0d GNUEID TOV 10ATEYOVY KOl £XOVV GUYKEKPIUEVES
QLGIKOYMKES 1010tNTES. O1 LITOAOYIGHOT AVTOl TOTOOETOVV TO AKAUTTO VTOCTPWLA
oe Oolwhpopeg 0Oéoeic ™G mpwTeivg, vIoAoyilovv TIC OAANAEMOPAGEL OV
ONUIOVPYOLVTAL Kol TPOTEIVOLVY GLYKEKPLUEVES BEGELG OOV Umopel TO VITOGTPO LA VO
ouvoebel. Ot uébodotl omnpilovrtarl oe Toelc VTOAOYIGHOVS TAPLAGHATOS e BAon TO
HOVTELD  KAEWI-KAEWDOPLES Y TNV OavoyvaOplon €VOG VLITOCTPMOUATOS Ord TNV
TPOTEIVN. Avtiy Vv péBodo axorovBovv Aoyicukd omwg to Glide (Friesner et al.,
2004). H ebpeon tov Bécemv mpdcodeong vrmoroyiletar gite and odpwon OANG NG
EMOAVELONG TNG TPWOTEIVIG, €ite amd TvYOieG TOTOOETNGEIS TOV VTOGTPMOUATOS TNV
neployn g mpwteivng (w.y. Glide). H uébodog avtr, Aoym g awvénuévng taydTnTig
™G XPNOHOTOIOVTOV GTO TAPeABOV Yoo chpmon ynelokdv Pifiodnkov. Xfuepa,
oumg, pe v e&éMén tov H/Y, €xel avtikataotobel omd eHkapmToug VTOAOYIGHOVG
pdcdeons. ' 1o Adyo awTo, T0 TpoavapepPBEY AoYIoUIKO £xel Tpomomonbel doTe va

emTELEl Ko EDKOUTTOVG VITOAOYIGLOVG TPOGOECTG.

2.4.4.2 Ymoloywopoi evkopntng npécdeong (Flexible Docking)

Ytovg vroloyiopovg vkoumtng mpocdeong (flexible docking), o dpog «evkapmTn»
avoQEPETOL UOVO OTO VLTOGTPOUO, 1) KOl OTNV TPOTEIVI TALTOYPOVA. XTOVLG
VTOAOYIGHOUG HE GKOUMTN TNV TPOTEIVN, €xovue &ite axwvnromomuévo OA0 To
apwvo&éa e TpoTeivNg, £t avamapdoTacn TG TPOTEIVNG e GNUEID TOV 1GATEXOVV
Kol €(0VV GUYKEKPIUEVES QUOIKOYNUKEG WO10TNTEG, (DOTE VO TPOCOUOLALovV TO
TPpOTEIVIKO TEPPAALOV ToL TTpocdépatog. AvtiBeta, to mpdodepa pmopel va Aapet
SPOPOVE TPOCAVATOMGHOVS KOl OAPOPES SOUOPPADGELS, OvVAAoYR TOV Padudv
elevbepiog mov dbétel. Ot vmoAoyiopol avtol givol caP®g Mo Toyelg amd TOLvg
avTioToroVG NG JldKaciag pe €OKAUTTY TNV TPOTEIVI], CALL dgV UTOPOLV Vo
TPoPAEYOLY TV SOPOPE®ST NG TPMTEIVNG OTav cLvoedel noplo oykmoeg mov Oa
npokarécel  petofoArés  ota  mapokeipeva  opwvoééa.  Ta  Aoyiopukd  mov
YPNOLUOTOLOVVTAL Y10, TOVG GYETIKOVS VTOAOYIGHOVG SapEPOVY Kupimg oty pnéBodo
TOV YPNGLLOTOLOVV Y10l VO, ONLOVPYNCOVV TIG TolKideg dopég mov Ba a&loloyncouv.
To doywopwa Glide (Friesner et al., 2004) ypnoyomolodv mpocopowdoel; Monte
Carlo, 6mov dnovpyovvtar Toyaies apykés oouéc ot omoieg afloloyovvtat

EVEPYELONKA 0O EEIGMOELG EVEPYELOS TTOVL TTEPLEYOVTOL GTO KAOE AOYIGHLKO.
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v mepinton mov 0 Opog “eLKOUTTN”, AVOPEPETOL GTNV TPMOTEIVN, oLTN
avamopLeTATOL amd OAa TG T apvo&éa, ta omoia gival ehevbepa va KivnBovv kotd
v OPKEID TOV VITOAOYICU®OV Kol vo. AdPouv TG €uvoikOTEPES €vEPYELOKA
dwpopemcels. Or vmoAoyiopoi avtol av kot ypovoPOpol Ge GYECN HE TOVG
TPOTYOVLEVOLS, UTOPOVV VO, SMGOLV TOAD KOAY €KOVA TNG OAAAYNG TOL UTOPEL Vol
emélBel oe o Tpwteivn Otav mpocdedel va oykddeg poplo. Tnv dadikacio avn
XPNOUOTOL0VV AoYiopikd onmg to Macromodel, yio v axpifn TpoBAieyn g doung
TOL GLUTAOKOL TPMOTEIVNG — VITOGTPDOUOTOG,

2V mopovsa JSO0KTOPIKN SaTpiPr] Ol VIOAOYIGHOL £ytvay HE TN YPNON TOL
IFD mpwtokdArov mov kabepdbnke and to Schrodinger Suite 2011. To tpmtéKOAAO
IFD Booileton oe pio emavoAnmrikny  eeoppoyn tov aAdyopibuov Glide vy
VTOAOYIGHOVG GKOUTTNG TPOGOEOTG KOl TOV aAyopBpo Prime yio teletomoinon tng
TPOTEIVNG, 0ONYDOVTAG o€ o PEATIOUEVN TPOCOUOIMGT) TS GVVIESTG OO TNV Aoy

g eveMElag TpOTEIVIG.

2443 AlkyopiOpor Awowkaciov Evkopntng Ilpoécdeong — Xvvovaopuog Low
Mode kar Monte Carlo

Mo 1t oJwdikacioc vVITOAOYIoUOV TPOCOESTG UTOPEL Vo ypNGILOTOBovv
dtpopot akydpiBpot Tpokelévou va fpeBovv ot uvoikdTepeg evepyelakd dOUEG TOV
CLUTAOKOV VTOO0YEAG-TPOGOE. Avtéc pmopel va €ivol, 1 TPOGOUOI®GT TOV
TPOGOEUOTOS KOl TNG TPWOTEIVING ooV OKANPEG ceaipeg, vmoloyiopoi Mopilaxnig
Avvopikng, vroloyiopoi mpocopoiwong Monte Carlo, 1 pébodog LowMode mov
a&lomotel TG OOVNGELS YOUNADY GUYVOTHT®V KOOMOG Kol GLVIVAGUAS TOVS, KAODS Kot
yeveTikol adyopibpot.

‘Evoc  moA0y  amotehecpotikdg  ouvovacpdg oty dlepedivnon  TOL
SUOPO®MGIOKOD Y®PoL Kol Wwitepa oty dadikacio Tpodcdeons, eivar petald
Monte Carlo ko Low Mode Search. Mg avt6 10 cuvdvacpo n po péBodog kaAvmTeL
atéleleg g GAANG. Me ) dadikasioo Monte Carlo pmopobue vo kévoope peydleg
aAAayég o KOplovg Pabpovg ehevbepiag HEow TG TLYOLOG LETAPBOANG TOVS, EVOD LE TO
Low Mode Search pmopovpe va aviyvedocovpe 10 cbvoro tov Babuov eievBepiog
YOPig avTég va Exovv oplotel Tponyovuévms. Avtibeta n pébodoc Low Mode dev
pmopel va KAveL Leyares KIvoelg 6Tovg Padpovg elevbepiag, aALL TPOGOUOUDVEL TV

Kivomn YoUNA®Y GUYVOTAT®V TOV LOPIOV, TTOL AVOPEPOVTIOL GE OKEAETIKEG KIVIOELG.
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Kepaiaro 30

AmoteléopaTa
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3.1  Merétn Tov oyéoemv dopng — Aettovpyiag Tov petagopéo UapA

Xg TEPIMTAOGELS OMOV O PETAPOPENS elval TANPOS YOPUKTNPIGUEVOS Kot KOAG
peretnuévog, pe v mpoimdbeon OtL VIAPYEL SOEGIUN GLYYEVIKN OOuT, CLYVA
epapuoleTon OTAY TpocEyyion:
1. Korookevn HovtéAov opoAoyiog Ko Tpary LaToToinem VITOAOYIGUAOV TPOGOEGNC.
2. Eo@appoyn teyvik®v oTOYELUEVNG UETAAAAELYEVEONC KOl TTEPAUTEP® PLoynUIKOS

YOPOKTNPLGUOG.

H mapoandve mopeio akolovdndnke otn perétn tov oxécemv doung-Aettovpyiag Tov

petapopéa UapA.

3.1.1 Movtého oporoyiog Tov petagopéo UapA

To povtélo oporoyiag tov petapopéa UapA katackevdaotnke PAcel TG SOUNG
tov UraA and v Escherichia coli, 1 omoio givar kot 1 povodikny dwabéoiun
KpvoTardoypapikd Avpévn dopn g owkoyévelag NAT/NCS2 (BA. §1.5.5). Mapakdtm
avaAbovTol To Prpato Kot ot Oodkacieg mov akoAovONONKay TpoKEWEVOL Va

KOTOOKELOOTEL TO LOVTELO OplOAOYIOC.

3.1.1.1 Zroiyion ™S APOTOTAYOVS TPOTEIVIKNG oiinrovyiog Tov UraA kot
UapA
Bijua I’
Evpeon tov apuvolik®v aAAnAovyidv tov Tpoteivoy amd ™ Pdaorn dedopévev

UniprotKB  (http://www.uniprot.org/). Ot mwpoteiveg mov  ypnouonomonkoy

napovctdlovion otov [Mivaxa 3-1.

Bijua 2°
Ytoiyon TOV aAAN AoV LDV ue T0 TPOYPOLLLLLOL MultAlin

(http://multalin.toulouse.inra.fr/multalin/) pe t1g mpolimApyOLOEG TAPAUETPOVS TOV

npoypappatog (Corpet, 1988). To amotédhecpo ¢ otoiyong amewoviletar otnv

Ewova 3-1.
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ITivokag 3-1 AAAnlovyieg TPOTEIVOV OV YP1NOLPUOTOU|ONKAY 6TV TOLLOTAN GTOl) 10T

‘Ovopo. Kmowkdg Opyoviepog Agrrovpyio
_ . Metagpopéag ovpaxiing
UraA POAGM7 Escherichia coli
(Andersen et al., 1995)
ZOUUETOPOPENG OLPIKOV 0EE0G —
UapA Q07307 Aspergillus nidulans EavOivng/H"
(Gorfinkiel et al., 1993)
. . ToppeTapopéag tovpvav/H'
UapC P48777 Aspergillus nidulans (Diallinas et al., 1995)
ZUUUETOPOPENS VOUKAEOTIOIKADV
Lpel Q41760 Zea mays Bacewv—ackopPicod o&éoc/H”
(Schultes et al., 1996)
Svppetapopéag EavOivne —
Snbtl D2KX48 Rattus norvegicus ovpoxkiing/Na*
(YYamamoto et al., 2010)
Svppetagopéag L-ackopPicod
Svctl Q9UHI7 Homo sapiens o&éoc/Na*
(Wang et al., 1999)
Svppetapopéag L-ackopPucod
Svct2 Q9UGHS3 Homo sapiens o&¢og/Na*
(Rajan et al., 1999)
_ . Soppetapopéag Eavlivng/H+
Xan P67444 Escherichia coli L
Q (Karatza & Frillingos, 2005)
- . Soppetoapopéag Eavlivng/H+
XanP POAGM9 Escherichia coli (Karatza & Frillingos, 2005)
_ . TopUETOPOPENG 0VPLkoy oEEoc/H™
Ygfu 46821 Escherichia coli -
g Q (Papakostas & Frillingos, 2005)
. - Toppetopopéag ovpikod o&éoc/H™
P 21 Bacill I
ucl 032139 acillus subtilis (Schultz et al., 2001)
. Svppetagopéag ovpakiing/H+
PyrP A2RJIN3 Lactococcus lactis i
y (Martinussen et al., 2001)
. 4
RutG P75892 Escherichia coli EOUHETOPOPES TUPUUSWGV/H

(Kim et al., 2010)

Ewéva 3-1 Moiramin otoiyton tov UapA, tov UraA kor tov NAT oporéyov yvooetig
Asrtovpyiog kot gEgdikevong, mov ypnoiponomidnke yio to povrélo oporoyiog tov UapA. Ta
npoPrenodpeva dwopepPpavicd tunpdto (TMS) tov UapA avomapiotdviot He £YpmUovs KVAVOpove.
Ta TMSs mov oynuotilovv pkpd B-eoAla omewoviCovion pe PEAN. To apetdPAnto kot vymAd
cuvinpnuéva apvo&éa mEPLEYOVTOL G€ KOKKIVOL Kol UmTAE KOovTid, ovtiotoyo. To apwvo&éa mov
eumAékovTol ot Asrtovpyio kot £E€101KELON TOL PETAPOPE EMONUAIVOVTOL LE OGTEPIOKOVS: KOKKIVO
Y10L TO KOTOAOUTO TNG TEPLOYNG OEGLEVOTG TOV VITOGTPMOUOTOC, TOPTOKAAL Yl eKefva oL Ppickovrat
GTNV TOPELD LETAPOPEG TOV VTOGTPAOLUATOS, TPAGIVO Y10, aptvo&éa Tov d1evpvivouy TNV e€e1dikevon Kot
LLopO Y1 GAAGL GIILOVTIKG KOTAAOITO TOV EUTAEKOVTOL GE OLVOLIKES aAANAETdpacels tov TMSs. a:
HIKpE 0-EAKOEN TUNHOTOL.
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UapA .MDNSIH.STDGPDSVIPNSNPKKTVRQRVRLLARHLTTREGLIGDYDYGFLFRPELPFMKK[|PRAPPF[F|GLNEK 73
UapC MDGPDQIGPDVRPRRTFGDRVRRAARAFTTRDGLIGDYDYGFLFTPRLPFVKQKRRAAPF[FGILEDK 66
Lpel MPPVKAEDLVVHAVK[EQFAGLD|Y[C[ITS[P 28
SNBT1 MNSAVCSLESPNSRRGDGALSSHTED.QGKTKDRQQKDFSSS.. .[.|...HLAYGILDR 50
svcTl MRAQEDLEGRTQHETTRDPSTPLP T[EPKFDML|Y[K|IED|V 38
SVCT2 MMGIGKNTTSKSMEAGSSTEGKYEDEAKHPAFFTLPVVINGGATSSGEQDNEDTELMAIYTTENGIAEKSSLAETLDSTGSLDPQ[. RSDMIY|T|IED|V 96
XanQ MSDINHAGSDLI|FE[LEDR 18
XanP MSVSTLESENAQPVAQ[T|QNSELI[Y[RLEDR 29
= 10 MSAIDSQLPSSSGQRPTD. .|.[EVDRI 24
Pucd afsmssis esew .- - MK 02
UraA TMTRRA[I[GIVSER 25
PyrP DIILK.|.[.[VDEK 13
RutG STESGV[VAPDER 26

TMS3 —

UapA [TP|VLLAF ICCLORALAMDAGVATE EILT . - s[EsLsLE]sp Lo YT V|s[Ts[H1v LSMVQITRFHIYKTPYYI[GSGVLSWMGV[SFSI[([SVASGAFNQM 168
vapC  [1P|LvLALLLGLioBAlL AM LjalGV]T|Tle B|I|L LA G S|s|c ANFlGlA D E S @ Y[L V]s|T|s|LlT v/ LISAVQMFRLHVYKTRYYV|GTGLVS[VV[GT|S F|GT|I|TVATGTFNQM 163
Lpel [PP(WITTVLVGFORIY[LVMLGTTVLILAT|I I[vP LMGGGH KA IV IjQT|I[UF L, NTLLQVH..FGTRLPAVMSGSYTY[T[Y[PAVA|T I[LSPRY. . .. .. 115
SNBT1 [pp[WYLCIF[LGI/ofIF[L TALiGIG/LVAlV PILIT LAKDL/c Lo HPIP LT QS YL 1{S|T|1[FF V| CTLLQOVL..LGVRLP ILQGGTFAF[VAP|S|LAML|SILPAWKCPEWT 145
sveTl [pe(wyLcILLGFloflY[L T CFls|gT|T/alv plF|L LA E AlLlc vG Hlplo HMV S QIL T|G|T| T[F|T C| TTLIQTT..VGIRLPLFQRASAFAF[LV[PAKAIILALERWKCPPEE 133
sver2 e pwyLc IF|LG[LioBY(L T Fis|elT|ralv plF|L LA D AMc v YplowA T S OlL T|G|T| I[F|F C| TTLLQTT. . FGCRLP LFQAISAFAF[LAP|AIRA|I LISILDKWKCNTTD 191
XanQ [PP[FHQALV|GA|T[TEILL A I F[VP|MVT|P AlL|T vicAAlLloLSA . TAY[LV|SMAMI A GTWLQVN. . ... RYGI.V[GSGLLS|IQS|VINF|SF[VTVMIA. .. .. 102
XanP [PP|LPQT LF|aAlC|oBILL AMF|VIAlV[T/TIP AlLIL Tjc 0 AlLlG LP A . TQH|T 1|sMs|LiF Al AlsTIQIK..... AWGP . V|GSGLLS|T|QlGT|S F|NF[VAPLIM. . . . . 113
Ygfu [Ls|PGKL I IfLG[LiofIviL vM Y|alGlavialv plLM I|G D RiLjG LS K 1AML Ifs|s|p|fF C v[TLLocI. . ... GIGRFM[GIRLP V|IMS|V[TF[AAV[TPMIA. .. . . 109
Pucd  [KRISFKVF T|L S|LIOBIVIL AM ¥[alc|a|T|Lv B|LIL VG RAILN VT T] LS Y|L YAl I|D|LL T] BELEQIT T s o R.GTYI[GIGLPVMLGS|SF[VAV[TPMIA. .. .. 86
uUraA [PP|LLQT IP|LS|LiOBILF AMF|GRAITVILVENVIL H . .| .. L]l 1N P[AlTVLLF BEEEYLE : <ot 5 s » 1C/KGK IPAlY[LGls|sFlAF|T|sPVLLL.... 95
PyrP  [PAASQWF G|L S[P|OBILIF AMF|G[S|T[V[L|V B[T|LV|G . . o ] o inefalIjalliLs GITLAHMS. ........ VT[KF K VP AlyMGls|s FlaY[T|GAMTLL. . . . 84
RutG [LPJFAQTAVMGVIOEIANV AMFIGRAITVILMEITILMG . ..]. . . [ ..ot L PN[Ls|ZL M GELEAEF. e s ae » 1Tlderve slyfLiglslsAlaFvicvvIaa. ... 97
TMS 5
UapA YSNGFCQLDEAGNRLPCPEAYGALT VE|ILTAF V[P]. PRVIJQK I F T[GPTVIMLIGIS Y ....KDWAGGSACMD....DGMICP 256
UapC YSTGYCPVDGSGNRLPCPKGYGALL LE|IGLSFMS|. SRLLKALF T|GP TV[F|ILIGAS I .KDWAGGSGTCSSNPGNGA[LICP 255
Lpel  ....... ALLIDPLERFVFTMRSLQGALI IAGV|FQAVV|GFF|GIWRVF|IRF L AAVPFVTLTGLGLFFFAFPGVTKCIEVGLPALVLLVIFAE|YAS 205
SNBT1 LNASLVNTSSPEFTEEWQKRIRELQGAVMVASC|IQMLV|GF S|G|LI|GYLIMRF I T|IIAPTI|S|LVALP JFDS|AISNDAGTHWGISALTIFLIVLFSQY|[LK 242
SVCT1 EIYGNWSLPL.NTSHIWHPRIRDVQGAIMVSSV|VENVVI|GLLGLPGALILNY I TVITPTV|S|LIGLSV[FQAR/GDRAGSHWGISACSILLIILFSQY[LR 229
SVCT2 VSVANGTAELLHTEHIWYPRIREIQGAIIMSSL|IENVVI|GLLGLP|GALLKYI T|IITP TVIAIL IGLSGF QAAlGERAGKHWGIAMLTIFLVLLFSQY]AR 288
XanQ LGSSMKSDGFHEELIMSSLLGVSFVGAF|LVV/GS[SFI|.|. LIp|Y|[LIRRVI SGIVVILMIGLSLIKV[EI. .. ... IDFGGGFA..AKSSGT[FGN 184
XanP GGTALKTGGADVP TMMAALF|GT LMLASC|TEMV I|SRV|.|. LHLARRI T VsgvvvMI IGLsLIQVGL. . . . . . TSIGGGYA..AMSDNT[F|GA 195
YgfU IGMNPDIG. . .LLGIFGATIAAGF|IT|T[LLAPL|.|. I|G|RILMP LF| tlevvilTsicLsIjiovEI. . ... . DWAAGCK oo oo GNPOQ[Y|GN 181
Pucd IGSN..YG. . IHATIY|GSIIAAGV|FI|F|LFARF|.|. F|G/KILIT VLF] TlcTvVTLIGLSLVPTEV. . . ... KNMAGGEKINGSANPE[YGS 161
UraA LPLGYE. VALG.G.FIMCGVLFCLVS|F[IVKKA|G. T|GWLpVLF IAMGAIVAVIGLELAGVAA . . o oo\ .. .. GMAGLLPAEGQT[P[DS 169
PyrP  .....MKNGGM.....PAIAQG.A GGLVYLIVALI KFAG|. K|oW|I[DK vV 1) VgPIvMVIGLSLAPTAII.......... NDAMYTDVANLKGYS 159
RutG  ..... TGFNGQGINPNISIALGGIIRCGLVYTVIGLvVMKI|G. TRWIERLMPEVVTGAVVIMATIGLNLAPIRV. . . ...t KSVSASAFDSW.|.|. . 174
UapA SATAPRPLPWGSPEFIGLGFIL ILCERFGAPIMKSCSVVIGLLVGCIVAAACGYFSHAD. . IDAAPAAS[F|I . ..FEPLsV|GPMVL. .P 345
UapC SADAPHPLPWGSAEFIGLGFL ILCERFGSPIMKSCAVIVGLLVGCIVAAAC|GYFDRSG. . IDAAPVAS|F|T 1. . .FRLTIYAP[LIL. .P 344
Ipel HLFAKGSF.......c..... AVLVTV.VIIWIYAE|ILTARAGAYNERGPVT|QFSCRAD. ..RSGIIQG[SP Fe|. .. YRFowdlylp[tFcroD 282
SNBT1 NVMVPVPVYGGGKRCHISKFN PVLLAL.CLSWLFCFVLTV|TNTFPESP TAY|GYMARTD . . TKGSVLS QAP Fp|. ..YlcowcLlrIsLAG 333
SVCT1 NLTFLLPVYRWGKGLTLLRIQ PIMLAI.MTVWLLCY[VLTLTEVLP TDPKAY|GFQARTD . . ARGD IMA I[P 1p|. .. y[dcougLltvTaaa 320
SVCT2 NVKFPLPIYKSKKGWTAYKLQ PIILAI.LVSWLLCF|IFTV[TDVEPPDSTKY[GFYARTD . .ARQGVLLVAP vel. . . YEFowlLplrvsaAG 379
XanQ YEHLGVGL. . . L IGFNCCRSPL|RMGG|IAIG|LCVGY IASLCL|GMVDES . .. . .. SM.RNLP 1p|. .. HEFKYGF|.[SFSFHQ 258
XanP PKNLLLAG. V| ILLNRQRNP Y|RVAS[LVIAMAAGYALAWFMGMLPES. .. ... NEPMT|QE vel. ..TRLYY[GL.[cTEWSL 270
YgfU PVYLGISF. A LLITRYAKGFMSNVAWVLLGIVIFGF LLSWMMN[EVNLS . . . . . . GL.HD[lS 1V]. . . TIMSF|GMP|IFDPVS 256
Pucy LENLLLSV. G LVLNRFLKGF/ARTLS[VLIGIAAGTAAAAIMGKVSFS. .. ... SV. TE[a[P 1P|. . .KEdF YFGAPAFEIGP 236
UraA KT.IIISI. i VLGSVLFRGF|ATIIP[ILIGVLVGYALSFAMGIVD........ TPIINRH LE{TLYTH. . RF[E ...2 239
PyrP LAYIIIAL. 1 VIYSIYGKGF|LSVVP[ILLGII|TGYVAAMII|GKITGMN.IVSFTGISHA[K 1PPME IFFANY[KWAF YPSA 243
RutG  ..... MAV. M GLVAVFTRGMIQRLLIILVGLIVACLLYGVMIINVLGLGKAVDF TLVSHAAWFGLelaFs TRAFNGQL]. . . . . A 248
= % _ % % _ " — e Loy —_— D e
vapA [TIANIF IfflcACEC[TGDVTATCOVSREEVRGGTFESRTQG. . .[AV] N STVARIL Al TIM T[F] 2| WaGY CCOLICIVRGIFA 438
UapC  [LLJAVYMV|I MME S| G[D|I T]A TC|p|VS R[LIQVEGATF D SR|I|QlG]. . .[6 TclLualgLc|. |1 TP 2| KAGlY CClCFF|LVVMGI|FA 437
Lpel [CFAMLAASFASL|IE|S[TGTLIAVSR|Y[SGATFCPPSVE|SR. . .[c1] s 1|1 LplaMcle TjL T|G A RVIKISRLEMIFFSLFA 376
SNBT1 [VF|G|I|I AlG|V I SSMVE|S|VGD YHAICAR|LVGAPPPPKHAIINR. . .[c1] GlL LjalGlAW|G T|G NG feli MV IlvAAlGlc VL LLMGMFG 427
sveTl [vilGIMF S|AT LAGI|TE|S[1GDYY[AlcAR|LAGAPPPPVHA[INR]. . .[c1 cclt gL Lc T|o N G RVVIQYGRAIMLVILGT|IG 414
sver2 [viIlGMLsavVASI|TE/s[tGDYY[lCAR|scAPPPP IHA[INR. . .[cI S|V LD|G|I F|G TG N| e RvIjocGpALMUAlLGMIG 473
XanQ [FLVVGT|I|Y LLSV|LE[AVGD I T]AlTAMV|SRRP I QGEE Y|Q[S[RILKG|G v s|v I|als|A V(G S|L . [P 0 YWVGRTIpVMLVI[LGLFP 354
XanP [LLP|LMLIV[FMITS|LE[T|IGD IT|A|TSDV|SEQPVSGP LYMKRLKG|G NS[FV[SAVFNTIF . [P 0 Y[VGF VVALML IVILGLIFP 366
YgfU [11|TMTAVLIIVF|IE/SMGMF LALGE[IVGRKLSSHDI[I[R.|. . .|c L GTMI|G|GTFINSIF . [P S| wWvclrssielrIfL IjLFeMve 348
Pucd [TUTMLIMVGIVII|VE[S|TGVFY[A|IGKI|CGRPLTDKDLVIK|.|. . .[cY A I[LIjGlGLENAF . [P 0 NIVivTAlGCIfLV[clLGLip 328
UraA IUTITILPAALYVY IAE(HN GH LVVITAN|IVKKD LLRDP GILIHR . . .S STV 1[s|GlF FlG S|T . [P Al WV I|GGAR|TFALL|. sclve 331
PyrP [T L|T|MAP|I|AF VTMTE[H[F G|H IMV|LN S|TKKD Y FKE P GLIE[K. . . |T 1] 20T I[alGlF I/G AP . [P) A Y[V I[aGARVLAIVVSE|IG 336
RutG  MML{IAPVAVILVRENLGHLKAVAGMTGRNM. . DPYMGR. . . AF ATMLs|gsvicds . (g Al LivEvAARVIAMLLGESP 339

i

UapA [ IN[SVMG GMK T F[LF A|s[VV[T| AKAPF .|.T.RRNRF IJLTA[SMALEYGATLVP TWFGNVFPQT . ENRDLEGFE| [E]L) T 531
UapC [KF SVLGGMT TF[LF S[S|VA|T CSV|DW.|.T.RRNRFI|LTA|SFAV[MAAT LVPDWFSYFFTYSGDNHALEGLL) ElL T 531
Lpel |¥ P IFAALY CV|LFA|Y|S|AG INLN|.S . LRTKFI|LSI|SLFL8I{SIPQYFRVYEMFFGFGPVHTHSVAFN| NV A 471
SNBT1 |K|IG PVIGGMF LVMFG[I|I[S[A DMN[. S . SRNLFV|FGF[SI|FC@LIAVPNWVNKNP. . .. . EKLQTGILQLD o[V G 517
SVCT1 |¥ P I LGGMF CT|LF G|M|I|T[l DMN|. S . SRNLFV|LGF|SMFFELTLPNYLSPNP. .. .. GAINTGILEVD 1|V VG 504
sveT2 ¢ P VLGA[LF CT[LF GM[I|T[3| DLN|.S.SRNLFV|LGF|SI|FF[ELIVLPSYLRQNP. ... ... LVTGITGID N[V G 561
XanQ M IAVLGGAMTLMF S|M|I|A|T|A GL.|.K.RRETLIVAT[SLIGLELGVSYDPEIFK........ Y|V IAlG 435
XanP |3 P VLGGATLVMF G|T|T|A[Al PL.[.N.RRAILI|IAL[SLA BY.SOOPLTLO s wie smuie siaes o s KN G 447
Ygfu ¥ F VLGG|AGLVMF GMV|LIA NYT|TN . RYNLY I|[VAI[SLIGVEMTP TLSHDFFS. . e v oo v vnn .. o/p 1ja 431
Pucd  |¥| AIAVLGGATVVMFE GMV|I|A DLK|.N.QYHLLT|IAC|SIALI/GASTAPGIFA. . « v oo vrn .. R|T T|c 410
UraA [ P VMGG|VS LL[L Y G|V|I[G[Al KVD|YNKAONL . I|TSV[ILIIMVISGAKV . « o vttt et e eeeeeeene e Al . AE[LK| 1ja 405
PyrP  [K|IT| P VIGGAS IA[LF GV|IAR KVNFDIKRNLLI[SSVIVLVIEIIGEGMITI. ..o ovvtenneeennnnnan QIN[L Q[T S A 412
RutG  |¥] AVIGGASIVVEGL{IAVA RVDILSONGNLIMVAVTLVLEAIGDFAL . .« v o vt v v i vevee e e e 5. [F 1] 1G[TA 414
UapA AFVEM AI....MPAEVE[E..IGAVTPMPVSAHDNRDGEAEY OSKOA . ¢ v vt et et e ae e me e e oeeseneseenesnenanesenneenens 574
UapC GFL LT LERDMERIDVVESEEDYEATTVVEMQCCCRP CESCONVKR < « sune v srane susie § susts Sodinms susmas aysss o auie Qewsy S o @ o 580
Lpel ATL CTHLYWEASVKKDRGWFWWEKFKSYKYDG.RSEEFYRLPYGLSRYFPSL...... R SE S AER B s 5 YRR SRR N 8 5 & & D20
SNBT1 GFL NT....IPGSLE[ERGLLAWGEIQEDSEETPKASKVYGLPWGIGTKFCTSSCTRILPFWPRIDHHGDEVGASQLTLCSQTSSGKHPWSVT 610
SVCT1 GCL NT....VPGSPE[E[RGLIQWKAGAHANSDMSSSLKSYDFPIGMGI.VKRITFLKYIPICPVFKGFSSS.SKDQIAIPEDTPENTETASVC 595
SVCT2 GCV NT....IPGTPEERGIRKWKKGVGKGNKSLDGMESYNLPFGMNI.IKKYRCFSYLPISPTFVGYTWK.GLRKSDNSRSSDEDSQATG. . 650
XanQ GLT, IILPGGYRQENV[PGITSAEEMD. ... ...... e e R e C...... 466
XanP  GIT, LIEPPEKCE: & woals|mmrsns sumecs svese i swens exenacs swets s s8egs & GHem s s suas aafeus s/ems & swhs Somge sUemle s & sis SOEE W R 463
Ygfu TLS VFFNGYQHHA KESVSDKDLKVRTVRMWLIMRKDRKRNEBGE s 5 sas ¢ oot &5 & ciite & chavs /sias sisns s Sifie s/siore G’ sis & 5 482
Pucd SLT LFFSLRD.....|. KKELTAQQTELPVLEHTLALEKEV « ¢ ottt et ittt o e et e e e ae e eaeae et e aeeeeeaneeeaeeeanen 449
UraA TIV| LIFERLISVIRPERVVLDAEDAD IT DK ans sussis svens & syeus & wse @ sietie © sreife 5yeusi siene & syeiis seielts syesie stes & svefs SUsiss sisescs s & o 443
PyrP TII BVLEK: oo DPEIMT covn s conns ¢ o o iam & W00 Bamrs iem i W% v DA & At Ve SIS SR ¢ s GLIHE SREE @A ¥ 6 430
RutG TEGAI ALLSRKLVDVP P B EVVHOEP & & o ittt et ettt e e et e et e e oo o ae o oeeoe s seeeneaeseeseeeeenneneseeenneeas 442
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Bijua 3°

BeAtiotonoinon ¢ otoiyiong UraA — UapA dote m teMKn poper| vo
ypnoonomn0ei yio povielomoinon tov UapA (Ewodva 3-2). Kotd ) dradikoaoio ooty
aQopEONKaY KAmolo Kol KeVE TG TOALATANG GToiyiong TV 600 GAANAOLYIOV Kot
eAéyyxOnke 1 opb1 oToOiyIoN KATOL®V GLVINPNUEVOV TEPLOYADV, OTMS Y10 TOPAOELY L0
ta potifa QE oto TMS1 kot 10 Yopoknplotikd Yy tnv otkoyévelo NAT
(Q/E/P)NXG-4X-T oto TMS10. Ot dvo mpwteivikég oadliniovyies eppdvicav 23%
toutoTTo Ko 41% ouvtpnon, ouowdTNTo OPKETH YOUNAY, OAAL 1KoV Vo
onpovpyncel HovtéAo oporoYiag, €101KA edv TO TEAeLTAio cuVOLOOCTEL Ko LE

npoimapyovta mepopatikd dedopévo (PA. §1.5.2 — 1.5.4).

UraA 4  --RAIGVSERPELEQTI FINFGATL VRVLFEIN-----—---—- PARVIBLFNEI
UapA 64  APPFFGLNIZK I|gVIBLAF I LINIILAGVTPIgL T 1SSSLSLPSDLQQYLVSHSBIVC

UraA 53  GILLYLFICKG--------- KIPAYLEGSSZAFIRPYLLLLPLGN-———-————-—-—-—~ EV 89
UapA 126 LSMVQITRFHIYKTPYYIGSGVLSV SIMSVASGAFNQM)(SNGFCQLDEAGNRLPCPE 187
UraA 90 PLEGFIMNCGVLFCIAYSFIVKKAGTGWLDVLId@ZAANGA TIAVICLEIAGVAAGHAG-————- 145
UapA 188 [YALMGTSACCARYEILLAFVPPKVIQK IIg@qIVTGPTYNLICISBIGTGFKDVAGGSACH 249

UraA 146 ---—-—---- LLPAEGQTPDEKI-MIISITILAVIVISGSVLFRGFLAIIPIL) YALSFE 198
UapA 250 DDGMLCPSATAPRPLPWGEPEFHGLGFLVFVSIIISCERFGAPIMKSCSVVpECL! CIVAAL 311

UraA 199 MGIVDTTPHUINNHWFALPTL YWP-RFEWF--ATIMTISLPAALVVIAISHVICHLVVMANIVKKDLL 258
UapA 312 Cl¢YFSHADMDARIPAASF IWVKIFP-LSVYGPMVIBPIMIAVFIICACHCI{GDVTANCDVSRLEVR 373
UraA 259 ---RDPGLHRSMFLWN[ELSTWYISGFFGSTPN| GENI (e IRVYST|(VIGGAAIFANLLSC 318
UapA 374 GGTFESRIQGAVLLDGINSYYVAALATMTPN ARUINQYTENLIICANRJAGYCCCLILMVAGI 436
UraA 319 VGULLEVRIQY PUEVSLLIBYGVIG IRVLIESKVDYNKAQNLILTSVILIIGVSG-— 379
UapA 437 FASFLGYRIVA SIREMK TFIBFASVVISI¢QATVAKAPFT-RRNRFIL TASMALGY[GATLVP 498
UraA 380 --AKVNIG----—-——-————————- AAELKGMINLAT INYG IGI#SLMFKL IS—---— 410

UapA 499 TWFGNVFPQTENRDLEGFENAIELVLETCFEWVTAFYAMLIENABMPAEVEEIG 550

Ewévo 3-2 Zroigion tov petagopiov UraA kor UapA. Tao omdAivto Kot bynid cuvinpnuévo
ouwvo&én etval YPOUUOOKINGUEVE, UE HOOPO KOl YKPL OVTIOTOUKO. X€ KOKKIVO TAQIGLO £YOVV

emonpovlel opiopéva and ta covimpnuéva potifa g owoyévelng NAT, mov 6¢ethav, og £vdeln
a&lomotiog g otolyiong, va tavtilovtal.

[$3]

2
25

—

3.1.1.2 Koataokevn Tov povrélov oporoyiag tov UapA

O doun tov UraA (PDB ID: 3QE7) eivau dwbéoiun oy KuTTOpOTAAGLOTIKG,
avoyyt dtupopewon pe vroéotpopa (PA. §1.5.5). H doun avt ypnoipomodnke g
wKplopgo yoo TV Kataokevn poviélov opoioyiag tov UapA. To yeyovdg o0TL 1
dwpopemon tov UraA  mepieiye Kot 1o VTOGTPOUO OTOTEAEGE TAEOVEKTNO Y10l
emokorovba  povtélo  aAAnAiemidpacng tov UapA pe ta QUOIOAOYIKE  TOV

VTOGTPOUOTO LEGH VTOAOYIGUDV TPOGIECT|G.
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Mo v kataokevny tov poviéAov opoAoyiag ypnoomomnke 10 AOYICUIKO
Modeller 9v8 (BA. §2.4.1). Ev ovuveyeia epapuootnke 1 ocovidng odwdikacio
Beltiotonoinong tov Bpoywv (loop refinement) kot éva Tp®TOKOALO TPOGOUOIMONG
avomtmong (Simulated annealing protocol) ywa ™ PeAtiotonoinon oAOKANPOL TOL
povtéhov. Amd tig 40 mpoxvmtovoeg dopég emAExOnKe ekeivn pe v vynAdTEPY
Bobporoyio yopikodv meplopopudv (spatial restraints score) yio poploxn SuVOpKN
ddpketag 50 ns ypnowonowdvtag to Aoyopukd Desmond (BA. §2.4.3 — Ewc. 3-3),
duwapkela Tov ot oedvn Piproypagio Bewpeiton wavoromriky. Kotd m dadikacio
0TI TO GUOTNUO TPOETOUAGTNKE HE TV EVOOUATOCN TG TpoTeivng Tov UapA oe
o Amotkn dumAoostoldda POPC, ¥pNnGLULOTTOI®OVTAG TIG CUVIETAYUEVEG TOV MOV
™ pepPpdvng tov UraA, omog €xovv katatebel otn Pdon odedopévaov OPM

(Orientations of Proteins in Membranes database - http://opm.phar.umich.edu/),

dwAvtomolwvtag &v ovveyeio T pepPpdvn oe vepd. Kotd v ektéleon Tov
TPOYPAUUATOS  YpNOILoTomOnkay ot  mpobmapyovces pubuicelg pe TG €ENG

JPOPOTOUGELS:

- Ewvvddrwon (Solvation)
o Solvent Model: Predefined TIP4P
= Membrane model: POPC
o Box shape: Orthorombic
= Box size calculator: Buffer
= Distances a:10.0 A b:10.0 A c:10.0 A
- Iovra (lons)
o lon placement: Neutralize (CI)

OD[ Add salt

= Salt concentration: 0.15 M

H tetpayovin pila ¢ andkiiong tov Ca-avOpdkwv OAwv tov ehikov dev
vrepéPn TV oméotacn Tov 4A kaBoAn ™ Sidpkeln NG TPOGOHOIWGTG,

vIodekvhovtag TV otadepdtnta Tov Bewpntikov povtéhov (Ew. 3-7).

RMSD (A)
S = N W A

0 5 10 15 20 25 30 35 40 45 50
Xpovog (ns)

Ewkova 3-3 Méon tetpayoviki] pila anokiiong (RMSD) tov Ca-avlpakov 6Lmv TV ehMikmv, Yo,
KkG0g 0.25 ns g popraxig dvvopukig cuvolkng drapkerog 50 ns. (Kosti et al., 2012)
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H ocvvoium tprodidotatn dour tov povtédov UapA (Ew. 3-4) avtictoryel og
éva. e0MOTPEPEC dlapoppopepés pe 14 dwopePpoavikd Tunpoata kot mpoecéyovoa
devtepotayn doun avtn g a-éAkag. H apyitextovikn Tov petagopéa Tov dtopet og
dvo drokprrove Topeic, évav cvumoyn mopnva (core domain) mov amoteleiton amd To
tunpoata TMS 1-4 ko 8-11, xon v meployn ereyyouevng npocPacng (gate domain)
tv TMS 5-7 kou 12-14 (Ew. 3-4, Tiv. 3-2).

Y % ::? & B

". *v >
o I s
g ?.’x}i‘f%-:f;‘iv

Ewéva 3-4 Oempntikn sop Tov UapA. A. TIpoPiendpevn tpiodidotatn doun tov UapA énsta and
poptlakn duvopiky pe to Aoywopikd Desmond. B. Kdtoyn tov povtéhov UapA émov drokpivovron ot
nmeproyég tov mopnva (TMS1-4, 8-11) ko g eheyyouevng mpooPacng (TMS5E-7, 12-14) pue
apOunuéva to TMS. T'. [Tievpikn 6ym g dopng Tov UapA 6mov vmodekvieTal 1 Tomoloyio Tov
OTNUAVTIKOV KoTaAoitwv yio T Asrtovpyia (Q85, H86, E356, A363, Q408, N409, G411, T416, R417)
kor v efedikevon (Q113, R481, T526, F528) tov UapA. A. Aegmtopépeia TtV SLVOUIKOV
aAAniemdpdoswv petad tov TMS1 (Q85, H86), TMS8 (D360) war TMS10 (N409, T416).
AmewcoviCeton emiong o TMS14 kot ot Boeig tov kKatoroinwv T526 kot F528, ta onoia cuppetéyovy
Kupimg oty e&edikevon tov UapA, ev cuykpicetl pe ta onpovikd kotdlowrto oto TMS1, TMS8 kot
TMS10, ta omoio epmAéovtal TN OEGUEVGT TOV VITOGTPMUOTOG KAl T1 LETOQOPA TOV. 10 A, I kKot A
T0 v HEPOC TOV GYNHOTOG gival TPog Tov €EMKVLTIAPIO YOPO KOl TO KAT® HEPOG TPOS TO
kuttopomiacpa. (Kosti et al., 2012)

Ot SwpepPpavikéc éAkeg ocvvofovtor He OYETIKE peydAovg Ppodyovs, 1
migloyneia TV omoiwv oviiotoyyel o peydAeg €1600YEG OV TPOTEIVIKN

aAiniovyio tov UapA ce oyéon pe tov UraA. To televtaio autd yeyovos amotérece
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npochetn SVOKOAMO otV amoOKTNon akpPodg SUOpE®oNS TV PpoYOV TOL
petagopéo Kot yU' ovtd kAmowot Ppoyor mopoAN@ONKov omd TOVG UETEMELTOL
VIOAOYIoHOVG TTPdGdEoNC (Bpdyotl cuvdeong TMS 1-2, 2-3 kar 5-6) (Ewk. 3-4).

H xatavoun tov 10vicpévav KataAoimmy oty ETPAVELD TOV HETOPOPEN Efvat
OVOUEVOUEVT], OEOOUEVOL OTL TOL TEPLGGOTEPQ OO AVTA €lval TomobeTnpéva eite OTIC
KUTTOPOTANCUOTIKES KOl TEPIMAACHIKES EMPAVEIEG 1| KATO UNKOG TOV TOPOL GTO
eomteptkd g mpwteivng. Ta Betikd @option cLYKEVIpOVOVTOL KUPIOG GTOLG
KUTTOPOTAACUATIKOVG PBpdyovs, @owvopevo mov &xel mopatnpndel kKou o GAAeg
StapepPpoavikég TpmTEIVES Kot OVOUACETOL KAVOVOS TOV BETIKAOV POPTI®V TPOG T £0M

(positive inside rule).

Mivakag 3-2 Tlpoprenopeva dwopepfpoavikd Tpipato 610 povréro Tov UapA.

Awgpepfpovikd Tpnpo  ApOpog kon £i60g apvoSé®v

TMS 1 L77 - V95
TMS 2 T118 - R133
p3* $149 - V153
TMS 3 1158 — A164
TMS 4 A188 — F208
TMS 5 T223 - W242
TMS 6 L274 — F288
TMS 7 M293 — A311
TMS 8 1344 — S368
TMS 9 1381 — A398
BL0* T404 — F406
TMS 10 A407 — T416
TMS 11 R421 — G435
TMS 12 S450 — K473
TMS 13 N480 — A494
TMS 14 G527 — 1541

B: d10pdpemon P-TTuY®MTNC ETPAVELOG

Télog, eppavifoviar diktva 6TABEPOTOMTIKOV dEGUOY VOPOYOVOL UETAED TMV
eAikov. o Tapdoetypa, ot TAevpikég aAvoideg tov kataloinmv N409, H86, Q85 kat
T416 oymuotilovv deopovg vdpoyodvov ctabepomoidvtog Tig hkeg 1 kan 10, eved éva

axoun diktvo dmuovpysitor petald TV edikwv 8 kot 10 pe ™ ocvppeToyn TV
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mAevpik®v aAvcidwv Tov N410, T405 ko D360 (Ew. 3-8T" & A). Eivor a&loonpeioto
10 yeYovog OTL ot mpoovapepBEévteg decool VOPOYOVOL Gynuatilovial otV TEPLOYN|
TOV VPNV TG TpwTEivng (core domain), vVIodelkvOoVTaC TNV OVAYKN SOUIKNG

oT1afepOTNTOG TNG TEPLOYNG OVTNC.

3.1.2 Aéopcvon Tov vIOGTPONATOS — YTOLOYIGHOL TPOGIETTS

‘Evoc amd tovg Pacikdtepovg oT1OY0LS NG MOPoVGOC HEAETNG MTOv 1
SAEDKAVOT NG SOIKOGIOG AVAyVAOPIONS TOV PLGLOAOYIKOV VTOGTPOUATOV OO
tov UapA kot 1 enakdA0ov0n HETATOTION TOVG KOTE UKOG TOL TOPOL petapopéa. [
mv enitevén tov mpoaypatomomOnke pio dSwwAn mpoofyyion. H mpdtn frav o
TPOGOOPIoUOG/ETOANOEVOT TOV POAOL KaTOAOIT®OV OV £XOVV TPOGOIOPICTEL OO
TPOYEVECTEPEG YEVETIKEG WEAETEC MG KPIoIWA Yylo. TNV OAANAEmiOpacm HE TO
QVO0A0YIKE vooTtpopata. H debtepn Ntav 1 dnpiovpyia piog vrdbeong dopunc-
Aertovpyiog pe Pdon ta mopandve amotelécpata, n oroio Bo uropovce pe ™ cepd
™G Vo OlEVKOADVEL TO GYedoUd EVOGE®V, Ol Omoleg ovTaymviLopeves Ta
QLGLOAOYIKE VTOooTpOUATA Oa UTOpovGAV VO dPACOLV MG OVOCTOAELS ME mBav
wpwkn  onupooio. Ilpokewwévov va  peremBovv 1o mapoambve  {ntMuota
onpovpyndnkay, apyud, povtélo aiinieniopacng tov UapA pe v EavOivr, éva
amo to 600 PLGLOAOYIKO VTOGTPMOUATE TOV, WE TN YPNOTN VIOAOYICUAOV TPOGOEGNC
(BA. §3.1.2.1). Ev ocvuveyeia, ypnoorombnkoy VTOAOYICUOL TOGOTIKMV GYECEWV
doUNG-OpAoNC, TPOKELUEVOD VO, CLGYETIGTOVV TO TEWPOUATIKE dedopéva (Kmj kot
AG®) pe tovg vmoAoyiopovg kar va oprotikomomdel to emikpatéc poviého (PA.

§3.1.2.2).

3.1.2.1 Ymoloywopoi mpococong pe Low Mode/Monte-Carlo, Glide kon IFD

‘Eva (o mov eAnedn vmoyny eEapyng Katd Toug LITOAOYIGHOVS 0pOpoVGE
mv tovtopépetn g EavOivng. Xe ovdétepo pH m EavOivn gpepaviletor pe 600
kupiapya, tovtopepn (Kulikowska et al., 2004), to omoia Opmg dnpovpyodv o
Baoikn 01popd 6TIg 1010TNTEG OGOV VOPOYOVOL KABE 1GopepOVS. T To Adyo avtd
TPOYLOTOTOONKay VITOAOYIGHOT Kol e TG dV0 KATAOTAGES TPMTOVIMGNS, 0T 0éom
N7 11 N9, xar 10 aviictoryo tovtopepn tovg ovopdotnkav Xan7H wor Xan9H
AVTIGTOLY MG (CYNUO TV SVO TOVTOUEPDV).

Ot vroAoyiopol TpodcdEcN TpaypuaTomomOnKay pe  ypnon 60o SuKplrTdV

TPOTOKOAL®V, Vo TPOTOKOALO Paci{OUeEVO GTOV OAYOPIOLO LEIKTNG SEIYUATOANYIOG
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Low-mode/Monte Carlo yio vroloyiopote gokapntng npdcdeong (PA. §2.4.4.3), ko
éva mpmtoKoALo akaumtng ntpdcdeonc Glide axolovbovpevo and Induce Fit Docking
(IFD), péow twv Aoylopk®v tng Schrodinger Suite 2011 (BA. §2.4.4.1). To Prime
mov mepiEyetar oto IFD egivon éva epyoreio povtelomoinong €dkd oo TV
BeATioTOTOINOT TPOTEIVIKOV JOUDY TOL TPOEPYOVTAL atd TNV oporoyia. H epappoyn
0V, ©¢ pépog tov IFD mpwrtokdAlov, BewpnOnke otnv mepintwon tov UapA og
TOALQ VTTOGYOUEVT], OEOOUEVOL OTL AMOTEAOVGE 0L TPOGEYYIOT CUUTATPOUOTIKY UE
v KAaowkr Low-mode/Monte Carlo.

Apykd  epapudomKe TO  TPOTOKOALO  dkoumtng 7wpocdeong  Glide
axolovBovpevo amd vmoroywopotg IFD. T kdBe tavtopepéc g EavBivng
emAEYONKay 000 OlapopeTikd otTiypidtuma, To omoia &iyov TPOKVYEL MG OOUES
yopmAotepng evépyelag otovg vroroyiopovg Glide — IFD (Ew. 3-5A kot B yuo 10
UapA-Xan7H xot Ewc. 3-9T" kot A yuo to UapA-Xan9H ocdumroko). Ta otrypodtuna
3-5A ko 3-5T givon apketd opoto peta&d tovg, OTmg avtiotolya kot ta 3-5B kot 3-
SA. To amoTEAEGLOTA TOV VTOAOYICU®Y TPOGOEGTG NTOV OPKETA GLUVET MG TPOG TA
YEVETIKA 0EO0UEVA, MGTOCO GYETIKA AOAPT DOTE VO TPOTEIVOLV £Vl LOVOOIKO TPOTO
déopevong g Eavoivne.

Avolvtikdtepa, oto otryptotumo 3-5A 1o towtopepég Xan7H otabepomnoteiton
oTNV TEPLOYN OEGUELONG TOL VIOCTPAOUOTOS TNG TPOTEIVNG and TEVIE SECUOVG
vopoyévov (ITiv. 3-3). Edd to Q408 odwdpapartilel kaipio polo otn Oécuevon,
YEYOVOG OV GLUPWVEL [LE oTOLXEIR OO PLOAOYIKA TTEWPANLATA TTOV dElYVOLV il GLEST
oLUUPOA] TOVL &V AOY® KOTOAOITOL OTNV OVAYVAOPLON TOL LIOGTPOUAToS. O
TpoavapepONG deopdg vdpoyovov o omoiog oynuotiletor peta&d tov apdiov ™G
mAevpikng aivcidag tov Q408 kar g EavBivinig  mapovoibleton emiong oto
ottypdtomo 3-5I° mov meprypdoper v UapA-Xan9H aiinienidopaon. 261060, £vd
o010 3-5A 10 Q408 cuvvdéetan pe to Ni-H kot 10 Co-O tov daktvAiov g movpivig
Xan7H, oto 3-5T" ot avtictoyeg 0ol aAinienidopaong eivar to Ni-H kot 1o Cg-O
tov Xan9H. Ta yevetikd dedopéva vmootmpilovv 0tL 10 KapPocoio tov E356
amoteAel oNUOVTIKO OTOEl0 OTNV  avayvOPIo TOV VITOGTPOUITOV ond TNV
npoteivn. To amoteAéopato TV LVTOAOYICUMV TPdcdeog Npbav 6e cuppmvia pe
avtd to dedopéva, kabmg deiynke OTL T0 KATAAOMO OVTO OAANAETOPA HECH E€VOC
deopov vopoydvov pe v N7-H opdda, gite ot 8éom 7 tov Xan7H 1 ot 6éom 9 tov
Xan9H, xon mBoavog emmpedlel TOV TPOGAVATOMGUO TOV VTOCTPOUOATOS EVIOC TNG

0éonc oéopevong omv mpoteivy (Ew. 3-5). Avo emmAéov aAAnAemdpacelg
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cuupdrovv oty TEPAUTEP® OTAPEPOTOINGT, TOV CLUTAOK®V, 1 OCAANAETIOpOCN
petagd tov -NH tov okeletov tov A407 won gite Tov Ce-O (Xan7H) 11 tov Cyp-O
(Xan9H), ko n aAAnAenidpaon petald tov kapPfovoriov tov okeretov ™ F155 ko

elte Tov Ng g Xan7H 1 tov N7 ¢ Xan9H.

Ewova 3-5 Alniemdpaoceig UapA — vmocTpOpRaTos. TyNIOTIKY] 0OVOTOPACTOCT] TOV TECCAP MV
SLaQopeTIKAY povtélmv ovvdeons (A-A) g EavOivig ne Tov UapA (novtéda 1-4 avtictovya).

A xou B. Xoumhoko UapA-Xan7H. T’ xar A. Toumhoko UapA-Xan9H. To emkpatéc povtéro (A)
VTOJEIKVVETOL OE TAQICI0 Kol o€ PeYOADTEPN KAlpoKo, KoODG vmootnpiletor omd TEPOUATIKG
dedopéva, vToroyiopovg Tpodsdeons kot SAR. (Kosti et al., 2012)

Y devtepn evepyelokd PéAtTiotn doun tov cvumidkov UapA-Xan7H, to
VrOoTpWIO oTabeponoteitat emiong pécm mEve deopmv vdpoyovov (Ew. 3-5B). Edo,
10 Q408 aAAniemdpd pe to N3-H xon 10 Ng g movpivng, evd 1o E356 aAiniemidpd
pe 1o Ni-H. Téhog, oto otypdtvno 3-9A 10 odumhoko UapA-Xan9H
otabepomoteitan e T€66EPLG deaUoVC VOPOYHVOUL, 6oL To Q408 GuvelcPEpEL pe Evav
Lovo deGpd VOPOYOVOVL, evd To E356 alinAemidpd pe to Ni-H g EavOivng. A&ilet

va onpelwdel mmg ot oAAnAemidpdoelg petalld Tov okeret®v tov A407 ol F155 pe
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T0 VROGTPOUN.  TOPATNPOVVTOL KOl OTO TECGEPON  OTIYMOTLTTO.  HE  HKPEG
dwpoporomoelg otig Béoelg e EavOivng pe i omoieg aAiniemdpovv (Ew. 3-5 &
ITwv. 3-3). Téhog, pio KOWMOC TAPATNPOVUEVY] OAANAEmIdpaon NtV Ol T-T
OAANAETIOPAGELS TOV TOVPIVIKOD OOKTUAIOL OVAUESH OTIG MAEVPIKES OALGIOES TV

apvoéikav Kotaroinwv F406 ko F460.

[Mivakag 3-3 Adniemopacelg UapA-EavOivig 6Tic evepyetoka PEATIOTES H1OLOPPADGELS.

) Oéon dakTVAioOL — Apvody ) )
Awpopemaon . AvVATTTUYO VTOGTPAONOTOS
aliniemiopaong

UapA—Xan7H_1 Ny-H — Q408
(Euk. 3-5A) C,=0 — Q408 .
Ce=0 — A407 ' @
O »

N-H — E356 H
No — F155 RN
UapA—Xan7H_2 N;-H — E356 @ )\; ]l o
(E. 3-5B) C,=0 — A407 07 N7 N
Na-H — Q408 v
Ce=O — F155 - @
Ng - Q408

UapEAx;r;ng_l No-H - 0408
(Euc. 3-5T) C,=0 — Q408 ;
Cs=0 — A407 \ o)

Ng'H - E356 H\ N

1%5 | 78\>
UapA—Xan9H_2 Ny-H - E356 ’ 2 ,ij 4 gN
(EI,K. 3'5A) CZ:O — A407 | \

H.
Na-H — Q408 H
No — Q408 Xan9H

[pokepévov va depevvnBel mepartépm 1 dStopdpewon tov copriokov UapA-
EavOivng kar va a&oroynbet to IFD mpotdkoriro, mpaypatoromOnkov vroloyicpol
eOKOUTTNG TTPOGOESNC YPNOLUOTOIDVTOS OAYOPOHO UEKTAG Ostypatoinyiog Low
mode/Monte Carlo. Q¢ apyikég dopég ypnoomombnkay ot emkeypéveg and to IFD
npwtokoAro. To amoteréopato TV VO UEBOO®V MTOV EMOPKMG GLVEMH. XTNV
nepintwon tov Xan7H tavtopepoig 1 evepyeikd PEATIOTH dop| TOL GLUTAOKOL NTAV
tavtéonun Kol otig 0vo pebodoroyieg (Ewc. 3-5A). Avtifeta, omv mepintmon Tov
Xan9H towTtopepovs, TO OAIKO EAAYIOTO TMV LIOAOYIGU®MV EVKOUTTNG TPOGOEONG

Opepe amd avtég TtV vmoAoyav pe 1o IFD kor otepodtav e&eldikevuévmv
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aAniemdpdoewv pe v wpoteiv. 'Etol, eved ot vmoAoywopol mpdcedeong
TPOGEPEPAY TANODOPA TANPOPOPIDOV Yo TN OLOOIKOGIO AVOyVMOPLoNG, Ol OTTOleS NTAV
o€ TANPN GUVETELN E T YEVETIKA OEOOUEVO, OEV NTAV TEIGTIKOL GTOV KOOOPIGUO TNG
deondlovcag yewuerplog doéopevong omd Tig técoepls mBavég devbenoel ™G

Eavoivng.

3.1.2.2 Ta amoteréopato Tov QSAR amoca@nvilovv 10V TPOTO dEGUEVGNG TG
EavOivng otov UapA

IMo tov mepattépm EAeyy0 NG GUVETELNG TOV TECCAP®V OLOPOPETIKAOV TPOT®V
obvdeong g EavOivig pHe To VITAPYXOVTO TEPOUOTIKE OEdOUEVA, ETLYEPNONKE 1
dnuovpyia poviédwv IMocotikov Exécewv Aoung-Apdong (Quantitive Structure
Activity Relationship — QSAR), e&etalovtac éva pkpd GOVOAO OVOAOY®V TG
EavOivng pe yvootn elebbepn evépyeto mpdodeong (Ewc. 3-6A). INa 10 okomd avtod,
ypnowonomdnke mn  pebodoroyio  emavorapPavopevev  KOKA®V  LTOAOYIGU®V
npdodeong — Pabuoroynong tov Aoytopkov PrGen 2.1 (BA. §2.4.4.4). Extiufdnkov ot
fewpntikég  ovyyéveleg Oéopevons  (Epinding) MHE  a&oddynon g evépyelog
OAANAETIOPOONG  HETOPOPEN-VTOCTPMUATOS, TNG EVEPYELNS OLOALTOTOINGNG TOV
VTOGTPOUOTOC KOl TIC OAAAYEC, TOGO GTNV E0MTEPIKY] EVEPYELD TOV VITOGTPMUATOG,
0G0 Kot otV PETABOAN NG EVIPOTiD TOL KOTA TNV TPOGOECT] TOL GTOV UETAPOPEC.
Katomv, vroloyiotnke 1 ekevbepn evépyelo oOvieons (AG pred) HEC® YPALUIKAG
ovoyétiong g mepapotikig ehevbepng evépyslag (AG’ep) Kol NG ovyyévelog
déopevons (Epinding) Yo k66 avéioyo. Xy mapandve Stadikacio ypnoipomodnke
[o opado extd avardymv Eavlivng og opdda expadnvong (training set — XAN, 2SX,
6SX, 3MX, 8MX, 9MX, 8AX) kot dnpovpyndnkay técoepa doPOPETIKG LOVTELQ
and Vv véPOeon OA®V TOV VTOGTPOUATOV Y10 KaOEVA amd To TEGGEPO OTIYOTLTIO,
npoedeong g EavOivng (Ewk. 3-9), ypnoonmoumdvtag yio kabe avarloyo 1o KatdAAnAo
TavTopePEG KdBe popd (Yo Ta otrypudtuna 3-9A & B ta avdroyo mpotoviopéva ot
0éon 7 kot v ta otrypotuna 3-9I° & A ta avaroya mpotoviopéva otn Béom 9).
Avaroya EavOivng pe moAd younAn ovyyévelo ovvoeons, Ommg N 1-pebBvriogovOivn
(IMX) xou n vro&avlivn e&apédnkov amd v opdda ekpabnvong (training set),
AL ypnoiponomOnkay wg opdada ehéyyov (test set — IMX, vro&oavOivn, adevivn Kot
yovavivn). Ta mOovd opbd poviéda O Empene va mpoPAémovy 0 yopnin evépyeto
GLVOEDOTG T®V OVOAOGY®V TNG OULAOAG VTOAOYIGHOD KO TNV LYNAT EVEPYELD GUVOECTG

TOV OVOAOY®OV TNG opadag eAEéyyov pe to petapopéa. H mowdtmra xdbe povtédov
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ekTyuminke omd TO TETPAYWOVO TOV GUVIEAECTN GLGYETIONG r° petalh tov
TEWPAUATIKOV Kol OeopnTtikd mpoPAenduevav Tnmdv eredBepng evépyelag chHvoeonc

(DG®) ka1 to Padud andxhiong amd Tov TPOSHVUTOMGUS TG EavOivg.

B
- o o
" NG NG N
R1\ NH )\ |\\N |\>
/ )\
R8 NH N
Ve laa
N H H CH3

N
Rz)\T

A

|
(o]

1
~N

'
)]

8-ala-EavOivy 9-pebuvro-EavOivy

AG mpopiendpevo (Keal/mol)
)

R3 (8AX) (9MX)
4 5 8 -7 -8
R1 R2 R3 R6 R8 AG newpapatikéd (Keal/mol)
1-pgOvdro-EavOivy CHs O H 0) H
(1MX) B F155
3-pebvio-EavOivny H O CH: O H T
(3MX) :
8-pebvio-Eavlivn H 0 H 0 CHa Q408 '
(8MX)
2-0g10-EavOivy H H H |
(2SX) S 0 /
6-0£10-EavOivn H O H s H A407 \CE\356
(6SX) ).,J

Ewkovo 3-6 Movtého oyxéocwv dopnjc-6paons (SAR) g arlindienidpacng tov UapA pe avaroyo
EavOivineg. A. Aopég avardymv g Eavlivng mov ypnooTomOnKay yio T SnUovpyic TV HOVTEAOL.
B. IIpofAienouevn npog [epapatikn AGypinging. I'e YEpOeon tov avardyov g XAN evtog g 0éong
déapevonc otov UapA, dnmg mpoteivetal oo to telkd povtéro. (Kosti et al., 2012)

Evo ta povtéha tov 3-5A kon 3-5I° €de1&av pia ikavomomtikn cuoyétion (e r?
0.958 ka1 0.964 avtictorya), T0 TPOGOIOPIGHEY r2 v ta povtéda 3-5B ko 3-5A fytav
apketd yopnAd (0.567 xar 0.473 avtiotorya). Xto 3-5A poviélo n KoAn cvoyétion
(Ew. 3-6B) cvvodehtnke amd 0Ecelg SECUEVONG TOV OVOAOY®OV TOV NTOV GOUPDOVES
pe avmv g Eovlivng (Ew. 3-6I), evd oto povtélo 3-5I° mapotmpnnke o
EMOVATOTOBETNON OA®V TV avaAdY®mV o€ oyéon e v apyikn 0éon g ovOivng.
Oewpdvtag 0Tt 0 LYNAOS Baburoc dopikng opotdtnrag petald g Eavlivine kot tov
EMAEYHEVOV avOLOY®V KoB1oTA avaykaio Evav e&icov vynAd Babud evbuypapong
TOV TOVPLVIKOD TOVG dOKTLAIOV €VTOG TG KOWMOTNTAG OECHEVONG, TO HOVTEAO TOVL 3-
S5A oTiyotimov emA&yOnke ¢ OLYKAION TOV TPIOV TPOGEYYICE®V MOV
epapuocinkayv. To poviédo avtd emPeformbnie TepalTéP® amd TOV VTOAOYIGUO TNG
evépyelag déopevong g opadag eréyyov (Ew. 3-7 H éwc kot K). Ot vmoroyieOeiceg

evépyeteg déopevong Tov Aoyicopkob PrGen £dei&ov 0tL 1 ouyyéveln SEGUELONG TOVG
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ntov vyniotepn ond 24,3 Kcal/mol, tyn mov topualer pe T1g mEpopatiKd

TPOGIOPLGUEVES.

Ewéva 3-7 Yrnohoyiopoi mpocdeons avordywv
¢ EavOivng otov UapA ya 1o otiypiétomo 3-
9A. A. 3-pebvro-EavOivn, B. 8-pebvro-EavOivn,
I'. 9-pebvro&avOivn, A. 2-6gr0-EavOivn, E. 6-
Oc0-EavOivn, Z. 8-ala-EavOivn, H. 1l-uebvro-
EavOivn, O. vmofovOivn, I. adevivny ko K.
yovavivn. Ot depol vépoydVOL avamaPIGTOVTOL
HE OlOKEKOUEVES YPOUUES, evd acbevéoTtepot
| deopoi vOpoydvov avamopictavtor pe Aentod-
TepEg dlakekopéveg ypapuuéc.(Kosti et al., 2012)

3.1.3 Ilopeia TOL VAOGTPONATOS TPOS TO KVTTUPOTAUGLO.

Extog amd ™ dnpovpyia evog HOVTELOL GUVIEONS UETAPOPEN-VTOGTPMOTOC,
amotelel Wlaitepn mpdkAnon N mpdPAeyn ™G mMopeiog TOL VIOCTPAOUATOS OO TOV
e€OKVLTTAPLO YOPO GTO KLTTAPOTAAGUO JOUEGOL TOL HeTOPOpEd. [ avtod TOoL
tomov 1N peAétn otov UapA emeléynoav vmoroyiopol edkaumtng mpdcdeog,
dedopévon 0Tt Umopovv va TomofeTicovy TVYaic TO VTOGTPOUO GTO ECAOTEPIKO TOV
YOPOV  SECUEVONG, YPNOUOTOLDVTOS EWIKOVS  OAYOPIOUOVS TEPIOTPOPNG KO
uetdopaong (rotational and translational algorithms). O Swpopewticdés ydpog tov
CUUTAEYLOTOG HETAPOPEN — VTOCTPMUATOC LTECTN EKTEVN OEIYHOTOANYioL HE TN
xpron tov aiyopibpov Swpopeotikng avalftnong Monte Carlo/Low-Mode. H
péBodog avtr €xel amodeyBel 1dwitepo OMOTEAEGUATIKY] OTNV  JEYHOTOANWYiO
TOPOUOIOV GLOTNUATOV Kot Bempeiton pia wyvpn texvikn (Soares-Silva et al., 2011).

HEeKivavtag and 10 KEVIpo déouevons, M Eavlivn tomobetnOnke xotd pnKog Tov
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nopov (mov oynuatileton amd ta TMSs 8, 10 ko 12) oe amdotaom mepimov 6 kot 12
A, kot mpoc Tic $90 KATEVOVVGELS, TOPAYOVTOG TEVTE OPYIKES SOUEC Y10 VITOAOYIGHOVG
npocdeong. Ipayuatomrombnkav 5.000 Prpoto Monte Carlo/Low Mode yio ke
apykn 0éon, axoiovBovueva and shaylotomoinon evépysloc. Koatd m didpkeia tov
VTOAOYICUADV TO VROCTPOUO MTov €hevBepo va Kivnbel Katd PNKOG TV TPV
KOPTESIAVAY aEOVOV Xyz amd 0 ¢ 5 A pe tomtodypovn eredBepn mepiotpon 0-180°.
O yopunAdtepeg evepyelokd dopés mov eANeOncav mapeiyav Eva Bepntikd povomatt

tov vrootpmdpotog (Ew. 3-8).

Ewovo 3-8 Movtého g mopeiog petatomiong g Savlivng dwapésov tov UapA. Ta katdioumo
F155, Q408, E356 ka1 A407 kabopilovv 10 KEVTIPO GEGUEVOTG TOV VITOGTPMUATOS, EVO Ta. 1526 Kot
F528 vrodeucviouy o Oempnrtikh eEmkuttapia meployn eheyyouevne npdcsBaone (PA §3.2.4). (Kosti et
al., 2012)

H mpotewvdpuevn mopeio LETATOTIONG TOV VIOGTPAOUATOG EEKIVAL OO TO KEVTIPO
déopevong tov otov petogpopéa (kotdrowto F155, E356, A407 kar Q408) kot
akolovBeiton  omd  petayevéotepa  otiypdtoma g Eavlivnig  mpog NV
KUTTOPOTANCLATIKY] TAEVPA TOV PETAPOPEX, TANGiov TV Kataioinwv D360, A363,
G411, T416, R417, V463 kot A469 (Ew. 3-12). And ta mopamdve apvoléa to E356,
A363, Q408, G411, T416, kot R417 Ntav yvootd omd TPONYOVUEVEC YEVETIKEG
TPOCEYYIGEIS TOL €PYACTNPIOL Y10 TO POLO TOVG GTNV SEGUELON KOL LETOPOPE TOV
vrootpdpatog (PA. 1.5.2). Ta vworowa koatdiouwa (F155, A407, D360, V463 wou
A469) anetéhecav vEO GTOLKElO Yol TEPOUUTEPM YEVETIKN Kol Proynukn otepedivnon

(BA. §3.1.3.1-3.1.3.3 xou 3.1.6). A&iCel €d® va onueiwbel 6t1, 1 Ayn oTIyoTOT®V
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EavBivng Hovo amd 10 KEVTIPO SEGUEVGNG VITOGTPMUOTOS TOV LETAPOPEN KOL TPOS TNV
KUTTOPOTAACHATIKY] TAEVPA MTay avapevopevn, kabmg 1 doupopewon tov UapA,
Bdoel Tov kKpvotdAlov Tov UraA, PBpicketon o€ Tpog To £00 avoryTn OOUN. ZVVETMG,
10 €EOKLTTAPLO TUNHO TOV UETOPOPEX OEV EIvVOL KATAAANAQ OLOUOPPOUEVO, DCTE VO,

etvot TPOGPAGILO GTO VITOGTPWLO, EVM TO OVTIGTOLYO KVTTOPOTAAGHOTIKO Eival.

3.1.3.1 O podrog Ttov apvoiéog F155 kar Tov gvpvtepov TMS3

TMS 3 Onwg @avnke mopamTave, Ol VTOAOYIGUOL

155

R I TpoOcdeaTS, aveEdptnta and tov oAyopidpo
UapA S[VIMG|IVISFISI|I|SVASGA
UapC  S|V[V[GT|SFIGT|I|ITVATGT Kabe @opd, vrédei&ov 0Tt 0 OKEAETOC TOV
Lpel YI|YPIAVAIILISPRY. . i , i
SNBT1 F|valp|slLaMLls|LPAwWKC apwvogéog F155 cvppetéyxer ot déopevon
SVCT1 F|L|V|P|AKA|[ILALERWKC , , ,
sver2  FlLalplaR AT LslDkwke TOL vmOoTpOpaTog, oxnuotiCoviag decuo
XanQ SIIIQISIVINF|SF|IVITVMIA. . . ; ,
XanP  s|tloldTls FINFMAP LIM. VOPOYOVOV UE AVTO. LT GTOIYIoN TOV HEADV
Ygfu  VIIMSWVITFIAAVITPMIA . e owoyévelng NAT mapotnpeitat vymhf
Pacy  vMuGsisFvateuIa. T Y g patnp v
UraA  AY|LGS|SFAF|IISPVLLL  GuvtApnon 10V GLYKEKPLUEVOD KOTOAOITOV,
PyrP  A|YM[G|S|SF|IAY|I|GAMTLL
RutG slylLlglslsaaFvicvvIAA 10 onoio vrokaBictator povo amd Ala. Ko

pdAioto, to apvold ohovivn epeaviCetor pOvVo otol HEAN NG OWKOYEVEWS OO
AVAOTEPOVG EVKOPVMOTIKOVG OPYAVICUOVS, Omtmg ota. putd (Lpel), ota tpoktikd
(SNBT1) xat otov avbporo (SVCT1 & SVCT2). Tavtdypova, Topoatnpeitor 0Tt Kot
n Serl54 mov mponyeiton g Phe, givol pepikde cuvimpnuévn oty owoyévela. To
KatdAouro avtd avtiototyel oto apvocd N93 tov Baktmplorkod opdAoyoL petapopéa
EavOivng XanQ (mpdnv YgfO) oty E. coli. Yrokatactdoeig g Asn o Ser kau Ala
devpiivouv v e&etdikevon tov XanQ, kab1oTOVTOC EPIKTN TN HETPHCIUN UETOPOPA
ovpkov o&Eog, ppovpeves v eEedikevon tov UapA (Karena & Frillingos, 2009).
Bdoel tov mapandve dedopévov, oyedtdotnkay ot petoirayég S154A, S154N ko
F155A. Idiwg pe ™ petadloyn S154N  emyepndnke plo mpocopoiwon tov
petagopéa XanQ, mote va Oepevvnbel av kot otov UapA 1o koatdAouto ovtd
Swdpapotilel Tov 1010 onuavTIKO pOAO.

Apywd, ot petoAloy€G  OUTEG  KOTOOKELAGTNKOV HE  KatevBuvopevn
petaAla&ryéveon kot KatdAinia oAtyovovkieotiow oto miacuioro PAN5S10-GFP. Ev
ovveyeia, To TAAGUIOW e TNV EKAGTOTE PETOALOYN l0n)ONcav 6e oTéAE)0g TOL A.
nidulans pe yovotvmo AuapA AuapC AazgA argB2 pabaAl koi n emAoyn TtV
LETACYNUOTICUEVOV OTEAEYDV Tpoyuatonomdnke Pdcoel Tng CLUTANPOONG TNG

avéotpogiag oe apywivn. O apBudg Tov TAACHBIOV OV evoopoTOOnKay KAOE
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Qopa TpocdipioTnke e avaivon katd Southern. o kabe petaAlayn emhéyOnke éva

OTEAEYOG LE LOVI] OHOAOYT EVOOUATMOY TOV TAUCUIIIOV GTOV YOVISIHKO TOTO TOL

argB, kot 6mov kpibnke avaykaio (petaAloyés oto S154) éva axdun otéleyog ue

TOALATAEG €V GEPA EVOOUOTAOGELS.

Ta otedéym mov emA&yOniav vroPAndnkav, apykd, ce dokipacies avantuéng
otovg 25 kar 37 °C (Ew. 3-9B) kai v cuveyeia GE VIOKLTTAPIKO EVIOTIGUO TNG
gkdotote petaAlayne pe mpaovn ebopifovoa npwteivn (green fluorescent protein —
GFP) oe wkpookomo @Bopiopod (Ew. 3-9T). Ta amoteléouato TtV TEPOUATOV
avtav £de&av T eENg:

- H perodrayn F155A mopovciace avamtuln movopoltdtumn e TO oypiov TOTOL
oTEAEYOC.

- Movr evooudtoon (single copy — sc) ¢ petodloyng S154A odnynoe oe
ONUOVTIKA pHELUEVT avartuén otovg 37 °C, pe ovptkd oD ®¢ HOVASIKY TNy"
almtov. [opdpolo mpoeid avdmtuéng eAqedn pe v EavBivn g povadikn mnyn
almTov.

- H petodlhayn S154N (SC) eiye dpapatikn eXidpacn 61N LETOPOPIKN KOVOTNTO TOV
UapA, yeyovog mov oy sppavic amd TV amovsio avamntuéng otovg 25 kot 37 °C,
HE 0VPIKO 0EL G Lovadikn Tyn almTtov.

- Xtedéyn pe ta oAAnAopopea S154A kor S154N oe molhamAd avtiypaga (high
copy — hp) eugdvicav pepikn OmOKOTAGTOON TNG KOVOTNTOG VO UETAPEPOVY
EavBivn 1 10 ovpikd 0L, w¢ el To TAeioTOV OTNV TTEpinT®ON ToL S154A.

- Avdlvon vrTokvTTOPKOD EVIOTICHOV £0€1&e OTL Kapio amd TG UETOALAEELS TOV
TMS3 bev ennpéacav tov evtomopud tov UapA-GFP oty pepppdvn midcpotog
(Ewc. 3-9I).

- Kopila ond t1ic petorhayég tov TMS3 mov avalvOnkov dev pmopovoe va
avantuyfel e omolodNToTe GAAN Tovpiv ®¢ povadtk Tyn aldtov, TANV TV
(QLOIOAOYIKAV VTOGTPpOUdT®V Tov UapA, ovpikd 0&H kat EovOivn.

H oamokatdotoon elmoig petagopikn tkavotnrog tov UapA and tnv ékppao
pe mOAAATAG avTiypaga cvvemdyetol OTL Ol OYETIKEG UETOALAEEIS emnpealovy glte
avt kabeovtn ™ pETOPOPE M/KOL TNV KOTAGTPOPN TOL UeTOPOPE. dGTOGO, GTNV
nepintwon tov petoAldéewv g Serlb4, n devtepn vmdbeon Ba umopovce va
amopplefel apéomg pe Baon v ekdva amd TV WKPOCKOTIKY TOPATHPNOT), OTOL O
LETOPOPEAS EVTOTILETOL OTNV TAACUOATIKY UEUPPAVN, OTMOC 6TO GTEAEXOG PLGIKOV

tomov (Ew. 3-9T"). "Etot, to N154 0a mpénet va emnpedlet v Asttovpyio tov UapA.
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25°C I
UA

Ewova 3-9 Zvomnpotiki) perétny Tov katoroinov S154 ko F155 tov TMS3. A. TIpdcoyn (ndvem)
Kot Katoyn (kdtw) twv TMS3, 8 kot 10 oto povtého tov UapA, émov aneikoviletor n oyetikn 0éon
tov S154 kor F155 pe to xatdlowmo Tov KEVIPOL OEGLEVONG TOL VTOGTPMUOTOS. B. Aokipoocieg
avantuéng tov petaddaydv oto TMS3 o SmM ovpia (U) 1 0,5 mM ovpkd 0&d (UA) mg povadikég
myéc aldtov otoug 25°C kot 37°C. Q¢ Ostikdg PapTUPAC XPNCLHOTOMONKE TO GTELEXOC PULGIKOD
tomov (wild type — wt) kou g apvnrikdég 10 otéheyoc pe omorowpn tov UapA (AUapA). T.
Yroxvttapikh tonoroyio tov TMS3 petadlaydv pe tpdowvn ebopilovoa npmteivn (green fluorescent
protein — GFP) oe pkpookdémo @bopiopon. Qg pdaptupag ypnopomombnke o @uvoikod TOTOV
uetapopéag pue GFP. (Tporomompévo and Amillis et al., 2011)

Mo mv meportépom depevvnon ¢ 1W0€ag owTNG, €EETACTNKE OV OL
avtikatootdoel S154A  kar S154N  emmpéacav v ovyyéveln  dECUELONG
vrootpoudTOv 1| TV e€etdikevon tov UapA. Xtov [livaxa 3-4 diveton puo Aemtopepn
Kivntiky avaivon tov S154A kow S154N petodiaydv, n omoia amodeikviel OTL Ta
dvo popua, UapA-S154N ko UapA-S154A, €xovv mpogik cuyyévelo VTOGTPOUATOS
dwapopetikd amd exeivo tov UapA dyplov t0mov. Xe ap@OTEPES TIC TEPMTMOGCELS,
VILAPYEL 0L LUKPT), OVO €M TPES POPES, UEIMON TNG CLYYEVELWNG Y10 TOL OVAAOYOL LE
0YK®DIELS vTokatactdoelg otn BEon 8 N 9 Tov daktvAiov Tovpivng (8-pebvr-Eavlivn,
9-uebvr-EavOivn, o&vmovpvodn). Emmhiéov, to S154A eppaviler pio peimon g
OLYYEVELDG Y10 TO 0LPIKO o0&V mepimov 7 @opéc, eved to S154N odnyel oe pérpla
avénomn ¢ ovyyévelng yia EavOivn kot ovpakiin. ‘Etol, to katdlowmo Serlb4 eivon

OoNUaVTIKO Yo Tov Kabopiopd g e€edikevonc tov UapA. A&ilel, €dm, va onueiwbet
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10 YeYovog OTL T oTeEAEYM e TG petodayég S154A kot S154N gppdvicoy petwpévn
TOYOTNTO TPOGANYNG VITOGTPAOLATOS GE GYECT LE TO PLGIKOV TOHTOV 6TEAEYOG (~35%
kol 25% avtiotoyya). Avtifeto, 10 otéleyog pe ™ petarrayr, FIS5A gpodvice
pupdtepn peiwon g toyvTaS peTaPopds (~60%), aAld to mpopil eEeldikevong
TOV deV JEPePE amd avtd Tov peTapopéa aypiov THmov. Ocov aPopd To PLGLOAOYIKE
VIOGTPOUATO OVPIKO 0EL Kot EovOivn kot ot Vo petodhayéc g S154, S154A won
S154N, epopaviCovv PeAtiomon g ovyyévelng oécpevong vy v Eavlivn ko
EMATTOON TNG OLYYEVELNG OECHEVONG YOl TO OLPIKO 0EV, €KOVO TOPOUOLD LE TN
uetodriayn Tov XanQ N93S (Karena & Frillingos, 2009), yeyovog mov vrodnidver 0Tt

TO KOTAAOUTO 0VTO GLUUETEXEL TNV €EEOTKELGN TOL LETAPOPER Vi EavOivn.

Mivakag 3-4 Tpo@ik s&e1dikevong Tov petorhaydv oto kotarowro S154. (Amillis et al., 2011)

Km/l (llVl)
Yrootpouo UapA S154N  S154A o 100 -I-
E(xveivn 8 1.4 76 g [0 amouaia utrooTpwpaTog
] I} D 80 | ’
Ovpiko 0&D 7 10 53 § @ 1mM gaveivn
Adevivn 0.0l 0.0l >1000 ? 60 ;
1 ey
Yro&avOivn a.0. 0.0 >1000 g 40
Tovavivn .0, a.0. >1000 S
OvpokiAn wa. 523 >1000 § 20 I H
2-0g10-EavOivn 63 35 48 X 9 . . .
*
3 ueBuA-EavOiv - 47 6 UapA S154A S154N  F155
) Zuykprtikd mocootd (%) Tpdoinyng
6-Oz10-Cavbivn 350 326 553 padtoonpoopévnc *H-Eavoivne dtapéoov
7-uebvA-EavOivn 0.0 1000 a.0. 100 UapA o 6téhe)0og puoikob tonov
. (UapA) kot otig petarrayéc tov TMS3
8-pedui-Gavlivn 100 194 188 amovGia 1| TAPOLGIiN TOV pUN-padlocnuo-
9-pebur-EovBivn 200 634 539 opévov vrootpdpotog (1 mM Eavbivn).
O&vmovpvoin 100 67 160

Ta omoteléopata sivar pEGOL OpoL TPLOV TOLAAYIGTOV AVEEUPTATOV TEPAUATOV UE TPELG
EMOVAANYELS Vi KGO onpeio ouykévipmaong kot 1 Ty amdkiion frav <20%.

a.0.: amovcia avaotoAng (90-100% mpocinyng)

> 1000: avaotoin 60-75% ce cuykévipmon 1 mM

*: 10 otéheyog F155A gupdvice mpo@il OL010 e QVTO TOL HETOPOPLD, aypiov TOTOL, YU AVTO
KoL 0ev epeavifetal 6Tov mivoko
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3.1.3.2 O poéirog Tov apvoééog D360 oty mopeia HETAPOPES TOV VITOGTPDONOTOG

PTMS B Onog  éa avagepdei ko

356 360 363

! b : : :
UapA L. .P[TTafFI[flcAcECTGDFTaTcplvs ™PONYOVHEVEG, M mdovy mopeia
UapC L. .P|LL{AVYMV|IMME S|IGD|IT]ATCD|VS , ,
Lpel CFQD|CFAMLARISFASLTE/S[TGTLIfvs HETOTOMONG TOV VROGTPOHOTOS
SNBT1 SLAG|VF|G|I|I AlGlVISSMVE|S|VGD YH[AlcA . , , .
SVCT1 TAAAN LGMF ST LAG I E[s[Tcpyy[alca &EKWVG amd v kdpo Béon
SVCT2 SAAG|VI|GMLS|AVVASI|IE[S|IGDYY[alcA , ,
XanQ SFHOF VVGT|I[yLLsvVLEalveDIT]aTa O6OUEVONG TOL  VTOGTPOUATOG
XanP EWSL|LLP|LMLV[FMITS|LE|[T|IGDIT]A|TS .
Ygfu DPVS|ILTMTANLI IVF|TEsMoMFLaLe  (katdhowma F155, E356, A407
PucJ EIGP[ILTMLINVGIVIIWVE|SITGVFY[QA|IG
UraA ...A[ryrijLeplanvviasEveaLvivita ko Q408) ko axolovbeitar amd
PyrP YPSA|ILTMAP|I|AFVTM|TE|H[F G|H I MV|LN
RutG .. .AMMLIIAPVAVILVAENLGHLKAVA €TOUEVO OTIYUOTUTO SEGUEVONG

™G EovOivng mPoc TNV KLTTOPOTANCUOTIKT] TAELPA TOV UETOPOPEN, KOVTE oTo
katarouma D360, A363, G411, T416, R417, V463 kot A469 (Ew. 3-8).

To D360, eivar £€va vynAd cuvTNPNUEVO KATOAOITO GTO HEAN TNG OLKOYEVELNG
NAT ot oev eiye peremnBel oto mapelbov. Qotdc0, T0 KapPoEdAo 610 avticToLO
Asp otov XanQ é&yet deyybel ot eivan amapaitnto yuoo T Agttovpyio ToV peTaopéa
CLUUETEXOVTOG E1TE OTN UETOPOPA TOL TpwTOViov, gite oe (evyn Qoptivv KoTd TV
evolhayn tov dapopemcewv tov petaeopéa (Mermelekas et al., 2010). Ztov UraA
avtiototyel omv H245, éva katdlouro mov mpoteivetar va eival onUOvVTIKO Yo TOV
TPOTOVIO-CLLEVYUEVO UNXOVIoHO HETaPopds g ovpokiing (Lu et al., 2011). Adyw
OVYKAIONG VTOAOYIGUAOV TPpOcdeons Kot PPAoypa@ik®dv dedouévov o pOAOG TOL
éueie va otepevvn el mepantépo.

INo 10 okomd awtd Katackevdotkay petolhayég tov Asp360 oe Ala ko His
(D360A ko D360H avtictoya) og KotdAAnAovg Qopeig pe cvvelevyuévn v GFP.
Me ta mloopidie avtd HETACYNUATIOTNKE KATOAANAO OTEAEYOG KOl EmMELTO Mo
avaivon kotd Southern, emAéyOnke éva otéheyog oe kGbe petaAlayn mov Epepe
HOVY] EVOMUAT®OOTN TOV TAAGUISI0V, OHOAOYN GTOV Yovidtokd TOmo tov argB, yia
TEPOLTEP® PALVOTLTILKO KO BLOYNUIKO XOPOKTNPIGUO.

H D360H otic dokipacies avantuéng epnedvice v eikova LetdAhacng mAinpoug
anmAelog Aettovpyiag (Ewc. 3-10A & IN), kat, mapd 10 yeyovog 0Tt gviomileTol otV
TAAGLOTIKY] HEpPpdvn, £0e1&e avénpéva enineda katacTpoPns oto yupotomo (Ew. 3-
10B). H D360A Mtav oyetikd otabepd evtomlOUevn otV TAAGHOTIKY MHeUPpdvn
(Ek. 3-10B), 0AAG Srotnpoloe younAn HETOQPOPIKY ToyvTNT, Kuping otovg 37°C
(Ew. 3-10A & TI'). Eivat evoiopépov to yeyovog OTL 1 XOUNAT LETOPOPIKT TOYVTNTO
tov UapA-D360A ftav egaptopevn amd v Pabuidmon tpotoviev g TAUGHATIKNG
uepuPpdvng kou to pH, pe tpodmo dpoto pe 1o aypiov TOTOL AAANAOHOoPEO (Eik. 3-10A).
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Emumiéov, to D360A mapovciace mpoeid e€e1dikenong kot cuyy£EVELNS OEGUEVOTG TOV
VIOGTPONOTOG TOAD Opoto pe v mpowteivy dypov tomov (Ew. 3-10A ko
aroteAéopato mov Oev mopovotalovrorl). Ta amoteAéopato ovTtd £pYoviol o€
avtiBeon pe v cvppetoyn Tov D360 mg katdloimo amapaitnTo Yo T 6EGUELOT Kot
GUULETOPOPE TOV TPOTOVIOVL, KOl VTOJEIKVOOLV U0 LAAAOV EUIECT) CLUUETOYY| TOV
OTN UETAPOPE TOV VTOCTPOUOTOC, TOAVAOS HEGH TOV OAANAEMOPAGEDY TOL WE TO
apwvo&éa N410 ko T405.

A C 25°C B UapA*

) AD HX UR UA

_H L \ AD
-l B

= h

-~ “l '. : D360A
A w100 [ Xwpic avacToAéa
D360H il D360H

~
a

D360A
UapA*

0 20 40 60 80 100
% MpdoAnyn [*H]-¢avBivng

N
(o))

% MpdoAnyn [*H]-Eaveivng
3
)

o

UapA* ~ D360A

Ewévo 3-10 Zvotnpotiki perétn tov kataroirov D360 oto TMS8. A. Aokipoocieg avamtuéng tov
petaddaydv oto TMS3 oe SmM ovpia (U) 1 0,5 MM ovpkd 0&H (UA), adevivn (AD) 1 vo&avBivn
(HX) ¢ povedikéc myéc aldtov otovg 25°C kar 37°C. Q¢ Oetikdg Kou apvnTikdS UAPTLPOG
YPNGULOTOONKAY TO 1GOYEVETIKA GTEAEYN LE QUGKOD TOmOL petagopéo. (UapA®) kat pe amaloipn
Tov yovidiov (UapA) avtictoyyo. B. Yrmokvttapwkr tomoAoyioe tov D360 petorrayov pe GFP og
pikpookomo @Bopiopov. Q¢ paptupag ypnolpomodnke o @uotkod toumov petagopéog pe GFP
(UapA®). T. xat A. Zvykpitikd mocootd (%) mpdohnyme padoonuacuévig [PH]-Eavbivig Siapéoov
tov UapA ot otéleyog guotkod tomov (UapA™) kar otig petodlayéc tov D360 () kar amovsia 1
Tapovcia Tov avactoréa kKhiong tpotoviwv CCCP (A). (Tpomomomuévo amd Kosti et al., 2012)

3.1.3.3 O porog oo TMS12 otnv e&erdikeven tov UapA

Onwg éyer ovinmbel xor mponyovpuéveog (PA. §1.5.2, 3.1.3), otoryeio OV
TMS12 @aivetor va eivar onpovtikd yuo v e&edikevon tov UapA, 1600 amd
VIOAOYIGHOVG TTPOGIECTG, OGO KOl amd YEVETIKEG — poplakés mpooeyyioels (Amillis et

al., 2001; Vlanti et al., 2006; Papageorgiou et al., 2008p). Ot vroloyiopoi edKOUTTNG
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TPOGOECTG OTNV KLTTOPOTAUCLATIKY TAEVPE TOV HETAPOPEN VIESEEAV TO KOTAAOUTOL

V463 kot A469 tov TMS12 mg mBavd Yoo aAANAETIOPOAGT LE TO VITOCTPWOLLO KOTA TNV

€lc00d tov oto kuttapo (Ewk. 3-8). Amd mepduato toyoaiog petoarloSryéveong pe

VIEPLDON akTvoBoria Tposkvuyay Ta 1ol KaTAAOWT MG oToLYElD TOV EMNPEGLOVY TNV

e€e1dikevon Tov petapopEa.

Ocov agpopd T1g petorrayés V463l kot A469E (voukAeoTdwés oAlayég
GTC—ATC ka1 GCG—GAG avrtictoyya) mpoékvyoav and tuyoio petarlalryéveon
LE VIEPLDOON aKTIVOBOAIN Kol EMAOYN 0€ YOUNAN cvykEvipmon adeviving (500 uM),
pio Tovpivn mov dev amotedel PUGIOA0YIKO VITOGTPWLA ToL UapA:

» H petodroryéveon mpaypotonombnke oe oTtéAeyog mMOL £PEPE TN WETOAAOYN
UapA-F528S kot avantuocdtay 6 VYnAN cuYKEVIpWON adevivng (2 mMM). Zkomdg
NTOV 0 EVTOTIGUOG oTOoLEl®V TOL peTapopéa Tov Kabopilovv v eEetdikevon Tov.
H petarliayn F528S, omwg Oa dovpue kot Ttapakdto (BA. §3.2.4), dev emnpedlel Tnv
KNtk kot 10 poeih efedikevong tov UapA vyio t0 QUGLOAOYIKE TOL
vrootpdpato (ovptkd 0&L Kot EavOivn), oAl Tpocdidel atov UapA v wavotnta
HETOQOPAG e YOUNAT GVYYEVELD GAL®V TTOLVPIVOV (). adevivn, vmo&avOivn) kot
AVIALOY®V TTOLPIVOV LE OYKDOES VTTOKUTAGTAGELS.

* To avoytd mlaicio avayvoone tov UapPA evioydOnke pe aALGO®OT ovTidopoon
TOALUEPACNG KOl GTAAONKE Yo OAANAOVYIGT), TPOKEUEVOL VO TAVTOTOOOLV o1
mOavéc petoddayég oevtepng Béomg mov mpocsédwav otov UapA-F528S v
KAVOTNTO VO OVOTTOGGETAL GE YOUNAT cvYKkEVTpwon adevivng (500 uM). Meta&d
TOV HETTOAMAY®V TawtomomOnkay kot ot V4631(F528S) ko A469E(F528S).

= AxoloOOnoce mAnpng @atvotumikos yapokpiopds (Ew. 3-11A). H avantuén tov
V4631/F528S kot A469E/F528S oe ovpikd o0& ko EavOivn Tav mavopotdtumn pe
Tov petaeopéa aypiov tomov. To V4631/F528S avomtvocdtav kaAddtepa o€
adevivn kot vro&avlivn cvykévipoong 2 MM, arnd o6t o 0.5 mM, eved 10
A469E/F528S epeavile kaAdTePN OVATTLEN OTN YOUNAY GLYKEVIP®OOT OOEVIVIG.
Ov mapatmpnoelg avtég vmédelEav Ott ot petaAlayés eEakolovbovoay va
LETOPEPOVY UE YOUNAT CLYYEVELD TIG TOVPIvES adeviv Kot vo&avlivn, OTmg Kat
10 otélgyog F528S.

= Meléteg TPOGANYNG PASIOGTUACUEVOL VTOGTPAOUATOS £JEEAV OTL 1] HETOPOPIKN
TOVG KOVOTNTO Y10 [3H]-§0w9ivn NTOV TOVOUOLOTUTN WE TOV UETOPOPE aypiov
TOTOL, VM Ogv aviyvevdnke petoaeopd padtoonuacuévng vrofavlivne (Ewc. 3-

11B). ‘Etot, 10 xivntikd mpogik tov V4631/F528S ko A4A69E/F528S vrédeite Ot
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TPOKEITOL Y10, UETOAAOYEC HE OleLPLUEVT €EE1BIKEVOT), EMBEVIOVTAG LYNMAN
LETAPOPIKY] KAVOTNTA, OAAG TOAD YOUNAN oLYYEVEIL OECUELONG Yo TOLPIVES

ANV TV 0Vp1kd 0EL ko EavBivn.
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Ewovo 3-11 Xopoktnpiopdg tov petorroyov V463l kov A469E mapovoio TG petorrayng
F528S. A. ®ovoTumol avamTuéng oTedeydv mov ekpalovy Tov dyplov tomov pstagopéa (UapAh) 1
eépovy TARPN omodowpry avtod (AUapA), to UapA-F528S (F528S) kot Tic dumAée petoAloyég
V4631/F528S kon A469E/F528S o¢ movpiveg mg povadikd myég almtov. H avantuén og ovpia (UR, 5
mM) ypnoponoteiton oov Evag Ereyyos. Ot movpiveg mov eAEyxONKav wg myég aldTov mepthappdvovy
10 ovpkd o0&y (UA, 0.5 mM), v adevivn (AD, 0,5 kot 2 mM) ko v vro&avOivny (HX, 0.5 ko 2
mM). H o&vrmovpwvorn (OX, 100 uM) egivan éva to&kd avdioyo tov ovpikod o&foc/EavOivng mov
petapépetar dwpécov tov UapA. H avantuén oe Eavbivn éxst emiong doxaotel, Kot Ta
amoteléopota givon tavtoonua pe ekeiva tov UA (dev amewoviCovtar). Ot dokacieg avamtuéng
de&nydnoav otovg 37°C ko pH 6,8, To omoio givon o1 Tumikég cuvOnkec avortvéemg Tov A. nidulans
oto gpyoaotnpro. [opopota amotedécpota emedncav otovg 25°C. Na onpeiwbei 611 1 €kppactn Tov
UapA ovvtehel oe @uolohoyiky] avdmntvén oto UA (kavovikd puOud avamntvéng omoikiog ot
omopimong mov cLVHBOG TaPATNPOVVTOL GE EAGYIOTO WEGO) Kot HePKn evaisOnoio oty OX
(netopévn dibpetpog amokiog ko EAAenyn omopimong), oArd dev pnopel va vrootnpi&el avantuén oe
AD 1 HX. H ékppaocn tov UapA-F528S odnyei oe mopopoto avamtvoén pe avth tov UapA® oto UA,
aAAG TPOGOIdEL EMioNG TNV IKOVOTNTO Y10 OvVATTVEN 68 LYNAES cuykevipdoels (2 mM) AD 1 HX kot
vrepevoictnoio oty OX. To otéheyog UapA-F528S ypnopomombnke yioo v emloyn HeToALOydV
oV avartbocovtal o€ youniég ovykevipwoeig AD (0,5 mM). Tapotnpiote 0Tt 01 véeg HeToAlayEg
dapépovv amd 1o apykd otéheyoc (UapA-F528S) o¢ mpog tv KovOTnTd TOVG VO, GvorTTiGCOVTOL 6
AD 1 HX, Wwitepa otig YounAég GLYKEVIPMGELS anTdV TV movpvadv (0.5 mM). B. Zyetikdg puOudc
LETAPOPAG 3H-<§0w91’vng EKQPOCUEVOG OC TOGOGTO TOV apykoy pvOpov mpocAnymg (V) oe chykpion
Le Tov pooud Tov dyprov-tomov (UapA®). H tumir omdxhion oe 6Aa ta mepdpota frav mavro <20%
™ péong tung. (Tpomomomuévo and Kosti et al., 2010)

= Agmtopepng avdAvon tov TpoPih efedikevong TV VE®V  UETOAAAYOV
HeTpnoelg ¢ ovyyévelng oéopevong (Kim) vy d1dpopec movpiveg kot avoroya

ToUG £0€1Ee OTL M oLYYEVELD BEGIEVOTG Y10 TO. PUGLOAOYIKE VTOGTPOUATO OVPIKO
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o0&l ko EavBivn frav mopduole pe tov petapopéa aypiov tomov (M. 3-5). H
oLYYEVELD TOVG Yo adevivn kol vVToEavliv NTav eAAPPOS aLENUEVN €V CLYKPICEL
pe ta UapA® kor F528S, adld axopo moAd yopnhs, Kol GUVETMOS Oplokd.
petpnowun. To armotéleopa avtd Npbe oe cvppmvia pe Tig doKipacieg avantuéng,
Katd TG omoieg mANPNG avénon epeaviiotay Kupiog ot cuykévipwon v 2 mM.
Téhog, eppavicav ovénuévn ovyyévelo OEGUELONG Y. TNV OLPOKIAN, TNV
o&umovPIVOAN Kot Yoo avaAloya TG EavOivng e oyKMOELS LTOKATAOTATEG G€ OAEG
oxed0V TG Béoelg Tov ToVPIVIKOL dakTVAiov eKTOG TV Bécewv Ni-H xou Ng. To
TEAEVTOIO OVTO YEYOVOG, GE GUVOLAGHO e TN Yvdon ott ot Bécelg Ni-H kot Ng
GLUUETEYOVV OTN dECUEVOT) TOV VIOGTPONATOG ad Tov UapA (BA. §3.1.2, Ewx. 3-
5), vmodeikviel 0Tt Ta opvo&ea V463 kot A469 odniemidpodv aueca 1 ERpEso
pe v Eoavlivn amd T Béoeigc N1 wavn N9 katd v mopeio Tng mpog 10
KUTTOPOTAAGLLAL.

IMivaxog 3-5 Mpo@ik g&edikevong Tov petarroyov dgvtepng 0éong tov TMSI12 oto F528S.
(Kosti et al., 2010)

Kri (0M)
Yrootpopo UapA F528S V4631/F528S  A469E/F528S
Eavoivn 8 3 13 15
Ovpikod o0&y 7 11 12 2
Adevivn a.0. a.0. .0 ~2000
Yro&avOivn 0.0 ~2000 .0 ~1800
Tovavivn a.a. ~2000 o.0. 500
Ovpaxiin 0.0 ~2000 386 127
1-peBur-EavBivn 280 420 ~1000 300
2-0g10-EavOivn 63 63 38 100
3-peBur-EavBivn 28 24 57 30
6-Be10-Eavlivn 350 92 56 20
7-pnebui-Eavlivn 0.0. ~1000 210 88
8-pebur-EavOivn 100 45 33 10
9-puebvA-EovOivn 200 345 ~1000 ~1000
O&vmovpivorn 100 45 31 22

Ta amoteléopato givol pHEGOL OPOL TPUOV TOLVAAYICTOV OVEEPTNTOV TEPUUATOV LE
TPELG EMUVAANYELS Yo KAOE onpeio cuykEvipmong kot 1 TVTIKn andxkiion rav <20%.

a.0.: amoveio avactolng (90-100% mpdoinync)
> 1000: avactodn 60-75% ce cuykévipoon 1 mM
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[pokepévov va dtepeuvnBel av OIVOTLTOG TOV TOPATAVE® GTEAEXDV OPEILETOL
oe ovvepyooio TV petaAlaymdv devtepng 0éong pe v F528S, 1 av ot petodhayéc
V463l xoaw A469E elvar amd poOveg TOUG IKAVES Vo SMGOLV OLTOV TOV (UIVOTLTO,
KOTOOKEVAGTNKOV GTEAEYT TTOV £QEPAV TIG HOVEG UETOAAAYEC OOLGIO TNG OPYIKNG
F528S. T'a tov Tepattép® QavoTLTIKO YOPAKTNPIOUO EMAEYONKaV Eva OTEAEXOC UE
povy evooudtmon ki €va pe moAlomAn Yoo KABe petoddayr. O Proynuukog
YOPOUKTNPLOUOC TPOYLLATOTOONKE LE TOL GTEAEYN TOL EPEPAV TN LLOVI] EVOOUATOOT).
AxolovOnocav SOKIHOGIES AVATTVENG GE TOVPIVEG G LOVAIIKEG TTNYES alMTOL GTOVG

37°C (Eik. 3-12) ko1 otovg 25°C.

A B
AD AD HX  HX
UR UA 0.5mM 2mM 0.5mM 2mM OX

UapA*
150 -
AUapA g -}_
P
F528S E‘ 100 - %
&
>
sc g
V463 8 50 -
mc =
X
A469E y & 5 &
R &F ¢ Q

Ewévo 3-12 Xapoxtnpiopos Tov petorloydv V4631 ko A469E amoveio g petariayig F528S.
A. Aokipoociec avamtuéng EMAEYUEVOV LETOAGYNUOTIGUEVOV GTEAEYDV TOV PEPOVV LOVOOIKES (SC) M
noAamAEG (IMC) eEVOmMUATOOES TV TAocUdiov pe to petodlayuéva uapA akinidéuopea (37 °C, pH
6,8). TTapovoidlovtotl emiong 1ooysvetikoi Bstikol (UapA®) kot apvnrikoi (AUapA) péptopsg. H
avantoén oty ovpia (UR, 5 mM) ypnoyomoteitor g péptupoc. Ot movpiveg mov ypnoiomomdnkoy
®¢ myég aldtov Nty 10 ovpkd o&H (UA, 0,5 mM), n adevivy (AD) kot 1 vro&avOivny (HX). H
o&umovpwvorn (OX, 100 uM) eivar €va T0&K6 0vaAoyo TV ovptkd 0&H/Eavlivn mov mpociapPdvetat
dapéoov tov UapA. B. Azrcucovion g toyvtntag tpdoinyng (V) tov vrd pedétn otedeydv. H tomum
andxkiion og 6o ta mepdpota nrav miva <20% g péong tyng. (Tpomomomuévo and Kosti et al.,
2010)

Ta omoteléopoto ko otic 600 Oeppokpacies Mrov movopoldtvma. Ot
dokipacieg avantuéng édeiov 01t ta véa otedéyn V4631 ko A469E, amovsio g
petaAlayng F528S, mapovcsidlovv avantvén aypiov tomoL 6 oLVPKO o0&V, KATL TO
omoio ioyve yw T petaAlayég mapovsio tov F528S. AvtiBeta, m avantuén oTic
VROAOITES TOVPiveg MTav aGONTA SLOPOPETIKY) GE GYECT LE TA OTAG HETAALAYUEVA
oteAéym mov €pepav T petaiiayn F528S. ITwo cvykekpiuéva, ta oTeAéYn oV EPepav

HOVY] EVEOUATMON TOV TAACHLOIOV Satpnoay eAAYIOTO 1| KOl £X0C0V EVIEADS TNV
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wKavotTd Toug vo avantbccovior og 0,5 MM adevivn kot vro&avlivr, evd ota mc

oteAéM M avanTuEn og adevivn N vroEavBivn Ntav evrovotepn. To otéheyog pe povn

evoopdtoon A469E  avomtueeoTav  IKOVOTOMTIKA G VYNAEG GUYKEVIPMOGELS
adevivng kat vro&avlivne (2 mM), eowvdtunog Topouolog e g petaAloyng F528S.

To otéheyog V463l mapovciale peyoaidtepn avOektikdtnto otnv 0ELTOLPIVOAN,

QowvOTLTOG oL  eppaviletor oe oteAéyn Omov amovoldlel Aettovpywog UapA

(AUapA). To mopomdve yopoKTnploTIKA 00N\ ynoay oT10  cvumépoocua 0Tt ot

petaAlayés V4631 kar A469E dev Bedtiooay ) cuyyéveln dEGUEVONG Yo 0dEVIVI Kot

6t 0 PovoTLTog avamTuéng oe 0,5 MM adevivn TV SUTAL HETOALAYUEVOV CTEAEYDV

NTOV OMOTEAEGLOL GUVEPYELOG TOV VE®V HETAALO YDV pe TV F528S.

2 ovvéreln eAEYXONKE 1N IKOVOTNTA TOV VEOV GTEAEXDOV VA TPOGAUUPAEVOLY
nmovpiveg, Kol 7mpoodlopicOnkav Ta KwNTKE yopokTnpoTikd (Km, Vmax) NG
HETAPOPOG. XTo HETOAAUYUEVE OTEAEYT TPOGOIOpIoTNKAY Ol  OTAOEPEG GLYYEVELNG
(Km) yw to Bacikd vrootpdpate tov UapA, EavOivn kol ovpikd, kot akoAovdnce
o0YKPLoN TOV TIHOV avT®V PE TG avtiotoryeg tov UapA @uotkov tomov (ITiv. 3-9).
Amo o amoteAéopata pavnke OTL M TayVLTNTA TPOSANYNG Tov V4631 ko A469E
napovotdlel vmoroyioyun peioon (Ew. 3-12B).

Ytov [livaka 3-6 mapovstalovtal GLYKEVIPOTIKG Ta VIToAoyichévta Kj yia Ta
peTaALayUEVO OTEAEYN, OF OVTUTOPAOEST LE TO OVIIGTOLO (ULGIKOV TOTOL KOl
AACZF:UapA-F528S. Xtic movpiveg adevivn ko vmo&avlBivn, AOY® peyaAidtepov
EVOLOPEPOVTOG, OOKIUACTNKE G WEYLOTN GCLYKEVIPMON UN  POOOGLOGUEVOL
vrnootpopatog o 2000 pM. Ztig vrdéAomES TOVPIVEG Kl TO AVAAOYX OLTOV M
LEYIOTN GLYKEVIPWON Un podtocnuacpuévov vrootpodpatog frov 1000 uM. Ta
OOTELEGLLATO TV TEWPOUATOV £dE1EAV OTL:

* H ovyyévela déopevong tov V4631 yia EavBivn kot ovpucd o&D sivol petowpévn
Katé 6 opég 6g oyéon e Tov PLGIKOL TOTOL Kot To A469E eppaviler Ty K yia
TO OVPIKO 0EL AVENUEVT KATA 8 POPES.

= Yta otedéym V463l o A469E epopaviCetor pio cvovinpntikn Peitioon g
oLYYEVELDG OEGUEVONG TNG adevivng Kol o tdorm Peitioong ™ ovyyévelag
déopevong TV Tovpvav vro&avlivn, yovavivn, ovpaxiin Kabhg Kot oo avaroyo
EavBivng pe oykmoelg vokataotdteg otig 0éoelg 2,3,7 kot 8, oAl Oyt Yo avdAoya
tov 0écewv 1 xar 9 tov movpvikod daxTtviiov, mov Oewpovvror Kot
onuavtikotepes. To tehevtaio avtd yeyovog, 6€ GLVOLAGUO LE TN YvAOon OTL Ot

0éoeic Ni-H kou Ng ovppetéyovv ot 6écpevon tov vrostpopotog and tov UapA
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(BA. §3.2.2, Ew. 3-9), vrodeikvoel 01t ta apvoééa V463 kot A469 decpevovv vy
EavBivn amd Tc Béoeig Ni-H wavn] Ng katd v mopela ™G mpog To
KUTTOPOTAAGLLOL.

= [evikd, 1 cLYYEVELD OEGUEVONG TOV GTEAEXDV Y10 TOVPIVES, TEPAV TV OVPIKO 0&D
kot EavOivn, mopapéver opketd younAn (>700 puM), yeyovog mov €pyetor Ge
CLUHQMVIOL HE TNV TOpATAPNON OTL TO OTEAEYN HE HOVH] EVOOUATOON
OVOTTOUGOOVTOL TKAVOTOMNTIKO HOVO ©€ LYNAEG CLYKEVIPMGELS 0OEVIVIG KOl
vro&avOivng (2 mM).

IMivokag 3-6 Kwvnmikny avdivon tov petorroyov oevtepng 0éong tov TMS12 amovsio g
pnerorhayig F528S. (Kosti et al., 2010)

Kmii (nM)

Ynoéotpopo UapA F528S V463l A469E
Zavoivn 8 3 1,3 8,5
Ovpucod 0&D 7 11 12 58
Adevivn 0.0l 0.0l ~1700 ~1500
Yro&ovOivn 0.0 ~2000 900 880
Tovavivn 0.0l ~2000 750 0.0
Ovpaxiin 0.0 ~2000 268 380
1-pebour-EavBivn 280 420 300 500
2-0g10-EavOivn 63 63 60 280
3-pebur-EavOivn 28 24 7 32
6-0g10-EavOivn 350 92 132 300
7-uebul-EavOivn a.o. ~1000 270 690
8-pebuA-EavOivn 100 45 100 61
9-ueBvA-EavOivn 200 345 379 0.0l
O&umovptvorn 100 45 97 18

a.0.: anovoio avactoing (90-100% npdoinyng), > 1000: avaoton 60-75% oe C =
1 mM, ~1000/2000: avactoin 50-60% o C =1 mM/2 mM

SOUTEPAGLATIKA, KOvEVA O To Tapomdve katdiowma (S154, F155, D360,
V463 kot A469) dev etvar kpioung onpaciog yoo TV onUAtoddTNToN KOTASTPOPNS
tov UapA 1 yuo T 0€GELGT TOV VITOGTPAOUATOG GE AVTOV, OTMS PAIVETOL Kot amd TIG
oxetkég petaArdéers. ‘Etol, OAa ta otoyEion TG TPOTEWOUEVNG TOPEing TOV
VTOGTPAOUATOG OXETICOVTOL LE LETAALAEELS TTOV EMNPEALoVV, £lTE TO PLOUO LETOPOPAS

(tiég Toydmrag — V), 1 mv e€edikevon tov UapA o¢ mpog 10 UETAPEPOUEVO
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VROGTPOUO. AVTH 1] TOPATHPNOT EPYETAL GE TANPT GLUE®VIO HE TO YEYOVOG OTL TOL
KatdAowro avtd evtomiloviol GTNV KLTTOPOTAAGUOTIKY TEPLOYN] TOL LETAPOPEOD,

KATOPPOTKE TNG KEVIPIKNG BEoNG 0E0UELONG TOV VITOGTPDOUATOG,.

3.1.4 EEokvttapieg meproyés eleyyopevne mpéofacng Tov VTOGTPONOTOS
kaBopilovv Tnv e€edikevon Tov UapA

Ao T mo mpoeEEyovoeg petarhayég efedikevong otov UapA eivor ot
VIOKATAGTACELS TV opvosémv T526 kot F528 pe odeipatikd 1 moAkd KotdAouro
(M/L ywo to T526 a1 A/S/T yio 10 F528). Avtég o1 DVTOKOTOGTACELS, OTMG £XEL
avaeepBel kot mponyovpuéveg (BA. §3.2.3.3) dev emnpedlovv TV KVNTIKN KOl TO
npoeik eedikevong tov UapA yia 1o gUG10A0YIKE TOV VTOSTPOUATO (OVPIKO 0ED
kot EavOivn), aAld mpoodidovv otov UapA v Kavotnto HETAPOPAS UE YOUNAN
OLYYEVELD GAA®V TOLPIVOV KOl OVAAOY®V TOLPWVAV HE OYKMOELS VITOKATOCTAGELS
(Vlanti et al., 2006; Papageorgiou et al., 2008p). Bacel tov mapondve dedouévmv
éxel mpotabel OTL avtd Ta dVO KatdAowmo evepyolv m¢g otolyeion €vog “LoplakoD
eiATpov” N Hog “duvopiknig TOANG” M omoila EMALYEL TOLEC TOVPIVEG UITOPOLV V.
&xovv mpocPacn oty kevipikn B€om déopevong. 2g ek ToOHTOV, VTOKATACTAGELS TV
T526 xon F528 dievpbvouy v emAEKTIKOTNTA QVTNG TNG TOANC.

210 poviého tov UapA mov Kotaokevdonke ota mAoiclo TG Tapodsog
dwaktopkng OwrpPrg (PA. §3.1.1.2), ta T526 won F528 PBpiokovtar otnv
eEokvttdpla dxpn tov TMS14, e tomobeoia WWavikn yia Tov KaBopioprd 16660V TV
VTOCTPOUATOV G [0 Topeia Tpog TV Kevipikn| 0€om déopevong (Ewk. 3-4I" & A, 3-
8). Anuovpynonke, Aowmov, T0 epOTNUA €0V aVTH M VIOOETIKY eE®KLTTAPLO TOAN
pumopel emiong vo Asrtovpynoet ®¢g pion dgvtepevovca Béom  décpevong Tov
VTOGTPAOUATOS. AV KOl G€ OAOVG TOVG HETAPOPELG mov €xovv peAetnOel, ot
neplocdtepeg vOeiEelg vrootnpifovv v vapsén pog pdvo Koplag Béong déopevong
TOV VLTOGTPMOUOTOS TOmOBeTNUEVY) GE ML KEVIPIKY Kowdtnto, 1 Vmapén
JEVTEPEVOVGMV BEGEMV JECUEVONG G EEMKVLTTAPLES KO KVTTAPOTAAGUATIKES OEGE1C
TOV HETAPOPE®MY amoterel €va mpOCEOTO Kot 1dtaitepa oueiopntioo enuo
(Schulze et al., 2010).

[pokeévov va e€etaotel n mBovy cvppeToyn Tov katoroinwv T526 ko F528
o¢ otoyeio pog eEOKLTTAPLOG TEPLOYNG EAEYYOUEVNG OLEAELONG KoUMW  HOG
TpoPAemOUEVNC devTEPOYEVODS BEONC dEoUELONG, TPUYULATOTOONKAY VITOAOYIGHOT

e0OKaUTTNG TPAGOEGNS TNG EAVOIvIG XPNOLOTOLOVTOG HUEYAAO €DPOG SETYUATOANYIOG.
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Ta amoteléopata vrédei&ov v Vmapln WG iTepNS YEOUETPlag TPOGIESNG OF
OmOCTOCT OO TNV KEVIPIKN TEPLOYN OEGUELONG TOV VTOGTPMOUATOS, 1 omoio Oa
UTOPOVGE VO ¥PNOIUEVCEL OC aveEapTNTn eE®KLTTAPLO BEom avoyvodplong, Kol 1
onoio mepthopfavet ta katdroura T526 kot F528 (Ew. 3-13).

Mo ocvykexkpipéva, €vo PKPO GUVOAO CTLYHOTOTI®MV UE EVLVOTKES YEMUETPIES
eoaiverol vo KotoAapBavouy pa Kotkotta mov oynuatiletal 6to 0plo petald tov
eEOKLTTOPIKOV Kol SLOUEUPPAVIKOV TEPOYDV TNG TPOTEIVNG. TNV MEPLOYN AT
oynpotileton por KoAd KaBoplopévn KOmOtNTo HETOED TNG TEPLOYNG EAEYXOUEVNC
TpOcPacng Tov petapopén Kot Tic dtakplreg ke TMS13 ko TMS14. H movpivn
otafeponoteitar 6to onueio avtd pe decpovg VOpoydvoL pe To. Katdlowta S233,
T237, T526 xou F528. @o mpémet va avoapepbel Ot1, and tomoAoykn dmoym m
KOWOTNTA oVTN €lvol 1 o €VKOAN TPOGPRAGIUN Omd TOV EEMKVLTTAPIO YDPO KO
TOVTOYPOVa. Bpioketal 6€ TOAD KOVIIVI amdOGTACT] Ao TNV KEVIPIKN BEon déopevong

(n amdoToon petaéd Tov E356 ko F528 sivon povo 12 A).

Ewova 3-13 YroOetikn dgvtepevovea 0Eon déopevong g Eavlivig oty e€okuTTapiki Thsvpd
Tov TMS14. A. Ectiocpévn dmoyn. B. Zyetucm 0€om kopiag kot devtepevovsag 0Eong déopenong tov
vrootphuartog. Opiopévec EAkec £xovv agaipedel yro Aoyoug ontikhg dudkpionc. (Kosti et al., 2012)

Me Bdon 1o mapandve, Bo propodce va BewpnBel 6TL KOpra kot devtepgbhovca
0éomn Oéopevong Tov LVIOCTP®UATOS givorl aAANAEVOETES, KabBmg o “ocLVOETIK)”
dwdpouny umopet gokoAo vor votelel pE UKPEC KIVIOELG Kol EAOPPLA TAELPIKY|
petatomion tov edikov TMS4 ko TMS7. H eyydmmrta avt) evioydetol mepottépm
Boynukd otov XanQ O6mov 1 OEGUELGT TOV VTOCTPAOUATOS TPOGTATEVEL 0o
AAKVAI®ON KoTAlomo KLoTEivg Te)vnTd Tomofetnuéva oto TMS14 (Papakostas et
al., 2008).
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Mo mv tehkn emoinBevon g VmapEng avtig g eEOKVLTTAPLOG TEPLOYNG
ereyyopevng mpocPaong kol av Agltovpyel g devtepedovsa BEGN TPOGIESNG TOV
VTOGTPAOUATOG OKOAOVONCE HEAETN TOV VTTOOEIEIYUEVMV EUTAEKOUEVAOV OUIVOEEWV LE
yveveTkés ko Proynukéc mpooeyyioels. ITo ocvykekpuéva, KOTOOKELAGTNKOV KOl
avaAvOnKov petoddayéc mov apopovoav to katdrowma S233, T237 kar G527, ta
omoia dev elyav pelem el oto TaperBov. Emiong Katackevdotnke n SutAn petodiayn
T526M/F528A. ZOueovo pHE TO OTOTEAECUOTO TOV VTOAOYICU®MV TPOGOECNG,
avtikataotdoelg Tov S233 kot 0o T237 {icwg Oa dievpvvay 10 TPoeid e&edikevong
tov UapA, mapopola pe TIc avTikataotdoelg Tov 1526 kot F528, eved 1 petaAlayn
G527V Ba emnpéale emiong TV TOTIKN OPYLTEKTOVIKT KOl, GUVETAC, O yaAdpwve 1
Ba amevepyomolovoe v e€edikevon tov UapA. Onwg elvar yvowotod, ot petaddoyéc
T526M xou F528A agpnvouv avemnpéacto 10 mpoeid eedikevong tov UapA yua ta
(UOIOAOYIKE TOV VTOCTPAOUATO KOl OEVPVVOVV TN YOUNANG CLYYEVELNS UETOPOPA
GAA@v movpvav. To dumhd petodraypuévo TS526M/F528A icwmwe yoldpmve mepoItépm
v e&edikevon tov UapA.

Ta amoteléopata ™G avaAvong TOV PETOALXY®OV £0€1EE OTL N AVTIKOTAGTOO
tov S233 kot T237 oe Ala dev emmpéaoce kaboAov v tomobénon tov UapA otnv
TAOCULOATIKY] LEUPPAVT, TNV KATOGTPOPT TOL N TNV KIVNTIKY UETAPOPAS KOl TO TPOPIA
e€edikevong tov, Yeyovog mov VIOJEIKVVEL OTL TO. KOTAAOUTA QUTO OEV ATOTELOVV
HEPOG NG EEMKVLTTAPIKNG TOAN N o dgvtepevovca Béon mpdcdeons. Avtibeta, to
G527V eiye v ekéva petodroyng andAietag Asttovpyiog, edikd otovg 37°C (Eiwk. 3-
14A xou T), mpopoveg AOY®m g oaotdbslog TG TPOTEIVING Kol TNG
KOTOOTPOPNg/amodouncng tov oto yopotomo (Ew. 3-20B). H petoddoyn
T526M/F528A £deiée ot e€optdtan amd 1t Begppokpacio, devpuve, OnMG
wpoPAEPONKe, TV eedikevon tov UapA, odnydviag oe avantuén oe adevivin 1
vro&avlivn (Ew. 3-20A), vrootnpilovtag 10 poro twv kataroinwv T526 ko F528
oV Aettovpyio TG “Ouvapukng TOANG” EMAEKTIKNG E1GO00V VTOGTPMOUATWOV.

Yvvoyilovtag, n aviAlvon TOV VEV UETOAAXY®V VLTOoTNPilel mEPUITEP® TO
porlo towv katoroimwv T526, G527 kot F528 w¢ otoyyeio pog E@KLTTOPIKNG
TeEPLOYNG EAEYYOUEVIG TPOGPACTC TOV LTOGTPAOUATOS TOV EAEYYEL TNV e€eldikevon
TOV UETOQOPEN, OAAL OmOTLYXAVOUV VO TAPEXOVV YEVETIKN €maANBgvon NG
Tapovciog Hog devTepelovsas 0EoMNG GEGEVONG TOV VITOGTPOUNTOS GTNV TEPLOYN

ovTn.
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Ewova 3-13 Avdivon Tov petarlaydv oty vrodetikin dgvtepedovca 0o déopgvong.

A. Aoxipacisg avamTuéng o movpiveg og povadikéc anyéc aldtov otovg 25 kot 37°C. To UA eivar
ovpwkd 0&L, 10 AD adeviv kot to HX vro&avlivn. Q¢ pdptopag ypnoylomoteital 1 ovantuén oe
ovpia. (UR). Amewoviovtar emiong 0 Oetikog (UapA') ko 0 opvnrikdg (UapA) 160YeveTikdg
paptupag. B. In vivo vrokvttapikn ékppacn tov petolhaypévov popemv tov UapA-GFP kat tov
nstagopéa aypiov Tomov (UapA®) s pikpookdmio smpBopiopo. I'. Tystikdc puOpoc LeTapopac *H-
EavOivng eKQPAGLEVOG OG TOGOGTO TOV OpYKoy puBol mpdoinymg (V) tov HeTaAAOY®V KOl TOL
netapopéa dyprov-tomov (UapA™). Qc 100% opileton N petagoptcry kavotyto tov UapA©. A. Tuég
K 10 TIG VEEG Aettovpyikéc petodhayéc tov UapA kot tov aypiov tomov UapA'. (Tpomomompévo amd
Kosti et al., 2012)

3.1.5 Kvtrapomhaopotikd otoyyeio mOavag cuvOiTouy pio eomTEPK TEPLOYN

ereyyopevng orérevong — O péiog Tov apvoséog R481

Onwg &xet avagepbel kor mponyovuévac (PA. §3.1.4), ektdg amd TV KEVIPIKN
Béom OEGLELONG TOV VTTOCTPADOUATOG, LITAPYOLY Kol GALY oTolXElo TOV KaBopilovv TV
eCedikevon tov petapopéo UapA, pe mpoegéyovoes petarlayés eEgldikevong otov
TIG VITOKOTAOTAGELS ToV apvo&émv T526 kou F528. Tpoxeipévou va Bpeboiv ki dAdeg
nmeployéc tov UapA mov éyouvv tov 1010 poiho  mpoypotomomOnke Ttuyoio
petaAla&lyéveon pHe VIEPLOON OKTIVOPOMO Ge GTEAEXOC TOL £QEPE TN UETAAAOYN
F528S (BA. §3.1.3.3). OAeg ot petodiayég TOV amopovadnKay HTay EVOOYOVISIOKES
otov UapA kot n mietoynoia toug agopovse 1o apvosh R481. To katdromo avtd
evtomiletar omv oapyn tov TMS13, omv kvttapomracuatikny mepoyn tov UapA.
Etvor  Mydtepo cvovimpnuévn amd tig tpeig Arg g mepoyng (R478, R479 ko
R481), pe tig mponyodueveg dvo vo evtomifovtar oto pikpd Ppoyo &L apvo&émv

petald tov TMS12 kor 13 (Ew. 3-5). To yeyovog 6t n meproyn avtn evromileton
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OTNV KVTTOPOTAAGLOTIKN TAELPE TOV HETAPOPEN GVVAEL pe PPAIOYpaPIKd dedopéva
Tov  avagépovy 0Tt To. BTk @opTion 0E  KUTOPOTAUCUOTIKEG —TEPLOYES
SWUEUPPOVIKOV TPOTEIVOV VIEPTEPOLY KOl GLUPAALOVY oTn otabepomoinom TG
npoteivig otn pepPpavn (positive inside rule). T tovg mapamdved Adyovg

axolovOnoe cvotnuatikny perétn Tov aptvoséog R481.

3.1.5.1 Merorrayéc Tov R481 0dnyovv o€ drevpuven T eEetdikgvong Tov UapA

Apyikd pehenOnkov ot petaddayég oevtepng Béong oto R481 mov siyav
amoktnOel amd v Toyaio petaAra&lyéveon oto otélexog pe T petaAloyn F528S.
Amo ™ petaAraElyEveon avT| TPOEKLYOV TPELS OLOPOPETIKES OVTIKOTAGTAGELS TOV
v apvoééoc, ot R481Q, R481L kar R481G, pe v mpdtn vo omotehel v Mo

GLY VI OVTIKATAGTAOT).

ITivokag 3-7 Eid0g TV VOUKAEOTIOKAY 0ALXY®OV 6TO YOVioL0 Tov UAPA, KoOMS Kol TG OUIVOELKEG
oArayég wov TpokolovvTol 6to R481.

NovkAeoTIOIKY OVTIKOTAGTOOT,  ApvoEIKY] OVTIKOTAGTOON

CGG — CAG R—Q
CGG —» CTG

R—L
CGG —- CTA
CGG — GGG R—-G

O @aVOTLTIKOG YOPAKTNPIOUOG GE OOKIUOGIEG OVATTLENG e TOVPIVEG MG TTNYES
aldTov TV oTteEley®V avtav £01Ee Ot (Ewc. 3-15A):
= Olo ta otedéyn mapovciocav kaAVTEPN avamtuén oe adevivn omd OtL of
vro&avoivn.
» To otehéyn R4A8LL/F528S kar R481Q/F528S, eiyav kolvtepn avamtvén otnv
adevivn amd 6TL 6To 0VPIKO 0EL .
= Tnv mo évtovn avamtvén o adevivn napovoioce to R481G/F528S.
» To R481L/F528S eppavice peyoardtepn avOektikdTTo otnv 0ELTOVPIVOAN GE
oyéon Ue to vroAowto otehéyn kot to R481G/F528S ) pikpdtepn.
2 ovvérew eAéyyxOnke 1 KavOTNTO TOV VEOV GTEAEY®V VO TPOCAQUPAVOLV
movpiveg, kol mpoocoopioOnkav Ta KwvnTikd yopoktPloTiKd (Km, Vmax) NG
petapopds. Xta petaAlaypéva oteléym mpocdlopiotnkayv ot 6tabepég cuyyévelag Kny
v to Pacwd vrootpopate tov UapA, EavOivn kor ovpikd, Kot okoAovOnoe

GUYKPIOT TOV TILOV oLTOV e TS avtiotoryes tov UapA @uotkod TtOTOL Kot TOV
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oteléyovg AACZF:UapA-F528S. To amoteléopato €o6eov OtL M petodhayn
R481G/F528S dev emnpedlet v taydtnta tpdéoinyng, N R481L/F528S v avéavet
ko 1 R481Q/ F528S emopépet vmoroyioyn peimon g tééng tov 30% — Ewc. 3-15B).
AxoAoVO®G, HE TEPAUATO GLVOYOVIGTIKOD OVIOYOVICUOD TNG TPOGANYNG [3H]-
EavOivng pe un onuacpéveg Tovpiveg Kot avAAOYd TOVG, TPOGIOPIGTNKE 1| CLYYEVELN
tov UapA 1000 010 HETOAAOYUEVA GTEAEYT), OGO KOl GTO. GTEAEYN PLGIKOV TOHTTOV Kot

AACZF:UapA-F528S (Tiv. 3-9).

S S
;,’13’ @6’1‘%% $6W$
t~ S RN Q
A S o B

[==]
>
3 100 -

AD 0.5mM o % it o -IL
=)

AD 2 mM r_§_
< 50 4
©
2
X

Ewova 3-14 Xvoetnpotiki pehétn perodrlaydv oto apvoéd R481 mapovsio tng petoairoyng
F528S. A. ®ovoTumol avamTuéng oTedeydv mov ekppalovy Tov dyplov tomov pstagopéa (UapAh) 1
eépovy AP amaroen avtod (AUapA), to UapA-F528S (F528S) kot tig petarhayég dedtepng Béong
0TO KOTOAOWO o€ movpiveg g povadikd mmyéc aldtov. H avamtuén oe ovpia (UR, 5 mM)
ypnowomoteitan yio Eleyyo. Ot movpiveg mov el&yydnkav teplappdavovy to ovpikd 0&H (UA, 0.5 mM),
mv adevivn (AD, 0,5 kot 2 mM) kot v vro&avOivn (HX, 0.5 kot 2 mM). H o&umovpvéoin (OX, 100
uM) givon éva t0&id avaroyo tov ovpkol o&fog/Eavlivng mov petapépeton dapécov tov UapA. H
avamtuén oe EavOivn Exel emiong dokpaoTel, Kot To amoTeAéopaTo gival Tovtoo o pe ekeiva tov UA
(6ev amewovilovtar). Ot dokyacieg avamtuéng die&nydnoav otovg 37°C kou pH 6,8, ta omoia ivar ot
Tomikég ovvOnkeg avanticewe tov A. nidulans oto epyactiplo. Iapopolo amotedéopata eEAqEONcAV
otovg 25°C. To otéheyog UapA-F528S ypnowomombnke vy v emthoyq UHETOAAOYDV TOV
avortocoovtal o€ younkéc ovykevipmoelg AD (0,5 mM). Ou véeg petariayés dapépovv amd to
apyd otéheyog (UapA-F528S) g mpog v kavdtntd toug vo avartoccovtatl o AD 1) HX, 1dwitepa
OTIG YOUNAES GLYKEVIPMOOELG avTtdv Tov movpwvov (0.5 mM). B. Zxeticodg puOuds HeTopopdc *H-
EavOivng ek@pacévog g Tocootd oL apyikod puiuod npdoinyng (V) oe cbykpion pe tov puiud
00 dyplov-tomov (UapA®). H tomikh) omdxhon o 6Aa o mepdpata frov mavia <20% g péong
Tung. (Tporomompévo and Kosti et al., 2010)
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A6 TOV KIvNTIKO YOPOKTNPIGHO TMV TPUDY GTEAEYDV QaiveTal OTL:

= Aev umdpyel ovowoTK) Peitioon NG ovyyéveldg Tovg Yyl odevivn Kot

vro&avoivn.

= AveEdpmto omd to auvo&h mov avtikotéotoe v Argd8l, to oteAéym

eupaviCouv mopdpole CLUTEPIPOPA Yo To. Pacikd vrooTpdpoTe ovlivn Kot

oVpKo 0&D, KaBMG Kal Yo TIC TOVPIvEG adEVIVI Kot LIToEavOivn, aALL cLYKPLITIKA

pe tov petapopéa aypiov tomov gppaviCovv 8-10 popéc Pertimon g ovyyévelag

OECELOTG.

= Oleg ot petodhayéc mapovstalovy Ho YEVIKY AmEAELOEPOOT) TOV GTEPEOYNUKDV

napepmodicewv pe e€aipeon tig Béoelg Ni-H ko Ng. Eivor yopaxtmpiotikn m

avEnon g ovuyyévelng décpevong Yo v 6-0gt0-EavBivn katd 100 popég mepimov

o€ GUYKPLOT LLE TO LETAPOPEN AryPiov TUTOV.

Mivokag 3-8 Mpo@ik s&edikevong Tov petoiraydv dsvtepns 0song Tov R481 oto F528S. (Kosti

et al., 2010)
Ynéotpopa Ko (M)

UapA F528S R481L/F528S R481Q/F528S R481G/F528S
Zavoivn 8 3 1 1,1 0,56
Ovpikod o&H 7 11 1.4 15 11
Aag\;{vn o0 00 o.o o.ol. o.ol.
Yro&avOivn .o ~2000 1630 1630 1530
Tovavivn a.0. ~2000 a.a. ~1000 0.0
Ovpoakiin 0.0 ~2000 3 9,3 1,8
1-peBvA-EavOiv 280 420 723 ~1000 100
2-0g10-EavOivn 63 63 12 19 3,1
3-peboi-EovBivn 28 24 2,8 4,1 9
6-0c10-EavOivn 350 92 3,5 13 3
7-uebvr-EavOivn 0.0 ~1000 128 239 50
8-peBu-Eavoivn 100 45 6,7 40 32
9-uebvA-EavOivn 200 345 244 0L.0. >1000
O&vmovpvoin 100 45 332 218 151

a.0.: amovcio ovactodng (90-100% mpdoinyng), > 1000: avactoin 60-75% ce C =1 mM

[Ipokepévov va dtepeuvnbel av oIvVOTLTOG TOV TAPATAVE® CTELEXDV OQEIAETL

o€ ovvepyooio TOV pHeTaAlay®dv 0e0TepNg BEong pe v F528S, 1 av ot petodhayéc

V4631 kor A469E eivor amd puoveg toug 1KOvES vor dOCOVY aWTOV TOV ovOTLTO,
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KOTOOKELAGTNKOV GTEAEYXT TTOV £QEPAV TIG HOVEG UETOAAOYEC OMOLGIO TNG OPYIKNG
F528S, o6mwg wor oe mponyoduevn peiétm (PA. §3.1.3.3). Tw tov mepoutépm
QOVOTLTTIKO YOPOKTNPICUO EMAEXOMKOYV €Vl OTEAEYOC UE HOVI EVOOUATOON KL &V
pe molhamAn v kéOe petodiayn (Ewova 3-16B). O Broynukodg xopaktnpiopog

TPOYLOTOTOONKE LE TA GTEAEYN TTOV EPEPAV T LOVY] EVEOUATWOOT).

A B
UR UA 05mM 2mM 05mM 2mM OX  Usph' AUA —S— —_RMIL____RASIQ
- S - R

(3]

R481G I

R481L

R481Q ' *
& gag g.?\)

mc &L

Ewova 3-15 Zvomnpoatikn perétn petarriaydv oto apvoid R481 amovsia g petarrayig F528S.
A. Aoxiacieg avamtuéng EMAEYUEVOV UETACYNLATICUEVOV CTEAEXDV TOL QEPOVY LOVASIKES (SC) 1)
noAlomAEG (Me) evowpotdoelg Tov TAucudiov ue ta petalaypéva uapA adiniopopeo (37°C, pH
6,8). apovsiaovtar emiong 1oysvetikoi Oetikoi (UapA™) kar apynricoi (AUapA) pdptopeg.

B. Avdlvon katd Southern otedeydv pe povn (sc — single copy) kot moAlamdn evompdtworn (MC —
multy copy) avtictoyyo ywo T1g petodrayég tov R481. Qg paptupeg ypnoyo-romdnkay Eva oTéEY0g
aypiov TomoL e éva uokd avtiypapo UapA (UapA') kat 1o 6TEAEYOG GTO OTOI0 HETOGYNHOTICTNKOV
to Thaopidio (AUapA). T'. Arswdvion g toydtntag tpocinyng (V) tov vrd pekétn otekeymv. H
oKy andkiion og Oha To TEpdpata frav navio <20% g péong Twng. (Tpomonompuévo and Kosti
et al., 2010)

L M

—

(=3

<
]

% mpéoAnyn [*H]-EavOivng
= 2
1
A

Amd T1g dokipacieg avamTuéng edvnike 6t ot petaddayég Tov R481 amovoio g
apywng F528S, anmAiecav tnv KovoOTNTO VO AVATTOGGOVTOL G YOUUNAN GUYKEVIPOON
adevivng (500 uM), aArd dwotpnoay v avantué] Tovg GTNV VYNAN CLYKEVTPMOT)
AD 2 mM). Ocov agopd tv vo&avOivn, To TEPIocOTEPU GTELEYN AVOTTOGGOVTOV GE
pikpd Pabud mapovsio YopNANG CLYKEVIPWOONG TG, EKTOC OO TO OTEAEYOC LLE LOVN
evoopdtoon tov R481Q. Xe 2 mM vro&avBivny OAa To GTEAEYN OVATTOGGOVTOV TOAD
woavomomtikd. To otedéyn He TOAAOMAEG EVOOUOTAOOELS EUQAVICOV HEYOADTEPN
evooOnoie oe o&umovptvoAn amd TO SC OTEAEYN, YEYOVOS MOV VTOJEIKVVEL

d000eEaPTOUEVT LETAPOPE KO OYL LETAPOAT TNG GLYYEVELNS OECUELONG,.
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Mivoxkog 3-9 Kwvntikyy avdivon tov petorioy@dv ogvtepns 0éong tov R481 amovoio g
perorhayig F528S. (Kosti et al., 2010)

Kmnii (nM)

Yrnootpopa UapA F528S R481L R481Q R481G
EavOivn 8 3 18 3 0.9
Ovpid 0&H 7 11 19 6 3,5
Adevivn Q.0 o0 Q. QL. 0.0l ~2500
Yro&ovOivn a.0.  ~2000 a.o. 0.0l ~1000
Tovavivn a.0. ~2000 0.0l 0.0l ~700
Ovpakiin ao.  ~2000 ~1000 0.0l ~1200
1-pebor-Eavbivny 280 420 200 150 200
2-0e10-EavOivn 63 63 90 43 10
3-pebor-EavOivny 28 24 21 19 51
6-0c10-EavOivn 350 92 o7 59 3,7
7-uebvr-EovOivny .o ~1000 140 65 41
8-usvr-EavOivy 100 45 100 10 2,5
9-puebur-Eavbivy 200 345 124 286 200
O&vmovpvoln 100 45 14 14 26

a.0.: omovoia avactoing (90-100% npdoinyng), > 1000: avactorr 60-75% o C =1
mM

O mepartép® KvNTIKOG yapoktnplopdc £oeiée ot (ITwv. 3-9):

- H ovyyéveln déopevong tov véov petadlayov yuo Eovlivn kot ovpkd o0& etvan
wapopow | eketvn tov UapA puotkod tomov (ot drapopéc kvpaivovtal and 2-3
Qopéc maveo M katw), pe egaipeon 1o R481G, mov 10 Ky vy avBivn sivon
Beltiwpévo katd 9 popéc oe oxéon Le TOV PLGLKOD TOTOL.

- H petaddhayn R481G epepaviCer pio yevikn tdon Pektioong g ovyyévewng
déopevong tv movpwvev adevivn, vro&avlivn, yovavivn kot ovpokiln kol To
avéroya tic Eavlivng pe vrokatactdtes otic 0€oeig Ny kot No.

- Kot ot tpeig perorroyéc mapovoidlovv Pehtiopévn cvyyéveln OEGUELONG OTA
avaioyo EovOivig pe oyKDOELS vtoKataoTites otig Béoelg 2,3,7 kat 8, ahdd Oyt yio
avdioyo Tov Bécewv 1 kol 9 Tov TovpviKoD daKTLAIOV.

- Tevikd,  ovyyévela 0EGUEVONC TV GTEAEXDV Y10l TIG TOVPiveS adevivin-vmo&avOivn-
yovavivn mopopével apketd yopnAn (>700 uM), yeyovog mov vmodelkviel OTL 1|

TOPOTNPOVUEVN AVATTUEN TOV CTEAEXDV G TOVPIVEG GALES TOV OLPIKOV 0EE0G Ko
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EavBivng opeileton mepiocdTEPO GE awENUEVN peTapoptkt| ikavotnto tov UapA ot
Hovada Tov ¥pdvoL Kat 0yl TOGO o€ PEATIOUEVT CLYYEVELN OECUEVOTC.
Ta mopamdvem VTOSEIKVOOVY T GLVEPYICTIKY Opdon Ttwv F528 kot R481 otnv

eEedikevon tov UapA.

3.1.5.2 Evoopoprokn ocvvepyaocio tov R481 pe aiheg meproyés Tov peTa@opéa
UapA kaBopilovv Tnv ££€18iKkeVG1] TOV

Onwg &xel avapepbel kor mponyovpévag (PA. §3.1.4), ektdg amd TV KEVIPIKN
0éom S0 LELONG TOV VITOCTPAOUATOG, LITAPYOLV Kal AALA oTol el Tov kKaBopilovv TV
eCedikevon tov UapA. Tétoleg petarroyés eE€101KELONG APOPOVY AVTIIKATOCTAGELS
Tov apwvoéémv T526 ko F528 oto Bpoyo upeta&d tov TMS13 kou 14 (BA. §3.1.4),
kaBd¢ kot tov apvoééog Q113 mov evtomiletan 610 Ppoyo petad towv TMSL ko 2
(Ew. 3-5T). @aivetor emiong mog avtég ot 000 TEPLOYES, ONAadn ot Ppodyotl Twv
TMS1-2 kou TMS13-14, icmg «ouvepyalovtow TPOKEWEVOL Vo GyNUaTicovy Eva
poplokd @iktpo efedikevong mov emiTpémel TNV eAeyyOuevn mpdcsPact TV
VTOGTPOUATOV GTO EVEPYO KEVIPO TOL LETOPOPEN, KOATL OOV OPYLKY] «OLAOYN» TMV
ovol®V 1oL Bo pmovv TeEMKE oto kiTTapo dapécov tov UapA (Amillis et al., 2001;
Papageorgiou et al., 2008p).

Me dedopévo 01t 10 R481 ¢ KuttapomAacuatikd otoyeio @aiveror vo
ovvepyaletol Asrtovpyika pe to mepumiacuikd F528 (BA. §3.1.5.1), endpevog 6td)0G
nrav n emPePfainonc g cvvepyasiog tov R481 pe v eupdtepn meployn tov Ppodyov
TMS13-14, xabmg Ko 1 digpgvvnon g mlavoTTag “cuvepyacias” Tov pe to Q113.
I"o 10 okomd awtd, N petorrayr R481G, n omoia eppdvice 11 BEATIOTEG GLYYEVELES
déopevong vy adevivny kot vmo&ovOivn (ITwv. 3-10), ocvvovdonke pe to £1EpO
otoyyeio “eiktpov” tov Ppoyov TMS13-14, to T526 (R481G/T526M), kabmg Kot pe
10 Q113 (Q113L/R481G). 'Enetta amd avdAvon katd Southern emiéyOnkav oteléyn
OV £QPEPAV LLOVT] EVOOUATOOT) TOV £kAoTOoTE TAaGdiov (Ewk. 3-16B).

210 oTEAéYN mOL emMAEYOMKOV TTpaypaToTomOnKay doKipacieg avantuéng oe
novpiveg o¢ povadikée myée almtov otovg 37°C (Ewk. 3-16A) kou otoug 25 °C. Ta
aroteAéopato Kot ot 000 Oeppokpacieg Mrov  mavopordtuma. To  SuTAd
petodaypéva oteléyn QL13L/R481G kot R481G/T526M mapovoidcav mTopoUotons
eovoTOHmoVG W’ ekeivoug tov oteléyovg R481G/F528S (BA. §3.1.5.1 ko Ewc.3-14),
KaB®OG avamTOGooVTOV G YOUUNAEG GLYKEVIPMGELS adevivng Kot vro&avOivng (0,5

mM). To yeyovdg awtd vrodeikvoet 61t o R481 aAniemidpd pe ta Q113 ko T526.
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Q113L/RABIG/

* AUspA R4BIG T526M
A AD AD  HX
UR UA 0.5mM 2mM 0.5mM 2mM OX
UapA* .

Ewéva 3-16 Xapaxtnpiopog

petoirayov egeldikevonc. A.

-u Aokipocieg  avantuéng  tov

petolhaymv  eEedikevong o€

movpiveg ®g mNYES  aldTov

~ NN

Avélvon kotd Southern twv

emeybéviov  QL13L/R481G

e [ o

momonkay  Oetucdg  (UapA')

o N
(AUapA).

H ovvepyotikn opdon tov R481G pe tic tpelg mpoavapepOeices petarlioyéc

(Q113L, T526M «wor F528S) @dvnke kor otov KwnTikd YOpOKTNPIOUO TOL
aKolovOnoe. AmO TIg HETPNOEIS TPOSANYNG padtoonpacuévng EavBivig pavnke OTL
ovyyévela déopevons tov Q113/R481G kot R481G/T526M yia tig S1dpopeg Tovpives
etvar aucntd Pertiopévn oe oxéon Le To OTEAEYXT TOV PEPOVV TIG LOVESG LETAAAAYEG
(Q113, R481G ka1 T526M — ITiv. 3-11). Ewdwotepa, to R481G/T526M mapovcidlet
VYNAN cvYYEvELn dECUELONG YL TNV ovpaKkiAn (32 uM), evoldpeon cuyyévela Yo TiG
vroavOivn kot yovavivny (179 uM kou 225 uM avtiotoyya) kot v vynAoTEPY
ovyyévelr OA@V TOV otedey®@v yio v adeviv (1 mM), ov kot  Tun ovt
eEaxorovBel va gtvon younAn. Emiong, £xet avénuévn cvyyévela ya v Eavlivn, v
o&umovptvoAn Kot 6xeddV Oha ta avdrioya tng Eavlivng, pe alloonueimt eaipeon
mv 9-puébvro-EavOivn. Avaroyeg TOPATNPNCELS UTOPEL VO KAVEL KOVEIG Kol Yo TO
Q113L/R481G g mpog TN cvumeppopd tov oto avaroya Eovliving. To otéleyoc
avtd Opme, dev mapovotdlel vmoloyiciun PBeltioon G cLYYEVELNS OEGHELONG MG

TPOg TNV adgvivn kot v vro&avoivn.
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ITivakag 3-10 Ktk avéiven tov petorlaydv eéeidikevonc. (Kosti et al., 2010)

Kri (M)
Ynootpoua UapA QI113L R481G  T526M Q113L/R481G R481G/T526M
EavOivn 8 4 18 5 1,3 1,2
Ovpikod o0&y 7 10 19 12 2,5 8
Adevivn a.0. 0.0 o.0L. ~2500 .0 980
Yro&avoivn a.0. 260 .0 ~1700 ~1300 179
Tovavivn 0.0 ~1000 0.0 - 0.0 225
Ovpakiin 0.0l 413 ~1000  76/>1000 536 32
1-ueBovi-EavOivn 280 280 200 288 ~300 ~40
2-0g10-EavOivn 63 10 90 8 17 13
3-pebur-EavOivn 28 9 27 11 8 55
6-0g10-EavOivn 350 38 56,6 6 45 4
T-pebur-EavOivn .0 ~1000 140 ~1000 0.0 361
8-pebur-EavOivn 100 110 100 6 4 4
9-pebui-EavOivn 200 0.0 124 202 0.0 ~1000
O&vmovpvorn 100 29 14 22 11 2

a.0.: amovoio avactorng (90-100% mpdocinyng), > 1000: avactoin 60-75% o C = 1 mM, ~1000:
avactoAn 50-60% o C = 1mM

3.1.5.3 O poéioc tov R481 otn dopkn otabepotnta Tov UapA
Kobng, 6mmg €xet mpoavapepBel (PA. §3.1.5), n R481 evromileton oe o

KUTTOPOTAACHATIKY] TTEPLOY] TAOVCIO GE GLVTINPNUEVES OPYLVIVEG, OTNV 0Py TOV

TMS13, ko paiveror va cuvepyaleton pe dAdeg teployés tov UapA kabopilovtog v

e€e1dlkevon Tov, Eva aKOUn EpMTNIO TOL OMoVPYHONKE NTav av 11 Oon 1 BEom Tov

apvo&€og awtoh Tov TPoGEddE Tovg mapomdve porovs. e to okomd avTd

KOTAOKELAGTIKOY 00O TopaAlayég Tov UapA:

- Zm o éywve gio0oyn d00 ovdétepwv apvoémv (alavivny — yAvkivn) mpwv to
R481 (AGR481). M’ avtov tov tpdmo 1o R4A81 alddée Béon avdvovtog To Ko
OV PpoOYov Kot, HETOPEPOUEVO TPOg TO kévipo tov TMS13, 6o pmopovoe va
vrodei&el T onpacia g BEong Tov Kot Tov uRKoLVg Tov Ppodyov TMS12-13 o
dopn| kot tn Agttovpyia tov UapA.

- H &\ mopariayn tov petagopéa épepe EMAenyn tov apvoééog R481 (AR481),
npokeévoy va. e€ayxbodv ovumepdcpota yio v Asttovpyio tov R481 avtov

KaOavtov.
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H katackev tov mapordve tlacpdiov Eywve pe katevbovopevn in vitro PCR
uetoAraéryéveon (PA. §2.3). Ev ovveyeio, 1o mhaocpide avtd eonydnoov oe
KATOAANAO OTEAEYOC. ATO TO HETACYNUOTICUO TPOEKLYAV OTEAEXT ME OVEVEPYN
Aertovpyio tov UapA, kobac ta oteléyn avtd advvatovcov vo avartuybodv oe
omoladnmote movpivn-vmdéotpopo tov UapA og¢ povadiky myn alotov. O
QOVOTLTIOG AVTOG 0ONYNGE OE VEN EPMTNUATO O TPOG TNV TOTOAOYI Kot Tr SOUIKN
otafepotnTa TV oteEley®V owt®v. H amovoia avdntuéng o pmopovoe vo cupPaivel
Yo TPES AOYOUG:

1. O petagopéag, AOym dopikng actdfelag, amotkodopeital Kot io6mg dev oToYXEVETAL
OTNV TAUGLATIKY] LEUPPEVT DOTE VO EMTEAEGEL TO EPYO TOV.

2. O petopopéag oToyevETOL 0T LEUPPAVT], GALA 1| LETOAAOYT TPOKOAEL HEl®OT TOV
1POVOL LONG TNG TPMTEIVNC, 1] 0010 EVOOKVTMOVETOL KOl KOTAGTPEPETOL TAYVTOTOL.

3. O petagpopéag evromiletar otn pepPpdvn, oALd 1 eKAGTOTE PHETOAAAYY| (E1000YM M
agaipeon apwvo&éoc) anevepyonotel avt Kabowtn ™ Aettovpyia Tov.

4. H éewym avantoéng eivor amotélecua tng GLVOLAGTIKNG OPAoNG TNG OOMIKNG
aoTAOELOG Kot TNG OMAOAELNG AEITOVPYING.

[Tpoxeyévou va dtepevvnBel molog amd tovg mapomdve Adyovg gival n artio Tov
(QOIVOTVUTIOL OKOAOVONGE PIKPOCKOTIKY TOPATHPNGT TOV GTEAEXDV, KATL TTOV KATEGTN
duvatd agov To yovidlo tov UapA mov £pepe Vv ekdotote petodloyn (AGR 1 AR)
nrov ovvelevyuévo pe to gfp y tov €dkolo vrokvTTaPKO TOL eviomiopd. Ta
TEPALOTA UKPOGKOTIOV amokdAvyov 0Tt Ta 000 oteAéym apovsiolay datapaypévn
vrokvTTapPIKy Tomobétnon tov UapA oe oyxéon pe 1o otéheyog puoikov tomov (Ewk.
3-18A). Ewwodtepa, 10 AGR481 otéheyoc amovsiole mANpmg and TV TAAGLOTIKN
pepppavn kot evromlotov O1dyvuTo GTO ECMOTEPIKO OPYOVIdI®MV Kol TOL YLUOTOTIOL,
vrodnAwvovtag oOtt M popen, oavty tov UapA elvor evtedmdg aoctabng kot
KataoTpépetal Toyvtota. To SC AR481 otédeyog mapovciole tov 10 GovoOTLTO.
Avtifeto, o mc AR481 otéheyog eppavilotay otn pepppdvn Kot ta S1apayroto, 6
moAD  pikpoTEPN moodHTNTA Opwg amd Tov  euooAoywd UapA, oidd xvpiog
evtom{OTav G€ opyavidln, OTO YLUOTOTMO Kol OTO €vOOTMAAGHaTIKO Oiktvo. H
TAVTOMOINCT TOV TOPATPOVUEVOV OPYOVIOIOV TPAYUATOTOMONKE HE YPDOCES Kol
wkpookomikny mapotpnon (PA. §2.1.11- Ew. 3-18B). H &&fqynon pog tétolog
ewovag Oa pmopovoe va gtvar O6ti, 0TOV 1 TPOTEIVN TAPAYETOL GE UEYAAT TOGOTNTA,
napd v kabvotépnon €£d6dov amd to EA Adym AavOBacpévng dounc, kamoto

ToGOTNTO KATOPEPVEL Vo eveouotodel oty mhacpatikn pepPpavn. E&axolovOel

144



BéPara va kotaotpépetar o€ peydro Pabud. H amiovotepn e&nynon yia 1o mapomdve
amoteléopato givar 0Tt aAloyn g Béong g Argd8l kot Tov prKovs Tov Ppodyov
TMS12-13 amootabepomnotel Tov UapA. BéBata, to yeyovog 6Tl axodun kot tTo mc
AR481 mov gpepavilel kdmola mocoétta UapA ot pepppdvn e€arxorovbel vo punv
AVOTTOCGETOL GE TOVPIVES THOVMOG LTOONADVEL OTL EKTOG AT TN JOWIKN ACTADELN KOt
n Aettovpyia Tov UapA €yxel yobel. Apa, mbavdg n mepoyn ovty Oadpopotilet

AEITOVPYIKO Kot SOHKO POAO.

A UapA' AGR4S1 B
e
CMAC
SC mc
- - '
& o
s » » FM4-64|
4 .
5 .
' Y b
. .
. | ’ GFP

Ewévo 3-17 Ymokvttopikog eviomicpog petorloypévov petagopéov  tov  UapA  pe
TAULGLOTPOTOTOMTIKES peToArayés oto apvoiy R481. A. Avdlvon pikpookomiog @Oopiopov oe
oTéAex0¢ Ue TOV QUGIKOD TOmov petagopéo. UapA (UapA™) kou oe otedéyn mov ek@pdlovv Tig
petodlayéc AGR481 ko AR481 (sc: single copy — mc: multy copy). B. Tavtonoinorn vrokvttapikdv
KuoTdok®v dopdv oto AR481 (mce) pe ypooeig. H apiotepn otoypaeia, og kabe yphon, givar 610
npaovo @iltpo yio ™ GFP, kat 1 de€td 610 pmhe 1 610 KOKKIVO Yo Tig xpdoel; CMAC kot FM4-64
avticToyo.

3.1.5.4 H HulARsp5 Mydaon t™g ovpikovitiviig 6NpoT0d0TEL TNV KOTOGTPOP
TOV 06TUOOV HOPOOV 6TO YVUOTOTLO

To emdpevo epOTNUO 7OV ONUOLPYNONKE MNTOV UHE TOWO  UNYOVIGUO
kataotpépetar o UapA, otav ¢épel avtég Tig petorrayéc. Hrtav yvootd amd
TPONYOVUEVEG LEAETEG OTL 1] GNUATOOOTNGN Y10 KATAGTPOPT) GTOV LETAPOPEN arypiov
TOmoV  mpoypaTomolEital  pe  mpooBnkn  popiov  ovPikovitivig  (LOVO-TOAD-
ovBucovitivioon) omd v HULAR®® Arydon e ovPikovitivig o éva Kot Hovadikd
KatdAouro Avcivng, tnv K572. Mepkn angvepyomoinon tng Atydong (HUIA®P4C2) n

AVTIKOTAOTOOT TG Avoivng amd ailo Betikd apvold (K572R) £xovv og amotéleoua
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o UapA vo unv &vooKLTAVETOL Y10, KOTAGTPOPY] GTO YLUOTOMO KOl VO TOPOUEVEL
otafepdg oty Thaouatikn pepPpdvn (Gournas et al., 2010).

Bdaoel tov mopondvo, to Tphto e nrov va sieoyfodv ot petaAlayés AGR
kol AR og otéleyog MOV €Pepe PEPIKN AMEVEPYOTOINGMN TNG AMydomng (HuIARSpSACZ).
Ta otehéyn mov Tpoékvyav adLVUTOVGAY Vo avarTuyBohv e 0moldNToTE TOVPIvN-
vrootpopo tov UapA og povadikn mnyn alotov. To yeyovog avtd mbavag va
OPENOTOV EITE GE UN OMOKATACTOON TNG TOTOAOYIOG TOVG, €1T€ AOY® OMMAELNG TNG
AELITOLPYIKOTNTOC.

[Ipokepévov va dtomiotmbel Too amd to 000 gvdeyOEVa 1oYVEL aKolovOnGaV
nepdpate onTikng Hikpookomioc. H pikpookomiky mopatinpnon £0eie 0Tl oT0
OTEAEYN TOL EQeEpaV TNV HulARP°4C2 glye amokataotabel 1M VITOKLTTOPIKN
tonofétnon tov UapA-AGR481-GFP ka1 UapA-AR481-GFP avtictoryo, kot TAéov o
petagopéag evromlotay, OTMG Kot 0 aypiov TUTOL, GTNV TAAGLATIKY HEUPPavn Kot
ta owppdypota (Ew. 3-19). Emmiéov, evtomifoviav oto evéomloouatikd oiktvo,
onuadt mmwg 1o KLTTapo “‘avtihapufdvetar’ v ec@aAUéVT avadimAmor| tovg. To
yeyovog OtL, mopd v opBn tomoAoyia, Ta oTEAEYN ot cvvELav va gpeavitovv
advvapio avantuéng og movpiveg, védel&e 6Tl to apvo&d R481 ko n eyyvg meployn
empedlovv 1060 TN doky otafepodTnTa TOL petagopéa, OGO Kot TNV opon
Aertovpyia Tov. Emiong, £€6e1&e 6TL Hul AP AMydomn g ovPikovitivng onpatodoTet,
Kol otV mepimtwon actabdv popedv tov UapA, v Kotactpoen Tovg O©TO

YVUOTOTO.

3.1.5.5 H hvoivn 572 givar 0 06KTNG TOV popimv ovfikovrtivig

sp5 s ’ I ’
P gvom o ?\.l’Y(XGT] IOV TTPOGAPTEL

Amoppéov epaTNUO NTAV, EPOGOV M) HulAR
puopor ovPucovitivinig 1660 otic aoctabeig popeéc, 660 Ko oTovV aypiov TOHTOL
petapopén (MG amOKPIoN OE GLYKEKPUEVE ONUATA), 1 AvGiviy otnv  omoia
npootiBevion ta popa etvan 1 0o (K572); T va diepeuvnBet to evoeydpevo avtod
Kotaokevdomroy ot Simhég petodrayég AGR4A81L/K572R kon AR481/K572R: "Enetta
amd avalvon katd Southern emiéyOnke éva otéheyog pe povi evooudtwon yio kaoe
HETOAAOYT).

Ta oteléyn avtd vrofAnOnkav 6€ doKIHAGIEG aVATTVENG [LE TOVPIVES OC TNYEG
alotov. O @owvOTLTOG TOVG NTOV 1010G LE OTEAEXDV TOVL EYOLV TANPY] ATOAEL

Aertovpyiog, Kot aduvaTOLGAY VO oVOTTUYO0VV Tapovsia omolacdnTote Tovpivng. To

YEYOVOG avTO TOOVAOS VO OPEINITAY EITE GE [N OMOKATAGTOCT] TNG TOTOAOYIONG TOVG,
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eite MOyo amoAelog tng Aettovpyikomntos. Ta omoteAéopoto TV TEWPAPATOV
wkpookomiog £6ei&av 6t 1 Tomobétnon tov UapA-AGR481/K572R-GFP ko UapA-
AR481/K572R-GFP ¢iye amoxatoaotobel kot mAéov o petapopiag eviomlidtay, Onmg
Kol 0 oypiov TOMOV, OTNV TAAGUOATIK MHEUPPAVN, TO SWPPAYHOTO KOl OTO
evdomhoopaTikd SikTvo, edva oyeddv movopodtumn pe ta otekéyn HUulARPAC2
(Ew. 3-19).

Ta mapoandveo aroteréopata eniPePfoincav ott ot actabeic popeéc tov UapA,
ovfikovitTividvovionr amd v Hul ARsP° Atydom NG ovPikovitiviig 6To KATAAOUTO

K572.

notnon g HUlA®™ \ydong (hulAs
C2) xot pe tn petordayn Oevtepng
0éong K572R otov UapA (K572R)
avtioTouyo.

UapA AGR481 AR481
.
‘A E 4 b . . -,
Wt ‘A',‘ ’
P -
/] ?
pl :
T f
hulAAC2 ) f &
: ki 'ﬁ- Ewkovo 3-18 Avaivon pikpookomiog
& ‘ f =B o ¢0opiopov tov UapA @ucikoy tuTov
= (UapA) kot tov AGR481 ko AR481
T ’ ’ HETAALOYDV GE OTEAEYM YOPIg GAAN
& Q 4 petodioyn (Wt), Le pepikn amevepyo-
K572R 4 )

¥ P
y 7

3.1.6 Avalntavrog otoryeio Tng oouns mov eEnyovv v eEEMEN T eEedikgvong

oto péAn g otkoyéverag NAT/NCS2

To pén g owoyévelag NAT ota mpotevovia petapépovy L-ascorbate/Na®
oavti Yo vovkieotdikéc Pacei/H'. Ala OnAaocTikd £€yovv  pETOQOPElS TG
OKOYEVELNG KOl IE TIG OVO €EE10IKEVTELS, AALOVG Y10 TN peTapopd L-ackopPucod kot
dAlovg yuo T voukieotdkég Paoelg (Gournas et al., 2008). ‘Exovtag diabéotun
dopurp tov UraA katookevdotnkav to  poviéda tov rSNBTI, petagopéa
VOUKAEOTIOWK®V Pdoewv otov apovpaio, kot tov SVCT2, petapopéa L-aokopPucov
oToV QvOpwmo, Kol TPpoypatomromOnkay VTOAOYIGHOT TPOGOEGNG UE TO PUGIOAOYIKA
VTOGTPOUOTA TOV KoBeVOS (EavBivn kot aokopPikd o&D avticTolya) Kot Yo Toug 0VO
petagopeis. Ta amotedéopota £de1&av 0Tt T0 L-ackopPucod kot n EavOivn deopedovran

€IKA og o Kevipiky] 0éon déopevong otov SVCT2 won tov ISNBT1 avtictotya
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(Ew. 3-19A kot B), ahdd 10 un @uclodoyikd tovg vmoctpopa oxt. Ta apvoikd
KatdAowto mov cvppeteiyov ot aAnAemdpdosg tov ISNBT1 pe 10 vmoéoTpopa
Nrav TavTOSNUA 1] VYNAGL GUVINPNUEVE GE GUYKPLOT UE EKEIVA TOV TPOGOI0pioTKAY
otov UapA (ITwv. 3-11). Avrifeta, o SVCT2 , o omnoiog otepeital tov KPiolov
katahoimtov GIN/Glu  mov decpedel o vocTpOUN Ko evtomileTor e UEAN TG
owoyévelag NAT eEedicevpéva yia vovkieotdkég Pfacetlg (Q408 otov UapA, E397
otov ISNBT1), 6éoueve 10 ackopPikd o&d ypnoomowdvtag to F170, S442, E393 kat
D397, xatdAoura mov avtictoyovv ota F155, A407, E356 ko D360 tov UapA. ‘Etot,
glvol capéc 0TL 1 «avtikoTaotaon» evog kataAoinov GIn/Glu pe Pro oto NAT potifo
nmov evromiletan oto TMSI10, elvor o xpiowun ow@opd ywoo TV oAAoyn NG
e€e1dikevong 6€ AVTNV TNV OKOYEVELL TV LETOPOPEDV.

[Mivaxog 3-11 Apvo&éa mov GUUPETEXOVY 6T OEGUEVGT] TOV VTOGTPAOUATOS GTOVG UETUPOPEIS
pokitev (UapA), katdtepov Onlastik®v (rSNBT1) ko Tov avOpdmov (SVCT2).

UapA rSNBT1 SVCT2
(Aspergillus (Rattus (Homo sapiens)
nidulans) norvegicus)
F155 F124 F170
E356 E347 E393
D360 D351 D397
A407 S396 S442
Q408 E397 P443

Mo va eheyyBei av avt 1 dtapopd (Q/E—P) eivon apketi yio va aArael v
e€edikevon tov UapA and movpiveg oe L-aokopPikd KOTOUOKELAGTNKE 1 OUTAN
uetolhayn UapA-Ad407S/Q408P, ko eetdotnke N Ekppact, 1 6TabepdtnTa Kot TO
poeik e€e1dikevong g w¢ mpog TIg Tovpiveg kot 10 L-ackopPucod. Ta anoteAéopata
£0e1&av OTL 1 O] petdAraén dev emmpedlet v ékepaocn tov UapA arAAnAopoppov
(onuaopévov pe GFP) oty mlaouatikny pepfpdvn, pio moAd oyvpn £voeién ot n
GLVOAIKT] avadimAmon Tov petagopéa oev emnpealetat. [Tapoia awtd, T0 6TEAEXOG LUE
TN UETOAAOYT OUTY] €YO00E TOVTEAMS TNV KAVOTNTO TPOCANYNG TOVPIWVAV Kol OEV
améKTnoe peTpnoun mpoécinyn L-aokopPikod. Avtd 10 amotéAecpa VTOONAMOVEL
évrova O0TL M eEEMEN NG e€1dikevong LECH GE L0l OTKOYEVELDL LETAPOPE®Y OV Elvail
OTAMG TO OMOTEAECUO TOTMIK®V OAAOy®V oty kopwo 0éomn décpevong Tov

VTOGTPAOUATOS, OAAG B pmopovce emiong va eEaptdTon Kot amd GALa oTtotyein, OTMG
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ol €E®KLTTAPLEG KOl  KVLTTOPOTANGUOTIKEG TEPLOYEG  eAeyyOuevng mpodcsPaong/

OEAELONG TOV VTTOGTPDOUOTOG,.

37°C
UR UA AD HX

UapA*.“ - »‘
UapA—. (W »

——— ——

A407S/Q408P.’- PO

A UapA*  A407S/Q408P

2

N
AN

o

Ewova 3-20 Metatpémovrag Tov UapA og petagopéa L-ackopPikot o&éog. A. Aéopevon tov L-
aokopPwoy otov SVCT2. B. Aéopevon g Eavlivng ota emdAinio rSNBTI1(pol) xor UapA
(yarégo). T. Aokipacisg avamtuéng tov A407S/Q408P e kotdAinio Oeticd (UapA’) kar apvntikd
uaptoupo, (UapA). A. In vivo vtokuttapiky éKepacn Tov pHeTaAlayuévav nopeov tov UapA-GFP kot
Tov petapopéa aypiov tomov (UapA'’) oe picposkdmio emiphopiopio. (Kosti et al., 2012)

3.2 Aopkég peréteg otov petagopéa FeyB

Onog eidape ko pv otov UapA, n cuvnng dadikacio mov akoAovbeital o
TETOOL TUTOL HEAETEC &€lvol Opylkd 1 KOTOOKELT €VOC WOVIEAOL OpoAOYiag.
AxoAovBobv LTOAOYIGHOT HOPLIKNG SUVOMIKNAG HE YPNOT Hoplov SlaAdTn 1 Kot
Mmdiov oty mepintmon mov £xovpe SOUEUPPOUVIKT TPMOTEIV OCTE Vo S1MIGTOOEL 1)
otafepotnTa. ToL pOVTEAOL. AV TOo OewpnTikd poviého dev  elvar  otabepd
TOPOTNPOVUE GTAOIOKT] Amodounon ¢ tpwteivic. Ev cuveyeia mpayuatorotovvrot
VTOAOYIOUOL TTPOCOESNG LHE TO QPUGLOAOYIKE VTOCTPOUOTO, TPOKEWEVODL Vo
AOCAPNVIOTEL O TPOTOG GUVIECNG TOVG OTNV TPOTEIVN. Q¢ TEMKO Prjna pmopel va
POy LaTOTONOEl LOPLOKT) OLUVOLLIKT] TNG TPOTEIVIG LLE TO VTOGTP®UA VO KIveiTon LECH
0€ OLTN, VLTOSEIKVOOVIOG TNV TOPEl TOL Oamd TOV EEMKVLTTAPIO YMPO GTO
KLTTOPOTAGCHO. Me T amoTEAECUATO VT O EPEVVTNG Elval o€ BEom va pLedeTnoet
TEPOLTEP® TOV UETAPOPEA-GTOYO HE YeEVETIKEG peAétes. Tmv mpooéyyion awtm
akolovOnoope ommv mepintoon tov petaeopéo FCyB, oOmov dev  vmpyav

TPOYEVECTEPES LEAETEG UE LETOANLYEG.
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3.2.1 Movtélo oporoyiag Tov FcyB

Onwg  avoeépbnke wor  mponyovpéveg (§1.4.2), mn  uoévn  dwbéoun
Kpvotardoypapikd Avuévny doun g owkoyévelag NCS1/PRT givor o Mhpl and 1o
Microbacterium liquefaciens. Xta mhaicia ™G TapovcoC SOAKTOPIKNG daTpiPpng

KOTOOKEVAGTNKE LOVTELO OpoAoYiag Tov FCYB e wpiopo ™ doun tov Mhpl.

3.2.1.1 Zroiyon ™S TPOTOTAYOVS TPOTEIVIKIG ariniovyiog Tov Mhpl kot
FcyB

[Mpokewévovr va  eivor  afomotn o otoiylon  oAAnAovy®V  GLYVA
TpoypaToTolEiTal apykd pion moAAomAY otoiyion M omoio mepthapuPdvel Tig 600
npoTeveg Ko 4-5 axdun aAAniovyies amd SoQOPETIKOVS OPYAVIGUOVS LE VYNAN
opoAoyio kot 10t Aettovpyic, MOOTE VO VTAPYEL Mo OMOAT €EEMKTIKT METAPoiom
AVAUESO OTIC TPMTEIVES, Ko Oyt eEehkTikd aipoto (Baxevanis & Quellette, 2001). H
apwvolikn  oAAniovyio kdbe mpwteivng amotteiton o poper fasta yw va
avayvopiletal and 10 EKAGTOTE TPOYPUULO GTOLYIONG. ZTNV TOPOVC OO0KTOPIKY|

SwtpPn n ddikacio Tov akolovdnOnke ftav n e&ng:

Bijua 1o
Evpeon tov apvoSikdv aAAnAov oV TovV TpOTEIVOV and T Pacn dedopéveov

UniprotKB  (http://www.uniprot.org/). Ot mpwteiveg mov  ypnouomomonkoy

napovctdoviot otov [ivaka 3-12.

Bijua 20
2toiylon TV aAANAoVYLOV ue T0 TPOYPOLLLLOL MultAlin

(http://multalin.toulouse.inra.fr/multalin/) pe t1g TPOHIAPYOVOEG TAPAUETPOVS TOV

npoypappatog (Corpet, 1988). v Ewodva 3-21 goaivetor 10 amotélecpo g

GTOlYIoNG.
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ITivokag 3-12 AMAAovyies TPOTEIVOV OV YPNGLHOTOMONKAY 6TV TOALATAY OTOIYLOM.

Ovopa Kodkog . ,
tpoteivne  UniProt Opyaviepog Agrtovpyla
Mhp1 DBREXS Mlgrobact_erlum Zvuusmw(poesag
liquefaciens VOAVTOTVIG/1OVTOG
FcyB C8Vv329 Aspergillus nidulans ZDH HETAPOPEYS
ToVPVAOV- Kutocsivng/H
AfFcyB  B1PXD1 Aspergillus fumigatus ZDH HETaPOpEts
ToVPVAOV- Kutocsivng/H
Fcy21p C8Z766  Saccharomyces cerevisiae ZDH HETpopEas
ToVPVAOV- Kutocsivng/H
Fcy2p E7Q2W6  Saccharomyces cerevisiae ZDH HETXpOpEaS
ToVPVAOV- Kutocsivng/H
FurD AG6N844 Aspergillus nidulans Zoup STPOPELS
ovpaxiing/H
Furdp C87415  Saccharomyces cerevisiae Zoup ETIPOpELs
ovpakiAng/H
. . ZUUUETAPOPENS
_*
FurA Aspergillus nidulans odhavrotvnc/H
. ZOUUETAPOPENS
Dal4p E7KDZ2 Saccharomyces cerevisiae oMhavtotvne/H'
. .. ZUUUETAPOPENS
Fuilp E7Q0S0  Saccharomyces cerevisiae ovptdivm/H*
AtNcsl  Q9LZDO Arabidopsis thaliana ZVUUETOQOPENS GOEVIVIG-

yovavivng-ovpaxiing/H*

*: H mpoteivikny aAAnlovyia pog 600nke amd Toug cuyypoeeic

Ewéva 3-19 Xtoiyion mtolrami®dv oiiniovyiov tov FCyB kol oporoymv yvootig Asttovpyiog g
NCS1 owoyéveroc. To dwpepfpoavicd tunpoata mov mpofAiénoviar otov FCyB vmodewvdovtar pe
TOAMYPOHOVS KUAIVOPOVS. ATOAVTO Kot VYNAGL CUVTNPNUEVE OUIVOEEN TTEPTKAEIOVTOL GE KOKKIVOL KO
UTAE KOVTIOL OVTIOTOUYOL. ZMUOVTIKA aptvo&ea yia T Asttovpyio Kot TV €E€101KeVoT VTOSEIKVDOVTOL
He aoTEPIoKOVG: KOKKIVOUG Y10 KATAAOITO TOV OAANAETIOPOVV HE TO VTOGTPMUOTO, UITAE Y0, EKEIVOL
OV TPOGOEVOLV KO LETAPEPOLV TO VITOCTPOLO. Kot Lodpa Yo Aowwd onpavtikd apvo&éa. (Krypotou

etal., 2012)
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fura C[P WINLV SD SN|Q|F MICDYYVVRKGYLIVKDL|Y|SGIE[KD SA[Y|R[F .[.NY . GF SWQIAY A|S Y|L{S|G L{L|I|N I V|G F|A[G % % V| 469
Furdp C[P WINLMAT S|SK|F| VCSDYFVVRRGYIKLTHI|Y[SH|QKGSF|Y|MYGNRF .GINWR[ALAJAY|LC|GV|AP|ICLP(GF|I|AEVGAPAIKV| 547
Daldp ClP WINLMAS S|SK|F| ICADYFVVRRGYVKLTHL|F|LAQKGSF|Y[MF GINKF . GANWRJAF VIAY|I|C|G I|AIPINLP|GF|I|GID|VGIAPKIT[V| 549
Fuilp C[P WIDL L S S S|SK|F| ISADYFIVRKGYVNIFHC|Y|ITDKPGSY[YMY .INKY.GTNWRAVVIAY|IIF|G I|APINF A|G FIL|G[S|VG]|. . V| 560
FurD VIP WIKI LE S A[S|NIF MLWDFWLIKNRKYDTVAL|Y|IQPD|T . PI[Y|R[F .[NAW.LVNWRAVV|AF|LV|GV|I|P|SLP|GLISIN|S[VNIS . RIQV 464
AtNcsl QP WIRLLKS S|E[S|E] ILVDYYLIKKMKLNIGDLYYSL[SP SGE[Y[Y|F .|. SK.GYNVARAVVALV|AG I|T|P|JVVP|G FILHIK|I S|A . LSKI[I| 457
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Fcy2p FIIIYNILRPLELK| 533
Mhpl IAE[SRNED|Y|. . LRP, 501
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Fuilp YLILAALS[Y[CILVY] 639
FurD FVGTSLV|Y[TALSY 544
AtNcsl EIIAGFVYJ[NIIMS 502
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Bijua 30

Beltiotonoinon g otoiytong Mhpl — FcyB @dote 1 tehMkn popoen vo
ypnoonomOei ylo povielomoinon tov FeyB (Ew. 3-22). Kotd ) dwdikoaocio ooty
AQOPEOMKAY KATO10 KOV KEVE TNG GTOLYIoNG TV dV0 OAANAOLYIMV Kot EAEYYONKE M
opOn otoiyon Kamowwv cuvINPNUEVEV TEPLOY®V, OM®S €lval ol aomapayiveg 6To

Mhpl 10 RSELNPSWAPTIRYAINN-—————— SVGPESLAAIJF IQfAIGIAAGOMTES--FQVIWQ 'ATAAGCTIAVILLFETO I 84
FcyB 44 Q ELWTEQIRGT PAAEQTDTS IGSMyLE SSHAIGVLG YSLGFVDAMLTVLFFNLLGIMTVCHF-BCFG 126

Mhpl 85 Rl INFT{ PII€ TRGSLIPIT LsFEFGFOTWLEALARDEITRLL TR TNLPL [FGAIQVVTINIYEITFIRWMN 168
FcyB 127 PEFELROMYF SIQL YVIKGFA TIRACIEGYSAANATVEROMBHAVN SDVP) = ISICTLL YKVVHLYE 206
Mhpl 169 VFASPVLLAMGVYMVYLMLDG, - VSLGEVMSMGGENPGMPESTRAIMT IAVVVSIHDIVK--ECIVDPNABREGQTKAD 249
FcyB 207 YWSWIPTFIVFMIILGTFAHSGEFQNIPMGVGTSEMGSVLS GSgVY TENTSYAADYTVYQPANRSKRRKIFLETWLGLIVP 290

Mhpl 250 ARYATAQWLGMVPRAS INFEF IGAASMVLVEEWNPVIRITE GVSIPMAILIOVFVIRLATWS TIMP LIGPAYl-LCSTF-- 330
FcyB 291 LLFVEMLGVAVMTRTDHKESKYDVGYAT S| GGLIAEVLQP ————— GFGDCLVIALSIVANNCPNF WVALIfVOVLSRYA 369

Mhpl 331 —-—- FTFKTEVI] \VVGLLMMPWQ) T LLIASAIRGP LA SIDMEIN RRISLHDLYRTKGIYTYWRGENWVH 411
FcyB 370 QR FIWTLEFET IATATIPGYS-HEET\YEE FIRY IYS HIGVE ———GFSGYVVENFDKREKLP“GIAE 449
Mhpl 412 LAVYAVALRVSFLTPDLMFVTEL LLLHIPAMRWVAKTIJPLIEAESANEDYLRPIEP 471
FcyB 450 TIAFGFGVEGMITGMSQPWY PIRRHAAGGDVGFELGE. YLCLPFE-IKFFER 508

Ewkove 3-20 Eroipion tov peragopéov Mhpl (kpiope) kov FcyB. Ta oamdivto kor vymid
cLUVTNPNUEVE apvoEEa Elval YPOUUOOKINGUEVO LUE HOVPO KOL YKPL OVTIGTO(0. X& KOKKIVO TANIG10
emonuaiveTal  cuvInpNUEVN aAiniovyio tov TMSS.

3.2.1.2 Koaraokevn kot erai0@gvon Tov povrérov opoioyiog tov FcyB

Onwg &xel avagepbel kol mponyovpuévag, o Mhpl éyel kpvotodlwbei oe tpelg
SUOPPDOCEIS: ) TEPUMAACHIKG avolyt) yopic vrootpopa (PDB ID: 2JLN), B)
TePMAACUIKG K el pe vrootpopa (PDB ID: 2JLO) kot y) KuTtapomAacHaTiKe
avorytn yopic vrootpopa (PDB ID: 2X79) (Ew. 1-17). Xe npdtn @don emAéydnke 1
TEPUTAAGUIKA KAEIGTN OOUOPPMOOT UE VTOCTPOUN MG IKPIMUO Y10 TNV KOTACKELT
povtéhov opoAoyiog tov FCyB. H dwopdpemon avtr Oeopndnke katodinidtepn Kot
Yoo petémerta. povtéda  oAAnAemidpaong tov FCyB pe to @uoioloywd tov
VIOOTPOUOTO HEc® VIToAoYiopmV Tpodcdeong (docking calculations), kabmg ftav on
LLE TTPOGOESEUEVO TO VTEOGTPOUA TNG PevivAio-vdavtoivng otov Mhpl.

Mo v kataokevny tov HOVTELOL OHOAOYiOG XPNOHOTOMONKE TO AOYICUIKO
Modeller 9v8 (PA. §2.4.1). Ev ocvuvexeio epappootnke 1 cvving dwdikacio
Beltiotonoinong tov Bpoywv (loop refinement) kot éva Tp®TOKOALO TPOGOUOIMONG
avomtnong (Simulated annealing protocol) yiwa ™ PeAtiotomoinon oAOKANPOL TOL
povtéhov. And tig 100 Tpokvmtovceg dopég, akoAovOnoe eneEepyacio TG SOUNG LE
™mv vynidtepn Pabuoloyia yopikdv meplopiopmv (Spatial restraints score) pe

poplakt duvopikn ya 18 ns ypnoipomoudvrog to Aoyiopké Desmond (BA. §2.3 — Ei.
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3-3). Kotd ™ dradikacio autn ¥pnoLonomonKay ot GUVIETAYUEVES TOV ATOimV NG
uepPpavne tov Mhpl (mpokopvmtikd cvotua), 6nmg Egovv katatebel otn Pdon
dedouévov  OPM  (Orientations of Proteins in  Membranes database -

http://opm.phar.umich.edu/), kot ot 0éon ovtdv TomoBeTHONKAY EVKAPLOTIKA

Mmidwo, mote vo mpocopowwdel n mapovsio tov FCYB omv mhacpoatikn pepPpavn.
Kotd mv ektéleon tov mPOYPAUUOTOS YPNOULOTOMONKAV 01 TPOHTAPYOVGES

pvOuicelg pe Tic eENG O10POPOTOCELG:

- Ewvddrwon (Solvation)
o Solvent Model: Predefined TIP4P
= Membrane model: POPC
o Box shape: Orthorombic
= Box size calculator: Buffer
= Distances a:10.0 A b:10.0 A c:10.0 A
- I6vta (lons)
o lon placement: Neutralize (CI")
o M Add salt

= Salt concentration: 0.15 M

Agdopévovr 01t M teTpoaywvikn  pila  amOKAlong TV avOpdkov TV
StapepPpavikdv Tumpdtov dev vepéPn Vv omdotacn tov 3A omd TG opyicég
OLVTETOYUEVES, M Owdkacio avt) vrédeie T otabepdtnro Tov BewpnTIKOV
LOVTEAOVL.

H ovvolkn tpiodidotatn doun tov povtédov FeyB (Ew. 3-24) avtiotoyel ot
éva eEmoTtpeéc oapoppopepés pe 12 dwopePpavikd tuiuoata pe mpoeEéyovca
devtepotayn| doun avtn ¢ a-EAkas. H apyttektovikn tov petapopéa tov olaipel o
V0 S10KPITOVG TOUEIC, £VOL CLUTAYT] TVPNVO TTOV amoTeEAEiTaL ad To Tuqpota TMS1-
10 ko oy kapPoéu-telikn mepoy tov TMS11-12 (Ewoédva 3-23, Iiv. 3-13). Ou
SopeUPpovikég EMKEG GTOV TLPNVA GLUVOEOVTOL WE GYETIKA HIKpoVg Ppoyovg (14
apUVOEIKOV KOTOAOIT®V), eV 0 Bpodyog mov ywpilel Tov mupnva ko ta TMS11-12
elvar pokpotepog (23 katdrowma). H katavoun tov ovicpévov xoatoloinwv otnv
EMPAVELD TOV LETOPOPEN EIVAL FIKOOAOYNLEVT, OEOOUEVOD OTL TO TEPLGCOTEPQ OO
avtd givar TotoBenUéva €iT€ OTIG KLTTOPOTAUCLATIKES KOl TEPITAACUKEG EMUPAVELES
N KOTd HAKOC TOL TOPOV OTO €0MTEPIKO NG mpwteivng. To Oetikd @optia

GLYKEVTPMOVOVTOL KUPIMG GTOVES KUTTOPOTAAGLATIKOVS BpOYovs, GUIVOUEVO TOL EXEL
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nopatnpndel ko oe AGlAeg dSwapeuPpavikés mpoteiveg (positive inside rule -
Andersson & von Heijne, 1994). O mvpnvag tov FcyB vmodwpeitor oe 600
OVECTPOUUEVES ETOVOANYELS OMOTELOVUEVEG OO TOL StapepPpavikd tunuata 1-5 xot
6-10, datetaypéva oe Evav SvedAGTATO YEVOOGLUUETPIKO GEovVa, TAPAAANAO UE TO
eminedo g pepPpdvng. Ot dvo emavorapPoavopeves HOVAOES eival TEPITETAEYUEVES
Katd T€tol10 TPOTO, MoTE oynuatiCouv 000 JKPITEG TOMOAOYIKE TEPLOYEG TOV
aroptilovior and to dtoupepuPpovikd tuqpate 1, 2, 6, ko 7 ko ta 3, 4, 8, ko 9,
avTIoTolY®G, oL ocvvodovtor pe TG €Akeg 5 ko 10. H 0éom ovvdeong tov
VTOGTPOUATOS BpiokeTol 6To Y®PO HeTalD TV dvo vrotopémy tov muprva (Ew. 3-

23B kot §3.2.2 — Ew. 3-24).

ITivokag 3-7 MpoPremopeva dSropepppovikd Tpqpoto o-£MKog 6to povrtéro tov FeyB.

Awopepppoviko Tpfqpo ApOpog kat €id0g apvoEEmv

TMS 1a V70 — N81
TMS 1b V84 — S95
TMS 2 F101 - G126
@2-3 Q132 - F135
TMS 3 T145 - S176
TMS 4 1184 — F196
TMS 5 Y199 — H226
a5-6 1233 — G236
TMS 6 F248 — T267
TMS 7 $282 - S319
a7-8 1324 — L329
TMS 8 D337 — V362
TMS 9 T378 — A389
@ 9-10 $394 — \/399
TMS 10a M404 — Y409
TMS 10b A412 — F423
TMS 11 1447 — T462
TMS 12 G471 — A489

o WKpG  TUAMOTO  0—EAMKOGC  OVOUESH GE  UEYOAQ
StopepuPpovikd TunpaTo
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Ewovo 3-21 Aopkéd povréro tov FeyB. A. Movighomomuévn tpiedidotatn doury tov FeyB e
poptlakn dvvapkn oto Aoywopikd Desmond. B. Kdtoyn tov poviélov FecyB 6mov o mupnvag tov
npodtov 10 TMSs dwokpivetar capdc omd to dvo terevtaio TMSs 11 kot 12, to omoio mbavdg dev
empedlovv ™ petagopd. O moupnvag pmopel emiong vo Swkpdel oe dVO VTOTOUElG, O TPDOTOG
amoptiletal and ta TMSs 1, 2, 6, kot 7 kot 0 devtepog amd to. TMSs 3, 4, 8, kot 9, cuvdedpevol e Tig
evkapmteg ke TMSS kor TMS10. H 8éom déopevong tov vmootpdpotog Ppicketor 6to ydpo
peta&d T@v 600 VTOTOUEMY TOV TVPNVA. TNV KOVTIVI] OY1), TOPOLGIACETAL 1] TOTOAOYiO TV KPIGIH®V
KataAoimmy yio T Agttovpyio ¢ Béong ddopevong tov vrootpodpatoc: Ser-85, Trp-159, Asn-163,
Trp-259, Asn-350, Asn-351, Pro-353, kot Asn-354. T. IIpécoyn g dopng tov FcyB 6mov gaivetar 1
tonoloyia Tov kataroinwv Ser-85, Trp-159, Asn-163, Trp-259, kot n Asn-354, wov gpniékovtal 6g
Gpeceg AMNAETIOPACELS e VITOGTPMUOTO, KaODG emiong kat ta Katdhowrto Thr-191 kot Glu-206. Ta
TMS emionpoaivovtot pe ypopoata 6nmg oty Ewdva 3-2. (Krypotou et al., 2012)

3.2.2 Aéopgncn) Tov VTOGTPONATOS — YTOAOYIGHOL TPOGOESTG

Xpnowomowwvtog 10 poviédo tov FCyB, mpaypatomombnkov vroloyiopoi
npocdeong (docking calculations) mpokeiuévou va diepevvndei | Béon déopevong tov
VTOGTPOUATOV GTOV LETAPOPEN KoL O TPOTOG GUVIECTG TOVG LE TIG TAELPIKES OUAOES
TV apvo&émv avtod. Ta téocepa KOPLOL PUOLOAOYIKE VITOGTPAOUATO, ONAMON M
vro&avOivn, n adevivn, n yovavivr, Kot 1 KLTOGivr, KOOMOS KOl TO OVTILKNTIOKO 5-
@Bopo-kvtooivn (5-FC) (ITiv. 3-15) ypnotpomomndnkay yio VIoAOYIoCUOVS TPOGOEGTG
oTNV povteAomomuévn doun tov FCyB.
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Eneon 1o poviélo tov FCyB eivar éva Bewpnrtikd vmoroyiouévo povtéro,
TPOYUATOTOONKOY VTOAOYIGHOTL €0KOUMTNG TPOGOEoNG e YXPNoM €vOG VEOL
aAyopiBuov mov ovoudletor Induced Fit Docking (IFD)(BA. §2.4.4.1) mov
ekpetailevetal tov akyopibpo Glide oe cuvdiaoud pe to Prime. Emedr to Prime
etvan éva epyodeio povtehomoinong efedikevpévo ot Pertioon TOV TPOTEIVIK®OV
dopdV oL TPoEpyovTol amd oporoyia, g uépog tov IFD mpwtokdArlov BempnOnke
YPNOO GTNV TepimTon tov petapopéa FCyB. Katd t dwadiacio avt, n doun tov
povtélov tov FCyB dratdyOnke emdAinio pe v kpvotoiroypapio tov Mhpl (PDB
code: 2JLO) kot pe t0. QUGLOAOYIKG VTOGTPOUATO TOL TPMTOV pe T BEom Omov
KpvotaAddOnke N Pevivro-vdavtoivn. Avtég ol cuvtetayuéveg tpoteivng (FCyB) —
vrooTpodpotog (adevivn/vmo&avhivn/yovavivy/ kutooivn/5-FC) ypnoonomdnkay wg
“apyun 0éon” yuo tovg petémerta VIoAoyiopovc. O BEATIGTOG TPOCAVATOMSUOG Yo
k@0e vdoTpopa emAEyOnKe TeMKA PAoel TG YOUNAOTEPNS EVEPYELOG, TOV APLOLOD
TOV OLOUOPLOIKDV OAANAETIOPAGE®Y, KOOMOG Kot TG onTikng emBempnong (Ew. 3-24,

TTiv. 3-14).

O FcyB oalniemopd pe v adevivn péocm evog duthov deopod H mov
oynuatiCeton peta&y e N163 ko tic 0éoeig Ce-NH; kot N1 tng movpivng, €va deopod
H peta&d g Ser-85 kot g 0éomg N7 tng movpivng, kot pHe m — T VIPOQOPeg
OAMNAETIOPAGELS TOL OOKTLAIOL TNG TOVPIVNG HETAED TV dOKTLAIWV TNG VOOANG T™V

Trp-159 xan Trp-259 (Ew. 3-24 A, ITiv. 3-14).
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O FcyB aAdnAemdpd pe tig vmo&avlivn kot yovavivn, pécm g onuovpyiog tpiodv
deopdv H peta&d g N163 ko tov Ni-H, peta&y g Ser-85 kot tov Cp=0, ko
petald ™g N354 kot N3, kaOdg ko pe 1 — m vOPOPOPeC OAANAETIOPACELS TOV
daxturiov g Tovpivng pe tig Trp-159 wan Trp-259 (Ew. 3-24 B ko I, Tiv. 3-14).

Ewéva 3-22 Ymoloyiopoi mpo6oeong vrostp®dpatog otov FcyB. A. Adevivn, B. Yno&avOivn, T.
Tovavivn, A. Kvtoaivn, E. 5-¢p0opo-Kvtosivn. (Krypotou et al., 2012)

Téhog, o FCyB aAniemdpd pe v kvtocivn kot 10 to&ikd avaroyo g 5-FC
oynuatiCovtog tpeg H deopovg peta&d g N163 kot tov N3 g mopiuidivig, HeTady
™G N354 «or tov C4-NHp, kon peta&d tov S85 pe Ni ko Co=0; xobdg kot pe T — 7w
VOPOPoPeg aAAnAemdpacels pe tig W159 kot W259 (Ew. 3-23A & E, ITiv. 3-15).

Ta mopomdve amotedéspato vrodeikvoovy 0Tt 11 N163 kot ta 0o amdivta
ocovtnpnuéva  KatdAowra tpvmtodvng, WI159 ko W259, oliniemdpoldv pue
TaPOUOLEG BE0ELG TV JAKTLAIOV OAMV TOV TOLPVOV Kol TNG KLTOGIVIG, €VD Ol
aAniemidpdoelc mov eumiékovy o kataioua S85 kot N354 dwapépovv avdroya e
10 vrootpopa. H mapamipnon avt) emPefordveror kot and Proroykd mepdporto
katevBuvopevng petardaéryéveong (tng Y.A. Ayuriag Kpvnwtod — Krypotou et al.,
2012). EmumAéov, 10 HOVTELO KoL 1] OVOADOT] TV VTOAOYIGU®V TTpdcdeons £de1Ee OTL

dvo yerrovikd katarowma, T N350 kot N351, pmopodv va aAAnAemidpdoovy pe v
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N354 pe évov tpoémo mov mBovdg ytilel o avaykaio “opyltekTovikn” yio
O€0UEVOT) TOV VITOCTPAONATOG. TELOG, 0TOL LOVTEAN OEGUEVONG TV TOVPIVAYV, 1| S261
nrov eniong oe anodotaoct deouov H eite amd ) 06on N3 (adevivn) 1 and ) 0éom Ne-
H (vro&avOivn, yovavivn). Qot1660, oTNV TEPIMTOGN LT, AVAAVOT HETOAAAEEWY dEV
vrootnpifovv v gumiokn g S261 otnv ancvbeiog cuvoéon pe to vocTpopa (PA.
§4.2).

ITivokoag 3-8 AMMNAEMOPACELS TOV TAEVPIKOV OPUEOMV TOV OMIVOEEOV TNG TPOTEIVIG NE TIG
0¢oe1c TOV dUKTVAIOL TOV VrOooTPpORdT®Y. [0 TOVG TAPOVTEG VIOAOYIGHOVS YPTCLOTOW ONKaY
TOVTOpEPN TNG adevivng, TN vro&avOivng kot g yovavivng e —H otn 06on 9, kot 6L otnv 7.

Ynéotpopa Ofon daxTvAiov — Apvogd Avértoypa
arlnlenidpaocng (TAevpikn VTOGTPORATOS
opaow)
NH,
N;-H — N163 5 N
Adevivn Ce-NH, — N163 NT 5 ‘ 7 }>
N; — S85 Ka Y
N H
0]
N;-H — N163 N
Ymo&avhivn N; — N354 HN I \>
Ce=0 —S85 X N
NTOH
0
N;-H — N163 N
I'ovavivn N3 — N354 HJN\ ’ \>
— N
N, — S85 HN” SN H
NH
N;-H — 585 e
Kvtooivn C,=0 -85 543N
Ns — N163 s 1 2K
Cs-NH, — N354 I
NH»>
N;-H — S85 3 XN
5-FC C4-NH, — N163 | /&
N354 N e}
H
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Kepaiaro 40

Xovumepaopato - lpoontikeg
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4.1 Aopn ko Aertovpyia Tov petapopéa UapA

H moapodca owaxtopikny Owtpn) mapovcioce éva Bempntikd HovtéAo
opoAoyiag tov UapA, 1o omoio omokoAOTTEL pi GEPE omd ONUOVTIKES TTUYEG
OYETIKA LE TO MG AVTOG O LUETOPOPENS EMAEYEL KO LETOPEPEL TO, VITOGTPDOTO TOV.
Ta amoteléopato and T1c dtopopetikés pebodoroyieg VIOAOYIGUMV TPOGOESNS NTOV
oOHPOVa LE To omoteAécpaTa TOV SAR, kot ¢ ek TOVTOL TPOTAONKE Eva eEopeTIKA
OLVETEG LOVTEAD Y10 TNV OVOLYVAPLOT] TOV VITOGTPOMaTog amd Tov UapA. Tlpopavag
oMo ToL OUKA HOVTEAD Bo Tpémel va avTILETOTILOVTOL PE PEYAAN TPOCOYY|, OTAV
YPNOCLOTOLOVVTOL Vit VO TPOPOVLE OE EIKOCIEG GYETIKA [e TN Asttovpyia. Q6TOGO, 0
UapA sivon pua e€éyovoa mepintmon, kabng sivorl da0éoiues mAnbmpa petoAlaydv,
ouumEPIAOUPBAVOUEVOD TUYOi0 ETAEYUEVOV UETAANOYDV, Kol €QOVV ypnoipomoin el
Y0 VO, KOTOVOT|GOVE TN Agltovpyia ywpic vo yvopilovpe TN doun Tov HETAPOPEQ.
[Ipoc peydAn Kovomoino, To TPONYOVUEVO KoL TO TOPOVIO YEVETIKA Kot Broymukd
dedopéva vrootnpilovy TANP®G To SOKA GTOlKElM TOL TTpoTEIVOVTAL, YEYOVOS TTOV
EMTPETEL TN INUIOLPYIN EKAGLOV, PAGEL TEIPAULATIKOV OEGOUEVOV.

EmmAéov, otv mpooeyyicelg vmoAoyiopwv mpdcdeong oev Mpbav udévo oe
eCopeTikn] ovuemvia pe to in vivo mpoil e&edikevong tov UapA, odhd emiong
noapelyov po Aoykn e€nynon v ™ dpopd oty €EEIOIKEVGT TOV VTOCTPOUATOS
peta&d Tmv opoAdY®V ToL apovpaiov kot Tov avlipdmov ¢ otkoyévelog NAT, Kabdg
0 TPOTOG €ivol EEEIOIKEVUEVOS Y10 VOUKAEOTIOWKEG PAcEl Kot o TeAevtaiog Yo L-
aoKopPuo 0.

To mopodv €pyo evioyvel v véa €vvola TG VTaPENG TOV SUVULIK®V TUAGV M
LOPLOK®OV  QIATPOV EKAEKTIKOTNTOG O GUYKEKPLUEVEC OIKOYEVEIEG WETAPOPE®V
(Diallinas & Gournas, 2008; Naftalin, 2010; Conde et al., 2010). H vmapén eidtpov 1
moA®V  pmopel e0koAa va  ovpPadicel HE TOV  YEVIKA OMOOEKTO  UNXOVIGUO
EVOALOGOUEVOV  SLOUOPPOCE®DY OTOVG petapopeic (Smirnova et al., 2011). H
ereyyOpeVT O1EAEVOT), 1 OTTOT0L EIGAYEL TO KAEIGTA KOl OLVOIKTH EVOLAUESO GTIG TPOG TOL
€€ Kol mPOG TO £0M OTPOUUUEVES SLOLOPPOCELS, umopel va €xel e€ehybel yio va
npocBétel emmhéov e€edikevon N v TV TPOANYN NG OLPPONG VITOGTPOUATOV

npog ) Adbog katevBuvon (Diallinas, 2008).
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4.1.1 Aopn tov UraA — Xvykpion pe to povréro tov UapA

O petapopéag UraA dopukd gaivetar va yopiletar oe 600 pépn, tov “mopnva’,
nov amotereitan and o TMS1-4 kon 8-11, ko v “mwOAN” mov amoteleitor omd Ta
vroérouta. Ov meployég OmAadr aveotpappévng ovupetpiog mov gpeavilet o
petagopéag (TMS1-7 kar TMS8-14) dev £xovv daxpityy Asttovpyio, 0ALE To OO0
petald Tovg SUEUPPAVIKA TUNUOTO OAANAETIOPOLV Yoo Vo oynpaticovv 6vo
Slokp1tég dopég. O mupnvag tov petagopéa Ppioketol 6To KEVTIPO TG SOUNG Kot
oyNUaTilel T0 KEVTPO OEGELONG TOV VTOGTPAOUOTOS, KOOMS Kol TO KVPLO TUNHO TOL
vddtvov mopov. To Tunua pe Agrtovpyion TOANG, Omw¢ akpPmg elxe mpotabel va
vrapyer otov UapA (Papageorgiou et al. 20088, Kosti et al. 2010), Bpioketon
TEPLPEPELKA TNG OOUNG TOL TVPNVa EAEYYOVTAG TNV TTPOGPOCT GTO EvEPYO KEVTPO.
Av10 dev dlaxpiveTol KaAQ otV VILEPYOVGH KPLGTAAAWUEVT dour|, pog kot o UraA
KPUOTOAADONKE GE ol AKOUTTY KUTTOUPOTAAGHOTIKG avotyTh Stapopewot. Kdamowa
OU®G Ao TOL ApVOEIKE KATAAOUTO TNG SOUNG TG TOANG PpicKovTol opKeETA KOVTE, Kot
o€ Kamola GAAN Sopopewon gaivetal tmg o pmopodoav va gival akdUN mo Kovid
0TO KEVTIPO OEGLEVCTG TOV VITOCTPMLOATOG.

[ToAV evolapépov mapovcldlel N CLYKPITIKY OVAALON TOV PEXPL OTLYUNG
yvocewv oTlg oyéoelg doung-Asttovpyiog twv NAT pe ™ doun tov UraA. Ta
emmAéov TMS mov gaiveral va €xet o UraA, kon pdAdov 6rot ot NAT, opeidovtan og
dvo AOYyovc. Apevog, M mponyovuEveg Bewpolduevn apeumadikng eOoemg a-EAkal
petald tov TMS8 kot 9 mov eiye mpotabel mwg pmopel va Asrtovpyel ®g Elko
€16000V-£000v (reentrant loop) and v Amidikr dimhootiBdda, givar dapepufpavikd
Tuqpo, To évato tov UraA. Apetépov, 11 adiniovyia-potifo tov NAT, yia v omoia
vpyav dedopéva ard NMR nmog oynuotilel o B-otpoen petald towv N408 won
Q409 (E. Mkpodg ko I'. AtaAlvég, adnuocisvta amotedéopota), paivetol otov UraA
va gival dtopepppavikn a-éako (to TMS10 tov UraA), apéowng petd v B-rroyom
emoavelo. H mapovsio pag yAlvkivng ot cvykekpiuévn meployn otov UraA eivan
mBavd vo mpokoiel T P-mruy®T) emEAvelr vopitepa. AAA®OTE, dedouEva Ao
aviAvon PETOAOELYEVESTC GE KVGTEIVEG KOl LEAETES TNG TPOSPAGIUOTNTAS TOVG GTOV
XanQ éoe1&av g mpog 10 1€hog g NAT adAniovyiog mpémel va oynuoartiletot o-
éMKa, evd ot doun tov UraA n meployn ovtn amoterel Onid peta&d tov TMS10
kat 11. Towg n drapopd otnv e€gtdikevon tov UraA va oyetiCetal pe autés Tig pukpés

SLpopEc.
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To miéov evivmmoilokd cvumépacpa givor ntog to Glu290 tov UraA, mov
amotelel pépog e arAniovyiog NAT, gaivetar va oynuatilel 0eGpod vOPOYOVOL LE
10 vootpopa (Ew. 1-30B). To Glu290 eivor avtictoryo tov GIn408 tov UapA «ot
GIn324 tov XanQ mov £yovv mpotabei va SeGUEVOVY TO VITOCTPMOUN TOV UETAPOPEDV
avt®v. Mdamota n GInd08 tov UapA éxet mpotabei vo, ariniemidpd pe t 0éon Ng
TOL TOVPWVIKOD dakTLAIOL TG EavBivng. Yrokatdotaon tov Glu290 tov UraA pe Ala
oonyel emiong oe amdAeln Aettovpyiog. ‘Eva dAAo copmépacua mov TpokOnTEL givon
g N amoAvta cuvenpnuévn otoug NAT Asn (409 otov UapA, 325 otov YQFO kot
291 otov UraA) Bpicketor moAd KOVId 0T0 KEVIPO OEGUELONG Kol OAANAETIOPA UE
™V eniong andAvta cuvinpnuévn 1otdivn tov QH potifov tov TMSL. H acnapayivn
ovtn eiye mpotobel VO CLUUETEXEL OE OLVOMIKEC OAANAETMOPACELS KOTO TNV
OAOKAN PO TOv KOKAOL petagopds tov UapA kot XanQ (Koukaki et al., 2005,
Georgopoulou et al., 2010). Eniong, moALd apvo&ikd kotdroiro mov giyav dsrydel va
empedlovv v TPOGROCT TOV VIOGTPOUATOV 6T0 KEVTIpO déopevong tov UapA,
omwg ov Thr526, Phe528 ka1 Ala463 copuetéyovv otn doun tg moAng tov UraA.
MaéAiota to avtiotorgo g Thr526 (Asn430 tov XanQ) Ba pmopovoe vo Ppioketon
TOAD KOVTO GTO KEVIPO OEGUEVONG GE U0 AAAN OLAUOPOMOGCT) TOV UETAPOPEN, OTMG
akpipag eiye mpotabdei yro v N430 tov XanQ. EmumAéov, n Alad63 Bpicketar dimAa
oto avtiotoryo tng Phe342 tov UraA, n omoior oAiniemidpd pe dvvauelg Van der
Waals pe 1o vréotpopa. Tov id10 poro £xet ko 1 Y406, 1 omoia giye amopovmbei pe
v 101 yevetikn emioyn (Kosti et al., 2010).

‘Eva emmAéov otoryelo mov mpokOmTel €ivol m®G TO AmOAVTO GLVTNPNUEVO
yhovtapkd g 0¢ong 356 Tov UapA (241 tov UraA, 272 tov XanQ) eivar to dedtepo
KOTAAOUTO TTOL OEGUEVEL TO VROGTPWLA, cynuatilovtag dupesa deopud VOPOYOVOL LE
avtd. MdéAota otn doun tov UraA eaivetar va Bpioketar aviidiopetpikd tov Glu290
(Q408 tov UapA), yeyovoc mov Oa umopovoe va eEnynoel v  avikavotnto
OTOOOTIKNG HETAPOPAS ov epgavifel o E356D aiiniio, apov 1 amdotaon peta&y
Tov V0 katoroimwv avédvetar. Ot ovyypagelg emiong mpoteivouv mw¢ TO
GLYKEKPIUEVO KATAAOUTO TOOVDG VO GUUUETEXEL KO GTT] OEGLEVOT] KO LETAPOPE TOL
npwToviov. Av kot dgv pmopet va amoxAelcBel, dev Exel mopatnpnbel Kt Tét010 OE
dAlovg petapopeis. [avimg évog mbavdg poOAOG TOV GUYKEKPIHEVOD KATOAOITOL GTN
déopevon tov TpwToviov dev eivar acHUPOTOS e TOL OEOOUEVA TG CUYKEKPLUEVNG

STpPng ko pévet va peuvnBel TEpUTEP® TEIPAUATIKGL.

165



4.1.2 Tevetikd newpaporto empepordvovy To povréio Tov UapA

2V mopovca O10aKTopKn daTpiPn KaTooKevdotnke 10 povtédo tov UapA
Kol TPoTdOnKe Evag unyoavicpds tpdcsoeong g EavBivig 610 KEVTPO OEGUEVGNC TOV.
Gaivetor O0TL 1O KpioWA KOTAAOWTOL 7OV TPOTAOMKAY Yl TN OEGUELGT TOL
VTOGTPOUOTOC KoL TN HETAPOPH TOL £PYOVIOL GE GLUE®VIO HE TO NN LELAPYOVTO
YEVETIKA Kot Proymukd dedopéva.

Ol o KATAAOUTOL TOL YOPUKTNPICTNKAV OC KPIGULO Yio TN AETOVPYiOL TOL
UapA evtomilovtan ota TMSs 1, 3, 8 xor 10 tg mepoyng tov mopnva. ITo
ovykekpiéva, 1o yapakmplotikd NAT potifo (Q/E/P)NXG-4X-T (“BQONNG*1-4X-
Y87 stov UapA), 10 omoio éyel mpotabel amd Aettovpykés pehéteg va givarl éva
OLGLOOTIKO GTOXEID Y. TNV OVOYVOPIGT KOU TN HETOPOPE TOV VLTOGTPMOUOTOC,
Bpioketow oto TMS10, pa pikpn édka evvén katoloinmv amévovtt amd to TMSS,
ot dempavelo petal&d tov dvo meploydv e npwteivng (Ew. 3-7T). H onuacia tov
NAT potifov eivon o). [padtov, to Q408 eumiéketar queca otn SEGUEVCT) TOV
VIOGTPOUOTOC, OTMG EvTova £xel TPOTadel amd AE1TOVPYIKES HEAETES, OO TN GTOl oM
g pe 10 E290 10 omoio otov UraA eivor €va KatdAouto oAANAETOPOV UE TO
vrdéotpope, KoaO®G Kol amd VRTOAOYIGHOVS TpOcdeong mov deEnydnoav oty
napovco dwaktopkny datpipr (PA. §3.1.2). Aegdtepov, to N409, N410 kou T416
QOiveETOl VO EUMAEKOVTOL GTN OTOOEPOTOINGT TNG ECMTEPIKNG TPLTOTOYOVS OOUN
npoteivng. [lo ovykekpéva, ocOUeovo pe TO HOVIEAD, &va OIKTLO OEGUOV
VOpoyovoy oynuatifetor petad tov mAevpik®dv alvcidmv tov N409, H86, Q85 xat
T416 Sievkorvvovtag v oAAnAenidpaon twv TMS1 kot TMS10, mtov avijkovv Kot ot
dvo oty mepoyn tov mopnvoe (Ew. 3-7T & A). Ilepopotiky vroompién yu Tig
SUVOIKEG EVOOLOPLOKEG OAANAETIOPAGELS LETAED QVTMV TMV KOTAAOIT®V TPOEPYETAL
and To yeyovog OTL M LITOKATACTOCT OTOLOLONTOTE MO TO TECCEPN KOTOAOUTOL
TPoodidel KpvoevaloOnoio ot petapopikn wovotnta tov UapA. Emumdéov, ot
TEPIOCOTEPEG VITOKATAGTACEL OLTMV TOV KATOAOIT®OV 001)YOUV GE OPOUUOTIKY Helwon
™G Vi, 0AAG Oev emnpedlovv tic twég Ky 1 tov tomoBétmon tov UapA otnv
maopotikn pepBpdvn (Koukaki et al., 2005; Pantazopoulou & Diallinas, 2006). 'Eva
mapopolo diktvo amoteleiton and Tig TAevpikég alvoideg Twv N410, T405 ko D360,
mBavdg evioybovrog v aAinienidpaon peta&d tov TMS8 xor TMS10, ta omoia
EMIONG OVIIKOLV GTNV TTEPLOYY] TOV TLPNVa TG TPp®TEiVNG. EmmAdov, 10 poviého tov
UapA omokdivye mBavég onuavtikég aAAniemopdoeilg oo TMS1 pe ta TMS3 kot
TMS10. H onpacio tov TMS3 (kotdroita F155 kot S154) kot 1 aAAnienidpacn tov
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pe 1o TMS1 vrmoompileton yevetikd omd AETOVPYIKEG UEAETEC TOV GYETIKMOV
uetoALaewv Ko pe petodllayég dgvtepnc Beong g petaiiayng H86D (TMSL), ot
onoieg Ppiokovtar oto M151 (TMS3) (Amillis et al., 2011). Téhoc, T0 katdAouTo
E356 tov UapA, ywo to omoio mponyobueves Asttovpytkég peréteg (Papageorgiou et
al., 2008) ka1 vmoloyiopoi mpdcdeons (BA. §3.1.2) deiyvouv 6Tt givan to devTEPO
OTUOVTIKOTEPO KOTAAOUTO TOL OAANAETIOPA dpeca pe v EavOivn, cuvadel omdivto
pue to E241 ot ooun tov UraA, éva katdroumo mov epeaviletal va aAANAETOpA
aueca pe to vwooTpopa. ALl vo onuelmBel 0Tt vVITapyEL pio akoun doun LOVTELOL
oporoyiag yio tnv meppedon XanQ oty E. coli, 1 onoio €yel emiong Ogi&el 0TL o1
Aertovpykég petaAraéelg yaotoypoaeovvtal oto. TMS1, TMS3, TMS8 ka1 TMS10
(Karena & Frilligos, 2011). 'Etol, Asitovpyikés peléteg oe 000 €EEMKTIKG TOAD
HOKPIVOUG OHOA0YOLS peTapopeis, ommg o UapA kot o XanQ, smiPePfardvovv Tig
Aemtopépeteg TG KPLOTAAAIKNG doung Tov UraA kot Tig LovieAomomuéves doUES TV
dlmv, 18img o€ 0, Tt apopd T BEon GVVIEST G VITOGTPMOLOTOG.

Eivar evolapépov 611 otov UapA ototyeia daxpird and ) 0éon décpevong, Ta
omoia evromilovion oto KapPoSutelkd tunuo ™¢ mpoteivng (TMS12-TMS14) kot
otov Bpoyo TMS1-2, éde1&av va eAéyyovv E€10ikeEVON TOL G TPOG TO UETAPEPOUEVO
VIOGTPWLLO, oTNPilovtog £T1 T W 0Tt Tar HEAN NG owkoyévelag NAT amotelovvtal
a6 000 TOMOAOYIKE KOl AEITOVPYIKE OLOKPITEG OOUKES OLLUOPPDGELS, TOL TLPTVOL
Ko TG EAEyyOueVNG mpooPoong, Onwe avtd tpotddnke yia tn douny UraA (Lu et al.,
2011). H mopampnon avty omotélece ) Pdon g memoibnong Ott ot uetaAAayéc
e€edikevong mpooadiopilovv dlakpitd “eiAtpa ekAeKTIKOTNTAS” 1) duVOLUKEG “TOAES”
OV EMTPENOLY 1| TEPLopilovv TV TPOSPACT TOV VTOGTPOUATOV GTNV TPAYLOTIKY
0éom déopevong. A&ilet va onuewmdel 6t o UapA €xet onpavtikeés Sopkég dtapopEg
pe toug XanQ wor UraA otic mepoyés eheyyouevng mpocPaocng, m  omoia
avtikatontpileTanl og YEVETIKEG Kol Asrtovpyikég olapopéc [Papageorgiou et al.,
2008P; Vlanti et al, 2006; Papakostas et al., 2008]. Avtd ooivetoar kot amod
petaAraéelg oto TMS14 mov agopovv ta katdAoura T526 ot F528 otov UapA, kot
avtiototyovv ota N430 kon 1432 otov XanQ. Ewwotepa, eved petardayég oto T526
kot F528 dievpivouv dpapaticd v eEgdikevon tov UapA, ot avdioyeg LETOALAEELS
otov XanQ ennpedlovv Kupimg TNV KVNTIKN LETOPOPAS GE GYECN LE TO PLUGLOAOYIKO
VROGTPOUG TOV, TNV EovBivn, kot oAV Aydtepo v efedikevon Yoo avaroyo
EavOivng pe oykmom aviikotaotdoelc. H mopatnpnomn ot vrodniovel 0Tt Katd

dwapkela g eEEMENG o UapA €xetl amoktioetl pa o VEMKTY TEPLOYN EAEYXOUEVIG
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dtélevong, pi VTOBEoT TOL £PYETOL OE GLUP®VIOL HE TO CNUOVTIIKE pHEYOAVTEPQ

TMS13-TMS14 tov UapA ce oyéon pe tov XanQ.

4.1.3 Aertovpyikég peréteg empefarc@vovy tov Tpomo cvvoeong UapA — EavOivng
Me tovg VTOAOYIGHOVS TPOGOEGNG OV TTPaypaToToOnKay Yoo v Eovhivn
KoO®G Kot TN NUovpyio. LOVIEA®V TOGOTIKOV oxEcemV douns-opaons (QSAR), ota
TAaiclo TG TAPOVGAG O1OAKTOPIKNG Ol TPIPnG Tpotddnke Evag mBavdg TPOTOC e TOV
omoio M EavOivn odecpeveron otov UapA. Avtd to poviédo aAinAemiopacng Oa
umopovoe va eENyNoeL TOAD IKOVOTOUTIKE TO TPOPid £EE10TKELON VTOGTPDOUOTOS TOV
UapA. H 3-peBvroéavOivny (3MX), n omoio eivor éva oD kaAd mpdcdepa,
tomoBeteitan moAd mopopowa pe v Eavlivn (XAN) (Ew. 3-7A). H opdda pebvriov
g €xel tomofetnBel kovtd oty oudda @atvoiiov tov F155 mov oynuartilovtog
acbOevelg aAiniemdpdoei Van der Waals. H 8-uebvro&avbivn (8MX) eivar éva
HETPLO TPOGOEUM, KOODS TopeUTOdILeTAL GTEPEOYNUIKA OO TNV opdda peBuiiov g
mAevpikng oAvcidog tov T404 ko v xopPfoSviopndda tov E356, peidvovrog tnv
ovyyéveln ohvoeong tng oe ovykpilon pe v ovlivn. O decprdc VOPOYOVOL HETAED
tov N7-H ¢ 8MX kot tov COOH tov E356 g&akorovbel va voiotatal, adid givol
acbevéotepog (Ewc. 3-7B). H 9-pebvro&avlivn (IMX) (Ew. 3-7T") mapovctalet emiong
pétplo cuyyévela déopevong, kabmg n opdda Tov peBviiov ¢ Tomobeteitan KOvTd
oV avopdda tov okeietov ng F155, dwatapdocoviag tov N9-NHpiss deouo
vopoyovov. H 1-uebvro&avbivny (1IMX), n omoio dev eivon mpodcdepa, petatomileron
ONUOVTIKA, Yopic va pmopet va aainiemidpdoet pe to Q408 ko E356 (Ew. 3-7H). H
2-0e10&avOivn (2SX) eivor koAVTEPO TPOGOEND O GUYKPLoN pe TV 6-0e10EavOivn
(6SX) (Ew. 3-7A xou E). O deopdéc C = S givar paxpotepog and tov C = O,
ektomifovtog to vooTpwpe 2SX wpog to E356, eved n 6SX petatomileton mpog v
avtifetn katevbvvon, mpoc v F155. 'Etot, n 2SX oynuartilet 11 mepiocdtepeg amd
TIG AAANAETISPAceELg Tov Bpédniav atny EavOivy, (06TOG0 0 dEGOG LOPOYOVOL LLE TO
Beio eivon acbevéotepog oe ohykpion pe to o&uyovo — Gregoret et al., 1991), evod 0
6SX otepeitar deopov vépoyovov pe to E356. H 8-ala-EovOivn (8AX), av kat givar
tonmofetnuévn axpipac ommg 1 Eovlivn (Ew. 3-7Z), eivon éva aoBevéc mpoodepa,
mbovdg Ady® TV oTEPEONAEKTPOVIOKAOY 10TtV ™G N-N = N opddag,
eumodiCovtag pe €lcodo M/kal Tn UETATOMION TOV VLTOGTPMOUATOS OLUEGOV TOV
petapopéa. Téroc, n vro&avOivn (HX), dev pmopet va oynuotiost decud vépoydvou

ue ta Q408 kot E356 tovtdypova, Kot mg EK TOVTOL £Vl EVIEADS LETATOTICUEVT] GTO
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ECMTEPIKO NG KOO TAG déopevong o ovykpion pe v Eavlivn (Ew. 3-130).
Emunpdobetor vmoloyiopol mpdcdeong mpaypotonomdnkay yio movpiveg mov dev
avayvopilovtor and tov dypov tomov UapA, 6mwg m yovavivny kot 1 adevivn,
AapBavovtag vwoyn TIC OLPOPETIKES KATACTACELS TOVTOUEPNG TOVG. XE OUPOTEPES
TIG TEPIMTACELS, TO apidlo Tov Q408 amétvye va oynuaticel dioydn decud VIPOYOVOL
LE TO VTOGTPMUA, KATOANYOVTOS GE AYOTEPOVS OEGLOVG VOPOYOVOL €V GLYKPIGEL LE
mv Eavoivn (Ewk. 3-71 kou 3-5A avrtiotoyya).

Y& ocvpemvio pe To To POVTEAO owTo, Ta Katdhowta Q408 kot E356 eivon
AmOADTMG OTOPOLTITO Y10l T1 OEGEVOT] TOL VITOCTPMUNUTOS KO TIC LETAPOPES (0KOUN
Kot o1 o cvvinpnuéveg aviikataotdoels Q408E kot E356D odnyodv ce dpapotikn
ATOAELD TG IKAVOTNTOAG HETAPOPAG), evd To katdAouto A407 ko F155 propovv va
avtikatootobodv Aettovpywkd (Koukaki et al., 2005; Papageorgiou et al, 2008p;
Amillis et al., 2011). [Mepartépo anodeilelc yio v dueon ovppetoyn tov Q408 Kot
E356 ot déo1evom TOL VTOCTPAOUOTOS TPOEPYETOL OO TO YEYOVOG OTL 1 LETOAAOYN
QA408E mpoacdidel TNV KovOTNTO, Y10 SEGUEVOT] VEWV VITOCTPOUAT®V (VITOEavOivn Kot
yovavivn), kKou M petaiiayr] E356D odnyel oe 18-mAdoia avénom g ovyyEvelog
déopevong v EavBivn, oAAd KataoTpEéeel TN petagopikn kavotnta. H tedevtaio
avT domicTmon Tpénel va tovioTtel kabmg mapéyel evoeigelg mov Bo umopovcay va
odnynoovv otnv vrobeon o011 0 E356 dwdpapatiCer poro Oyt pdévo otnv aueom
TPOGOEGT TOL VITOGTPOUOTOC, AAAG KO GTN OLVOUIKT UETAPOONC TOV LETOPOPEN OO
™G TPog T £E® GTNV TPOG T €00 OoUN. YTOAOYIGHOT €DKOUTTNG TPOGOEONG TNG
EavOivng otov UapA-E356D, €de1&av capdc 0tL, av Kot 1 petaAdoyn emdpd Aiyo oTig
QUOIKOYNMKEG  1O10TNTES Kol OTO TPOQPIA oAAnAemidpoong, 1 HETOAAAEN TOL
YAOLTOUIKOV TPOG AoTAPTIKO €fvar Kpioun yio TNy evkapyio TS TAELPIKNG AALGIOOG
nov cvppetéyxet. H Bpoyvtepn mhievpikn alvcida tov D356 evéyel coPfapd mepropiopod
OTOV SLOUOPPMTIKT XDOPO GTov omoio £xel TpocPacn N KapfoSvAopddo oe GLYKPLIOT
LE TNV TPOTEIVN AyPLov TOTOL. AVTOG 0 TEPLOPICUOG dPOL GLVEPYIGTIKA LE TN dtdTacn
TOV TPUOV KOTOAOITOV TOV AAANAETIOPOVV e TOV SOKTUALO TLPLdivng ¢ EavBivng.
Q¢ amoTEAEGLA, 1 TOVTOYPOVN KOl AETTA GLVTOVICUEVT TPOGOEST TG EavOivng 6TOoVg
1é60ep1g €Taipovg aAAnAemiopaong F155, E356, A407 ko Q408 péow deopmv
VOPOYOVOL deV Eival TAEOV EPIKTN WG GUVETELD TNG LEIWUEVNG SLUUOPPOTIKY gveMEia
10V TeElevTaiov. Mrmopel va vrotebel 6Tt pa amotuyio 6To GYMUATIGUS VOS 6TaBEPOD
kol BérTiota e€lcopponnuévov cLUTAEYHaTog Ba. pmopohoe va. ENPEACEL OPVITIKA

™MV oAy OUOPPMOONG KOl  EMOUEVDS Vo 0dnynoel o€ dwtdpacn g
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AETOVPYIKOTNTOG TOL UETAPOPED, OMMOG TPOCIOPILETOL TEPAUATIKA Y10, OLTH TN
petaAlayn. Mo pnyoviotikny e€nynon yww v ev AOym dwtapoayr] pmopesl va
neplopfaver v aAinieniopacn tov E356 pe xatdlowma mov Ppickovror Katd
HUNKOG TOL TTOPOV, TO POAOG TOL MG HeGoAaPnTNG TG OAloOnong g EavOivng mpog to
D360 ot wvpiwg v mbavn ovppetoy] tov oty kdbodo TOL TPWTOVIOL.
Yvvoyilovtog, UmopodLe Vo EIKAGOVE OTL 1| Ppaybtepn TAevpiKn aivcida tov D356
HELOVEL TNV 1KAVOTNTO TOV VO OAANAETOPAGEL HE TO VIOGTPOUO, OT®G QOivETOL
kaBopd otV advvapio TV VTOAOYICU®V TPOGOECNG VA VIOJEIEOLY GVVOEST] TOV
D356 pe v EavOivn. Avtd pe ) ogpd tov B pmopohoe va exnpedosl apvnTIKd T
petdfoon amd v mpog o EE® GTNV TPOGg T £6M JAUOPE®OT, Kivnon amoapaitnt
Yy v Katdivon g petapopdg (Kaback et al.,, 2011; Smirnova et al., 2011).
"Eppeon vrootmpién ovtig g eikaciog Tpoépyetal amd 10 YeYovos 0Tt Kabopiopévn
UapA-E356D npwteivn sivar onpavtikd mo otabepn omd v aypiov TOTOL TpOTEIVN

(Leung et al., 2012).

4.1.4 Tevetikég ¢€voeilels Yy TNV 7opeio. TOL VTOGTPONOTOS TPOS TO

KUTTOPOTAOGLO

H mpotewvdpevn mopeio HETATOTIONG TOV VROCTPOUOTOS EEKVE amd TNV
Kevipikny Béom déopevong tov vrootpdpatog (katdiowre F155, E356, A407 kot
Q408) ka1 akolovbeiton amd petoyevéotepo otryuidotumo g Eavlivng mpog v
KUTTOPOTAACHOTIKY] TAEVPA TOV HETOQOPEN, Kovtd oto katdlowma D360, A363,
G411, T416, R417, V463 ko A469 (Ew. 3-8). To amoteAéopoto oamd TNV
vrokatdotaon tov D360 épyovtar o avtifeon pe TV GLUUETOYN TOL OG KATAAOUTO
OmOPOATNTO Yl TN OECUELON KOU TN GLUUETOPOPE TOV TPOTOVIOL Kot HAAAOV
vrootnpilovy évav EUUECO POAO GTN UETOTOMIGN TOV LVITOGTPOUOTOS, EVOEYOUEVOG
péom oaAAniemdpaocwv pe ta T405 kot N410, 6mwg €xetl emmbel kKo vopitepa.

Ta A363 xoar G411 €xer oamodeybel OTL elvan kpicwo katdAowmo yuoo
uetapopd (Koukaki et al., 2005; Diallinas et al., 1998). A&iCer va onuewmbel ot
oLYKEKPUEVEG VITokaTaotdoelg Tov G411 egite akwnromoovv tov UapA (G411V)
(Leung et al., 2012), f} av&dvouv kotd 2 @opég v taydtnto petaeopds (G411A,
G411V) (Koukaki et al., 2005), yeyovog mov vroonAdver 6t 1o G411 egivor éva
Bacikd duvapkd otoryeio oTig KIvoElg mov oyeTilovtal Le T UETAPOPH OLOUEGOV
tov UapA. To katdrouro R417 &xet deryBel Ot1 eivar onpoavtikd €101Ka yioo v avénon

¢ ovyyéveln déopevong Tov ovptkod o&éog (Goudela et al., 2005). Xe cuppovia pe
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avTtd EpyeTian TO YEYOVOGS 0Tt M petaddayn R417G peidverl dpapatikd m 0EGUELGT TOV
ovpov 0&€0g, aALd dtatnpel LYNAY cuyyéveld Yo TV EavBivn.

Ta dAAa 600 katdrowma, V463 kot A469, dev paivetol va gival onUovTIKG Yio
TN UETOPOPE TOL LTOCTPOUATOS KOOEOLTH, OAAL GLYKEKPIUEVES LITOKATOGTAGELS
avt®dv emnpealovv onuavtikd tnv e&gdikevon tov UapA (Kosti et al., 2010). Akoun
o eVOPEPOV glval To YeYovog OTL, Kovéva amd To Topamdve Katdloro Ogv gival
KpiouNng onuaciog ywo TV KOTAoTPOPN TNG TPOTEIVG 1 Yoo TN OEGUELOT TOV
VTOGTPAOUATOS, OTMG PoiveTon amd TG oxeTkég petaArdéels. ‘'Etol, Ao ta otoyeia
NG TPOTEWOUEVIG TOPEING TOV VTOCTPOUATOS OYeTilovTol HEe METOAAMYES TOV
emnpealovv eite ta mocootd petapopds (twég V) N v e€edikevon. Avtiy 1
mapaTnpNon ival o TANPN GLUE®VIN PE TO KOTAAOWTA TNG TPOG TO KLTTUPOTAAGLLOL

TOPELNG TOV VTOGTPDOLATOG,.

4,15 I'evetika oeoouéve, vmootnpilovv TNV VrOPEN TEPLOYAOV EAEYYONEVNG

apocfaong

[Ipoyevéotepa yevetkd dedopévo vredeiEav to apvo&éa T526 ko F528 g
npoeEEyovta Yoo tov kKobopiopd g e€edikevong tov UapA. v mopovoa
OoKTopIKn dTpiPr], TOGO HE VTOAOYIOUOVS TPOGOEoNS, 00O Kol pe TPOcHeTQ
yevetka mewpapata (T526M/F528A), o poiog tovg emPefoiddnke, kobmg emiong
npootédnke ko 10 G527 wg apvold e meployng e tov id1o poro. Aev enetevyon ,
opmc, va amodelyfel yevetikd OtL oty €£OKLTTAPIO QT TEPLOYN VTAPYEL Mo
devtepevovoa Béomn décpevong tov petagopéa. Avtd pmopel va cuvePT eite yloti To
poviého tov UapA Ppioketar omv mpog To €60 avoryTn OpOpemon kot dpo
ayvoobue mowo KotdAouwra pmopel vo Ppiokovron ektebeiéva oty mpog ta £E®
SlpOpPmaN, eite emedn N weployn eivor WOiTEPO SLVOLIKNY KO Uopel vo mepvaet
ToYOTOTO od TO GTIYUIOTLUTO AVTO Kot va cuveyilel Tpog ta €6, U divovtag £T6t
LETPNOIUO PAVOTLTIO, OTAV TO OMOAECEL.
Extog and ta mapondve kotdiowa oto TMS13, dAdec petarrayég mov ennpedlovv
mv &€edikevon tov UapA agopodv 1o apvo&d R481 (Kosti et al.,, 2010).
Ynokatdotaon tov R481 pe olpartikd kotdhouma devpdvel Ty e&edikevon Tov
UapA moapdpown pe petorddéelg ota Q113, T526 xou F528. To kotdrouto awtd
Bpioketon 6pla tov Bpdyov TMS12-TMS13 pe TMS13. Ot vroroyiopol TpdGdEoNS
mg EavBivng dev €oeiEav mpocdeon e avtd. Ot Adyor yio Tovg omoiovg &ivo

onNUavTIKO Yo TV e&gdikevon tov UapA oto ovpikd o&L kat v EavBivn dev glvan,
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TPOG 1O POV, Katavontol. Oa propovoe va cuopPaivel péocw piag enidpaong viopuvo
amo Vv eEwkutTaplo TOAN 1 Ba pmopovce va opilel éva otoryeio pog SVVOLIKNG
€0oTPEPOVS TOAN. [To mbavn eivan n devTEPN LIOBeSN Pdoet 6Vo TapaTPNCE®V.
[Mpmtov, amaiowpry tov R481 1 évbeon auwvoéikov kataroinwv (Ala-Gly) auéomg
npwv and 1o R481 odnyouv oe avénpévn, Beprokpaclo-eEopTdUEVT AGTADEW TOV
UapA xot KotaoTtpo@n TOv GTO YLUOTOTIo, €KOVe ov epgaviletor cuvnbwg oe
uetolhGéelg duvapukdv otoryeimv tov petapopéa (Kosti et al., 2010). Aevtepov,
dmAég petarrayég mov mepthapupdvouy avtikotaotdoels tov R481 kot tov T526 7
F528, yalapaovouv mepartépm v eEgtdikevon tov UapA, delyvovtag 0Tl vapyet Eva
mpocheTikd amotélecpo TV TPog To EE® KOl TMPOS To pEco TOmoBETNUEVOV
HETOAAOYDV, TO omoio pmopel mo eOvkoAa va e€nynbei, av Aegrtovpyovv Vo
avedptntec mMOAEG EKAEKTIKNG OOmMEPATOTNTAG KOl 0TI 0VO TAevpég tov UapA.
EmumAéov, moapd to vyeyovog 61t 10 R4A81 elvar tomoloyikd pakplid omd To
KUTTOPOTAACHATIKO GKPO TNG TOPELNG LETATOMIONG TOV VITOGTPMUOTOS, OTMG opileTal
€0m, 1 omoio givar kovtd oto R417 (PA. Ew. 3-8), Oa mpénel va Angbei vroyn 1o
yeYOvOG 0TL TOo povtéAo Tov UapA mov kataokevaotnke 00 Pacileton o€ (o 6TOTIKN
dwpopemon tov UraA ce mpog ta €60 avolytn doun Kai, kotd cvvémeia, oev Oa
TPENEL VO amokAElo0el 0Tl o€ pio VToBeTkn Tpog o EEm dapdpemon tov UapA, o
Bpoyxoc TMS12-TMS13 kar to R481 eivan kovtd 611 KUTTAPOTAAGHOTIKO (KPO TNG

TOPELNG LETATOTIGNG TOV VITOGTPOLOTOC.

4.1.6 EEeMkTIKEG oyfoels TV perav 116 oikoyéverog NAT

[HoAaotepa elxe mpotabet 6TL | Tapovsio evdg kataroimrov Gln 1 Glu oto NAT
potifo (Q408 oe UapA) eivar por poprakny vroypaet| yo v mpofreyn katd ndco
pia mpotetvn NAT eivon eeducevpévn yu vovkieotidwkég Pdoeig kot oyt yo L-
ackopPikd. e petagopeic L-ackopPikov to katdrowro GIn/Glu avtikedictoton amd
éva kotdAouto Pro, yeyovog mov LWOJEIKVOETOL Kol o0 TOVG VTOAOYIGUOVG
npocdeons. Ta mapdvia svprpata dsiyvouv OtL N tepatépw eEgdikevon tov NAT
OHOAOY®V TTOV OVIIKOVV GE€ EEEMKTIKA LOKPIVEG ORLAOES, OTMG HOKNTES Ko petdlma
dev umopet va Kaboplotel povo amd TiG EEEIOIKEVUEVEG OAANAETIOPACELS LECH GE Ll
peyaAn, Kevipwkn tomobecia, T 0Oéom déopevong Tov vmootpodpatos. Otav
KOTOOKELAGTNKE YEVETIKA pio B€om odéopevong tov vmootpopatog tov UapA
ppovpevn] oty tov avBpomvov petagopéa ackopPucod SVCT2, mpoékuye €voag

QovopeVIKA avevepydg petapopéag UapA. Avtd vmodnAdvel €vtova OTL 1 aAlayn
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g e€edikevong petath tov UapA kot tov SVCT2 ekteiveror kot mépa amd Tig
OALOYEG OTO YDPO SECUEVGTNG TOV VIOCTPOUOTOS, KOl TOAVAS TEPIAAUPAVEL ANy ES
o€ SVVOUIKE OTOYEID TOV HETAPOPEMV OLTMV, CLUTEPIAOUPAVOUEVOV TOV TUADY Kol
TOV HOPLOK®OV GIATp@V, 0TS OVTES OV TEPLYpapovtol €d®. H mapatipnon avt
etvan ypnown yoo HEAAOVTIKEG TPOSTAOELEG VO XPNOLUOTOMOOVV 01 LETAPOPEIG TNG
owoyévelng NAT g efedikevpéveg mOAEG Yoo TNV  OVATTLEN  GTOYELUEVDV
AVTIIKPOPLOKOY Qapudkmv, oAAd Kot Yoo tov opboloyikd oyedlacud in Vitro

eEEMKTIKOV TPOGEYYIGEMV Y10 TNV KATOVONOT] TOL TMOG AEITOVPYOVV Ol LETAPOPEIC.

4.2  Aopn kot Aertovpyio Tov petagopéo FcyB

To oamoteléopota omd TOVG LIWOAOYICUOVG TPOGOECNG LIESEIEAY OTL TEVTE
Katghowo otov FCYyB pumopel vo eumiékovron AQueco otn  wpPOGOECT)  TOL
VROoTPOUOTOC. Avtd givor 11 S85 oto TMSL, ot W159 kot N163 oo TMS3, 1 W259
o010 TMS6 ka1 N354 oto TMS8. Avo axdun katdrowma actopayivng, 1 N350 kot
N351, umopel eniong va aAAnAemidpovv pe v Asn-354 pe évav 1pomTo mov va givat
Kpiown vy ™V TPOCOEST) TOv VTOoTpOUaToc. [lévie oamd avtd ta vmobetikd
Aertovpykd katdrowra, or W159, N163, W259, N350 kot N354, toavtilovior pe
KatdAowta apwvo&émv, ta omoia €xovv OcyBel 6Tl oAANAEmOpoVV dueco pe TO
vrootpopo (Beviuro-vdavtoivn) otov Mhpl, dniadn or W117, Q121, W220, N314
kar N318. Eivar evdwopépov Oti, awtd to KatdAowma givar gite amolvtwg (W117,
N314 kou N318) 7 morv (W220 ko Q121) cuvimpnuéva otnv owoyévelo NCS1 (BA.
Ewc. 3-20).

Agdopévng g mowkilopopeiog €EEOIKEVONG TOV  UETAPOPEWV-UEADY NG
OIKOYEVELNG, DTTOOEIKVVETOL OTL KAmolo GAAN KaTAAouTo, AyOTEPO GuVINPNUEVA, Oa
kaBopilovv v e€edikevon tov petapopéa kot Bo cuppeTéyovv otn Béon déopevong
0V vrootpopatog. O A. nidulans dabéter 12 tavtomomuéva péAN, Kamoa and Ta
omoia etval Ayvmotng Aettovpyiag, Kot KAmoto GAAL £X0VV JPOPETIKY EEEIOIKELOT).

Bdocel tov omotelecpudtov omd TOVE LIOAOYIOHOVS TPOGOEoNS KOl TNV
TOPOUTAPNON NG TPMOTOTAYOVS oToiyong Oa umpovoav va peletnBodv opiopéva
KOTAAOWTO [1E YEVETIKEG TTpooeyyioelg kotevBuvopevng petalialtyéveong kot TAnpm
QovoTUTIIKO Kot Proynukd yopokmmpiopd, v apyn otov FeyB (Iliv. 4-1). Zta
Katdlouro avtd o meptlopupdvovior t6co amdAivta cuvinpnuéve apvoééa (W159,
N350 kot N354) yio va emPBefoiwbet 1o avovTikatdotato Tov pOAOL TOVG, OAAL Kot

Myb6tepo cvvnpnuéva apvoééa, ta onoia mbavag va kabopilovv v e€edikevon
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Tov petapopéa. Ta katdAoura mov Ba ddcovy kdmolov eavotuo Ba propodcay v
ocvveyelo va pLereTnBoLV Kol 6TOVG GALOVG dVO YVMOGTOVS LETAPOPELS TNG OLKOYEVELNG,
toug FurA xon FurD.

Ta Broroyikd mepdpata mov mpotdadnkav (kotevbovvouevn petarraéryéveon,
HETPNOELS  TPOCANYELS  POSIOCT|UOGUEVOD  VIOCTPAOUATOS,  ONUOVON TV
petaAlaypévav  popemv pe mpacwvn  @Bopilovca mPOTEIV] Yo VIOKVLTTAPIKO
eviomiopd) mpaypatorombnkoyv and v Ymoynoewn Awdktopa Ayurio Kpummtov
oto0 Epyaotipio tov Avoaminpot) Kadnynm Tewpyiov Awwivvad oto mAaicio g
Awdaktopikig g Atatppng. Ta amoteléopato TOV TEPIUATOV QVTOV, KOODS Kot
TOV TOPOTAVEO VTOAOYIOTIK®OV TEPOUATOV TOV  TPOYHOTOTOMONKay ond v
Yroynoeuo Awdktopa Bactukn Koot oto Epyactmpo tov Kabnynt Eppavooni
Mikpov ota mlaicioe g mapovoag Awaxktopikng Atatpifrig €xovv dmuoctevtel

(Krypotou et al., 2012).

IMivakog 4-1 Amvo&éa Tov FcyB ta omoia ypilovv mepartépm dgpevvnonc.

FcyB Mhpl  FurA FurD Poérogetov Mhpl

N81 A40 S53 A52 -
V83 Q42 N55 N54  Xe andotacn decpod VOPOYOVOL LE TO VITOCTPMOUA
S85 Ad4 N57 A56 -
W159 W117 W13l W130 7 -7 otoifaén pe 1o vrdotpoud
N163 Q121 Q135 Q134 e andotaon deGHOD VOPOYOVOD LIE TO VITOGTPMLO
T191 Q153 S182 Q181 To TMS4 kaumrtetal yio (6030 TOV VITOGTPOUATOG
E206 V169 T198 A197 To TMSS5 kaumrtetol yio £l6060 TOV VTOGTPDOUATOG
W259 W220 F252 Y250 = -7 ortoifaén pe 1o vmoéoTtpmpuo
S261 A222 -
N350 N314 N418 N337 Xg amdotoomn decpuol vOpoyodvoL pe TNy N318
N351 P315 1419 1338 -
P353 A317  A421  A340 -
N354 N318 N422 N341 Xg amdotoomn 0esHOD LOPOYOVOD LE TO VITOCTPMLLOL

Ta Brorloykd melpdpato £6€1EAV TO TAPAKATO:

o Q¢ mpog TV avdmtuén Tovg o€ adevivn kot o€ vTo&avoivn, Kabdg Kot ¢ Tpog TNV
evaoOnoio tovg omv S5-FC ot petaAlayuéveg popeég tov upetagopéa FcyB
UIopovV vo. dtakpliodv ce:

o Metodhayéc pe pavotumo aypiov tomov (E206).
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o Metorhayég odwcng (N8LA, W159A, N163L, W259A, N350Q, P353A, N354D)
N pepung andrewng Asttovpyiog (VB3N, S261A).

o Metarrayég alhayng e€edikevone (T191A, N163Q, N350A, N350D, N351A,
N354A, N354Q).

e Ot peTpnoelc mpOGANYNG POSIOG LOGUEVOL VITOGTPOUOTOS NPOAY 6E CLHP®VIA pE

TO OMOTEAEGLOTO TOV SOKIUACIAV AVATTUENC.

e O YToOKLTTAPIKOG EVIOTMICUOG TOV  UETOAAAYUEVOV TPOTEIVOV GUVELEVYUEVOV UE

v Tpacvn eBopilovca mpwteivn £6e1&e Ot

o Zmg perodayég W159, W259 wor P353 o petagopéoc eviomiletor ot
pHeUPpavn. Xovem®g M OMOAEL AELTOVPYIOG TOLG GLVOEETAL GUECOH HE TNV
OTTOAELN LEAPOPTKNG IKOVOTNTOC.

o Xmg perorhayég N81, S85, N163, T191, N350, N351 kor N54, 6mov n
TOmOAOYiOL TOL HETOPOPEN  €lvol UM OVOUEVOUEVY, OEV UTOPOVUE VO
CUUTEPAVOVUE OV 1 OAAOYN] TNG HETOPOPIKNG KAVOTNTOG OQEIAETOL OTN
HETOAAOYT] T OTN UEPIKN OMOAEW Agtovpyiog AOY®  EAOTTOUOTIKNG

avodimAmoN.

SOUTEPAGLLATIKA, TO, ATOTEAEGIATO TOV BLOAOYIK®OV TEPAUATOV:

o EmPefaincav tn cvppetoyr] apvoéikav katoroinov and ta TMS 1, 3, 6 ko 8
oTN 0£CUELON KOUT| OTN HETOPOPE VTTOGTPOUATOS, OT®G avtd lyav TpoPArepOel
0t0 TO LOVTEAO KOl TOVG VITOAOYIOHOVG TPOcdeaTG. E1ducotepa, Ta KatdAoimo S85,
W159, N163, W259, N350, N351, P353, «xot N354 oanodeiybnkav
OVOVTIKOTACTOTO GTN LETOPOPA dtapécov Tov FCyB.

e 'Bociéav o011 1o katdrowo N8I, V83, S261, T191 wxor Q206 dwdpapatifovv

dgvTEPEVOVTO POAO GTNV TOTOAOYIO 1] TN LETAPOPIKN TKAVOTNTO TOV UETOPOPEQL.

Ta amoteléopata TV POTANPOPOPIKOV TPOGEYYICEMV KOl TOV BE@PNTIKOV
VTOAOYICUADV KATAPEPAV VO TPOPAEYOVV T1] GUUUETOYT AUIVOEIKADV KOTOAOIT®V GTOV
FcyB ta omoia Bpiokovtal otnv idwo Oéon pe avtiotoyo apwvo&éo tov Mhpl mov
CUUUETEYOVV 01N décpevon Tov vrootpodpatog (BA. ITiv. 4-1). ‘Etot, mapdro mov ot
VO LETOPOPEIS SUPEPOVY MG TTPOG TNV EEEIBIKEVGT] Y10 TO LETOPEPOUEVO VITOGTPOLLNL

Kot gpeaviCouv yaunin cvvolikd optvolikn opoioyio, polpdloviol Kotva Oopkd
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oTolXEl0 Kot VYNAG GLUVOVLUO AHIVOEED Y1 VO, “YTIGOVV” TO KEVTIPO OEGLELONG TOL
VIOGTPMOLUATOC.

Téhog, dedopévov OTL vapyovv Tpelg owbéouec dopég otov Mhpl, 6o
UTOPOVGaV VO KATOCKELOGTOVV Kol T0 VITOAOUTO, dV0 povTéAa opoAioyiag Tov FCyB.
Ta tpia avtd povtédo Ba umopovcav va vroPAnBodv ce poplokn Svvapuky yo vo
depeguvnBetl o punyoviopodg eVoAlayNg NG TPOS Ta £E® HE TNV TPOG TO €6 OOUN,

KaBmg Ko 1 Topeiar LETOPOPES TOV VITOGTPOUATOV.
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In the UapA uric acid—xanthine permease of Aspergillus nidulans, subtle
interactions between key residues of the putative substrate binding pocket,
located in the TMS8-TMS9 loop (where TMS is transmembrane segment),
and a specificity filter, implicating residues in TMS12 and the TMS1-TMS2
loop, are critical for function and specificity. By using a strain lacking all
transporters involved in adenine uptake (AazgA AfcyB AuapC) and
carrying a mutation that partially inactivates the UapA specificity filter
(F528S), we obtained 28 mutants capable of UapA-mediated growth on
adenine. Seventy-two percent of mutants concern replacements of a single
residue, R481, in the putative cytoplasmic loop TMS10-TMSI11. Five
missense mutations are located in TMS9, in TMS10 or in loops TMS1-
TMS2 and TMS8-TMS9. Mutations in the latter loops concern residues
previously shown to enlarge UapA specificity (Q113L) or to be part of a
motif involved in substrate binding (F406Y). In all mutants, the ability of
UapA to transport its physiological substrates remains intact, whereas the
increased capacity for transport of adenine and other purines seems to be
due to the elimination of elements that hinder the translocation of non-
physiological substrates through UapA, rather than to an increase in
relevant binding affinities. The additive effects of most novel mutations
with F528S and allele-specific interactions of mutation R481G (TMS10-
TMS11 loop) with Q113L (TMS1-TMS2 loop) or T526M (TMS12) establish
specific interdomain synergy as a critical determinant for substrate
selection. Our results strongly suggest that distinct domains at both sides
of UapA act as selective dynamic gates controlling substrate access to their
translocation pathway.

© 2010 Elsevier Ltd. All rights reserved.

Keywords: Aspergillus nidulans; nucleobase ascorbate transporter (NAT)
family; structure—function relationships; uric acid

Introduction

tions with UapC (a kinetically distinguishable UapA
paralogue)* and randomly selected or rationally

UapA, a high-affinity, high-capacity transporter
for uric acid and xanthine in the filamentous
ascomycete Aspergillus nidulans is one of the most
extensively studied, at the genetic and biochemical
level, solute/H" symporter.' Chimeric construc-

*Corresponding author. E-mail address:
diallina@biol.uoa.gr.

Abbreviations used: GFP, green fluorescent protein;
TMS, transmembrane segment; NAT, nucleobase
ascorbate transporter; ORF, open reading frame.

designed mutations, combined with green fluores-
cent protein (GFP)-based fluorescence microscopy
and detailed kinetic analyses of functional mutants
using a collection of purine analogues, have led to
important conclusions concerning structure—func-
tion—specificity relationships in this permease.” "’
Of primary importance are the findings strongly
supporting that the long amphiphilic loop linking
transmembrane segments 8 and 9 (TMS8-TMS9)
contains basic elements of the substrate transloca-
tion pathway.””'? These are reflected in four
irreplaceable amino acid residues (E356, D388,
(408, N409) and several other residues affecting

0022-2836/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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UapA function, substrate affinity or specificity
(A363, E371, R373, G411, T416, R417). Several of
these critical residues (Q408, N409, G411, T4le,
R417) define the so-called NAT (nucleobase ascor-
bate transporter) signature motif (residues 406-417)
present in all UapA homologues constituting the
NAT family.”* Kinetic evidence has strongly
suggested that this motif interacts with the imidaz-
ole m01et}1/ of xanthine, uric acid or other UapA
ligands.”" In this interaction, Q408 could make a
direct H-bond with position N9 or C8=0 of
xanthine or uric acid, respectively, whereas N409
seems to be a dynamic element absolutely necessary
for molecular movements associated with transport.
Finally, G411 and T416 are important for narrowing
the specificity of UapA to xanthine and uric acid,
whereas R417 1ncreases the affinity of UapA
specifically for uric acid.”'" An absolutely necessary
functional role has also been assigned to E356,
whereas the absolute need for D388 seems to be
associated with a structural role rather than a
functional one."’

A second important conclusion concerns three
residues enlarging UapA specificity without affect-
ing its kinetic behavior toward physiological sub-
strates, uric acid and xanthine. These are T526 and
F528 in TMS12 and Q113 in the short putative
extracytoplasmic loop linking TMS1 and TMS2 **/'°
(see Fig. 1la). A weaker but similar effect on UapA
specificity was also obtained with several rationally
designed mutations along TMS1,' some of Wthh
can also affect UapA function and turnover.'
Allele-specific interactions and kinetic evidence
have strongly suggested that differential positioning
of TMS1 and TMSI12 with respect to the TMS8-
TMS9 region acts as a dynamic filter to allow or
restrict access of different purines to, the substrate
binding pocket (discussed also later).'

Interestingly, UapA is probably unique among
NAT homologues of known function with respect to
its high affmlty and capacity for uric acid
transport.”> All other NAT members of prokaryotes
and fungi show high affinity for either xanthine or
uracil (<10 pM) but only moderate (>50 uM) or no
affinity for uric acid. The only other NAT member
showmg high affinity for uric acid is the maize Lpel
carrier. ~ Interestingly, known mammalian NAT
homologues, which are Na™ rather than H* sym-
porters, are specific either for nucleobases (uracil
and xanthine mostly) or for L-ascorbate.'>'* How-
ever, none of the characterized bacterlal plant or
fungal NATSs can transport ascorbate.”” The unique
efficiency for uric acid recognition and transport of
UapA seems to depend on specific synergistic
interdomain interactions that cannot be reproduced
in other NAT members or in chimeric molecules
where TMS1, TMS12 or TMS8-TMS9 of UapA has
been replaced b;l that of homologous carriers from
fungi (UapC),” bacteria (Yng) or mammals
(SVCT2) (S. Amillis and G. Diallinas, unpublished
results).

Analogous rationally designed mutations and the
substituted-cysteine accessibility method in the

Escherichia coli xanthine permease YgfO, a prototype
bacterial member of the NAT family, have led to
very similar conclusions with respect to the func-
tional role of the TMS8-TMS9 region and in
particular the NAT signature motif and the four
functionally irreplaceable amino acid residues.'”'®
However, in line with the finding that fine inter-
domain interactions in NAT carriers are protein-
specific and critical for specificity, none of the
YgfO mutations that correspond to the UapA
specificity mutations has led to a carrier that can
efficiently recognize and transport a purine other
than xanthine.

In this work, we used a novel two-step genetic
approach to isolate UapA versions that can effi-
ciently transport adenine. Our results show that
we obtained mutations defining novel elements of
the UapA specificity/selectivity filter, including a
putative cytoplasm-facing loop. These results are
discussed with respect to the importance of inter-
domain synergy and the role of loops as dynamic
gates at both sides of the transporter in substrate
selection.

Results

Rationale of a novel genetic screen for UapA
mutants able to transport adenine

Based on detailed kinetic analyses of the wild-
type, single and double mutants, we have proposed
a model that rationalizes UapA-substrate
interactions.>>'*'" In brief, in the wild type, uric
acid or xanthine enters into the putative substrate
binding pocket, an essential part of which is made
by TMS8-TMS9, and binds to specific residues with
high affinity through two strong H-bonds implicat-
ing N1-H and N9 (xanthine) or N1-H and C8=0
(uric acid) and a weaker bond involving C2=0.
Purines, other than xanthine or uric acid, seem to be
excluded from the wild-type substrate binding
pocket due to steric and/or repulsive forces exerted
by the positioning of specific residues in TMS], in
the TMS1-TMS2 loop and in TMS12, which thus
collectively act as a molecular filter. All previously
identified UapA residues that affect substrate
binding and transport, and especially those map-
ping in the NAT signature motif, seem to be
involved m mteractrons with the imidazole moiety
of purines.””"” We still ignore which part of UapA,
or any other NAT member, interacts with the
pyrimidine moiety of purines.

To approach this puzzle, we thought of selecting
UapA mutants that would transport adenine, a
purine that has a distinct pyrimidine moiety
compared with the natural substrates of UapA.
Considering the proposed UapA-substrate interac-
tion model, two genetic modifications on the
permease molecule should be satisfied to acquire
high affinity for adenine: (1) the substrate binding
pocket should be accessible to adenine and (2) an
appropriately positioned residue should interact
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Fig. 1. (a) Topology of UapA and specificity mutations. Previously characterized residues affecting UapA function
and/ or specificity are marked in red (absolutely necessary for function), pink (affecting transport kinetics and specificity)
or green (affecting specificity but not transport kinetics for physiological substrates). Lighter green signifies milder effects
on UapA specificity. Residues in the TMS8-TMS9 loop (in red) are elements of the putative substrate binding site of
UapA, whereas those in TMS1 and TMS12 (in green) are elements of a specificity filter restricting access of purines other
than uric acid and xanthine to the bona fide substrate site. Mutations isolated in this work are highlighted in blue. R481 is
emphasized in size to denote the high frequency (72%) of mutations concerning this residue. Latin numbers denote
putative TMSs. (b) Growth phenotypes of strains expressing wild-type UapA* or UapA-F528S (F528S) on purines as sole
nitrogen sources (left panel). A strain with total deletion of the uapA locus (AUapA) is also shown as a negative control.
Growth on urea (UR, 5 mM) is used as a control. Purines tested as nitrogen sources include uric acid (UA, 0.5 mM),
adenine (AD, 0.5 and 2 mM) and hypoxanthine (HX, 0.5 and 2 mM). OX is oxypurinol (100 pM), a toxic analogue of uric
acid/xanthine that is taken up by UapA. Growth on xanthine has also been tested, and results are identical with those of
UA (not shown). Growth tests were performed at 37 °C and pH 6.8, which are the standard growth conditions of A.
nidulans in the laboratory. Similar results were obtained at 25 °C. Note that UapA expression mediates normal growth on
UA (normal colony growth rate and conidiation typically observed in minimal medium) and partial sensitivity to OX
(reduced colony diameter and lack of conidiation) but cannot support growth on AD or HX. Expression of UapA-F528S
leads to similar UapA™ growth on UA but also confers the ability for growth on high concentrations (2 mM) of AD or HX
and oversensitivity to OX. Strain UapA-F5285 was used to select for mutants growing on low AD (0.5 mM)
concentrations. The identity, frequency and topology of mutations isolated are shown in Table 1 and in (a), whereas
growth phenotypes of corresponding mutants on purines are shown in the right panel of (b). Notice that all new mutants
isolated differ from the original strain (UapA-F528S) used for their selection in their ability to grow stronger on AD or HX,
particularly evident at low concentrations of these purines (0.5 mM). (c) Relative *H-labelled xanthine transport rates of
the new mutants expressed as percentage of initial uptake rates (V) compared with the wild-type (UapA™) rate. Standard
deviations in all experiments were always <20% of the mean values shown.
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with the non-protonated N1 atom or the amide
(-NH,) groups of C6 or C2. The first condition is
already satisfied by several previously isolated
mutations, such as those concernin§ Q113 (TMS1-
TMS2 loop), T526 or F528 (TMS12).'” These mutants
grow equally well with uapA™ strains on standard
uric acid and xanthine concentrations (>0.3 mM),
but their growth on adenine or hypoxanthine
necessitates higher concentrations (>1-2 mM) be-
cause the relevant binding affinities are very low
(see Fig. 1b, left panel). Using one of these mutants
(UapA-F528S), we wanted to obtain second-site
mutations that will allow improved growth on
lower concentrations (0.5 mM) of adenine. An
additional prerequisite for this scheme was that
the original mutant strain used should lack all other
carriers that are able to transport adenine. This
strain was made by introducing, through transfor-
mation, the uapA-F5285 allele in a genetic back-
ground lacking all endogenous transporters
mediating adenine transport (AuapC AazgA
AfcyB)" (see Materials and Methods). UapA-F5285
was selected among all available specificity mutants
that perform very low-affinity adenine transport
because it was the only one that in the AuapC AazgA
AfcyB background showed practically no growth on
adenine at concentrations <1 mM (see Fig. 1b). UV
mutagenesis of the UapA-F5285/AazgA AfcyB
AuapC strain and selection for growth on 0.5 mM
adenine as sole nitrogen source led to the isolation
of 65 mutants.

Molecular and functional characterization of
UapA mutants

After purification, all mutants were tested on
various purines as nitrogen sources. All were
capable of growth in all purines, at both 25 and
37 °C (not shown). The uapA open reading frame
(ORF) of 28 of them was obtained by PCR and
sequenced. In all cases, a single base substitution,
besides the original F528S mutation, was detected
within the uapA ORF (Table 1). The 28 mutations
corresponded to 8 amino acid substitutions (Fig.
la and Table 1). The great majority (71.4%)
involved substitutions of R481, a residue located
in the putative short loop linking TMS10 and
TMS11 (Fig. 1a). Five mutations (17.1%) involved
two residues, V463 and A469, located in TMSI10.
The remaining three were obtained once and
involved residues Q113 (in the TMS1-TMS2
loop), F406 (in the NAT motif in TMS8-TMS9
loop) and A441 (in TMS9). Interestingly, mutation
Q113L was also obtained previously as a mutation
conferring UapA-mediated growth on 2 mM ad-
enine. Figure 1b shows the growth phenotypes of
the 8 mutants obtained. For most of them, growth
on adenine or hypoxanthine was stronger at 2 mM
compared with that at 0.5 mM, whereas growth
on uric acid and xanthine was identical in the
range 0.5-2.0 mM. A possible exception was
mutant A469E/F528S, which seemed to grow
significantly better than all other mutants at

Table 1. Topology and frequency of second-site
specificity mutations obtained in mutant UapA-F5285

Amino acid Topology Nucleotide Number
substitution in UapA change obtained
Q113L TMS1-TMS2 loop CAG—CTG 1
F406Y TMS8-TMS9 loop TTT—TAT 1
A441V TMS9 GCT—GTT 1
V4631 TMS10 GTC — ATC 2
A469E TMS10 GCG—-GAG 3
R481G TMS10-TMS11 loop CGG— GGG 1
R481Q TMS10-TMS11 loop CGG—CAG 14
R481L TMS10-TMS11 loop CGG—CTG 5
CGG—CTA
Total 28

TMS stands for predicted TMS of the UapA. Nucleotide changes
are highlighted in bold.

0.5 mM adenine. These observations suggested
that the mutants isolated might still have relatively
low affinity for purines, other than the physiolog-
ical substrates of UapA.

Uptake studies showed that all mutants have a
very similar capacity for *H-labelled xanthine influx
compared with the UapA® wild-type control
(Fig. 1c). These activities were dependent on the
H" gradient of the plasma membrane, as evidenced
from the transport inhibition by H* gradient
uncouplers (not shown). However, no measurable
uptake of radiolabelled hypoxanthine was obtained
(not shown). This apparent paradox of no detectable
hypoxanthine uptake in mutants able to grow on
this purine has also been obtained with several
previously isolated mutants. These mutants were
shown to exhibit very low hypoxanthine or adenine
binding affinities (K;>2 mM), and thus it is
technically impossible to detect hypoxanthine or
adenine uptake in standard assays performed with
concentrations of 0.2-2.0 pM radiolabelled
purines.”'? Similarly, the very low affinity of the
novel mutants for purines other than uric acid or
xanthine was confirmed by measuring K; values of
purines, pyrimidines and analogues (see below).
Thus, the transport profile of all new isolates is
typical of UapA mutants with relaxed specificity,
exhibiting high-capacity transport but very low
binding affinities for purines other than xanthine
or uric acid.

Substrate binding profile of UapA mutants

A detailed kinetic profile, reflected in K, /; values,
was established as previously described (see Mate-
rials and Methods) for all eight new mutations
(Table 2). All mutations affected little the affinity
of UapA for uric acid or xanthine (K,,,; values of
0.8-15 uM) compared with either the wild-type
protein or the original UapA-F528S5 mutant (K., /1 of
3-11 pM). Mutations of R481 had the strongest effect
as reflected in K, /; values for uric acid or xanthine
reduced by 2- to 12-fold. Several mutants also
showed a minor increase (up to 4-fold) in affinity
for adenine, hypoxanthine or guanine compared
with the original F528S strain, but their actual
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Table 2. Substrate binding profile of specificity mutants obtained in F528S genetic background

Krn/ i (HM)

Q113L/  F406Y/  A441V/  V4631/  A469E/  R481G/  R481L/  R481Q/
Substrate/ligand UapA®™  F5285 F528S F528S F528S F5285 F528S F5285 F528S F528S
Xanthine 8 3 3 13 6 13 15 1.6 1.0 0.8
Uric acid 7 11 4 6 15 12 2 0.9 1.4 13
Adenine NI NI ~2000 ~2000 ~1800 NI ~2000 NI NI NI
Hypoxanthine NI ~2000 ~1500 ~2000 ~1100 NI ~1800 ~2000 ~1600 ~1600
Guanine NI ~2000 982 ~1000 500 NI 500 NI NI NI
Uracil NI ~2000 77 322 123 386 127 75 113 35
1-Methyl-xanthine 280 420 820 ~1000 88 ~1000 300 247 851 151
2-Thio-xanthine 63 63 16 59 20 38 100 10 12 8
3-Methyl-xanthine 28 24 5 7 10 57 30 14 3 4
6-Thio-xanthine 350 92 9 50 22 56 20 13 4 8
7-Methyl-xanthine NI ~1000 46 274 92 210 88 89 115 48
8-Methyl-xanthine 100 45 8 9 10 33 10 9 7 4
9-Methyl-xanthine 200 345 452 302 662 ~1000 ~1000 ~1000 NI 161
Oxypurinol 100 45 6 25 9 31 22 3 3 10

Kp/i values were determined as described in Materials and Methods. NI indicates no inhibition (90%-100% uptake). The ‘~" symbol
stands for values >1000 M that were approximately estimated. Results are averages of at least three independent experiments with three
replicates for each concentration point. Standard deviation was <20%.

affinities for these purines were still very low
(Km/i>500 uM). This was in agreement with growth
tests showing that full growth on adenine or
hypoxanthine was only achieved at 2 mM. These
results show that the mutants isolated have an
increased capacity for adenine or hypoxanthine
accumulation and most probably for several other
nucleobases, which, however, is not due to a
significant increase in corresponding binding affin-
ities. This is highlighted mostly in mutants of R481,
which show no or very little measurable affinity for
these purines despite growing strongly on adenine
or hypoxanthine (Table 2).

Interestingly, all mutants showed a tendency of
increased binding affinities for uracil, oxypurinol
and several xanthine analogues with bulky sub-
stitutions at positions 2, 3, 7 and 8. None of
the mutations, however, increases the affinity of
UapA for analogues substituted at positions N1
and N9, which are proposed to be absolutely
critical for direct interactions with the substrate
binding site'’ (Table 2). Among all mutants, those
concerning R481 showed the highest increase in
UapA affinities for uracil, oxypurinol and bulky
xanthine analogues. This picture not only sup-
ported the proposed model on the importance of
the different positions in the purine ring for
binding to the substrate pocket but also resembled
the effect of previously isolated specificity muta-
tions mapping in the TMSI-TMS2 loop and in
TMS12.259.10

Additive effects of novel mutations and F528S

We constructed by genetic transformation strains
expressing the novel uapA mutation alleles in the
absence of F528S. In all new strains, uapA alleles
were expressed from their endogenous promoter
from plasmids integrated in single or multiple
copies (see Materials and Methods). Figure 2 and
Table 3 show the analysis of these strains. In the

absence of F528S, all mutants, in single- or multiple-
copy plasmid versions, showed nearly wild-type
growth on uric acid or xanthine, similar to that also
obtained in the presence of F528S. In contrast,
growth on other purines was significantly different
from that obtained in the presence of F528S. In
particular, all mutants arising from single-copy
plasmid integration, besides A441V, retained very
little or even lost the ability for growth on 0.5 mM
adenine or hypoxanthine. In some mutants, but not
those concerning R481 and A441, growth on adenine
or hypoxanthine was stronger in multiple-copy
plasmid mutants. Most single-copy plasmid
mutants, besides F406Y and V463l, could grow
well, similar to F528S, at elevated adenine or
hypoxanthine concentrations (2 mM). The F406Y
and V4631 mutants were also more resistant to
oxypurinol, resembling a control strain lacking
UapA activity.

Uptake studies showed that none of the mutations
significantly affected UapA-mediated, H"-dependent
transport of “H-labelled xanthine (Fig. 2b and not
shown). Furthermore, no measurable uptake of
radiolabelled hypoxanthine was obtained (not
shown), predicting that all single mutants exhibit
very low binding affinities for purines other than
their natural substrates. This was confirmed by
directly measuring K; values of purines, pyrimidines
and analogues. Table 3 shows the substrate binding
profile of the novel mutants established in the
absence of F528S. It was clear that this is different
from the one obtained in the genetic background of
the F528S mutation. Affinities for xanthine and uric
acid were close to that of the wild-type protein (2- to
3-fold differences), with the exception of V4631 and
R481Q, which have K, values for xanthine reduced
by 6- and 9-fold, respectively, and A469E, which has
a K; value for uric acid increased by 8-fold. A very
moderate increase in the affinity for adenine was
obtained only for some mutants (V4631, A469E),
whereas there is a stronger and more general trend
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Fig. 2. (a) Growth tests of the novel mutations in the
absence of the original substitution on different purines as
nitrogen sources. Control strains and growth conditions
are described in Fig. 1b. (b) Relative *H-labelled xanthine
transport rates of single-copy novel mutations expressed
as percentage of initial uptake rates (V) compared with the
wild-type (UapA") rate, as described in Fig. 1c.

for moderately increased affinities for hypoxan-
thine, guanine, uracil and xanthine analogues with
bulky substitutions at positions 2, 3, 7 and 8, but not
for analogues substituted at positions 1 and 9. For

several mutants, this increase was smaller than that
observed in the F5285 genetic background. On the
whole, however, affinities for purines other than
uric acid and xanthine remain very low (>700 uM),
in agreement with the observation that all single-
copy plasmid mutants, besides A441V, could only
grow well on adenine or hypoxanthine at 2 mM (see
Fig. 2). The only notable exception was mutant
A441V, which showed a rather moderate affinity for
hypoxanthine (260 uM) that could in principle
partially explain growth on 0.5 mM hypoxanthine.
However, the same mutant has no detectable
affinity for adenine, despite its ability to grow on
this purine at 0.5 mM, prompting us to believe that,
even in that case, growth on purines other than uric
acid or xanthine is due to increased capacity of
transport per se, rather than increased substrate
binding affinities (see later).

Functional consequences of mutations affecting
the TMS10-TMS11 loop

To further investigate the role of the TMS10-
TMS11 loop and in particular that of residue R481,
we followed a dual approach: First, we constructed
double mutants by combining a selected mutation
in R481 (R481G) with other mutations affecting
UapA specificity, located in the TMS1-TMS2 loop
(Q113L) or in TMSI12 (T526M). Second, we made
two UapA mutations that either delete R481
(AR481) or relocate its position within the TMS10-
TMS11 loop by introducing two small and flexible
amino acid residues (Ala-Gly) just upstream from it
(AGR481).

The double mutants Q113L/R481G and R481G/
T526M showed growth phenotypes very similar to
R481G/F528S (i.e., they can grow on low adenine or
hypoxanthine concentration; Fig. 3). This suggested
that the effects of R481G and Q113L or T526M are
additive, similar to R481G and F528S. The additive
effect of R481G with all three previously described
mutations affecting UapA specificity was also
reflected in substrate binding affinities. Table 4
shows that the binding affinities for most purines of
Q113L/R481G, and especially R481G/T526M, were
significantly increased compared with the single
mutants. More specifically, R481G/T526M shows
high affinity for uracil (32 uM), moderate affinity for
hypoxanthine and guanine (179-225 uM) and the
highest affinity, albeit still low, for adenine
(~1 mM), among all mutants described herein and
previously. It also has increased affinity for xan-
thine, oxypurinol and nearly all xanthine analogues
tested, with 9-methyl-xanthine being a notable
exception.

The AR481 and AGR481 mutations inactivated
UapA function, as the corresponding mutants could
not grow in any purine as sole nitrogen source (Fig.
3a). To investigate the basis of phenotype, we
analysed these mutants by making use of a GFP
tag (addition of GFP at the C-terminus of UapA has
no effect on UapA subcellular expression or on its
function? ) Figure 3b shows that in both mutants,
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Table 3. Substrate binding profile of specificity mutants in the absence of F528S

Kin/i (1M)
Substrate/ligand UapA* Q113L F406Y A441V V4631 A469E R481G R481L R481Q
Xanthine 8 4 3 4 1.3 8.5 18 3 0.9
Uric acid 7 10 11 10 12 58 19 6 35
Adenine NI NI NI NI ~1700 ~1500 NI NI ~2500
Hypoxanthine NI 260 ~2000 260 900 830 NI NI ~1000
Guanine NI ~1000 ~2000 NI 750 NI NI NI ~700
Uracil NI 413 ~2000 413 268 380 ~1000 NI ~1200
1-Methyl-xanthine 280 280 420 280 300 500 200 150 200
2-Thio-xanthine 63 10 63 10 60 280 90 43.1 10.1
3-Methyl-xanthine 28 9 24 9 7 32.1 27 18.5 5.1
6-Thio-xanthine 350 38 92 38 132 300 56.6 59.1 37
7-Methyl-xanthine NI ~1000 ~1000 ~1000 270 690 140 65.3 41.3
8-Methyl-xanthine 100 110 45 110 100 61 100 10 2.5
9-Methyl-xanthine 200 NI 345 NI 379 NI 124 286 200
Oxypurinol 100 29 8.2 14.4 96.5 18.4 14.3 14.4 25.8

For details, see Table 2.

UapA-GFP molecules label vacuolar lumens or
other internal structures but not the plasma mem-
brane—a picture characteristic of misfolded or

( UA OSmM 2mM OSmM 2mM 00X

.....-'

QI13L/R481G

o

UapA-GFP AGR481 AR4 81-sc

(b)

AR481-mc

extremely unstable transporters. The simplest ex-
planation of this result is that altering the length of
the TMS10-TMS11 loop destabilizes UapA.

Fig. 3. (a) Growth tests of the constructed mutations on different purines as nitrogen sources. Control strains and
growth conditions are described in Fig. 1b. (b) Epifluorescence microscopy of a wild-type (UapA-GFP) control and
AGR481 and AR481 mutants. Strains were grown as described by Koukaki et al.” In all mutant strains, UapA was weakly
expressed in the plasma membrane and appeared mostly at the vacuoles. For AR481, two strains are shown carrying a
single copy (AR481-sc) or multiple copies (AR481-mc) of the mutated allele. All images have the same magnification.
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Table 4. Substrate binding profile of rationally designed double mutations

Km/ i (HM)
Substrate/ligand UapA™ Q113L R481G T526M* Q113L/R481G R481G/T526M
Xanthine 8 8 18 5 1.3 12
Uric acid 7 7 19 12 2.5 8
Adenine NI NI NI ~2500 NI 980
Hypoxanthine NI NI NI ~1700 1300 179
Guanine NI NI NI ND NI 225
Uracil NI NI ~1000 76/>1000 536 32
1-Methyl-xanthine 280 280 200 288 ~300 ~40
2-Thio-xanthine 63 63 90 8 17 13
3-Methyl-xanthine 28 28 27 11 8 55
6-Thio-xanthine 350 350 57 6 45 4
7-Methyl-xanthine NI NI 140 ~1000 NI 361
8-Methyl-xanthine 100 100 100 6 4 4
9-Methyl-xanthine 200 200 124 202 NI ~1000
Oxypurinol 100 29 14 22 11 2

For details, see Table 2. ND indicates not determined.
2 Papageorgiou et al.'?

Discussion

UapA mutants with increased transport capacity
for non-physiological substrates

Our original goal was to design and test a direct
genetic screen for obtaining UapA mutations
conferring a specific increase in adenine affinity.
Considering that adenine has a pyrimidine moiety
very distinctive from that of other purines, we
reasoned that such mutations would lead us to the
identification of amino acid residues, within the
UapA substrate binding pocket, that could directly
interact with the so-called amidine group. Our
results show that instead of isolating mutants with
increased affinity specifically for adenine, we
obtained mutations that increase the accumulation
of purines other than the physiological substrates of
UapA. As this increase concerns solely the trans-
port of purines other than uric acid or xanthine,
it cannot be due to an increase in the amount of
permease present in the plasma membrane. This
in turn suggests that the novel mutations increase
the bona fide transport capacity of UapA specifically
for purines that cannot be transported by the wild
type or the F528S version of UapA. Importantly,
despite a moderate increase in the binding of
hypoxanthine or guanine conferred by mutations,
all novel mutants still retain low affinities for
purines (>260 uM) other than uric acid or xanthine,
independently of the presence of mutation F528S.
Particularly for adenine, all mutants showed very
low binding affinities (>1.5 mM). This observation
further supports the idea that the novel mutations
lead to increased intrinsic transport capacity of
UapA, specifically for purines other than uric
acid or xanthine, rather than increased relative
binding affinities. In that sense, the novel muta-
tions are very similar to previously characterized
substitutions located in TMS12 and in the TMS1-
TMS2 loop.

Residues in TMS9 and TMS10 might line the
substrate translocation pathway

Unlike mutations concerning Q113, F406 and
R481, which map in putative loops and have a
pronounced effect on UapA transport specificity
particularly in the presence of the F528S substitu-
tion, mutations A441V, V463l and A469E map in
TMSs and seem to affect UapA transport specificity
even in the absence of mutation F528S (compare
growth on 0.5 mM adenine in Figs. 1 and 2). This is
evident in mutants arising from multiple-copy
plasmid integrations, but at least for A441V, this is
also apparent in single-copy transformants (see
growth on 0.5 mM adenine in Fig. 2). Furthermore,
these mutations also lead to more drastic increases
in the binding affinities of several nucleobases in the
absence of mutation F528S, rather than in its
presence (compare values in Tables 3 and 4). Despite
an apparent additive effect of mutations in TMS10
(V4631 or A469E) with F528S on the capacity of
UapA to transport adenine or hypoxanthine, the
effect of TMS9 or TMS10 mutations is not additive
with that of F528S with respect to UapA specificity.
These observations suggest that residues in TMS9 or
TMS10 act independently to contribute in substrate
specificity. Given their nature, we can speculate that
the corresponding mutated residues contribute
through specific van der Waals forces to the
progressive sliding or fitting of purines within the
substrate translocation pathway. Support for this
comes from comparison with other NATs of known
specificities. The residue corresponding to V463 in
other NAT members is either a Val or an Ile, which,
together with the mutation isolated in UapA
(V463I), shows that these amino acids might be the
only functionally permissive residues at this posi-
tion. Residue A469 is more variable, being replaced
in other NATs by Arg, Ser or Lys. Interestingly,
NAT homologues with no (e.g., bacterial members
Ygfo, YicE and PbuX) or moderate (e.g., UapC of A.
nidulans and Aspergillus fumigatus or Xutl of Candida
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albicans) affinity for uric acid do not possess an Ala
residue. The possible contribution of Ala469 in uric
acid binding in UapA is supported by the fact that
mutation A469E significantly affects (8.5-fold reduc-
tion) uric acid binding (see Table 3). Finally, A441 is
relatively well conserved, although some NAT
members have other small amino acid residues at
this position (Gly, Ser, Thr, Pro). The role of the
above residues on UapA function could not have
been predicted by a rational design of mutations.

Synergy of loops TMS1-TMS2, TMS8-TMS9 and
TMS12 determines UapA specificity

We have previously provided evidence that very
fine interactions between the TMS8-TMS9 loop,
hosting basic elements of the substrate translocation
pathway, and the TMS1-TMS2 loop or TMS12, two
regions affecting substrate specificity, define the
function of UapA, particularly with respect to
substrate selection and binding affinity. Here, we
obtained new unbiased evidence that TMS12 inter-
acts functionally with the TMS8-TMS9 and TMS1-
TMS2 loops. Mutations Q113L (TMS1-TMS2 loop)
and F406Y (in the NAT motif in TMS8-TMS9 loop)
promote increased transport capacity for adenine,
hypoxanthine and probably other several nucleo-
bases only when combined with F528S (TMS12). The
additive phenotypes of these mutations are also
reflected in differences in the K, /; values for several
nucleobases (e.g., xanthine, uric acid, guanine, uracil)
and nucleobase analogues. These results confirm that
substitutions in these three domains additively
inactivate the synergistic interactions responsible for
the high substrate specificity of UapA.

Dynamic elements at both sides of UapA
selectively control the accessibility of sub-
strates to their translocation pathway

The great majority of mutants (20 of 28, ~72%)
selected in the background of F528S concerned
residue R481, located in the short putative cytoplas-
mic loop that links TMS10 with TMS11. This arginine
residue is conserved only in fungal homologues,
whereas in bacterial, plant and animal NAT members,
it is replaced by Leu, lle, Thr or Lys. Interestingly, in
the homologous mammalian NATs, the residues
corresponding to UapA R481 are leucines, irrespec-
tive of whether they are specific for ascorbate (SVCT1
and SVCT2)*"® or nucleobases (rSNBT).'* However,
none of the mutations of R481, including R481L,
conferred to UapA a detectable binding affinity for
ascorbate (data not shown). The lack of evolutionary
conservation at this position is in line with the
observation that mutants with variable substitutions
all proved functional. This suggests that R481 might
be involved in a fine topological interaction specifi-
cally narrowing the selectivity of UapA. Positive
cytoplasm-facing residues are believed to play im-
portant topological roles in several membrane pro-
teins through their interaction with negatively
charged lipids of the inner leaflet of the plasma

membrane.*! Alternatively, R481 might interact with
anegatively charged residue of UapA and thus create
a specific bridge that blocks the passage of purines
other than uric acid or xanthine. Interestingly,
mutations that delete R481 or affect the length, and
apparently the flexibility, of the TMS10-TMS11 loop
lead to unstable non-functional UapA molecules that
are rapidly turned over. In any way, this short loop
seems to act as a key element in the dynamic
positioning of the TMS10 and TMS11 «a-helices and
thus for the selection and translocation of specific
substrates through UapA.

The putative inward-facing topology of R481 and
the additive nature of R481 substitutions with
mutations located toward the extracytoplasmic face
of the transporter, which also reduce specificity,
strongly suggest that UapA has molecular determi-
nants acting as selective gates at both sides of the
plasma membrane. Gating is a term used mostly for
channels and usually implies the dynamic action of
domains or some amino acid residues, triggered
through either ligand binding or a change in voltage,
which allows or restricts the passage of ions through a
rather rigid and continuous transmembrane pore. For
transporters, the dogma is that they do not form a
continuous pore and thus do not use a gating
mechanism. They rather exist in at least two alternat-
ing conformations, making them accessible to sub-
strates either intracellularly or extracellularly, through
a rocker-switch mechanism. In fact, it is probably the
binding of substrates that allosterically promotes the
alternation of the different conformers. In the last
2 years, however, a number of crystal structures of
evolutionary and functionally distinct transporters
confirmed the existence of domains or loops at both
sides of the plasma membrane that occlude or open
the access of substrates to the sensu stricto binding
site.”*® Our results provide strong functional evi-
dence for the existence of such dynamic domains or
amino acids, distinct from the substrate binding site,
that are implicated in subtle movements determining
the function and specificity of a transporter.

Materials and Methods

Media, strains, growth conditions and
transformation genetics

Standard media for A. nidulans and E. coli were used.”
The AuapA AuapC AazgA AfcyB pabaAl strain (AUapA)
carrying a single-copy integration of the uapA (UapA™) was
a standard wild-type control. The strain used to select the
original mutants was a AuapA AuapC AazgA AfcyB pabaAl
(AUapA) carrying a single-copy integration of the uapA-
F528S (F528S).'° pabaAl is a genetic auxotrophy for p-
aminobenzoic acid. UV mutagenesis was as described
previously.® An isogenic AuapA AuapC AazgA AfcyB
pabaA1 mutant was the recipient strain in transformations™’
with uapA alleles cloned in vector pAN520exp®' or with an
‘empty’ vector as a negative control. These vectors allow
selection of transformants based on p-aminobenzoic acid
auxotrophy complementation. Transformants expressing
intact uapA or uapA-gfp alleles, through either single- or
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multiple-copy plasmid integration events, were identified
by PCR and Southern analysis. In most cases, we selected
transformants originating from homologous integration in
the pabaA locus. In some cases, single-copy uapA alleles
were integrated heterologously, but these transformants
expressed UapA also at physiological levels (not shown).
Growth tests were performed at 25 and 37 °C and at
different purine concentrations (0.5 and 2 mM): 0.5 mM is
the standard purine concentration used in all previous
studies concerning purine metabolism in A. nidulans.
Oxypurinol was used at 100 pM, with nitrate (10 mM) as
a nitrogen source. uapA alleles resulted in phenotypes that
were independent of the presence or absence of the C-
terminal gfp epitope.”’

Plasmid constructions and vapA mutations

PAND510 is a pBlueScript vector carrying a uapA fusion
with its flanking sequences and the argB gene as a selection
marker.”” pAN510-GFP is a pBlueScript vector carrying a
uapA-gfp fusion with its flanking sequences and the argB
gene as a selection marker.”” pAN510exp is a modified
version of pANbI10, introducing a BamHI site at the
translation start codon and knocking out an Xbal site in the
pBlueScript multicloning region for cloning purposes.'”
PANS520exp is a modified version of pAN510exp, replacing
the auxotrophic marker argB with pabaA at the Sall site of the
plasmid. The uapA ORF from the original mutants was
amplified by PCR using primers 5'-cgggatccctccatecattcaacc-
gac-3’ and 5’-gctctagactaagectgcttgetetgatac-3’, cloned in
PANb510exp and sequencedf. Mutations AR481 and
AGR481 were constructed by site-directed mutagenesis
according to the QuikChange® Site-Directed Mutagenesis
Kit (Stratagene) on vector pAN510-GFP using complemen-
tary oligonucleotides carrying the desired substitution
(forward primers: 5'-ccgttcacaaggcgaaatgecggeceggtttatect-
caccgcg-3’ and 5'-gcgecgttcacaaggcgaaattttatectcaccgegt-
caatg-3’, respectively) and confirmed by sequencing. The
uapA-gfp fusion was amplified by PCR, using primers 5'-
cgggatcectecatecattcaaccgac-3’ and 5'-cgtctagattacttgta-
cagctcgtee-3/, and subsequently cloned in pAN520exp.
Finally, the constructed plasmids were introduced by
transformation into a AuapA AuapC AazgA AfcyB pabaAl
strain, and the resulting integration events were subjected to
Southern ana\lysis.32 Single mutations F406Y, A441V, V463I,
A469E, R481Q, R481L and R481G were constructed by
replacing the Sacl/Sacl fragment from each double mutant
with the corresponding fragment of pAN510exp. Q113L/
R481G was constructed by replacing the Clal/Xbal fragment
of pAN510expUapA-R481G with the corresponding frag-
ment from pAN510expUapA-Q113L, containing the Q113L
mutation. R481G/T526M was constructed by replacing the
Sacl/Sacl fragment of pAN510expUapA-T526M with the
corresponding fragment from pAN510expUapA-R481G,
containing the R481G mutation. In all cases, the uapA ORF
was amplified by PCR using the primers 5'-cgggatccctecate-
cattcaaccgac-3’ and 5'-gctctagactaagectgettgctctgatac-3 and
subsequently cloned in pAN520exp.

Standard nucleic acid manipulations and
fluorescence microscopy

Southern blot and PCR analyses were performed as
described by Sambrook ef al.3 >*P]dCTP-labelled mole-
cules used as pabaA- or uapA-specific probes were prepared

using a random hexanucleotide primer kit following the
supplier’s instructions (Takara, Japan). Labelled [**P]dCTP
(3000 Ci/mmol) was purchased from the Institute of
Isotopes Co., Ltd. Total genomic DNA isolation from A.
nidulans strains and all other techniques involving DNA
manipulations were described by Sambrook et al.>* Samples
for fluorescence microscopy were prepared as described
previously.”” In brief, the samples were incubated on
coverslips in liquid minimal medium® supplemented with
urea as nitrogen source at 25 °C for 12-14 h, observed on an
Axioplan Zeiss phase-contrast epifluorescence microscope
with appropriate filters, and the resulting images were
acquired with a Zeiss MRC5 digital camera using the
AxioVs40 V4.40.0 software. Images were then processed in
Adobe Photoshop CS2 V9.0.2 software.

Kinetic analysis

Radiolabelled purines (19.6-33.4 Ci/mmol) were from
Moravek Biochemicals (Brea, CA). *H-labelled xanthine or
hypoxanthine uptake was assayed in conidiospores at 37
or 25 °C as described previously.” All experiments were
carried out in triplicate. Initial velocities were corrected by
subtracting background uptake values, measured in the
azgA uapA uapC fcyB~ mutant. K,, (concentration for
obtaining V,,/2) and ICs, (concentration reducing 50%
of the V,,,) values for compounds inhibiting the uptake of
radiolabelled permeants (xanthine or hypoxanthine) were
determined from full dose-response curves with a
minimum of eight points spread over the relevant range.
In all cases, the Hill coefficients were close to —1,
consistent with competitive inhibition. K; values were
calculated from the Cheng and Prusoff equation, K;=1Csy/
[1+(L/Ky)], in which L is the permeant concentration.”

Speculative UapA topology

Speculative UapA topology was based on several
standard algorithms (PredictProtein, HHpred, TMHMM,
SOSUI, TMAP, TopPred, etc.), the ConSeq programi and
minor manual modifications depending on the presence of
Pro residues and the ‘positive-inside rule’” at the borders of
putative helices. All algorithms predict as a-helical trans-
membrane domains the segments shown in Fig. 1 as TMS1-
TMS8 and TMS12. Most algorithms also predict the TMS9b—
TMS11 shown in Fig. 1. Some algorithms predict an extra
TMS, which here we call TMS9a (horizontal cylinder in Fig.
1), in the segment between TMS8 and TMS9b. Based on the
above and the substituted-cysteine accessibility method
performed in YgfO, which shows that TMS9a has extended
parts accessible to hydrophilic reagents (see the text), we
propose that this segment is a flexible dynamic domain or a
reentrant loop that acquires alternative topology during
substrate binding and transport.
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Earlier, we identified mutations in the first transmembrane segment (TMS1)
of UapA, a uric acid-xanthine transporter in Aspergillus nidulans, that affect its
turnover and subcellular localization. Here, we use one of these mutations
(H86D) and a novel mutation (I74D) as well as genetic suppressors of them,
to show that TMS1 is a key domain for proper folding, trafficking and
turnover. Kinetic analysis of mutants further revealed that partial misfolding
and deficient trafficking of UapA does not affect its affinity for xanthine
transport, but reduces that of uric acid and confers a degree of promiscuity
towards the binding of other purines. This result strengthens the idea that
subtle interactions among domains not directly involved in substrate binding
refine the selectivity of UapA. Characterization of second-site suppressors of
HB86D revealed a genetic interaction of TMS1 with TMS3, the latter segment
shown for the first time to be important for UapA function. Systematic
mutational analysis of polar and conserved residues in TMS3 showed that
Ser154 is crucial for UapA transport activity. Our results are in agreement
with a topological model of UapA built on the recently published structure of
UraA, a bacterial homolog of UapA.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

The family of nucleobase-ascorbate transporters
(NATS), also called the nucleobase-cation sympor-
ter-2 (NCS2) familyf, consists of hundreds of

members present in nearly all organisms, a promi-
nent exception being Saccharomyces cerevisize and
several protozoa. At present, the function and
specificity of nearly 20 NAT proteins are known.'™
These proteins come from bacteria, fungi, plants and
mammals. All non-mammalian homologs of known
function are specific for nucleobases; namely, xan-
thine, uric acid or uracil.? The mammalian NATs

*Corresponding author. E-mail address:
diallina@biol.uoa.gr.

Present address: A. Pantazopoulou, Department of
Molecular and Cellular Medicine, Centro de
Investigaciones Biol6gicas CSIC, Ramiro de Maeztu 9,
Madrid 28040, Spain.

Abbreviations used: NAT, nucleobase-ascorbate
transporter; TMS, transmembrane segment; GFP, green
fluorescent protein.

thttp:/ /www.tcdb.org/2.A.40

transport either L-ascorbic acid (SVCT1 and SVCT2
proteins in several mammals, including humans*”
or nucleobases; namely, uracil, xanthine or hypo-
xanthine (in the rat homolog SNBT1®). The bacterial,
fungal and plant NATs are high-affinity H" sym-
porters, whereas the mammalian homologs use Na™
for L-ascorbate or nucleobase symport.’-3¢ All NATs
are predicted to contain 12-14 putative transmem-
brane segments (TMS) and cytoplasmically located
N- and C-tails, but there was no direct structural

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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data for any member of this family until very recently
(see below).

The UapA transporter of the filamentous fungus
Aspergillus nidulans”® is the prototype of the NAT
family and one of the most extensively studied
carriers concerned with regulation of transcription”'”
and endocytosis via ubiquitination,'' but mostly with
respect to structure-function relationships.’ '
Through many rounds of alternating rationale and
random mutational approaches and construction of
chimeric molecules, combined with physiological
tests, detailed analysis of transport kinetics and the
use green fluorescent protein (GFP)-tagged versions
of mutated UapA molecules, we have proposed
models to explain how UapA functions and selects
its substrates, despite the fact that no direct structural
study is available.'*"*

In particular, it is known that UapA is a high-
affinity, high-capacity symporter of H" and xan-
thine or uric acid and that several analogs of these
purines, especially those that do not have modifica-
tions in positions N1-H and N9 or =08 of the purine
ring, can also act as substrates or ligands of UapA,
albeit with lower affinity. Four fully conserved
amino acid residues (Q85, E356, D388 and N409)
have been found to be irreplaceable for function,
whereas eight more partially conserved residues
(N71, Q113, Q408, G411, T417, R481, T526 and F528)
are crucial for determining the transport kinetics
and substrate specificity of UapA. According to
standard topological algorithms, all functionally
important residues in UapA map in four distinct
regions; TMS1 and its flanking segments, the
amphipathic segment including TMS8-TMS9, the
TMS10-TMS11 cytoplasmic loop and TMS12. Strong
genetic and biochemical evidence has shown that
the amphipathic TMS8-TMS9 region, which in-
cludes most of the functionally important residues,
hosts the basic elements of the substrate-binding
site.’* One residue in this region, Q408, has been
shown to be involved in direct contacts with either
N9 or =08 of xanthine or uric acid, respectively. The
other three functional regions (TMS1, TMS10-
TMS11 cytoplasmic loop and TMS12) appear to
interact dynamically with each other and with the
TMS8-TMS9 substrate-binding domain, acting as
gating elements or selectivity filters that determine
the substrate affinity and specificity of UapA."”
Most of the above conclusions concerning UapA,
especially those concerning the TMS8-TMS9 domain
and TMSI12 region, are supported by reverse
genetics and Cys-scanning mutational analysis of
the XanQ xanthine transporter in Escherichia coli,
which is the most extensively studied bacterial
member of the NAT family.20-24

Interestingly, the great majority of functional
mutations of UapA do not affect the folding or
turnover of UapA, as judged by the normal
localization of the relevant mutant forms of GFP-

tagged transporter in the plasma membrane. In fact,
the only mutations affecting UapA localization and
turnover are a handful of substitutions of residues in
TMS1*° or deletions/insertions of one or two
residues in the loop linking TMS10 with TMS11.%°
In this work, we used previously characterized and
novel TMS1 mutations that result in ER-retention
and/or increased turnover of UapA, as well as
genetic suppressors of these mutations, to show that
TMS1 and a TMS1-TMS3 interaction are crucial for
proper folding, trafficking and turnover of UapA.
Subsequently, using a systematic mutational analy-
sis, we show that Ser154 within TMS3 is crucial for
UapA transport activity. Our results are evaluated in
relation to a three-dimensional topological model of
UapA built on the recently published structure of
UraA, a bacterial NAT homolog.

Results

TMS1 mutations affect UapA folding, trafficking
and turnover

H86 mutations (H86A, H86D and H86K) isolated
earlier lead to increased turnover of UapA through
sorting and degradation in the vacuoles at 25 °C.2°
HB86D also leads to partial retention of UapA in the
ER membrane. Mutation 174D constructed here is
just upstream from the putative TMS1 and leads to
non-conditional, complete ER-retention of UapA.
The subcellular localization of GFP-tagged versions
of UapA-174D, UapA-H86A and UapA-HS86D is
shown in Figure la. The relevant mutants have
significantly reduced (H86A and H86D) or abol-
ished (I74D) UapA-mediated radiolabeled [PH]
xanthine uptake, which is reflected in the inability
to grow with uric acid (Fig. 1b) or xanthine (not
shown) as sole nitrogen source, given other purine
transporters besides UapA are knocked-out (strain
details are given in Materials and Methods).
Deficient localization or/and increased turnover of
transporters is expected to be associated with
defective folding. A defect in folding was suggested
by the cryosensitive nature of H86 mutations. We
showed directly that this is the case for the UapA-
H86D mutant, where ER retention is indeed
associated with evidence for an unfolded protein
response.”” As expected, the UapA-H86A mutant,
which is not retained in the ER, similar to wild type,
did not show any evidence for an unfolded protein
response (UPR: Fig. 1c). Interestingly, however, in
the case of H86 mutations, where a fraction of UapA
reaches the plasma membrane and thus allows
direct measurements of transport rates and K,
values for xanthine, uric acid or other purines,
folding defects have been shown not to affect the
activity of UapA significantly.”
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Fig. 1. Functional characterization of TMS1 mutations. (a) Epifluorescent microscopic analysis of GFP-tagged wild type
(wt) and mutant alleles (H86A, H86D and 174D) of UapA. UapA-GFP labels primarily the plasma membrane in wt and
HB86D, but distinct cytoplasmically labeled structures appear in all mutants. Arrows in H86D and 174D depict perinuclear
ER rings (membranes). UapA-GFP in H86A labels the plasma membrane but mostly cytoplasmic compact structures,
which corresgond to vacuoles. (b) Growth with 0.5 mM uric acid (UA) as sole nitrogen source and UapA-mediated
radiolabeled “H-xanthine initial uptake rates (%) in control strains (uapA* and AuapA) and TMS1 mutants. Values
represent averages of three independent experiments with standard deviation <20%. (c) Evidence for unfolded protein
response in the mutants expressing UapA-H86D. hsp70 (ANID_02062.1) transcript study-state levels detected by northern
blot analysis of total RNA (10 pg in all lanes). A five-fold increase was estimated in H86D compared to wt or H86A.

Genetic suppression of TMS1 mutations nitrogen source at 25 °C (Materials and Methods).
We obtained and characterized several revertants of

In order to further understand how missense both mutants as colonies able to grow with uric acid

mutations in TMS1 affect UapA turnover and
subcellular trafficking, we selected genetic revertants
of mutations H86D and 174D by standard UV
mutagenesis. The relevant mutants expressing
UapA-H86D or UapA-I74D in an appropriate genetic
background cannot grow with uric acid as sole

Table 1. Identity and location of 174D and H86D suppressors

as sole nitrogen source. In both cases, all revertants
were found to be due to genetic suppressor mutations
located in UapA. The identity and location of these
suppressors is summarized in Table 1. In both cases,
mutagenesis was apparently close to saturation
because several suppressors were obtained twice or

Amino acid substitution Topology in UapA

Nucleotide change Numbers obtained

174D N-terminal / TMS1
A. Suppressors of 174D

174G N-terminal / TMS1
174V N-terminal/ TMS1
174A N-terminal / TMS1
174N N-terminal /TMS1
H86D TMS1

B. First-site suppressors of H86D

H86V TMS1
H86N TMS1

C. Second-site suppressors of H86D

M1511 TMS3
M151V TMS3

ATT — GAT -
GAT— GGT 2
GAT — GTT 2
GAT — GCT 2
GAT — AAT 1
CAT — GAT -
GAT — GTT 2
GAT — AAT 5
ATG — ATA 1
ATG — GTG 1

The nucleobase substitutions of the wild type uapA codon are shown in bold. Suppressors are indicated as substitutions of the original

amino acid residue (Ile74 or His86).
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Fig. 2. (a) Comparative growth tests at 25 °C with 0.5 mM uric acid (UA) as sole nitrogen source and UapA-mediated
radiolabelled *H-xanthine uptake rates (%) in control strains (uapA™ and AuapA), TMS1 mutations and their suppressors
at 37 °C. (b) Comparative growth tests 25 °C with 1 mM xanthine (XAN) as sole nitrogen source at and UapA-mediated
radiolabeled *H-xanthine initial uptake rates or steady-state uptake levels in the H86D mutation and its suppressor.
Values are averages of three independent experiments with standard deviation <20%.

more, or concerned the same codon. All 174D
suppressors corresponded to changes in the originally
mutated codon (first site-suppressors), whereas
HB86D revertants were due to both first site-suppres-
sors and mutations replacing Met151 in TMS3 by Val
or Ile (second site-suppressors H86D/M151V and
H86D/M151I). At this point, we constructed isogenic
strains expressing UapA-M151V and UapA-M1511
alleles by themselves; i.e. in the absence of the original
H86D mutation (Materials and Methods).

Functional characterization, expression and
subcellular localization of UapA in suppressors

Figure 2 shows comparative growth tests and
xanthine initial uptake rates of all suppressors,

original mutants and control strains. It was apparent
that with respect to Ile74, mutations introducing
hydrophobic amino acids (Ala, Gly and Val) restored
at least 70% of the apparent UapA initial transport
rate, whereas introduction of Asn did so only partially
(30%). Among H86D suppressors, only the presence
of Asn in the originally mutated codon fully restored
UapA transport rate (~130%), whereas the presence
of Val in that codon partially re-established the
transport rate of UapA (54%). Surprisingly, second
site-suppressors M151V or M1511 did not lead to any
change in xanthine initial uptake rates (28-29%) in
relation to the original mutated strain expressing
H86D (30%). This suggested that substitutions in
M151 might have restored, at least to some degree, the
turnover rather than the function of plasma
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Table 2. Substrate specificity profile of mutants and
suppressors

Km/i (HM)

Allele Xanthine Uric acid Hypoxanthine
Wt 7 8 n.i.
174D n.d. n.d. n.d.
174G 8 35 ~1000
174V 28 102 n.i.
174A 7 195 ~1000
174N 5 8 280
H86A 7 23 n.i.
H86D 4 15 n.i.
H86V 19 29 n.i.
H86N 4 28 n.i.
H86D/M1511 4 18 n.i.
H86D/M151V 14 17 n.i.
M1511 25 34 n.i.
M151V 15 107 ni.

Kin/i values were determined as described in Materials and
Methods. n.d., not determined. n.i., no inhibition (90-100%
uptake). The tilde (~) identifies values >1000 pM that were
estimated. The results are averages of at least three independent
experiments with three replicates for each concentration and the
standard deviation was <20%.

membrane-embedded UapA-H86D molecules. Rela-
tively low transport capacities were exhibited by the
single mutations M151V and M151I (16-22%).

We investigated in more detail the nature of the
suppressors isolated by (i) measuring K, values for
substrates, (ii) establishing an extended substrate
specificity profile through competition assays (K;
values) and (iii) following the turnover and traffick-
ing of the mutated UapA versions.

Table 2 shows that none of the 174D or H86D
suppressors affect the affinity for xanthine significantly.
For example, even in the case of the maximal (approx.
four-fold) increases in K,,, as is the case in 174V or
M151V, this change corresponds to a reduction of less
than 3 kJ /mol in the AG® values governing transport—
substrate interactions.'” Interestingly, however, for
some 174D suppressors, significantly higher affinity
changes were observed specifically for uric acid, the
other physiological substrate of UapA. This is
highlighted in 174V and I74A mutants, which showed
13-fold and 24-fold increases in the K; values for uric
acid, respectively. We estimated K; values for
hypoxanthine, a purine not recognized by wild type
UapA. Three Ile74 mutants showed low binding
affinity for hypoxanthine with values of 280 pM for
[74N and ~1 mM for 174A and 174G (Table 2). These
mutants could also recognize adenine, guanine or
uracil with very low (1~2 mM) affinity (data not
shown). Growth tests showed that none of the Ile74
mutants could grow on purines other than xanthine
or uric acid, which indicates that even in the case of
174N, 174A and 174G, purines that are non-physio-
logical substrates of UapA are transported very
inefficiently or not at all (not shown).

Figure 3a shows a western blot analysis of UapA-
GFP in control strains and mutants H86A, H86D,
H86D/M1511, 174D, 174N and 174G. Quantification of
the steady-state levels of the UapA-GFP protein was
done using the protein levels of the constitutively
expressed actin gene as an internal control. H86A is
the only mutant with a significantly increased
turnover compared to wild type (43% of the wild
type UapA-GFP). UapA-GFP levels were also mod-
erately decreased (69% of the wild type) in suppressor
H86D/M1511. However, the presence of intact UapA-
GFP does not distinguish whether the tagged
transporter is in the plasma membrane or in any
other internal membrane. Thus, to further analyze the
effect of the different suppressor mutations isolated,
we examined the subcellular localization of UapA-
GFP in the relevant mutant strains. Figure 3b (lower
panel) shows that suppressors of 174D introducing
small hydrophobic residues (Ala, Gly or Val) fully
restored UapA-GFP localization. Introducing a polar
residue at Ile74 (I74N) suppressed the ER-retention
defect observed with 174D, but led to significantly
increased vacuolar sorting of UapA molecules. First-
site suppressors of H86D (H86N and H86V) also fully
restored UapA-GFP localization (not shown). Finally,
the second site-suppressor mutation M1511 only
partially restored the localization defect (e.g. ER-
retention) of UapA molecules carrying H86D (Fig. 3b,
upper right panel). These results were in line with
those from growth tests, western analysis and kinetic
measurements.

Mutational and functional analysis of polar and
conserved residues of TMS3

Second site-suppressors of H86D concerned sub-
stitutions of Met151, a residue in the middle of the
putative TMS3. This segment was predicted, using
various algorithms} to form an amphipathic a-helix.
However, a three-dimensional topological model of
UapA (see below) built on the recently published
structure of the UraA (uracil) permease of Escherichia
coli*® shows that TMS3 includes a short p-strand
that includes Met151 (residues 150-153). Six partial-
ly conserved Ser residues (positions 145, 149, 154,
156, 159 and 162) flank the p-strand segment and
should create a polar interface along TMS3 (Fig. 4a).
We substituted all Ser residues of TMS3 with Ala
residues (Materials and Methods) and analyzed the
relevant mutants. We also mutated the only well-
conserved residue of TMS3; Phel55, which is
present in all fungal and bacterial NAT homologs
(Fig. 4a). Growth tests (Fig. 4b) showed that only
two residues were functionally important; S154A

IThttp://www.cbs.dtu.dk/services/ TMHMM?2,
http:/ /bp.nuap.nagoyau.ac.jp/sosui/, http://www.ch.
embnet.org/software/ TMPRED
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Fig. 3. (a) Western blot analysis of UapA-GFP in control strains and TMS1 mutants and suppressors. Equal amounts of

total protein extracts (50 ug) were loaded in all cases, transferred onto PVDF membranes and hybridized with oligoclonal

anti-GFP and anti-actin antibodies. Relative amounts of UapA-GFP were estimated by normalizing with the wt UapA-

GFP/actin ratio (value set to 10.0) using Image]J software. (b) Epifluorescent microscopic analysis of GFP-tagged wt and
mutant alleles. Arrows indicate perinuclear ER membranes.

led to significantly reduced growth at 37 °C and
S162A led to reduced growth at 25 °C, both with uric
acid as the sole nitrogen source. A similar growth
profile was obtained with xanthine as the sole
nitrogen source (data not shown). None of the
TMS3 mutants analyzed could grow with any other
purine as sole nitrogen source (data not shown).
Subcellular localization analysis (Fig. 4d) showed
that none of the TMS3 mutations affected the
localization of UapA-GFP in the plasma membrane.
All mutants showed detectable UapA-mediated
transport (34-127% of wild type values), with
S154A and S162A exhibiting the lowest transport
rates (34% and 45%, respectively) (Fig. 4c).

On the basis of two observations, we studied the
role of Ser154 in UapA function in more detail. First,
Ser154 in UapA corresponds to Asn93 in the E. coli
xanthine permease XanQ. An Asn at this position
has been shown to be crucial for substrate specificity
in bacterial NATs (Discussion).”> Second, Ser154 has

a crucial position with respect to the putative
substrate-binding site in the UapA structural
model constructed in this study (see below). We
constructed mutation S154N and showed that it did
not affect UapA-GFP localization in the plasma
membrane (Fig. 4d) but had a dramatic effect on the
apparent UapA transport capacity. This is shown by
the lack of growth at 37 °C and at 25 °C with uric
acid as sole nitrogen source (Fig. 4b) and the low
(20%) UapA-mediated transport rate of xanthine
(Fig. 4c) in the corresponding mutant. When the
S154A and S154N alleles were expressed in high-
copy plasmid transformants, partial restoration of
the ability to transport xanthine or uric acid was
established, mostly in the case of S154A. In
principle, restoration of a defect in the apparent
transport capacity of UapA by high-copy expression
implies that the relevant mutations affect either the
intrinsic transport activity and/or the turnover of
the transporter. However, in the case of Serl54

Fig. 4. Functional analysis of TMS3 mutants. (a) Multiple alignments of TMS1 and TMS3 of selected NAT sequences.
Conserved and partially conserved residues are highlighted in black and grey boxes, respectively. In TMSI, the position of
mutations 174D and H86D is indicated. In TMS3, the positions of all mutants studied here are indicated by arrows.
Secondary structures as predicted by modeling of UapA topology on the UraA crystal structure are indicated under the
alignments. Cylinders denote a-helices. A filled flesh denotes a segment-forming R-strand. (b) Comparative growth tests
of TMS3 mutants with 5 mM urea (U) or 0.5 mM uric acid (UA) as sole nitrogen sources at 25 °C or 37 °C. (c) Comparative
UapA-mediated radiolabeled *H-xanthine uptake rates (%) in control strains (uapA* and AuapA) and TMS3 mutants in
the absence or in the presence of non-radiolabelled substrate (xanthine 1 mM). (d) Epifluorescence microscopy of the
subcellular localization of UapA-GFP in a control strain and TMS3 mutants.
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Table 3. Substrate specificity profile of S154 mutations

Km/ i (HM)

Substrate/ligand UapA* S154N S154A
Xanthine 8 1.4 7.6
Uric acid 7 10 53
Adenine n.i n.i >1000
Hypoxanthine n.i n.i >1000
Guanine n.i. n.i >1000
Uracil n.i. 523 >1000
2-Thio-xanthine 63 35 48
3-Methyl-xanthine 28 47 62
6-Thio-xanthine 350 326 553
7-Methyl-xanthine n.i. 1000 n.i
8-Methyl-xanthine 100 194 188
9-mEthyl-xanthine 200 634 539
Oxypurinol 100 67 160

K../; values were determined as described in Materials and
Methods. n.i., no inhibition (90-100% uptake); >1000 indicates
60-75% inhibition at 1mM. The results are averages of at least
three independent experiments with three replicates for each
concentration point and the standard deviation was <20%.

mutations, the second assumption could be dis-
missed immediately on the basis of the picture from
the epifluorescence microscopic analysis shown in
Fig. 4d. Thus, N154 should affect the bona fide
function of UapA.

To further investigate this idea, we asked whether
substitutions S154A and S154N affected the sub-
strate affinity or the specificity of UapA. Table 3
gives a detailed kinetic analysis of S5154A and S154N
mutants, which establishes that both UapA-5154N
and UapA-5154A molecules have substrate affinity
profiles different from that of the wild type UapA. In
both cases, there is minor two- to three-fold
reduction in the affinity for analogs with bulky
substitutions at position 8 or 9 of the purine ring (8-
methylxanthine, 9-methylxanthine, oxypurinol). In
addition, S154A confers an ~ 7-fold reduction in the
affinity for uric acid, whereas S154N leads to
moderate increase in the affinity for xanthine and
uracil. Thus, Ser154 is important for determining the
specificity of UapA.

A UapA model based on the UraA structure

Molecular simulations were undertaken in order
to build a UapA model on the basis of its sequence
similarity with the only NAT protein with a known
crystallographic structure; namely, the UraA uracil
permease of E. coli that was published while this
work was in progress.”* The UraA structure was
captured bound with uracil and corresponds to an
inward-facing conformation, occluded from the
periplasmic side of the membrane but open towards
the cytoplasm. The overall topology of the model
UapA shown in Fig. 5 is in very good agreement
with the structure of UraA, which consists of 14
TMSs with N- and C-termini located cytoplasmical-

ly (Supplementary Data Table S1). The 14 TMSs are
arranged, as in UraA, in two inverted and inter-
mingled repeats (TMS1-TMS7 and TMS8-TMS14)
related by a rotation of ~180°. TMS1-TMS4 and
TMS8-TMS11 create a core domain, which hosts a
putative substrate-binding cavity.

In the model UapA structure, TMS1-TMS7 corre-
spond well to the previously proposed TMSs using
different algorithms. The model TMS8 starts 13
amino acid residues downstream from the predicted
TMSS. Significant topological discrepancies between
the model and predicted structures exist immedi-
ately downstream from TMS8. These are concerned
mainly with three short interrupted a-helices in the
model structure (TMS9-TMS10-TMS11), rather than
the predicted single long transmembrane segment
including helices TMS9a and TMS9b.**?¢

Consequently, the predicted TMS11-TMS12 corre-
sponds to TMS13-TMS14 in the model structure. It is
noticeable that the segment including the last two
TMS in UapA is longer than that of UraA. The
significance of this observation in relation to the
differential functional role of this segment in bacterial
and fungal NAT members will be discussed else-
where (V. Kosti et al., unpublished results). Notice-
ably, there are two short R-strands in TMS3 and
TMSI10 located in the center of the structure, as
observed in UraA. The NAT signature motif lies
immediately downstream from the B-strand segment
of TMS10 and folds as an a-helix. To our satisfaction,
the two essential residues proposed to make direct
contacts with uracil in UraA (E241 in TMS8 and E290
in TMSI10) correspond to E356 and Q408, which we
have rigorously shown, by using genetic and bio-
chemical approaches, to be two residues making
direct contact with purines in UapA.'*'*"?

With respect to the domains and residues analyzed
in this study, TMS1 and TMS3 are shown to interact
with each other and with TMS10, which includes the
elements necessary (the NAT signature motif) for
substrate binding and transport. The proximity of
TMS1 and TMS3 justifies their genetic and functional
interaction revealed by the second site-suppressors
of H86D. However, His86 is not within bonding
distance to Met151, which lies in the side TMS3 that
does not face TMS1. This result indicates that
suppression of H86D by replacement of Met151
with Ile or Val should occur through an indirect
topological modification. This is supported by the
observation that M151I or M151V also suppress
other H86 mutations (e.g. H86K and H86A), show-
ing the suppression is not allele-specific (data not
shown). By contrast, His86 is within H-bond
distance to Asn409 within the signature motif in
TMS10, a residue absolutely required for UapA
activity. This could very well justify the crucial role
of His86 for UapA function. Mutation 174D, which is
at the N-terminal border of TMS1, might also
somehow affect the crucial interaction of TMSI
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Fig. 5. Model structure of UapA built on the crystal structure of UraA (for details, see the text). The overall structure of
UapA as seen from the extracytoplasmic side and from the side are shown in (a) and (b), respectively. Hydrophilic
segments 103-117, 137-147, 169-186 and 243-258, which correspond to amino acid sequence alignment gaps with the
UraA sequence, could not be structured and are not shown. The numbers of TMSs is indicated. Topological relationships
of TMS1, TMS3, TMS8 and TMS10 are shown in more detail in (c) (side view) and (d) (view from the extracytoplasmic
side). For clarity, only the parts of the TMS relevant to the functional mutations analyzed here are shown. Amino acid
residues genetically and functionally analyzed in this work (His86 in TMS1; Met151, Ser154 and Phel55 in TMS3), and
residues involved in substrate binding or transport (Glu356 and Asp360 in TMSS; GIn408 and Asn409 in TMS10) are also
shown (see the text). Notice the two antiparallel p-strands in TMS3 and TMS10 and the close proximity of His86—Asn409

or Ser154-Glu356.

with TMS3 and /or TMS10. Ser154 in TMS3 is in close
proximity to Glu356 in TMS8, which might also
justify its role in UapA function. Replacement of the
other Ser residues in TMS3 with Ala did not produce
a significant effect on UapA function, and these Ser
residues do not appear to lie in crucial positions in
the model UapA structure.

Discussion

We have presented a functional analysis of
rationally designed or genetically selected mutants
affecting UapA function and turnover. The relevant

mutations analyzed and discussed here are located
in regions predicted to correspond to TMS1 and
TMS3 in UapA. The concomitant publication of the
first NAT crystal structure from E. coli allowed us to
build a topological model of UapA and to verify the
topology and possible interactions of the mutations
discussed in this work. The model UapA structure
fully justified our results and interpretations con-
cerning the role of specific residues in TMS1 and
TMS3 in UapA folding, turnover and function.
TMS1 appears to be a key domain, as revealed by
the pleiotropic character of mutations mapping
within it. For example, the absolutely conserved
GIn85 residue in the middle of this helix has been
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shown to be essential for transport activity,®
whereas the non-conserved Asn71 and GInl13
residues, located in the flanking cytoplasmic and
extracellular loops of TMS1 have been shown to be
crucial for both UapA specificity and transport
kinetics."” None of these purely functionally rele-
vant mutations affect UapA turnover or localization
in the plasma membrane. Furthermore, a non-
conserved putative Leu zipper motif (Leu77,
Leu84, Leu91) has been shown to affect both UapA
turnover and transport kinetics, whereas the abso-
lutely conserved His86 and the partially conserved
Ile74 were shown, here and earlier,? to affect UapA
folding, ER-exit, turnover and specificity. The
central position of TMS1 in the UapA model
structure, which allows it to make contacts with
several other TMS in the core of UapA and,
especially, TMS3, TMS8 and TMSI0, justifies the
genetic and biochemical data obtained with TMS1
mutations.

Ile74, which is predicted to map two amino acid
residues upstream from the model TMS1 (Fig. 5b),
could be functionally replaced by Ala, Gly or Val,
which suggest that what is important in that case is
retention of a hydrophobic or a small side chain at
position 74. Most other NAT homologs have either
hydrophobic (Ile, Leu and Met) or Pro residues at
this position (Fig. 4a). This observation suggests that
TMS1 in UapA might be longer than that of bacterial
homologs and thus include Ile74. In that case,
reducing the hydrophobicity of TMS1 through
substitutions of Ile74 with polar residues (e.g. [74D
and I74N) might affect UapA stability and/ or ER-
exit. The fact that no other similar case has been met
with any hydrophobic to polar replacements in
other TMSs suggests that acquisition of proper
topology of TMS1 constitutes a crucial element for
a functional build-up of UapA. Interestingly, most
mutations concerning Ile74 (174G, 174A and 174V)
also reduce the affinity of UapA for uric acid and
confer a low but measurable ability to bind other
purines. Earlier data from our laboratory have
shown that a number of UapA mutant versions or
chimeric UapA/UapC molecules have a similarly
reduced affinity for uric acid concomitant with
increased capacity to recognize other purines.'®'%%°
On the basis of these observations, we propose that
subtle inter-domain interactions specifically evolved
in UapA, but not in other known NAT homologs,
form the basis for the exceptionally high affinity and
high specificity of UapA for uric acid.'”?® The
results of this study are in accord with this idea
and show that TMS1 is a key domain in inter-
domain interactions.

His86 is one of the few known absolutely
conserved residues in NAT carriers. Given that
members of the NAT family have different specific-
ities and cation selectivity, we propose that His86
should not be involved directly in substrate or cation

recognition.” This prediction is in accord with our
present results and the model structure. The genetic
analysis showed a functional interaction of His86
(TMS1) with Metl151 (TMS3), whereas the model
showed a possible physical interaction of His86
(TMS1) with Asn409 (TMS10). Furthermore, Met151
is in the core of the p-strand of TMS3 which, in the
model structure of UapA, appears to be within
bonding distance to the p-strand of TMSI10, just
upstream from the NAT signature motif, in which
Asn409 has been shown to be absolutely essential
for UapA-mediated transport, despite the fact that it
is not necessary for substrate binding.'®'* His86 and
Asn409 substitutions share a similar functional
profile, such as cryosensitivity, loss of transport
capacity and conservation of substrate-binding
ability.16'25 A conserved His (TMS1) - Asn
(TMS10) interaction in NAT carriers might be crucial
for substrate selectivity, as sug%ested by mutational
analysis of the XanQ permease.** In this case, it was
shown that specific replacement of the analogous
His in TMS1 (e.g. H31Q) recognizes low-affinity
novel purine bases and analogs. Some other His31
substitutions (H31C and H31L) have led to impaired
XanQ activity whereas others (H31K and H31R)
have impaired expression in the plasma membrane,
similar to the case of H86A and H86D in UapA.
Interestingly, , unlike mutations in His86 in UapA
(or His31 in XanQ)), those concerning Asn409 (or
Asn325 in XanQ) do not affect the topology of the
transporter, further suggesting that TMS1 has a
more complex role in NAT folding than that of
TMSI10.

On the whole, our results reveal an important
physical and functional interaction of TMS1, TM3
and TMS10 and suggest that mutations in His86
modify the turnover and/or function of UapA
through alteration of this interaction. The impor-
tance of the interactions of TMS1 with other
domains in the NAT family is further supported
by work with the human SVCT1 and SVCT2
transporters, which showed recently that the anal-
ogous His residue in TMS1 (His51) contributes to
substrate binding through a hydrogen bond, where-
as mutations in the adjacent conserved GIn residue
(GIn50) abolish sodium-dependent ascorbate trans-
port activity.*

We showed that Ser154 in TMS3 has a tempera-
ture-dependent effect on the activity of UapA. Single
Ala replacements of all other Ser residues and of the
conserved Phel55, did not produce a significant
functional or turnover effect on UapA. Simultaneous
replacement of all Ser of TMS3, except Ser154, with
Ala residues did not produce a significant defect in
UapA function or turnover (Fig. 4). The suggested
functional role of Ser154 in UapA is further
supported by studies of bacterial NATs permease.*”
In XanQ, which is a transporter highly specific for
xanthine, Asn93 corresponds to Ser154 of UapA.
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Table 4. Forward primers used for gene specific probes, cloning purposes and for mutant construction

Mutation

Oligonucleotide sequence

uapA expBamHI F
uapA Xbal R

hsp70 (ANID_02062.1) F
hsp70 (ANID_02062.1) R

5-CGGGATCCCTCCATCCATCCATTCAACCGAC-3’
5-GCTCTAGAGCCTGCTTGCTCTGATACTC-3'
5'-CGAGGAGCGCCAGGTCA-3’
5-AACTCCTCGGCCTCGGC-3’

174D 5-GGCCTCAACGAGAAGGATCCCGTGCTGTTGGCGTTTATC-3'

D86H

S145A

S149A

S154A

S154N

F155A

S156A

S159A

S162A

S145A on S149A
S159A on S156A
S162A on S156/159A

5-GTTTATCCTGGGTCTTCAGCATGCGCTTGCCATGTTGG-3’
5-CCAGGTACTATATCGGCGCTGGCGTCCTCTCAGTTATG-3’
5-CTATATCGGCAGTGGCGTCCTCGCAGTTATGGGGGTCTCGTTCTC-3'
5-GTCCTCTCAGTTATGGGGGTTGCCTTCTCCATCATCTCCGTCGC-3’
5-GTCCTCTCAGTTATGGGGGTTAACTTCTCCATCATCTCCGTCGC-3/
5-CTCAGTTATGGGGGTCTCGGCCTCCATCATCTCCGTCGCC-3’
5-GTTATGGGGGTCTCGTTCGCCATCATCTCCGTCGCCAG-3’
5-GTCTCGTTCTCCATCATCGCCGTCGCCAGCGGCGCCTTC-3'
5-CTCCATCATCTCCGTCGCCGCCGGCGCCTTCAACCAGATG-3’
5-CCAGGTACTATATCGGCGCTGGCGTCCTCGCAGTTATG-3'
5-GTCTCGTTCGCCATCATCGCCGTCGCCAGCGGCGCCTTC-3’
5-CGCCATCATCGCCGTCGCCGCCGGCGCCTTCAACCAGATG-3

The nucleobase substitutions of the wild type uapA codon are shown in bold. Reverse primers complementary to the forward primers

shown here were used for site-directed mutagenesis.

Replacements N93S and N93A are highly active but
more promiscuous for recognition of analogs at the
imidazole moiety of the substrate, including uric
acid, whereas N93D has low activity. N93T has low
affinity for xanthme or analogs and N93Q or N93C
is inactive.'® Tt is interesting to note that the N93S
replacement in XanQ partly mlmlcs the specificity of
fungal (UapA) or plant (Lpel)® homologs (i.e.
recognition of uric acid), which have Ser at this
position. Furthermore, in UapA, the mirror image
replacement S154N increased xanthine recognition
(fourfold), whereas S154A has reduced (up to
eightfold) uric acid affinity, somehow mimicking
the bacterial XanQ) permease (Table 3). A similar
functional role of the analogous residue in the
middle of TMS3 of still another bacterial NAT, the
YgfU uric acid permease, was reported recently (K.
Papakostas and S. Frillingos, personal communica-
tion). Interestingly, Ser154 is close to E356 in TMS8
(Fig. 5c and d), a residue essential for function, 1922
possibly through its direct interaction with sub-
strates (V. Kosti et al., unpublished results).

Materials and Methods

Media, strains, growth conditions, and transformation
genetics

Standard media were used for growth of A. nidulans and
E. coli®" Chemical reagents were obtained from Sigma St.
Louis, MO and from AppliChem GmbH. A strain AuapA
AuapC AazgA argB2 pabaAl (AUapA) carrying a single-
copy plasmid integration of the uapA (UapA*) in the argB
locus served as a standard wild type control. The parental
strain used to select suppressors was AuapA AuapC AazgA
argB2 pabaAl (AUapA), expressing the uapA-H86D or
uapA-H86D alleles from a single-copy integrated plasmid.

pabaAl is a genetic auxotrophy for p—ammobenzom acid.
UV mutagenesis is described elsewhere.'” An isogenic
AuapA AuapC AazgA argB2 pabaAl mutant was the
recipient strain in transformations,”* with uapA alleles
constructed or cloned in vectors pAN510GFP and
PAN510exp or with an “empty” vector as a negative
control (see below). These vectors allow selection of
transformants based on arginine auxotrophy complemen-
tation. Transformants expressing intact uapA or uapA-gfp
alleles, through either single-copy or multi-copy plasmid
integration events, were identified by PCR and Southern
analysis. In most cases, we selected transformants
originating from single-copy homologous integrations in
the argB locus. Growth tests were performed at 25 °C and
at 37 °C, pH 6.8. The standard purine concentration used
was 0.5 mM in all earlier studies concerning purine
metabolism in A. nidulans.

Plasmid constructions and uapA mutations

PANS510 is a pBluescript vector carrying uapA with its
ﬂankmg1 sequences and the argB gene as a selection
marker.”” pAN510-GFP is a pBluescript vector carrying a
uapA—gfp fusion with its flanking sequences and the argB
gene as a selection marker. ¥ pAN510exp is a modified
version of pANb510, introducing a BamHI site at the
translation start codon and knocking out a Xbal site in the
pBluescript multicloning region for cloning purposes.'’
The uapA orf from the original mutants was amplified by
PCR using primers uapA expBamHI F and uapA Xbal R
(Table 4), cloned in pAN510exp and sequenced (Macrogen
Inc.). Mutations 174D, S145A, S149A, S154A, S154N,
F155A, S156A, S159A and S162A alone and in combina-
tions were constructed by site-directed mutagenesis
according to the instructions accompanying the Quik-
Change® Site-Directed Mutagenesis Kit (Stratagene) on
vector pAN510-GFP, using complementary oligonucleo-
tides carrying the desired substitution (Table 4), and were
confirmed by sequencing. The M151V and M151I muta-
tions were constructed by cloning the H86D/M151V and
H86D/M1511 open reading frame from the original
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second site H86D suppressors on vector pAN510exp and
reversing the first site mutation using primers D86H
(Table 4). The plasmids constructed were introduced by
transformation into a AuapA AuapC AazgA argB2 pabaAl
strain and the resulting integration events were subjected
to Southern analysis (see below).

Standard nucleic acid manipulations

Genomic DNA extraction from A. nidulans was as
described.** Plasmid preparation from E. coli strains was
done with the Nucleospin Plasmid kit according to the
manufacturer's instructions (Macherey-Nagel GmbH).
DNA bands were purified from agarose gels using the
Nucleospin ExtractIl kit according to the manufacturer's
instructions (Macherey-Nagel GmbH). Southern and
northern blot analyses were performed as described.®
Total RNA extraction from A. nidulans was done with the
TRIzol® reagent according to the manufacturer's instruc-
tions (Invitrogen). In northern blots, equal RNA loading
(5~10 ng) was estimated by measurement of absorbance
at wavelengths of 260 nm and 280 nm and controled by
estimating the amount of rRNA as described.® [*?P]dCTP-
labeled molecules used as hsp70 (ANID_02062.1) or uapA-
specific probes were prepared using a random hexanu-
cleotide primer kit following the supplier's instructions
(Takara Bio Inc.) and purified on MicroSpin™ 5-200 HR
columns, following the sup_ylier's instructions (Roche
Applied Science). Labeled [ 2PlACTP (3000 Ci/mmol)
was purchased from the Institute of Isotopes Co., Ltd.
Restriction enzymes were from Takara Bio Inc. Conven-
tional PCR reactions were done with KAPATaq DNA
polymerase (KAPABIOSYSTEMS, USA). Cloning and
amplification of products were done with Pfx Platinum
(Invitrogen) or Phusion® Flash High-Fidelity PCR Master
Mix (New England Biolabs).

Membrane protein extraction and western blot analysis

Cultures for protein extraction were prepared as
described.® Mycelia from cultures were harvested, frozen
and broken in liquid nitrogen. All subsequent steps were
done at 4°C. Cell extracts were suspended in extraction
buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5 mM
EDTA pH 8.0) supplemented with Protease Inhibitor
Cocktail (Sigma) and 0.2 mM phenylmethanesulfonyl
fluoride (PMSF). Unbroken cells and debris were removed
by centrifugation for 3 min at 3000 rpm. The crude extracts
were precipitated with 5% (w/v) TCA and centrifuged for
5 min at 13000 rpm. Pellets were recovered and suspended
in extraction buffer supplemented with Protease Inhibitor
Cocktail and 0.2 mM PMSEF. Equal sample loading was
estimated by Bradford assay. Total proteins (50 ug) were
separated by SDS-PAGE (10% (w/v) polyacrylamide gel)
and electroblotted (Mini PROTEAN™ Tetra Cell, BIO-
RAD) onto a PVDF membrane (Macherey-Nagel GmbH)
for immunodetection. The membrane was treated with 2%
(w/v) non-fat dry milk or according to the manufacturer's
instructions and immunodetection was done with a
primary mouse anti-GFP monoclonal antibody (Roche
Applied Science), or a mouse anti-actin monoclonal (C4)
antibody (MP Biomedicals) and a secondary goat anti-
mouse IgG HRP-linked antibody (Cell Signaling). Blots

were developed by the chemiluminescent method using
the West Pico SuperSignal reagent (Pierce) and SuperRX
Fuji medical X-Ray films (FujiFILM Europe GmbH).

Kinetic analysis

[*H]Xanthine uptake in conidiospores was assayed at
37 °C or 25 °C as described.'*'”?® Radiolabeled purines
(19.6-33.4 Ci/mmol) were obtained from Moravek Bio-
chemicals (Brea, CA). K; values were calculated from the
Cheng and Prusoff equation:

Ki=1Cs /[1/(L/Km))

where L is the permeant concentration.'”

Epifluorescence microscopy

Samples for fluorescence microscopy were prepared as
described.®® In brief, the samples were incubated on
coverslips in liquid Minimal Medium supplemented with
urea as nitrogen source for 12-14 h at 25 °C, observed on
an Axioplan Zeiss phase-contrast epifluorescent micro-
scope with appropriate filters, and the resulting images
were acquired with a Zeiss MRC5 digital camera using
AxioVs40 V4.40.0 software. Images were then processed
with Adobe Photoshop CS2 V9.0.2 software.

Model construction, validation and molecular
simulations

Alignment of UapA and UraA was done with Clus-
talW§ and the best model was built using MODELLER 9.8
software.”” A stepwise validation approach was followed,
consisting of MD model optimization, comparison with
existing experimental data and, finally, visual inspection.
First, theoretical models were subjected to 2.5 ns of
stochastic dynamics simulation and found to berelatively
stable, with a measured RMSD of alpha carbons from
starting coordinates not exceeding 3 A. After SD optimi-
zation, the best models were tested for structural
consistency by considering all available experimental
data. Both were in good accordance with mutagenesis
and kinetics studies presented earlier and in the present
study.

Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2011.06.024
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Abstract

Using the crystal structure of the uracil transporter UraA of Escherichia coli, we constructed a 3D model of the Aspergillus
nidulans uric acid-xanthine/H* symporter UapA, which is a prototype member of the Nucleobase-Ascorbate Transporter
(NAT) family. The model consists of 14 transmembrane segments (TMSs) divided into a core and a gate domain, the later
being distinctly different from that of UraA. By implementing Molecular Mechanics (MM) simulations and quantitative
structure-activity relationship (SAR) approaches, we propose a model for the xanthine-UapA complex where the substrate
binding site is formed by the polar side chains of residues E356 (TMS8) and Q408 (TMS10) and the backbones of A407
(TMS10) and F155 (TMS3). In addition, our model shows several polar interactions between TMS1-TMS10, TMS1-TMS3,
TMS8-TMS10, which seem critical for UapA transport activity. Using extensive docking calculations we identify a cytoplasm-
facing substrate trajectory (D360, A363, G411, T416, R417, V463 and A469) connecting the proposed substrate binding site
with the cytoplasm, as well as, a possible outward-facing gate leading towards the substrate major binding site. Most
importantly, re-evaluation of the plethora of available and analysis of a number of herein constructed UapA mutations
strongly supports the UapA structural model. Furthermore, modeling and docking approaches with mammalian NAT
homologues provided a molecular rationale on how specificity in this family of carriers might be determined, and further
support the importance of selectivity gates acting independently from the major central substrate binding site.
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Introduction

The Nucleobase-Ascorbate Transporter (NATs) family, also
called Nucleobase-Cation Symporter-2 (NCS2) family, is one of
the most conserved carrier families, including hundreds of
members in all organisms, prominent exceptions being Saccharo-
myces cerevisiae and protozoa [1,2]. The function and specificity of
nearly 20 NAT proteins, coming from bacteria, fungi, plants and
mammals, is presently known, showing that most of them are
specific for the symport of xanthine, uric acid or uracil with H". In
primates however, NAT homologues (SVCT1 and SVCT2) are
specific for the co-transport of L-ascorbic acid/Na* [1,2].
Interestingly, none of the known NATSs can recognise salvageable
purines (adenine, guanine or hypoxanthine), cytosine or nucleo-
sides. While in microorganisms NATs are not essential for life,
serving mostly as nutrient scavengers for nucleobases, their
function is necessary for normal growth and survival in plants
and mammals [3,4].

The UapA transporter of the filamentous ascomycetes Aspergillus
nidulans is the prototype member of the NAT family, being one of
the most extensively studied eukaryotic carriers with respect to
regulation of expression and structure—function relationships. This
is not only because of historical reasons, as uap4d was among the

@ PLoS ONE | www.plosone.org

first eukaryotic transporter genes identified genetically [5] and
cloned [6,7] but mainly due to the fact that uap4d mutants can be
casily selected or constructed through classical or reverse genetics,
and subsequently analysed biochemically in great detail with
simple kinetic studies. The wild-type transporter was shown to be
highly specific for the uptake of xanthine and uric acid, as both
substrates are recognised with high affinity (7-8 uM) and
transported with high capacity [8-10]. In addition, several
analogues of xanthine or uric acid, especially those that do not
have modifications in positions N1-H, N7-H or N9 of the purine
ring, were shown to act as substrates or ligands, albeit with lower
affinity [10,11]. Through the analysis of more than a hundred
UapA mutants, especially those affecting the specificity or the
transport kinetics, the functional importance of several residues
has been established [1,2,12,13]. Four absolutely conserved amino
acid residues (Q85, E356, D388 and N409) are irreplaceable for
function. Among these residues, E356 was proposed to form direct
contacts with the purine ring, based on the fact that a specific
mutation (E356D) dramatically increases the binding of physio-
logical substrates but reduces their transport [11]. A second
partially conserved amino acid, Q408, was also proposed to be
involved in direct contacts with substrates, because its substitution
with Pro dramatically reduces binding of the physiological
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substrates, but mostly because its substitution with Glu offers
UapA the capability of recognizing novel substrates, such as
hypoxanthine and guanine [9]. Furthermore, a kinetic analysis
using several xanthine analogues as competitive inhibitors of
xanthine uptake suggested that E356 and Q408 might interact
with N1H and N9 or N7H of the purine ring [11]. Four additional
absolutely or partially conserved residues, H86, G411, T417,
R418, were also shown to be crucial for determining the transport
activity of UapA [9,10,14]. Importantly, reverse genetics and Cys-
scanning mutational analysis of the homologous Xan() xanthine
transporter of Escherichia coli showed that the same residues as those
found essential for UapA function are also critical for the activity
of the bacterial carrier [15-18]. Most interestingly, randomly
selected specificity mutations enlarging the substrate profile of
UapA concerned nine partially or non-conserved residues, namely
N71, Q113, F406, A441, V463, A469, R481, T526 and F528,
distributed in several regions of UapA structure [11,12,19,20].
None of these residues was however critical for the binding and
transport efficiency of the physiological substrates of UapA.

The crystallization of the first NAT homologue from FEscherichia
coli, the uracil transporter UraA [21], allowed us to build a
preliminary topological model of UapA and to verify the topology
of the residues affecting UapA function and specificity [13]. The
3D model of UapA corresponds to a cytoplasm-facing conformer
made of 14 transmembrane segments (TMSs) divided into two
mverted repeats (TMS1-7 and TMS8-14). The structure is
spatially arranged into a core and a gate domain, consisting of
TMS1-4/8-11 and TMS5-7/12-14, respectively. All residues
essential or critical for UapA function fall within TMS1, TMS3
and TMS10 in the core domain. More importantly, residues E356
(TMS8) and Q408 (TMS10) in UapA correspond to residues E241
and E290 in UraA, which were shown to interact with the uracil.
The UapA model also revealed putative critical interactions of
TMS1 with both TMS3 and TMS10. The importance of TMS3
and the interaction of TMSI1 with TMS3 were genetically
supported by characterising second-site suppressors of the H86D
mutation (TMS1), which are located in M151 (TMS3). Thus, both
in UraA and UapA the substrate binding site seems to be built by
specific residues in TMS3, TMS8 and TMSI10. A similar
conclusion was drawn by a recently published 3D model of the
XanQ) permease [22]. Interestingly, the preliminary UapA model
also confirmed that all specificity mutations which do not affect the
kinetics of transport of physiological substrates are located
distantly from the proposed binding site, that is, outside TMSI,
TMS3, TMS8 and TMS10. This observation is in line with our
previous proposals that specificity mutations define elements of
selectivity filters or dynamic gates which allow or restrict the access
of substrates to the actual binding site [11,12,19,20].

In this work, we propose a structural model of UapA, through
the implementation of a variety of computational methodologies.
In addition, the construction and analysis of a number of rationally
designed mutations was carried out, in order to gain further insight
into the role of the various elements that constitute functional
determinants of UapA. The group of residues experimentally
characterized as critical for UapA function and specificity was
identified and their role in substrate binding and transport was
addressed in terms of structure as well as dynamics. The role of the
functionally irreplaceable residues E356 and Q408 as the main
interacting partners of the various UapA substrates was confirmed.
A quantitative structure-activity relationship (SAR) model com-
prised by an extended set of UapA substrate analogues was
constructed. The SAR model was in full agreement with our
previous genetic and biochemical studies. Furthermore, advanced
molecular simulations outlined a possible translocation mechanism
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Substrate Translocation Trajectory in UapA

for the physiological substrate by providing a trajectory-like
displacement of xanthine across the protein and towards its
cytoplasmic side. Possible selectivity gates at the outward and
inward ends of the substrate translocation pathway are also
proposed. We finally discuss the possible role of residues in the
major binding site with respect to the specificity shift from
nucleobases to ascorbate in members of the NAT family.

Results and Discussion

A UapA Structural Model

The construction of a structural model of UapA became
possible by the recent release of the crystal structure of UraA of E.
coli [13,21]. The two proteins share a rather moderate sequence
similarity (23% identity, 41% positives), which is however
adequate for sustaining a theoretical model of UapA, especially
if combined with the plethora of the existing experimental data.
The model built here was based on the multiple alignment of the
NAT proteins of know function and specificity which was further
modified manually so that it accommodates the correct version of
UapA primary sequence (Uniprot accession number Q07307
replacing erroneous sequences CBF71770.1 and EAA57687.1)
(Figure 1). Model building was performed using MODELLER
software. This algorithm has been used recently with success for
the norepinephrine transporter NET [23]. The loop refinement
routine and a slow simulated annealing protocol for model
refinement were implemented and 40 models were obtained. The
structure with the optimal objective function was selected for
further validation. As a first validation of the model, the structure
with the best spatial restraints score was subjected to a 50 ns
molecular dynamics run using Desmond software [24]. The system
was prepared by embedding the protein in a POPC lipid bilayer
and solvating the membrane by explicit water. The RMS
deviation of the Co-carbons of all Helices, from starting
coordinates was monitored throughout the simulation and did
not exceed 3.0 A, thus indicating the stability of the theoretical
model (Figure S1).

The overall 3D structure of the UapA model (Figure 2)
corresponds to a cytoplasm-facing conformer made of 14
transmembrane segments (TMSs) that adopt a mostly helical
secondary structure. The architecture of the transporter divides
it in two distinct subdomains, the core which consists of TM
segments 1-4 and 8-11 and the gate consisting of segments 57
and 12-14. The transmembrane helices are connected by large
loops, the majority of which notably corresponds to lengthy
insertions in the sequence alignment, thus posing an additional
difficulty in obtaining an accurate conformational representation
for this part of the transporter. The distribution of the ionized
residues on the protein surface is fairly 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.

Genetic Support for the UapA Model

The topology of residues found to be crucial for UapA function
through physiological, cellular and kinetic analyses of relevant
mutants is indicated in Figures 1 and 2 and information on them is
summarized in Table 1. The overall picture is that critical residues
in terms of substrate binding and transport are positioned in good
accordance with existing genetic and biochemical data. All
residues so far identified as essential or critical for UapA function
are located within TMSs 1, 3, 8 and 10 of the core domain.
More specifically, the NAT signature motif Q/E/P-N-X-G-X,-T
(Q*PN*INHOGH !X, T*° R*!7 in UapA), which was proposed by
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Figure 1. Multiple alignment of UapA, UraA and NAT homologues of know function and specificity, used for UapA modeled
structure. Putative transmembrane segments (TMS) of UapA are denoted in colored cylinders. TMSs forming short -sheets are shown with arrows.
o stands for a-helical segments. 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 text are highlighted with asterisks: red for residues of the substrate binding site, orange for those located
in the substrate translocation pathway, green for aminoacids enlarging specificity and black for other important residues involved in dynamic
interactions of TMSs. The listed NAT homologues include: UapA of Aspergillus nidulans, Gl: 88984992; UapC of Aspergillus nidulans, Gl: 790973; Lpe1 of
Zea mays, Gl: 162462794; SNBT1 of Rattus norvegicus, Gl: 284010030; SVCT1 of Homo sapiens, Gl: 6652824; SVCT2 of Homo sapiens, Gl: 6048257; XanQ
of Escherichia coli, Gl: 161784262; XanP of Escherichia coli, Gl: 84028014; YgfU of Escherichia coli, Gl: 85675700; Puc) of Bacillus subtilis, Gl: 16080296;
UraA of Escherichia coli, Gl: 187775829; PyrP of Lactococcus lactis, Gl: 15673585 and RutG of Escherichia coli, Gl:89107857.
doi:10.1371/journal.pone.0041939.g001

functional studies to be an essential element for substrate protein subdomains (see Figure 2C). The importance of the NAT
recognition and transport, is located on TMSI10 in a small 9- motif is dual. First, Q408 is directly involved in substrate binding,
residue helix opposite TMS8, at the interface between the two as strongly suggested by functional studies [9] its alignment with

ARSI S S A B
:;'w ; Ve r 13

Figure 2. Theoretical structure of UapA. (A) Modeled 3D structure of the UapA validated with molecular dynamics using Desmond software. (B)
Top view of UapA model, indicating core (TMS1-4, 8-11)/gate (TMS5-7, 12-14) domains and TMS numbering. (C) Side view of UapA structure
showing the topology of residues selected as crucial for the function (Q85, H86, E356, A363, Q408, N409, G411, T416, R417) and specificity (Q113,
R481, T526, F528) of UapA. (D) Detailed view of dynamic interactions between TMS1 (Q85, H86), TMS8 (D360) and TMS10 (N409, T416). TMS14 is also
shown to highlight the position of residues T526 and F528, which are mostly critical for UapA specificity, in respect to all other important residues in
TMS1, TMS8 and TMS10, involved in substrate binding and transport. In (a), (c) and (d) the upper part of the figure is outward-facing and the lower
part is cytoplasmic-facing.

doi:10.1371/journal.pone.0041939.g002
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E290 which is a residue interacting with substrate in UraA [21],
and from docking studies performed herein (see later). Second,
N409, N410 and T416 seem to be involved in the stabilization of
the protein tertiary intra-subdomain structure. More specifically,
according to the model, a network of hydrogen bonds is formed
between the side-chains of N409, H86, Q85 and 1416 facilitating
the interaction of TMS1 and TMS10, both belonging to the core
subdomain (see Figure 2C, 2D). Experimental support for dynamic
intramolecular interactions between these residues comes from the
fact that substitution of any of the four residues confers
cryosensitivity to UapA transport activity. Furthermore, most
substitutions of these residues lead to a dramatic reduction in V,,,
but do not affect A, values or the localization of UapA into the
plasma membrane [9,14]. A similar network is comprised by the
side-chains of N410, T405 and D360, possibly strengthening the
interaction between TMS8 and TMS10, which also belong to the
protein core. Furthermore, the UapA model also revealed putative
critical interactions of TMSI1 with both TMS3 and TMS10. The
importance of TMS3 (residues F155 and S154) and its interaction
with TMSI were genetically supported by functional studies of
relevant mutants and by second-site suppressors of the H86D
(TMS1) mutation, which are located in M151 (TMS3) [13].
Finally, residue E356 in UapA, which previous functional studies
[11] and docking studies performed herein (see later) show that is
the second major residue involved in direct interactions with
xanthine (see below), aligns perfectly with E241 in the UraA
structure, which is a residue shown directly to interact with the
substrate. Significantly, an homology model of the structure of the
Xan(Q) permease in E. coli has also shown that functional mutations
map in TMS1, TMS3, TMS8 and TMS10 [22]. Thus, functional
studies in two evolutionary very distant homologous transporters,
such as UapA and XanQ), validate the details of the crystal
structure of UraA and the modeled structures of UapA and XanQ),
especially as far as it concerns the substrate binding site.
Interestingly, in UapA, elements distinct from the binding site,
located in the C-terminal part of the protein (TMS12-TMS14)
and in the TMS1-2 loop (see Figure 2C), were shown to control
substrate specificity, thus supporting the idea that NAT's consist of
two topologically and functionally distinct structural folds, the core
and the gate domain, as this was proposed for the UraA structure
[21]. This observation also formed the basis of our previous
proposal which stated that specificity mutations define distinct
selectivity filters or dynamic gates which allow or restrict the access
of substrates to the actual binding site (see also later). Noteworthy,
UapA and XanQ/UraA have significant structural differences in
their gating domains, which is reflected in genetic and functional
differences [11,20,25]. This is highlighted by mutations in TMS14
concerning residues 1526 and F528 in UapA, which correspond
to N430 and Ile432 in XanQ), In particular, while T526 and F528
mutations enlarge dramatically the specificity of UapA, the
analogous mutations in Xan() affect mostly the transport kinetics
in respect to the physiological substrate xanthine and much less the
specificity for certain xanthine analogues with bulky substitutions.
This observation suggests that in the course of evolution UapA has
acquired a more flexible gating domain, a hypothesis in line with a
significant longer TMS13-TMS14 in UapA compared to XanQ),

Substrate Docking Leads to a Model for Xanthine-UapA
Interactions

A major objective of the present study was the elucidation of the
recognition process between UapA and its physiological substrates
and their subsequent translocation along the transporter pore. To
this respect two objectives were pursued. The first was the
determination of the role played by residues which have been
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identified through genetic studies as critical for interacting with the
physiological substrate. The second was the construction of a
structure-activity relationship hypothesis based on those results,
which could in turn facilitate the design of compounds that by
competing with the physiological substrates could act as inhibitors
with potential medical importance. To approach the issues of
substrate recognition and translocation, a model of the interaction
between UapA and xanthine was created using docking-scoring
calculations and the structure of UapA as derived from homology.
Docking calculations were performed using two distinct docking
protocols, a protocol based on the mixed low-mode/Monte Carlo
sampling algorithm for flexible docking and the Induced Fit
Docking protocol (IFD) as introduced by Schrodinger 2011 Suite
of programs. The IFD protocol is based on an iterative
implementation of Glide algorithm for rigid docking and Prime
algorithm for protein refinement, resulting in an improved
simulation of binding in terms of protein flexibility. This allows
for a highly efficient and sophisticated compromise of docking
speed and binding accuracy. Furthermore, since 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 UapA as promising
since it represented an approach complementary to the classical
low-mode/Monte Carlo where the protein is modeled as flexible.
An additional issue that was addressed concerned the tautomerism
of xanthine. In neutral pH xanthine adopts two dominant, almost
equally populated tautomeric states [26] which however introduce
a key difference to the hydrogen bond properties of each isomer.
The different protonation states of N7 and N9 and the
corresponding tautomers are denoted as Xan7H and Xan9H
respectively.

Docking results were fairly consistent with genetic data however
relatively inconclusive in suggesting a unique binding mode for
xanthine. Two different docking poses were obtained as lowest
energy structures for each tautomer, poses 3A and 3B for the
UapA-Xan7H complex and poses 3C and 3D for the UapA-
Xan9H complex (Figure 3). In pose 3A Xan7 is stabilized in the
protein substrate binding domain by 5 hydrogen bonds. In that
pose Q408 plays a key role in binding, in good agreement with
data suggesting a direct contribution of that residue to substrate
recognition [9,11]. The aforementioned hydrogen bond which is
formed between Q408 side chain amide and xanthine is also
present in pose 3C describing the UapA-Xan9 interaction. Yet,
while in pose 3A the binding partners of Q408 are the NH at
position 1 and the carbonyl at position 2 of Xan7H purine ring, in
pose 3C the respective interaction sites are NH at position 1 and
the carbonyl at position 6 of Xan9H. Genetic data have denoted
the carboxylate of E356 as an essential element in protein
recognition [11]. Docking results were in accordance with these
data as it was shown that this residue interacts through a hydrogen
bond with the NH at either position 7 of Xan7H or position 9 of
Xan9H and possibly influences the orientation of the ligand inside
the protein binding pocket (Figure 3). Two additional interactions
further contribute to the stabilization of the complexes, the
interaction between the backbone NH of A407 and either 6-
carbonyl (Xan7H) or 2-carbonyl (Xan9H) and the interaction
between the backbone carbonyl of F155 and either N9 of Xan7H
or N7 of Xan9H. In pose 3B of the UapA-Xan7 complex, the
substrate is also anchored through 5 hydrogen bonds. In that
geometry Q408 interacts with the N3H and N9 of the purine while
E356 interacts with NH1. Finally, in pose 3D the UapA-Xan9H is
stabilized by 4 hydrogen bonds, where Q408 contributes only one
hydrogen bond while E356 interacts with the N1H of xanthine.
Interestingly, the interaction between A407 and F155 backbone
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and the substrate is conserved in all four poses with small
variations on the xanthine interaction partners. An additional
favourable interaction which was commonly present in all four
binding orientations was the m-m stacking of the electron-rich
purine system between the side-chains of 406 and F460.

To further explore the conformational space of the UapA-
xanthine complex and evaluate the convergence of the IFD
protocol, fully flexible docking calculations were undertaken using
the low mode/Monte Carlo sampling method. The results from
the IFD calculations were used as starting structures. The
consistency between the two methodologies was fair. In the case
of tautomer Xan7H, the global minimum structure of the UapA
complex was identical to pose 3A originating from IFD
calculations. However, the global minimum structure of Xan9H
inside the binding pocket was not close to poses derived from IFD
calculations, and lacked specific interactions with the protein.
Thus, while docking calculations have provided a rich insight to
the recognition process which was in full consistency with genetic
data, they were inconclusive in determining the dominant binding
geometry out of the four possible Xan orientations and/or
protonations.

@ PLoS ONE | www.plosone.org

Table 1. Summary of residues critical for UapA function and specificity.
Core Gate Effect on transport Major Substrate Trajectory (t) Enlarged Critical polar
Allele Location Domain Domain capacity’ binding site or Gate (g) specificity interactions
Q85 TMS1 + = + = = = T416
H86 TMS1 + - + - - - N409
Q113 TMS1-2 loop + - +or — - - yes -
M151 B3/TMS3 + - +/—= - - - -
S154 TMS3 + - +/— - - - -
F155 TMS3 + - - yes? - - -
E356 TMS8 e = AF yes = = =
D360 TMS8 + - + - t - T405, N410
A363 TMS8 + = = = t = =
F406 B10/TMS10 + - — - - yes
A407 TMS10 + - + yes? - - -
Q408 TMS10 + - + yes - yes® -
N409 TMS10 + = + = = = H86
G411 TMS10 + - +or — - t - -
T416 TMS10 + = = - t - Q85
R417 TMS10 + - - - t - -
A441 TMS11-12 loop = e = = = yes -
V463 TMS12 - + - - t yes -
A469 TMS12 = + = = t yes =
R481 TMS13 - + - - - yes -
T526 TMS14 - + - - g yes -
G527 TMS14 - + + - g yes -
F528 TMS14 - + - - g yes -
TMS: transmembrane segment.
B: beta sheet conformation within the TMS.
T“—" no major effect on Vmax >50%, “+": major effect on Vmax <10%, “+/—": Vmax <30% and “+ or —": depending on specific substitution.
2Evidence for involvement in substrate binding through peptide backbone interactions, as shown by docking. Consequently mutations with relatively small amino acids
do not have an effect.
3Q408E, confers ability to bind hypoxanthine and guanine, but does not lead to their transport. Q408 in combination with gate mutations leads to high-medium affinity
binding and transporter of all purines and uracil.
doi:10.1371/journal.pone.0041939.t001

SAR Confirms the Mode of Xanthine Binding to UapA
To further check the consistency of the four different binding
modes of Xan with all existing experimental data, we attempt the
creation of quantitative Structure Activity Relationship (SAR)
models by considering a small set of xanthine analogues with
known free energy of binding (Figure 4A). For that purpose, the
iterative docking-scoring methodology of PrGen 2.1 software was
used [27]. Theoretical binding affinities (Epinding) Were estimated
by evaluating ligand-receptor interaction energies, ligand desolva-
tion energies and changes in both ligand-internal energy and
ligand internal entropy upon receptor binding (see Materials and
methods). Calculated free energies AG®,.q were then obtained by
linear regression between experimental free energy AG°.y, and
Epinding: A training set of seven xanthine analogues was used
(XAN, 258X, 65X, 3MX, 8MX, 9IMX, 8AX) and four different
models were created by superimposing all ligands to each of the
four poses of xanthine, using for each analogue the appropriate
tautomer. Xanthine analogues showing a very low binding affinity,
such as 1-methylxanthine and hypoxanthine were excluded from
the training set, but retained as test set. The quality of each model
was evaluated by the coefficient of determination r* for the
correlation between experimental and predicted AG°and the
degree of deviation from Xan orientation. While models 3A and
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Figure 3. UapA - substrate interactions. Schematic representation of the four different docking poses (A-D) of xanthine-UapA interactions
(models 1-4 accordingly). Poses (A) and (B) show the modeled UapA-Xan7H complex and poses (C) and (D) the modeled UapA-Xan9H complex. The
most favoured model is shown framed and in bigger scale (A). This model was supported by docking using mixed low-mode/Monte Carlo sampling
algorithm for flexible docking and the Induced Fit Docking protocol (IFD), as well as, SAR.

doi:10.1371/journal.pone.0041939.9003

3C demonstrated a satisfactory correlation (r* of 0.958 and 0.964
respectively), a poor r* was determined for models 3B and 3D
(0.567 and 0.473).

In model 3A the good correlation (Figure 4B) was accompanied
by docking poses (Figure 4C) of the different analogues that were
in agreement with the pose of xanthine, while a repositioning of all
analogues with respect to starting pose was evident in model 3B. It
is considered that the high degree of structural similarity between
Xan and the selected analogues introduces the necessity of an
equally high degree of alignment of the purine scaffold within the
binding cavity. Thus, model 3A was selected as the consensus of all
three approaches utilized. Model 3A was further validated by

@ PLoS ONE | www.plosone.org

calculating the binding energy of the test set. Calculated binding
energies using Prgen software showed that their binding affinity
was higher than —4.3 Kcal/mol, which is in good agreement with
experimental values.

Functional Studies Validate the Proposed Xanthine-UapA
Interaction

Model 3A could very well explain the substrate specificity
profile of UapA. 3-methylxanthine (3MX), which is a good ligand,
is positioned very similar to xanthine (XAN) (Figure S2A). The
methyl group is placed near the phenyl group of F155 forming

July 2012 | Volume 7 | Issue 7 | 41939



A

RG o] o]
H\N N H\,N N
RiN NH )\ | N )\ | \>
/
R8 NH N
| />_ o T o fi.l \
N H H CH,

N
Rz)\n
I 8-aza-xanthine 9-methyl-xanthine

R3 (8AX) (OMX)

R1T R2 R3 R6 R8

1-methyl-xanthine CH: O H o H
(1MX)

3-methyl-xanthine H O CHs: O H
(3MX)

B-methyl-xanthine H 0 H 0 CHs
(8MX)

2-thio-xanthine
(25%) H S H 0 H

6-thio-xanthine H O H s H
(6SX)

w

AG predicted Kcal/mol

AG experimental Kcal/mol

Figure 4. Structure Activity Relationship (SAR) model for the
interaction of UapA with xanthine analogues. (A) Structures of
XAN analogues used for model creation. (B) Predicted VS Experimental
AGpinding. (C) Superposition of XAN analogues inside binding domain of
UapA as proposed by final model.
doi:10.1371/journal.pone.0041939.9g004

weak Van der Waals interactions. 8-methylxanthine (8MX) is a
moderate binder, showing steric hindrance with the methyl group
of the side chain of T404 and the carboxyl group of E356 lowering
the binding affinity compared to XAN. The hydrogen bond
between N7-H and COOHgpss still exists but is weaker (Figure
S2B). 9-methylxanthine (IMX) (Figure S2C) shows moderate
binding affinity too, as the methyl group is placed close to the NH
group of the backbone of F155 disrupting the N9-NHj;; 55 H-bond.
I-methylxanthine (IMX), which is a non-binder, is considerably
displaced, lacking interaction with Q408 and E356 (Figure S2D).
2-thioxanthine (2SX) is better binder compared to 6-thioxanthine
(65SX) (Figure S2E-S2F). The C=S bond is longer than C= 0O,
displacing substrate 2SX towards E356 while 6SX is displaced in
opposite direction, towards F155. Thus, 25X forms most of the
mnteractions found in XAN, (however the sulphur-containing
hydrogen bond is weaker compared to the oxygen one [28]), while
6SX lacks H-bond with E356. 8-azaxanthine (8AX) although is
positioned identical to XAN (Figure S2G), is a weak binder,

@ PLoS ONE | www.plosone.org
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probably because of the stereoelectronic properties of the N-N =N
group, preventing the way in and/or the translocation through the
transporter. Finally hypoxanthine (HX) cannot form hydrogen
bond with Q408 and E356 on the same time and thus is totally
displaced inside the binding cavity compared to XAN (Figure
S2H). Additionally docking calculations were performed for
purines not recognized by the wild-type UapA, such as guanine
and adenine taking into account their different tautomeric states.
In both cases the Q408 amide failed to form bidentate hydrogen
bond with the substrate, resulting in fewer H bond interactions
compared to XAN (Figure S2I-S2J).

In line with this model, residues Q408 and E356 are absolutely
necessary for substrate binding and transport (even the most
conserved substitutions Q408E and E356D lead to dramatic loss of
transport activity), while residues A407 and F155 can be
functionally replaced [9,11,13]. Further evidence for the direct
involvement of Q408 and E356 in substrate binding comes from
the fact that the mutation Q408 confers the ability for binding
novel substrates (hypoxanthine and guanine) and mutation E356D
leads to 18-fold increased affinity for xanthine but abolishes
transport. This last finding should be emphasized as it provides
indications which might sustain a hypothesis about the role of
E356 not only to direct substrate binding but to the dynamics of
the inward-outward transporter transition, as well. Flexible
docking calculations of XAN to the E356D-UapA, clearly
demonstrated that although of minor influence in terms of
physicochemical properties and interaction profile, the mutation
of glutamate to an aspartate 2-thioxanthine is however critical with
respect to the directional flexibility of the side chain involved. The
shorter side chain of D356 poses a serious limitation to the
conformational space accessible by the carboxylate functionality
compared to the wild type protein. This constraint acts
synergistically with the highly ordered assembly of the three
residues that are engaged in the interaction with the pyrimidine
ring of xanthine. As a result, the concurrent and finely tuned
anchoring of xanthine to all four interaction partners F155, E356,
A407 and Q408 through H-bonds is no longer feasible as a
consequence of the reduced conformational flexibility of the latter.
It can be speculated that a failure in the formation of a stable and
optimally equilibrated complex could negatively affect the
energetics of the conformational shift and thus lead to perturbed
transporter functionality as was experimentally determined for this
mutant. A mechanistic explanation for that perturbation might
involve the interaction of E356 with residues located across the
pore, its role as a mediator of the sliding of xanthine towards D360
and most importantly its possible functionality at the proton
symport cascade. As a summary, we speculate that the shorter
side-chain of D356 reduces its capacity to interact with the
substrate, as clearly shown in docking results where no acceptable
pose of xanthine directly bound to D356 was found. That in turn
might negatively influence the transition from an outward-to an
inward-facing conformation necessary for transport catalysis
[29,30]. Indirect support for this speculation comes from the fact
purified UapA-E356D protein is significantly more stable than the
wild-type protein [31].

Identification and Genetic Support of a Cytoplasm-facing
Substrate Trajectory

Apart from predicting the binding mode of xanthine, another
challenging aspect when studying a transporter is to predict the
trajectory path of the substrate. Flexible docking calculations were
chosen for this study, since they can randomly position the ligand
inside the binding pocket using specific rotational and translational
algorithm. The conformational space of the complex was
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extensively sampled by using the Monte Carlo and Low Mode
conformational search algorithm. This method has proven highly
efficient in sampling similar systems and it is considered as a robust
technique [32]. Starting from the binding pocket previously
originated xanthine was placed about 6 and 12 A along the
channel formed by TMSs 8, 10 and 12 on both directions
producing 5 initial structures for docking calculations. 5000 steps
of Monte Carlo/Low Mode were produced for each run, followed
by energy minimization. During Monte Carlo perturbation the
ligand was free to move along the x, y, z axes from 0 to 5 A and
simultaneous free rotation. The lowest energetically structures
obtained are depicted on Figure 5 providing a theoretical pathway
of the ligand before and after the binding pocket.

The proposed substrate translocation pathway starts from the
centrally located major substrate binding site (residues F155, E356,
A407 and Q408) and is followed by subsequent poses of xanthine
docking towards the cytoplasmic face of the transporter, close to
residues D360, A363, G411, T416, R417, V463 and A469
(Figure 5).

D360, which is a very well conserved residue in NATs, has not
been mutated before. However, the equivalent Asp in Xan(Q) was
shown to be absolutely necessary for xanthine transport [22] and
in UraA it corresponds to H245, a residue speculatively proposed
to be important for a proton-coupled mechanism of transport of
Uracil [21]. We mutated Asp360 to Ala and His. D360H scored as
a total loss-of-function mutation (Figure 6A, 6C) and despite being
localized in the plasma membrane showed increased levels of
vacuolar turnover (Figure 6B). D360A was relatively stably
localized in the plasma membrane (Figure 6B), but conserved
low transport activity, mostly at 37°C (Figure 6A, 6C). Interest-
ingly, the low transport activity of UapA-D360A was dependent
on the plasma membrane proton gradient and pH, similar to the
wild-type allele (Figure 6D). Furthermore, D360A showed
substrate affinity and specificity profiles very similar to the wild-
type protein (see Figure 6A and results not shown). These results
contradicts the participation of D360 as a residue essential for the

Substrate Translocation Trajectory in UapA

binding and symport of H" and rather supports an indirect role in
substrate translocation, possibly through its interactions with N410
and T405, as shown earlier (see Figure 2).

A363 and G411 have been shown to be critical residues for
transport [9,33]. Noteworthy, specific substitutions of G411 either
immobilize UapA (G411V) [31], or increase 2-fold its apparent V'
(G411A, G411V) [9], suggesting that G411 is a key dynamic
element in movements associated with UapA-mediated transport.
Residue R417 has been shown to be important specifically for
increasing uric acid binding affinity [10]. In line with that,
mutation R417G reduces dramatically uric acid binding but
conserves high affinity for xanthine.

The other two residues, V463 and A469, do not seem to be
important for substrate transport per se, but specific substitutions of
them affect significantly UapA specificity [12]. Most interestingly,
none of the above residues is critical for protein turnover or for
substrate binding, as shown by relevant mutations. Thus, all
elements of the proposed substrate trajectory are associated with
mutations that either affect transport rates (apparent I values) or
substrate specificity. This observation is in excellent agreement
with residues lining a cytoplasm-facing trajectory downstream
from the major substrate binding site.

Genetic and Structural Support for a Dynamic Outward-
facing Gate Critical for UapA Specificity

Among the most prominent, genetically selected, specificity
mutations are substitutions of T526 and F528 with aliphatic or
polar amino acid residues (Met and Leu for 1526; Ala, Ser, Thr
for I528). These substitutions do not affect the kinetic and
specificity profile of UapA for its natural substrates (uric acid and
xanthine) but confer UapA-mediated low affinity uptake of other
purines and purine analogues with bulky substitutions [11,20].
Based on these finding we have proposed that these two residues
act as elements of a molecular filter or a dynamic gate which
selects which purines can have access to the major substrate
binding site, and in turn, substitutions of T526 and F528 loosen

Figure 5. A xanthine translocation pathway in the cytoplasm-facing UapA model. Residues F155, Q408, E356 and A407 define the major
substrate binding site, whereas T526 and F528 indicate a putative outward-facing gate (see text).

doi:10.1371/journal.pone.0041939.9g005
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Figure 6. Functional analysis of new UapA mutations. (A)
Growth tests on purines as sole nitrogen sources at 25 and 37°C. UA
indicates uric acid, AD is adenine, HX is hypoxanthine. As a control,
growth on urea is also shown (UR). Positive (UapA™) and negative
(4UapA) isogenic control strains are also shown. (B) Epifluorescence
microscopy showing in vivo subcellular expression of UapA-GFP mutant
alleles and a wild-type control (UapA*). (C) Comparative initial uptake
rates of 3H-radiolabled xanthine in UapA mutant alleles and a wt
control. 100% is the transport rate in the wt (UapA™). (D) K., values for
functional UapA mutants and wt (UapA*). For details see Materials and
Methods.

doi:10.1371/journal.pone.0041939.g006

the selectivity of this gate. In the UapA model built herein, T526
and F528 are located in the outward-facing edge of TMSI14,
ideally positioned for defining the entrance of substrates in a
trajectory leading to the major binding site. Does this putative
outward-facing gate also act as a secondary substrate binding site?
Although most evidence supports the existence of a single major
substrate binding site positioned in a central cavity of all
transporter studied, the existence of secondary binding sites in
outward and inward faces of transporters is a recent and strongly
debatable issue [34—41].

To test the possible implication of residues T526 and F528 as
elements of an outward-facing gate and/or a putative secondary
substrate binding site, we performed flexible docking calculations
of xanthine utilizing wide sampling. Our results indicated a
particular binding geometry at a distance from the major substrate
binding domain, which might serve as an individual outward-
facing recognition spot and which includes residues 1526 and
F528 (Figure 7A, 7B). More specifically, a small ensemble of poses
with favorable geometries is found to occupy a cavity formed at
the boundary between the extracellular and transmembrane
regions of the protein. In this area, a well defined cleft is formed
between the gate subdomain of the transporter and protruding
helices TMS13 and TMSI14. The purine is stabilized there by
hydrogen bonds accommodated by $233, T237, T526 and F528.
It should be mentioned that from a topological perspective that
cavity is simultaneously the most easily accessible from the solvent
and still in very close proximity to the major binding site (distance
between E356 and F528 1s only 12 /QX). Thus it might be considered
that the major and a secondary substrate binding site are
interconnected, as a linking path would be easily assumed by
hypothesizing slight movements and rolling of helices TMS4 and
TMS7. This proximity is further supported biochemically in
Xan(Q) where substrate binding protects the alkylation of cysteine
residues genetically positioned in TMS14 [25].

To further confirm the existence of this outward-facing gate and
test whether it also functions as a secondary substrate docking site,
we constructed and analyzed mutations concerning 5233 and
T237 and G527, which have not been mutated before. We also
constructed and analyzed the double substitution T526M/F528A.
According to the docking result, substitutions of S233 and T237
would, in principle, enlarge the specificity profile of UapA, similar
to substitutions in 1526 and F528, whereas substitutions G527V
would also affect the local architecture and thus loosen the
specificity of UapA. The double substitution T526M/F528A
might also further loosen UapA specificity. Results for the analysis
of these mutations are shown in Figure 6. Ala substitutions of S233
and T237 did not affect at all the plasma membrane localization,
the turnover or the transport kinetic and specificity profile of
UapA, strongly suggesting that these residues are not part of the
outward-facing gate or of a secondary binding site. In contrast,
G527V scored as a loss-of-function mutation, especially at 37°C
(Figure 6A, 6C), apparently due to protein instability and vacuolar
degradation (Figure 6B), whereas T526M/F528A showed, tem-
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Figure 7. A putative xanthine secondary docking pose at the extra-cytoplasmic side of TMS14. (A)Detailed view and (B) its relative

position to the primary binding site.
doi:10.1371/journal.pone.0041939.g007

perature-dependent, enlarged UapA specificity, leading to UapA-
mediated growth on adenine or hypoxanthine transport
(Figure 6A), strongly supporting the role of the relevant residues
in the functioning of dynamic selectivity gate. In summary, the
analysis of the new mutations further supports the role of residues
T526, G527 and F528 as elements of an outward-facing dynamic
gate controlling substrate specificity, but fail to provide genetic
support for the presence of a secondary substrate binding in this
gate.

Another outward-facing residue that affects dramatically UapA
specificity is Q113 located in the loop between TMSI and TMS2
(see Figures 1 and 2). A specific substitution, Q113L, enlarges
UapA specificity similar to mutations concerning T526 and F528.
We did not obtain a docking pose of xanthine close to Q133,
which in fact seems very distant from the both the major substrate
binding site and residues T526 and F528. We do not understand
at present how this residue might affect the specificity of UapA,
but it is not however uncommon in transmembrane proteins that a
mutation might have domino effect on activity.

A Possible Inward-facing Gate?

Besides Q113, T526 and F528, all other randomly selected
mutations which have a prominent effect UapA specificity concern
residue R481 [12]. Substitution of R481 with aliphatic residues
enlarges the specificity of UapA similar to mutations in Q113,
T526 and F528. This residue is located at the border of loop
TMS12-TMS13 with TMSI13 (see Figure 1 and 2). We did not
obtain a docking pose of xanthine at this site, which is distantly
located form the major substrate binding site. How is critical for
the specificity of UapA for uric acid or xanthine is not, at present
understood. It might be through a domino effect on the outward-
facing gate or it could define an element of a dynamic inward-
facing gate. We favor the second hypothesis based on two
observations. First, deletion of R481 or a 2 amino acid insertion
(Ala-Gly) immediately upstream from R481 lead to increased,
temperature-dependent, UapA instability and vacuolar turnover,
usually obtained with mutations in dynamic elements of the
transporter [12]. Second, double mutants including R481 and
substitutions in T526 or I528, further loosen the specificity of
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UapA, showing that there is an additive effect of outward-and
inward-positioned mutations, which can be more easily rational-
ized if two independent selectivity gates operate at both sides
UapA. Furthermore, despite the fact that R481 is topologically
distant from the cytoplasmic end of the substrate translocation
trajectory defined herein, which is close to R417 (see Figure 5), it
should be taken into account that the UapA model built here is
based on a static inward-facing conformation of UraA and
consequently it should not be excluded that in a putative outward-
facing conformation of UapA, loop TMS12-TMS13 and R481
are proximal to the cytoplasmic end of the substrate translocation
trajectory.

In Search of a Structural Rationale for the Evolution of

Novel Specificities in the NAT Family

In primates NAT members are specific for L-ascorbate/Na*
rather than nucleobases/H". Other mammals have both NAT
versions, specific for either L-ascorbate or nucleobases [1]. We
modeled and performed docking studies with the rat nucleobase
transporter rfSNBT1 and the human L-ascorbate transporter
SVCT2. Results, shown in Figure 8, demonstrate that L-
ascorbate and xanthine dock specifically in a centrally located
binding site in SVCT2 and rSNBT1 respectively, but not vice
versa. The amino acid residues involved in substrate interactions
in rSNBT-1 are identical or highly conserved compared to
those identified in UapA (F124, E347, E397 and S396 in
rSNBT1 corresponding to F155, E356, Q408 and A407 in
UapA. In contrast, in SVCT2, which lacks the critical substrate
binding GIn/Glu residue found in nucleobase-specific NATSs
(Q408 in UapA, E397 in rSNBT1), binds ascorbate using F170,
5442, E393 and D397, residues that correspond to F155, A497,
E356 and D360 in UapA. Thus, it is clear that the
‘replacement’ of a GIn/Glu by a Pro residue in the NAT
motif, located in TMSI10, is a crucial difference for the shift in
specificity in this family of transporters.

To test whether this difference is sufficient to shift the specificity
of UapA from purines to L-ascorbate we constructed mutant
UapA-A407S/Q408P, and tested its expression, stability and
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Figure 8. Interactions of NAT proteins with specific substrates. (A) Docking pose of L-ascorbate in SVCT-2 and (B) xanthine on superimposed

rSNBT1 (in pink) and UapA (in blue).
doi:10.1371/journal.pone.0041939.9008

transport profile in respect to purines and L-ascorbate. Results
included in Figure 6 show that the double mutation does not affect
the expression of a GFP-tagged version of this UapA allele to the
plasma membrane, a very strong indication that the overall folding
of the transporter is not affected. This mutant, however, has lost
any detectable capacity of purine uptake and has not acquired
identifiable uptake of L-ascorbate. This result strongly suggests
that evolution of novel specificities within a transporter family is
not simply a result of local changes in the major substrate binding
site, but might also depend on other elements, such as outward-or
inward-facing gates and molecular filters.

Concluding Remarks

The present work presents a theoretical UapA structural model,
which reveals a number of important aspects concerning how this
transporter selects and transports its substrates. Results derived
from different docking methodologies in conjunction with SAR
modeling, were in very good agreement, thus proposing a highly
consistent model concerning UapA substrate recognition. Obvi-
ously all structural models should be treated with great caution
when used to speculate on function. However, UapA presents a
unique case where a plethora of mutations, including randomly
selected mutations, are available and have been wused to
understand function without knowing the structure of the
transporter. Much to our satisfaction, our previous and present
genetic and biochemical data fully support the structural data
proposed in this work, and allowed us to speculate on a solid
experimental ground.

Furthermore, our docking approaches are not only in excellent
agreement with the i vivo specificity profile of UapA, but also
provided a rationale for the difference in substrate specificity
between the rat and the human NAT homologues, the former
being specific for nucleobases and the latter for L-ascorbate. We
have previously proposed that the presence of a Gln or Glu residue
in the NAT motif (Q408 in UapA) is a molecular signature for
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predicting whether a NAT protein is specific for nucleobases
rather than L-ascorbate. In L-ascorbate transporters Gln/Glu is
replaced by a Pro residue. Here we provide strong mutational and
structural evidence for this observation.

This work reinforces the novel concept of the existence of
dynamic gates or molecular selectivity filters in specific families of
transporters [2,42,43]. The existence of filters or gates can be
easily reconciled with the generally accepted rocker-switch
mechanism of alternating outward-and inward-facing conforma-
tional states in transporters underlying their functioning [30].
Gating, which introduces occluded and open intermediates in the
outward-and inward-facing conformers, might have evolved to
add extra specificity or to prevent leakage of substrates in the
wrong direction [44].

Our findings further show that specificity of NAT homologues
belonging to evolutionary distant groups, such as fungi and
metazoa might not solely be determined from specific interactions
within a major, centrally located, substrate binding site. When we
genetically constructed a UapA substrate binding site mimicking
that of the human ascorbate transporter SVCT2, we obtained an
apparently inactive UapA transporter. This strongly suggests that
the mutational barrier underlying the specificity shift between
UapA and SVCT2 extends beyond changes in the substrate
binding site and probably includes changes in dynamic elements of
these transporters, including gates and molecular filters, as those
described herein. This observation should be critical in future
efforts to use NA'T transporters as specific gateways for developing
targeted antimicrobials, but also for rationally designing i vitro
evolution approaches for understanding how transporters work.

Materials and Methods

Homology Modeling
Homology model building was performed using MODELLER
v.9.8 software [43].
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Protein Preparation

The protein was prepared for the docking calculations using the
Protein Preparation Workflow (Schrodinger Suite 2011 Protein
Preparation Wizard) implemented in Schédinger suite and
accessible from within the Maestro program (Maestro, version
9.2, Schrodinger, LLC, New York, NY, 2011). Briefly, the
hydrogen atoms were added and the orientation 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 minimization performed
by Impref utility, which is based on the Impact molecular
mechanics engine (Impact version 5.7, Schrodinger, LLC, New
York, NY, 2011) and the OPLS2001 force field, setting a max
rmsd of 0.30. Ligand preparation for docking was performed with
LigPrep (LigPrep, version 2.5, Schrodinger, LLC, New York, NY,
2011) application which consists of a series of steps that perform
conversions, apply corrections to the structure, generate ionization
states and tautomers, and optimize the geometries.

Molecular Dynamic Simulations

For the MD simulations Desmond v.3 software was implemented
(Desmond Molecular Dynamics System, version 3.0, D. E. Shaw
Research, New York, NY) [24]. The system was prepared by
embedding the protein in a POPC lipid bilayer, solvating the
membrane by TIP4P explicit water, neutralizing with counterions
and adding 150 mM salt and subsequently following the stepwise
equilibration protocol as developed by Desmond for membrane
proteins. The 50 nssimulation was performed in the NPyT ensemble
with Langevin thermostat and barostat and semi isotropic pressure
restraints. All molecular dynamic simulations were run on Cy-tera
HPC facility (http://www.linksceem.eu/1s2/).

Induced Fit Docking

Molecular docking was performed using the Induced Fit
Docking (IFD) protocol [46] (Schrédinger Suite 2011 Induced
Fit Docking protocol), which is intended to circumvent the
inflexible binding site and accounts for the side chain or backbone
movements, or both, upon ligand binding. In the first stage of the
IFD protocol, softened-potential docking step, 20 poses per ligand
were retained. In the second step, for each docking pose, a full
cycle of protein refinement was performed, with Prime 1.6 (Prime,
version 3.0, Schrédinger, LLC, New York, NY, 2011) on all
residues having at least one atom within 8 A of an atom in any of
the 20 ligand poses. The Prime refinement starts with a
conformational search and minimization of the side chains of
the selected residues and after convergence to a low-energy
solution, an additional minimization of all selected residues (side
chain and backbone) is performed with the truncated-Newton
algorithm using the OPLS parameter set and a surface General-
ized Born implicit solvent model. The obtained complexes are
ranked according to Prime calculated energy (molecular mechan-
ics 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, Schrédinger, LLC, New York,
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
which accounts for the receptor—ligand interaction energy
(GlideScore) and receptor strain and solvation energies (Prime

energy).
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Flexible Docking Calculations

Flexible Docking Calculations were performed using Macro-
model 9.9 (MacroModel, version 9.9, Schrodinger, LLC, New
York, NY, 2011). As starting structure we used the best pose
derived from IFD calculations for both tautomers of Xanthine
(Xan7 and Xan9). Partial charges were calculated using the Jaguar
Software (Jaguar, version 7.8, Schrodinger, LLC, New York, NY,
2011). Docking calculations were performed using 1000 steps or
5000 steps search of the mixed Monte Carlo/Low Mode (MC/
LMOD) [47] search algorithm with a ratio of 0.5 and
OPLSA2005 [48] force field. During the LMOD structural
perturbation, and during the subsequent energy minimization, all
residues within 6.0 A from the ligand were allowed to move freely.
The remaining residues were treated as “frozen atoms.” Addi-
tional structural perturbation was applied for all torsion angles of
the three “distorted”” aminoacids, using the TORS command. The
ligand was subjected to explicit translation/rotation with respect to
the binding site via the MOLS command available in Macromodel
9.0. Also a distance-dependent dielectric “constant” of 4r was
used. After each successful run the complex was minimized using
the TNCG algorithm (rmsG <0.01 kJ/mol A). Unique confor-
mations were stored only if they were within the lowest 50 kJ/mol.

Prgen

Scoring calculations were performed using the PrGen2.1
software according to the following procedure. Theoretical
binding affinities are estimated by evaluating ligand-receptor
interaction energies, ligand desolvation energies and changes in
both ligand-internal energy and ligand internal entropy upon
receptor binding: Ebinding = Eligand-receptor TAsbinding
AGopation ligand T AEinternal ligand- Calculated free energies AG®pcq
are then obtained by linear regression between experimental free
energy AGOCXp and Epinding. All molecules were superimposed over
the position of Xanthine as derived from IFD calculations.
Solvation energies, entropy corrections and ligand reference
energies were calculated for all ligands after individual minimiza-
tion using specific built-in PrGen 2.1 modules. To determine the
ligand-receptor interaction energy, Eigand-recepiors the program
uses the force field Yeti _ENREF_48 [49]. Binding affinities are
obtained by linear regression between AG® and Epjnding. All
calculations with PrGen 2.1 were run on a Silicon Graphics
Octane.

Media, Strains and Growth Conditions and Construction
of UapA Mutants

Standard complete (CM) and minimal media (MM) for 4.
nidulans were used (http://www.fgsc.net). Auxotrophies were
supplemented at the concentrations given in (http://www.gla.ac.
uk/acad/1ibls/molgen/aspergillus/supplement.html). Nitrogen
sources were used at the final concentrations: urea 5 mM, uric
acid, adenine or hypoxanthine 0.5 mM. Chemical reagents were
obtained from Sigma St. Louis, MO and from AppliChem
GmbH. A AuapA AuapC AazgA argB2 pabadl strain transformed
with plasmid pAN510-GFP, integrated as a single copy in the argB
locus, served as a standard wild type control [for details of this
strains see 9]. pAN510-GFP carries a fully functional uapd gene
fused with the gfp orf to allow for the subcellular localization of
UapA-GFP by epifluorescence microscopy [9,20]. An isogenic
AuapA AuapC AazgA argB2 pabadl mutant was the recipient strain
in transformations with mutant uapA4 alleles which were construct-
ed on vector pAN510-GFP by site-directed mutagenesis according
to the instructions accompanying the Quik-Change® Site-Directed
Mutagenesis Kit (Stratagene), using complementary oligonucleo-
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tides carrying the desired substitution (Table S1), Mutations were
confirmed by sequencing. The pAN510-GFP vector allows
selection of transformants based on arginine auxotrophy comple-
mentation [9]. Transformation of A. nidulans was as according to
Koukaki et al. [50]. Transformants expressing intact wuapA-gfp
alleles, through single-copy plasmid integration events, were
identified by standard PCR and Southern analysis. Growth tests
were performed at 25°C and at 37°C, pH 6.8.

Standard Nucleic Acid Manipulations

Genomic DNA extraction from A. midulans was as described.
Plasmid preparation from E. coli strains was done with the
Nucleospin Plasmid kit according to the manufacturer’s instruc-
tions (Macherey-Nagel GmbH). DNA bands were purified from
agarose gels using the Nucleospin Extractll kit according to the
manufacturer’s mnstructions (Macherey-Nagel GmbH).
[*?P]dCTP-labeled molecules used as uapA or argB specific probes
were prepared using a random hexanucleotide primer kit following
the supplier’s instructions (Takara Bio Inc.) and purified on
MicroSpin™ $-200 HR columns, following the supplier’s
instructions (Roche Applied Science). Labeled [*2P]dCTP
(3000 Ci/mmol) was purchased from the Institute of Isotopes
Co., Ltd. Restriction enzymes were from Takara Bio Inc.
Conventional PCR reactions were done with KAPATaq DNA
polymerase (KAPABIOSYSTEMS, USA). Cloning and amplifi-
cation of products were done with Pfx Platinum (Invitrogen) or
Phusion® Flash High-Fidelity PCR MasterMix (New England
Biolabs).

Epifluorescence Microscopy and Transport Kinetic Assays

Samples for fluorescence microscopy were prepared as previ-
ously described [9,14,20]. In brief, the samples were incubated on
coverslips in liquid Minimal Medium supplemented with urea as
nitrogen source for 12-14 h at 25°C, observed on an Axioplan
Zeiss phase-contrast epifluorescent microscope with appropriate
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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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N

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.

ACEVEN

VOLUME 287 +NUMBER 44 -OCTOBER 26, 2012

¥T0zZ ‘2 |udy uo 1589nb Aq /B10°0g[-mammy//:dny wiou ) papeojumoq


http://www.jbc.org/
http://www.jbc.org/

A
S FSES
- l-1-7-1.J-1-1-1.1¢
AD | . . * L ‘z . ,.
@ Bea®albn -
N - S e Sy = |
5 N “ - e t
”;; ' , ' al ¢ " ‘
NPT A
C D

% [*H]-hypoxanthine uptake
25 50 75
e 1 [ 1 1
(] E—————

100 125 1%0 175
—t

% 0

Structure-Function Relationships in FcyB

o4
9

O
«936]4
Yag,,
Vg,
2, SJ:(,
Yoy,

~BE 80
D #0

/-.s--‘. .

=

~~.o0¥80D
e - Y

——~~BES0
~--D¥E D

S5 55 F8ESTSE
TS FSF KSR

o-GFP

el L1 L R L L

U-ACHN e——— — — T — N W —

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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