Modeling, substrate docking and mutational analysis identify residues essential for the function and specificity of the purine-cytosine transporter FcyB.
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Introduction:

TheNucleobaseCationSymporterl (NC3) family includesbacterialand fungaltransmembrandransportersspecificfor the uptakeof purinespyrimidinesaswell asother structurallysimilarmetabolites(e.g. allantoin, hydantoin pyridoxine,thiamine) Therecentelucidationof crystalstructuresof a bacterial
member of the NC3 family, the Mhpl benzythydantoin permeasefrom Microbacteriumliquefaciensallowed us to constructand validate a three-dimensionalmodel of the Aspergillushidulanspurine-cytosine/H FcyBsymporter Basedon primary sequencealignment,three-dimensionaltopology, and
substratedocking,we identified residuesaspotentially essentialfor substratebindingin FcyB Tovalidatethe role of theseand other putativelycritical for transportresidueswe performeda systematidunctionalanalysiof relevantmutants Thecharacterizatiorof the mutated forms of FcyBwvasperformed

by growth tests, epifluorescencemicroscopicanalysisdetailedkinetic studiesand westernblot analysisAmongthe residuesmutated we identified critical onesfor the substratebindingaffinity and/or the specificity,providinginformation concerninghe molecularmechanismand evolutionof the transporter
specificity

1. Multiple sequence alignment oFcyBand NCS1 homologues of known function. 2. FcyBstructural model

A. Modeled 3D structure of the FcyB
validatedwith moleculardynamicsusing
Desmondsoftware B. Top view of FcyB
model where the core of the first 10
TMSsis clearly distinguishedfrom the
lasttwo TMSsl1 and 12, which probably
do not affect transport catalysisper se
The core can also be seen as two
subdomainsthe first madeof TMSsl, 2,
6 and 7 andthe secondfrom TMSs3, 4, 8
and 9, linked with flexible helicesTMS
and TM3.0. The substratebindingsite is
located in the space between the two
subdomainsof the core. In the lower
panel, the topology of residuescritical
for the function of the substratebinding
site, 85, W159, N163 W259 N350,
N351, P353and N354, is shownin zoom
out. C Side view of FcyB structure
showing the topology of residues 335,
W159, N163 W259 and N354, involved
In directinteractionswith substrates

NC3 family members bind structurally different
substrates,however the alignment of representativesof
known function reveals that despite the low identity,
there are highly conservedresidues in the substrate
dockingarea

The proteins used for the allignment are: FcyB A.
nidulans purine-cytosine transporter, Af FcyB A
fumigatuspurine-cytosinetransporter, Fcy21p and Fcy2p:
Saccharomycescerevisiea purine-cytosine transporter,
Mhpl: M. liguefacienshydantoin transporter, FurA A
nidulansallantoin transporter, Fudp: S cerevisiaeuracil
transporter, Dalp: S cerevisiaeallantoin transporter,
Fullp: S cerevisiaeuridine transporter, FurD A. nidulans
uracil transporter, AtNcdl: Arabidopsishaliana adenine,
guanineanduraciltransporter

In order to construct the 3D FcyBmodel we used the
alignmentshownwith Mhpl. Thesoftware usedfor the
constructionwasModeller9v8. Putative TMSsof FcyBare
denoted in colored cylinders Invariant and highly
conservedamino acidsare shadedin red and blue-lined
boxes respectively

Amino acids selectedand mutated are those predicted
critical for function and specificityand are divided in 3
categories highlighted with asterisks red for residues
Interacting with substrates, blue for those critical for
substrate binding and transport, and black for other
residuesmutated.

3. Substrate docking in FcyB 4. Functional analysis dfcyBmutations

A. Growth tests on HX (hypoxanthine)
and AD (adenine) as sole nitrogen
sources and resistance/sensitivitytest

Dockingassayswere held, the more consistentposes on 5-FC (>-fluorocytosine) at 25° C of
are presentedhere for eachsubstrate Hydrogenbonds mutant allelesot FcyB Growth on urea
are depictedwith dashedlines In all caseghe two Trps s alsoshown (UR)asa control. Positive
(W159and W259) participatein substratebindingby «- (FcyB and negative (4-cyB Isogenic
< stackinginteractionsbetween the purine/ pyrimidine control  strains are shown B
ring and the indolic ring. A. Adenine binds with 3 Epifluorescencemicroscopyshowing in
hydrogenbondsin total that are formed with S85 and vivo subcellularexpressionof FCyBGFP
N163 B. Hypoxanthineforms 3 hydrogenbondswith mutant alleles and a wild-type control
85, N163 and N354. C. Guanine forms 6 hydrogen (FeyB presentedas dark structuresin a
bondswith 85, N163 and N354. D. Cytosineforms 5 grayscaleinverted mode. In selected
hydroden bonds with 85, N163 and N354 E 5- samplesarrowsand arrow headsdepict
Flurocytosineforms 4 hydrogenbondswith S85, N163 perinuclear ER membrane rings and
and N354 vacuoles, respectively C Comparative

initial uptake rates of 3H-radiolabeled
hypoxanthinein FcyBmutant allelesand
a wt control. 100% s the transport rate
in the wt (FcyB. D. Western blot
analysisof total proteinsfrom FcyBGFP
mutants detected with anti-GFP
antibody. Antibody against actin was

= used as an internal marker for equal
loading
E
o o _ Hypoxanthine Adenine Guanine Cytosine
Kinetic and specificity profile
of mutant versions of FcyB Wt 11 7 17 20
K, values (... Xadetermined V83N 16 2 7 18
were ~ determined  as ggp 78 26 16 45
described in Experimental
E In vivo subcelluladocalizationof wild-  procedures >500 or >1000 N163Q 47 2 > 500 3
_ » _ type FcyBGFRupperpanel)andmutant ~ stand for inhibition values T191A 9 11 4 3
_F. Topologyof the four f.unctlor_lallycrltlca! Asnregldues FcyBNS1A (lower panel) in relation to closeto 10-20 % at 0.5 and 1 E206A . 7 10 14
In TMSs3 and 8 andtheir possibleH bondinteractions positioning of nuclei in order to verify mM respectively Resultsare
that the rings formed in the caseof  averagesof at least three S261A 4 6 o0 17
FcyBN81A are endoplasmicreticulum  Independent experiments in  N351A 3 1 4 16
rings (A) Nuclei labeled with Hoechst triplicates for each
33342 (B) Nuclei labeled with HhoA concentrationpoint. Standard N350D ° 8 31 6
mRFP (histone H1). V, indicates deviationwas<20% N350A 6 > 1000 25 5
vacuoles ER, indicates endoplasmic N354D 3 1 > 500 A

reticulum, N, indicatesnucleus

Discussion

Ourresultsfully supportthe involvementof specificresiduesn TMS, TMS3, TM® and TMSB, in substratebindingand/or transport In particular.

™35, W159, N163, W259, N350, N351, P353andN354were shownto be irreplaceablgor FcyBmediatedtransport,amongthese S35, N163, N350, N351and N354 seemcritical for determiningthe substratebindingaffinity and/or specificityof FcyB

™\81, V83, 261, T191and E206 seemto havea lesscriticalrole on protein turnover or FcyBiransportactivity, howeveronly T191A moderatelyaffectsthe affinity and substratespecificityof FcyB

™35, N163and N354 makedirect H-bondswith substrates,

™E206A, concerninga residuewithin TMS (putative inward-facinggate),leadsto a reductionin FcyBurnoverandanincreasen apparenttransportcapacity

™N159and W259stabilisebindingthrough pi-pi stackinginteractionswith purine or pyrimidinering.

™\350, N351andP353haveanindirectrole in substratebindingthroughlocalinteractionsbetweenthemselvesandthe residuesbhindingsubstrates
Someof the chosenresidueswere rationally mutated in order to mimic the bindingsited of homologoustransportersof different specificity,nowevernone of the singlemutationsconstructedand analysedn this work, includingN163L, N1630Q or P353A which introduce residuespresentin uracil allantoin,
hydantoinor uridine transporters,conferredto FcyBthe ability to bind or/and transportsubstrates Thisobservationstronglysuggestshat substratespecificityhasa more complexmolecularbasisand might not evenbe solelydeterminedby the architectureof the bindingsite, but alsoby elementsactingas
gatesor selectivityfilters, or by elementscontributingto protein stability.
Our work is the first systematicapproachto addressstructure-function specificityrelationshipsin a eukaryoticmemberof NC3 family by combininggeneticand computationalapproachesKnowledgefrom this work is the basisfor further researchin order to understandin more detail not only & C
transportmechanismput alsohow substratespecificityhasevolvedwithin the NC3 family, and probablya first stepin the designof novel,targetedantifungalstakenup specificallyby FcyBlike transportersof pathogenicungi.
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