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Abstract: The nucleobase-ascorbate transporter or nucleobase-cation symporter-2 (NAT/NCS2) family is one of the 
five known families of transporters that use nucleobases as their principal substrates and the only one that is 
evolutionarily conserved and widespread in all major taxa of organisms. The family is a typical paradigm of a group 
of related transporters for which conservation in sequence and overall structure correlates with high functional 
variations between homologs. Strikingly, the human homologs fail to recognize nucleobases or related cytotoxic 
compounds. This fact allows important biomedical perspectives for translation of structure-function knowledge on 
this family to the rational design of targeted antimicrobial purine-related drugs. To date, very few homologs have 
been characterized experimentally in detail and only two, the xanthine permease XanQ and the uric acid/xanthine 
permease UapA, have been studied extensively with site-directed mutagenesis. Recently, the high-resolution struc-
ture of a related homolog, the uracil permease UraA, has been solved for the first time with crystallography. In this 
review, I summarize current knowledge and emphasize how the systematic Cys-scanning mutagenesis of XanQ, in 
conjunction with existing biochemical and genetic evidence for UapA and the x-ray structure of UraA, allow insight on 
the structure-function and evolutionary relationships of this important group of transporters. The review is organized 
in three parts referring to (I) the theory of use of Cys-scanning approaches in the study of membrane transporter 
families, (II) the state of the art with experimental knowledge and current research on the NAT/NCS2 family, (III) the 
perspectives derived from the Cys-scanning analysis of XanQ. 
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Using Cys-scanning approaches in secondary 
active transporters: an overview

Current research challenges

Membrane transport proteins have crucial 
roles in either human physiology and disease 
or diverse environmental adaptations of micro-
organisms. On the other hand, inherent prob-
lems in the experimental study of such proteins 
outside the membrane have long hindered their 
analyses at high resolution and have limited 
availability of analytical structure-functional 
models. Recently, however, there is consider-
able progress with crystallography and struc-
tural modeling of membrane transport proteins. 
In conjunction with expanding information on 
new sequence entries from genome analyses, 
these developments have set the stage for 

more systematic approaches to link high-reso-
lution structural data with functional evidence. 

The above considerations apply more promptly 
to secondary (ion-gradient driven) transporters, 
for which the first crystal structures appeared 
less than a decade ago [1]. The current struc-
tural insight on secondary transporters and 
their classification raises new fundamental 
questions on the relationships of structure with 
function. A crucial aspect is that many of the 
functionally divergent homologs or even sepa-
rate families of secondary transporters are evo-
lutionarily and structurally related. The majority 
of known structures fall in only two common 
folds represented by the lactose permease 
(LacY) and the neurotransmitter-sodium sym-
porter prototype (LeuT). Other transporters with 
different folds still display the typical feature of 
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organization in structural repeats that coordi-
nate to form the dynamic binding site [1]. The 
binding site operates through the commonly 
accepted alternating access mechanism which 
is explained as involving both rocking move-
ments of domains pivoting at the binding site 
and local motions of outside and inside gates 
flanking the binding site, leading to alterations 
between outward-facing, inward-facing and 
intermediate substrate-occluded conformation 
states [2]. Apart from the structural knowledge, 
insight on the secondary transport mecha-
nisms requires the concerted use of structural 
and functional approaches [3]. This is impor-
tant, since the x-ray structures represent static 
snapshots of highly dynamic proteins outside 
their native membrane environment and, with 
few exceptions [4], interpretations have been 
based on compilations of different snapshots 
from different structural homologs.

In the context of the recent evidence, it is strik-
ing that conservation in sequence and overall 
structure in many evolutionarily broad trans-
porter families often correlates with high func-
tional variations between homologs. In most 
cases, however, very few of the members are 
characterized experimentally or studied with 
site-directed mutagenesis while high-resolu-
tion evidence from crystallography is scarce. To 
explore the spectrum of substrate selectivity 
determinants in such families, it is important to 
introduce effective mutagenesis designs for 
the comprehensive ab initio study of new homo-
logs, based on the existing evidence from other, 
known members. Capitalization on data from 
Cys-scanning or other systematic mutagenesis 
analyses of a well-studied homolog, if available, 
offers a powerful approach to this end.

The Cys-scanning concepts in brief

Cys-scanning mutagenesis is a well-estab-
lished strategy for structure-function analysis 
of proteins. It has proven particularly useful 
and provided valuable insight for the analysis of 
polytopic membrane proteins and, in particular, 
membrane transporters [5, 6]. Cys-scanning 
protocols rely on the engineering and availabil-
ity of functional protein variants which are 
devoid of all or part of the native Cys residues 
(Cys-less or Cys-depleted versions, respective-
ly) and the use of these variants as a back-
ground for site-specific mutagenesis to intro-
duce new single-Cys replacements at selected 

positions. The term scanning derives from the 
common application of this strategy to individu-
ally replace each amino acid residue in a con-
tiguous sequence portion or even in the whole 
sequence of a protein with Cys and create an 
extensive library of single-Cys replacement 
mutants for this protein. A battery of different 
site-directed techniques can be applied to 
probe specific features of each Cys-substituted 
position (accessibility to solvent, relevance to 
substrate binding, sensitivity to the conforma-
tional changes of turnover, proximity to other 
sites in the protein) with appropriate sulfhydryl-
specific reagents. Thus, Cys-scanning analysis 
often yields a wealth of data that are used to 
build comprehensive structure-mechanistic 
models for the protein under study, even in the 
absence of high-resolution crystallographic evi-
dence [5-8].

Cys-scanning mutagenesis and site-directed 
Cys modification have been widely used to elu-
cidate structure-function relationships in mem-
brane transport proteins. The reasons for this 
broad application can be outlined as follows: 

Cys-less background: Engineering of many bac-
terial transporters devoid of Cys residues that 
are functionally equivalent to wild type [9-14] 
has proven to be feasible. The majority of sin-
gle-Cys mutants constructed on such a Cys-
less background do not affect dramatically the 
transporter expression, structural integrity or 
function [5, 8].

Cys-specific reagents: A diverse compendium 
of thiol-specific reagents from established 
companies such as Molecular Probes or Toronto 
Research Chemicals have been made widely 
available. 

Cys-scanning strategies: A range of thiol-specif-
ic reagents and strategies has been developed 
for membrane proteins, such as substituted 
Cys accessibility method (SCAM) using hydro-
philic methanethiosulfonate (MTS) derivatives 
[15] or other reagents [16], Cys-Cys cross link-
ing [3, 17], site-directed fluorescence spectros-
copy [18, 19], site-directed spin labeling (SDSL) 
[20], and site-directed alkylation in situ with 
radioactive or fluorescent probes [21-23].

Other scanning strategies: The Cys-scanning 
technologies offer obvious advantage over 
strategies like Ala-scanning mutagenesis which 
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do not allow further site-specific derivatization 
of the substituted amino acid.

Lag of appearance of x-ray structures: High-
resolution crystallographic models did not 
appear for membrane transport proteins until 
the last two decades, due to inherent difficul-
ties with these hydrophobic, integral in the 
membrane and conformationally dynamic pro-
teins. This fact allowed sufficient time for Cys-
scanning applications to expand and provide 
alternative approaches to the study of mem-
brane transporters.

Delineation of important residues: Cys-
scanning methods have succeeded in revealing 
important residues of membrane transport pro-
teins, including irreplaceable residues, binding-
site residues or residues that are essential for 
the mechanism of energy coupling. This suc-
cess is related to the fact that single-Cys 
mutants are very useful in indicating positions 
of low significance (active and alkylation-insen-
sitive Cys mutants) and, at the same time, 
delineating the relatively few residues of poten-
tially major significance (inactive or alkylation-
sensitive Cys mutants) for more extensive 
mutagenesis study. It is also based on the 
diverse array of specific Cys modification 
reagents and protocols developed and used to 
probe accessibility to solvent, relevance to sub-
strate binding, sensitivity to the conformational 
changes of turnover, proximity to other sites or 
other functional properties for each Cys-
substituted position.

Validity of the scanning data: Low-resolution 
models derived for membrane transport pro-
teins with Cys-scanning approaches continue 
to provide insight even in the post-crystalliza-
tion era of research for this class of proteins [3, 
6]. This is particularly due to the fact that they 
provide information on the conformational 
dynamics that is always needed for an integrat-
ed insight on the structure-function 
mechanism.

The research potential of Cys-scanning analy-
sis is not limited to the systematic study of 
structure-function relationships of individual 
proteins. The data derived from Cys-scanning 
analysis of a study prototype can serve as a 
basis for rapid and effective mutagenesis 
designs in new, previously unknown or unstud-
ied proteins which are related to the study pro-

totype by sequence or structure homology. In 
this way, evolutionarily broad families of related 
proteins can be studied with respect to their 
active site consensus architecture and func-
tion, the spectrum of different specificity trends 
and mechanistic deviations, and the molecular 
determinants undermining these differences. 

The data derived from the library of mutants 
produced for a particular transporter in the 
course of a Cys-scanning mutagenesis study 
can be used to design new approaches for the 
analysis of other homologs that might be poorly 
studied or even not characterized previously 
with respect to function. In many cases, avail-
ability of at least one high-resolution structural 
prototype (from a solved x-ray structure for one 
homolog representing an evolutionarily broad 
family or group of families with structurally 
related transporters) might provide valuable 
additional information and allow the formula-
tion of preliminary structural models. However, 
even in the absence of such models, the infor-
mation from Cys-scanning analysis of a proto-
typic homolog per se is sufficient to guide selec-
tion of new homologs for study and of amino 
acid targets for effective site-directed muta-
genesis designs in these homologs.

Cys-scanning data as a basis for the study of 
new homologs

In principle, the Cys-scanning data refer to the 
functional properties of single-Cys, paired-Cys 
and other site-directed mutants engineered in 
the course of the relevant studies. A scanning 
experiment has two parts at minimum: 

Analysis of Cys-replacement mutants: the 
scope is to delineate positions where a mutant 
is inactive, of very low activity or sensitive to 
inactivation by specific alkylating agents [such 
as the relatively small and membrane perme-
ant N-ethylmaleimide (NEM) which is commonly 
used to scan for alkylation-sensitive cysteines] 
and analyze selected mutants for site-directed 
alkylation in the presence or absence of sub-
strate or other conditions pertinent to appropri-
ate mechanistic questions. 

Further site-directed mutagenesis at positions 
where a single-Cys mutant presents with very 
low or negligible activity or high sensitivity to 
inactivation by NEM: the scope is to delineate 
positions where several replacements yield 
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very low activity or different kinetics or specific-
ity than wild type, and define a pattern of per-
missive and non-permissive replacements (tak-
ing into account the bulk, hydrophobicity, 
polarity, geometry or other properties of the 
side chain changes). 

Overall, the two lines of experiments are 
expected to delineate a set of residues that are 
crucial for the transport mechanism of the 
study prototype in various respects. Positions 
where bulky replacements or alkylation of a 
substituted Cys with the maleimidyl adduct 
lead to inactivation may reflect important con-
formational constraints and interactions with 
other parts of the protein that are essential for 
the permease turnover [23, 24]. Residues 
which are replaceable with few or no other side 
chains and, at the same time, accommodate 
site-specific mutants of impaired affinity or dis-
torted specificity for substrate may be crucial 
for substrate recognition and binding, while 
positions of Cys replacements which are pro-
tected from alkylation in the presence of sub-
strate may be at the vicinity of the binding site. 

It is generally true that such important residues 
fall in one of the following three categories: (a) 
irreplaceable; (b) replaceable with few other 
side chains; (c) sensitive to inactivation of the 
Cys replacement by NEM. These three potential 
properties can be used to define the set of 
important residues of the study prototype as 
deduced from Cys-scanning analysis data [24-
26]. It is also true that this set of residues rep-
resents positions with higher degree of side 
chain conservation than the rest of the protein 
and, in cases of transporters that have been 
studied thoroughly, correspond to only 10-15% 
of the total amino acids in the sequence [5, 8, 
25]. Based on these features, this clearly 
defined set of residues can be used as a basis 
to select (i) new homologs for ab initio study 
and (ii) amino acid targets for site-specific 
mutagenesis in these homologs. Homology 
modeling is also of great value in selecting 
mutagenesis targets for the new homologs pro-
vided that a prototypic crystal structure is avail-
able; in addition, the Cys-scanning approaches 
yield dynamic information on the role of specific 
residues that cannot be provided by the struc-
tural models per se.

New homologs to study (from the unknown or 
poorly characterized pool of sequence entries) 

can be selected through homology search 
referring not to the whole coding sequence but 
to the set of the important residues of the study 
prototype (as defined above). The aim of this 
search is to select new homologs on the basis 
of specific differences in sequence implying 
distinct conservation patterns that might cor-
relate with shifts in specificity. This process 
resembles the search for characteristic 
sequence motifs that are conserved as a con-
sensus throughout a transporter family but is 
more effective in practice as it is reinforced 
with laboratory experimental data [26]. In par-
allel, provided that the homolog under study is 
characterized functionally and turns out to be 
different in specificity from the prototype in an 
assayable manner, amino acid targets for site-
directed mutagenesis of the new homolog are 
selected from the set of important residues of 
the prototype, as follows:

Residues that are invariant between the new 
homolog and the study prototype are used as 
targets of conservative replacements or more 
extensive mutagenesis, to provide a measure 
of the functional conservation for key con-
served residues between the two transporters. 

Residues that differ between the new homolog 
and the study prototype are used as targets of 
replacements of each relevant position of the 
new homolog with the corresponding amino 
acid found in the prototype, in an attempt to 
modulate specificity or other substrate-recogni-
tion properties and draw comprehensive con-
clusions on the determinants of different trans-
porter preferences. Such mutagenesis designs 
may need to include combinatorial replace-
ments and/or construction of cross-homolog 
chimeras.

The nucleobase-ascorbate transporter family 
(NAT/NCS2): state of the art

Nucleobase and nucleobase-related transport-
ers

Purine and pyrimidine nucleobase transporters 
that are responsible for the cellular uptake of 
nucleobases and nucleobase-related com-
pounds fall in five distinct families of homologs. 
All these families are classified as secondary 
active transporters (ion gradient-driven active 
transporters) and functionally known members 
act as H+ or Na+ co-transporters at the plasma 
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membrane of microbial, plant or animal cells. 
Two of them (the UPS/NBUT family of ureide, 
uracil, xanthine and/or uric acid transporters 
and the PUP/POP family of adenine, hypoxan-
thine, cytosine, cytokinin and/or alkaloid trans-
porters) are specific for the plant kingdom [27] 
and classified in the Drug/Metabolite 
Transporter Superfamily (DMT) and the struc-
tural prototype of the small multidrug trans-
porter EmrE. A third one (the NCS1 family of 
cytosine, hypoxanthine, adenine and/or gua-
nine transporters, of uracil/thymine and/or uri-
dine transporters and of allantoin/hydantoin 
transporters) is confined to archaea, bacteria, 
fungi, plants and few photosynthetic protists 
and conforms to the structural prototype of the 
single crystallographically known homolog 
Mhp1 which shares common binding site archi-
tecture with a range of distantly related fami-
lies including neurotransmitter transporters, 
amino acid transporters and sugar transport-
ers, as well [4, 28-30]. The remaining two fami-
lies (the NCS2 or NAT family of uracil and/or 
purine, xanthine, uric acid, and L-ascorbic acid 
transporters which is distributed in all major 
taxa of organisms except protozoa and the 
AzgA-like family of adenine, hypoxanthine and/
or guanine transporters which is confined to 
archaea, bacteria, fungi, plants and few photo-
synthetic protists) model on the recently 
described structure of the single structurally 
known homolog of NAT/NCS2 family, the uracil 
permease UraA, which is distinct from any 
other common fold of secondary active trans-
porters [31]. 

Strikingly, only one of the above five nucleo-
base-related transporter families (namely the 
NAT/NCS2 family) contains homologs in mam-
mals and other animals and, even in this family, 
the human homologs fail to recognize nucleo-
bases or related cytotoxic compounds [32]. In 
addition, the human transport systems that 
engage in the uptake of nucleobases and relat-
ed drugs are typically very different in topology 
or predicted structure and belong to different 
families, mostly to the Equilibrative Nucleoside 
Transporter (ENT) family, a group of facilitators 
that recognize nucleosides as their principal 
substrates [32-34]. In view of the fact that 
nucleobase-specific transporter homologs are 
absent from the human or other animal hosts, 
studies on the structure-function-specificity 
relations and mechanism of the microbial 
nucleobase uptake systems might eventually 

lead to the development of novel antimicrobial 
drugs targeted specifically at the relevant trans-
porters of pathogens. Such structure-function 
relationship studies are available to a signifi-
cant extent for representative members of the 
NAT/NCS2 family, as described below. On the 
other hand, considerable progress towards the 
development of novel therapeutic drugs has 
been made with targeting the ENT transporters 
of parasitic protozoa, in particular of kineto-
plastid protists [35, 36]. The studies with proto-
zoan ENTs (which represent the only family 
responsible for the uptake of purine nucleobas-
es in parasitic protozoa) have two drawbacks 
that are absent from the case of the potential 
relevant research in bacterial or fungal mem-
bers of the NAT/NCS2 family. These drawbacks 
are the lack of a robust high-resolution struc-
tural model for the ENT family [37, 38] and the 
need to consider for selective inhibitors distin-
guishing the homologous nucleobase-trans-
porting ENTs of humans or other animal hosts 
[35, 39]. 

Functional diversification of the NAT/NCS2 
family

The Nucleobase-Ascorbate Transporter (NAT) 
or Nucleobase-Cation Symporter-2 (NCS2) fam-
ily is unique among the other nucleobase trans-
porter families as it is evolutionarily ubiquitous 
and includes more than 2,000 putative mem-
bers in all major taxa of organisms (Figure 1). 
Among the few exceptions, it is notable that 
NAT/NCS2 genes are absent from the genomes 
of most protozoa and of the yeast 
Saccharomyces cerevisiae. On the other hand, 
less than 20 members of the NAT/NCS2 family 
have been characterized experimentally to 
date; these are specific for the cellular uptake 
of uracil, xanthine or uric acid (microbial, plant 
and non-primate mammalian genomes) or vita-
min C (mammalian genomes) [26, 32, 40]. 
Understanding the mechanism and evolution of 
different substrate profiles within NAT/NCS2 
family is of particular interest in both an evolu-
tionary and a biomedical respect. From the evo-
lutionary perspective, transporters of this fam-
ily have largely different substrate profiles but 
share highly conserved short sequence motifs 
that are functionally relevant [25, 26, 40-42] 
and present the same overall topology and pre-
dicted tertiary structure [31]. In addition, mem-
bers of a separate phylogenetic cluster (the 
AzgA-like family) with clearly distinct substrate 
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profiles [43-45] or sequence conservation 
motifs are distant structural homologs of the 
NAT/NCS2 family and model on the same x-ray 
structure (UraA, 3QE7). From the biomedical 
perspective, analysis of the NAT/NCS2 mecha-

nism at the molecular level offers important 
possibilities for translation of knowledge to the 
rational design of targeted antibacterial or anti-
fungal drugs, based on the fact that the human 
homologs do not recognize nucleobases or 

Figure 1. Phylogenetic tree of known members of the NAT/NCS2 family and their relationship with AzgA-like trans-
porters. The NAT/NCS2 family (phylogenetic cluster COG2233) is distinct from the AzgA-like family (phylogenetic 
cluster COG2252) but they both constitute a superfamily of transporters that conform to the same structural fold 
[31]. The phylogenetic tree shown has been constructed taking into account all characterized homologs and select-
ed non-characterized ones to represent key organisms from all major taxa [for a complete list of homologs with full 
names of species and accession numbers, see Supplemental Table S1]. Functionally known homologs are denoted 
by a colored asterisk that is either filled (information derived directly from transport assays) or empty (informa-
tion deduced from genetic or genomic studies). Different colors indicate xanthine/uric acid transporters (purple), 
xanthine-specific transporters (red), uracil transporters (green), uracil/purine transporters (SNBT1; smudge/green), 
L-ascorbate transporters (SVCT1 or SVCT2; light blue) and adenine/guanine/hypoxanthine transporters of the AzgA-
like family (teal). Empty grey asterisks indicate homologs from Drosophila melanogaster [59] or Arabidopsis thali-
ana [40] that have been studied but their function remains unknown due to inefficient heterologous expression or 
lack of detectable phenotypes of mutants. Multiple protein sequence alignments were performed with ClustalW and 
the phylogenetic unrooted tree was constructed by neighbor-joining based on the amino acid pairwise distance with 
the Poisson correction method and bootstrap test of inferred phylogeny, using the Mega 4.1 software [92].
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nucleobase-related drugs [32]. In the above 
context, it is challenging that only 1% (less than 
20) of the 2,000 or more predicted members of 
the family have been identified experimentally 
with respect to function and only 0.1% (two 
members, the xanthine permease XanQ and 
the uric acid/xanthine permease UapA) have 
been studied rigorously with respect to struc-
ture-function relationships [25, 40-42, 46, 47].

The first NAT/NCS2 members to be studied and 
characterized experimentally were the purine 
permeases UapA and UapC of Aspergillus nidu-
lans [48-50] and the uracil permeases UraA 
and PyrP of Escherichia coli and Bacillus subti-
lis, respectively [51, 52]. Since then, several 
other purine (xanthine and/or uric acid)-trans-
porting members have been identified in bacte-
ria (E. coli and B. subtilis) [26, 53-55], patho-
genic fungi (Aspergillus fumigatus and Candida 
albicans) [56, 57] and plants (Zea mays) [58]. 
Interestingly, attempts to demonstrate trans-
porter function were unsuccessful for putative 
homologs of the model angiosperm Arabidopsis 
thaliana, even though this organism contains 
12 members [59]. In contrast to the studied 
microbial and plant homologs, mammalian 
members of the family were found to include 
both nucleobase transporters and L-ascorbate 
(vitamin C) transporters [32, 60-63]. The mam-
malian genomes contain four homologs, of 
which two (SLC23A1 and 2, or SVCT1 and 2) are 
Na+-dependent L-ascorbic acid transporters 
[61-63], one (SLC23A3) remains functionally 
unidentified to date [64], and one (SLC23A4, or 
SNBT1) functions as a Na+-dependent nucleo-
base transporter of non-primate mammals, 
responsible for the high-affinity uptake of ura-
cil, but also thymine, hypoxanthine, guanine, 
and xanthine, as identified recently [32]. It is 
notable that humans and other primates have 
lost the corresponding nucleobase uptake sys-
tem (rSNBT1), for which they contain a geneti-
cally defective ortholog (pseudogene) [32]. 
They retain only two known functional homo-
logs (hSVCT1 and hSVCT2) that function as spe-
cific L-ascorbate transporters and do not recog-
nize nucleobase ligands.

Investigating the substrate selectivity differ-
ences between closely related members of the 
NAT/NCS2 family poses important specific 
questions. For example, what is the basis of the 
striking difference in substrate preference 
between rSNBT1 (nucleobases) and hSVCT1 or 

2 (L-ascorbic acid) which share a stunning 50% 
identity (70% similarity) in sequence? A prereq-
uisite to address such questions on the struc-
ture-functional deviation between the ascor-
bate-specific members and their closely related 
uracil/nucleobase-transporting homologs 
would be a systematic mutagenesis study of 
the relevant homologs. It is noteworthy, howev-
er, that human or other mammalian NAT/NCS2 
transporters have not been studied systemati-
cally with mutagenesis to date, albeit scarcely 
[65, 66]. Another question refers to the spec-
trum of NAT/NCS2 specificities with respect to 
the recognition of purine substrates. It is true 
that most of the experimentally known mem-
bers of the NAT/NCS2 family have been charac-
terized as purine nucleobase transporters 
which are specific for the proton gradient-driv-
en uptake of xanthine, uric acid (8-oxy-xanthine) 
or both. This group of related transporters 
include 11 bacterial, fungal or plant homologs, 
namely the xanthine transporters XanQ and 
XanP from E. coli [55] and PbuX from B. subtilis 
[53], the uric-acid transporters UacT (or YgfU) 
from E. coli [26] and PucK and PucJ from B. 
subtilis [54], and the dual-selectivity uric-acid/
xanthine transporters UapA [49] and UapC [50] 
from the filamentous fungus Aspergillus nidu-
lans, AfUapA from its pathogenic relative 
Aspergillus fumigatus [57], Xut1 from the yeast 
Candida albicans [56], and Lpe1 from maize 
(Zea mays) [58]. Based on the known spectrum 
of these specificities, a major research chal-
lenge is to understand the mechanism of dif-
ferential recognition between xanthine and uric 
acid (8-oxy-xanthine) and between different 
binding-site preferences for xanthine ana-
logues with variations at the imidazole moiety 
(8-methylxanthine, 8-azaxanthine, oxypurinol) 
[55, 56]. In this vein, it is promising that two 
paradigmatic purine-transporting homologs, 
the xanthine permease XanQ of E. coli [25, 41, 
42] and the uric acid/xanthine permease of A. 
nidulans [40, 46, 47], have been studied exten-
sively with site-directed mutagenesis at motif 
sequence regions and these studies have rein-
forced the idea that few residues conserved 
throughout the family may be invariably critical 
for function and underlie specificity differenc-
es. In further support, most of the conserved 
residues delineated as important in XanQ or 
UapA are highlighted as active-site relevant in 
models built on the recently released x-ray 
structure of the uracil permease homolog UraA 
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(Protein Data Bank ID: 3QE7) [31]. The relevant 
studies and related research perspectives are 
described in more depth below. 

Structure and structure-function relationship 
studies

Of the five known transporter families that spe-
cialize in the uptake of nucleobases [27-31], 
only the NAT/NCS2 family has been studied 
with mutagenesis to a significant extent. 
Studies of NAT/NCS2 transporters have includ-
ed three major approaches, the forward and 
reverse genetic analysis of the uric acid/xan-
thine permease UapA from Aspergillus nidulans 
[47, 56, 67-74], the systematic Cys-scanning 
and site-directed mutagenesis of the xanthine 
permease XanQ from Escherichia coli [25, 41, 
42, 75-77] and mutagenesis of selected resi-
dues of the uracil permease UraA from E. coli 
on the basis of its recently solved x-ray struc-
ture, the first one elucidated for a NAT homolog 
[31]. The human ascorbate-transporting mem-
bers SVCT1 and SVCT2 have also been studied 
with mutagenesis to some extent, but these 
studies were rather sporadic and limited to 
interrogation of the role of conserved His resi-
dues [65, 66] and of membrane-domain target-
ing [78, 79] or N-glycosylation sites [80]. Briefly, 
the key methods and findings derived from the 
structure-function analyses of microbial NAT/
NCS2 transporters are as follows: 

Studies on the dual-selectivity uric acid/xan-
thine transporter UapA: The fungal uric acid/
xanthine permease UapA from Aspergillus nidu-
lans represents the first member of NAT/NCS2 
family to be identified functionally [48] and the 
only eukaryotic member that has been studied 
extensively with mutagenesis. These studies 
began in 1998 with analysis of the so called 
NAT-signature motif [67-70]. The NAT-signature 
motif, a conserved 11-amino acid sequence 
present in all members of the NAT/NCS2 family 
[41] but not in the structurally related AzgA-like 
family, was proposed to be associated with 
determining the purine substrate specificity, 
based originally on in vivo complementation 
assays between UapA and its broader-specifici-
ty paralog UapC [67]. Subsequently, mutagen-
esis of the five most highly conserved residues 
of this motif revealed that Gln-408 and Asn-
409 are critical for the UapA function while Gly-
411, Thr-416 and Arg-417 are important con-
tributors to the specificity profile [70]. 

Based on a series of second-site suppressor 
analyses and targeted mutagenesis of other 
regions of the protein, the specificity of UapA 
for uric acid was proposed to derive from con-
formational interaction between key residues 
at three distinct regions or “domains” of this 
transporter [73], namely the first transmem-
brane segment [47, 71], the last transmem-
brane segment [69, 72-74] and an extended 
sequence region including and flanking the 
NAT-signature motif [67, 73]. More recently, 
specific interactions between residues of differ-
ent domains not directly involved in binding 
were proposed to control accessibility of sub-
strates to the UapA binding site and regulate 
selection of xanthine/uric acid versus adenine 
and other purines by a dynamic gating mecha-
nism [74]. Finally, a residue important for opti-
mizing specificity was also found at the third 
transmembrane segment of UapA (Ser-154) 
[47]. 

The studies on UapA have made extensive use 
of forward and reverse genetics approaches in 
the model ascomycote A. nidulans and capital-
ized on the fact that the regulation and func-
tional profiles of all nucleobase transporters 
and corresponding knock-out strains of this 
organism as well as the enzymes of purine 
catabolism are thoroughly known [81-83]. In 
addition, attempts are under way for the crys-
tallization of UapA that has been over-
expressed, purified and characterized biophysi-
cally from either the native ascomycote [84] or 
a yeast host [85, 86]. On the other hand, the 
structure-function analyses of UapA permease 
are technically limited from the lack of a robust 
western blotting method to monitor the con-
centration of UapA mutants in the plasma 
membrane or a systematic scanning approach, 
such as Cys-scanning, to rapidly evaluate large 
contiguous regions of the transporter and 
assess the role of a more significant fraction of 
residues [46].

Studies on the xanthine-specific transporter 
XanQ: A systematic mutagenic analysis of XanQ 
was launched in 2005, right after the function-
al identification of this specific, high-affinity 
xanthine: H+ symporter of Escherichia coli K-12, 
representing the first purine-transporting NAT/
NCS2 member to be characterized in entero-
bacteria [55]. To facilitate further analysis, a 
number of experimental tools were developed, 
including a robust IPTG-inducible expression 
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system to achieve highly controllable over-
expression of XanQ [55], a variety of different 
C-terminal tags to allow quantitation of the 
XanQ levels in the plasma membrane and puri-
fication [55, 75] and a fully functional Cys-less 
version in which the five native Cys residues 
had been replaced with Ser to allow application 
of Cys-scanning mutagenesis and Cys 
derivatization protocols [75]. 

Cys-scanning analysis was applied to several 
contiguous regions of XanQ, including the NAT-
signature motif [41, 75], transmembrane seg-
ments and loops flanking the NAT-signature 
motif [42], the last transmembrane segment 
[76], the third transmembrane segment [25], 
as well as amino acid positions that represent 
highly conserved short sequence motifs [87] or 
highly polar residues [77] and are scattered 
throughout the protein. Overall, nearly 50% of 
the XanQ sequence (220 residues) has been 
subjected to Cys-scanning mutagenesis to 
date. The corresponding native amino acids are 
replaced individually with Cys in the Cys-less 
background and are initially assayed for expres-
sion, activity and sensitivity to site-directed 
alkylation of the relevant single-Cys mutant. 
Positions of very low or negligible mutant activ-
ity are further subjected to extensive mutagen-
esis in the wild-type transporter background 
and selected mutants are subjected to full 
analysis of the substrate specificity profile 
using a set of purines and purine analogues as 
putative competitors of the xanthine uptake 
[56]. 

Important residues of the XanQ transporter 
delineated in this experimental screen are 
located in transmembrane segments 1, 3, 8, 9, 
10 and 14 (Figure 2A). They include four func-
tionally irreplaceable residues (Asp-272, Asp-
304, Gln-324, Asn-325), the invariably con-
served His-31 where hydrogen bonding is 
needed for optimal substrate affinity, Asp-276 
where a carboxyl group is essential for activity, 
the specificity-related Asn-93, Gly-333 and 
Asn-430, the membrane insertion/stability-
related Gly-83 and Pro-318, and a number of 
other positions that display sensitivity to inacti-
vation by a set of site-directed replacements or 
Cys modification reagents [25, 26]. Comparison 
of the data derived for XanQ with the ones on 
UapA [47, 70-74] has revealed striking similari-
ties between key NAT determinants of the two 
transporters. Based on homology modeling on 

the structure of the uracil permease UraA [31], 
the majority of these determinants are found at 
the vicinity or at the periphery of the binding 
site in transmembrane segments 1, 3, 8 and 
10 (Figure 2B). As with the fungal UapA, crystal-
lization studies have been performed with 
XanQ and other closely related bacterial homo-
logs [88] but high-resolution diffracting crystals 
for a purine-transporting homolog are not yet 
available.

X-ray structure of the uracil transporter UraA 
and mutagenesis thereof: The x-ray structure of 
the uracil/5-fluorouracil transporter UraA from 
E. coli [51] complexed with substrate (uracil) 
was solved at a resolution of 2.8 Å and released 
in 2011 (Protein Data Bank ID: 3QE7). 
Interestingly, uracil was essential for genera-
tion of usable UraA crystals and the uracil-
bound structure was stabilized further by 
n-nonyl-β, D-glucopyranoside (β-NG) which was 
included throughout crystallization [31]. The 
structure of UraA represents a novel fold, differ-
ent from all other known structural prototypes 
for membrane transport proteins. The most 
unusual feature is that two of the 14 trans-
membrane segments, TM3 and TM10, are only 
halfway α-helical and contain extended 
unwound regions followed by short, antiparallel 
β-strands which provide a shelter for substrate 
binding at the center of the structure [31]. 
Overall, the 14 transmembrane segments are 
arranged in two structural inverted repeats and 
are spatially organized in two domains, a core 
domain (TM1-4 and 8-11) and a gate domain 
(TM5-7 and 12-14). The interface between the 
two domains is populated mainly with hydro-
phobic interactions and further stabilized by a 
bound β-NG molecule [31]. The unusual struc-
ture of TM3/TM10 in the core domain is stabi-
lized by a multitude of buried hydrogen bonds 
[31]. The core domain contains all residues that 
are crucial in defining the uracil binding site, 
while the gate domain is proposed to contain 
more dynamic structural elements that contrib-
ute to the mechanism by controlling access of 
substrates to the binding site and implement-
ing the appropriate conformational changes 
[31]. 

The core domain of UraA is almost exclusively 
responsible for the coordination of substrate at 
the binding site, which is achieved primarily 
through direct hydrogen bonds with side chains 
from TM8 (Glu-241) and TM10 (Glu-290) and 
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nitrogen atoms of the main chain from TM3 
(Phe-73) and TM10 (Gly-289), a β-NG-mediated 
hydrogen bond involving the side chain of His-
245 (TM8) and van der Waals interactions 
involving the side chains of Ala-31 (TM1), Phe-
73 (TM3), Tyr-288 (TM10) and Tyr-342 (TM12). 
Strikingly, residues of XanQ found at corre-
sponding positions of TM3 (Phe-94), TM8 (Glu-
272, Asp-276) and TM10 (Ala-323, Gln-324) 
have been shown to play important roles (Figure 
2A and 2B) and Gln-324, at the NAT-signature 

motif, is irreplaceable for high-affinity substrate 
binding [41]. In addition to Gln-324, the neigh-
boring Asn-325 is irreplaceable and linked with 
purine substrate binding [41], while similar 
observations have been made for Gln-408 and 
Asn-409 at the NAT-signature motif of UapA 
[70]. It thus appears that Asn-325/409, an 
invariant Asn residue in the NAT-signature 
motif, is more important in defining substrate 
binding in purine transporters of the family, 
while its role in the uracil-transporting homolog 

Figure 2. Synopsis of current knowledge on the structure-function analysis of xanthine permease XanQ. The posi-
tions of key residues of XanQ are shown in models depicting topology (A), arrangement of the four helices forming 
the substrate shelter (B) and the overall two-domain structure of the permease (C), as deduced from homology 
threading on the template of UraA [25, 31]. Different colors indicate transmembrane segments TM1 (blue), TM3 
(wheat), TM8 (salmon), TM10 (teal) and TM14 (split pea green). In panel A, important residues are indicated with 
empty blue circles (irreplaceable for expression in the membrane), blue targets (irreplaceable for uptake activity 
as well as the affinity-related H31) or red targets (sensitive to alkylation or replacement with several side chains). 
Positions studied for intramolecular interactions are indicated as miniscule green targets. In panel B, the side 
chains of important residues are shown as thick sticks (irreplaceable and/or substrate binding-relevant) or spheres 
(sensitive to alkylation or bulky replacement). Residues G275 and A323 where sensitivity to alkylation is enhanced 
by substrate are indicated with a white label. The specificity-related N93 is shown with red label. In panel C, shown 
are the coordination site of substrate (S) and distances between residues of the core and the gate domains at the 
periplasmic side. Further details can be found in the text. 
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UraA (Asn-291) is limited to a stabilizing hydro-
gen bonding interaction with His-24 (TM1) at 
the periphery of the binding site [31]. 

To corroborate their structural observations, Lu 
et al. generated and tested a number of UraA 
variants with Ala-replacements of selected res-
idues and found that replacement of the sub-
strate-binding relevant Glu-241 (TM8), His-245 
(TM8) or Glu-290 (TM10) resulted in abrogation 
of [3H]uracil uptake and loss of uracil binding 
(as measured with scintillation proximity assay), 
while replacement of Phe-73 (TM3), Tyr-288 
(TM10), Glu-291 (TM10) or Tyr-342 (TM12) 
resulted in retention of high uracil-uptake activ-
ity [31]. These experiments also established 
that wild-type UraA recognizes uracil with high 
affinity (KD 0.4μM, Km 0.5μΜ), comparable to 
the ones of XanQ for xanthine (Km 4μΜ) [55] 
and of UapA for xanthine or uric acid (Km or Ki 
7-8μΜ) [47, 70]. 

Cys-scanning analysis of the xanthine perme-
ase XanQ: lessons and rationales

Rationale of the Cys-scanning projects

On the background of a fully functional Cys-less 
version [75], residues of the XanQ sequence 
were subjected to Cys-replacement mutagene-
sis to create a library of approximately 220 sin-
gle-Cys mutants [25, 41, 42, 75-77, 87]. After 
assaying the mutants for expression, activity 
and sensitivity to site-directed alkylation, posi-
tions of low or negligible mutant activity were 
examined further with site-directed mutagene-
sis and search for substrate profile variations. 
The compendium of these data was used to 
delineate a set of putatively important residues 
as targets for further analysis of structure-func-
tion relationships. Finally, homology modeling 
in conjunction with sequence phylogenetic 
analyses was applied to evaluate experimental 
conclusions on the role of individual residues in 
XanQ and other related transporters [25, 26]. 
The above research strategy has been applied 
to a range of projects on different sets of XanQ 
positions, as follows:

Residues at the tips of predicted loops: To 
address the topology of XanQ permease, sin-
gle-Cys replacements were introduced at the 
tips of predicted hydrophilic loops and analyzed 
with site-directed alkylation using the mem-
brane-impermeant reagent MTSES– [41] to 

monitor the accessibility of each position to sol-
vent from either side of the membrane. MTSES-
accessibility data were also deduced for single-
Cys mutants of the NAT-signature motif, a 
characteristic conserved sequence that con-
tains at least 2 residues implicated in substrate 
binding [41]. The results showed that single-
Cys mutants of predicted loops follow a pattern 
of alternating accessibility indicative of 12-14 
transmembrane segments, while single-Cys 
mutants of the NAT-signature motif are highly 
accessible to solvent from the periplasmic side 
and one of them (N325C) is protected in the 
presence of substrate, implying that this region 
forms part of a substrate-accessible hydrophil-
ic cavity [41]. Based on re-evaluation of the 
data after elucidation of the structure of the 
uracil-transporting homolog UraA [31], it is now 
clear that the NAT-signature motif corresponds 
to a short α-helical segment at the cytoplasmic 
half of TM10 and contributes to the substrate 
binding site [25]. In addition, the cysteine-
based topology analysis indicated that XanQ 
may contain extended loop regions at the 
C-terminal third of the molecule, a contention 
supported by both circular dichroism spectra 
showing that the protein is less than 50% 
α-helical [89] and homology modeling showing 
extensive unwound regions at the C-terminal 
side [31].

Conserved short sequence motifs: Cys-
scanning mutagenesis was applied in 15 con-
served sequence motifs of XanQ (ranging in 
length from 2 to 11 amino acids) in conjunction 
with phylogenetic analysis of the 189 closest 
XanQ homologs (identity > 32%) predicted as 
putative transporters of xanthine and/or uric 
acid [87]. Positions of inactive single-Cys 
mutants in this set of residues included (a) 
invariant residues located at the core domain 
(TM1, TM3, TM8, TM10, TM11) or TM12 of the 
gate domain, (b) residues that conserve a polar 
side chain at the binding site (Asn-93, Asp-276) 
or at the periphery (Asp-304), and (c) residues 
that conserve a small side chain (Ser-68, Gly-
71, Ala-129, Gly-152, Gly-217, Gly-436) or a 
hydrophobic one (Phe-94, Ile-432) and are dis-
tributed in several TMs. Further analysis of the 
conserved sequence motifs of the core domain 
revealed that Gln-324 and Asn-325 in the NAT-
signature motif are irreplaceable [75] and 
important for purine substrate binding [41], the 
conserved motif ExxGDxxAT of TM8 is crucial 
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for the mechanism and contains the irreplace-
able Glu-272 [77] and the essential carboxyl 
group of Asp-276 [42], the motif GxxxDG of 
TM9 contains the irreplaceable Asp-304 that is 
not directly involved in binding [77], while TM3 
contains two conserved motifs, one of which 
contains Asn-93 and Phe-94 at the middle of 
the transmembrane segment that are impor-
tant for substrate recognition and specificity 
[25].

Contiguous regions flanking the NAT-signature 
motif: Since several residues essential for func-
tion or specificity of the purine binding site were 
found to cluster in the 11-amino acid NAT-
signature motif AQNxGxxxxTG [41], extensive 
sequence regions flanking this motif (58-amino 
acid upstream and 14-amino acid downstream) 
in XanQ were subjected to Cys-scanning and 
site-directed mutagenesis to search for other 
putative important sites [42]. The whole con-
tiguous sequence (from His-257 to Pro-354) is 
now known to roughly correspond to the 
C-terminal repeat of the core domain of the per-
mease, including TM8, TM9, TM10 and TM11 
[31]. The results showed that this region, espe-
cially TM8 and TM10, is populated with an 
increased proportion of important residues rel-
ative to other segments of XanQ (Figure 2A). 
Such residues are the four irreplaceable ones 
(Glu-272, Asp-304, Gln-324, Asn-325), Asp-276 
where a carboxyl group is essential for func-
tion, Thr-280 that appears to be crucial for 
packing interactions with other TMs [42] and 
Pro-318 that is needed for insertion/stability of 
the protein in the membrane [75]. In addition, 
there are several side chains of TM8 or TM10 
where a single-Cys replacement is highly sensi-
tive to inactivation by site-directed alkylation, 
implying that these residues play a role at the 
periphery of the binding site and their alkylation 
may hinder conformational flexibility or block 
the release of substrate from the binding pock-
et. Residues of this category include Gly-275, 
Ser-284, Ala-323, Asn-326, Thr-332 and Gly-
333 [41, 42]. 

Intramembrane polar residues: In a separate 
project, the full complement of highly polar (Gln 
or Asn) and putatively charged (Asp, Glu, His, 
Lys, or Arg) residues of XanQ that are predicted 
to lie in transmembrane segments were stud-
ied with Cys-scanning and site-directed muta-
genesis [77]. The rationale was that such resi-

dues are expected to face other hydrophilic 
parts of the protein and/or the solvent-accessi-
ble environment of the binding pocket and 
often play crucial roles in substrate binding and 
the mechanism of energy coupling in active 
transport. The studies in XanQ revealed that 
polar/charged residues critical for function 
cluster in TM1 (His-31), TM3 (Asn-93), TM8 
(Glu-272, Asp-276), TM9 (Asp-304), TM10 (Gln-
324, Asn-325) and TM14 (Asn-430) [77]. In 
NAT/NCS2 family, these side chains are either 
absolutely conserved (His-31, Glu-272, Asn-
325) or show distinct variation patterns among 
relatives (Asn/Ser/Thr/Ala-93, Asp/Asn/Thr/
His-276, Asp/Asn/Glu-304, Gln/Glu/Pro-324, 
Asn/Ser/Thr-430) [42, 77]. Apart from the five 
essential residues of the C-terminal repeat of 
the core domain mentioned above [42], these 
scanning studies delineated three polar resi-
dues that are associated with defining the bind-
ing affinity or specificity. Of them, the invariably 
conserved His-31 at the middle of TM1 appears 
to be involved in a crucial hydrogen bonding 
interaction required for high-affinity binding of 
xanthine [77]. Based on homology modeling on 
the structure of UraA [31], such an interaction 
is probably partnered by Asn-325 at the periph-
ery of the binding site. An important hydrogen 
bonding role is also apparent for this His resi-
due of TM1 in other NAT/NCS2 transporters, 
which is crucial for either the overall structural 
folding (as proposed in UapA) [47, 71] or the 
constitution of a proper affinity and specificity 
binding site (as proposed in hSVCT1 and 
hSVCT2) [65, 66] or for both. The other two 
affinity-and/or specificity-linked polar residues 
seem to play distinct roles, the one associated 
directly with purine substrate selectivity (Asn-
93 in TM3) and the other located at a strategic 
and conformationally dynamic position that 
affects binding indirectly (Asn-430 in TM14). 
Overall, 6 of the 8 polar side chains of XanQ 
delineated as mechanistically important fall in 
the substrate binding shelter formed by TM1, 
TM3, TM8 and TM10 of the core domain (Figure 
2B).

Transmembrane segment TM3: The entire TM3 
and flanking hydrophilic sequences were sub-
jected to mutagenesis to elucidate the role of 
residues upstream and downstream of Asn-93 
[25]. In conjunction with homology modeling 
and sequence phylogenetic analysis these 
studies showed that Asn-93 is at the junction 
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between a short β-sheet and an α-helix at the 
middle of TM3 and confers to substrate recog-
nition and specificity together with the neigh-
boring Phe-94. Phe-94 appears to contribute to 
the proper recognition of xanthine analogs that 
differ in the pyrimidine moiety (2-thio and 
6-thioxanthine, 3-methylxanthine) while Asn-93 
is essential to prevent aberrant recognition of 
substrates or analogs that differ in the imidaz-
ole moiety (8-methyl and 7-methylxanthine, uric 
acid). In addition, replacement of Asn-93 with a 
smaller polar (Ser) or hydrophobic residue (Ala) 
has the unique property of allowing uptake of 
uric acid, which is strictly excluded as a sub-
strate from the binding site of wild-type XanQ 
[25]. The most probable explanation is that the 
side chain replacing Asn-93 is oriented away 
from the substrate-binding relevant Glu-272 
and relaxes the specificity constraint by leaving 
more space for interactions in the binding pock-
et [25]. In addition to the substrate-interacting 
residues, TM3 contains important residues 
clustered in a conserved GxGLx motif at its 
cytoplasmic unwound-sequence region. This 
motif may permit conformational flexibility 
needed to dictate the unique architectural fold 
of TM3 (mainly through Gly-83, that is irreplace-
able for the permease integrity/stability in the 
membrane) or establish appropriate interac-
tions with other TMs needed in the alternating 
access mechanism (mainly through Leu-86, 
that represents a highly alkylation-sensitive 
position at the binding site periphery) [25]. 

Transmembrane segment TM14: The majority 
of important residues of XanQ identified 
through Cys-scanning and site-directed muta-
genesis fall in transmembrane segments of the 
core domain. On the other hand, TM14 of the 
gate domain had been indicated to interact 
functionally with the NAT-signature motif (cor-
responding to TM10 of the core domain), based 
on second-site suppressor analysis of mutants 
replacing Gln-408 in the fungal UapA [69]. 
These studies on UapA led to the proposition 
that an aromatic residue at the middle of TM14 
(Phe-528) acts as a purine selectivity filter that 
is distinct from the binding site [72] and a simi-
lar role was later proposed for Thr-526 [74]. To 
understand the role of TM14 in detail, a sys-
tematic study of this segment was undertaken 
using both Cys-scanning mutagenesis of XanQ 
and chimeric XanQ/UapA transporter analysis 
[76]. Strikingly, two residues at the middle of 

TM14, Asn-430 and Ile-432 that correspond to 
the non-conserved important side chains of 
Thr-526 and Phe-528 in UapA, were found to 
contribute to optimal activity and specificity of 
XanQ and allow rescue of xanthine uptake 
activity in an inactive XanQ/UapA chimera [76]. 
The remaining residues of TM14 were shown to 
have minor role [76] but contain molecular 
determinants that are important to optimize 
activity or specificity in a chimeric XanQ/UapA 
background [90]. Since the single-Cys N430C 
was found to be alkylation-sensitive and pro-
tected from alkylation in the presence of 2-thio-
xanthine, it was originally thought that Asn-430 
may be at the vicinity of the binding site and 
interfere with the substrate analogue directly 
[76]. In view of the structural model of UraA 
[31], it is now clear that TM14 is distal from the 
binding site (Figure 2C) and the ligand effect on 
N430C is possibly due to a conformational 
interaction of TM14 with TM10 or other TMs of 
the core domain. Such an interaction has been 
investigated using paired-Cys replacements 
and cross-linking assays (see next section).

Delineation of important residues

To date, the combined Cys-scanning and site-
directed mutagenesis of the XanQ permease 
has yielded a total of about 385 single-replace-
ment mutants that provided information on the 
role of about 220 native amino acid residues to 
various extents. Among these residues, 29 
have been annotated as important based on 
criteria deduced from the properties of the sin-
gle-replacement mutants at these positions. In 
brief, residues annotated as important are 
either (1) irreplaceable with respect to function 
(Glu-272, Asp-304, Gln-324, Asn-325) or 
expression in the membrane (Gly-83, Pro-318), 
(2) replaceable with a limited number of other 
side chains (His-31, Asn-93, Phe-94, Asp-276, 
Ala-279, Thr-280, Gly-305, Gly-351, Pro-354, 
Ile-432), or (3) highly sensitive to inactivation of 
a substituted Cys mutant by N-ethylmaleimide 
(Leu-86, Val-261, Gly-275, Ser-284, Ala-323, 
Asn-326, Gly-327, Val-328, Ile-329, Thr-332, 
Gly-333, Ser-336, Asn-430). Most of these 29 
residues are highly conserved in NAT/NCS2 
family which facilitates analysis of their role not 
only in XanQ but also in homologous transport-
ers [26]. To address the putative role of these 
residues in XanQ (for example, whether they 
are involved in binding, specificity, conforma-
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tion cycling or crucial intramolecular interac-
tions) one can use more specific criteria, as 
follows:

Binding site: To interrogate whether a residue 
is at the binding site or at the periphery, the 
effects of substrate on both the activity and 
the side chain reactivity of mutants should be 
taken into account. Residues in the binding site 
that interact directly with substrate (xanthine) 
are expected to be irreplaceable either for 
detectable transport activity or for binding xan-
thine and analogues with decent affinity. In 
addition, residues at the periphery of the bind-
ing site that are not irreplaceable for substrate 
affinity are expected to display steric protection 
of their single-Cys mutants in the presence of 
saturating concentrations of xanthine. 
Therefore, a strong biochemical indication that 
a residue is at the binding site or at the periph-
ery can be based on two criteria: (a) abrogation 
of affinity for substrate and analogues with any 
of the site-replacement mutants; (b) very low or 
negligible uptake with any of the mutants and 
substrate-caused protection of the single-Cys 
mutant against site-specific alkylation inde-
pendently of the reagent used. In XanQ, two 
sequential residues of the NAT-signature motif 
(Gln-324, Asn-325) meet either one of these 
criteria. Mutants replacing Gln-324 display very 
low or negligible activity and the marginally 
active ones (Q324E, Q324N) are grossly 
impaired with respect to affinity for xanthine 
(as measured with transport kinetics assay) or 
xanthine analogues (as measured with ligand 
competition assays) [75], and the single-Cys 
Q324C also fails to bind substrate as implied 
from the results of site-directed alkylation 
assays [41]. Mutants replacing Asn-325 are 
essentially inactive but site-directed alkylation 
analysis of N325C shows that high-affinity 
binding of xanthine is retained and protects the 
Cys at this position from alkylation with either 
N-ethylmaleimide (NEM) or 2-sulfonatoethyl 
methanethiosulfonate (MTSES−) most probably 
due to steric hindrance [41]. Thus, the data 
support that Gln-324 interacts directly with 
substrate in the binding site (criterion a) while 
Asn-325 is at the periphery and interferes with 
substrate binding sterically (criterion b). Both 
the functional properties of relevant UapA 
mutants [70] and homology modeling on the 
template of UraA structure [31] are in agree-
ment with the above conclusions.

Substrate accessible cavity: Residues that are 
at a distance from the binding site or at the 
vicinity but not interacting with binding might 
define a substrate-accessible hydrophilic space 
within the protein which roughly delineates the 
translocation pathway of substrate. Two criteria 
can be used to identify such residues from the 
Cys-scanning analysis data: (a) sensitivity of 
the single-Cys mutant at this position to inacti-
vation by N-ethylmaleimide (NEM) [5]; (b) reac-
tivity of the single-Cys mutant at this position 
with MTSES− or another membrane imperme-
ant hydrophilic reagent. Sensitivity to inactiva-
tion by NEM indicates a position where the 
bulky maleimidyl adduct prevents the release 
of substrate from the binding pocket by block-
ing the conformational changes needed in the 
alternating access mechanism [5). Reactivity of 
a transmembrane-segment residue with 
MTSES− indicates that this position is accessi-
ble to solvent from outside of the membrane 
which is expected of a residue contributing to 
the internal substrate- and water-accessible 
cavity [21]. In XanQ permease, both criteria 
(sensitivity to NEM and reactivity with MTSES−) 
are met by several residues of the NAT-signature 
motif in TM10 (Ala-323, Asn-326, Gly-327, Val-
328, Ile-329, Thr-332, Gly-333, Ser-336) [41]. 
In addition, the criterion of sensitivity to NEM is 
displayed by residues of TM8 (Val-261, Gly-275, 
Ser-284) [42], TM3 (Leu-86) [25] and TM14 
(Asn-430) [76]. These data support that the 
substrate translocation pathway is lined in part 
by a short α-segment of TM10, a long α-helical 
face of TM8 and residues at strategic positions 
of TM3 and TM14. Homology modeling of the 
permease structure in an inward-open sub-
strate-bound conformation [25, 31] substanti-
ates further the above conclusions with regard 
to the cytoplasmic parts of TM10, TM8 and 
TM3.

Specificity: Residues that contribute important-
ly to substrate specificity may be revealed by 
the properties of the relevant site-directed 
replacement mutants. A specificity-related resi-
due is expected to fulfil at least one of the fol-
lowing criteria: (a) different activity or specificity 
profile with different mutants indicating a pat-
tern of constraints in site chain replacement at 
this position; (b) radically altered profile for rec-
ognition of analogues with one or more site-
directed replacements; and (c) clear deviation 
in substrate selectivity (such as capacity of 
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transporting a new, non-wild-type substrate) 
displayed by at least one of the site-replace-
ment mutants. In XanQ, all the above criteria 
are fulfilled with Asn-93 (TM3), which appears 
to be crucial for specificity with respect to the 
imidazole moiety of xanthine and for the coun-
ter-selectivity against uric acid [25]. In addition, 
the first two criteria are fulfilled with several 
residues, most of which appear to contribute 
directly or indirectly to the specificity of the 
binding site with respect to the imidazole moi-
ety, i.e. the exclusion of analogues substituted 
at positions 7 or 8 of xanthine. Site-directed 
XanQ mutants that display a radically altered 
profile include H31Q (TM1), allowing recogni-
tion of 8-methylxanthine and, to a marginal 
extent, of 7-methylxanthine and uric acid [77], 
N93A or N93S (TM3), allowing high-affinity rec-
ognition of 8-methylxanthine and low but 
detectable transport of uric acid [25], F94Y 
(TM3), disrupting affinity for 2-thio and 6-thio-
xanthine [25], D276E (TM8), allowing high-affin-
ity recognition of 8-methylxanthine but disrupt-
ing recognition of any analogue at the pyrimidine 
moiety [42], T332N (TM10), allowing recogni-
tion of 8-methylxanthine and compromising 
affinity of 1-methylxanthine [75], G333R 
(TM10), allowing recognition of 7-methyl and 
8-methylxanthine and, to a marginal extent, of 
uric acid [41], S336N (TM11), disrupting recog-
nition of 6-thioxanthine [41], N430C and I432T 
(TM14), enhancing recognition of 2-thioxan-
thine but disrupting affinity for other analogues 
[76], and I432Q, I432N or I432V (TM14), dis-
rupting affinity for analogues at the pyrimidine 
moiety except 2-thioxanthine [76]. Three of the 
above mutants (N93A, N93S, D276E) enable 
binding of 8-methylxanthine with high affinity 
(Ki values 32μM, 48μM, 79μM, respectively). 
Two of them (N93A and N93S) can transport 
uric acid (8-oxy-xanthine) in addition to the wild-
type substrate (xanthine), a property that is 
unique among all XanQ mutants tested [25]. 
However, the capacity of these mutants for uric 
acid uptake is very low [25].      

Conformation sensors: Residues of which the 
single-Cys replacement mutant is reactive with 
N-ethylmaleimide (NEM) and its reactivity or 
sensitivity to inactivation is altered significantly 
in the presence of substrate are probably at key 
positions in the tertiary structure of the perme-
ase that move to a different environment with 
the conformational change elicited by substrate 

binding. Such residues are often found at sites 
that are distant or oriented away from the bind-
ing site, with most dynamic changes usually 
reported at the cytoplasmic or the periplasmic 
entrance of the internal hydrophilic cavity [5, 
6]. In XanQ, increased sensitivity to inactivation 
by NEM at saturating concentrations of sub-
strate (xanthine) has been reported with G275C 
(TM8) (IC50 change from 14.5μM to 7.9μM) [42] 
and A323C (TM10) (IC50 change from 34μM to 
14μM) [41], implying diverging movements of 
the cytoplasmic parts of TM8 and TM10 during 
the mechanism of transport that expose the 
relevant side chains to the reagent. This inter-
pretation is consistent with structural modeling 
which predicts that the binding site is accessi-
ble from the cytoplasm at the substrate-bound 
conformation [31] (Figure 2B). In any event, it 
should be noted that the substrate effects on 
side-directed alkylation of the single-Cys XanQ 
mutants have not been studied extensively, 
except in the sequence region of the NAT-
signature motif (residues 321-339) [41]. In the 
NAT-signature sequence, all single-Cys mutants 
were found highly reactive with both NEM and 
the membrane-impermeant MTSES− and, with 
the exception of A323C and the substrate-rele-
vant N325C (see above), their accessibility or 
reactivity is practically unaltered by substrate 
[41]. These results confirm that the motif is 
close to the binding site and not at distal 
regions of the internal cavity that would be sub-
ject to more dynamic conformational changes 
[41]. 

Intramolecular interactions: Although the 
majority of important XanQ residues have been 
found at the core domain which is implicated 
directly in defining binding affinity and specific-
ity, more dynamic structural elements that con-
tribute to the alternating access mechanism by 
controlling access to and release from the bind-
ing site are expected to be located at the gate 
domain [31]. In this respect, it is important to 
identify the interactions between helices of the 
core and the gate domains of XanQ and study 
their putative mechanistic roles. One site of 
such interactions involves the junction between 
the unwound region and the short α-helix of the 
last transmembrane segment (TM14), which 
includes the specificity-related Asn-430 and 
Ile-432 and has been proposed to “cross-talk” 
functionally with the NAT-signature motif 
(TM10) based on the properties of correspond-
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ing double-replacement mutants [76]. 
Homology modeling indicates that this site of 
TM14 is relatively close to the periplasmic ends 
of TM3 and TM8 at the interface between the 
core and the gate domains (Figure 2C). Paired-
Cys replacements have been used to investi-
gate such a putative interaction via cadmium-
sensitivity assays and cross linking [91]. The 
double mutant E429C/H257C was found to be 
sensitive to inhibition by cadmium chloride, 
indicating that positions Glu-429 (TM14) and 
His-257 (TM8) are sufficiently close to allow 
interaction of the two substituted Cys residues 
through coordination of a cadmium ion (Cd2+) 
resulting in severe limitations in the conforma-
tional movements and inhibition of active trans-
port. Experiments are underway to analyze the 
extent and significance of such interactions 
between TM3/TM8/TM14 by Cys-Cys cross-
linking assays [91]. 

Study of homologous transporters

NAT/NCS2 family encompasses at least 2,000 
structurally homologous members with diverse 
substrate preferences or specificities but very 
few of the members are characterized experi-
mentally. The information derived from the Cys-
scanning analysis of XanQ permease, in con-
junction with the structure model of UraA and 
the existing genetic evidence from the fungal 
UapA, can serve as a basis to study structure-
function relationships in other related mem-
bers of the NAT/NCS2 family which are not yet 
characterized. In this respect, it is challenging 
that most of the functionally known homologs 
including the well studied XanQ and UapA are 
selective for xanthine or uric acid (8-oxy-xan-
thine) or for both and display distinct variations 
in their specificity profiles [55-58].

Inspection of conserved sequence motifs and 
sequence alignment analysis of the different 
xanthine and/or uric acid-transporting homo-
logs indicated interesting patterns of correla-
tion with changes between xanthine-selective 
and xanthine/uric acid dual-selectivity trans-
porters, especially at the characteristic NAT-
signature motif [41]. However, such sequence 
differences did not correlate with clear-cut 
changes in substrate selectivity of correspond-
ing mutants which were made in either XanQ 
[41, 75] or UapA [70, 73]. The most pronounced 
change in XanQ was accomplished with replace-

ment of Gly-333 to Arg (at the carboxyl-terminal 
end of the motif sequence) yielding aberrant 
recognition of 7-methyl and 8-methylxanthine 
(which are not wild-type ligands) but without 
affecting the selectivity preference for xanthine 
[41]. Recognition of 8-methylxanthine has also 
been observed with a number of other single-
replacement XanQ mutants and even with 
UapA/XanQ chimeras [76], implying that sever-
al changes at different sites in this xanthine-
specific transporter can confer a degree of pro-
miscuity for the recognition of analogues at the 
imidazole moiety of xanthine. However, none of 
these changes resulted in a clear selectivity 
change (most notably, none allowed recogni-
tion or uptake of uric acid except N93A/S which 
transport uric acid to a marginal extent) [25]. 
Thus, it is evident that the strict preference of 
XanQ for xanthine is not easily modifiable and a 
more systematic approach is needed to 
address the basis of xanthine/8-oxy-xanthine 
selectivity differences. Such an approach is 
offered through the exploitation of evidence 
from the Cys-scanning analysis of XanQ and the 
elucidation of the function of new, closely relat-
ed but distinct-selectivity homologs. An appli-
cation example of this approach has been 
described recently for elucidation of the molec-
ular basis of selectivity of UacT, a newly charac-
terized uric acid transporter from E. coli [26].

In practice, UacT was identified functionally in a 
screen for characterization of the complement 
of putative purine transporters of E. coli K-12 
[26]. UacT is related in sequence and genomic 
locus with XanQ and is found along with it in a 
cluster of putative purine catabolic genes. 
Although the pathway of catabolic oxidation of 
uric acid to allantoin in E. coli is unclear, UacT 
was identified as a proton-gradient dependent, 
low-affinity (Km 0.5mM) and high-capacity 
transporter for uric acid [26]. UacT can also 
transport xanthine, but with disproportionately 
low capacity [26]. The clear selectivity differ-
ence between UacT (uric acid) and XanQ (xan-
thine) which share an approximately 30% iden-
tity in sequence prompted a rationally designed 
site-directed mutagenesis study of UacT based 
on the data available from the Cys-scanning 
analysis of XanQ [26]. Mutagenesis targets 
were selected from UacT residues correspond-
ing to the set of the important residues of XanQ 
(Supplemental Figure S1). Residues of this set 
that had been found to be irreplaceable for 
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function or essential for substrate affinity/
specificity in XanQ were subjected to extensive 
mutagenesis in UacT. Of the remaining residues 
of this set, the ones that correspond to non-
conserved side chains were replaced with the 
corresponding amino acid found in XanQ and 
vice versa [26]. 

The most prominent results from this compre-
hensive first-time mutagenesis study of UacT 
permease were that His-37 (TM1), Glu-270 
(TM8), Asp-298 (TM9), Gln-318 and Asn-319 
(TM10) are functionally irreplaceable, and Thr-
100 (TM3) is essential for the uric acid selectiv-
ity. The five irreplaceable residues of UacT are 

conserved in all purine transporters of the NAT/
NCS2 family and four out of five are also irre-
placeable for function in XanQ [75, 77] and in 
UapA [70, 73]. Structural modeling indicates 
that two of them (Glu-270 and Gln-318, corre-
sponding to Glu-272 and Gln-324 of XanQ) are 
in the substrate binding pocket and may form 
direct hydrogen bonds with substrate [31]. On 
the other hand, the selectivity-associated Thr-
100 (Asn-93 in XanQ) which is also at the vicin-
ity of the binding site displays poor conserva-
tion in NAT/NCS2 family but retains invariably a 
polar character in the known nucleobase-trans-
porting members (Asn, Thr or Ser) while the 
ascorbate-transporting members have an Ala 

Figure 3. Determinants of the xanthine/8-oxy-xanthine distinction between permeases XanQ and UacT. The major 
substrate, relative efficiencies for the uptake of xanthine (blue bars) and uric acid (red bars) and the arrangement 
of side chains in the presumed binding site are shown for XanQ and its mutant N93A (A) or UacT and its mutant 
T100A (B). The two mutants shown were the only ones leading to clear-cut changes in selectivity in a mutagenesis 
screen of 16 important residue positions [for a complete account of this set of mutagenesis targets, see Supple-
mental Figure S1]. Among the other binding-site residues, E270/272 and Q318/324 are functionally irreplaceable 
in either transporter, S317 contributes to the uric acid selectivity to a lesser extent and M274 has a stabilization role 
on the binding site integrity [26]. Transport efficiencies (Vmax/Km) for uric acid were measured at 25°C [26]. Trans-
port efficiencies (Vmax/Km) for xanthine were measured at 25°C (A) or 37°C (B) [25, 26]. The sequence of XanQ or 
UacT was threaded on the known x-ray structure of UraA [31] using the SWISSPROT modeling server and displayed 
with PyMOL v1.4 (Schrödinger, LLC). Numbers represent minimal distances in Ǻ between the indicated side chains.
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[25]. The conclusion that the side chain of Thr-
100 is linked with the transporter ability to dif-
ferentiate between uric acid (8-oxy-xanthine) 
and xanthine was based on the finding that 
replacement of this residue with Ala changes 
the uric acid-selective UacT to a dual-selectivity 
variant transporting both uric acid and xanthine 
with comparable efficiencies [26]. A similar but 
less pronounced effect is evident with the cor-
responding amino acid replacement in XanQ 
(N93A) which converts the xanthine-selective 
XanQ to a dual-selectivity variant albeit with 
very low capacity for the non-wild type sub-
strate (Figure 3).

Homology modeling of the purine-transporting 
members of the NAT/NCS2 family indicates 
that the relevant position of TM3 (Thr-100/Asn-
93) is vicinal to the substrate binding site but 
the Thr or Ser replacing Asn-93 in UacT and all 
dual-selectivity homologs is distal from the 
conserved, substrate-relevant glutamate of 
TM8 (minimal distance between oxygen atoms, 
6.0 Ǻ) while Asn-93 in XanQ is significantly clos-
er (distance between oxygen atoms, 4.5 Ǻ). In 
the dually selective UapA, occupation of the 
Asn-93 position by Ser orients this residue 
away from the substrate-relevant Glu of TM8, 
leading to relaxation of a constraint for the rec-
ognition of analogues at position 8 and allowing 
binding and transport of uric acid (8-oxy-xan-
thine). In XanQ, the mutants replacing Asn-93 
with Ser or Ala also orient this residue away 
from the substrate-relevant Glu (Glu-272) and 
yield efficient recognition of 8-methylxanthine 
and low but significant uptake of uric acid [25], 
mimicking in part the dual-selectivity homolog 
(Figure 3A). In UacT, Thr-100 is also oriented 
away from the carboxyl group of Glu-270 (TM8) 
leaving more space in the substrate binding 
pocket but, at the same time, the pKa of Glu-
270 may be distorted significantly relative to 
the corresponding carboxylic acid in XanQ due 
to its vicinity with hydrophobic groups from Thr-
100 and Met-274 (Figure 3B). These changes 
on the substrate binding Glu-272/Glu-270 
might account for the selectivity difference 
between UacT (uric acid) and XanQ (xanthine). 
Replacement of Thr-100 with Ala leads to a 
dual-selectivity profile possibly due to partial 
alleviation of the hydrophobicity and space con-
straints with respect to Glu-270 in UacT (Figure 
3B). On the other hand, replacement of Asn-93 
with Thr in XanQ cannot imitate the UacT profile 

but leads to low affinity for all xanthine ana-
logues [25], possibly due to interference of the 
methyl group of Thr-93 in the vicinity of the 
essential Glu-272 which is not counterbalanced 
by other changes. Based on these observa-
tions, it is evident that further combinatorial 
replacements are needed to promptly convert 
XanQ to the UacT selectivity profile or vice 
versa. Targets for such replacements can be 
selected from residues of the important set 
taking into account their orientation relative to 
the binding site in the modeled structures and 
functional properties of the relevant single-
replacement mutants [26].

The above comparative studies of xanthine 
and/or uric acid-selective transporter homo-
logs open the way for more systematic insight 
on the molecular basis of the evolution of sub-
strate profile preferences in NAT/NCS2 family, 
by means of characterizing and concisely ana-
lyzing selected new homologs for structure-
function relationships.

Concluding remarks

The systematic Cys-scanning analysis of the 
xanthine permease XanQ from E. coli K-12 has 
allowed delineation of a set of important resi-
dues in NAT/NCS2 family and usage of the 
properties of the corresponding mutants as a 
basis to study new homologs with novel sub-
strate profiles. The analysis of XanQ as a study 
prototype for the evolutionarily ubiquitous NAT/
NCS2 family was launched after initial function-
al indications on the role of one characteristic 
sequence motif of the family (the NAT-signature 
motif) about seven years ago and was complet-
ed to a major extent before elucidation of the 
first x-ray structure of a related homolog (UraA) 
one year ago. In retrospect, structural modeling 
has supported many of the conclusions 
deduced from analysis of the Cys-scanning 
data while the combination of the structure pre-
dictions with functional evidence has permitted 
more focused further mutagenesis designs. As 
is clear from this review, the work on XanQ per-
mease has set the stage for more rationalized 
structure-function-specificity analyses to 
address ab initio studied homologs and under-
stand the spectrum of specificity variations in 
purine transporters of the family. From a broad-
er methodological point of view, the data show 
that comprehensive analysis of structure-func-
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tion relationships in newly characterized trans-
porters can be accomplished with relatively few 
site-directed replacements, based on the 
knowledge available from Cys-scanning muta-
genesis of one prototypic homolog.
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Supplemental Data
Table S1. Protein sequences used to construct phylogeny of the NAT/NCS2 family
Organism Transporter Family Accession number

(mnemonic) (NCBI)
BACTERIA
Escherichia coli

XanQ (YgfO) NAT/NCS2 P67444
XanP (YicE) NAT/NCS2 P0AGM9
UraA NAT/NCS2 P0AGM7
UacT (YgfU) NAT/NCS2 Q46821
RutG (YcdG) NAT/NCS2 AAC74091
YbbY NAT/NCS2 P77328
PurP (YieG) AzgA-like P31466
YicO AzgA-like P31440
YgfQ AzgA-like Q46817
YjcD AzgA-like P0AF52

Bacillus subtilis
PbuX NAT/NCS2 P42086
PucJ NAT/NCS2 O32139
PucK NAT/NCS2 O32140
PyrP NAT/NCS2 YP_003865951
PbuO AzgA-like O34978
PbuG AzgA-like O34987

Sinorhizobium meliloti
SMc02513 NAT/NCS2 CAC47601
SMc02512 NAT/NCS2 CAC47602
SMb20289 NAT/NCS2 CAC48679
SMb20134 NAT/NCS2 CAC48534
SMb21281 AzgA-like NP_437325.1

ARCHAEA
Pyrococcus abyssi

P.abyssi NAT NAT/NCS2 NP_126472.1
P.abyssi HGAT AzgA-like NP_126753.1

Haloferax volcanii
H.volcanii NAT1 NAT/NCS2 YP_003533379.1
H.volcanii NAT2 NAT/NCS2 YP_003536273.1

Halobacterium sp.
Halobacterium NAT NAT/NCS2 ZP_09028835.1
Halobacterium HGAT AzgA-like NP_280776.1

Sulfolobus acidocaldarius
Sulfolobus HGAT AzgA-like YP_256300.1

Methanococcus maripaludis
Methanococcus NAT NAT/NCS2 NP_987801.1

Methanocaldococcus jannaschii
M.jannaschi HGAT AzgA-like NP_247298.1

PROTISTA
Dictyostelium discoideum

Dictyostelium NAT1 NAT/NCS2 XP_638319.1
Dictyostelium NAT2 NAT/NCS2 XP_642632.1

Phaeodactylum tricornutum
Phaeodactylum NAT1 NAT/NCS2 XP_002184514.1
Phaeodactylum NAT2 NAT/NCS2 XP_002177123.1
Phaeodactylum AzgA AzgA-like XP_002176623.1

Chlorella variabilis
Chlorella NAT1 NAT/NCS2 EFN55989.1
Chlorella NAT2 NAT/NCS2 EFN51042.1
Chlorella AzgA1 AzgA-like EFN58296.1
Chlorella AzgA2 AzgA-like EFN55661.1
Chlorella AzgA3 AzgA-like EFN53511.1
Chlorella AzgA4 AzgA-like EFN58112.1

Micromonas sp.
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Micromonas NAT NAT/NCS2 XP_002507868.1
Chlamydomonas reinhardtii

Chlamydomonas NAT1 NAT/NCS2 XP_001690343.1
Chlamydomonas NAT2 NAT/NCS2 XP_001702660.1
Chlamydomonas NAT3 NAT/NCS2 XP_001690514.1
Chlamydomonas AzgA AzgA-like XP_001696326.1

Ectocarpus siliculosus
Ectocarpus NAT NAT/NCS2 CBJ33435.1

FUNGI
Aspergillus nidulans

UapA NAT/NCS2 Q07307
UapC NAT/NCS2 P48777
AzgA AzgA-like Q7Z8R3

Aspergillus fumigatus
AfUapA NAT/NCS2 XP748919
AfAzgA AzgA-like XP_753664.1

Candida albicans
Xut1 NAT/NCS2 AAX22221.1

Schizosaccharomyces pombe
S.pombe NAT NAT/NCS2 NP_593513.1
S.pombe AzgA AzgA-like NP_596491.1

PLANTAE
Arabidopsis thaliana

AtNAT1 NAT/NCS2 AEC05969 
AtNAT2 NAT/NCS2 AEC08934
AtNAT3 NAT/NCS2 AEC07849
AtNAT4 NAT/NCS2 AEE32500
AtNAT5 NAT/NCS2 AED95881
AtNAT6 NAT/NCS2 AED97669
AtNAT7 NAT/NCS2 AEE33651
AtNAT8 NAT/NCS2 AEE28592
AtNAT9 NAT/NCS2 AED93439
AtNAT10 NAT/NCS2 AEE34395
AtNAT11 NAT/NCS2 AEE86867
AtNAT12 NAT/NCS2 AEC08049
AtAzgA1 AzgA-like AEE74982
AtAzgA2 AzgA-like AED95923

Zea mays
Lpe1 NAT/NCS2 NP_001150400.1

Oryza sativa
OsNAT NAT/NCS2 NP_001051745.1
OsAzgA AzgA-like EAY97568.1

ANIMALIA
Caenorhabditis elegans

C.elegans C51E3.6 NAT/NCS2 CAB01641
C.elegans T07G12.5 NAT/NCS2 CAB05270
C.elegans Y59E9AL.4 NAT/NCS2 CCD74085
C.elegans R11E3.2 NAT/NCS2 CCD72237
C.elegans T07G12.2 NAT/NCS2 CAB05274
C.elegans T07G12.4 NAT/NCS2 NP_501946

Drosophila melanogaster
Drosophila NAT NAT/NCS2 AAF54519

Anopheles gambiae
Anopheles NAT NAT/NCS2 AAM97678

Danio rerio
Zebrafish SVCT1 NAT/NCS2 NP_001166970.1
Zebrafish SVCT2 NAT/NCS2 XP_001339365.2

Mus musculus
mSVCT1 NAT/NCS2 Q9Z2J0
mSVCT2 NAT/NCS2 Q93PR4
mSlc23a3 (Yspl1) NAT/NCS2 Q60850.1
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Rattus norvegicus
rSVCT1 NAT/NCS2 Q9WTW7
rSVCT2 NAT/NCS2 Q9WTW8
rSlc23a3 NAT/NCS2 NP_001102476
rSNBT1 NAT/NCS2 BAI66650

Sus scrofa
pSVCT1 NAT/NCS2 XP_003124027
pSVCT2 NAT/NCS2 NP_999343
pSlc23a3 NAT/NCS2 XP_1925561
pSLC23A4 NAT/NCS2 XP_003134705

Homo sapiens
hSVCT1 NAT/NCS2 Q9UHI7
hSVCT2 NAT/NCS2 Q9UGH3
hSlc23a3 NAT/NCS2 Q6PIS1
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Figure S1. Mutagenesis targets from the set of important residues of permease XanQ. Topol-
ogy models of permeases XanQ and UacT showing residues subjected to mutagenesis at in-
variable (blue) and variable positions (red) [26]. Selection of mutagenesis targets is based on 
Cys-scanning analysis of XanQ (see text). The corresponding residues of XanQ (top) and UacT 
(bottom) are shown in separate rows, highlighting residues subjected to mutagenesis at vari-
able (red) and invariable positions (blue) and other invariably conserved side chains that were 
not studied in UacT (black labels with grey background). Cylinders of different colors denote 
transmembrane segments (TMs) of the core domain (light blue) and the gate domain (light 
orange). The topology models are based on homology threading on the x-ray structure of UraA 
[25].
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