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TransmembranehelixXII ofUapA, themajor fungal homolog
of the nucleobase-ascorbate transporter (NAT/NCS2) family,
has been proposed to contain an aromatic residue acting as a
purine-selectivity filter, distinct from the binding site. To ana-
lyze the role of helix XII more systematically, we employed Cys-
scanning mutagenesis of the Escherichia coli xanthine-specific
homolog YgfO. Using a functional mutant devoid of Cys
residues (C-less), each amino acid residue in sequence
419ILPASIYVLVENPICAGGLTAILLNIILPGGY450 (the puta-
tive helix XII is underlined) was replaced individually with Cys.
Of the 32 single-Cys mutants, 25 accumulate xanthine to
80–130% of the steady state observed with C-less YgfO, six
(P421C, S423C, I424C, Y425C, L427C, G436C) accumulate to
low levels (15–40%), and I432C is inactive. Immunoblot analysis
shows that P421Cand I432Cdisplay lowexpression in themem-
brane. Extensive mutagenesis reveals that replacement of Ile-
432 with equally or more bulky side chains abolishes active
transport without affecting expression, whereas replacement
with smaller side chains allows activity but impairs affinity for
the analogues 1-methyl and 6-thioxanthine. Only three of the
single-Cysmutants of helixXII (V426C,N430C, andN443C) are
sensitive to inactivation by N-ethylmaleimide. N430C is highly
sensitive, with an IC50 of 10 �M, and is completely protected
against inactivation in the presence of 2-thioxanthine, a high
affinity substrate analogue. Other xanthine analogues are
poorly bound by N430C, whereas replacement of Asn-430 with
Thr inactivates the permease. The findings suggest that Ile-432
andAsn-430 of helix XII are crucial for purine uptake and affin-
ity, and Asn-430 is probably at the vicinity of the binding site.

The nucleobase-ascorbate transporter (NAT)2 or nucleo-
base-cation symporter-2 (NCS2) family is an evolutionarily

ubiquitous family of purine, pyrimidine, and L-ascorbate trans-
porters, with members specific for the cellular uptake of uracil,
xanthine, or uric acid (microbial and plant genomes) or vitamin
C (mammalian genomes) (1–3). Despite their importance as
molecular gateways for the recognition and uptake of several
frontline purine-related drugs, NAT/NCS2 members have not
been studied systematically at the molecular level, and high
resolution structures or mechanistic models are missing. More
than 500 sequence entries are known, but few are functionally
characterized in detail.
The first NAT to be sequenced and best studied eukaryotic

member to date is UapA, a high affinity uric acid/xanthine:H�

symporter from the ascomycoteAspergillus nidulans (4). Stud-
ies with chimeric transporter constructs, site-directedmutagene-
sis, second-site suppressors, and kinetic inhibition analysis of
ligand specificity (5–8) have shown that a conserved NAT/NCS2
motif regionbetweenputative transmembranehelicesVIII and IX
ofUapA includesdeterminants of substrate recognition and selec-
tivity (8), with at least one residue (Gln-408) implicated in purine
bindingwith the imidazolemoietyofpurines,whereasanaromatic
residue at the middle of putative helix XII (Phe-528) may act as a
substrate-selectivity filter to determine stringency of the purine
translocation pathway (7, 9).
Recently, we have characterized the first purine-specific

members of the NAT/NCS2 family from a Gram-negative bac-
terium, namely YgfO and YicE of Escherichia coli K-12 (10), as
high affinity xanthine:H� symporters that cannot use uric acid,
hypoxanthine, uracil, or other nucleobases as a substrate and can-
not recognize analogues substituted at positions 7or 8of the imid-
azole ring (10, 11). We have also initiated a systematic series of
Cys-scanning and site-directed mutagenesis studies of YgfO to
elucidate structure-function relationships in a bacterialNAT (12).
Aspartof these studies,wehave shownthat theNAT/NCS2-motif
sequence region of YgfO includes essential determinants;
Gln-324, irreplaceable for high affinity binding and uptake, Asn-
325, irreplaceable for active transport, and an �-helical stripe of
residues (Thr-332, Gly-333, Ser-336, Val-339), highly sensitive to
site-directed alkylation and important for ligand specifity3 (12).
The studies also show that the bacterial (12) and fungal (8) NAT-
motif determinants consent, implying that few residues conserved
within the members of NAT family maybe invariably critical for
function.
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Social Fund. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
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indicate this fact.
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An aromatic residue in themiddle of putative helix XII of the
fungal UapA (Phe-528) has been suggested to act as a substrate-
selectivity filter to select against non-transported purines and

define stringency of the purine pathway but without participat-
ing in binding per se (9). Strikingly, sequences of helix XII are
poorly conserved in NAT family, but Phe-528 is always con-

FIGURE 1. Proposed topology and sequence alignment of helix XII and flanking regions of YgfO. The topology diagram (upper panel) illustrates the
location of sequence 419 – 450 in the context of the overall topological organization of YgfO. The model is based on program TMHMM, evidence that C
terminus is cytoplasmic (10, 18). and our unpublished evidence (G. Mermelekas and S. Frillingos, manuscript in preparation) on the orientation of transmem-
brane helices 8 –12. It also highlights the NAT-motif sequence region (12) and indicates irreplaceable residues (arrows), residues where one or more missense
mutations yield negligible expression or activity (squares) (E. Karena and S. Frillingos, manuscript in preparation), and residues where a single-Cys is highly
sensitive to inactivation by N-ethylmaleimide treatment (circled in a dark background). The five positions of native Cys residues that are replaced with Ser in the
C-less background are indicated as C/S. The sequence alignment (lower panel) shows a consensus of the 15 characterized NAT/NCS2 transporters, including
E. coli YgfO (P67444) (10), YicE (P0AGM9), and UraA (P0AGM7), Bacillus subtilis PbuX (P42086), PucK (O32140), and PucJ (O32139), Clostridium perfringens YcpX
(BAB80103), Lactococcus lactis PyrP (AAK05701), A. nidulans UapA (Q07307) (8) and UapC (P487777), Aspergillus fumigatus AfUapA (XP748919) (23), Candida
albicans Xut1 (AAX2221) (11), Zea mays Lpe1 (AAB17501) (24), Homo sapiens SVCT1 (SLC23A1) (AAH50261) and SVCT2 (SLC23A2) (Q9UGH3). The sequences
were aligned using ClustalW. Residues similar to the consensus are shaded, and conservative substitutions are shown in lowercase.
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served in fungal purine-transporting members, and an Ile is
conserved at the corresponding position of bacterial purine-
transportingNATs (Fig. 1). Thus, the bacterial YgfO, which has
a distinct andmore robust specificity with respect to position 8

of the imidazole ring (11), might not need a selectivity filter of
the fungal type or use a different amino acid residue(s) as a
selectivity filter outside helix XII (9). To initially address the
role of helix XII in YgfO, we have replaced it with the corre-

FIGURE 2. Active xanthine transport activities of single-Cys mutants. E. coli T184 harboring pT7-5/ygfO(C-less-BAD) with given mutations were grown
aerobically at 37 °C in complete medium to mid-logarithmic phase, induced with isopropyl 1-thio-�-D-galactopyranoside (0.5 mM) for 2 h, normalized to 0.7 mg
of protein per ml of cell suspension, and assayed for transport of [3H]xanthine (1 �M) at 25 °C. A, initial rates of uptake were measured at 5–20 s. Control values
obtained from T184 harboring pT7-5 alone (0.01 nmol mg�1 min�1 on average) were subtracted from the sample measurements in all cases. Results are
expressed as a percentage of the rate of Cys-less YgfO (1.7 nmol mg�1 min�1 on average) with S.D. from three independent determinations. B, steady-state
levels of xanthine accumulation (reached at 1–10 min for most mutants). Control values obtained from T184 harboring pT7-5 alone (0.01 nmol mg�1 on
average) were subtracted from the sample measurements in all cases. Results are expressed as a percentage of the level of Cys-less YgfO (0.8 nmol mg�1 on
average) with S.D. from three independent determinations.
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sponding segment of UapA (Fig. 1) to engineer chimera
YgfO(N11)-UapA(C1) and found that the chimeric protein is
expressed in the Escherichia colimembrane to decent levels but
fails to catalyze active transport. This finding implies that the
bacterial helix XII should also contain important determinants.

To analyze the role of helix XII more systematically, we have
performed Cys-scanning and site-directed mutagenesis of
sequence 419–450 of YgfO. Our combined evidence from
transport, immunoblotting, sulfhydryl alkylation, and ligand
inhibition assays of a set of 65 site-directed permease mutants

FIGURE 3. Immunoblot analysis of single-Cys mutants. Membranes were prepared from isopropyl 1-thio-�-D-galactopyranoside-induced cultures of E. coli
T184 harboring pT7-5/ygfO(C-less-BAD) with given mutations. Samples containing �100 �g of membrane protein were subjected to SDS-PAGE (12%) and
immunoblotting using HRP-conjugated avidin. Equivalent results were obtained when blots were re-probed with anti-LacY epitope antibody (not shown).
A, representative blots of single-Cys mutants and Cys-less YgfO. Membranes prepared from cells harboring pT7-5 alone exhibited no immunoreactive material.
Prestained molecular weight standards (Bio-Rad, low range) are shown on the left. B, quantitative estimation of the expression level of each mutant as a
percentage of Cys-less expression derived from the relative density of the corresponding band. Results shown are the means of four determinations from two
independent experiments, with S.D. that were �15%.
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has shown thatAsn-430 and Ile-432, in the approximatemiddle
of helix XII, are crucial for function, and Asn-430 is probably at
the vicinity of the purine binding site. Ile-432 aligns with Phe-
528, the putative substrate-selectivity filter of UapA (9), and
Asn-430 aligns with Thr-526, a residue that also appears to play
a role in substrate selectivity.4 The significance of our findings
with respect to comparison with the major fungal NAT homo-
log (UapA) is discussed.

EXPERIMENTAL PROCEDURES

Materials—[8-3H]Xanthine (27.6 Ci/mmol) was purchased
from Moravek Biochemicals. Nonradioactive nucleobases and
analogues were from Sigma. Oligodeoxynucleotides were syn-
thesized from BioSpring GmbH. High fidelity Taq Polymerase
(Expand High Fidelity PCR system) was from Roche Applied
Science. Site-directed rabbit polyclonal antiserum against the
C-terminal 12peptide of E. coli LacY was donated by H. R.
Kaback (UCLA) and prepared by Berkeley Antibody Co., Inc.
(Richmond, CA). Horseradish peroxidase (HRP)-conjugated
penta-His antibody was fromQiagen. Avidin-HRP and protein
A-HRP conjugates were fromAmershamBiosciences. All other

materials were reagent grade and
were obtained from commercial
sources.
Bacterial Strains and Plasmids—

E. coli K-12 was transformed
according to Inoue (13). TOP10F�
(Invitrogen) was used for initial
propagation of recombinant plas-
mids. T184 (14), harboring pT7-5/
ygfO (10) with given replacements,
was used for isopropyl 1-thio-�-
D-galactopyranoside-inducible ex-
pression from the lacZ promoter/
operator. Plasmid pAN510 (9)
(donated by G. Diallinas, Athens
University) was used as a uapA tem-
plate for the construction of YgfO-
UapA chimeras (see below).
DNA Manipulations—Construc-

tion of expression plasmids and
BAD-tagged versions of YgfO con-
taining a C-terminal tail with the
biotin-acceptor (BAD) domain of
Klebsiella pneumoniae oxaloacetate
decarboxylase and the C-terminal
12peptide of E. coli LacY has been
described (10). Construction of
His10-tagged versions, containing
the C-terminal 12peptide of E. coli
LacY followed in-frame by His10 at
the C terminus of YgfO has also
been described (12). For construc-
tion of Cys-less YgfO, the five
native-Cys codons were replaced
simultaneously with Ser codons

using two-stage (multiple overlap/extension) PCR on the
template of wild-type YgfO tagged at the C terminus with the
BAD tag and subsequently transferred to the His10-tagged
background by BamHI-HpaI restriction fragment replace-
ment (12). For construction of Cys replacement mutants,
two-stage (overlap/extension) PCR (15) was performed on
the template of Cys-less YgfO tagged at the C terminus with
either BAD or His10 as indicated. Two-stage (overlap/exten-
sion) PCR using wild-type YgfO tagged at the C terminus
with the BAD tag (10) and wild-type UapA (9) as templates
was performed for the construction of chimeric YgfO-UapA
proteins or combined replacement mutants as indicated.
The entire coding sequence of all engineered constructs was
verified by double-strand DNA sequencing in an automated
DNA sequencer (MWG-Biotech).
Growth of Bacteria—E. coli T184 harboring given plasmids

was grown aerobically at 37 °C in Luria-Bertani medium con-
taining streptomycin (0.01 mg/ml) and ampicillin (0.1 mg/ml).
Fully grown cultures were diluted 10-fold, allowed to grow to
mid-logarithmic phase, induced with isopropyl 1-thio-�-D-ga-
lactopyranoside (0.5 mM) for an additional 2 h at 37 °C, har-
vested, and washed with the appropriate buffers.4 I. Papageorgiou and G. Diallinas, personal communication.

FIGURE 4. Expression and xanthine uptake activities of Cys replacement and most-conservative-replace-
ment mutants in the wild-type (wt) permease background. E. coli T184 harboring pT7-5/ygfO(wild-type-
BAD) with given mutations were grown, induced, and subjected to immunoblot analysis of membrane frac-
tions (A) or assayed for transport of [3H]xanthine (1 �M, 25 °C) (B and C) exactly as described in the legends to
Figs. 2 and 3. Open and closed histogram bars in panel B represent initial rate and steady-state values, respec-
tively, with S.D. shown from three independent experiments.
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Transport Assays and Kinetic Analysis—E. coli T184 were
assayed for active transport of [3H]xanthine (1 �M) by rapid
filtration at both 25 and 37 °C, as described (10). For assaying
the effect of N-ethylmaleimide (NEM), T184 cells were prein-
cubated with NEM at the indicated conditions, reactions were
stopped by the addition of a 20-fold excess of dithiothreitol,
excess reagents and ligands were removed by centrifugation,
and transport assays were performed in the presence of phen-
azine methosulfate (0.2 mM) and potassium ascorbate (20 mM)
(16).
For ligand competition experiments, uptake of [3H]xanthine

(1 �M) was first assayed in the absence or presence of unlabeled
analogues (1 mM), as described (12). For kinetic analysis, puta-
tive inhibitorswere used in the concentration range of 0.1�M to
1 mM, and data were fitted to the appropriate equations using
Prism4. IC50 values were determined from full dose-response
curves with aminimum of eight points spread over the relevant
range. In all cases, the Hill coefficient was close to �1, consist-
ent with presence of one binding site. In addition, we have
examined the effect of analogues (1-methyl, 2-thio, and

8-methylxanthine) on Km and Vmax
for wild-type and selected mutants
and showed thatVmax remains unal-
tered, consistent with competitive
inhibition. This evidence suggests
that a simple model of competition
with the binding site of the trans-
porter is applicable, satisfying the
criteria for use of the Cheng and
Prusoff equation Ki � IC50/(1 �
(L/Km)), where L is the permeant
concentration, and Km is the value
obtained for this permeant (11). It
should be noted that the Ki value is
an affinity constant implying bind-
ing to the transporter but does not
indicate whether the ligand is being
transported across the membrane.
Immunoblot Analysis—Mem-

brane fractions of E. coli T184 har-
boring given plasmids were pre-
pared and subjected to SDS-PAGE
(12%) as described (10). Proteins
were electroblotted to polyvinyli-
dene difluoridemembranes (Immo-
bilon-PVDF; Pall Corp.). YgfO-
BAD was probed with avidin-HRP
or with a polyclonal antibody
against the C terminus of E. coli
LacY (17) followed by protein
A-HRP. YgfO-His10 was probed
with penta-His antibody-HRP. Sig-
nals were developed with enhanced
chemiluminescence (ECL).
In Silico Analysis—Comparative

sequence analysis of NAT/NCS2
homologs was based on BLAST-p
search and ClustalW alignment; the

most recent genome annotations were used for retrieving
sequence data. Analysis of transmembrane topology was per-
formed using program TMHMM (18).

RESULTS

Active Xanthine Transport—Using a functional YgfO devoid of
Cys residues (C-less), eachaminoacid residue in thesequence (Fig.
1) 419ILPASIYVLVENPICAGGLTAILLNIILPGGY450 including
putative transmembrane helix XII (underlined) and flanking
short segments was replaced individually with Cys. After
verification of the sequence, each single-Cys mutant was
transformed into E. coli T184 and assayed for its ability to
catalyze active xanthine transport. As shown in Fig. 2A, of
the 32 single-Cys mutants, 25 transport xanthine at rates
that are between 60 and 150% of C-less permease, and 6
(P421C, S423C, I424C, Y425C, L427C, G436C) display low
but significant uptake rates (10–25% of C-less). Mutant
I432C displays a rate that approximates cells transformed
with vector containing no ygfO insert. Steady-state levels of
xanthine accumulation also show the same general picture

FIGURE 5. Expression and xanthine uptake activities of site-directed mutants at position 432. E. coli T184
harboring pT7-5/ygfO(wild-type-BAD) with given mutations were grown, induced, and subjected to immuno-
blot analysis of membrane fractions (A) or assayed for transport of [3H]xanthine (1 �M, 25 °C) (B) exactly as
described in the legends to Figs. 2 and 3. Open and closed histogram bars represent initial rate and steady-state
values, respectively. C, correlation between mutant activity and van der Waals volume of side chain replacing
Ile-432. wt, wild type.
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(Fig. 2B); of the 32 single-Cys mutants, 25 accumulate xan-
thine to 80–130% of the steady state observed with C-less
YgfO, 6 (P421C, S423C, I424C, Y425C, L427C, G436C)
exhibit low levels (15–40% of C-less), and I432C is inactive.
Expression in theMembrane—Immunoblot analysis of BAD-

tagged single-Cys permeases shows that low activity of mutant
P421C and negligible activity of mutant I432C are associated
with low expression in the membrane. All other mutants are
expressed to high or moderate levels (Fig. 3).
Expression and Transport Analysis of Mutants in Wild-type

Background—From the Cys-scanning transport analysis
described above, few positions of inactive or low activity
mutants were delineated. We analyzed these positions further
by (a) transferring single-Cys mutations to the wild-type YgfO
background and/or (b) engineering the most conservative site-
directed replacement mutant to introduce an amino acid other
than Cys. Thus, we constructed and assayed mutants (a)
P421C(wt), S423C(wt), I424C(wt), Y425C(wt), L427C(wt),
G436C(wt) and (b) P421G(wt) and I432L(wt) (Fig. 4).We found
that S423C(wt), I424C(wt), G436C(wt), and P421G(wt) were
highly active, L427C(wt) accumulated to 50% of wild type, and
P421C(wt) and Y425C(wt) accumulated to low levels (15–30%
of wild type), whereas I432L(wt) was inactive (Fig. 4B). All
mutants of this set, including I432L(wt), are expressed in the
membrane to high levels (Fig. 4A).
Transport Analysis of Site-directed Mutants at Position

432—Ile-432, where mutants with negligible activity had
been detected (Figs. 2 and 4), was further subjected to exten-
sive site-directed mutagenesis in the wild-type YgfO back-
ground. Site-directed mutants were initially analyzed for
expression, active xanthine transport (Fig. 5), and kinetics of
xanthine uptake (Table 1). Our data show that all mutants
are expressed normally (Fig. 5A), but replacement of Ile-432
with Leu, Met, Glu, or Phe leads to inactivation, with Ala,
Ser, Thr, or Val yields low activity (15–30%), and with Asn or
Gln yields high activity (60–80%) (Fig. 5B). Clearly, decent
uptake activity is permitted with a narrow window of side-
chain volumes (95–125 Å3) and/or orientations at position
432 (Val, Glu, Leu, or Met yield activity �20%) (Fig. 5C).
Kinetic analysis reveals that mutants with a small amino acid
at position 432 (Ala, Ser) display a very low Vmax, whereas
mutants with amino acids of intermediate bulk (Asn, Gln,
Thr, Val) display Vmax approximating wild type and equiva-
lent (Asn or Gln; 1.5-fold lower or 1.2-fold higher Km) or
compromised affinities (Val or Thr; 4- or 3-fold higher Km).
The most bulky replacements (Leu, Phe) display negligible
uptake rates at any xanthine concentration tested (Table 1).
Ligand Recognition Profiles of Site-directed Mutants at

Position 432—To understand whether Ile-432 contributes to
the substrate and ligand recognition profile of YgfO, we
assayed the active Ile-432 mutants for inhibition of [3H]xan-
thine uptake in the presence or absence of a series of purines
and synthetic analogues (Table 2). When assayed in the pres-
ence of a 1000-fold molar excess of unlabeled antagonists, all
Ile-432 mutants appear to follow the wild-type profile but
with less efficient recognition of certain analogues, most
notably 1-methylxanthine and 6-thioxanthine (Table 2).
Kinetic analysis shows that mutants I432N(wt), I432V(wt),

and I432T(wt) display lower affinity (higher Ki) for 1-meth-
ylxanthine (�25-fold), 6-thioxanthine (7.5-fold to �25-
fold), and 3-methylxanthine (4-fold to 6.5-fold), similar or
higher affinity for 2-thioxanthine and 9-methylxanthine,
and no changes for the non-recognizable purines and sub-
strate analogues (Table 3). Mutant I432Q(wt) also displays
lower affinity (higher Ki) for 1-methylxanthine (�25-fold)
and 6-thioxanthine (10-fold), slightly higher affinity for
2-thioxanthine or 3-methylxanthine, and no changes for the
other analogues (Table 3).
Ile-432 Replacements in the C-less Background—To exam-

ine whether the native Cys residue Cys433 (Fig. 1) affects the
properties of Ile-432 mutants, we also engineered a series of
mutants at position 432 in the C-less background containing
Ser-433 (Fig. 6). In this background all mutants except I432C
(Fig. 3) are expressed normally (Fig. 6A), but replacement of
Ile-432 with most bulky side chains (Phe, Trp) inactivates
YgfO completely, replacement with equally or slightly less
bulky side chains leads to intermediate (Leu; 55–70%) or low
uptake activity (Met, Gln; 20–30%), and replacement with
small side chains (Ser, Ala) leads to very low activity (rates,
10–15% of C-less). The most active mutant of this set,
I432L(C-less), was further assayed for xanthine transport
kinetics (Table 1) and ligand recognition in competitive inhi-
bition experiments (Table 3) and found to display normal
Vmax with compromised transport affinity (1.6-fold higher

TABLE 1
Km and Vmax values of YgfO mutants for xanthine uptake
E. coliT184 expressing the corresponding constructs were assayed for initial rates of
xanthine uptake at 5–20 s in the concentration range of 0.1–100 �M; negative
control values obtained from T184 harboring vector pT7-5 alone were subtracted
from the sample measurements in all cases. Kinetic parameters were determined
from non-linear regression fitting to the Michaelis-Menten equation using Prism4;
values represent the means of three independent determinations with S.D. shown.
All mutants as well as the wild-type YgfO version used in these experiments con-
tained a C-terminal BAD. ND, assays were performed, but kinetic values were not
determined due to very low uptake rates (�0.05 nmol mg�1 min�1). Chimera
YgfO(N11)-UapA(C1) is abbreviated as N11-C1.

Permease Km Vmax Vmax/Km

�M nmol min�1

mg�1 protein
�l min�1 mg�1

YgfO(wt) 4.6 � 0.3 6.4 � 0.5 1391
YgfO (C-less) 5.5 � 0.5 10.2 � 0.9 1858

Single replacement mutants
I432A(wt) 1.6 � 0.5 0.5 � 0.1 313
I432S(wt) 1.8 � 0.2 1.5 � 0.2 833
I432N(wt) 2.6 � 0.5 4.7 � 0.2 1808
I432Q(wt) 5.0 � 0.7 9.5 � 0.4 1900
I432T(wt) 11.7 � 1.5 5.7 � 1.2 487
I432V(wt) 16.0 � 3.4 5.4 � 1.7 338
I432L(wt) ND ND
I432F(wt) ND ND
N430T(wt) ND ND
I432L (C-less) 9.1 � 0.7 12.1 � 0.4 1330
N430C (C-less) 9.9 � 1.8 23.1 � 1.6 2333

Double replacements
I432S(wt) 1.8 � 0.2 1.5 � 0.2 833
Q324N(wt) 76.0 � 19.1 44.5 � 4.7 586
I432S/Q324N(wt) 6.4 � 2.7 3.6 � 0.5 563
Q324E(wt) 71.2 � 12.2 12.6 � 0.4 177
I432S/Q324E(wt) 11.8 � 3.9 4.4 � 0.5 373

Chimeric constructs
N11-C1 ND ND
N11-C1/F528I ND ND
N11-C1/T526N ND ND
N11-C1/T526N/F528I 3.8 � 0.7 0.12 � 0.01 32
N11-C1/T526N/G527P/F528I 1.5 � 0.6 0.08 � 0.01 53
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Km than C-less) and lower affinity (higher Ki) for recognition
of 1-methylxanthine (�25-fold), 6-thioxanthine (20-fold),
and 3-methylxanthine (4-fold). Overall, properties of Ile-432
mutants in the C-less background show the same trends as in
the wild-type background (inactivation with very bulky
replacements, 55–80% activity but with compromised Km
and/or poor affinity for certain analogues with replacements
of intermediate bulk, low activity with smaller replace-
ments), but the window of side-chain volumes that permits
decent uptake activity is shifted to the right (110–130 Å3)
(Fig. 6C).

Functional Interaction of Ile-432 with the NAT Motif Region—
The NAT motif region of YgfO contains residues essential for
high-affinity binding and uptake and for refinement of ligand
specificity (12). In the homologous fungal UapA, the NAT
motif has been proposed to directly bind at the imidazole
moiety of substrate through Gln-408 (8) and act synergisti-
cally with Phe-528, the putative selectivity filter of helix XII,
to allow stringency of the purine translocation pathway (9).
To examine whether a similar interaction between helix XII
and the NAT motif exists in YgfO, we engineered double-
replacement mutants that combine I432S (helix XII), a

TABLE 2
Specificity profile of YgfO mutants at position 432 of helix XII
Values shown express % of [3H]xanthine (1�M) uptake rate in the presence of a 1000-fold excess (1mM) of unlabeled competitors. The uptake value obtained in the absence
of competitorwas taken as 100%. Values represent themeans of at least three determinations; S.D. were always�20%.Most significant differences from thewild-type profile
are highlighted in bold. All mutants as well as the wild-type version used in these experiments contained a C-terminal BAD. Although not shown, the specificity profile of
C-less YgfO is indistinguishable from the one of wild type, except for a marginal ability to recognize 7-methyl and 8-methylxanthine (rate retained, 36–40%).

Competitor
Single replacements, [3H]Xanthine uptake rate retained

wt I432Q I432N I432V I432T I432S I432A I432L (C-less)
%

None 100 100 100 100 100 100 100 100
Uric acid 97 87 76 65 62 68 70 75
Hypoxanthine 96 80 114 90 81 95 73 74
Adenine 96 92 154 102 87 109 72 90
Guanine 94 86 86 105 99 100 62 71
Uracil 101 96 156 92 108 101 76 95
1-Methylxanthine 19 63 67 76 78 53 54 75
2-Thioxanthine 13 18 12 18 25 37 21 25
3-Methylxanthine 25 30 44 72 79 60 32 10
6-Thioxanthine 20 56 36 65 85 52 47 47
7-Methylxanthine 105 75 88 78 83 73 66 50
8-Methylxanthine 96 40 66 87 92 156 26 51
9-Methylxanthine 13 15 12 28 36 39 53 24
Allopurinol 106 81 119 75 80 83 54 82
Oxypurinol 31 5 12 36 44 33 17 4

Competitor
Double replacements, [3H]Xanthine uptake rate retained

wt I432S Q324N I432S/Q324N Q324E I432S/Q324E
%

None 100 100 100 100 100 100
Uric acid 97 68 143 99 122 78
Hypoxanthine 96 95 125 100 90 33
Adenine 96 109 90 142 124 65
Guanine 94 100 97 64 80 45
Uracil 101 101 128 103 98 86
1-Methylxanthine 19 53 90 92 93 63
2-Thioxanthine 13 37 123 98 113 57
3-Methylxanthine 25 60 79 69 85 41
6-Thioxanthine 20 52 61 68 50 125
7-Methylxanthine 105 73 69 74 112 66
8-Methylxanthine 96 156 70 75 75 78
9-Methylxanthine 13 39 117 110 92 28
Allopurinol 106 83 105 91 124 62
Oxypurinol 31 33 69 57 62 18

TABLE 3
Kinetics of competitive inhibition for the most active I432 replacement YgfO mutants
Most significant differences from YgfO(wt) are highlighted in bold. Competition assay and kinetic analysis were performed as described under “Experimental Procedures.”
Values with S.D. shown represent the means of three determinations. Mutants used contained a C-terminal BAD.

Competitor
Ki

YgfO(wt) I432Q(wt) I432N(wt) I432V(wt) I432T(wt) I432L(C-less)
�M

Uric acid �1000 �1000 �1000 �1000 �1000 �1000
1-Methylxanthine 36 >1000 >1000 >1000 >1000 >1000
2-Thioxanthine 91 42 31 8 16 79
3-Methylxanthine 72 18 314 460 471 306
6-Thioxanthine 41 416 301 941 �1000 798
7-Methylxanthine �1000 �1000 �1000 �1000 �1000 �1000
8-Methylxanthine �1000 833 �1000 �1000 �1000 �1000
9-Methylxanthine 53 38 76 9 10 159
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mutation leading to low uptake and poor recognition of cer-
tain analogues, with Q324N or Q324E (motif region), muta-
tions leading to very low transport affinity and impaired
binding for all analogues (12). Interestingly, both combina-
torial mutants display normal expression in the membrane
(Fig. 5) and low transport activity (Fig. 5) but without major
impairment in transport affinity (Table 1). In addition, I432S/
Q324E allows binding of 9-methylxanthine, oxypurinol and,
less efficiently, 2-thioxanthine or 3-methylxanthine, analogues
that are not recognized by Q324E (Table 2). Finally, I432S/
Q324E displays an unprecedented, novel property to recognize
non-xanthine purines (hypoxanthine, adenine, and guanine)
(Table 2). Active transport assay for the uptake of [3H]hypox-
anthine (10) showed that neither I432S/Q324E nor any of the
parentalmutants (I432S orQ324E) can take uphypoxanthine at
concentrations 1–100 �M (data not shown).
Effect ofN-Ethylmaleimide onTransport Activity—The effect

of NEM, amembrane-permeable sulfhydryl reagent, on the ini-
tial rate of xanthine transport for each single-Cys mutant is
presented in Fig. 7. When incubated with 2 mMNEM (Fig. 7A),
it is found that only three single-Cys are inhibited significantly,
N443C by 50%, V426C by 70%, and N430C by 85%, activity of
L427C is increased 1.4-fold, and activity of the remaining sin-

gle-Cys mutants is essentially unal-
tered (�1.2-fold enhancement or
inhibition). V426C, N430C, and
N443C were then assayed in the
concentration range of 5 �M to 2
mM, and the concentration resulting
in 50% reduction of initial rate
(IC50) was determined. As shown in
Fig. 7B, N430C is highly sensitive to
NEM (IC50, 10 �M), whereas
V426C, falling on the same face of
an �-helix in the periplasmic half of
helix XII, is moderately sensitive
(IC50, 0.4 mM), and N443C displays
low sensitivity (IC50, 2 mM).
N430C Alkylation Interferes with

Ligand Binding—The highly NEM-
sensitive N430C was assayed for the
effect of xanthine and xanthine ana-
logues on the inactivation attained
with NEM (Fig. 7C). Initial experi-
ments using xanthine (1 mM)
yielded no significant effects on the
N430C inactivation rate (data not
shown), but this was probably
related to the fact that xanthine is
transported and would, therefore,
occupy the binding site for a shorter
time than a high affinity non-trans-
portable analogue; solubility limita-
tions (8, 10) did not allow us use
xanthine at concentrations �1 mM.
We next focused attention on the
effects of putative high affinity xan-
thine analogues. It was found that

2-thioxanthine (1 mM), an analogue that competes with xan-
thine for high affinity binding (Ki 9�M), protectsN430C against
inactivation completely (Fig. 7C). At the same conditions, ana-
logues that are poorly recognized by N430C (Ki � 0.5 mM)
protect partially (6-thioxanthine) or offer no detectable protec-
tion (1-, 3-, or 9-methylxanthine) (not shown). When used in
dose-response experiments, 2-thioxanthine was found to pro-
tect N430C with an EC50 of 0.15 mM (Fig. 7C).
Mutant N430T Is Inactive—Although replacement of Asn-

430 with Cys retains high activity (Fig. 2) but with poor affinity
for several xanthine analogues (Table 2), replacement of Asn-
430 with Thr in the wild-type background inactivates the per-
mease completely (Table 1).
Both Ile-432 and Asn-430 Are Needed to Rescue Activity

of Chimera YgfO(N11)-UapA(C1)—The chimeric protein
YgfO(N11)-UapA(C1) or N11-C1 (Fig. 8) engineered by replac-
ing the sequence of YgfO helix XII (420–451) with the corre-
sponding segment of UapA (505–547) was found to express in
theE. colimembrane, albeit to low levels, but catalyze negligible
active transport. Based on the Cys-scanning analysis, two resi-
dues of YgfO helix XII appear to be critical, Ile-432 and Asn-
430.When replaced individually with the corresponding amino
acid found in UapA, mutant I432F or N430T displays normal

FIGURE 6. Expression and xanthine uptake activities of site-directed mutants at position 432, con-
structed in the C-less permease background. E. coli T184 harboring pT7-5/ygfO(C-less-BAD) with given
mutations were grown, induced, and subjected to immunoblot analysis of membrane fractions (A) or assayed
for transport of [3H]xanthine (1 �M, 25 °C) (B), exactly as described in the legends to Figs. 2 and 3. Open and
closed histogram bars represent initial rate and steady-state values, respectively. C, correlation between mutant
activity and van der Waals volume of the side chain replacing Ile-432.
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expression in the membrane but zero activity (see above). We
re-introduced Ile-432/528 and/or Asn-430/526 in the back-
ground of chimeraN11-C1 to test whether these two residues of
helix XII can restore function. Normal expression is restored,
and significant xanthine uptake activity is rescuedwith the dou-
ble mutant N11-C1/T526N/F528I but not with either one of
N11-C1/T526N or N11-C1/F528I (Fig. 8). Significant uptake
activity is also rescued with N11-C1/T526N/G527P/F528I, in
which, apart from T526N and F528I, the intervening residue
(Gly) has also been replaced with the one found in YgfO (Pro)
(Fig. 8). Kinetics and ligand inhibition analysis of the two active
chimeras reveals that their transport affinity for xanthine is at
least as high as the one of wild-type YgfO, but their Vmax is low
(2% of wild-type) (Table 1), and the ligand specificity profile
differs from the one of wild-type YgfO, showing less efficient
recognition of 1-methyl and 9-methylxanthine and a striking

ability to bind analoguesmodified at
purine positions 7 or 8 that are not
or are poorly bound by wild type (7-
or 8-methylxanthine, oxypurinol)
(Fig. 8C).

DISCUSSION

We have studied the role of puta-
tive transmembrane helix XII of the
NAT family by Cys-scanning and
site-directed mutagenesis in the
major xanthine-specific bacterial
homolog YgfO and found that Asn-
430 and Ile-432, at the approximate
middle of transmembrane helix XII,
are important for the permease
function. Although replaceable,
these two residue positions appear
to pose specific steric constraints to
substrate or substrate analogue
binding, leading to the observed
phenotypes of site-directedmutants
with impaired activity or low affinity
for xanthine transport and/or bind-
ing of bulky replacement analogues.
Steric constraints probably repre-
sent direct effects in the case of Asn-
430, based on the site-directed alky-
lation experiments (Fig. 7), but are
probably exerted through indirect
interactions in the case of Ile-432,
which is on the opposite side of the
helix (Fig. 9). In any case,Asn-430 or
Ile-432 per se or the relative polar
character of the amino acid group at
each position is replaceable for
transport, excluding the possibility
of direct participation in xanthine
binding through specific hydropho-
bic (Ile) or hydrogen-bonding inter-
actions (Asn).
With respect to Asn-430, our

finding that single-Cys N430C is sensitive to inactivation by
N-ethylmaleimide (IC50, 10 �M) and completely protected
against inactivation by a high affinity substrate analogue
(2-thioxanthine) implies that this residue is close to the purine
binding site. The observation that the physiological YgfO sub-
strate, xanthine, offers no detectable protection at similar con-
centrations (�1 mM) may mean that binding affinity for xan-
thine is lower and/or reflects the high uptake capacity, which
lowers the effective xanthine concentration at the binding site.
In another paradigm of secondary active transporter, a very
similar mutant behavior, i.e. high activity, sensitivity to inacti-
vation by site-directed alkylation, and complete protection in
the presence of a high affinity ligand but less efficient protection
by substrate itself, had been described forCys-148 in the lactose
permease of E. coli (19), and this residuewas indeed found to be
vicinal to the binding site by x-ray crystallography (20, 21).

FIGURE 7. Effect of NEM on the xanthine transport activity of single-Cys mutants. E. coli T184 harbor-
ing pT7-5/ygfO(C-less-BAD) with given mutations were grown, induced, and assayed for transport of
[3H]xanthine (1 �M, 25 °C). Cells had been preincubated in the absence or presence of either 2 mM NEM (A)
or a range of NEM concentrations (5 �M, 10 �M, 20 �M, 40 �M, 0.1 mM, 0.4 mM, 1 mM, 2 mM) (B) for 10 min at
25 °C. Transport assays were performed in the presence of 20 mM potassium ascorbate and 0.2 mM phen-
azine methosulfate. A, effect of 2 mM NEM. Rates are presented as percentages of the rate measured in the
absence of NEM with S.D. from three independent determinations shown. Average and S.D. values of
C-less control are also shown as dashed line and gray horizontal bars, respectively. Values were not deter-
mined (ND) for mutant I432C, which displays negligible initial rate. B, NEM dose-response curves for
mutants V426C, N430C, and N443C. IC50 values were deduced from these data using the Prism4 software.
C, effect of substrate on the inactivation of N430C attained with NEM. Incubation with NEM (0.1 mM) in the
absence or presence of 2-thioxanthine (1 �M, 4 �M, 10 �M, 40 �M, 0.1 mM, 0.4 mM, 1 mM) was followed by
removal of excess reagent and ligand by centrifugation before transport assay. The inactivation effects
were calculated as deviations of each uptake rate from the rate measured in the absence of NEM and
presented as percentages of the inactivation effect of NEM in the absence of ligand. Values with S.D. from
three independent determinations are shown.
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With respect to Ile-432, which is probably situated on the
other side of the�-helix but at the same depth in themembrane
as Asn-430 (Fig. 9), our extensivemutagenesis data suggest that
it may affect constraints in the purine binding site indirectly. A
bulkier or differently oriented side chain at this position is
refractory for substrate insertion or translocation possibly due
to steric confluence and unfavorable rearrangement of helices
that is transmitted to Asn-430 in the binding pocket. For the
same reason, a smaller side chain may allow xanthine binding
and transport, even with reduced affinity, but hinder recogni-
tion of bulky substituents at the pyrimidinemoiety of substrate,
leading to the observed impairment of binding for 1-methyl and
6-thioxanthine.
Although conservation of the sequence of putative trans-

membrane helix XII among NAT transporters is poor, it is

notable that a hydrogen-bonding
amino acid (mostlyAsn, Thr, or Ser)
is conserved at the position of resi-
due Asn-430 and a hydrophobic
amino acid (mostly Ile, Phe, or Met)
at the position of residue Ile-432,
with Gly or Pro at the intervening
position of purine transporters (Fig.
1). In the homologous sequence of
the fungal UapA transporter,
Ile-432 and Asn-430 align with Phe-
528 and Thr-526, respectively. It is
interesting to note that Phe-528 in
UapA has been proposed to act as a
substrate-selectivity filter that syn-
ergizes with but is distinct from the
purine binding site (9). The authors
base their proposal on the finding
that replacement of the aromatic
ring at this position results in low
affinity uptake of novel purine sub-
strates such as hypoxanthine and
guanine but without impairing the
normal transport activity for the
physiological substrates (uric acid,
xanthine, oxypurinol) (7, 9).
Replacement of Thr-526 with Ala
was also shown to affect substrate
selectivity.4 Thus, in both the bacte-
rial and the fungal homolog, the two
residues of helix XII (Ile/Phe and
Asn/Thr) appear to serve a critical
role associated with optimal strin-
gency for purine binding and/or
translocation. The role, however, is
much more crucial in the bacterial
YgfO, where recognition of sub-
strate and substrate analogues is
subject to more steric constraints
than in the fungal UapA (10, 11).
On linewith the above, properties

of the mutants in both YgfO and
UapA imply that the median part of

transmembrane helixXII containing Ile/Phe-432 andAsn/Thr-
430 is close to the binding site in the tertiary structure. In
YgfO, this contention is strongly supported by our finding
that ligand binding can protect N430C from inactivation
with N-ethylmaleimide. In UapA, such information is not
available, but it is suggested that Phe-528 interacts with Gln-
408, a residue implicated with purine binding (8), based on
the functional properties of a series of double mutants (9).
Because Gln-408 (Gln-324 in YgfO) is highly conserved in
the NATmotif sequence region (Fig. 1) and appears to play a
critical and finely tuned role in purine binding in both the
bacterial YgfO and the fungal UapA system (8, 12), it is rea-
sonable to assume that an interaction between Gln-324
(motif) and Ile-432 (helix XII) also exists in YgfO. Initial
evidence for such an interaction is provided from our double

FIGURE 8. Expression, xanthine uptake activities, and ligand recognition properties of YgfO-UapA
cross-homolog chimeras with replacements at helix XII. E. coli T184 harboring pT7-5/ygfO(wild-type-
BAD) with sequence 420 – 451 replaced with codon sequence 505–547 from UapA (chimera N11-C1), and
given mutations were grown, induced, and subjected to immunoblot analysis of membrane fractions (A)
or assayed for transport of [3H]xanthine (1 �M, 25 °C) (B), as described in the legends to Figs. 2 and 3. The
active chimera mutants were also subjected to ligand-competition transport analysis (C), as described in
the legend to Table 2. A, representative immunoblots and quantitative estimation of the expression level
of each construct as a percentage of wild-type YgfO expression derived from the relative density of the
corresponding band. Results with S.D. shown are the means of three independent determinations.
B, active transport assays for chimera N11-C1 and mutants thereof. C, ligand recognition profiles of the
active chimera mutants. Values shown express % of [3H]xanthine (1 �M) uptake rate in the presence of a
1000-fold excess (1 mM) of unlabeled competitors and represent the means of three determinations with
S.D. shown. The unlabeled nucleobases and analogues used are: UA, uric acid; H, hypoxanthine; A, ade-
nine; G, guanine; U, uracil; Ap, allopurinol; Op, oxypurinol; 1-M, 1-methylxanthine; 6-SX, 6-thioxanthine;
2-MX, 2-methylxanthine; 3-MX, 3-methylxanthine; 7-MX, 7-methylxanthine; 8-MX, 8-methylxanthine;
9-MX, 9-methylxanthine. The chimera constructs are abbreviated as follows: N11-C1, YgfO(N11)-UapA(C1)
i.e. chimera containing sequence 1– 419 of YgfO followed in-frame by sequence 505–547 of UapA and the
C terminus of YgfO-BAD; [526], chimera N11-C1 with mutation T526N; [528], chimera N11-C1 with mutation
F528I; [526/528], chimera N11-C1 with mutations T526N/F528I; [526/527/528], chimera N11-C1 with muta-
tions T526N/G527P/F258I.
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mutant experiments (Tables 1 and 2), showing that the
impaired-affinity properties of Q324E (12) are ameliorated
in the background of I432S/Q324E mutant, and novel prop-
erties arise namely to recognize non-xanthine purines (ade-
nine, guanine, hypoxanthine). Similar observations have
been made with mutant F528S/Q408E in UapA (7, 9). To
analyze further the putative spatial proximity between the
NAT motif region and the important residues of helix XII,
additional studies are needed using double-Cys mutants and
cross-linking experiments. Such studies are under way in our
laboratory.
Finally, it was examined whether the two important resi-

dues of YgfO helix XII (Asn-430 and Ile-432) can rescue
activity in an inactive cross-homolog chimera where the
entire sequence of helix XII is conferred by the fungal UapA,
whereas the rest of the protein derives from YgfO (chimera
N11-C1) (Fig. 8). Reintroduction of an Asn or an Ile alone in
place of Thr-526 or Phe-528, respectively, improves expres-
sion of the N11-C1 chimera but fails to rescue any activity.
Combinatorial replacement of both Thr-526 and Phe-528
with Asn and Ile, respectively, in themedian sequence region
of helix XII restores normal expression in the E. coli mem-
brane and rescues significant xanthine uptake activity but

with striking deviations from the
ligand specificity profile of wild-type
YgfO. Most importantly, xanthine
analoguesmodified at positions 7 or
8 (7-methyl or 8-methylxanthine or
oxypurinol) are now clearly recog-
nized, implying that steric con-
straints for binding at the imidazole
moiety of purine (10–12) are
released in the chimeric N11-C1
background. This is possibly due to
other amino acid determinants of
helix XII that differ between YgfO
andUapA (Fig. 1) or to different ori-
entations of Asn-430 and/or Ile-432
with respect to the bound substrate
or with respect to other interacting
protein regions such as the NAT
motif in the background of the
N11-C1 chimera. In any event, it
appears that the purine binding site
of YgfO is genetically flexible, and
relatively few amino acid changes
can lead to binding of novel sub-
strate analogues that are not recog-
nized by wild type. A similar con-
tention has been reached from the
work on the fungal transporter
UapA (7–9, 22, 23).4 Taken
together, the ongoing research on
the bacterial (YgfO) and the fungal
(UapA)NATprototypes is expected
to provide important insights on the
mechanism and evolution of purine
substrate selectivity and ligand

specificity in this ubiquitous and highly conserved family of
nucleobase-ascorbate transporters.
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(421, 431, and 447) are boxed. Residues sensitive to inactivation of a single-Cys by N-ethylmaleimide (Asn-430,
Val-426, Asn-443) (Fig. 7) as well as Ile-432 (Fig. 5) are highlighted in a dark background. Residue Tyr-425, yielding
low activity of a Cys mutant (Fig. 4), is cross-hatched.
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