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Background: A computational model predicts the structure and gates of a nucleoside transporter.

Results: Residues in the predicted extracellular gate were substituted by cysteine pairs and cross-linked.

Conclusion: The predictions of the computational model for the extracellular gate are supported by experimental evidence.
Significance: Defining the gates of a transporter is of fundamental importance for understanding its structure and function.

Equilibrative nucleoside transporters are a unique family of
proteins that enable uptake of nucleosides/nucleobases into a
wide range of eukaryotes and internalize a myriad of drugs used
in the treatment of cancer, heart disease, AIDs, and parasitic
infections. In previous work we generated a structural model for
such a transporter, the LANT1.1 nucleoside permease from the
parasitic protozoan Leishmania donovani, using ab initio com-
putation. The model suggested that aromatic residues present in
transmembrane helices 1, 2, and 7 interact to form an extracel-
lular gate that closes the permeation pathway in the inward-
open conformation. Mutation of residues Phe-48,,; and Trp-
751m2 abrogated transport activity, consistent with such
prediction. In this study cysteine mutagenesis and oxidative
cross-linking were combined to analyze proximity relationships
of helices 1, 2, and 7 in LdNT1.1. Disulfide bond formation
between introduced paired cysteines at the interface of such hel-
ices (A61C1p1/F74C1pi0 A61C10\1/G350C 17, and F74C 1o/
G350Cy;) was analyzed by transport measurement and gel
mobility shifts upon oxidation with Cu (II)-(1,10-phenanthro-
line),. In all cases cross-linking inhibited transport. However, if
LdNT1.1 ligands were included during cross-linking, inhibition
of transport was reduced, suggesting that ligands moved the
three gating helices apart. Moreover, all paired cysteine mutants
exhibited a mobility shift upon oxidation, corroborating the for-
mation of a disulfide bond. These data support the notion that
helices 1, 2, and 7 constitute the extracellular gate of LANT1.1,
thus further validating the computational model and the previ-
ously demonstrated importance of F48,;; and Trp-75yy, in
tethering together helices that are part of the gate.

Naturally occurring nucleosides play central roles in cell
metabolism as the precursors for a variety of biological mole-
cules. In addition, nucleosides such as adenosine are ligands for
various cell surface receptors and, hence, mediate multiple

physiological processes such as vasodilation, neuromodulation,
and intestinal motility (1). Moreover, many nucleoside analogs
are currently used in anticancer, antiviral, and anti-protozoal
therapies (2), and nucleoside transporters are also the target of
drugs used in the treatment of cardiovascular ailments (3), thus
highlighting the pharmacological role that nucleosides and
nucleoside transporters play in disease.

De novo synthesis of purine and pyrimidine nucleosides is
energetically costly; consequently, salvage and recycling of pre-
formed nucleosides and nucleobases offer an alternative path-
way for cells to accommodate their requirements for these
metabolites. The Solute Carrier 29 (SLC29)? family (2), referred
to as “equilibrative nucleoside transporters” (ENTs), promotes
the facilitated diffusion of nucleosides and nucleobases across
biological membranes, although some protozoan members can
couple substrate translocation to proton symport to mediate
concentrative transport (4, 5). Purine nucleoside and nucleo-
base transporters are of particular importance in parasitic pro-
tozoa such as Leishmania, Trypanosoma, and Plasmodium, as
none of these organisms is able to synthesize purines de novo
and they are completely reliant upon uptake of preformed
purines from their hosts via SLC29 permeases (6).

SLC29 family members from mammals and protozoa have
been analyzed extensively by site-directed mutagenesis to
define amino acids or structural components that are critical
for transport function (7-23). However, there is no high reso-
lution structure available for any SLC29 protein, and the
absence of these permeases among archaea and bacteria pre-
cludes the use of these organisms for generation of purified
protein for x-ray crystallography. In the absence of direct struc-
tural data, several groups have employed computational mod-
eling to arrive at predicted structures for several SLC29 per-
meases from different parasitic protozoa (11, 24-26). Each of
these models predicts that the relevant protein folds into a
structure similar to that determined for bacterial major facili-
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tator superfamily proteins such as the Escherichia coli lactose
permease (LacY) (27) or glycerol phosphate transporter (GlpT)
(28). Our recent ab initio computational studies (24) on the
LdANT1.1 adenosine/pyrimidine nucleoside transporter from
the parasitic protozoan Leishmania donovani captured this
protein in a conformation that is “closed to the outside, open to
the inside,” similar to the conformations observed in the crystal
structures of LacY and glycerol phosphate transporter (GlpT).
Analogous to these experimentally determined structures for
bacterial permeases, the LANT1.1 model predicted that trans-
membrane (TM) helices 1, 2, and 7 clustered together at the
extracellular surface of the transporter to close off the perme-
ation pathway and form an “extracellular gate.” The presence of
such a gate is consistent with the commonly invoked “alternat-
ing access model” for membrane transport (29, 30) in which
permeases alternate between one conformation in which an
extracellular gate is closed and an intracellular gate is open
(inward-open) and another conformation in which the extra-
cellular gate is open and the intracellular gate is closed (out-
ward-open). Thus, defining the gates of a permease is of fun-
damental importance for understanding its structure and
function. For LANT1.1, the model further identified that three
aromatic residues located in TMs 1 (Phe-48), 2 (Trp-75), and 7
(Phe-346), might stack against each other to constitute a molec-
ular clamp responsible for tethering these helices together
when the extracellular gate is closed. Site-directed mutagenesis
confirmed a critical role for Phe-48 and Trp-75 in transport
(24), thus supporting the validity of this prediction.

Although computational models can provide substantial new
insights into transporter structure and function, such as the
proposed role for Phe-48 and Trp-75 in gating, they require
stringent experimental validation to test their accuracy. To fur-
ther test the validity of the LANT1.1 ab initio model and in
particular the postulated role of TMs 1, 2, and 7 in constituting
the extracellular gate, we sought additional experimental evi-
dence. Thus, in this study, we introduced cysteine pairs into
TMs 1, 2, and 7 at locations near the extracellular surface of
these helices that are predicted by the structural model to be in
close proximity when the extracellular gate is closed. We
subsequently employed disulfide cross-linking to determine
whether the engineered cysteine residues come into close
enough contact to be covalently linked to each other. This work
accomplishes two objectives; 1) it experimentally tests the ab
initio model and provides further evidence that the predicted
topology of TM helices is essentially correct, and 2) it provides
experimental evidence that TM helices 1, 2, and 7 constitute an
extracellular gate that alternates between opened and closed
conformations during the substrate transport cycle.

EXPERIMENTAL PROCEDURES

Chemicals, Materials, and Reagents—Restriction endonu-
cleases and DNA-modifying enzymes were obtained from New
England Biolabs, Inc., Roche Applied Science, or Invitrogen.
Radiolabeled [2,8->H]-adenosine (50 Ci/mmol) and [6,3-*H]glu-
cose (25 Ci/mmol) were purchased from Moravek Biochemi-
cals. Synthetic oligonucleotides were purchased from Invit-
rogen. Copper sulfate (CuSO,), 1,10-phenanthroline,
N-ethylmaleimide, and Tris[2-carboxyethyl] phosphine hydro-
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chloride (TCEP) were purchased from Sigma. 2-Sulfonatoethyl
methanethiosulfonate sodium salt (MTSES) and 2-(trimethyl-
ammonium)ethylmethanethiosulfonate bromide (MTSET)
were purchased from Biotium, Inc. (Hayward, CA). All other
chemicals, materials, and reagents were of the highest grade
commercially available.

Parasite Cell Cultures—L. donovani strains were propagated
at 26 °C in RPMI medium (Invitrogen) containing 10% fetal
bovine serum, 15 wg/ml hemin, and 100 uM xanthine. Null
mutant Aldntl/Aldnt2 (31) was supplemented with drugs
against the integrated resistance markers (50 ug/ml hygromy-
cin (Roche Applied Science) plus 50 ug/ml phleomycin
(Research Products International)) as well as drugs that are
cytotoxic to parasites expressing the wild type LANT1.1 or
LANT?2 transporters (1 um tubercidin (Sigma) or 1 um formycin
B (Berry & Associates), respectively). Parasites transfected with
pX63NeoRI constructs (described below) were selected and
maintained in 100 pg/ml G418 (Invitrogen).

Site-directed Mutagenesis and Plasmid Constructs—Mu-
tagenesis was performed using the QuikChange® II XL site-
directed mutagenesis kit, a polymerase chain reaction-based
mutagenesis strategy (Stratagene). Single or paired double cys-
teines were introduced within either the wild type or the cys-
teine-less (cys-less) LANTI1.1 open reading frame templates
that had been ligated into the EcoRI site of the episomal expres-
sion vector pX63NeoRI (12). The codons used to introduce the
point mutations were A61C (GCC — TGC), F74C (TTC —
TGC), and G350C (GGC — TGC). For each single and paired
double cysteine mutant, two independent clones were isolated
in parallel, and the presence of the mutations was verified by
DNA sequencing at the Oregon Health and Science University
Microbiology Research Core Facility using a model 377 Applied
Biosystems automated fluorescence sequencer (PerkinElmer
Life Sciences). Wild type, cys-less, and mutant LdNTI.1
pX63NeoRI constructs were transfected into transport-defec-
tive Aldntl/Aldnt2 L. donovani promastigotes using standard
electroporation conditions (32, 33). Transfectants were
selected and expanded in liquid medium containing 100 ug/ml
of neomycin analog G418 (Invitrogen).

Transport Assays—L. donovani promastigotes expressing
the wild type and the cys-less LANT1.1 transporters and the
different single and paired double cysteine mutants were har-
vested in early-middle logarithmic phase (0.5-1.5 X 107 cells/
ml), collected by centrifugation at 2000 rpm (835 X g) for 10
min at room temperature (~25°C), washed 2 times in
phosphate-buffered saline (PBS: 138 mm NaCl, 8.1 mwm
Na,HPO,7H,0, 2.7 mm KCl, 1.5 mm KH,PO, (pH 7.4)), and
resuspended in PBS to a final density of 2—-3 X 10° parasites/ml.
The adenosine transport measurements (1 uMm, 2.5 wCi/ml, 40s)
depicted in Figs. 2-5, performed by the previously described
oil-stop method (34), are the mean and S.D. of 3 independent
experiments (# = 3), and values within a given experiment were
the mean of triplicate measurements. For each mutant, two
independent clones were isolated and tested in parallel to con-
firm each result (data not shown).

Preparation of Plasma Membranes—Transfected L. don-
ovani parasites in early-middle logarithmic phase (0.5-1.5 X
107 cells/ml, 100 ml) were collected by centrifugation at 2000
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rpm (835 X g) for 10 min at room temperature and washed 2
times with PBS. Plasma membranes were prepared as described
previously (35), and the pellets were dissolved in 50 -100 ul of
resuspension buffer (20 mm Tris-HCl, 100 mm NaCl, 2 mm
CaCl,, and 2% SDS (pH 7.4)) supplemented with protease
inhibitor mixture (Complete, Hoffmann-La Roche) and were
stored at —80 °C as aliquots for further use. Protein quantifica-
tion was determined using the Bio-Rad DC Protein Assay kit
(Bio-Rad). Membrane preparations used for cross-linking were
diluted in the aforementioned buffer at a protein concentration
of 1-2 mg/ml.

In Vivo and in Vitro Disulfide Cross-linking—Both in vivo
(transfected parasites) and in vitro (plasma membranes) disul-
fide cross-linking reactions were performed at room tempera-
ture (~25°C). To induce the formation of disulfide bonds,
transfected parasites collected by centrifugation and resus-
pended in PBS (500 pl, 2-3 X 108 cells/ml) and/or membrane
preparations (5-20 ug of protein; 1-2 mg/ml) were incubated
with the Cu(II)-(1,10 phenanthroline), oxidant catalyst (CuPh)
before transport measurements or SDS-PAGE, respectively.
The CuPh stock solution was freshly prepared for each experi-
ment by mixing 4 ul of 1.25 M 1,10-phenanthroline in H,O:
EtOH (1:1) with 6 ul of 250 mm CuSO,. CuPh working solu-
tions were prepared then by diluting the stock solution with
PBS to the desired concentration. CuPh cross-linking efficiency
was found to be optimal at 10 um/10 min for the experiments in
vivo (Fig. 2C) and 20-50 um/15 min for the oxidation in vitro.

For preparations of cells to be subsequently tested for trans-
port function, disulfide formation was stopped by the addition
of 10 mMm EDTA, and parasites were washed 3 times with PBS
and resuspended in 500 ul of PBS before measuring transport.
For monitoring disulfide formation by immunoblotting, cross-
linked membranes were diluted into 4X NuPAGE® LDS sam-
ple buffer (Invitrogen) supplemented with 10 mm EDTA and
analyzed by SDS/PAGE as described below.

For studies of substrate-induced conformational changes,
L. donovani parasites or cell membrane preparations were pre-
incubated with the indicated concentration of ligand (100 um
adenosine, uridine, or guanosine) at room temperature
(~25°C) for 15 min followed by oxidation with CuPh as
described above.

In Vivo Reduction of Spontaneously Formed Disulfide Bonds
with TCEP—Transfected L. donovani parasites, collected by
centrifugation and resuspended in PBS (500 ul, 2—3 X 108 cells/
ml), were incubated with the reducing agent TCEP at room
temperature (~25 °C) before transport measurements. TCEP
efficiency (preserving cell viability) was found to be optimal at 5
mMm/30 min. Parasites were then washed 3 times with PBS and
resuspended in 500 wl of PBS before measuring transport.

In Vivo Methanethiosulfonate (MTS) Modification—Stand-
ard MTS treatments were performed for substituted single cys-
teine mutants within the cys-less LdNT1.1 template and the
cys-less LANT1.1 permease that served as negative control.
L. donovani promastigotes were collected by centrifugation,
washed 3 times with cold PBS, and resuspended in the same
buffer (2—3 X 10® parasites/ml). Aliquots of 100 ul (per tripli-
cate) were incubated for 10 min with the reported concentra-
tions of MTSES (0—-15 mm) and MTSET (0-1 mm) in PBS
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buffer at room temperature (~25 °C). To assess the effect of
LdANT1.1 substrates on MTS modification, aliquots of 100 ul
(per triplicate) were incubated in parallel with adenosine (100
uM—1 mM final concentration) for 15 min before adding the
MTS reagent. MTS reactions conducted in the presence or
absence of ligand were terminated by diluting the parasites (10-
fold) in ice-cold PBS. Subsequent washes and uptake assays
were performed as described above. Control samples received
vehicle (PBS) only. Additional controls were performed by
incubating the samples with adenosine without subsequent
exposure to the MTS derivatives. For each individual mutant
and for the cys-less control, the extent of the MTS reaction was
quantified by comparison of the uptake in MTS-treated and
non-treated samples. These values were expressed as percent-
ages of residual activity after MTS modification in the presence
or absence of the ligand adenosine.

Immunoblot Analysis—To determine the mobility of cross-
linked LANT1.1 mutants, 5-20 ug of cell membranes were
mixed with the corresponding volume of 4X NuPAGE®LDS
sample buffer supplemented with 10 mm EDTA in the absence
(non-reducing) or presence (reducing) of DTT or TCEP (5 mm)
and heated at 70 °C for 10 min. Samples were resolved by elec-
trophoresis on 10% gradient NuPAGE® Novex Bis-Tris gels
(Invitrogen) without NuPAGE® reducing agent using the XCell
SureLock™ Mini-Cell system (Invitrogen). Subsequently, pro-
teins were electrotransferred under denaturing conditions onto
nitrocellulose membranes (Protran, Whatman, GmbH, Ger-
many) using the XCell II"™ Blot Module (Invitrogen). Nitrocel-
lulose membranes were then blocked with 5% fat-free milk in
PBS (pH 7.4) containing 0.2% Tween 20 (PBS-T) (overnight at
4°C). After a wash with PBS-T (5 min, room temperature),
membranes were incubated with rabbit polyclonal anti Leish-
mania mexicana NT1-loop VII (GIn236-Lys331) antibody as
previously detailed (36) (dilution 1:3,000 in PBS-T with 5% fat-
free milk) for 1 h at room temperature. The blots were then
washed 3 times with PBS-T (10 min/wash) and incubated for
1 h at room temperature with anti-rabbit IgG antibody conju-
gated to horseradish peroxidase (dilution 1:10,000 in PBS-T
with 5% fat-free milk). After one 10-min wash with PBS-T and
two 10-min washes with PBS, proteins were visualized by using
ECL detection reagents (Thermo Scientific) and exposure to
scientific imaging film (Kodak BioMax MR film). When indi-
cated, membranes were also probed with a mouse antibody
against a-tubulin (Oncogene monoclonal Ab-1) ata 1:500 dilu-
tion in PBS-T with 5% fat-free milk and then with goat anti-
mouse IgG conjugated to horseradish peroxidase (dilution
1:10,000 in PBS-T with 5% fat-free milk) as a control to normal-
ize for protein loading.

RESULTS

Construction and Functional Analysis of Paired Double Cys-
teine Mutants—In a previous study we arrived at a structural
model for the L. donovani LANT1.1 permease that predicted
that TM helices 1, 2, and 7 cluster together at the extracellular
face of the transporter and close off the permeation pathway
(24). To further validate this model and to investigate dynamic
interactions between the extracellular halves of these helices,
paired double cysteine mutations (A61C;/F74C 1100
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INWARD-open
conformation

FIGURE 1. Ab initio computational model of LANT1.1. Left, indicated are
residues that were mutated to cysteines. Tan cylinders represent predicted TM
helices and are numbered 7-11. Residues at the extracellular termini of heli-
ces 1, 2, and 7 that were mutated to cysteines are indicated by space filling
models: pink is Ala-611y,,, green is Phe-74+y,,, and red is Gly-350r,,,. The view
is from the extracellular surface toward the interior, indicating that the ab
initio model predicted an inward-open conformation. The figure was gener-
ated using PyMol. A suggestive model for the outward-open conformation
(right) is given by rotating the N-terminal domain (helices 1-6) and the C-ter-
minal domain (helices 7-11) 38° around an axis (red line) parallel to the lipid
bilayer, as explained in “Results.”

OUTWARD-open
conformation

A61C1p11/G350C 1y, and F74C1,1,/G350C 1, ;) at the inter-
face between TMs 1, 2, and 7 (Fig. 1, left) were introduced into
the wild type LANT1.1 background, as described under “Exper-
imental Procedures.” According to the model, the distance
between the Cas of Ala-611,;/Phe-741yr, Ala-611y,,/Gly-
350> and Phe-741,,,/Gly-3501,,, is predicted to be 12, 7,
and 8A, respectively.

The mutant permeases were then expressed in the
Aldnt1Aldnt2 L. donovani double null mutant that is geneti-
cally deficient in the LdNT1.1, LANT1.2, and LANT2 genes and
consequently provides a null background for transport of
nucleosides (31). The ability of each transgenic mutant
permease to mediate ligand translocation was evaluated by
uptake assays using 1 um [*H]adenosine, a natural substrate of
LdANT1.1. As shown in Figs. 2, A and B, and 3, A and B, black
bars, all three paired double cysteine mutants exhibited low
albeit measurable transport activity (~2-25% of the adenosine
accumulated by the wild type transporter, depending on the
experiment and on the mutant), and therefore, the proximity
relationships between the selected cysteine residues and by
extension between the TMs to which they belong were further
analyzed by adenosine uptake after treatment with the oxida-
tive catalyst CuPh. The immunoblot in Fig. 2D demonstrates
that a principal reason for reduced transport activity of each
mutant is the decreased level of LANT1.1 protein expressed
compared with wild type permease, although innate differences
in transport efficiency may also contribute to decreased trans-
port activity.

Effect of in Vivo Disulfide Bond Formation on LANTI.1
Activity—Characterization of disulfide formation in vivo has
the advantage that the protein of interest can be probed in its
native cellular environment under physiological conditions.
CuPh is a weak oxidizing agent known to catalyze the oxidation
of adjacent thiol groups. As shown in Fig. 2, A—C, preincubation
with CuPh (10 uMm, 10 min) had no effect on the wild type
LdANT1.1 activity, but it strongly inhibited adenosine influx
(~10-fold) in AldntiAldnt2 L. donovani parasites transfected
with the A61Cr.\,,/F74Cy, double mutant construct and also
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resulted in the modest impairment of paired double replace-
ments F74C1,,,/G350C 1y, (~4-fold) and A61Ct,,/
G350C 1y, (~2-fold). Transport sensitivity to inactivation by
CuPh may be interpreted as evidence for cross-linking the two
sulfhydryl groups, presumably because the disulfide bond
imposes restrictions on the protein conformational changes
necessary for transport (37—-39). This result implies that the
relevant cysteines and their associated helices 1, 2, and 7 are
indeed in close proximity, as predicted by the computational
model (24). Glucose transport was not affected under the
experimental conditions reported (data not shown), thus con-
firming that the observed impairment in adenosine uptake is
specific to the mutant LANT1.1 proteins and not due to some
unrelated modification that the mutant cell lines may have
undergone upon treatment with CuPh. Furthermore, uptake
assays performed at 10 um adenosine (Ado), ~10 times the K,
value (34), showed very similar results for CuPh-induced inhi-
bition of transport (Fig. 2B). This result indicates that cysteine
cross-linking reduces the V. of the permease and does not
simply increase the K, for Ado.

Oxidation with CuPh also weakly inhibited single cysteine
mutants F74Cry, (~1.5-fold) and G350C+,,, (~3-fold) (data
not shown), raising the possibility that a partial cross-linking of
these cysteine residues to an endogenous cysteine (Cys-361;,
Cys-143 154, Cys-144y 14, Cys-260,,05m016 70 OF Cy$-3771017)
might have occurred. To prove that each one of the engineered
paired cysteines in A61Cty;;/F74Crpp5 A61C1111/G350C 11175
and F74C1y,/G350C 1y, cross-link to each other, identical
cysteine replacements were re-introduced into the cys-less
LdNT1.1 background (a fully functional LANT1.1 mutant pro-
tein in which all five native cysteine residues were substituted
with alanine) (12). Cys-less F74C11,/G350C 1,4 led to an inac-
tive permease and, therefore, was excluded from the study. On
the other hand, cys-less A61C ;1 /F74Cp 15 (—20% of residual
activity versus the cys-less LANT1.1) and cys-less A61C .,/
G350C 1y (~5% of residual activity versus the cys-less
LdANT1.1) resulted in substantial inhibition of transport activity
by incubation with CuPh (~6- and ~2-fold, respectively; Fig.
24, inset). The observed changes indicate that the cross-linking
and CuPh sensitivity reported in Fig. 2, A and B, are likely spe-
cific for the introduced cysteines of these two mutants.

TCEP Reduction Experiments Further Support Close
Approach of TM7 to TMs 1 and 2—The low and variable basal
levels of catalyzed transport, particularly exhibited by paired
double cysteine mutants A61Cry;,/G350C 1y, and F74Cry 1o/
G350C+y- (Fig. 2, A and B, and Fig. 3, A and B, black bars) as
well as their modest sensitivity to inhibition by CuPh (Fig. 2,
A-C) suggested that these cysteine pairs might be cross-linked
before application of the oxidizing agent. To further investigate
this possibility, we attempted to reverse any spontaneous disul-
fide bridges by pretreatment with TCEP, a sulthydryl reducing
compound that is used as a substitute for dithiothreitol (DTT)
to specifically reduce disulfide bonds of proteins and peptides
over a wider range of pH values (pH 2-9) (40).

Preincubation with TCEP (5 mM, 30 min) stimulated
A61C111/G350C 1y, and F74C 1,1,/ G350C 1,1 adenosine up-
take by an average of ~5-fold (4.8 + 1.06, n = 5) (Fig. 34,
crosshatched bars), indicating that reduction of the spontane-
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FIGURE 2. A, B, and C, inhibition by CuPh of Ado influx by LdNT1.1 paired double cysteine mutants. Pairs of cysteines were introduced into the WT or
cys-less LANT1.1 background at the indicated positions. The mutant transporters were expressed in the L. donovani Aldnt1Aldnt2 null cell line, and the cells
were assayed for uptake (40 s) of 1 um [*H]Ado (4, C) and 10 um [*H]Ado (B) at the room temperature (~25 °C) after oxidation with the indicated concentrations
of CuPh (10 min). A and B, whole cell uptake was measured in the absence (black bars) and in the presence (white bars) of 10 um CuPh. Transport values are
reported as percentage of the WT activity in the absence of CuPh (% of untreated WT). Asterisks indicate values that are significantly different (**, p < 0.05; ***,
p < 0.01) from the non-treated samples (black bars) as determined by the two-tailed unpaired Student’s t test. C, transport values at each CuPh concentration
are reported as the percentage of activity in the absence of CuPh (% of untreated). D, immunoblot of membrane fractions (5 wg protein) probed with the
anti-LdNT1.1 antibody (top) and the anti-a-tubulin antibody (bottom) as a loading control. The numbers at the left represent the position of the molecular

weight markers, designated in kilodaltons.

ously formed disulfide bonds in these mutants releases the per-
mease from an inhibited state. Moreover, upon prior activation
by TCEP, the enhanced activity of the newly reduced transport-
ers was fully decreased to basal levels by oxidation with CuPh
(Fig. 34, horizontal striped bars), supporting the notion that the
relevant cysteine pairs were already partially cross-linked
before treatment with the reducing agent. Notably, glucose
uptake remained unaffected upon TCEP reduction (data not
shown), and the effects of TCEP on adenosine transport were
only observed for the specified paired double cysteine mutants
and not for the equivalent single cysteine mutants (data not
shown), indicating that the results reported are indeed specific
and that G350C 1, must lie in close proximity to A61C .y, and
F74C i, when the permease is in the outward-closed
conformation.

In addition, oxidation of each double cysteine mutant with
CuPh followed by reduction with TCEP (Fig. 3B, diagonal
striped bars) 1) substantially restored uptake activity lost upon
oxidation alone (A61C1y/F74Crpn) or 2) increased Ado
uptake above the level of untreated transporter (A61Cy,,,/
G350C 1y, and F74C14,,/G350C 14 47). These results indicate
that loss of transport upon cysteine cross-linking is reversible
upon reduction of cross-linked residues and further support
the notion that the A61C/G350C and F74C/G350C cysteine
pairs are partially cross-linked in the untreated state and thus
exhibit enhanced uptake upon reduction with TCEP.

Cysteine Cross-linking Can Be Modulated by Substrates—
The alternating access model (29, 30) and several experimental
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studies suggest that LacY and related transmembrane per-
meases exist in conformations that alternately expose the bind-
ing site either to the extracellular or the cytoplasmic side of the
membrane (27, 41-43). Transporter ligands might, therefore,
influence cross-linking by altering the conformation of the per-
mease so that the outer gate, constituted by TM helices 1, 2, and
7 in LANT1.1, is opened a greater fraction of time. To obtain a
suggestive model for the outward-open conformation of
LdNT1.1, we relied upon its predicted topological similarity
(24) to LacY and related permeases such as the fucose trans-
porter FucP. Comparisons of the crystal structures of FucP in
the outward-open conformation (44) and LacY in the inward-
open conformation (27) suggest that both transporters convert
between these alternate conformations by a ~38° rigid body
rotation of their N- and C-terminal domains about an axis par-
allel to the membrane bilayer. Fig. 1 shows such a rotation
applied to the LdNT1.1 inward-open computational model
(left) to obtain an approximate model for the outward-open
conformation (right). One important consequence of this sug-
gested conformational change is that the three residues high-
lighted in Fig. 1 move much farther apart in the outward-open
structure, predicting that cross-linking between the substituted
cysteine pairs would be impaired by ligand-induced conforma-
tional alterations.

To determine the effect of ligands for LANT1.1 on cysteine
cross-linking, we examined whether incubation of the paired
double cysteine mutants A61Ci;/F74C 1y A61C 10/
G350C 7, and F74C,,/G350C 1, with adenosine and/or
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FIGURE 3. Effect of TCEP and CuPh on Ado influx by LANT1.1 paired dou-
ble cysteine mutants. Transport of [*H]Ado (1 um, 40s) was measured at
room temperature (~25 °C) in Aldnt1Aldnt2 L. donovani parasites expressing
theindicated transporter constructs after pretreatment for 30 min in the pres-
ence (crosshatched bars) and absence (black bars) of 5 mm TCEP followed by a
10-min incubation with 10 um CuPh (horizontal striped bars, A) or after pre-
treatment for 10 min in the presence (white bars) and absence (black bars) of
10 um CuPh followed by a 30-min incubation with 5 mm TCEP (diagonal striped
bars; B). Asterisks indicate values that are significantly different (¥, p < 0.05; **,
p <0.01;*** p <0.001) from the non-treated samples (black bars, A) or values
that are significantly different (p < 0.01) from the samples treated with CuPh
(white bars, B) as determined by the two-tailed unpaired Student’s t test.

uridine, two of the ligands for LANT1.1, resulted in an altered
degree of disulfide cross-linking. Fig. 4, A and B, illustrate that
when the medium was supplemented with 100 um Ado or uri-
dine (Urd), respectively, the inhibition by CuPh was signifi-
cantly impaired. This result is consistent with a conformational
change associated with transport that opens the outer gate
formed by helices 1, 2, and 7 and moves the relevant cysteine
residues apart during a portion of the transport cycle. The addi-
tion of 100 uM guanosine (Guo), a ligand for LANT2 (45) but
not for LANT1.1, did not significantly change the extent of inhi-
bition by CuPh (Fig. 4C), as expected if the observed reduction
in cysteine cross-linking is due to conformational changes that
occur as a result of alternating access for substrates during the
transport cycle.

However, an alternate explanation for the ability of adeno-
sine and uridine to inhibit cross-linking of cysteine pairs could
be that these ligands simply reduce accessibility of these resi-
dues to CuPh either by directly blocking the cysteines or by
inducing a conformational change that occludes the residues.
To rule out this possibility, we first introduced the single cys-
teine mutants A61C,,;, F74C1y, and G350C,,,, into the
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FIGURE 4. Effect of adding ligands during CuPh treatment on the trans-
port activity of LANT1.1 paired double cysteine mutants. L. donovani
Aldnt1Aldnt2 parasites expressing the indicated transporter constructs were
preincubated for 15 min in the presence (white bars) and absence (black bars)
of 100 um Ado (A), Urd (B), or Guo (C) followed by the addition of CuPh to a
final concentration of 10 um and incubation for another 10 min. Subse-
quently, transport of [*H]JAdo (1 um, 40s) was measured at room temperature
(~25 °C). Asterisks indicate values that are significantly different (*, p < 0.05;
** p < 0.01; *** p < 0.001) from the samples with no ligand (black bars) as
determined by the two-tailed unpaired Student’s t test.

cys-less LANT1.1 permease and then measured their reactivity
with the sulthydryl modifying reagents MTSES (negatively
charged) and MTSET (positively charged) in the presence and
absence of adenosine. For all three introduced cysteine resi-
dues, the addition of adenosine increased the reactivity of the
sulthydryl with MTSES (measured as a reduction in uptake of
[*H]adenosine after reaction with MTSES; gray lines in Fig. 5, B,
C, and D, compared with black lines). Analogous experiments
with MTSET showed no effect of adenosine upon reactivity of
F74C 110 or G350C 1y, and increased reactivity of A61Cry,
(data not shown). Hence, rather than blocking accessibility of
each cysteine residue with sulfthydryl-reactive reagents, adeno-
sine either had no effect or it increased reactivity. These results
rule out the possibility that Ado decreases cysteine cross-link-
ing simply by reducing accessibility of cysteine residues to reac-
tants. Indeed the increased reactivity of each substituted cys-
teine residue with MTSES supports the prediction that helices
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FIGURE 5. Sensitivity of A61Cyy,, F74C;y,, and G350C;,, cys-less
LdNT1.1 mutant permeases to MTSES inactivation in the presence or
absence of 1 mm Ado. L. donovani Aldnt1Aldnt2 parasites individually
expressing A61Cqy,q, F74Cyo, and G350C,,, in the cys-less LANT1.1 back-
ground were treated for 10 min with the indicated concentrations of MTSES in
the presence (triangles) or absence (squares) of 1 mm adenosine. [*H]Ado
transport (1 um, 40 s) was measured at room temperature (~25 °C) after
washing the cells free of MTSES and adenosine.

1, 2, and 7 move apart upon binding of adenosine (Fig. 1) to
make these residues more accessible to reactants. Hence, the
substrates for LANT1.1 do likely inhibit cross-linking of the
introduced cysteine pairs by inducing a conformational change
that moves the cysteine residues apart from one another. Sim-
ilar cysteine reactivity experiments have been employed by oth-
ers to confirm that substrates or substrate analogs decrease
cross-linking of cysteine residues by inducing conformational
separation between relevant helices in serotonin (46) and glu-
tamate (47, 48) transporters.

Cross-linking and Mobility Shift of Mutant Transporters with
Substituted Cysteine Pairs—Plasma membrane preparations
from transfected AldntIAldnt2 parasites expressing paired
double cysteine mutant transporters were subjected to cross-
linking, SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
and immunoblot analysis as described under “Experimental
Procedures.” Disulfide bond formation was assessed as a
change in mobility on SDS-PAGE under non-reducing condi-
tions. This method of monitoring cross-linking has been
employed for other transporters (49 —51) based on the premise
that an intramolecular disulfide bond will prevent complete
unfolding of the protein under denaturing conditions, thus
affecting protein mobility.

As anticipated, CuPh did not induce a shift in mobility on
SDS-PAGE for the wild type LANT1.1 transporter (~45 kDa).
However, significantly decreased mobility was observed for all
three paired double cysteine mutants upon oxidation with
CuPh (20 uMm, 15 min) under non-reducing conditions (Fig. 64,
lane 2). CuPh treatment of A61C;,,;/G350C,,, and
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FIGURE 6. Cross-linking of LANT1.1 double-paired cysteine mutants (A)
and LdNT1.1 single cysteine mutants monitored by mobility shifts (B).
Crude membrane preparations from transfected Aldnt1Aldnt2 L. donovani
parasites were oxidized (lane 2) with 20 um CuPh for 15 min at room temper-
ature (~25 °C) or reduced (lane 1) by the addition of 5 mm TCEP to the sample
loading buffer. Subsequently, the membranes were subjected to SDS-PAGE
as described under “Experimental Procedures.” Due to aggregation upon oxi-
dation, samples in lane 2 contain three times the protein loaded onto the rest
of the lanes. For comparison, different amounts of each mutant were loaded
to match the level of expression equivalent to 5 pug of the WT permease.
LdNT1.1 bands were detected by immunoblotting using an anti-LdNT1.1
antibody and chemiluminescence. A, double-paired cysteine mutant mem-
branes in lane 2 show mobility shifts after cross-linking with CuPh that were
reversed upon the addition of TCEP (lane 3). Lane 4 shows the effect of mask-
ing the SH groups by N-ethylmaleimide before oxidation with CuPh. B, effect
of CuPh oxidation of single Cys mutants in an otherwise wild type transporter.

F74C\15/G350C 1, resulted in a single band of decreased
mobility (~50 kDa versus ~45 kDa), whereas oxidation
of A61Cry;/F74Cry;, consistently yielded several bands
(~45-55 kDa versus ~45 kDa). We do not know the origin of
the multiple shifted bands. A background band of ~55 kDa is
present before (lane 1) and in many cases after oxidation (lanes
2—-4), but it does not appear to result from cross-linking as it is
present with and without either TCEP or CuPh. Furthermore,
the bands of decreased mobility cannot be explained by cross-
linking of oligomeric LANT1.1. Cross-linking of membrane
fractions with 1% formaldehyde caused a shift of the LANT1.1
band from ~45 to ~70 kDa (data not shown), suggesting that
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the permease probably exists as a dimer in the membrane, but
this dimer migrates at a position considerably above that of the
~50-kDa bands generated by CuPh cross-linking.

When CuPh-oxidized membranes of paired double cysteine
mutants were incubated with either 5 mm DTT or TCEP before
SDS-PAGE, all mutants exhibited the single ~45-kDa band
observed for the wild type permease in untreated or in CuPh-
treated samples, indicating that the disulfide bonds could be
readily reduced (Fig. 64, lane 3). Furthermore, when the sulf-
hydryl groups were masked by preincubation with N-ethyl-
maleimide (Fig. 64, lane 4), no intramolecular cross-linking
was observed. We, therefore, conclude that the ~50-55-kDa
bands observed under oxidizing conditions are due to intramo-
lecular cross-links, indicating that positions Ala-61,,;, Phe-
7412 and Gly-350+,,-, are spatially close to each other in the
inward-open conformation.

To rule out the possibility that cross-links between the intro-
duced Cys residues and endogenous Cys residues in LANT1.1
could explain the observed loss of activity upon cross-linking
(Fig. 2), we also examined each single Cys mutant before and
after cross-linking (Fig. 6B). F74C and G350C did not exhibit
any upward shift in mobility, suggesting that neither of these
introduced Cys residues cross-links to an endogenous Cys. In
contrast, the A61C mutant did reveal upward shifts that could
be due to such cross-linking. Nonetheless, the activity measure-
ments depicted in the inset to Fig. 24, which were done with the
A61C/F74C and A61C/G530C mutants in the cys-less back-
ground, demonstrate that the loss of activity upon CuPh-in-
duced cross-linking cannot be due to such endogenous cross-
links, which cannot occur in the cys-less background. For the
F74C/G350C mutant, which was not stable in the cys-less back-
ground, the absence of cross-links for the two individually
introduced Cys residues also argues against the loss of activity
being due to cross-linking with endogenous cysteines.

We also tested whether the presence or absence of adenosine
and/or uridine during cross-linking reduced the level the
slower migrating bands that result from cross-linking. Al-
though substrate-induced differences were evident when ana-
lyzing uptake (Fig. 4, +/— Ado or Urd), no clear decreases in
cross-linking were observed by immunoblot analysis (data not
shown). This result could reflect the greater quantitative sensi-
tivity of uptake measurements compared with quantification of
band intensities on immunoblots. Studies on other transporters
(46) have also noted that ligand effects on cross-linking can be
more accurately monitored by measuring inhibition of trans-
port rather than cysteine cross-linking per se. In addition,
examination of Cys cross-linking in transporters by Western
blotting of isolated membranes may induce reversal of a sub-
stantial proportion of the cross-links originally introduced into
intact cells (52). This discrepancy between the two distinct
experimental formats, whole cells and isolated membranes, can
thus result in quantitatively different observations when band
shifts on Western blots are compared with uptake measure-
ments employing intact cells.

DISCUSSION

Structure determination of eukaryotic integral membrane
proteins by high resolution methods such as x-ray crystallogra-
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phy (53) and nuclear magnetic resonance (NMR) (54) is a chal-
lenging process. To date, none of the ENTs, a unique family of
membrane proteins (the SLC29 family) that promote the
uptake of nucleosides and/or nucleobases into a wide range of
eukaryotes (2, 55, 56), has been crystallized. In previous work
we proposed a structural model for the LANT1.1 nucleoside
permease from the parasitic protozoan L. donovani, a member
of the SLC29 family, using ab initio computation (24). To test
the hypothesis that helices 1, 2, and 7 of LANT1.1 are firmly
packed in the outward-closed conformation, three sets of cys-
teine pairs were placed on the predicted extracellular interfaces
of these helices (A61Cy;;/F74Crp10 A61C1111/G350C 11170
and F74C,,,/G350C,,,) (Fig. 1), and each cysteine pair was
subjected to oxidative cross-linking. Site-directed oxidative
cross-linking is a powerful approach for estimating helix-pack-
ing and probing ligand-induced conformational changes, as
cross-linking reactions can be performed before and after inter-
action with substrate.

As reported in the Results section, all three sets of paired
cysteines showed impaired adenosine transport function upon
exposure to the oxidation catalyst CuPh (Fig. 2, A and B). Two
of the cysteine pairs, A61Cr,;/G350C 1y, and F74Cry ./
G350C1y» appear to cross-link spontaneously, thus reducing
their innate transport activity. The A61C1y;,/F74Crp1n CYS-
teine pair was not spontaneously cross-linked, but it could be
covalently linked by treatment with CuPh (Fig. 2, A and B). The
average separation between the Cas of disulfide-bonded cys-
teine residues in proteins is 5.6 A (57, 58), and they cannot be
farther apart than 7 A (59). The computational model predicts
Ca distances between 7 and 12 A for each of the residues that
were converted to cysteine pairs, and the largest distance is
predicted for the cysteine pair, A61Crp;/F74C 1y, that does
not cross-link spontaneously. Given the potential flexibility of
the protein and the fact that the model represents an approxi-
mation and not a high resolution structure, the proximity pre-
dictions of the model are in good accord with the experimen-
tally observed ability to cross-link the three cysteine pairs.
These results confirm that TM helices 1, 2, and 7 come into
close proximity and thus provide significant experimental evi-
dence that the computational model of LANT1.1 does predict
the correct distance constraints and disposition of helices in the
membrane.

If helices 1, 2, and 7 constitute a gate that opens and closes
during the transport cycle, one would predict that this cluster of
helices would open and close in the presence of extracellular
substrate. This substrate-induced conformational change
would be expected to decrease the extent of cross-linking
between the helices, as it would likely move the cysteine pairs
too far apart to be cross-linked when the permease is in the
outward-open confirmation. Supporting this prediction, when
the three mutant permeases were incubated with CuPh in the
presence of the ligands adenosine or uridine, a reduced level of
inhibition of transport was observed in subsequent adenosine
uptake assays (Fig. 4, A and B). These results are consistent with
previous studies on the model permease Lac Y, where it has
been shown by multiple independent biochemical and biophys-
ical methods (42) that the opening probability of the periplas-
mic cavity depends on the presence of substrate. Thus, in the
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absence of a galactopyranoside, the transporter is primarily in
the inward-open conformation, with a large cavity open to the
cytoplasm and a tightly sealed periplasmic side. However, bind-
ing of substrate causes the closing of the inward-open cavity
with opening of a complementary outward-open cavity (41).
The effects of substrates on helix cross-linking in LANT1.1 fur-
ther support the notion that TM helices 1, 2, and 7 constitute
the extracellular gate and, by extension, that the previously
demonstrated importance of Phe-48.,,; and Trp-75;,,, in
LdANT1.1 activity is due to their role in tethering together heli-
ces that are part of the gate.

Given the similarities in sequence and predicted folding
between various members of the SLC29 family, the experimen-
tal confirmation offered here for the predicted structure and
gating of LANT1.1 is likely to be relevant for orthologs of this
permease throughout the eukaryotic kingdom. Thus we predict
that interactions between helices 1, 2, and 7 are likely to gate
mammalian SLC29 permeases such as the human ENTs. Fur-
thermore, in future investigations similar mutagenesis and
cross-linking approaches may allow a definition of the struc-
tural components that constitute the intracellular gate of
LdNT1.1, identifying at the molecular level two central struc-
tural components of the permease that mediate transport
function.

The absence of a crystal structure for any SLC29 permease
has represented an obstacle for understanding how these phys-
iologically and pharmacologically relevant transporters func-
tion. This work illustrates that the computational model for
LdANT1.1 can help to fill this void by providing experimentally
testable structural predictions. These predictions, such as the
identification of the extracellular gate, illuminate the function
of this nucleoside transporter and by extension of the whole
SCL29 family of permeases.
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