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In ion-coupled transport proteins, occupation of selective
ion-binding sites is required to trigger conformational changes
that lead to substrate translocation. Neurotransmitter trans-
porters, targets of abused and therapeutic drugs, require Na™
and C1™ for function. We recently proposed a chloride-binding
site in these proteins not present in Cl™-independent prokary-
otic homologues. Here we describe conversion of the Cl™-in-
dependent prokaryotic tryptophan transporter TnaT to a fully
functional Cl™-dependent form by a single point mutation,
D268S. Mutations in TnaT-D268S, in wild type TnaT and in
serotonin transporter provide direct evidence for the involve-
ment of each of the proposed residues in C1™ coordination. In
both SERT and TnaT-D268S, Cl~ and Na* mutually increased
each other’s potency, consistent with electrostatic interaction
through adjacent binding sites. These studies establish the site
where ClI™ binds to trigger conformational change during neu-
rotransmitter transport.

Transport proteins of the neurotransmitter sodium sym-
porter (NSS, SLC6)? family use transmembrane concentration
gradients of monovalent ions as driving forces for substrate
accumulation (1). The family includes transporters for the
neurotransmitters serotonin (5-hydroxytryptamine (5-HT)),
dopamine, norepinephrine, glycine, and GABA (2). Several of
these proteins are associated with psychiatric disorders in-
cluding major depression, obsessive compulsive disorder, and
schizophrenia (3) and are targets for widely used antidepres-
sants (4) and drugs of abuse (5). Most mammalian NSS pro-
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teins couple both Na™ and Cl~ influx to substrate transport.
In serotonin transporter (SERT), one Na™ and one Cl~ ion
are transported into the cell along with one molecule of sero-
tonin as one K™ is transported out of the cell (6). The mecha-
nisms of sodium and Cl~ binding have been illuminated to
some extent by studies arising from high resolution crystal
structures of a prokaryotic transporter (7—10), although im-
portant molecular details of these processes remain to be
determined.

Prokaryotic NSS proteins are amino acid transporters, and
they have been valuable for understanding structure and
mechanism in this family (11-20). Of the bacterial NSS mem-
bers that have been cloned, only four have been characterized
functionally: a tryptophan transporter (TnaT) from Symbi-
obacterium thermophilum (21), an amino acid transporter
(LeuT) from Aquifex aeolicus (11), a tyrosine transporter
(Tytl) from Fusobacterium nucleatum (22), and an amino
acid transporter (MhsT) from Bacillus halodurans (23). Like
mammalian NSS proteins, these transporters require Na™* for
function. However, they are completely independent of C1™
(11, 21-23). Consistent with this finding, the x-ray crystal
structure of LeuT contains two binding sites for Na™: the
“Nal” site adjacent to the bound substrate and the “Na2” site
located 6 A away from the substrate. However, no bound Cl™
was found near the substrate-binding area (11).

Functional biochemical data and amino acid sequence ho-
mology suggest that the Nal and Na2 sites are also present in
SERT, dopamine transporter, and y-aminobutyric acid trans-
porter (GAT-1) at positions equivalent to those in LeuT (24—
26). In 2007, we and others proposed a Cl~ site in the neuro-
transmitter transporters based on computational analysis of
the LeuT structure and sequence differences between pro-
karyotic Cl™-independent and mammalian Cl™ -dependent
transporters (8, 10). Two similar homology models of SERT
and GAT-1 were presented along with biochemical evidence
consistent with the general location of the Cl ™~ ions in those
structures. In both models, Cl™ is coordinated by the side
chains of Tyr-121, Ser-336, and Ser-372 (in transmembrane heli-
ces (TMs) 2, 6, and 7, SERT numbering). The models differed
in that ours included Asn-368 (8) (TM?7) and that of Zomot et
al. (10) included GIn-332 (TM6). CI™ binding was proposed
to provide a stabilizing countercharge for the adjacent Nal,
with which it would share two coordinating residues (Ser-336
and Asn-368 in SERT) (8). In Cl -independent prokaryotic
transporters, this stabilizing role was proposed to be fulfilled
by an ionized carboxyl group from the protein (Glu-290 in
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LeuT) (8, 10). All of the residues proposed to coordinate Cl™~
are contained within a four-helix bundle that has been pro-
posed to rock back and forth relative to the rest of the protein
during the transport cycle (16, 19).

The principal evidence for the location of the Cl ™ site came
from SERT and GAT-1 mutants with glutamate or aspartate
residues inserted near the putative Cl™ site to resemble the
corresponding region of LeuT (8, 10). These mutants typically
had very low activity but did not require Cl ™~ for transport.
Mutants of LeuT and Tytl from which glutamate or aspartate
residues had been removed to mimic the Cl™ site of GAT-1
also had very low activity but were stimulated by CI™ (9, 10).
The lack of robust transport activity in these mutants creates
some uncertainty as to the identification of the residues that
directly coordinate Cl . For example, replacing an endoge-
nous residue near the Cl~ site with aspartate or glutamate
could render SERT or GAT-1 insensitive to Cl ™~ even if the
original residue did not participate in CI™~ coordination.

To address these issues, we have generated a fully func-
tional Cl™ -dependent mutant of the prototypical Cl™ -inde-
pendent bacterial transporter TnaT. Comparison of wild type
TnaT with this mutant, together with further studies of SERT
mutants, provides a more precise understanding of Cl™~ coor-
dination and demonstrates the interdependence of Cl ™ and
Na™ binding.

EXPERIMENTAL PROCEDURES

Materials—[*>H]5-HT (27.1 Ci/mmol) was purchased
from PerkinElmer Life Sciences (Boston, MA), and [*H] Trp
(20 Ci/mmol) was from American Radiolabeled Chemicals
(St. Louis, MO). Sulfo-NHS-SS Biotin and streptavidin-
agarose resin were from Pierce, the anti-FLAG antibody
was from Affinity BioReagents (Golden, CO), and the anti-
Penta His was from Qiagen.

Mutagenesis—Site-directed mutagenesis of both rat SERT
and TnaT was performed with the QuikChange protocol
(Stratagene, La Jolla, CA) as described (8). TnaT mutants
were constructed in the background of a TnaT cDNA carry-
ing a His, , tag at the N terminus under the control of a con-
stitutively active promoter extracted from the pUC18 vector
(bases 2487-2616). All of the mutants were sequenced to ver-
ify accuracy.

5-HT Transport and Binding Assays—Transport measure-
ments were performed as described previously (27). Before
5-HT uptake, the cells were rinsed four times with Cl™ -free or
Na™-free 5 mm potassium P, buffer to remove Cl1~ or Na*
and then incubated in the indicated buffer containing [*H]5-
HT for 10 min at 25 °C. To maintain isotonicity in transport
buffers, with altered Na* concentrations, NMDG was used to
substitute Na™. For Cl~ substitution the appropriate concen-
trations of either isethionate or sulfate were used instead of
Cl™ as indicated in the figure legends. When the divalent sul-
fate was used to replace Cl~, osmolarity was maintained by
adding sucrose. Binding of [*2°I]3-CIT to HeLa cells express-
ing rSERT mutants was measured as described (27).

SERT Cell Surface Expression—Cell surface proteins were
labeled at 4 °C with the membrane-impermeant biotinylation
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reagent sulfo-NHS-SS-biotin (Pierce), as described previously
(28).

Tryptophan Transport Assays—TnaT was expressed in the
Escherichia coli strain CY15212 (mtr ™, aroP ™, and tnaB ™),
which lacks endogenous tryptophan transporters. CY15212
was transformed with pET-22 bearing the TnaT gene under
control of the constitutive promoter from pUC18. Transport
of L-[5-*H]tryptophan into intact cells was measured as fol-
lows: CY15212 cells transformed with pET-22/TnaT were
grown overnight in LB broth in the presence of ampicillin
(100 pwg/ml) at 37 °C with shaking. Subsequently, the culture
was diluted 100-fold in LB/ampicillin, and the incubation was
continued until the culture reached an A, of 0.8. Transport
was performed on either Multiscreen-FB 96-well filtration
plates (Millipore, Bedford, MA) or with rapid filtration
through individual 24-mm glass microfiber filters (Whatman,
934-AH) as described below.

For assays on Multiscreen-FB plates, 200 ul of cell suspen-
sion was added to each well (previously soaked in 0.1% poly-
ethyleneimine). The cells were washed twice by filtration with
200 pl of M9 minimal medium (Na,HPO,, 88.4 mm; KH,PO,,
21.6 mym; NaCl, 8.4 mm; NH,C], 18.3 mm) including 0.4% glu-
cose at room temperature, and transport was initiated by the
addition of 200 ul of the same medium containing ~200,000
cpm of radiolabeled tryptophan. The reaction was terminated
by washing the wells three times with 200 ul of ice-cold M9.
Sodium was substituted by NMDG and Cl™ by gluconate as
indicated in the figure legends. The filters were placed in
Wallac 96-well Isoplates (part number 6005070) with 150 ul
of Optifluor scintillation fluid and were allowed to soak for
2 h before counting.

For assays in individual 24-mm glass microfiber filters, 10
mM potassium P, buffer, pH 7.4, supplemented with 110 mm
NaCl, NMDG-CI, sodium diatrizoate, or sodium sulfate was
used instead of M9 medium. CY15212 cells were washed and
resuspended in the indicated buffer, and 180 ul of the suspen-
sion was added to individual tubes. Transport was initiated by
the addition of 20 ul of the same buffer containing ~200,000
cpm of radiolabeled substrate. The reaction was terminated
with 3 ml of ice-cold 10 mM potassium P;, rapidly filtered
through a glass microfiber filter and washed twice with 3 ml
of ice-cold potassium P;. The filters were then transferred to
individual tubes with 3 ml of Optifluor scintillation fluid, in-
cubated overnight, and counted.

Preparation of CY15212 Membranes to Determine Expres-
sion of TnaT—CY15212 cells expressing different TnaT mu-
tants were grown overnight in LB in the presence of ampicil-
lin (100 pwg/ml) at 37 °C with shaking. The next morning the
cultures were diluted 100-fold in LB/ampicillin, and the incu-
bation was continued until it reached an A, of 0.8. The cells
were then collected by centrifugation (6,000 rpm, Eppendorf
5403, 16F6-38 rotor) and washed in washing buffer (150 mm
NaCl, 15 mm Tris, pH 7.5). Subsequently, they were resus-
pended in sucrose buffer (30% w/v sucrose, 30 mm Tris, pH
8.0, 10 mm EDTA) with lysozyme at a final concentration of
0.5 ng/ul and incubated for 20 min under shaking in 37 °C.
The cells were then disrupted by osmotic shock by adding
distilled H,O containing DNase, 15 mm MgSO,, and protease
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inhibitor mixture followed by incubation at 37 °C for 20 min
to digest DNA. The membranes were collected by centrifuga-
tion with a Sorvall F-20/Micro rotor at 18,000 rpm for 20 min
at 4 °C. The membrane pellet was resuspended in 1% n-dode-
cyl B-p-maltoside and incubated for 2 h with shaking to solu-
bilize proteins. Finally, the #n-dodecyl B-p-maltoside concen-
tration was decreased to 0.1% by the addition of 150 mm
NaCl, 15 mm Tris, pH 7.5. Samples containing equal amounts
of protein (determined by the BCA protein assay; Pierce) were
subjected to SDS-PAGE and Western blotting using an anti-
body against the poly-His tag.

Homology Modeling—A homology model of SERT was de-
scribed previously (8), and the same template and alignment
were used to construct a homology model of the D268S mu-
tant of TnaT with CI™ bound. Modeler 9v5 (29) was used to
construct 800 different models of Tnat-D268S, and the model
with the smallest probability density function score was sub-
jected to 400 steps of steepest descents energy minimization
with the Charmm?27 force field implemented in Charmm
v34a2 (30).

RESULTS

The Role of Tyr-121 and Ser-336 Side Chains in Chloride
Binding to SERT—Our previous studies on Cl~ binding by
SERT suggested that the Cl™ ion is coordinated by the side
chain of Ser-372 and near Asn-368 (8). Homology models of
the site predict that Cl™ is also coordinated by the side chains
of Tyr-121 and Ser-336 (Fig. 14). To completely characterize
the site biochemically and to verify the involvement of each
position, we substituted candidate residues with an aliphatic
amino acid. Our expectation was that such a substitution
would weaken Cl™ coordination and increase K, for C1™.
Moreover, we extended our previous studies by mutating ad-
ditional residues to aspartate or glutamate to evaluate their
proximity to the Cl™ site. Based on previous observations (8,
10), we expected that carboxyl groups on side chains close to
the Cl™ site would substitute for the negatively charged C1~
ion and lead to Cl™ independent transport, albeit with re-
duced activity.

Mutagenesis at Tyr-121 provided support for the predic-
tion that this residue participates in Cl~ coordination. Con-
servative substitution of tyrosine with phenylalanine led to a
3-fold increase in the K, for Cl™ relative to wild type rSERT,
suggesting weaker coordination of the ion (Fig. 24 and Table
1). Y121F had high transport activity (Fig. 2B and Table 1),
normal surface expression (supplemental Fig. S1) and bound
the cocaine analog B-CIT as avidly as wild type rSERT, indi-
cating correct protein folding (Table 1). More importantly,
replacement with isoleucine, which is expected to interact
unfavorably with Cl~, led to an 11-fold increase in the K, for
Cl™. Substitution of Tyr-121 with glutamate resulted in low
surface expression and activity (supplemental Fig. S1 and Ta-
ble 1) and was not investigated further.

In our analysis, we used K, values for Na* and Cl~ to esti-
mate ion affinities. Although K, is influenced by kinetic pa-
rameters in addition to binding affinity, the dissociation con-
stants for Na* and Cl ™~ are too high to measure directly.
Consequently, we make the simplifying assumption that the
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SERT Q332 S336 N368 (369 5372
GAT-1 Q291 S295 N327 S328 S331
LeuT Q250 T254 N286 E287 E290
TnaT Q228 S232 N264 S265 D268
Tyt1 Q223 S227 D259 T260 A263

FIGURE 1. A and B, the chloride-binding site in homology models of SERT (A)
and of the D268S mutant of TnaT (B). TM helices 1 (red), 6 (green), and 7
(teal) are shown as ribbons, whereas side chains of selected residues are
shown as sticks. The Cl™ (green) and Na1 sodium (dark blue) ions are shown
as spheres, as is the serotonin (A) or tryptophan (B) ligand. Relevant interac-
tions or distances are indicated using dashed lines. C, comparison of candi-
date CI™-binding site residues in mammalian transporters SERT and GAT-1
with the corresponding residues in bacterial NSS transporters LeuT, TnaT,
and Tyt1. CI™ -binding site residues are shown in bold and color-coded by
transmembrane helix (orange, TM2; green, TM6; teal, TM7).

primary effect of mutation on K|, resulted from changes in
ion affinity.

We were able to introduce aspartate in place of Ser-336 in
TMB6. Like the previously proposed Cl ™ binding residues Ser-
372 and Asn-368 (8), a negative charge at Ser-336 prevented
Cl™ from stimulating 5-HT uptake (Fig. 2B and Table 1). The
resulting transport activity of S336D was only 6% of wild type
in the presence of 100 mm Cl™ (Fig. 2B and Table 1), but this
is characteristic of mutants with carboxylic side chains intro-
duced near the proposed Cl ™ -binding site of SERT or GAT-1
(8, 10). As with previously described mutants, the low activity
could not be attributed to decreased surface expression (sup-
plemental Fig. S1), although S336D also had low B8-CIT bind-
ing activity (Table 1). When we replaced Ser-336 with the
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FIGURE 2. Chloride dependence of SERT mutants. Hela cells expressing
wild type SERT or mutants Y121F, Y1211, S336D, S336C, C369A, and C369E
were assayed for 5-HT influx for 10 min over a concentration range of Cl—
(0-150 mm) using isethionate to replace Cl™. A, K, values for ClI~ were cal-
culated for each mutant and plotted as the reciprocal so that higher Cl™
potency results in a taller bar. B, 5-HT influx at zero and 100 mm CI~ were
plotted as floating bars, where the lower end of each bar represents the
rate at 0 CI~, and the higher end represents 150 mm Cl ™. In this log plot,
the length of the bar represents the degree of stimulation by Cl ™. Each
value represents the mean and S.E. of three to five experiments (corre-
sponding values in Table 1).

aliphatic residues valine or alanine, transport activity was al-
most undetectable (Table 1). Decreased transport was not a
result of low surface expression (supplemental Fig. S1) or im-
proper protein folding because binding of B-CIT was 87% of
wild type in S336A and 49% of wild type in S336V (Table 1).
When cysteine replaced Ser-336, 5-HT transport was only
moderately responsive to Cl~, with 50% of maximal activity at
zero Cl™ (Fig. 2B and Table 1). The sensitivity of SERT to mu-
tation at Ser-336 might be explained by the fact that the cor-
responding residue in LeuT (Thr-254) interacts directly with
bound Nal (11), and thus substitutions at this position in
SERT might disrupt the structure of both Na* and Cl™ sites.
Cys-369 and GIn-332 Do Not Play a Major Role in Chloride
Binding to SERT—In addition to the four residues previously
proposed to form the Cl™ site in SERT (8) and GAT-1 (10),
Zomot et al. (10) identified Cys-369 as also being near the
modeled Cl™ ion (10). In GAT-1, introduction of a negatively
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TABLE 1
Initial rates of transport measured in Hela cells

The initial rates of transport (10 min) were measured in HeLa cells expressing the
wild type or indicated mutants as described under “Experimental Procedures” and
expressed in terms of total cell protein. The percentage of activity at zero Cl~ was
calculated relative to that at maximal CI~ (100 mm). B-CIT binding was measured
in similar cells. The K, for CI™ was calculated for functional Cl™-dependent
mutants using a concentration range of CI~ and isethionate as a replacement.
Each value represents the mean and S.E. of three to five independent experiments
for the K, measurements and two to four independent experiments for the
transport or binding activity measurements. Each experiment was performed in
triplicate or quadruplicate wells.

5-HT influx
rSERT OmMm[ClI"] 100mMm[Cl7] B-CIT binding K, for C1~

pmol/mg/min % of wild type mm
Wild type  0.045 = 0.009 0.99 = 0.1 100 £ 2 5x1
S336D 0.055 = 0.005 0.06 = 0.007 303
S336E 0.005 = 0.002 0.009 = 0.003 12=*1
S336V 0.004 = 1E-3  0.004 = 0.001 49 =2
S336A 0.005 = 0.002 0.03 = 0.002 87 *+2
S$336C 0.06 = 0.02 0.12 £ 0.05 93*3
YI121F 0.032 = 0.003 0.79 £0.01 93 *+3 15%3
Y1211 0.007 = 0.002 0.05 = 0.01 38*3 55 * 4
Y121L 0.007 = 0.003 0.03 £ 0.01 49 *1
YI121E 0.004 = 0.001 0.01 = 0.004 17 £2
N368A 0.013 = 0.003 0.08 = 0.007
C369D 0.021 = 0.004 0.05 = 0.001 14 £2
C369E 0.022 = 0.008 0.085 = 0.027 54 *+7 17 £5
C369A 0.05 = 0.01 1+ 0.06 100 £ 6 10x2
C369S 0.1 =0.011 1.34 = 0.08 96 = 10 9+2
Q332E 0.006 = 0.002 0.018 = 0.002 98 =6
Q332L 0.001 = 0.000 0.027 = 0.002 100 =2
Q332V 0.010 = 0.002 0.069 = 0.020 88 *6
Q332C 0.015 += 0.003 0.109 =x0.04 95*7 42+ 7
Q332N 0.002 = 0.000 0.011 * 0.002

charged residue at the equivalent of SERT Cys-369 (Ser-328
in GAT-1; see Fig. 1C) reduced, although it did not com-
pletely abolish, the Cl™ dependence of transport (10). How-
ever, these effects do not discriminate between direct coordi-
nation of Cl™ by that residue or simply close proximity of the
ionizable side chain to the binding site.

To investigate what role the side chains of SERT Cys-369
and GIn-332 play in Cl™ coordination, we mutated these posi-
tions in SERT to both carboxylic and aliphatic residues. Muta-
tion of SERT Cys-369 to glutamate, aspartate, alanine, or ser-
ine did not eliminate the CI~ dependence of transport (Fig.
2B and Table 1). With either alanine or glutamate replacing
Cys-369, the K, for CI~ was modestly elevated compared
with that of wild type rSERT (Fig. 24 and Table 1). These re-
sults indicate that the side chain of the cysteine is unlikely to
contribute strongly to direct CI~ coordination in SERT, con-
sistent with the prediction from a homology model of SERT,
in which the distance between the ion and the side chain sul-
fur atom of Cys-369 is ~4 A (Fig. 14). We considered the
possibility that a small, indirect effect on Cl™ binding upon
mutation at this site might result from stabilizing interactions
between the Cys-369 side chain and the phenolic oxygen of
Tyr-121, which in turn coordinates the ion (Fig. 14). How-
ever, in Y121F, which lacks this oxygen atom, mutation of
Cys-369 to Ala had essentially the same effect as in wild type
SERT (data not shown), rendering this indirect stabilizing
effect unlikely.

GIn-332 is strictly conserved in all members of NSS and is
irreplaceable in GAT-1, suggesting an important functional
role (31). This residue was proposed by Zomot et al. (10) to
coordinate Cl ™. Based on the predicted distance between
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GlIn-332 and the bound C1™ (>4 A), it seems unlikely that
GIn-332 could directly coordinate the C1™ ion. We tested a
number of mutations at this position and found measurable
transport activity in only one mutant, Q332C (~10% of wild
type; Table 1). 5-HT transport by Q332C was stimulated by
Cl, although it had low activity and an elevated K|, for C1~
(Table 1). More information on the role of this residue was
obtained from analysis of its function in TnaT (see below).

An Artificial Chloride-binding Site in TnaT—Prokaryotic
members of the NSS family do not require Cl™ for substrate
transport (11, 21-23). Nevertheless, most of the residues pre-
dicted to coordinate Cl ™ are conserved or conservatively sub-
stituted between SERT, GAT-1, LeuT, and TnaT (8) (Fig. 1C).
An exception is the position corresponding to Ser-372 in
SERT, which is serine in most Cl~ -dependent transporters
but is aspartate in TnaT (Asp-268) or glutamate in LeuT
(Glu-290). We and others previously proposed that in the
Cl -independent NSS transporters, a fixed negative charge at
this position might play the same role that CI~ does (8, 10).
Consistent with this hypothesis, mutation of LeuT Glu-290 to
a serine rendered binding of leucine dependent on Cl ™, and
corresponding mutations in Tyt1 resulted in a Cl™ -dependent
transporter (10). However, the E290S LeuT mutant was inac-
tive for transport, and the Tytl mutant had only ~1% of wild
type activity (9), precluding further biochemical analysis.

We studied the bacterial tryptophan transporter TnaT to
test whether mutating the equivalent position, Asp-268, to
serine would create a Cl™-dependent transporter with suffi-
cient activity for definitive biochemical analysis. Remarkably,
transport by D268S TnaT was stimulated by C1~ with a K,
similar to that of SERT and a v,,,,, similar to that of wild type
TnaT (Fig. 3A and Table 2). When Asp-268 was replaced with
alanine, the resultant transporter also required Cl~, but the
K,,, was more than 10-fold higher than that of D268S (Fig. 34
and Table 2), consistent with the idea that the serine hydroxyl
contributes to Cl~ coordination. D268S protein was ex-
pressed at levels similar to that of wild type TnaT, although
D268A expression levels were lower (supplemental Fig. S2).
We also found that the Na™ dependence of Trp transport was
altered in TnaT D268S and D268A mutants. Specifically, the
K, for Na™ increased 35-fold from wild type to D268S and a
further 13-fold in D286A (Fig. 3, B and C, see legend to Fig. 3
for K,,, values), suggesting that in TnaT the carboxyl group of
Asp-268 may stabilize Na* binding more effectively than the
presence of Cl1™ in the D268S or D268A mutants. Similarly,
the Cl™-dependent mutant of Tyt1 also required higher Na*
concentrations for activation of transport (9). The availability
of fully functional Cl™ -dependent and -independent forms of
TnaT allowed us to study the effect of mutation at candidate
Cl™ -binding site residues in both settings. Thus, we would be
able to link observed changes to the formation of a functional
Cl™ site in a way that was not possible with SERT, GAT-1, or
previously studied prokaryotic transporters.

Based on the above findings, we generated a structural
model for a putative Cl™ binding-site in TnaT D268S (Fig.
1B). In the background of D268S, we introduced mutations at
each position proposed to participate in Cl~ binding to SERT.
As in SERT, introduction of a carboxylic side chain at putative
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wild type TnaT (filled circles) and mutants D268S (triangles) and D268A (open
circles) over a range of CI~ concentrations (0-120 mm, with gluconate re-
placing CI™). Mutation of Asp-268 to serine introduced a Cl™ requirement
for transport, and mutation to alanine led to a profound increase in the K,
for CI~ (Table 2). Band C, mutation of Asp-268 also affected the K,,, for Na™
which increased from 0.6 = 0.11 mm in wild type (B in the absence of Cl™) to
22.1 = 24 mmin D268S and 286 = 51 mmin D268A (Cin the presence of
saturating CI7). Na™* was substituted with NMDG (B and C) and CI~ with
SO2~ (B) or gluconate (C). SO2~ and gluconate were equally good as inert
Cl™ replacements. Each value represents the mean and S.E. of three indepen-
dent experiments, each of which was performed in triplicate or quadrupli-
cate wells.

coordinating residues rendered TnaT Cl™-independent
(5232D/D268S and N264D/D268S; Fig. 4 and Table 2). The
latter mutant was actually slightly more active in the absence
of Cl™.

Replacement by alanine at each position (in the D268S
background) resulted in proteins with low transport activity
(Fig. 4 and Table 2). In the case of N264A/D268S, this was not
accompanied by changes in protein expression (supplemental
Fig. S2), and moreover, in the wild type Cl™ -independent
background, the N264A mutant retained most of its transport
activity (Table 2). In LeuT, the corresponding residue (Asn-
286) coordinates Nal (11), and in TnaT, the N264A mutation
raised the K, for Na™ over 100-fold (from 0.6 + 0.2 to 82 =
34 mm), consistent with Asn-264 in TnaT having a similar
role in addition to Cl™ coordination (Fig. 1B). Additive de-
creases in Na™ affinity from N264A and D268S mutations are
therefore likely to contribute to the low activity of N264A/
D268S, but the complete lack of C1™ stimulation in this mu-
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TABLE 2

Initial rates of transport measured in E. coli

The initial rates of transport (1 min) were measured in E. coli CY15212 expressing
the wild type or indicated mutants as described under “Experimental Procedures”
and expressed in terms of total cell protein. The percentage of activity at zero Cl~
was calculated relative to that at maximal Cl~ (100 mm). Each value represents
the mean and S.E. of two to four independent experiments, each of which was
performed in triplicate or quadruplicate wells.

[*H]Trp influx
TnaT 0mmMm[Cl7] 100 mm [Cl17] K, ClI-
pmol/mg/min
Wild type 3.15 = 0.03 3.26 = 0.09
D268S 0.65 = 0.04 2.87 £0.19 3.07 £0.21
D268A 0.33 £0.03 1.65 = 0.11 3734+ 6.5
D268T 0.67 £ 0.09 2.76 £ 0.10 5.78 £ 0.87
Y47F 2.93 £ 0.26
Y47D 0.43 £ 0.01
Y47A 0.55 = 0.03
Y47F/D268S 0.57 £0.11 1.83 £0.21 30.13 = 7.92
Y47D/D268S 0.28 £ 0.02 0.30 = 0.02
Y47A/D268S 0.12 = 0.006 0.11 £ 0.003
N264A 2.05 *0.15
N264A/D268S 0.48 £ 0.02 0.45 = 0.02
N264D 2.81 = 0.19
N264D/D268S 2.52 £0.10 1.82 £0.23
S232A 0.11 £0.01
S232A/D268S 0.26 = 0.05 0.25 = 0.02
S$232D 0.67 £ 0.1
$232D/D268S 341 = 0.15 3.22 £0.16
S265A 3.91 +£0.73
S265A/D268S 0.44 = 0.05 2.67 £ 0.22 11.68 *= 0.84
S265E/D268S 0.35 £ 0.06 0.22 = 0.006
Q228A 0.25 = 0.007
Q228A/D268S 0.15 = 0.007
Q228C 0.17 = 0.007
Q228D 0.06 = 0.007
Q228E 0.07 = 0.007
Q228L 0.05 = 0.007
- 40 =
= L1 ommcl
£ L EoomMcr At
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FIGURE 4. Characterization of the artificial chloride site in TnaT.
CY15212 cells expressing TnaT mutants were assayed for tryptophan up-
take. Residues Tyr-47, Asn-264, Ser-232, and Ser-265 were mutated to ali-
phatic or negatively charged amino acids. The initial transport rates were
obtained in the presence (gray) and absence (white) of Cl~, which was sub-
stituted by 100 mm gluconate. Transport activity is presented as pmol mg
protein” " min . Each value represents the mean and S.E. of three inde-
pendent experiments, each of which was performed in triplicate or quadru-
plicate wells.

tant indicates a direct role for Asn-264 in ClI™ coordination
(Table 2).

The other residue predicted to coordinate both Na™ and
Cl™ in our model is Ser-232 (Fig. 1B). S232A/D268S had low
transport activity (but normal expression; see Table 2 and
supplemental Fig. S2), but the S232A single mutant also had
low activity (Table 2), consistent with the idea that this posi-
tion in TnaT coordinates Nal, like the corresponding Thr-
254 in LeuT.
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Aliphatic substitutions were not tolerated at Tyr-47, al-
though the Y47A mutation in wild type TnaT also led to low
activity (Table 2) and low expression (supplemental Fig. S2),
suggesting that the effect was not entirely due to an influence
on Cl™ binding. Like the corresponding mutant in SERT (Fig.
2), YA7F/D268S was functional and had a significantly higher
K, for CI” than D268S (Table 2), supporting the idea that the
phenolic hydroxyl participates in Cl~ coordination.

We also tested whether Ser-265 (equivalent to Cys-369 in
SERT) also plays a role in the TnaT Cl™ site. S265E/D268S
was slightly inhibited by Cl~, but its activity was too low to
accurately determine the extent of inhibition (Fig. 4 and Table
2). However, substitution by alanine at this position (5265A/
D268S) led to a 4-fold increase in the K|, for CI~ compared
with that of D268S (Table 2), suggesting that this position
might play a role in C1™ coordination in TnaT. Importantly,
the S265A mutation did not inhibit transport in wild type
TnaT (Table 2).

Replacement of the conserved GIn-228 in TnaT-D268S
with alanine or in wild type TnaT with aspartate, glutamate,
leucine, alanine, or cysteine led to mutants with activity too
low to allow further analysis (Table 2). However, we note that
the Q228A mutation was slightly more active in the wild type
background than in D268S (Table 2). The fact that mutation
of this residue led to dramatically decreased activity, even in
wild type TnaT, indicates that it is critical for normal function
independent of the CI™ requirement. The side chain amide of
the equivalent residue in LeuT (GIn-250) donates a hydrogen
bond to the backbone oxygen of Gly-26, providing an interac-
tion between TM helices 1b and 6a that is conserved in our
models of SERT and TnaT, despite the other local differences
between the proteins (Fig. 1). Destabilization of this interac-
tion by mutation may therefore have a significant, but indi-
rect, effect on the formation of both the Nal- and Cl™-bind-
ing sites.

Interaction between Sodium and Chloride—Calculation of
the electrostatic interaction energy between Glu-290 and Nal
in LeuT suggested that the negatively charged carboxylate
favored Nal binding (8), and the effect of C1™ on transient
Na™ currents in GAT-1 suggested that it increased Na™ affin-
ity (32). To test whether a bound Cl™ ion could similarly en-
hance Na* binding in SERT and in the Cl™-dependent D268S
TnaT mutant, we measured the K, for Na™ at saturating and
subsaturating Cl~ concentrations. In TnaT-D268S, Cl~ en-
hanced the potency for Na* 4-fold when transport measured
in saturating C1~ was compared with that in low C1~ (Fig.
5A). Likewise, in SERT, the K, for Na™ was more than 3-fold
higher at low C1™ than at saturating Cl™ (Fig. 6A4). To extend
these observations, we tested alanine and threonine mutants
at Ser-372 (a Cl™ -binding site residue) previously found to
have 10-fold higher K, for CI™, suggesting weak Cl~ coordi-
nation (8). We found that S372A and S372T mutants also had
increased K,,, for Na™ compared with wild type SERT, even at
saturating C1~ (Fig. 6A). This is unlikely to be a direct effect of
the mutation on Na* coordination because the corresponding
residue in LeuT (Glu-290) was not found to interact with ei-
ther bound Na™ ion in x-ray crystal structures (11). These
results are consistent with Cl~ enhancing the binding affinity
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FIGURE 5. Mutual interactions between chloride and sodium in TnaT
D268S. A, effect of CI~ on Na™ potency was measured in CY15212 cells ex-
pressing D268S TnaT. Tryptophan uptake was tested over a range of Na*
concentrations in saturating (100 mw, filled circles; K,,, = 22.1 = 2.4 mm) or
subsaturating Cl~ (7.5 mm, open circles; K, = 81 = 7 mwm). B, the effect of
Na* on CI™ potency was measured over a range of CI~ concentrations at
saturating (150 mwm, filled circles; K., CI~ = 3 = 0.2 mwm) or subsaturating (25
mw, open circles; K., CI~ = 80 = 14 mm) Na™. Sodium was substituted by
NMDG (A and B) and CI~ with gluconate (A) or diatrizoate (B). Transport ac-
tivity was normalized so that 100 is maximal activity in saturating CI~ (A) or
maximal activity in saturating Na™ (B). K,,, values represent the means and
S.E. of three independent experiments. The error bars in the figure represent
S.D.in a representative experiment.

for Na™ in both SERT and the Cl™-dependent TnaT-D268S.
The Na* dependence of TnaT was frequently found to be
sigmoidal (as in Fig. 5A4), suggesting the participation of more
than one Na™ ion. The two Na™ sites found in LeuT are pre-
served in TnaT, providing a structural basis for the sigmoidic-
ity. However, the Na2 ion in our model of TnaT is >7.5 A
from any residue proposed here to coordinate Cl~, and there-
fore Na2 is less likely to be directly influenced by C1™ binding.

We would also expect a reciprocal increase in Cl ™ affinity
upon Na™ binding, as an additional consequence of the prox-
imity between Na™*- and Cl™-binding sites. To test the hy-
pothesis that Na™ stabilizes CI~ binding, we measured the K,
for Cl™ in both the Cl™ -dependent TnaT-D268S mutant and
wild type SERT, at saturating Na™* and at a concentration
close to the K,,, for Na™*. In TnaT-D268S, the K, for Cl~ in-
creased 25-fold at low Na™ relative to saturating Na™* (Fig.
5B). Consistent with these results, in wild type SERT the K,
for CI™ was 12-fold higher at 5 mm than at saturating Na™
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FIGURE 6. Mutual interactions of chloride and sodium in SERT. A, HelLa
cells expressing wild type SERT were assayed for 5-HT uptake for 10 min at
the indicated Na™ concentrations in saturating (150 mm, filled circles;
K.,Na* = 4.4 = 0.1 mm) or subsaturating CI~ (5 mm, open circles; K,,Na* =
14.5 + 0.4 mm). Activation by Na™* was also measured for mutants S372A
(filled triangles; K,,Na™ = 37 = 5 mm) and S372T (open triangles; K,,Na* =
46 = 9 mm), known to have increased K,,, for CI™. B, potency for CI~ was
measured at saturating (150 mm Na™, filled circles; K,,,CI~ = 3.6 + 0.9 mm) or
subsaturating (5 mm Na™, open circles; 44 = 2 mm) Na™ concentrations. So-
dium was substituted with NMDG and CI~ with SO2~. Transport activity was
normalized as in Fig. 5. The K,,, values represent the means and S.E. of three
(A) and four (B) independent experiments. The error bars in the figure repre-
sent S.D. in a representative experiment.

(Fig. 6B), suggesting that Na™* indeed enhances the CI~ bind-
ing affinity.

DISCUSSION

Ion binding and release are critical steps in the mechanism
of ion-coupled substrate transport. In SERT, Na™ and Cl~ are
required for 5-HT-dependent conformational changes that
lead to translocation (33-35). Previous studies provided pre-
liminary information about the location of the Cl ™ -binding
site (8, 10). The strategy involved substituting glutamate or
aspartate near the predicted Cl™ sites in SERT or GAT-1 and
replacing carboxylic residues in LeuT and Tytl with potential
Cl™ coordinating amino acids such as serine. Although these
studies established that the Cl™ requirement could be by-
passed by inserting a carboxylic side chain at a given position,
the data did not identify the replaced residue as a direct C1~
ligand because the mere proximity of a carboxylate at any po-
sition near Nal might stabilize its binding and remove the
Cl™ requirement.
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An additional problem with previous studies was the rela-
tively poor functional activity of the mutants. For the Cl™ -
insensitive SERT and GAT-1 mutants and the Cl™ -dependent
LeuT and Tytl mutants, the loss in activity relative to wild
type made them unattractive as models from which to draw
firm conclusions about the role of individual residues. We
now show that a single mutation, D268S, in the homologous
bacterial tryptophan transporter TnaT produces a fully active
Cl ™ -dependent protein that allowed us to examine potential
Cl™ coordinating residues in both Cl™-dependent and CI™ -
independent settings and to relate the effect of mutations di-
rectly to the participation of Cl™ in transport. The results give
us a much more precise characterization of the Cl™ site and
its interaction with Na™ in this family of transporters.

In the work described here, we show that a set of four resi-
dues in both SERT and TnaT-D268S are responsible for di-
rectly coordinating C1™. These residues are Tyr-121, Ser-336,
Asn-368, and Ser-372 in SERT and Tyr-47, Ser-232, Asn-264,
and the serine-replacing Asp-268 in TnaT (Fig. 1). Two of the
residues, Ser-336(232) and Asn-368(264) (SERT(TnaT) num-
bering), correspond to LeuT residues that form the site for
Nal (11), and the other two are distal to the Nal site. For the
two positions likely to participate in coordination of both Na™
and Cl -, mutation to glutamate or aspartate led to Cl™ -inde-
pendent transport both in SERT (Fig. 2 and Ref. 8) and in
TnaT-D268S (Fig. 4), presumably because the ionized side
chain carboxylate can partially satisfy the need for a negative
charge near Nal. Mutation to alanine at either position se-
verely diminished activity in the Cl™-dependent forms of
SERT and TnaT (Tables 1 and 2). At least part of this inhibi-
tory effect was apparently due to impaired Nal binding be-
cause in the context of Cl™ -independent wild type TnaT, the
S232A mutation also ablated transport activity, and the
N264A mutation led to partial activity loss and a higher K|,
for Na™ (results). However, the N264A mutation dramatically
decreased transport in the Cl™-dependent TnaT-D268S com-
pared with the modest decrease in wild type TnaT. Although
this decrease in the double mutant might result from additive
decreases in Na™ affinity, the remaining activity of this mu-
tant was completely independent of Cl™ despite retaining all
of the other proposed Cl~ coordinating residues. These re-
sults strongly support a role for Asn-264 in coordinating Cl ",
a point on which previous binding models differed (8, 10).

The two residues that coordinate Cl~ but not Na™ are Ser-
372(268) and Tyr-121(47). Replacement of Ser-372(268) with
aspartate produced Cl ™ -independent proteins in both cases
(in TnaT, this is the wild type protein) likely by placing a neg-
ative charge near Nal as described above (8). Replacement
with alanine dramatically increased the K, for ClI™ in both
transporters (Fig. 34 and Ref. 8), as expected if Cl~ was still
required, but affinity was reduced by loss of the coordinating
hydroxyl group. Mutations to aspartate or glutamate at Tyr-
121(47) were not well tolerated, leading to low expression, but
loss of the phenolic hydroxyl group in the phenylalanine mu-
tants increased the K, for C1™ (Tables 1 and 2), consistent
with reduced CI™ affinity.

Two additional nearby positions were examined, despite
being more distant from the bound Cl™ ion in SERT and
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TnaT homology models. Both transporters were extremely
sensitive to mutation of Gln-332(228), an effect unlikely to
result from a change in Cl™ affinity because the mutations
had similar effects in wild type TnaT (Table 2). In SERT,
Q332C had measurable activity and was still stimulated by
Cl, although the CI ™ K|, was elevated (Table 1). In GAT-1,
Kanner and co-workers (36) observed that mutation of the
corresponding GIn-291 inhibited transport significantly less
in a Cl™ -independent mutant than in wild type, suggesting
participation of this residue in Cl~ coordination. Because the
side chain nitrogen atom of this glutamine residue is >7 A
from that of Asn-368(264) in our models, it seems unlikely
that both residues simultaneously coordinate C1~ (Fig. 1). It is
possible that both participate, but they do so at different
points in the reaction cycle, or that the homology models ex-
aggerate the actual distance between the two.

Replacement of Cys-369 in SERT by glutamate did not ab-
late C1”™ stimulation, but the corresponding S265E mutation
in TnaT-D268S decreased stimulation by Cl~, suggesting that
this residue affects the Cl ™ -binding site created in TnaT more
than the binding site in SERT. The corresponding S328E
mutation in GAT-1 was also less responsive to Cl~ than wild
type transporter (10). C369S and C369A in SERT and S265A
in TnaT-D268S were highly functional and Cl ™ -dependent.
However, K, values for C1~ were elevated in the alanine mu-
tants, with a 2-fold increase in SERT C369A and a 4-fold in-
crease in TnaT-S265A/D268S. Thus, the effect of replacing
TnaT-Ser-265 with either glutamate or alanine was greater
than with the corresponding mutations of Cys-369 in SERT,
suggesting that coupling between this position and the Cl™
site varies among NSS transporters. Part of this difference
may be due to distance. Specifically, in the SERT homology
model, Cys-369 is farther from the Cl~ than Ser-265 in the
homology model of TnaT-D265S, although this ~1-A differ-
ence is relatively small given the likely uncertainty in the
structural models (8, 37).

Although mutants of both Tyr-121 and Cys-369 increased
the K,,, for C1™ in SERT, replacement with aliphatic residues
was much more deleterious for Tyr-121 (or Tyr-47 in TnaT)
than for Cys-369 (or Ser-265), indicating that the tyrosine is
more critical (Tables 1 and 2). Even the relatively conservative
mutation of TnaT Tyr-47 to Phe led to a 10-fold increase in
the K, for Cl ™. The ability of Phe to replace Tyrasa Cl™ li-
gand was also observed in crystal structures of E. coli CIC
(38). By comparison, the less conservative mutation of Ser-
265 to alanine increased K, only 4-fold (Table 2). Similar re-
sults were obtained with the corresponding SERT mutants
(Table 1).

We recently showed that mutations at the same positions
shown here to coordinate Cl ™ also affected the C1™ depen-
dence of antidepressant binding to SERT (39). Aliphatic sub-
stitutions generally reduced affinity for imipramine and fluox-
etine (Prozac) and prevented Cl™~ from stimulating their
binding. Substitutions with aspartate also prevented Cl~ from
enhancing antidepressant affinity but did not decrease affinity
markedly. In contrast, cocaine affinity was not influenced by
Cl™, and these mutations generally did not affect cocaine
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binding. These results highlight the variety of Cl™-dependent
behaviors that rely on the Cl™ site in SERT.

Both Nal- and Na2-binding sites present in LeuT are well
conserved in SERT (12), but the Na™:5-HT stoichiometry is
1:1 (40, 41). Therefore, only one of the two Na™ ions bound to
SERT is transported, and the other is likely to remain bound
throughout the transport cycle. The results presented here
strongly support the proposed location of bound CI™ immedi-
ately adjacent to the Nal site, separated only by side chain
atoms of Ser-336(232) and Asn-368(264) (8, 10). Because the
Na™ dependence of transport is sensitive to Cl~, we consider
it likely that this Na™ dependence represents binding and dis-
sociation of Nal. Nevertheless, x-ray structures of the struc-
turally related transporters vSGLT and Mhp1, which resem-
ble our own model of the cytoplasm-facing conformation of
LeuT, show that coordination of Na2 is poor in that confor-
mation due to separation of TMs 1 and 8 (16, 42—44). Thus,
although binding of Nal appears to determine the Na™ de-
pendence of transport, Na2 is more likely to be released to the
cytoplasm with substrate, indicating that the two Na™ ions
play distinct roles in the transport cycle.
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