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SUMMARY
The serotonin transporter (SERT) is a target for many clinically
significant drugs, such as cocaine, amphetamine, and antide-
pressants. The relationship between the structure of SERT and
the binding of substrates and antagonists is virtually unknown,
despitealargebodyofdatadescﬂbhgmesh'ucture-acnvny
relationships of transporter ligands. The cloning of multiple spe-
cies homologs of SERT affords a unique opportunity for molec-
ular comparisons to identify potential domains and residues
invoived in ligand recognition. We have conducted pharmacolog-
ical comparisons of the cloned rat and human SERTSs in tran-
siently transfected Hel.a cells. Serotonin uptake and
binding assays revealed that rat and human SERTs show differ-
ent sensitivities to some but not all transporter ligands; most
tricyclic antidepressants were tly more potent at the
human SERT, relative to rat SERT, whereas d-amphetamine

was a more potent inhibitor of rat SERT. Several other ligands,
such as fluoxetine, paroxetine, (+)-methylenedioxymethamphe-
tamine, cocaine, and the substrate 5-hydroxytryptamine, showed
no significant species selectivity. Cross-species chimeras be-
tween rat and human SERTs were constructed to track the
species-specific pharmacologies through the SERT molecule.
These chimeric SERTs were expressed in Hela cells and trans-
ported serotonin similarly to parental SERTs. Using these chi-
meras, we have isolated a region distal to amino acid 532 that
imparts species pteiarmoesforbotl’nthetricydicmpramneand
-amphetamne of distinct
bmdingsitesforSERThgandsandimplieatearestﬂctedreglon
in or near putative transmembrane domain 12 of the transporter
as being involved in both substrate and antagonist recognition.

The SERT is responsible for synaptic and plasma clearance
of 5-HT and is a major target for many antidepressants, as well
as important drugs of abuse such as cocaine and amphetamine.
The cloning of the rat (1, 2), human (3), mouse (4), and
Drosophila (5, 6) SERTs has revealed the transporter to be a
member of the large r y-aminobutyric acid transporter/
NET gene family of transport proteins (7). Like other trans-
porter homologs, the SERT amino acid sequence predicts 12
putative TMDs, a large extracellular loop between TMD 3 and
TMD 4 with multiple sites for N-linked glycosylation, and
multiple consensus sequences in the intracellular domains for
phosphorylation by protein kinases. The human and rat SERTs
are both 630-amino acid polypeptides, with 92% overall se-
quence homology (3). Upon heterologous expression in mam-
malian cells, the cloned SERTs confer Na*- and Cl~-dependent
high affinity uptake of 5-HT that is sensitive to inhibition by
SERT antagonists, including imipramine, paroxetine, and co-

This work was supported by National Institutes of Health Grant DA07390
(R.D.B.), the Mallinkrodt Foundation (R.D.B.), and the Emory University Center
for Neurological Sciences (E.L.B.).

caine, with rank orders of potencies similar to those observed
in native membrane preparations (8-11). Extracellular Na* and
CI™ concentrations govern the binding of many transport in-
hibitors and provide the ion gradients necessary for active 5-
HT uptake (12-14).

Despite a large body of information describing the pharma-
cology of SERTs and a knowledge of SERT primary amino
acid sequences, little data are available relating SERT structure
to function and drug recognition. One approach that has been
useful in identifying ligand binding domains of G protein-
coupled receptors and ion channels has been the exploitation
of species differences in antagonist potencies, in which cross-
species chimeras and site-directed mutagenesis can be used to
localize specificity-defining domains and residues, respectively
(for review, see Ref. 15). Those studies demonstrate that as
little as a single amino acid substitution across species homo-
logs can have a profound impact on antagonist potency, thus
identifying potential residues that may directly serve as contact
points in ligand binding domains (16, 17). In this regard, species
differences in the pharmacologies of endogenous rat and human

ABBREVIATIONS: SERT, serotonin transporter; 5-HT,
HEPES buffer; (+)}-MDMA, (+

5-hydroxytryptamine (serotonin); TMD, transmembrane domain; KRH buffer, Krebs-Ringer-
phetamine; NET, norepinephrine transporter; SDS, sodium dodecy! sulfate; PAGE, potyacry-

xymetham
amide gel electrophoresis; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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SERTSs have been reported (10, 18-20). For example, the tri-
cyclic antidepressants imipramine and clomipramine were
found to be more potent at human platelet SERTS, relative to
rat preparations (10). However, those studies were conducted
with tissue preparations, where the influences of other ligand
binding sites and tissue variability are difficult to control.
Potentially, platelet SERT proteins also might be modified
differently in the two species, leading to the altered pharma-
cology observed. Alternatively, differences in pharmacological
profiles may reflect inherent variations in the amino acid
sequences of rat (1, 2) and human (3) SERTs. These questions
can be addressed by heterologous expression of the cloned
SERT cDNAs in the same mammalian cell context. After
expression of cloned rat and human SERTSs in HeLa cells, we
verified that both transporters bear intrinsic and distinct sen-
sitivities to certain transporter substrates and antagonists,
similar to those reported in native membrane preparations.
The tricyclic antidepressants typified by imipramine were more
potent at the cloned human SERT, compared with the rat
SERT, whereas d-amphetamine, a SERT substrate, was more
potent at the rat SERT, relative to the human SERT. The
nontricyclic compounds like paroxetine, fluoxetine, and co-
caine, as well as 5-HT, showed no species preferences. Differ-
ential imipramine sensitivities were also observed in radioli-
gand binding assays, where modulatory ionic binding sites were
eliminated as a major contributor to species-specific character-
istics. Finally, cross-species chimeras between rat and human
SERT's were used to identify a common domain involved in the
high affinity interactions of both imipramine and d-ampheta-
mine.

Materials and Methods

[*H]5-HT uptake assay in transfected cells. To directly compare
the pharmacological profiles of the cloned human (3) and rat (1)
SERTS, heterologous expression of the transporters was achieved using
the recombinant vaccinia virus T7 expression system in HeLa cells
(21). The human SERT and rat SERT cDNAs had previously been
cloned into the plasmids pBluescript KS II(—) (3) and pBluescript SK
II(-=) (1), respectively, such that their start codons were downstream
of the plasmid-encoded T'7 RNA polymerase promoter. HeLa cells were
maintained in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum, L-glutamine (2 mM), and penicillin (100 units/
ml) streptomycin (100 ug/ml), at 37° in a humidified 5% CO; incubator.
To transfect cells for uptake assays, HeLa cells (50,000 cells/well in
48-well culture dishes) were infected with recombinant vaccinia virus
vTF;.3 (22), which encodes T7 RNA polymerase, at 10 plaque-forming
units/cell in OPTI-MEM I medium containing 55 uM $-mercaptoeth-
anol. Thirty minutes after virus infection, the human SERT or rat
SERT cDNA constructs (50 ng/well) were introduced into the HeLa
cells by liposome-mediated transfection (Lipofectin), at a ratio of 1 ug
of DNA:3 ug of Lipofectin (mixed in OPTI-MEM I medium containing
55 uM B-mercaptoethanol).

Six hours after transfection, 5-HT transport assays with 20 nM
[®*H]5-HT, 100 uM pargyline, and 100 uM L-ascorbate in KRH buffer
(120 mM NaCl, 4.7 mM KCl, 2.2 mM CaCl,, 1.2 mm MgSO,, 1.2 mM
KH,PO,, 0.18% glucose, 10 mM HEPES, pH 7.4) were performed in
triplicate, as described previously (1, 21). Briefly, cells were preincu-
bated in KRH buffer, with or without varying concentrations of uptake
inhibitors, for 10 min at 37°, followed by the addition of [*H]}5-HT for
10 min at 37°. Uptake was terminated by three washes with ice-cold
KRH buffer, cells were solubilized with 1% SDS, and the level of
accumulated [*H]5-HT was determined by liquid scintillation counting.
[*H)5-HT uptake in HeLa cells transfected with pBluescript SK II(-)
was subtracted from the data to define specific uptake. Resulting data

were plotted and ICs, values were obtained using nonlinear least-
squares curve fits (Kaleidagraph; Synergy Software) to the four-param-
eter logistic equation. K; values were determined after adjustments for
substrate concentration, as described by Cheng and Prusoff (23).

SERT chimera constructions. Chimeras between rat and human
SERT's were constructed by exploiting common restriction endonucle-
ase sites found in the two cDNAs. Chimera H,_3¢;Ra63 63 i8 composed
of human SERT cDNA encoding amino acids 1-362 and rat SERT
cDNA encoding amino acids 363-630. The resulting chimera contains
the amino terminus and TMDs 1-6 of human SERT and TMDs 7-12
and the carboxyl terminus of rat SERT. This chimera was constructed
by digesting human SERT/pBluescript KS II(—) with Xbal and rat
SERT/pBluescript SK II(—) with Kpnl. After these sites were blunted
with Klenow fragment of DNA polymerase, the two linearized frag-
ments were digested with BstEII and the resulting human SERT BstEII
fragment, encoding amino acids 1-362, was substituted for the corre-
sponding rat SERT fragment by ligation. Chimera R, 22Hom 630 i8
composed of rat SERT ¢cDNA encoding amino acids 1-272 and human
SERT cDNA encoding amino acids 273-630. The resulting chimera
contains the amino terminus and TMDs 14 of rat SERT and TMDs
5-12 and the carboxyl terminus of human SERT. This chimera was
constructed by swapping restriction fragments generated by digestion
of the parental rat SERT and human SERT plasmids with BsaHI.
Chimera H,_3s2Rs6s 531Hssz-630 Wwas created by substituting a Smal re-
striction fragment from the parental human SERT ¢cDNA for the Smal
fragment of chimera H,_se2Rp63-63. The resulting chimera contains the
amino terminus and TMDs 1-6 of human SERT, TMDs 5-10 of rat
SERT, and TMDs 11 and 12 and the carboxyl terminus of human
SERT. The chimeric constructs were transiently expressed in HeLa
cells and used in 5-HT uptake assays, to compare their pharmacological
profiles with those of the parental transporters, as described above.

Immunoprecipitations. Immunoprecipitations of SERT and chi-
meric transporter proteins were used to directly verify synthesis of the
transporter proteins in transfected cells. The polyclonal SERT-specific
antibody S365 (24) is targeted to the absolutely conserved epitope
EMRNEDVSEVAKDA present in amino acids 388-401 of rat and
human SERT and thus can be used to confirm synthesis of both
parental and chimeric transporters.

For immunoprecipitations, ~500,000 HeLa cells/well were tran-
siently transfected with rat SERT, human SERT, or rat/human chi-
meric cDNAs as described above, followed 4 hr later by washing with
prewarmed methionine/cysteine-free medium and incubation with
Trans*S label (50 4Ci/ml) in methionine/cysteine-free medium for 3
hr 37°. Labeled medium was removed, cells were washed with ice-cold
phosphate-buffered saline, and cells were solubilized in ice-cold RIPA
buffer (10 mM Tris, pH 7.4, 150 mm NaCl, 1 mm EDTA, 0.1% SDS,
1% Triton X-100, 1% sodium deoxycholate) supplemented with 1
mg/ml soybean trypsin inhibitor, 1 mM o-phenanthroline, 1 ug/ml
leupeptin, 1 mM iodoacetamide, 1 uM pepstatin A, and 250 uM phenyl-
methylsulfonyl fluoride. Solubilized cell extracts were centrifuged at
20,000 X g for 10 min at 4°, followed by protein determination in
supernatants using the detergent-compatible protein assay (Bio-Rad),
with bovine serum albumin as the standard. Protein A-Sepharose beads
were prepared as follows. Nonspecific binding was blocked by incuba-
tion with unlabeled native cell extracts (1 hr, 22°), followed by three
washes in RIPA buffer. Beads were resuspended in RIPA buffer to a
final concentration of 30 mg/ml and were incubated with the labeled
cell extracts (1 hr, 22°) to further preclear any nonspecific protein
binding. Labeled cell extracts were recovered by centrifugation of the
beads, serum (25 ul) was added to the extracts, and samples were
incubated (1 hr, 22°) with continuous mixing. Blocked Protein A-
Sepharose beads were added to labeled cell extract/serum mixtures and
incubated overnight at 4°, with continuous mixing. The beads were
washed three times with RIPA buffer and bound protein was eluted
into 100 ul of Laemmli sample buffer for electrophoresis on 8% SDS-
PAGE gels. Gels were soaked in 1 M sodium salicylate, dried, and
exposed to X-ray film at —80°.



(*H]Imipramine binding. To prepare crude membranes, HeLa
cells were transfected with SERT cDNAs as described for transport
assays, except that cells were plated on 150-mm culture dishes and
cells were used 12-16 hr after transfection to maximize SERT expres-
sion. Cells were washed with phosphate-buffered saline, incubated in
ice-cold hypotonic buffer (50 mm Tris-HCl, pH 7.4, 100 mM NaCl),
detached from the plates using a cell scraper, and centrifuged for 20
min at 27,000 X g. The resulting pellet was resuspended with a Brink-
mann Polytron homogenizer (5 sec, 20,000 rpm) and centrifuged for an
additional 20 min at 27,000 X g. The pellet was suspended in KRH
buffer, homogenized with the Polytron homogenizer (10 sec, 20,000
rpm), and used in binding assays. Saturation binding was determined
in duplicate using 5-15 nM [*H]imipramine and increasing concentra-
tions of unlabeled imipramine, with 1 uM paroxetine being used to
define nonspecific binding. Assay tubes were incubated for 30 min at
22°, and assay mixtures were filtered, using a Brandel harvester,
through Schleicher and Schuell no. 32 glass fiber filters that had been
soaked in 0.5% polyethylenimine. Each tube contained 100 ug of protein
as determined by the Bradford method (Bio-Rad), using bovine serum
albumin as the standard.

The Na* dependence of [*H]imipramine binding was assessed in
KRH buffer using isotonic replacement of NaCl with LiCl, whereas the
Cl~ dependence was determined in KRH buffer with Cl- salts replaced
by sodium gluconate, potassium gluconate, and Ca(NQs); at molarities
equivalent to those in regular KRH buffer. All other binding parameters
were held constant.

Materials. Dulbecco’s modified Eagle medium was purchased from
Fisher Scientific, fetal bovine serum from Hyclone, and HeLa cells
from the American Type Culture Collection. Trypsin, glutamine, pen-
icillin, streptomycin, OptiMEM I medium, and Lipofectin were ob-
tained from GIBCO/BRL, and cell culture plates were from Falcon/
Becton-Dickinson Labware. Vaccinia virus T7 RNA polymerase
(VTF,5) was provided by Dr. Bernard Moss, National Institute of
Allergy and Infectious Diseases. S365 antibody was produced in female
New Zealand white rabbits maintained by Spring Valley Labs. SDS-
PAGE molecular weight standards and SDS-PAGE reagents were from
Bio-Rad, and Tran®S label (1131 Ci/mmol) and methionine/cysteine-
deficient medium were obtained from ICN; [G-*H]5-HT creatinine
sulfate (8.6 Ci/mmol) and [benzene ring-*H(N)}imipramine hydrochlo-
ride (48.7 Ci/mmol) were purchased from New England Nuclear. Pro-
tein A-Sepharose was from Pharmacia. Restriction endonucleases and
T4 DNA ligase were purchased from New England Biolabs; EcoScint
H scintillation fluor was obtained from National Diagnostics. (+)-
MDMA was a gift from Dr. Gary Rudnick, Yale University; cocaine
hydrochloride was a gift from Dr. J. Justice, Emory University; RTI-
655 was a gift from Dr. John Boja, National Institute on Drug Abuse;
d-amphetamine, p-chloroamphetamine, fenfluramine, maprotiline, ser-
traline, and quipazine were donated by Dr. Michael Owens, Emory
University. All other drugs and materials were obtained from either
Sigma Chemical Co. or Fisher Scientific and were of the highest grade
possible.

Results

Pharmacological comparisons of rat and human
SERTSs. Using HeLa cells transiently expressing either the
cloned human or rat SERT, we investigated the sensitivity of
SERT species variants to inhibition by various substrates and
antagonists (Table 1). The substrate 5-HT showed similar K,
values of 629 nM and 499 nM for rat and human SERTS,
respectively. Among amphetamine derivatives known to be
additional substrates for SERTs (25, 26), only d-amphetamine
exhibited consistent species selectivity, being ~3-fold more
potent at inhibiting 5-HT uptake at rat SERT versus human
SERT, whereas p-chloroamphetamine and fenfluramine
showed no marked differences in potencies across species.
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Comparison of antagonist potencies for uptake inhibition at
rat and human SERTSs revealed that the heterocyclic antago-
nists, including cocaine, paroxetine, fluoxetine, sertraline, and
citalopram, possessed little if any selectivity for either species
variant. In contrast, human SERT was found to be significantly
more sensitive to inhibition by the tricyclic antidepressant
compounds clomipramine (0.8 nM versus 3.9 nM), imipramine
(8.2 nM versus 46 nM), amitriptyline (8.4 nM versus 53 nM),
desipramine (54 nM versus 209 nM), and protriptyline (268 nmM
versus 471 nM), relative to rat SERT. Interestingly, the tricyclic
secondary amine nortriptyline exhibited no significant species
selectivity. To verify that tricyclic compounds like imipramine
possessed greater affinity for human SERT, compared with rat
SERT, we assessed [*H]imipramine binding in membranes
prepared from cells expressing either human or rat SERT.
Saturation binding curves fit to the Hill equation revealed B,,..
values that differed for each clone (human SERT, 5.1 + 2.0
pmol/mg of protein; rat SERT, 9.5 + 4.7 pmol/mg of protein;
data not shown) in a manner consistent with 5-HT uptake
measurements. Consistent with its differential potency in in-
hibition of 5-HT uptake, [°H]imipramine exhibited signifi-
cantly greater affinity for the human SERT (K; = 3.2 + 1.3
nM), compared with the rat SERT (K, = 90 + 31 nMm).

Ion dependence of imipramine binding in human and
rat SERTSs. Because the binding of many antagonists, includ-
ing imipramine, is Na* and C1~ dependent (12, 13), the observed
species differences in tricyclic antidepressant potencies could
reflect different ionic sensitivities of rat and human SERTsS,
resulting in altered antagonist potencies when tested in a buffer
of fixed ion composition. To rule out this possibility, we deter-
mined the K;, of imipramine in saturation binding experiments
with various concentrations of either Na* (Fig. 1A) or Cl~ (Fig.
1B). Increasing Na* concentrations over a range from 50 mM
to 300 mM led to increases in the affinity of imipramine for
both rat SERT (K; range, 10-102 nM) and human SERT (K,
range, 0.25-17 nM), with response curves that were similarly
shaped when they were scaled to account for the observed
differences in affinity. Salt concentrations higher than 300 mm
were not used, to avoid nonspecific effects on ligand binding
(12). The response curves for the affinity of imipramine for
both clones displayed Hill coefficients greater than 1 (human,
3.6 £ 1.7; rat, 2.6 + 0.5), using nonlinear curve fitting. Due to
the lack of saturation in this analysis, these Hill coefficient
values should be regarded as estimates, although they are
consistent with data from Humphreys et al. (12). When the
Na* concentration was fixed at 300 mM, the affinity of imip-
ramine for both rat SERT (K, range, 6.4-390 nM) and human
SERT (K, range, 0.2-10 nM) increased with buffer Cl~ concen-
tration (Fig. 1B). Unlike the Na* sensitivity of imipramine
binding, the Cl- effect on the affinity of imipramine approached
a maximum by 300 mM, with curves yielding Hill coefficients
near 1 (human, 1.6 + 0.4; rat, 1.1 £ 0.2), which were not
significantly different from one another.

Identification of ligand recognition domains by using
SERT chimeras. Chimeras between rat and human SERTs
were used to distinguish transporter domains responsible for
mediating the observed species-specific pharmacologies. Three
chimeric transporters were created, R, _272H275-630, H1-362Rs63-690,
immunoprecipitated parental and chimeric SERTs from met-
abolically labeled HeLa cells, verifying appropriate synthesis
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TABLE 1

Antagonist and substrate affinities for SERTs
K,de..vduesfortheWﬂmWmeofm]WWehmmmmwmmmmw rat, or chimeric SERT are
. Data

shown. Drugs are

grouped according to chemical

classification

means + standard errors from curve fits for competition curves with six to nine

represent
determinations for each concentration. Meusmmmmmsenrmmamwsmmst(wmlmmao Intuitive Software

for Science).
g K orKn
Rat SERT Human SERT Ri-zrzHzrs-e% Hy-serRoes-e Hy_sezrRoss-am-Hexa-e%
nM
S5-HT 629 + 116 499 + 89 380 + 44 619 + 63 520 + 110
Imipramine 46 + 9.3 8.2+34" 6.7+1.2° 44 + 91 76+1.3"
Clomipramine 39+08 0.8 + 0.05* 1.1+0.1* 38+1.1 ND®
Desipramine 209 + 45 54 +42° 120 + 21 206 + 33 ND
Amitriptyline 53 +17 84 +34° 71+28° 33+82 ND
Protriptyline 471 + 48 268 + 31* 189 + 44°* 327 + 81 ND
117 £ 48 56 + 20 ND ND ND
d- 11,800 + 400 30,700 + 3,700* 29,800 + 3,600* 11,300 + 1,200 33,000 + 4,900*
(+)-MDMA 790 + 58 1,200 + 140° 900 + 39 820 + 93 ND
Fenfluramine 1,000 + 100 1,200 + 140 1,003 £ 52 1,015 £ 700 ND
p-Chioroamphetamine 351 + 47 685 + 203 ND ND ND
Cocaine 540 + 47 611 £ 66 496 + 27 330 + 18° ND
RTI-55 0.26 £ 0.12 0.11 £ 0.04 ND ND ND
Paroxetine 0.09 + 0.03 0.05 + 0.01 0.03 + 0.02 0.09 + 0.01 ND
Citalopram 49+1.1 47+07 ND ND ND
12,800 + 5,000 6,700 + 720 ND ND ND
Fluoxetine 73+33 3.1+06 ND ND ND
Sertraline 09+0.2 13+04 ND ND ND
Quipazine 26+ 3.7 25+37 ND ND ND

* P < 0.05, compared with rat SERT value.
®ND, not determined.

of the transporter proteins (Fig. 2). Chimeric transporters
migrated with single major bands at ~60 kDa, as did the
parental rat and human SERT proteins, consistent with pre-
vious findings on SERT mobility on SDS-PAGE (24).

To establish appropriate functional expression of chimeric
SERTS, chimeras R;_z75H273 630 and H;_se2R363 630 Wwere compared
with rat and human SERTSs for [*H]5-HT substrate-velocity
kinetics. These studies revealed that both chimeras transported
5-HT with equivalent K,, values (Table 1) and similar V..
values (rat SERT, 8.2 + 0.3 X 1074, human SERT, 8.5 + 0.2 X
10"‘; Hlme_@o, 7.3+0.2 X% 10-18; Rl-mHzn_eso, 1.8+ 0.6 X
107'® mol/min/cell).

The pharmacological profiles of the rat/human SERT chi-
meras were determined in 5-HT uptake assays conducted in
parallel with assays of cloned parental SERTs (Table 1). Pa-
roxetine and fenfluramine, which exhibited no species prefer-
ences in our initial comparisons, similarly displayed no phar-
macological selectivity for either chimera; however, imipramine
inhibited 5-HT uptake at chimera H,_ss2R263-630 With a potency
like that observed for rat SERT (Fig. 3A), whereas chimera
R,_272H273 630 showed an imipramine sensitivity identical to that
of human SERT (Fig. 3B). Similarly, the K, values of imipra-
mine for the two chimeras, as determined by saturation radi-
oligand binding experiments, were 120 + 53 nM for H, s-
Rses 630 and 4.0 + 0.8 nM for R, 72Hz73 630, values consistent
with the results of the uptake inhibition studies and similar to
data from equilibrium imipramine binding to the parental rat
(90 nM) and human (3 nM) SERTS, respectively.

Chimeric SERTs were then assayed for sensitivity to inhi-
bition by d-amphetamine, which was found previously to be
more potent at rat SERT, compared with human SERT. Sim-
ilarly to the imipramine experiments, chimera H; 3s2Ras3630
exhibited a rat SERT-like potency for d-amphetamine (Fig.

4A), whereas chimera R, 7;H273 630 displayed a K; for d-am-
phetamine comparable to that of human SERT (Fig. 4B). Like
d-amphetamine, (+)-MDMA was also found to be less potent
at human SERT, compared with rat SERT (Table 1); however,
this more marginal discrimination was not evident in tests of
cross-species chimeras.

To further isolate the region of SERT involved in the high
affinity interactions of inhibitors with the SERT species hom-
ologs, chimera H_se;Rs63-531Hs32-630 Was constructed and evalu-
ated for imipramine and d-amphetamine sensitivity. This
chimera differs from the previously described chimera
H;_362R363630 only by the substitution of human amino acids
532-630, which include TMDs 11 and 12 and the carboxyl
terminus, for the complementary rat SERT sequence. When
expressed in HeLa cells, chimera H;_ss;R363 531 Hs32-630 conferred
high affinity 5-HT uptake (V. = 6.8 £ 0.4 X 107!® mol/min/
cell, K, = 520 + 110 nM) similar to that of both parental
SERTs. Whereas chimera H, s;Rs63630 had a pharmacology
similar to that of the parental rat SERT, chimera H, 3;Rs65-
s31Hs32-630 displayed imipramine (Fig. 3C) and d-amphetamine
(Fig. 4C) sensitivities equivalent to those displayed by heter-
ologously expressed human SERT.

Discussion

Through the transfection of cloned rat and human SERT
cDNAs into a single mammalian cell expression system, we
have demonstrated an intrinsic species selectivity in the phar-
macological profiles of rodent and human SERTs. Our data
demonstrate that several tricyclic antidepressants have greater
potency for the human SERT, compared with the rat SERT.
Interestingly, the tricyclic nortriptyline showed no species dif-
ferences with regard to potency for inhibiting 5-HT uptake.
Conversely, d-amphetamine exhibited greater potency for rat



5 A 0.20
. 2
2 af 1016 3
[
E g
<3 3} 40.12 .5
ge X8
ge' a3
S¥ o 0.08 ii
= >
: 1 0.04 3
: o
m —_—

®
< ot 1 1 1 1 1 10 ~
50 100 150 200 250 300
[Na*‘], mM

7 0.28
& gt 40.24
z 3
E s 4020 3
3, 1
§'=_ 4r 410.16 .§§
§§ 3t Jo.12 ii
E o} 4 0.08 §
§ 1F {004 B
‘ A

oL ) 1 1 1 1 40

50 100 150 200 250 300
[CI], mM

Fig. 1. lon of binding to rat SERT (rSERT) and

imipramine
human SERT (hSERT). A, imipramine affinity for rat and human SERTs

scribed in Materials and Methods. Affinity was defined as 1/K;. The
average Bre: value was 4.4 + 0.8 of protein for human SERT
and 8.9 + 0.4 pmol/mg of protein for rat SERT (data not shown). Curves
were fit to the Hill equation, in estimated Hill coefficients of 2.6
+ 0.5 and 3.6 + 1.7 for rat and human SERTS, respectively. B, imipramine
affinity for rat and human SERTSs in the presence of increasing CI~
concentrations, at a fixed Na* concentration of 300 mm. Average Bmex
values for these were 5.7 + 0.9 pmol/mg of protein for
human SERT and 7.7 + 0.5 pmol/mg of protein for rat SERT (data not
shown). Curves were piotted using the Hill equation, yielding estimated
Hill coefficients of 1.6 + 0.4 and 1.1 + 0.2 for human and rat SERTS,
respectively. Data represent means from two separate experiments

in duplicate, with an associated error of <10%. Note that the
scale for the human SERT y-axis is 25 times greater than that for the rat
SERT y-axis, consistent with the differences in the potency of imipramine
for the two SERTS.

SERT, compared with the humar. homolog. Heterocyclic an-
tagonists such as fluoxetine, cocaine, and paroxetine displayed
no discernible species selectivity, nor did the substrate 5-HT
appear to be transported with any differences in kinetic param-
eters. The differential affinity for human SERT displayed by
imipramine was directly demonstrated by radioligand binding
using [*H]imipramine. Furthermore, the increase in potency
associated with imipramine binding was shown not to arise
from species differences in the ion dependence of imipramine
binding, because rat and human SERT's exhibited similar ion-
dependence profiles for imipramine affinity. Recently we have
also directly compared the cloned human SERT with the cloned
Drosophila SERT in transfected cells, revealing marked shifts

Fig. 2. Immunoprecipitation of parental and chimeric SERTS. [®*S]Methi-
onine/cysteine-iabeled Hela celis that had been transfected with either
parental or chimeric SERTs were subjected to immunoprecipitation with
the S365 antibody as described in Materials and Methods. Transfection
with the plasmid pBluescript SK IK—) (pBS SK /i) lacking SERT cDNA
was used as a control. Numbers at the left, relative molecular mass
standards. Chimera H,_se2Rses-ss1Hss2-e30 8iS0 was immunoprecipitated,
with a molecular mass similar to that of parental SERTs (not shown).
hSERT, human SERT; rSERT, rat SERT.

in the potencies of SERT inhibitors for the Drosophila trans-
porter despite equivalent recognition of the preferred substrate
5-HT (6).

Our findings provide a molecular basis for differential phar-
macological profiles obtained with endogenous SERTSs com-
pared across species. Wielosz et al. (10) were the first to show
that the tricyclic antidepressants imipramine and clomipra-
mine were more potent at blocking 5-HT uptake in human
platelets, compared with rat platelets. Desipramine and fluox-
etine also have been described as being more potent inhibitors
of 5-HT uptake in human versus rat brain slices (19), whereas
citalopram appears to have higher affinity at the rat SERT in
binding assays using rat and human membrane preparations
(18). In contrast to these findings showing species selectivity
for fluoxetine and citalopram, we found no such species pref-
erences for these drugs when they were compared using the
cloned SERT's. Several tricyclic antidepressant compounds also
have been reported to display greater potencies at the rat
transporter, compared with the guinea pig transporter (20),
although cloned guinea pig SERT's are not presently available
for direct comparison in transfected cells. Intrinsic differences
in peripheral and brain SERTs could explain some of these
observed variations in pharmacological sensitivity. Although
cell-specific post-translational modifications are evident for
endogenous SERT's (24), a single gene appears to encode human
and rodent SERT's expressed in both the brain and the periph-
ery (3) and, furthermore, we have confirmed species-selective
pharmacologies using a single-cell type expression system. We
conclude that the observed species differences reflect inherent
variations in the potencies of antagonists for the two mamma-
lian SERT homologs, resulting from amino acid sequence var-
iations. Our results also suggest caution in extrapolation of in
vivo pharmacological data on 5-HT uptake inhibitors from
rodents to humans, especially in drug development, where
absolute potency or rank order of potency is often important.
For example, the rank order of potency for some antagonists
changes depending upon which species homolog is examined
(e.g., human SERT, clomipramine < citalopram = imipramine
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Fig. 3. Imi inhibition of 5-HT uptake at parental and chimeric

mipramine

SERTSs. [*H]5-HT uptake assays were performed on transiently trans-
fected Hel a cells, as described in Materials and Methods, with increasing
concentrations of imipramine added 10 min before the addition of 20 nm
[*H]5-HT. Mean nonspecific uptake determined in Hel.a cells transfected
with the parent vector pBluescript SK II(—) was 68 + 3 cpm. A, Evaluation
of imipramine potency for human SERT (@), rat SERT (M), and chimera
Hi-seRsese30 (O). Data were plotted as percentage of specific 5-HT
uptake (human SERT, 4630 + 80 cpm; rat SERT, 6860 + 610 cpm;
chimera Hi_se2R3s3-830, 5230 + 90 cpm). Mean K; values are presented in
Table 1. B, Evaluation of imipramine potency for human SERT (@), rat
SERT (W), and chimera Ri-2r2H27s-e%0 ({J). Data were plotted as percent-
age of specific 5-HT uptake (human SERT, 4630 + 80 cpm; rat SERT,
6860 + 610 cpm; chimera Ry_z72Hz7s e, 2120 + 120 cpm). Mean K,
values are presented in Table 1. C, Evaluation of imipramine potency for
human SERT (@), rat SERT (W), and chimera Hi_se2Rses-s31Hss2-s30 (A).
Data were plotted as percentage of specific 5-HT uptake (human SERT,
1390 + 40 cpm; rat SERT, 2160 + 50 cpm; chimera Hi_se2R3ss-s31~
Hssz-e30, 1010 + 30 cpm). Mean K; values are as follows: human SERT,
1.2 + 0.3 nm; rat SERT, 47 + 10 nm; chimera Hy_se2Ra63-s31Hs32-630, 7.6
+ 1.3 nm. All data plotted represent means + standard errors of triplicate
determinations and are representative of three (A and B) or two (C)
separate experiments.

< quipazine; rat SERT, clomipramine = citalopram < quipazine
< imipramine). Heterologously expressed human SERTSs are
likely to be a more appropriate model for human drug design
than are rodent-based screens for SERT antagonists.
Functional expression of SERT ¢cDNAs in mammalian cells
provides strong evidence that a single protein is capable of both
eliciting 5-HT uptake and serving as a target for SERT inhib-
itors. In an examination of the protective capacity of different
antagonists against the alkylating agent N-ethylmaleimide,
Graham et al. (9) obtained data for common and/or overlapping
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SERTs. [*H]5-HT uptake assays were performed in transiently trans-
fected HelLa cells, as described in Materials and Methods, with increasing
concentrations of d-amphetamine added simultaneously with the addition
of 20 nm [*H]5-HT. Mean nonspecific uptake determined in Hela cells
transfected with the parent vector pBluescript SK I{—) was 49 + 3 cpm.
A, Evaluation of d-amphetamine potency for human SERT (@), rat SERT
(W), and chimera H,_ss2Rses-s30 (O). Data were plotted as percentage of
specific 5-HT uptake (human SERT, 1970 + 180 cpm; rat SERT, 4890
+ 160 cpm; chimera H;_ss2Rses 630, 3490 + 70 cpm). Mean K; values are
presented in Table 1. B, Evaluation of d-amphetamine potency for human
SERT (@), rat SERT (W), and chimera R;_2r2Hz73-s30 (J). Data were plotted
as percentage of specific 5-HT uptake (human SERT, 1970 + 180 cpm;
rat SERT, 4890 + 160 cpm; chimera Ry-2r2Hz7s-s30, 780 + 60 cpm). Mean
K; values are presented in Table 1. C, Evaluation of d-amphetamine
potency for human SERT (@), rat SERT (W), and chimera
Hi-se2R3es-s31Hs32-630 (A). Data were plotted as percentage of specific 5-
HT uptake (human SERT, 890 + 60 cpm; rat SERT, 1380 + 30 cpm;
chimera Hi_se2Rass-s31Hs32-630, 910 £ 50 cpm). Mean K; values are as
follows: human SERT, 35 + 3.5 um; rat SERT, 14 + 1.6 um; chimera
Hi_as2R363-531Hs32-630, 33 + 4.9 um. All data plotted represent means +
standard errors of triplicate determinations and are representative of
three (A and B) or two (C) separate experiments.

binding sites for the tricyclic and nontricyclic SERT antago-
nists at the 5-HT recognition site. Our data are consistent with
this hypothesis but indicate that some variations exist in the
molecular interactions of different drugs with the transporter.
In this regard, biochemical evidence has been generated indi-
cating that SERT antagonists have distinct binding domains
on SERT proteins. Chemical inactivation studies with
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline suggest that
the tricyclic and nontricyclic SERT antagonists have at least
two nonoverlapping binding sites (27). Radioligand binding
data examining the kinetics of [°H}imipramine dissociation in



the presence of various antagonists also suggest heterogeneity
in the binding of SERT antagonists (28). The simplest expla-
nation for species differences for some, but not all, SERT
antagonists is the existence of distinct transporter-ligand con-
tact sites that are unique to the different chemical classes of
inhibitors. Chimera H;_ss;Rs63 630 consistently exhibited en-
hanced potency for cocaine, relative to either parental SERT,
suggesting that the cocaine binding site may include regions
both proximal and distal to the chimera junction. Because
cocaine exhibits no species selectivity, alternative strategies are
required to localize specific cocaine contact sites (29).

In addition to confirming that antagonists bind to SERTs in
distinct manners, our data indicate that SERT substrate rec-
ognition sites may vary as well. Whereas the indoleamine 5-
HT showed no K, differences between rat and human SERTs,
d-amphetamine, a phenethylamine, showed species preferences
opposite to those described for the tricyclic antidepressants.
Chemical modification of the amphetamine nucleus, as in p-
chloroamphetamine and MDMA, appears to alter the protein-
drug contact sites such that no consistent and localizable spe-
cies preferences were observed. Our findings are consistent
with those of Wolf and Kuhn (30), who demonstrated that 5-
HT can protect SERTs from inactivation with alkylating
agents but that amphetamines do not protect SERTSs. If the
different SERT substrates recruit distinct binding domains, as
suggested, then the use of alternative substrates may be inform-
ative in evaluations of mutation-induced alterations in trans-
porter function where recognition of one substrate is lost but
recognition of other substrates may be retained. If multiple
binding sites distinct from substrate recognition domains exist
on SERTS, then drugs targeted to these ligand subsites might
be capable of blocking the interactions of some inhibitors, such
as cocaine or the neurotoxic amphetamines, at SERT's without
altering native 5-HT uptake activity.

Our finding that nortriptyline was the only tricyclic antide-
pressant examined that did not exhibit significant species se-
lectivity implies that subtle changes in structure within chem-
ical classes of inhibitors may alter the ability of the compounds
to interact with proteins and may thus reveal important infor-
mation about the pharmacophore of the compounds. It is well
established that the tertiary amine compounds (imipramine
and amitriptyline) are significantly more selective for SERT
than are the secondary amines (desipramine, nortriptyline, and
protriptyline), which are more potent at NET (1, 31). This
implicates the functional groups on the amino moiety in medi-
ating transporter selectivity of these compounds. Our results
also suggest that the orientation of the amino group subtituents
is important for the species selectivity of the tricyclic antago-
nists. Desipramine, protriptyline, and nortriptyline are all sec-
ondary amines (Fig. 5A), but only nortriptyline fails to exhibit
species selectivity. Of these drugs, nortriptyline is the only one
possessing a double bond connecting the amine-containing
alkyl chain to the center ring of the tricyclic nucleus; this
constrains the alkyl chain to a planar conformation. Amitrip-
tyline, which displays species selectivity, has a planar confor-
mation in the linkage of the alkyl chain similar to that of
nortriptyline but is a tertiary amine. Therefore, the combina-
tion of the secondary amine in the planar conformation results
in the loss of species selectivity. We propose that the spatial
locations of the terminal amine and its methyl groups are
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A

TERTIARY AMINES
e, crNCHy, ! CH,CHNCH,,
Imipramine Amitriptyline
SECONDARY AMINES
J’Hzcu,culnucn, ! (CH,CH NHCH,, !zcnzcuznncu,
Desipramine Nortriptyline Protriptyline
Amino
Acid
hSERT 531 SPGWFWRICW VAISPLYLLY IICSFLMSPP QLRLFQYNYP YWSIILGYCI
ISERT SPGWFWRICW VAISPLYLLY IICSFLMSPP QLRLFQYNYP HWSIVLGYCI
Amino
R
hSERT GTSSFICIPT YIAYRLIITP GTFKERIIKS ITPETPTEIP CGDIRLNAVAcid

Q‘SSXICIP'I' nzxm:n IKS ITPETPTEIP C@ITAV 630

Fig. 5. A, Comparison of tricyclic antidepressant structures. B, Compar-
ison of amino acids 531-630 from human SERT (hSERT) and rat SERT
(rSERT) presumed to be invoived in high affinity interactions of species-
selective SERT ligands. Black bars, TMDs 11 and 12; arrows, points of
sequence divergence. Rat SERT and human SERT share 92% overall
sequence identity.

involved in the chemical basis of SERT antidepressant species
selectivity.

Species differences in antagonist potency most likely arise
from the limited number of amino acid sequence differences
between rat and human SERTs. SERT chimera analysis has
allowed us to localize the domain dictating species-specific drug
selectivity. We found that cross-species chimeras between the
rat and human SERT's were synthesized similarly by the HeLa
cells, as evaluated by immunoprecipitations, and produced
functional transporters that transported 5-HT with K,, and
Vmex values comparable to those of parental SERTs. This is in
contrast to our previous attempts to obtain functional chimeras
between the more divergent NET and SERT, where many
chimeras were found to be inactive (32). When the rat/human
SERT chimera contained human TMDs 1-6 and rat TMDs 7-
12, as in chimera H;_ss2Rs63-630, the pharmacological profile was
similar to that of rat SERT, whereas the R,_57:H273 630 chimera,
which possessed human TMDs 5-12, appeared more like human
SERT (Figs. 3 and 4; Table 1). Taken together, these data
suggested that the higher affinity for tricyclic compounds and
the lower affinity for amphetamine observed for human SERT
are mediated by interactions distal to amino acid 363. Exami-
nation of chimera H, ss:Raes ss1Hsss-630 further localized the
domains involved in species-selective pharmacologies of rat and
human SERTSs to amino acids 532-630, which include TMDs
11 and 12 and the carboxyl terminus.

After localization of the region of SERT involved in species-
selective drug potencies by using the cross-species chimeras,
direct comparison of the amino acid sequences of the rat and
human SERTSs revealed only eight amino acid switches in the
area restricted to amino acids 532-630 (Fig. 5B). Switching of
the carboxyl tails of SERT and NET has previously been shown
to preserve antagonist selectivity and potencies, suggesting that
the carboxyl terminus distal to TMD 12 is not involved in the

3



806 Barkeret al.

ligand recognition differences reported here (33). As in §-
adrenergic receptors (34), the ligand binding pocket of SERT
may be composed of the hydrophobic TMD regions. Within
SERT TMDs 11 and 12, there are only five switches between
rat and human SERTS, all of which are located in TMD 12.
Additional support for the TMD location of transporter antag-
onist contact sites comes from additional studies with SERT
as well as other monoamine transporters, where mutations of
residues within TMDs 1, 7, and 11 detrimentally affect the
binding of substrates and antagonists (29, 35, 36). The power
of a single amino acid substitution to alter antagonist potencies
across species has been amply demonstrated for many G pro-
tein-coupled receptors and ion channels. For example, studies
with the human 5-HT,p; receptor (previously known as the 5-
HT)s receptor) reveal that the mutation of a single threonine
residue to its counterpart in the rat receptor, an asparagine,
results in the human receptor taking on pharmacological char-
acteristics almost identical to those of the rat receptor (16).
Although it is premature to speculate on the precise sites of
antagonist binding to SERTS, substrates like d-amphetamine
may be required to interact within TMDs if translocation into
the cytoplasm is to occur. Our localization of modulatory con-
tact sites for substrates and tricyclic antidepressants is con-
sistent with the findings from NET/dopamine transporter chi-
mera studies of Giros et al. (37). Those investigators attributed
d-amphetamine recognition, in part, to regions of homologous
catecholamine transporters distal to TMD 9. Furthermore,
major determinants for tricyclic antidepressant recognition by
NET were localized to TMDs 6-8 and intervening loops. In the
context of our findings, these data suggest that tricyclic anti-
depressant binding may be mediated by both essential and
modulatory contact sites in the distal halves of NETs and
SERTS. Future studies exploiting comparisons of cross-species
chimeras coupled with rational site-directed mutagenesis of
SERTSs and NETs should be able to pinpoint residues involved
in the binding of transporter ligands.
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