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ABSTRACT: External loop 5 (EL5) of serotonin transporter was analyzed by mutating each of the residues
from Thr-480 to Ala-511, one at a time, with cysteine. Cysteine was well-tolerated at most positions,
although G485C, Y495C, and E508C had low transport activities. Replacement with cysteine rendered
mutants G484€P499C sensitive to partial or complete inactivation by [2-(trimethylammonium)ethyl]
methanethiosulfonate and (2-sulfonatoethyl) methanethiosulfonate. Within this sensitive region, the rates
of reaction varied by over 2 orders of magnitude. Rates of inactivation were not significantly affected by
removal of Nd or by addition of cocaine or serotonin. These results suggest that modification of EL5
interferes with the transport process but is not sensitive to substrate and ion binding.

Serotonin transporter (SERT)s responsible for the  domains. However, topological predictions place at least
reuptake of 5-hydroxytryptamine (5-HT, serotonin) after its three normally charged residues, Asp-98, Arg-298, and Glu-
release by neurons and other cells. SERT couples the uphill508, in TM domains 1, 5, and 10, respectively, of SERT. A
influx of 5-HT to the downhill movement of Na Cl-, and thorough understanding of SERT structure and function will
K* across the plasma membrari. (It is a member of a  require more information about the nature of the TM domains
large family of proteins, classified as neurotransmitter sodium and the loops that connect them.

symporters (NSS)) that transport amines and amino acids.  pynctional information about these TM and loop domains
Within th|§ Iarge.famny, SERT is most similar to transporters g sparse. SERT was proposed to contain binding sites for
for norepinephrine and dopamine (NET and DAT, respec- 5.yT Na-, and CI that were alternately exposed to the
tively). These three biogenic amine transporters are all targetsayternal medium and the cytoplast).(Conversion of the

for inhibition by cocaine and all mediate the action of eyternal-facing sites to the internal-facing form with all of
amphetamine and its derivatives).( Moreover, serotonin  hese ligands bound constitutes one step in such a transport
reuptake inhibitors, used clinically to treat depression, cycle, and return to the original form with *K bound
obsessive-compulsive disorder, and other diseases, depenfbpresents another obligatory step in the transport cycle.
on inhibition of SERT for their therapeutic action. Many experiments have suggested that the first and third
_ The primary structure of SERT was used to derive a model 1\ domains contribute to the binding site for 5-HT and
in which the polypeptide chain crossed the plasma membrangnipitors @—13). Conversely, chimeric replacement of most
12 times, beginning and ending in the cytopladid). This ot the external loops with corresponding sequence from
topological model was verified by direct biochemical experi- ,reninephrine transporter did not affect substrate or inhibitor
ments that localized residues in each of the hydrophilic selectivity (L4, 15). However, these experiments did not
segments of SERT to either the external or cytoplasmic face 5 4qress the 'contribution of’ external loops 4 and 5 to
of the membraney( 6). Although these experiments have gg|eciivity. In the homologoug-aminobutyric acid transport-
generally validated the original topological model, they have o GAT-1 and GAT-3, substitution of residues in external
not identified the beginning and end of each transmembrane|Oop 5 (EL5) altered substrate selectivity, suggesting the

(TM) domain. The location and extent of the TM domains ity that this loop contributed to the substrate-binding
use predictions based on the relative polarity of amino acid ;o

ide chains{, 8). It I to find highl I idues, . , . .
side chains, 8). Itis unusual to find highly polar residues If the binding sites are located in the TM domain, the

such as lysine, arginine, aspartate, or glutamate within TM > X
alternate accessibility of these sites to each face of the plasma
T Supported by grants from the National Institute on Drug Abuse. membrane is likely to result from Conf.ormatlona.‘l changes
*To whom correspondence should be addressed. E-mail: that alternately occlude access to the site from either side of
gary.rudnick@yale.edu. Phone: (203) 785-4548. Fax: (203) 737-2027.the membrane. These conformational changes may be
* Abbreviations: ELS5, External loop 5; 5-HT, 5-hydroxytryptamine, - moyements of TM helices coordinated by the interconnecting

serotonin; GABA,y-aminobutyric acid; NSS, neurotransmitter sodium
symporters; SERT, serotonin transporter; NET, norepinephrine trans- loops, or they may be movements of the loops themselves

porter; DAT, dopamine transporter; GAT-1, GABA transporter; MT- that occlude access by functioning as gates. In both of these
SET, [2-(trimethylammonium)ethyl] methanethiosulfonate; MTSES, (2- models, changes in the conformational state of the loops play

sulfonatoethyl) methanethiosulfonate; PBS, phosphate-buffered saline ;
(137 mM NaCl, 2.7 mM KCl. 4.3 mM NaiPO; and 1.4 mM Kh- a key role in the transport process. EL5 of SERT was
PQ; at pH 7.3); PBS/CM, PBS containing 0.1 mM Ca@hd 1 mM previously proposed to function as an external gate to the

MgCl,; TM, transmembrane. binding sites based on mutations in that region that affected
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uncoupled transporter currents). Altered transient currents  performed at least twice. The statistical analysis given in

have also been observed in GAT-1 as a result of mutationsthe text was from multiple experiments. Unless indicated

in EL5 (17). otherwise, data with error bars represented the mean
To address the role of EL5 in SERT-mediated transport, standard deviation for four samples from two separate

we have used a cysteine scanning approach. The result€xperiments.

presented here define the extent of the loop and allow some Expression Leels. Cells expressing SERT mutants were

understanding of its role in the transport reaction. lysed with 120uL of SDS—lysis buffer (50 mM Tris at pH
7.5, 150 mM NaCl, 5 mM EDTA, 1% SDS, 1% Triton
EXPERIMENTAL PROCEDURES X-100, 0.2 mM phenylmethylsulfony! fluoride, and 0.5%

MutagenesisMutant transporters were generated by site- Sigrr|1a pLotE_ase i|r31hib_itor mi;dure)hfor 30 Imin on ice with
directed mutagenesis of the C109A mutant of rat SERT, 9€ntie Sdab'n%owoggnggEeaCd sarrp ed(/?)JS)V\\//vere
which contains sequences encoding-mycepitope tag at separated by ? and analyzed by Western
the N terminus and a FLAG epitope tag at the C terminus blotting (21). The transporters were dgtected using anti-
(18, 19). The mutated regions were excised by digestion with FLAG polyclonal antibody (Affinity Bioreagents, Inc.)

: . : 1:400) against FLAG epitope tag at the C terminus. A
appropriate restriction enzymes and subcloned back into the( i . : . . )
original plasmid. All mutations were confirmed by DNA horseradish p_erOX|_dase Cor_uugated antl-rab_blt IgG (1:10 000)
sequencing. was used to visualize the signal by Super Signal West Femto

Expression.Confluent HelLa cells were infected with (Pierce).
recombinant vTF7-3 vaccinia virus and then transfected with RESULTS
a plasmid bearing SERT mutant cDNA under control of the

T7 promoter as described previousB0J. Transfected cells EL5 has been implicated in the function of both 5-HT and
were |n.cub.ated for 1420 h at 37°p a_md the_n_gsed forthe  y-aminobutyric acid (GABA) transporterd, 22). Replacing
determination of transport and binding activities. residues in EL5 of SERT with corresponding residues from

Transport AssaysTransfected HelLa cells in 96-well NET led to a loss of transport and binding activitg3].
Wallach Isoplates with clear wells in a white matrix (Perkin  Figure 1 shows the sequence of EL5 within the 12 TM
Elmer, Downers Grove, IL; cat. no. 1450-516) were washed topological structure of SERT (left) and in an alignment of
twice with 100uL of phosphate-buffered saline (PBS; 137 the region with other members of the NSS family (right).
mM NaCl, 2.7 mM KCI, 4.3 mM NagHPQ,, and 1.4 mM Initial predictions based on hydropathy profiles suggested
KH,PO, at pH 7.3) containing 0.1 mM Caghnd 1 mM that EL5 consisted of 12 residues, from Gly-484 to Tyr-
MgCl, (PBS/CM). To the washed cells, 4@ of PBS/CM 495, Within this region, there are many positions where there
containing 4.9 nMyH]5-HT (Dupont-New England Nuclear  is a high degree of conservation among transporters from
Inc.; NET-498) was added and the incubation was continued animal sources in the NSS family. Glycine residues at
for 10 min at room temperature when each well was washed positions 484 and 485 of SERT are found at the correspond-
3 times by aspiration with ice-cold PBS. The cells were lysed ing positions of essentially all of these transporters. Likewise,
by addition of 30uL of 0.1 N NaOH for 36-60 min, after Tyr-487 and Leu-491 of SERT are almost totally conserved.
which 220uL of Optifluor scintillant (Packard Instrument  The leucine at position 492 of SERT is conserved in all of
Co.) was added and the plates counted in a Wallach Micro- the biogenic amine transporters but is phenylalanine in all
Beta plate counter. of the NSS amino acid transporters. Just outside this region,

Treatment with [2-(Trimethylammonium)ethyl] Methane- there is a totally conserved glycine at 498 that is preceded
thiosulfonate (MTSET) or (2-Sulfonatoethyl) Methanethio- in all of the amino acid transporters by a serine residue that
sulfonate (MTSES)Cells were washed with PBS/CM and is missing from all of the biogenic amine transporters. In
then treated at room temperature with a freshly made solutionaddition, the tyrosine at position 495 is either Tyr or Phe in
of the indicated reagent in PBS/CM for 10 min. The reagent all of the other sequences, and the glutamate at 493 is either
was then removed by washing the cells 3 times with 200 Glu or Asp in essentially all of the transporters. The average
uL of PBS/CM before assaying transport. To measure the percentage identity over the region from Gly-484 to Gly-
effect of cations on the action of MTSET, the cells were 498 was over 80%. The actual degree of conservation is
washed in buffer with all Na replaced by the given plotted, residue by residue, in Figure 2.
replacement ion. MTSET was added in the same buffer, and  PeptideStructure of the Wisconsin GCG Package was used
after the indicated incubation period, the cells were washedto make secondary structure predictions. The PeptideStruc-
in normal PBS/CM to assay transport. When cocaine or ture module of this package predicts the secondary structure
serotonin were used, they were added to the cells andof a protein using the ChetFasman and GarnieOs-
preincubated for 10 min prior to MTSET, which was guthrope-Robson algorithms. PeptideStructure uses the
incubated with the cells for 15 min, and then the cells were original method of Chou and Fasméd), resolves overlap-
washed with binding buffer 5 times to remove unbound ping regions ofa helics andpB sheets with the overall
MTSET and ligand. Transport was then measured as probability procedure introduced by Nishikawas), and
described above. alocates turns that are not in conflict with other secondary

Data AnalysisNonlinear regression fits of experimental structures. The algorithm located turns at the residues
and calculated data were performed with Origin (Microcal flanking the loop (483484 and 497498) and predicted a
Software, Northampton, MA), which used the Marquardt  f structure from residue 485 to 489. Using a slightly modified
Levenberg nonlinear least-squares curve-fitting algorithm. method of RobsonGarnier £6) where the minimum length
Each figure shows a representative experiment that wasof a 8 sheet is four andx helix is six, PeptideStructure
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Ficure 1: Proposed topology and sequence alignment of EL5 region. The topology diagram (left) illustrates the location of the region of
interest in the context of the overall topological organization of SERT. The sequence alignment (right) shows a consensus of 11 rat NSS
transporters, including SERT. The sequences were aligned using the Clustal W algorithm. Each line represents a different sequence, with
the residue number preceding the sequence and the abbreviated name following. Residues similar to the consensus are shaded, and conservativ
substitutions are shown in lowercase.
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Ficure 3: 5-HT transport activity of HeLa cells transfected with
EL5 cysteine mutantsHelLa cells expressing each of the EL5
cystelne mutants were assayed for 5-HT uptake for 10 min as
' described in the Experimental Procedures. Their activity is ex-
pressed relative to cells expressing the SERT C109A control.
Asterisks indicate those values significantly different from C109A
activity (p < 0.05).

FIGURE 2: Sequence conservation in EL5 and adjacent regions
Peptide sequences for 36 functional mammalian transporters in the
NSS family, including those for 5-HT, norepinephrine, dopamine
creatine, betainey-aminobutyric acid, and taurine, were aligned
using the Clustal W algorithm3@). The percent occurrence for

the most commonly occurring amino acid at each position in SERT
was calculated. In three cases, only two amino acids occurred at a
given position. For those positions, the major amino acid is shown

in black and the minor amino acid is shown in gray. biotinylation using sulfo-NHS-SS-biotirbl and found that

G485C and Y495C were expressed at levels close to those
predicted the presence ofiasheet from residue 487 to 494. of the wild type, but expression of E508C was expressed at
Therefore, residues between Gly-485 and Glu-494 were 17 £+ 6% of C109A, a decrease similar to the decrease in
predicted to be possibly in & conformation. activity (data not shown).

To investigate the structural and functional properties of  For each of the cysteine replacement mutants, we tested
this region, we substituted the native residue at each positionthe effect of incubating the mutant with the cysteine-
from Thr-480 to Ala-511, one at a time, with cysteine. In an modifying reagent MTSET. Each of these mutants was
apparent contradiction to the high conservation of the prepared in the background of C109A, which does not react
sequence in this region, we found that every cysteine with extracellular MTS reagent$,(19). For each mutant,
substitution mutant, with the exception of G485C, retained we measured transport activity after incubation for 10 min
at least partial function and most retained more than 50% of with a range of MTSET concentrations. Remarkably, MT-
wild-type transport activity (Figure 3). Aside from G485C, SET either partially or completely inactivated all of the
the most affected mutants were Y495C, about 20% of the mutants with cysteines at positions between 484 and 499.
wild type, and E508C with less than 15% of wild-type Representative data for three of the mutants is shown in
transport activity. For the three residues with the lowest Figure 4. These inactivation profiles show that some mutants,
activity, we determined total cell-expression levels by surface for example, E493C, were completely inactivated at low
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FiGURE 4: Concentration dependence for MTSET inactivation of
EL5 cysteine mutant$ieLa cells expressing EL5 cysteine mutants 1

were treated with the indicated concentrations of MTSET for 10
min, then washed, and assayed for 5-HT transport. The curves were
unweighted nonlinear regression fits of the data to saturation
behavior with respect to MTSET performed with Origin (OriginLab,
Northampton, MA), which uses the Marquardtevenberg algo-
rithm.

0.1

FiGure 6: Rate constants for MTSET and MTSES inactivation of
EL5 cysteine mutantsEstimated first-order rate constants for
inactivation were calculated from fits of MTSET-dependent in-
activation, as shown in Figure 4, performed for each mutant. Similar
measurements were made with MTSES. The concentration corre-
sponding to half-maximal inactivation was used, together with a
half time of 10 min, to calculate the rate constant, assuming first-
order kinetics, for MTSET (A) and MTSES (B).

we have found to be sufficient to modify most accessible

cysteine residues. Preliminary experiments with a cysteine-
reactive biotinylating reagent confirmed that cysteines proxi-

mal to 482 and distal to 499 were unreactive. Weak reactivity
was observed for T482C and S483C, but the reaction was
not sufficiently robust to confirm their accessibility.

From the concentration dependence of inactivation, we
= estimated the MTSET concentration leading to half-maximal
°2 activity loss at each position. For example, Y495C retained
Ficure 5: Residual activity after MTSET inactivation of EL5  approximately 40% of its initial activity at maximal MTSET,
cysteine mutants. Estimates of maximal inactivation were calculatedso we estimated the MTSET concentration required to
ffOTOIirt]fe(g 'f\gseggﬁd%%etggten;:{‘ﬁ]csit‘;?‘ttig”f:r g‘; Sgg‘é"zci:”tgi%ggg“é inactivate 30% (half of the 60% maximum). The results were
IF())esrt significantly more activify than the C109A contrpl € 0.05) converted t_o r{ite Consta_nts with the assumption O.f .bl'
upon treatment with MTSET. molecular kinetics and a first-order time course of activity

loss @7). These calculated rate constants, shown in Figure
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concentrations of MTSET, while others, such as V489C,
were completely inactivated but required higher MTSET
concentrations (Figure 4).

Not all of the mutants were completely inactivated. For
example, E494C, although it reacted at low MTSET con-
centrations, retained about half of its initial activity even at

6, indicate that there is a wide range of reactivity among the
residues in this region. Some mutants, for example, E493C
and E494C, reacted over 300 times faster than others, like
V488C and V489C (Figure 6A). Of the mutants sensitive to

MTSET, most reacted with a rate constant between 1 and
10 mint M~L. In addition to E493C and E494C, Y487C

the highest MTSET concentrations used (Figure 4). The and G498C were notable as reacting much faster than
extent of inactivation for each mutant is shown in Figure 5, adjacent residues. We considered the possibility that the high
where the remaining activity at maximal MTSET is plotted. reactivity of cysteine residues in E493C and E494C was due
Three positions with higher residual activity are clustered to a favorable electrostatic interaction between the neighbor-
from 494 to 496, and significant residual activity was also ing glutamate residue and the positively charged MTSET
measured for T490C, L492C, and P499C. Mutants with ion (28). Consequently, we scanned the region containing
cysteines at positions proximal to 484 and distal to 499 were the accessible residues using the negatively charged reagent
resistant to treatment with 9 mM MTSET for 10 min, which MTSES. The results, shown in Figure 6B, demonstrate that
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Table 1: Effect of lons and Ligands on MTSET Inactivation of EL5 Cysteine Mutants
cations ligands

residue Na Li NMDG control 5-HT control cocaine
G484C 43+ 16 36+1 47+ 14 33+ 2 47+ 6 54+ 11 54+ 8
A486C 41+ 4 37+5 37+5 42+7 86+ 4 44+ 14
Y487C 60+ 5 45+ 1 55+1 36+ 6 39+3 46+ 0 51+ 12
V488C 52+ 4 35+5 37+ 15 47+ 9 52+ 10 49+ 11
V489C 47+ 10 51+7 54+ 4 57+7 53+5 49+ 11 41+ 0
T490C 51+ 8 40+7 61+ 11 36+ 7 41+5 59+15 52+ 4
L491C 52+ 7 12+ 3 25+ 4 33+ 6 36+6 48+ 2 53+ 10
L492C 49+ 6 43+8 58+ 1 59+ 1 61+5 57+ 11 60+ 17
E493C 44+ 5 51+ 5 40+ 11 46+ 6 50+ 9 53+ 9 54+ 8
E494C 53+ 1 4645 56+ 6 66+ 1 77+£5 65+ 0.4
Y495C 55+ 8 45+ 2 50+ 1 41+ 2 41+ 6 46+ 8
A496C 51+ 4 50+ 11 56+ 2 50+1 58+ 1 50+ 14 49+ 10
Y497C 45+ 3 40+ 4 45+1 59+1 52+ 13 4+ 8 46+ 4
G498C 50+ 9 34+9 55+ 6 54+ 8 54+5 38+ 3 36+ 2
P499C 34+ 6 42413 54+9 61+ 6 65+ 3 52+ 7 53+ 7

a For each position, Hela cells expressing the corresponding mutant were treated for 10 min with a concentration of MTSET expected to produce
50% of maximal inactivation. The table lists the actual activity remaining after treatment under the indicated conditions. In the catiorosubstituti
experiments, Na refers to the normal incubation buffer (PBS/CM) and Li and NMDG refer to the same buffer in whichaldN@placed with
either Li" or NMDG™. Where indicated, 5-HT and cocaine were present gtMlCeach. In the absence of MTSET, 5-HT and cocaine treatment
and washing inhibited subsequent transport measurements less than 5%. After the cells were washed back into PBS/CM, the cells were assayed for
5-HT transport.

E493C and E494C did not react slower than most other 484 and Pro-499 (Figure 5). Thus, the sensitive region of
residues toward this negatively charged reagent. the loop is likely to begin and end with a pair of helix-
Although extramembranous loops are generally not be- breaking residues, Gly-Gly at the beginning and Gly-Pro at
lieved to contribute to transporter binding sites, we have the end, adjacent to the turns predicted by PredictProtein.
previously observed substrate- and inhibitor-induced changesThese residues may be present to provide conformational
in the reactivity of cysteine residues inserted into internal flexibility between the loop and adjacent TM domains.
and external loop( 29, 30). To test for a possible allosteric  Glycine is highly conserved at positions 483, 484, and 498
effect on reactivity, we measured the effect of iIN&i™, (Figures 1 and 2), suggesting that flexibility at these positions
5-HT, and cocaine on the rates of MTSET modification. In is an important feature of EL5 in all members of this
each case, we used a concentration of MTSET that causedransporter family.
approximately 50% of the maximal inactivation. At this  Of the cysteine substitution mutants generated for this
concentration, the inactivation rate should be most sensitivepaper, only three, highly conserved positions were dramati-
to any influence of ion or ligand binding. The results are cally inhibited in their ability to confer 5-HT transport
shown in Table 1. Replacement of Naith Li* generally  activity in transfected cells. Replacement of the glycine
led to slightly more inactivation by MTSET, although this residue at position 485 with cysteine resulted in an almost
was not as dramatic as the effect previously observed with complete loss of transport activity. This is consistent with a
the endogenous Cys-1029). This effect was particularly  requirement for flexibility in this region of EL5. A second
pronounced for L491C. We did not observe any case whereresidue, Glu-508, was also very sensitive to replacement with
the rate of inactivation was significantly affected by replace- cysteine but was found to be part of TM10, rather than ELS5.
ment of N& with NMDG™. Addition of 5-HT or cocaine  |onizable amino acids are uncommon in TM domains and
also had no significant effect, except for a protection of sometimes have been found in association with another
A486C by 5-HT that was not seen with cocaine. residue of the opposite charge2-35). One possibility that
we are currently examining is that Glu-508 forms a salt
DISCUSSION bridge with a cationic residue in another TM. The third
The results presented here provide evidence that EL5 ofmutant, Y495C, is well within the region of reactive
SERT begins around Ser-483 and continues through Pro-positions, and tyrosine or phenylalanine is present at the
499 and that most of the residues in the loop are involved in corresponding position of all members of the NSS family
interactions that are required in the catalytic cycle of from animal sources and highly conserved in prokaryotic
transport. A relatively sharp transition was found between species. Substitution of Tyr-495 with cysteine reduced
positions inaccessible to external MTSET, presumably transport to 20% of that of wild-type SERT (Figure 3),
because the side chains lie buried in the lipid bilayer, and suggesting that an aromatic side chain may be important at
positions where substituted cysteine residues reacted withthis position. Cysteine was well-tolerated as a replacement
MTSET. TM1 and TM3 of SERT were previously shown for other highly conserved residues in EL5.
to contain residues accessible to external reagént31j. The function of EL5 has been the subject of studies in
However, residues in TM9 and TM10 adjacent to EL5 did both SERT {6) and they-aminobutyric acid transporter,
not react with MTS reagents when substituted with cysteine, GAT-1 (17, 22). Tamura et al. 16) found that substitution
suggesting that they are not accessible. of EL5 residues at positions that diverged between GAT-1
In this paper, the sensitivity of cysteine substitution and GAT-3 led to changes in substrate selectivity. They
mutants to MTSET was restricted to residues between Gly- proposed that this loop might contribute to the substrate-
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binding site. However, if residues in this loop of SERT gesting that some parts of EL5 are more accessible than
directly participated in forming the 5-HT- or cocaine-binding others. Furthermore, a pattern is evident in the sensitivity to
sites, we would expect the reactivity of cysteine residues at cysteine substitution (Figure 3) and sensitivity to modification
those positions to be influenced by ligand binding. We found of EL5 cysteines with MTSET (Figure 5) in which odd-
the opposite, namely, that none of the rates of MTSET numbered positions are likely to be more sensitive to both
reaction with cysteine residues in EL5 was affected by the substitution and modification than their even-numbered
presence of 5-HT or cocaine (Table 1). The one exception nearest neighbors. This pattern is most evident between
was A486C, which had decreased reactivity in the presenceG484C and L491C in Figure 3 and between Y487C and
of 5-HT but not in presence of cocaine, a finding seen with G498C in Figure 5. Although it may be premature to
other cysteine substitution mutants whose reactivity changesspeculate, the possibility exists that, as predicted by Pre-
during transport but not during substrate and inhibitor binding dictProtein, this loop may be folded intofastructure with

(36, 37). These results are consistent with previous findings side chains of adjacent residues pointing in opposite direc-

(23) suggesting that external loops 1, 2, 3, and 6 of SERT tions from each other.

did not contribute to the substrate-binding site.

In both SERT and GAT-1, mutations in EL5 affect
transporter-mediated currents. Mutation of Lys-448 in GAT-1
(Thr-490 in SERT) to glutamate shifted the ability of Na
and transmembrane electrical potential to induce a transient
current (L7). This shift was interpreted as an indication that
EL5 formed part of a vestibule for Na However, if this
were true for SERT, we would expect that the presence of
Na'" would affect the reactivity of cysteine residues in EL5.
As with 5-HT and cocaine, we found no influence ofNa
on reactivity, although Lfi increased reactivity variably. The
Li* effect has been observed before for Cys-109 in 29 (
and has been attributed to a mild chaotropic effect on the
external loop structure of SERT.

In SERT, Glu-493 was shown to be required for low-pH
induction of an uncoupled currerit) and was proposed to
form part of an external gate. Such gates are believed to
alternately block and allow access to the substrate-binding
site during transportlf). Although they are not expected to
participate directly in substrate binding, they must undergo
spatial or conformational changes during transport. We
previously proposed that lle-179 in TM3 formed part of the
external gate of SERT based on its position external to
putative binding site residues in TM3 and the sensitivity of
an 1179C mutant to reversible inactivation by MTSEID,

The sensitivity of EL5 cysteine mutants to inactivation by

MTSET and the apparent lack of substrate-binding deter-
minants in this loop are also consistent with its role as part
of an external gate.

An alternative role for EL5 is to coordinate the relative
motions of TM9 and TM10 during the catalytic cycle. The
loop may interact with other external loops to coordinate
the movements of relatively rigid TM helices. Accordingly,
modification of residues within the loop might disrupt
specific contacts with other parts of the protein that are
required at some point during transport. Because there is no
significant effect of 5-HT or cocaine on modification of EL5
cysteines, we would expect that steps involving substrate and
inhibitor binding do not induce significant changes in
conformation or accessibility of EL5, but that does not
exclude the possibility that these changes occur during
subsequent steps in transport. The mild protection of A486C
by 5-HT but not cocaine is consistent with intramolecular
interactions involving that position during the transport cycle.

The variable reactivity of EL5 cysteine residues and the
variable effect of their modification on transport suggest that
there may be some secondary structure within EL5. Rate
constants for inactivation of transport vary over 2 orders of
magnitude for both MTSET and MTSES (Figure 6), sug-

REFERENCES

1. Rudnick, G. (2002) Mechanisms of Biogenic Amine Neurotrans-
mitter Transporters, ifNeurotransmitter Transporters, Structure,
Function, and Regulatio(Reith, M. E. A., Ed.) 2nd ed., pp 25
52, Humana Press, Totowa, NJ.

2. Busch, W., and Saier, M. H. (2002) The Transporter Classification
(TC) systemCrit. Rev. Biochem. Mol. Biol. 37287—337.

3. Blakely, R., Berson, H., Fremeau, R., Caron, M., Peek, M., Prince,
H., and Bradely, C. (1991) Cloning and Expression of a Functional
Serotonin Transporter from Rat BraiNature 354 66—70.

4. Hoffman, B. J., Mezey, E., and Brownstein, M. J. (1991) Cloning
of a Serotonin Transporter Affected by AntidepressaBitsence
254, 579-580.

5. Chen, J. G., Liu-Chen, S., and Rudnick, G. (1998) Determination
of External Loop Topology in the Serotonin Transporter By Site-
Directed Chemical Labelingl. Biol. Chem. 27312675-12681.

6. Androutsellis-Theotokis, A., and Rudnick, G. (2002) Accessibility
and conformational coupling in serotonin transporter predicted
internal domainsJ. Neurosci. 228370-8378.

7. Kyte, J., and Doolittle, R. F. (1982) A simple method for displaying
the hydropathic character of a proteih,Mol. Biol. 157, 105~
132.

8. Engelman, D. M., Steitz, T. A.,, and Goldman, A. (1986)
Identifying nonpolar transbilayer helices in amino acid sequences
of membrane proteingdnnu. Re. Biophys. Biophys. Cheri5,
321-353.

9. Chen, J. G., Sachpatzidis, A., and Rudnick, G. (1997) The Third

Transmembrane Domain of the Serotonin Transporter Contains

Residues Associated With Substrate and Cocaine Bindirgjpl.

Chem. 27228321-28327.

Chen, J. G., and Rudnick, G. (2000) Permeation and gating residues

in serotonin transporteRroc. Natl. Acad. Sci. U.S.A. 97044

1049.

Barker, E. L., Periman, M. A., Adkins, E. M., Houlihan, W. J.,

Pristupa, Z. B., Niznik, H. B., and Blakely, R. D. (1998) High

Affinity Recognition of Serotonin Transporter Antagonists Defined

By Species-Scanning Mutagenesin Aromatic Residue in

Transmembrane Domain | Dictates Species-Selective Recognition

of Citalopram and Mazindol]. Biol. Chem. 27319459-19468.

Barker, E. L., Moore, K. R., Rakhshan, F., and Blakely, R. D.

(1999) Transmembrane domain | contributes to the permeation

pathway for serotonin and ions in the serotonin transpodter,

Neurosci 19, 4705-4717.

. Henry, L. K., Adkins, E. M., Han, Q., and Blakely, R. D. (2003)

Serotonin and cocaine-sensitive inactivation of human serotonin

transporters by methanethiosulfonates targeted to transmembrane

domain 1,J. Biol. Chem. 27837052-37063.

Stephan, M. M., Chen, M. A., Penado, K. M., and Rudnick, G.

(1997) An extracellular loop region of the serotonin transporter

may be involved in the translocation mechanidimchemistry

36, 1322-1328.

Smicun, Y., Campbell, S. D., Chen, M. A., Gu, H., and Rudnick,

G. (1999) The role of external loop regions in serotonin transport

Loop scanning mutagenesis of the serotonin transporter external

domain,J. Biol. Chem. 27436058-36064.

Cao, Y., Li, M., Mager, S., and Lester, H. A. (1998) Amino acid

residues that control pH modulation of transport-associated current

in mammalian serotonin transportefsNeurosci. 187739-7749.

Forlani, G., Bossi, E., Ghirardelli, R., Giovannardi, S., Binda, F.,

Bonadiman, L., lelmini, L., and Peres, A. (2001) Mutation K448E

10.

11.

12.

13

14.

15.

16.

17.



8516 Biochemistry, Vol. 43, No. 26, 2004

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

in the external loop 5 of rat GABA transporter rGAT1 induces
pH sensitivity and alters substrate interactiohsPhysiol. 536
479-494.

Tate, C., and Blakely, R. (1994) The effect of N-linked glycosy-
lation on activity of the N& and Cl-dependent serotonin
transporter expressed using recombinant baculovirus in insect cells,
J. Biol. Chem. 26926303-26310.

Chen, J. G., Liu-Chen, S., and Rudnick, G. (1997) External
Cysteine Residues in the Serotonin TranspoBe&ychemistry 36
1479-1486.

Blakely, R. D., Clark, J. A., Rudnick, G., and Amara, S. G. (1991)
Vaccinia-T7 RNA Polymerase Expression System: Evaluation for
the Expression Cloning of Plasma Membrane Transporieral,
Biochem. 194302-308.

Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applicatiétiec. Natl. Acad. Sci.
U.S.A 76, 4350-4354.

Tamura, S., Nelson, H., Tamura, A., and Nelson, N. (1995) Short
External Loops As Potential Substrate Binding Site y@Ami-
nobutyric Acid Transporters]. Biol. Chem. 27028712-28715.
Smicun, Y., Campbell, S. D., Chen, M. A., Gu, H., and Rudnick,
G. (1999) The role of external loop regions in serotonin transport.
Loop scanning mutagenesis of the serotonin transporter external
domain,J. Biol. Chem 274, 36058-36064.

Chou, P. Y., and Fasman, G. D. (1978) Prediction of the secondary
structure of proteins from their amino acid sequenéely.
Enzymol. Relat. Areas Mol. Biol. 445—148.

Nishikawa, K. (1983) Assessment of secondary-structure prediction
of proteins. Comparison of computerized Chdtasman method
with others,Biochim. Biophys. Acta 74885-299.

Garnier, J., Osguthorpe, D. J., and Robson, B. (1978) Analysis of
the accuracy and implications of simple methods for predicting
the secondary structure of globular proteidsMol. Biol. 12Q
97—-120.

Rudnick, G. (2002) Chemical Modification Strategies for Strueture
Function Studies, ifransmembrane Transportef®uick, M. W.,

Ed.) pp 125-141, Wiley-Liss, Inc., Hoboken, NJ.

Stauffer, D. A., and Karlin, A. (1994) Electrostatic potential of
the acetylcholine binding sites in the nicotinic receptor probed
by reactions of binding-site cysteines with charged methanethio-
sulfonatesBiochemistry 336840-6849.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Keller et al.

Ni, Y. G., Chen, J. G., Androutsellis-Theotokis, A., Huang, C. J.,
Moczydlowski, E., and Rudnick, G. (2001) A lithium-induced
conformational change in serotonin transporter alters cocaine
binding, ion conductance, and reactivity of cys-10Biol. Chem

276, 30942-30947.

Androutsellis-Theotokis, A., Ghassemi, F., and Rudnick, G. (2001)
A Conformationally Sensitive Residue on the Cytoplasmic Surface
of Serotonin Transported. Biol. Chem. 27645933-45938.
Adkins, E. M., Barker, E. L., and Blakely, R. D. (2001) Interactions
of Tryptamine Derivatives with Serotonin Transporter Species
Variants Implicate Transmembrane Domain | in Substrate Rec-
ognition, Mol. Pharmacol. 59514-523.

Kim, M. H., Lu, M., Kelly, M., and Hersh, L. B. (2000) Mutational
Analysis of Basic Residues in the Rat Vesicular Acetylcholine
Transporter. ldentification of a transmembrane ion pair and
evidence that histidine is not involved in proton translocatibn,
Biol. Chem 275, 6175-6180.

King, S. C., Hansen, C. L., and Wilson, T. H. (1991) The
interaction between aspartic acid 237 and lysine 358 in the lactose
carrier of Escherichia coli Biochim. Biophys. Acta 106477~

186.

Sahin-Toth, M., and Kaback, H. R. (1993) Properties of Interacting
Aspartic Acid and Lysine Residues in the Lactose Permease of
Escherichia coli Biochemistry 321002710035.

Merickel, A., Kaback, H. R., and Edwards, R. H. (1997) Charged
residues in transmembrane domains Il and XI of a vesicular
monoamine transporter form a charge pair that promotes high
affinity substrate recognitiod, Biol. Chem. 2729), 5403-5408.
Mitchell, S. M., and Stephan, M. M. (2004) Conformation and
Accessibility in External loop 4 of Serotonin TransportirBiol.
Chem. 27924089-24099.

Sato, Y., Androutsellis-Theotokis, A., and Rudnick, G. (2004)
Investigation of Transmembrane Domain 2 of Rat Serotonin
Transporter,J. Biol. Chem. 27922926-22933.

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994) Clustal
W: Improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position specific gap
penalites, and weight matrix choic®&lucleic Acids Res. 22
4673-4680.

BI035971G



