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Abstract

The Na'/Cl~-dependent neurotransmitter transporters, a family of proteins responsible for the reuptake of neurotransmitters and other
small molecules from the synaptic cleft, have been the focus of intensive research in recent years. The biogenic amine transporters, a subset of
this larger family, are especially intriguing as they are the targets for many psychoactive compounds, including cocaine and amphetamines, as
well as many antidepressants. In the absence of a high-resolution structure for any transporter in this family, research into the structure—
function relationships of these transporters has relied on analysis of the effects of site-directed mutagenesis as well as of chemical
modification of reactive residues. The aim of this review is to establish a structural context for the experimental study of these transporters
through various computational approaches and to highlight what is known about the conformational changes associated with function in
these transporters. We also present a novel numbering scheme to assist in the comparison of aligned positions between sequences of the

neurotransmitter transporter family, a comparison that will be of increasing importance as additional experimental data is amassed.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Na'/Cl -dependent neurotransmitter transporters
constitute a family of homologous membrane proteins
responsible for the reuptake, from the synaptic cleft, of
neurotransmitters including dopamine, serotonin (5-HT),
norepinephrine, y-aminobutyric acid (GABA), and glycine
as well as other small molecules such as proline, creatine,
betaine, and taurine. This family has been designated the
neurotransmitter:sodium symporter (NSS) family 2.A.22 by
Saier (Saier, 1999). These transporters couple the movement
of Na" down its electrochemical gradient to the transloca-
tion of substrate across the plasma membrane. The biogenic
amine transporters, including the dopamine transporter
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(DAT), norepinephrine transporter (NET), and the serotonin
transporter (SERT), are the molecular targets for psychosti-
mulant drugs, such as cocaine and amphetamine, and for
many antidepressants.

The absence of a high resolution structure for any
member of this family limits current understanding of the
relationship between the molecular structure and the func-
tional mechanisms of these transporters. As reviewed re-
cently, insights into structure—function properties of the
transporters have emerged from analysis of the effects of
site-directed mutations and chimeras (Chen and Reith, 2002;
Goldberg et al., 2003; Norregaard and Gether, 2001). Here
we review current knowledge of the conformational changes
associated with their binding and transport functions. To aid
in the comparative analysis across families of transporters in
different species, we employ a novel generic numbering
scheme that enables the comparison of aligned positions
within the sequences of the members of the NSS family
(Goldberg et al., 2003) and we summarize computational
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analyses that help us to infer the secondary structure and
orientation of the transmembrane segments.

2. Generic numbering scheme

We have developed a common residue numbering
scheme that facilitates comparison of the sequences of
different NSSs (Goldberg et al., 2003). The numbering
scheme is informative of the relative position of each amino
acid, the amino acid present at that position and the actual
amino acid number in a particular transporter. Each generic
residue number starts with the index of the transmembrane
segment (TM), e.g. 1 for TM1, and is followed by a number
indicating the position of the residue in the sequence,
relative to a reference residue that is the most conserved
position in that TM. The reference residue is arbitrarily
assigned the number 50. For example, as our reference
residue in TM1 we chose, in the manner described below,
a tryptophan, the generic number of which would be 1.50,
i.e. Trp;.s0. When referring to a particular transporter, the
generic number can be preceded by the number of the
residue in the particular sequence. In the human dopamine
transporter (hDAT), this tryptophan in TM1 is at position
84, so this residue is referred to as Trp84;so. A serine
residue located five amino acids C-terminal to Trp84, 5, is
designated Ser89; s55. A similar numbering scheme had been
developed for G-protein-coupled receptors (Ballesteros and
Weinstein, 1995).

The conserved residues identified as 50 were chosen
from a sequence alignment analysis. There are more than
100 residues among a set of 52 mammalian Na-dependent
NSSs of known function that are 100% conserved (align-
ment not shown). To decide which residue is the most
appropriate reference residue for each of the TMs, we
searched for additional sequences with similarity to the
mammalian NSSs, and investigated the decrease in conser-
vation for alignments of increasing size.

Blasting the Swissprot and TrEMBL databases with
several query NSS sequences yielded 291 hits with e-
values <0.001. (No fragments were included in the
alignment.) These included 120 mammalian proteins (of
which 38 are orphans), 42 drosophila proteins (of which
38 are orphans), 17 proteins from C. elegans (of which 15
are orphans), 72 bacterial proteins, 14 archaeal proteins,
and 26 proteins from other species. Among these bacterial
and archaeal proteins, only the function of TnaT has been
identified; this protein is a Na'-dependent tryptophan
transporter from Symbiobacterium thermophilum (Androut-
sellis-Theotokis et al., 2003).

The sequence alignment was ranked in terms of similar-
ity to the original set of 52 mammalian transporters. Each of
the 291 sequences was aligned individually against each of
the 52 mammalian transporters, and the average similarity
(% identity) was taken as a measure of the similarity of that
sequence to the group of mammalian transporters. Multiple

Table 1

T™M  Index Reference  Conservation in all Conservation in all
number  residue 133 sequences with 291 sequences (%)

in hDAT >35% identity (%)

1 1.50 W4 929 91

2 2.50 P112 99 89

3 3.50 Y156 98 91

4 4.50 C243 81 50

5 5.50 1287 98 83

6 6.50 Q317 100 93

7 7.50 F365 100 85

8 8.50 F412 100 86

9 9.50 G468 100 95

10 10.50 G500 100 75

11 11.50 P529 100 71

12 12.50 G561 98 78

alignments were generated with gradually decreasing aver-
age sequence identity. The alignments included all sequen-
ces with average identity >45% (100 sequences, including
all mammalian NSSs), 35% (133 sequences), 30% (174
sequences), and 20% (260 sequences), respectively. Based
on these alignments, we have selected the most appropriate
‘reference residue’ in each TM based on the extent of
conservation in as large an alignment as possible, with the
additional criterion that it is located within the putative
transmembrane segment (see below). The 12 amino acids
chosen as reference residues are shown in Table 1 and are
indicated by blue circles in Figs. 1-3.

All 12 reference residues are 100% conserved in the
mammalian NSSs, and all are highly conserved in the
sequences that are assumed to produce a similar structural
framework (i.e. identity>20%). (Although Cyssso is 83%
conserved in the 100 sequences with greater than 45%
sequence identity, threonine is present in another 15% of
these sequences, for a total conservation of 98%.) Most
reference residues have a high degree of conservation in the
alignment including all sequences with identity >20%,
except for Cys/Thr, 59, which is only conserved among all
sequences with identity >25% (but which is nonetheless the
most conserved residue in TM4 in the larger alignments).
For the larger alignments ( <20% average identity), a
number of sequences contain insertions and deletions in
TM9 and TMI10, in particular at positions Glyg s, and
Glyi0.50. The significance of these structural differences is
unclear, and it is not yet known whether these proteins are
functional.

3. Secondary structure prediction of Na*/Cl -coupled
neurotransmitter transporters

To develop a structural context for the management of
structure—function data, we have developed a prediction of
the secondary structure parsing of this transporter family,
based on approaches and algorithms that have served in the
study of other families of membrane proteins (e.g. the G
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Fig. 1. Predicted structural properties of neurotransmitter transporters. The helical nets represent the human dopamine transporter, with the single letter code of
each amino acid within a circle. The most conserved residues in the twelve transmembrane segments (index number TM#.50—see text) are identified by thick blue
lines surrounding the circles. The index numbers are shown for selected residues, with human DAT residue numbers in parentheses. In (A) and (B), cysteines in the
second extracellular loop thought to form a disulfide bond are shown in yellow. When not shown, residues in the N- and C-termini and in loops are indicated by
black lines. (A) Predicted transmembrane topology. Based on hydrophobicity analysis, residues in cyan are predicted to be located within the lipid bilayer, and
residues in red are predicted to be solvent exposed outside the lipid boundaries. Regions that are not well defined by the prediction methods are shown in pink. The
assignment of residues to the transmembrane segment is based on the hydrophobicity analysis as well as on predictions of secondary structure, lipid accessibility
and the summarized experimental data, all of which are discussed below and in the text. (B) Secondary structure propensity based on the spatial periodicity of
residue properties. Predicted a-helical segments are shown in orange; sequential residues with periodicity consistent with R-strand are shown in green. Segments
shown in white did not exhibit an identifiable periodicity. (C) Probability of lipid exposure. Positions shown in blue are predicted to lie on the helix-lipid interface,
positions in yellow are predicted to face the protein interior, and white regions are undefined (see text).
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protein-coupled receptors (Ballesteros and Weinstein, 1995;
Visiers et al., 2002)). The methods have been collected in a
suite of programs named ProperTM (http://icb.med.cornell.
edu/services/propertm/start). This suite of programs allows
for user driven sequential applications of various algorithms
that have been applied broadly and, in selected cases, have
been validated by subsequent determined structures (for
reviews, see Ballesteros and Weinstein, 1995; Visiers et
al., 2002). In brief, the algorithms encode prediction meth-
ods based on the calculation of position-associated proper-
ties (hydrophobicity, volume, conservation) identified in a
multiple sequence alignment. The prediction of secondary
structure and of the residues facing protein (inward) or lipid
(outward) is based on the analysis of this information. The
methods in ProperTM have been designed to analyze
membrane proteins, but some of the applications (e.g. the
calculation of a conservation index) are generally applica-
ble. The representations of the structural features in the
annotated helical nets in Fig. 1 display information obtained
with the ProperTM suite of programs calculated from the
alignment of NSS sequences. The structural characteristics
of the transporters summarized in the figures include the
following subsections.

3.1. Hydrophobicity

The parsing of the transporter sequences into the TM
domains has been determined using three different methods.
Average hydrophobicity was calculated with ProperTM
using different window-sizes and the Kyte and Doolittle
scale (Kyte and Doolittle, 1982), and TM segments were
identified as regions with high overall hydrophobic charac-
ter. Additionally, TM domains were predicted with
TMHMM, a hidden Markov model based approach (Krogh
et al., 2001) and PHDHTM, a profile based neural network
method (Rost et al., 1995). The hydrophobic segments in
Fig. 1A represent the consensus result of these three
different methods.

3.2. Secondary-structure propensity

A central element in the prediction of secondary struc-
ture is the periodicity of sequence conservation, which has
proven to be a good indicator in a number of membrane
proteins (Donnelly et al., 1993). The periodicity is quanti-
fied with Fourier transform (FT) analysis, in which a
property profile is calculated over a window size N to
produce a power spectrum P(w) for the entire sequence. A
peak in the power spectrum around 105°, the angle between
adjacent side-chains in an a-helix viewed down its axis,
indicates that the sequence contained within the window N
adopts a-helical conformation. For beta strands, the peak
should appear between 166° and 180°. The periodicity of a
given property (e.g., hydrophobicity) calculated from P(w)
for a-helical and B-strand structures characterizes the rela-
tive extent of periodicity in the a-helical/B-strand region

A

95vz4
050zV1
S6A3 HUMAN
Q9GITS
Q9GITE DA
Q9GIT7
093741
S6A3 RAT
S6A3 MOUSE
QOR0XE
—vosz482 17
QIDENS
S6A2 BOVIN
QoMYWS
Q8R212
063380
strns

SGA4 DROME
AAL48645 5HT
S6A4 CAVPO
S6A4 MOUSE
S6A4 RAT

S6A4 BOVIN
S6A4 MACMU
SGA4 HUMAN

073771

S6A1 RAT GABA

S6A1 MUSCO
S6A1 MOUSE
AAH33904

S6A1 HUMAN

Q22116 %**k%
QIVAET7 ik
Q25512
gSNJIO
Q8VBW1 Creatine
S6A8 RABIT
S6A8 HUMAN

Q8TCC2 #ekex I

S6AD RAT GABA
AAH23117
S6AD MOUSE

S6AC HUMAN
S6AC CANFA
S6AC RABIT
S6AC RAT
Q8VCs9

— o91503 |

| | —Essu mMay  GABA
S6AB RAT I
m_|

AAM90737 R
QITBHE Taurine
S6A6 BOVIN
S6A6 CANFA
S6A6 HUMAN
S6A6 RAT
Q91WI2
S6A6 MUSCO
S6A6 MOUSE

Betaine

Fig. 2. Phylogenetic tree and predictions of the evolutionary model. (A)
Phylogenetic tree of transporter proteins that were used to create the
evolutionary model. This is a consensus tree from 2000 trees sampled
during a Markov Chain Monte Carlo run, using Mr. Bayes, a state-of-the-art
tree inference software (Huelsenbeck and Ronquist, 2001). The tree is
rooted at the midpoint of the longest branch. Transporters forming a
monophyletic subfamily are indicated as, DA; dopamine transporters, NE;
norepinephrine transporters, SHT; serotonin Transporters, GABA, taurine,
betaine, and creatine. The single sequence that does not fall under any of
the subfamilies is an octopamine transporter from trichoplusia ni (cabbage
looper) (SWISSPROT ID: Q95VZ4). Sequences at the end of branches
indicated with 3 stars-Q22116, Q9V4E7, Q8TCC2-are orphan transporters
from C. elegans, drosophila, and human, respectively. (B) Lipid/interior-
facing location predictions based on 5-site class model derived from
“30nf” alignment. Locations predicted to face the protein interior
(probability of site classes 1 and 2 above 0.5) and lipid are colored yellow
and blue, respectively. As explained in the text, “slow evolving” locations
are assumed to face the protein interior.
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Fig. 2 (continued).

compared to the entire spectrum. Illustrations of these
characteristics are shown in Fig. 1B.

3.3. Conservation and lipid-facing probability

An approach to the calculation of conservation at a given
locus in the sequence has been proposed on the basis of the
polytope-method and the information content analysis of the
alignment (Shi et al., 2001; Visiers et al., 2002). In this
approach, the degree of conservation at each position in the
alignment is determined by (1) the number of different
amino acids; (2) the probability of finding a particular
residue replaced by another; and (3) the frequency of
appearance of each type of residue. These factors are
integrated to calculate the conservation index (CI).

Based on the assumed relation between the degree of
conservation and the probability of a given locus to face
inward (high conservation) or outward (low conservation),

€3.74(180)

the CI can be used to predict the lipid facing residues in a
TM. The prediction of lipid-facing sides of the TM seg-
ments was based on the analysis of properties of the
individual residues in the context of the alignment. Thus,
the lipid facing side of the TM was considered to include the
positions with a low conservation index, high average
hydrophobicity (hdp) and a low hydrophobicity standard
deviation (oh4,). These factors were integrated within Prop-
erTM to calculate the probability that an amino acid at a
particular position lies on a protein—lipid interface. This
method was tested on the known structure of the photo-
reaction center and a multiple sequence alignment of 12
photo-reaction center sequences (Ballesteros et al., unpub-
lished) and was found to be very discriminant when used
with an appropriate threshold value. Lipid facing probabil-
ities are shown in Fig. 1C. Note, however, that the strong
dependence of the prediction of lipid-facing probability on
the variability or Cl-criterion may misidentify, as pointing

Fig. 3. Summary of experimental findings from the neurotransmitter transporter family. As in Fig. 1, the helical nets represent the human dopamine transporter,
with the single letter code of each amino acid within a circle and with the index positions outlined in blue. Residues not shown in the N- and C-termini are
indicated by black lines. Endogenous cysteines or substituted cysteines in DAT (or at the aligned positions in other NSSs) are shown in blue if they were found
to be accessible to sulfhydryl reagents in a manner that was sensitive to the presence of substrate and/or inhibitor. Residues in DAT (or at the aligned positions
in other NSSs) are shown in yellow if the mutation affected the accessibility of a conformationally sensitive residue or was inferred to alter the distribution of

conformational states of the transporters.
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outwards toward lipid, the inward-facing residues that are
not conserved because of their involvement in subtype-
selective functions. One possible example in the present
case is the region in TM3 surrounding the conserved Tyrs s,
in which non-conserved hydrophobic residues (e.g. Vals 4¢)
have been inferred to be involved in ligand binding (Chen et
al., 1997).

4. Properties of the transporters predicted from
evolution-based sequence analysis

The underpinning of all computational sequence analysis
is that the proteins under study are evolutionarily related and
therefore may share common structural and functional
features, which might leave detectable patterns in their
sequences. A proper representation of these evolutionary
relationships is important in detecting and evaluating such
patterns. Phylogenetic relationships can induce their own
patterns, which can confound comparative sequence analy-
sis, especially in the analysis of correlated changes (Pollock
and Taylor, 1997). In addition, evolutionary distance is an
important consideration when distinguishing between se-
quence similarities resulting from strong selective pressures
and those resulting from inadequate divergence time. This is
especially critical since more closely related proteins are
more likely to share functional and structural characteristics.
As a result, it can be difficult to unravel which patterns of
conservation come from shared characteristics and which
arise from the limited number of mutations that have
occurred. It is difficult to evaluate the statistical significance
of the observed patterns of conservation and variation
without an underlying model that explicitly includes the
evolutionary relationships between the sequences and the
manner in which they change.

In general, the amount of evolutionary information that
can be incorporated into a sequence analysis method is
limited by the available evolutionary models. Current pop-
ular models of evolution (Felsenstein, 1981; Yang, 1993;
Yang and Rannala, 1997) have primarily been developed for
inferring phylogenetic relations among proteins and are of
limited use in deriving functional or structural information.
This limitation is mainly due to the use of a single
substitution matrix to model evolution over the entire
sequence of the protein. Recently, a novel evolutionary
model has been developed (Dimmic et al., 2000; Koshi
and Goldstein, 1998; Koshi et al., 1999; Soyer et al., 2002)
to relax this limitation and allow different parts of the
protein to be modeled by different substitution matrices.
This model makes it possible to base the entire analysis on
the modeling of the molecular evolution instead of ignoring
or including such information as a secondary consideration,
and can be used directly to gain functional and structural
insights into the proteins under study.

In brief, the model relaxes the “one substitution matrix
for all locations” approach of conventional evolutionary

models. It allows for variation at different locations by
postulating that each location in a set of aligned sequences
can be described by one of a number of different fypes of
sites, called “site classes,” each associated with a specific
substitution model. Neither the assignment of locations to
different site classes nor the corresponding substitution
models are known a priori. Rather, these models are
optimized using a maximum likelihood formulation, given
a multiple sequence alignment and associated phylogenetic
tree. Once the substitution models have been derived,
however, it is possible to assign the locations to different
site classes a posteriori. This approach allows us to identify
locations in the protein that are under similar selective
pressure and to characterize the nature of these selective
pressures as well as changes in these selective pressures,
while avoiding unnecessary and potentially limiting as-
sumptions about the causes underlying these differences.

This “hidden-sites” model allows a determination of the
parameters for a limited number of site classes using all
available sequence data. Even with this simplification, the
limited amount of available sequence data makes it neces-
sary to reduce the number of adjustable parameters used to
describe the substitution rates for each site class. This is
achieved by considering the relative “fitness” F(4;) of
amino acid 4; for any location described by a particular site
class k. The fitness value is related to the logarithm of the
propensity of finding such an amino acid at any location
described by this site class. Moreover, we assume that the
probability of substitution between two amino acids should
depend on the change in fitness values resulting from such a
substitution. Thus, for each site class the matrix of all
possible substitutions is based on the fitness values of the
amino acids in that particular site class. In other words, the
substitution rate between two given amino acids in a given
site class can be calculated using the difference of fitness
values of these amino acids in that site class.

A phylogenetic tree (Fig. 2A) was created using the
alignment described above containing all transporters with
greater than 30% identity. This tree indicates a clear sub-
family structure to NSSs, with GABA, taurine, creatine, and
betaine transporters closely related to each other and sepa-
rated from transporters for serotonin, norepinephrine, and
dopamine. A S-site class evolutionary model was optimized
based on this phylogenetic relation. Table 2 lists the evolu-
tionary rate and the correlation values between fitness
values and physicochemical properties of amino acids for
each of the site classes in this model. Site classes 2 and 3
showed very similar correlations among fitness and physical
property values of amino acids. Both sets of correlations
suggest that these site classes comprise locations that are
selected for their hydrophobicity and membrane preferen-
ces, suggesting that locations in the transmembrane domain
are assigned primarily to these two site classes. A further
inference from these data is that among these locations,
those that face the lipid and that have relatively more
freedom in accommodating different residues are assigned
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Table 2
Summary of the 5-site class model derived using the “30nf™ alignment and
the associated phylogenetic tree (see text)

Site Subst. Top 4 distinct correlations
class rate cC Property
1 0.031 —0.49 Side Chain Width (FAUJ880105)
—043  Helix Freq. (TANS770102)
—0.52 Relative Mutability (JOND920102)
—0.39 Positive Charge (FAUJ88011)
2 0.187 —0.79 Accessible Area (JANJ780101)
—0.78 Exposed % (JANJ780103)
—0.77  Polarity (ZIMJ680103)
0.75 Interactions per side chain atom
(WARP780101)
3 0.491 0.78 Hydopathy (KYTJ820101)
0.73 Membrane Preference (DESM900101)
0.69 Inner Beta Sheet Probability
(KANMS00104)
0.67 Hydration Potential (WOLR810101)
4 0.981 —0.92 Hydrophobicity (CIDH920102)
0.90 Flexible (VINM940102)
—0.90 Lipid to Surface Energy (WIMW960101)
0.89 Polarity (GRAR740102)
5 2.130 —0.75 Charge Donor Capacitiy (CHAMS830108)

—-0.75 Principal Property z2 (WOLS870102)
0.73 Transfer Energy from Vapor to Chx.
(RADAS880103)
—0.65 Absolute Entropy (HUTJ700102)

Subst. rate is the substitution rate. CC is the correlation coefficient. The top
four distinct correlations among fitness values for each site class and the
physical properties of the amino acids are listed. The codes in parentheses
are those from AAindex v03 database (Kawashima et al., 1999).

to site class 3 (faster evolving than site class 2), whereas
those that face the protein interior and are more restricted
are assigned to site classes 1 and 2 (slowly evolving). We
expect that locations towards the ends of TM helices will be
assigned primarily to site classes 4 and higher, which have
faster rates of evolution and show high correlation with
flexibility and accessibility. These inferences are based in
part on a recent study of G-protein-coupled receptor sequen-
ces, in which the resulting 5-site class evolutionary model
showed very similar properties to the one presented here
(Soyer et al., submitted for publication).

The 5-site class model was used to predict the orientation
of transmembrane locations with respect to the lipid bilayer,
by assigning all putative transmembrane locations that have
a combined posterior probability of 0.5 or higher for site
classes 1 and 2 as facing the protein interior. All remaining
transmembrane locations were assigned as facing the lipid
or solvent (Fig. 2B). For 81% of transmembrane locations,
predictions from the evolutionary model match those of the
methods described above (compare Figs. 1C and 2B). The
success of such methods, based on the properties observed
from sequence alignments, in predicting the structure of G
protein-coupled receptors is evidenced by the agreement
with the structural properties observable in the crystal
structure of rhodopsin. This success suggests that the
combined predictions illustrated here provide the best avail-

able inferences about the orientation of transmembrane
locations with respect to the lipid bilayer in the NSS family
members.

The evolutionary model is mainly designed to detect the
different selective pressures acting on a given set of
proteins and group locations that are under similar selec-
tive pressures. Although this model can lead to several
functional/structural inferences about the proteins under
study, it is not designed to test specific a priori predictions.
It may be possible, however, to improve the accuracy of
inferences by optimizing the model towards detecting a
particular feature of interest. We are currently further
analyzing the site-classes in this and higher site class
models in an attempt to correlate the classes with other
structural and functional elements of the NSSs. For exam-
ple, in the 5-site class model, site classes 4 and 5 have
higher rates of evolution, and their fitness values show
higher correlations to properties such as hydophilicity,
polarity, and solvent exposure. These site classes mostly
comprise the loop regions, and additional analyses may
allow a differentiation of site classes in these regions that
correlate with different functions, such as conformational
change associated with transport.

5. Conformational changes associated with transport

Conformational changes associated with transport have
been identified in both intracellular and extracellular loops
as well as in transmembrane regions. Given the limited
amounts of these transporters that are available for analysis,
nearly all studies have relied upon indirect determinations of
conformational change. Reaction of an endogenous or
substituted cysteine with a sulthydryl reagent may be
sensitive to the presence of substrates, neurotransmitters
and/or co-transported ions, through direct steric protection
or by inducing or stabilizing a conformational change that
makes the cysteine less accessible to reaction. In DAT, for
example, cocaine significantly retarded the reaction of
methanethiosulfonate (MTS) reagents with Cys135;5 59 in
intracellular loop 1, and Cys342¢ 75 in intracellular loop 3
(Ferrer and Javitch, 1998). Since mutation of these cysteines
had no effect on cocaine’s affinity for DAT, the protection
most likely results from a cocaine-induced conformational
change that reduces the accessibility of the cytoplasmic loop
cysteines. Inward transport of the substrate, m-tyramine,
enhanced the MTS ethylammonium (MTSEA)-induced in-
activation of dopamine uptake at Cys342¢ 5 (Chen et al.,
2000). This effect of tyramine was temperature sensitive and
was Na'-dependent, suggesting that tyramine exposes
Cys3424 .75 during translocation, rather than simply by
binding. Moreover, cocaine protected against tyramine’s
effect at Cys342¢ .5, presumably by blocking transport and
preventing exposure of this endogenous cysteine.

The corresponding position in SERT, Cys357¢.7s, is also
conformationally sensitive; the ability of 5-HT and cocaine
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to protect this site from MTSEA-induced inactivation pre-
sumably required a conformational change, as it was Na'-
and temperature-dependent (Androutsellis-Theotokis et al.,
2001). Moreover, reaction of Cys357¢75 with MTSEA was
increased in the presence of alkali cations, particularly K",
suggesting that the accessibility of Cys35775 varies with
the conformation of the transporter. Consistent with a role of
intracellular loop 3 in conformational change, Tyr335¢ 65 in
DAT appears to play a role in regulating the distribution
between different conformational states of the transport
cycle (Loland et al., 2002). Mutation of this residue to
alanine caused conversion of the endogenous inhibitory
Zn*" switch to an activating one, in which binding of
Zn*" to inactive mutant transporter leads to uptake. The
explanation offered for this observation was that mutation of
Tyr33546g alters the conformational equilibrium of the
translocation cycle, with accumulation in conformational
states following substrate binding, and that Zn” " is able to
reverse this change. The dramatic decrease (up to 150-fold)
in affinity of Y3354 ¢3A for cocaine-like inhibitors and the
increased apparent affinity for substrates, is consistent with
an altered conformational equilibrium.

The accessibility to MTS reagents of Cys399g43 in
intracellular loop 4 of the GABA transporter (GAT) is
dependent on transporter conformation (Golovanevsky and
Kanner, 1999). In WT GAT-1, but not the C399; ¢3S mutant,
binding of both Na" and Cl™, as well as the nontransported
GABA analogue, SKF100330A, reduced the sensitivity to
sulthydryl modification; in contrast, GABA, in the presence
of NaCl, increased the reactivity to MTS reagents. Finally,
mutation of Argd4;,¢ in the cytoplasmic N-terminus of
GAT was inferred to impair the reorientation of unloaded
transporter after the release of substrate to the intracellular
medium (Bennett et al., 2000).

Cocaine increased the rate of reaction of Cys90, 56 in
EL1 with MTS reagents, presumably by triggering a con-
formational change that increased the accessibility of this
extracellular cysteine (Ferrer and Javitch, 1998). However,
the DAT inhibitors benztropine and cocaine had different
effects on the reaction of the extracellular Cys90, 55 and the
intracellular Cys135;5 59 (Reith et al., 2001): benztropine did
not protect Cysl355,9 in intracellular loop 1 from MTS
ethyltrimethylammonium (MTSET) inactivation, and also
did not increase the reaction of Cys90; s¢ with MTSET. This
finding suggests that inhibitors do not all stabilize the same
conformational state. The same type of reactivity studies
suggest that EL1 is also subject to ion-induced conforma-
tional changes: lithium caused a change in SERT Cys109 54
reactivity as well as cocaine binding and ion conductance
(Ni et al., 2001), whereas Na" and Cl~ protected against
MTSET inactivation at a cysteine inserted at position 1.56 in
GLYT2, in a temperature-dependent manner (Lopez-Cor-
cuera et al., 2001).

A chimeric transporter, in which a short stretch of NET
was substituted into the first half of EL2 in SERT, was
substantially impaired for serotonin transport (<10% WT

SERT), whereas antagonist and substrate binding and sur-
face expression were intact (Stephan et al., 1997). Chimeras
in which the extracellular loops of SERT were replaced, one
by one, with the corresponding sequence from NET,
expressed and had normal SERT antagonist selectivity. In
contrast, the EL4, ELS, and EL6 chimeras had dramatically
impaired transport (Smicun et al., 1999). GAT EL4, ELS5,
and EL6 have been proposed to contribute to the substrate
binding site, based on work that swapped external sequen-
ces between various GAT isoforms (Tamura et al., 1995).
Substitution of three residues from ELS of GAT-1 with the
aligned residues in GAT-2, GAT-3, and GAT-4, imparted to
GAT-1 sensitivity to p-alanine inhibition of GABA uptake,
as seen with GAT-2, 3, and 4. Furthermore, Cao and co-
workers used hSERT-rSERT chimeras and point mutations
to identify position 490,p,3 and neighboring residues in
ELS, as determinants of the difference in pH dependence of
transport-associated currents between the hSERT and rSERT
(Cao et al., 1998). This region was inferred to participate in
the external gating of SERT. The mutation K448, 3E, in
ELS5 of GAT, was also shown to confer pH sensitivity and
alter substrate interactions of the transporter (Forlani et al.,
2001).

In rGAT, mutation of Met345, 55 or Thr349; ¢, to histi-
dine altered the affinity for the substrates GABA and Na".
In addition, the mutations differentially shifted the charge/
voltage relationships and the lithium-induced leak currents,
suggesting a role for the extracellular end of TM7 in
regulating the distribution of conformational states of the
transport cycle (MacAulay et al., 2003).

At the extracellular ends of TM7 and TM8 in DAT,
treatment of M371,5,C and A399g3,C with MTSET
inhibited dopamine uptake (Norregaard et al., 2003). Inac-
tivation of M371 5,C was enhanced by Na" and prevented
by dopamine in a Na'-dependent manner. Since dopamine
binding is believed to be Na-independent, this suggests that
dopamine induces a transport-associated conformational
change that decreases the reactivity of M371;5,C with
MTSET. In contrast, cocaine inhibited the reaction of
A399; 37,C with MTSET, either directly or indirectly, where-
as dopamine had no effect.

In the transmembrane domain, cysteines substituted for
Asp98; 45, Glyl00; 47, and Asnl01; 43 rendered hSERT
sensitive to inhibition by MTSET with protection by 5-HT
and/or cocaine (Henry et al., 2003). These findings suggest
a possible contribution of these residues in TM1 to the
substrate binding pocket, but it is also conceivable that this
effect was indirect and resulted from conformational rear-
rangement. In addition, in SERT, protection by 5-HT from
inactivation by MTSET at 3.46 was both temperature- and
Na'-independent, and therefore also inferred to result from
direct steric block and not a conformational change (Chen
and Rudnick, 2000). Cysteine substituted for Ile1725 46 was
accessible to both external and cytoplasmic reagents (Chen
and Rudnick, 2000), suggesting that this position may form
a part of the substrate binding site that is alternately exposed
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to the extracellular and intracellular milieu, consistent with
an alternate access model of transport (Hilgemann and Lu,
1999).

Reaction of SERT 1179;553C with MTSET inactivated
transport but not binding (Chen et al., 1997). Neither
cocaine nor 5-HT protected against reaction with MTSET.
These observations suggest that Ilel179; 53 is not associated
with the binding site, but may be involved with some
conformational event subsequent to substrate binding. Na"
enhanced the inactivation of Ile179; 55C, as well as stimu-
lated its reactivation by free cysteine, an effect that was
enhanced by the presence of 5-HT (Chen and Rudnick,
2000). These results suggest that since 5-HT can bind the
inactivated Ile179; 53, the transporter is locked in an out-
ward facing form, and that Ile179; 55 exists in a part of the
transporter that changes conformation upon binding of Na*
and 5-HT. In NET, MTSET inactivation of 11555 53C was
enhanced by cocaine but slowed by dopamine, presumably
by transport-associated occlusion of 1555 s3. Thus, this
region of the transporter has been proposed to form part
of an extracellular gate, which is normally sequestered upon
substrate translocation, and which is prevented from closing
upon cysteine modification.

The accessibility of 11595 53C in DAT has been used
recently as a conformational sensor for probing the effects
of intracellular loop mutations. As for DAT Y3354 ¢3A,
mutation to alanine of three additional intracellular posi-
tions, Lys264s,7, Asp345;39, and Asp436g74, produced
diminished uptake which was potentiated by Zn>" and de-
creased the affinity for cocaine and other inhibitors (Loland
et al., submitted). The conformational state of K264s,5A,
Y3354.63A, and D345, 30A was investigated by assessing the
accessibility to MTSET of 11595 55C in an MTSET-insen-
sitive ‘E2C” background (C90, 54A/C306430A). Unlike its
effect at the corresponding position in NET (I155355C),
MTSET did not inhibit uptake mediated by E2C-1159; 55C
in the presence or absence of dopamine, cocaine or Zn*".
In this background, the mutants K2645,,A, Y3354 ¢3A and
D345, 50A were also not inactivated by MTSET; in the
presence of 10 pM Zn? *. however, MTSET inhibited
uptake. As in NET 11553 55C, this inhibition was protected
by dopamine and enhanced by cocaine. These data are
consistent with the model proposed above in which Zn?*
partially reverses an altered conformational equilibrium in
the cytoplasmic loop mutant transporters. They also sug-
gest that the conformational equilibrium produced by the
mutations resembles that of the NET more than that of the
DAT.

Glul01, ss, at the intracellular end of TM2 in GAT, was
inferred to be critical for the conformational changes GAT
undergoes during its transport cycle (Keshet et al., 1995).
Mutation of Glul01, 55 to aspartate or other residues abol-
ished transport despite unaltered surface expression. The
transient Na" currents observed in WT, thought to represent
Na' binding to the transporter and/or conformational
changes in response to Na' binding, were not observed in

these mutants. Thus, a defect in the binding or unbinding of
Na" may result from mutation of Glul01, ss.

6. Conclusions

The work reviewed here indicates that even in the
absence of a high resolution structure of any transporter in
the NSS family, it is possible to apply comparative methods
of structure analysis to obtain insight about the structural
context of function in this class of membrane proteins. The
studies reviewed suggest that cocaine and related uptake
inhibitors are not merely neutral blockers but themselves
induce conformational changes in the transporters to which
they bind. Many mutations of DAT appear to affect cocaine
binding indirectly by altering the distribution of conforma-
tional states of the transporter, in a way analogous to
constitutive-activation of G protein-coupled receptors.
Moreover, the loop regions have been widely implicated
in conformational change in various NSSs, consistent with a
model in which intracellular and extracellular loops form
“gates” that alternately block and expose a substrate path-
way to the extracellular and intracellular milieu. The recent
identification of the bacterial and archacal transporters and
their potential suitability for direct structural studies raise
the exciting prospect of being able to test specific structural
hypotheses related to transport suggested by the studies. To
facilitate such cross-species investigations of structure—
function relations, we have presented here a generic num-
bering scheme in a context of predicted structural properties.
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