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Abstract
Secondary active transporters catalyze concentrative transport of substrates across lipid membranes
by harnessing the energy of electrochemical ion gradients. These transporters bind their ligands on
one side of the membrane, and undergo a global conformational change to release them on the other
side of the membrane. Over the last few years, crystal structures have captured several bacterial
secondary transporters in different states along their transport cycle, providing insight into possible
molecular mechanisms. In this review, we will summarize recent findings focusing on the emerging
structural and mechanistic similarities between evolutionary diverse transporters. We will also
discuss the structural basis of substrate binding, ion coupling and inhibition viewed from the
perspective of these similarities.

Introduction
Channels and transporters are membrane proteins that catalyze passage of solutes across lipid
membranes. Channels form pores selective for ions and small molecules such as water or urea,
which permeate at rates approaching the diffusion limit. The turnover cycle of transporters is
significantly slower and involves isomerization between states, in which substrate binding sites
are accessible from one side of the membrane or the other (Box 1). They accept a broad range
of solutes, including ions, neurotransmitters, nutrients, and numerous drugs. Primary active
transporters couple substrate movements to a source of chemical energy, such as ATP-
hydrolysis, reduction-oxidation reactions or light. Passive and secondary active transporters
are driven only by the electrochemical gradients of the transported species. These transporters
facilitate diffusion of a single solute, dissipating its concentration gradient, or couple
thermodynamically unfavorable concentrative transport of a solute to energetically favorable
dissipative movements of others.

Box 1

In early 1950s, a saturable catalytic carrier mechanism was proposed to explain the
experimentally measured rates of trans-membrane solute transport which were inconsistent
with simple diffusion [78,79]. As the carriers were unlikely to diffuse across membranes,
the alternating access mechanism was formulated, according to which the carrier or
transporter isomerized between an outward facing state with a centrally located substrate
binding site accessible from the external solution, and an inward facing state with the site
accessible from the cytoplasm [80,81]. Shortly after, coupled active sugar/protons and
sugar/sodium transport was reported [82,83]. Two conceptual models prevailed – the
“rocker-switch” and the “gated pore”. The former focused on the rocking movements of
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protein domains pivoting at the substrate-binding site. The latter emphasized local motions
of outside and inside gates, flanking the substrate-binding site and undergoing alternating
openings. Recent studies suggest that the transport mechanisms of secondary transporters
likely integrate both conformational modes, therefore including an isomerization between
the outward and inward facing states, as well as local opening and closure of the gates that
partially or completely occlude bound substrates (Box 1, Figure 1). Additional intermediates
may occur between inward and outward facing states either in the substrate-bound or
substrate-free brunch of the cycle. Importantly, thermodynamics dictates that transport is
driven only by the difference of the electrochemical potentials of the solutes on two sides
of the membrane, and is independent of the path. Hence, the number and relative stability
of the involved states may vary as long as none of the intermediates has a free energy that
is too high or too low, otherwise yielding high kinetic barriers. Supporting this view, various
transporters crystallized in different states, which provide structural snapshots along the
transport cycle.

Secondary transporters have been classified into distinct families based on their sequence and
functional similarities [1,2]. However, many of these families are evolutionarily and
structurally related [3–5], suggesting that a few membrane protein folds have successfully
evolved to provide widely divergent functionalities [6,7]. For example, several transporter
families with little or no detectable sequence similarity assume the same structural fold, typified
by the sodium-coupled leucine transporter LeuT, a bacterial homologue of the neurotransmitter
sodium symporters (NSS) [8–15]. The major facilitator superfamily (MFS) represents another
common fold, encompassing up to 25 % of all transporters [16–18]. By contrast, other folds,
like those of GltPh [19] and NhaA [20], the prokaryotic homologues of mammalian glutamate
transporters and sodium/hydrogen antiporters, respectively, seem to represent relatively small
groups of families [4,21,22].

In this review, we discuss structural data on secondary transporters. We focus primarily on
transporters with MFS, LeuT and GltPh folds because they have been captured by
crystallography in distinct states, providing snapshots of the long-standing alternating access
mechanism. We emphasize architectural and mechanistic similarities, as well as the structural
basis of substrate specificity, ionic coupling and transport inhibition.

Structural repeats
A common feature shared by all secondary transporters is the presence of the structural repeats.
Each repeat typically comprises several contiguous trans-membrane segments (TMs), which
assume a specific three-dimensional fold, repeated two or three times (Figure 2). Structural
repeats are thought to arise from gene duplication followed by fusion and sequence divergence
[23], which make such repeats often impossible to detect until the three-dimensional structures
are determined. Interestingly, carriers, such as the zinc transporter YiiP [24] and multidrug
resistance protein EmrE [25,26], may represent ancient functional homodimers, preceding gene
duplication. A glimpse at possible evolutionary molecular events is provided by studies on
EmrE, whose protomers can assemble in parallel or antiparallel orientations [27,28].

Structural repeats with parallel orientations are related by a pseudo-symmetry axis
perpendicular to the membrane plain. In MFS transporters, such repeats form two 6 TM
bundles, each containing two 3 TM anti-parallel repeats, suggesting that MFS transporters
evolved from a 3 TM ancestral unit [29]. In the mitochondrial ATP/ADP carrier a 2 TM unit
is repeated three times, yielding a three-fold pseudo-symmetric structure [30]. So-called
“inverted” structural repeats with anti-parallel orientation and a pseudo-symmetry axis parallel
to the membrane have been found in transporters with LeuT fold, NhaA and GltPh (reviewed
in 31,32). The crystal structures of these apparently unrelated proteins reveal a striking

Boudker and Verdon Page 2

Trends Pharmacol Sci. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



similarity. LeuT and NhaA contain 5 TM repeats, and GltPh contains a 3 TM repeat followed
by a repeat of an unusual motif: a reentrant helical hairpin (HP) and a TM (Figure 2). The first
two TMs within each repeat in LeuT, and the last two TMs of each repeat in NhaA form 4 TM
transporter cores (Figures 3 and 4). Notably, the first TM of each repeat in the core domain
contains an unwound region in the middle of the membrane, which plays a critical role in ligand
binding and transport. In GltPh the core consists of two HP-TM motifs that are central to
substrate and ion binding. Intriguingly, in all these transporters, the remaining three adjacent
TMs of each repeat form similar structural motifs. The first two TMs of each repeat give rise
to interlocking V-shaped motifs (Figure 3). The third “arm” TM of each repeat extends from
the V-motif encasing the core domain. This architectural similarity suggests a possible common
ancestry and mechanistic parallels. Of note, other transporters and channels, including chloride/
proton antiporters [33], aquaporins [34], ammonia [35] and urea channels [36], also contain
inverted structural repeats. However, the TMs of one repeat do not interlace with the TMs of
the other, but instead the TMs in each repeat coalesce yielding pseudo-symmetric halves.

Molecular basis of the alternating access mechanism
The molecular mechanisms of secondary transporters appear to be deeply rooted in the
symmetry of the structural repeats. The mechanism of MFS transporters is best understood in
the context of the bacterial lactose permease LacY, and the glycrol-3-phosphate transporter
GlpT [16,17]. Their structures reveal large aqueous vestibules formed between the symmetrical
6 TM bundles, open to the cytoplasm, with the substrate-binding sites located at the apex,
approximately halfway across the membrane. It has been postulated that the rocking motions
of the bundles, pivoting around the bound substrate, provide alternating access to the binding
site [37,38]. Structures of two MFS transporters, the multidrug resistance transporter EmrD
[18] and oxalate transporter OxlT [29], capture considerably more compact states, in which
the substrate-binding sites are occluded from both sides of the membrane, suggesting that
transitions between outward and inward facing states may not be two-state processes only and
may proceed via intermediate states [29].

Aqueous vestibules leading to the substrate-binding sites, either from the extracellular or
intracellular sides of the membrane, are also observed in LeuT fold, GltPh and NhaA (Figures
3 and 4). However, these are not formed between the pseudo-symmetrical structural
components, but between the V-motifs and the cores. While the symmetry-related V-motifs
are similarly oriented relative to the membrane, the core repeats are oriented differently with
respect to the membrane and the V-motifs. In LeuT, the N-terminus of TM1 (LeuT TM
numbering is used from hereafter for all LeuT fold transporters) and the C-terminus of the
symmetry-related TM6 form extensive interactions with the V-motifs at the cytoplasmic side,
while their respective C- and N-termini lean away from the V-motifs, yielding an extracellular
vestibule (Figure 3). This remarkable asymmetry led Forrest and colleagues to propose that
isomerization of the transporter into an inward facing state would occur upon the repeats
swapping their conformations [39]. The swap results in the extracellular termini of TM1 and
TM6 packing against the V-motifs, and the intracellular termini leaning away, yielding the
closure of the extracellular vestibule and opening of a cytoplasmic vestibule. Consistently, the
structure of the bacterial LeuT fold sodium/galactose symporter vSGLT, captured in the inward
facing, state shows a conformation similar to the prediction (Figure 3) [9]. Since then, structures
of other transporters with LeuT fold have been determined. The agmatine/arginine exchanger
AdiC [11, 13] and nucleobase/cation symporter Mhp1 [10] were crystallized in outward facing
states, while the L-carnitine/γ-butyrobetaine antiporter CaiT was in the inward facing state
[15]. The sodium/betaine symporter BetP [14] and proton-dependent amino acid transporter
ApcT [12] were captured in intermediate states, although closer to the inward facing state.
Remarkably, Mhp1 has also been crystallized in the inward facing state, providing particularly
detailed information on the conformational transitions [40]. Overall, these structures reveal
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variable orientations of the core relative to the V-motifs, and thus provide evidence for a
rocking-like movement of domains pivoting roughly around the substrate-binding site.

The first structure of GltPh in complex with aspartate revealed the transporter in the outward
facing state (Figure 3) [19]. The inward facing state was then trapped by intra-molecular cross-
linking a double cysteine mutant [41,42]. Its structure shows that the V-motifs remain largely
unaltered while the core together with two arm TMs 3 and 6 traverse ~15 Å of the lipid bilayer
toward the cytoplasm (Figure 3). In the outward facing state, the first core repeat unit (HP1-
TM7) interacts with the V-motifs, while the second (HP2-TM8) lines the extracellular
vestibule. As in the LeuT-fold transporters, the inward facing state forms upon the two core
repeats swapping their conformations, with HP2-TM8 packing against the V-motifs, and HP1-
TM7 lining the intracellular vestibule. Consistently, modeling based on these symmetry
considerations has predicted similar conformational changes [43].

A common mechanistic aspect of GltPh and LeuT fold transporters is the movement of the core
relative to the V-motifs. It is tempting to hypothesize that similar conformational changes also
underlie the mechanism of NhaA. Indeed, residues important for pH-dependent activation of
NhaA map to the interface between the V-motifs and the core [44], suggesting that relative
movements of these domains are involved in activation and/or transport. Interestingly, in
GltPh and NhaA, the V-motifs participate in subunit oligomerization [44–46]. These oligomeric
interactions may stabilize the V-motifs within the membrane, and suggest that, upon
conformational transitions, their positions remain fixed, while the cores re-orient, which is
consistent with the observation that protomers can function independently [47,48]. Conversely,
BetP and CaiT oligomerize via peripheral helices adjacent to the core, suggesting that the V-
motifs could be the moving component. For monomeric transporters like vSGLT, Mhp1 and
ApcT, it is possible that both the core and the V-motifs re-orient relative to the membrane
during transport.

Substrate-binding sites
Do conformational transitions between outward and inward facing states affect the ligand
binding sites? Evidence thus far is mixed. In GltPh the substrate-binding site forms entirely
within the core (Figures 3 and 4), therefore trans-membrane movements of the core do not
affect the network of hydrogen bonds and ionic interactions underlying the selectivity and
affinity of GltPh for its substrate. Similarly, sites D163 and D164, which are critical for proton
and Na+ binding in NhaA, are buried within the core (Figure 3). In contrast, in transporters
with MFS and LeuT folds, the substrate-binding sites are located at the interfaces between
structural components, which probably move during transport.

In LacY, the substrate-binding site is positioned between the two pseudo-symmetrical bundles
with N-terminal bundle coordinating one galactopyranosyl moiety of the substrate, β-D-
galactopyranosyl-thio-β-D-galactopyranoside (TDG), and the C-terminal bundle coordinating
the other (Figure 4) [16]. Two positively charged residues, R144 and K358, located in the
symmetrical TMs 5 and 11, are hydrogen-bonded to disaccharide hydroxyls. Despite this
apparent symmetry, the N-terminal bundle plays a greater role in establishing the transporter
affinity and specificity [37]. K358 can be mutated to a neutral amino acid or the coordinated
galactose ring replaced with glucose without significant effects on substrate affinity or
transport. In contrast, R144 and the spatially adjacent E126 and W151 are among the few amino
acids essential for transport and specificity [37]. It is possible that as the bundles undergo a
rocking motion, the N-terminal part remains unaffected, while the C-terminal part undergoes
changes without detrimental effects on substrate binding.

The substrate-binding sites in the outward facing LeuT, AdiC and Mhp1 also have a bipartite
nature, with half-sites provided by the cores and the V-motifs (Figure 4). The substrates bind
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near the unwound regions of the core TMs 1 and 6, which form a pocket. In LeuT, the main
chain amides and carbonyl oxygen atoms of these non-helical regions coordinate the carboxyl-
and amino-groups of the substrate, respectively, and the V-motifs present a patch of
hydrophobic residues selective for the apolar side chains [8,49]. Strikingly, AdiC binds
arginine in exactly the same manner, except that the guanidinium group forms cation-π
interactions with the essential V-motif W293 [50]. In Mhp1, L-5-benzyl-hydantoin binding
site also overlaps closely with the location of the substrate-binding site in LeuT, with the core
W220 and the V-motif W117 forming π-stacking interactions with the benzyl and hydantoin
moieties, respectively [10]. However, how do these binding sites rearrange upon transition
between outward and inward facing states is not known. Remarkably, in the inward facing
vSGLT and CaiT, and in the intermediate BetP, the position and architecture of the substrate-
binding sites are distinct from what is observed in the outward facing LeuT, AdiC and Mhp1
[9,15,14]. The binding pockets form deeper within the core, so that not only TMs 1 and 6, but
also the peripheral TMs 2 and 7 are involved in substrate coordination (Figure 4). Furthermore,
when viewed from the extracellular side, the cores are rotated counterclockwise, so that the V-
motifs no longer contribute to substrate coordination, and the substrates are laterally shifted
compared to the leucine position in LeuT. In vSGLT, the extent of this rotation is the greatest,
and the bound sugar faces the arm TM10, and is about 8 Å away from the V-motifs (Figure
4).

In addition to these primary sites, secondary substrate binding sites have been postulated for
LeuT and CaiT. Simulations suggested that an additional substrate binding site is located in
the extracellular vestibule of LeuT [51]. It was termed the “symport-effector” site, and it was
hypothesized that substrate binding there prompts vestibule closure and release of the substrate
from the primary site into the cytoplasm [51]. Interestingly, in the inward facing CaiT, carnitine
binds not only at the primary but also at a secondary site located in the intracellular vestibule
[12]. Strikingly, mutations near these secondary sites in the extracellular and intracellular
vestibules of LeuT and CaiT, respectively, abolished transport [12,51].

To complete the transport cycle, empty transporters must return to the outward facing state
(Figure 1). Interestingly, in the ApcT structure, the postulated substrate-binding site is occluded
from solvent, but contains water molecules instead of the substrate [12]. Whether transport of
water during the backstroke will turn out to be a common mechanism is not known, however
it would provide a universal means to compensate thermodynamically for the lack of bound
polar ligands.

Gates
In addition to global structural transitions between outward and inward facing states,
transporters also undergo local conformational changes in response to ligand binding. These
transitions are sometimes conceptualized in terms of opening and closure of “gates”, which
completely or partially occlude bound ligands. In GltPh, HP2 occludes aspartate from the
extracellular solution, and is captured in the open state in the crystal structure of GltPh in
complex with the blocker L-threo-β-benzyloxyaspartate (TBOA) [52]. Its dynamic nature and
role as a gate have also been postulated based on molecular dynamics studies [53,54]. In
transporters with LeuT fold, substrates are occluded from the extracellular solution by bulky
hydrophobic residues in the extracellular vestibule. For instance, a pair of aromatic residues
in LeuT and one tryptophan in AdiC serve as gates [8,50]. The wider openings of the vestibule,
observed in apo AdiC and Mhp1 and a blocker-bound LeuT, is due to the extracellular helical
segments of core TM1 and TM6 leaning further away from the V-motifs, and the reciprocal
outward bending of the arm TM10. The extent of these movements varies significantly between
these transporters. The recent structure of the inward facing state of Mhp1 captures the
transporter in an apo state [40]. The substrate-binding site is significantly perturbed, suggesting
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that substrate binding to this state could also induce a significant conformational change. It
seems also possible that the substrate-bound inward facing state is intrinsically unstable and
relaxes to the outward facing occluded conformation observed in the earlier structure. By
contrast, in LacY, only subtle conformational changes occur upon binding of the ligand, which
remains largely exposed to the cytoplasm. Nevertheless, binding still occurs via an induced fit
mechanism, as side chain interactions, including a salt bridge between critical coordinating
residues, R144 and E269, are broken [55].

Ion coupling
To couple transport of substrates and ions, and prevent dissipative leaks, transporters should
only isomerize between outward and inward facing states when both substrate and ion binding
sites are loaded or un-occupied (Box 1, Figure 1). Hence, a strict thermodynamic coupling
must exist between ligand binding and the formation of a transport-competent conformation.

In GltPh, two Na+-binding (Na) sites have been structurally characterized, while a third site,
which has been recently suggested by a 1:3 aspartate to Na+ uptake stoichiometry [56], remains
to be located. Two Na sites have been observed in LeuT, and were hypothesized to occur at
equivalent positions in BetP. Only one Na site was proposed in vSGLT and Mhp1. Although
Na+ and substrate bind in a highly cooperative manner [10,52,57], only Na+ ions at the Na1
site of LeuT and the proposed BetP site are directly coordinated by substrates. Other Na+ ions
bind at sites distanced by 7–10 Å and therefore must be coupled to substrates via allosteric
interactions. The structure of Mhp1 bound to both substrate and Na+ reveals a much greater
closure of the extracellular vestibule compared to the transporter bound only to Na+,
demonstrating that binding of both species is needed for complete closure of the extracellular
gate [10]. In GltPh, the Na2 and substrate-binding sites are positioned between HP2 and the
rest of the core, suggesting a structural basis for the strict coupling of Na+ and aspartate binding
to the extracellular gate closure [52].

Ion binding within secondary transporters is mediated mostly by the unwound TM regions
[58]. The two GltPh Na sites and the Na1 LeuT site are located entirely within the core, and
are likely to remain largely unperturbed upon transition of the transporters between outward
and inward facing states. In contrast, LeuT Na2 site, expected to be conserved also in BetP,
vSGLT and Mhp1, is located at the interface between the core and V-motifs. This site forms
between two hydroxyl moieties originating from the V-motif TM8 (T354–S355 in LeuT,
T467–S468 in BetP, S364–S365 in vSGLT, S312–T313 in Mhp1) and carbonyl oxygen atoms
of the C-terminal end of the cytoplasmic TM1 helix. In the outward facing LeuT and Mhp1,
this helix packs against the V-motif forming an occluded Na site with appropriate ion
coordination geometry. However, in the inward facing vSGLT and Mhp1, these helices lean
away from each other, exposing the Na site to the cytoplasm and disrupting coordination
(Figure 3). Molecular dynamic simulations suggest that Na+ is unstable at these positions and
that the crystal structures represent ion-releasing states of these transporters [40,59].

The type of coupled ions and transport stoichiometries vary between evolutionarily related
transporters [60] and likely correlate with the nature of the available ion gradients, and the
magnitude of the electrochemical gradients of the substrates, respectively. The structure of the
proton-dependent amino acid transporter ApcT provides an interesting example of how a
Na+-binding site can be converted to a protonation site. In a related mammalian sodium-
coupled neutral amino acid transporter 2 (SNAT2), Na+ shown to bind to a site equivalent to
Na2 in LeuT [61]. However in ApcT, this site is occupied by the amine moiety of K158, which
has an anomalously shifted ionization constant, and likely serves as a proton binding site
[12]. Similarly, comparison of the related sodium-coupled BetP and ion-independent CaiT
reveals that CaiT harbors an arginine, R262, at a position similar to K158 in ApcT, suggesting
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that the guanidinium group could replace Na+ at the Na2 site. Comparative studies of LeuT
and mammalian NSS illustrate how fine-tuning of ion-coordinating residues and local
electrostatics can yield new ion-binding sites. Unlike LeuT, serotonin and GABA transporters
(SERT and GAT-1, respectively) couple substrate uptake to symport of chloride ions in
addition to Na+. Two research groups have suggested that E290 in LeuT, which is proximal to
Na1, favors Na+ binding by contributing to the local negative electrostatic potential [62,63].
In GAT-1 and SERT, which harbor serines at the equivalent positions, a chloride ion could be
coordinated by the hydroxyl group and provide the favorable negative charge. Consistently,
the serine to glutamate mutation in the mammalian transporters leads to the loss of chloride-
stimulated transport [62,63], and a reciprocal E290S mutation in LeuT results in leucine
binding that is chloride-dependent [63].

Inhibition
A complete transporter cycle involves ligand binding events and multiple conformational
transitions, and inhibition of any of these steps is expected to abolish transport. Substrate-
binding sites are the targets of competitive blockers, which usually contain chemical moieties
similar to substrates, as well as additional bulky, typically aromatic, groups. Indeed, systematic
studies suggest that a size boundary separates transported substrates and non-transportable
blockers [49,64–66]. Many antidepressants and illicit drugs, such as cocaine, are competitive
inhibitors of NSS, and bind to the outward facing transporters in Na+- and chloride-dependent
manners [67–69], suggesting that their binding sites overlap with that of the substrate. The
structural basis of competitive inhibition has been revealed for TBOA, an inhibitor of
mammalian glutamate transporters and GltPh, as well as for tryptophan, which inhibits LeuT.
These blockers bind within the substrate-binding pockets, and are coordinated similarly to the
substrates, but are however too large to allow closure of the extracellular gates (Figure 5).

Non-competitive inhibitors do not interfere with substrate binding, but instead reduce the
turnover rate of transporters. Such an inhibitive mode has been reported for NSS inhibitors
acting on LeuT [70]. The structures of LeuT in complexes with these compounds, although
unlikely to be relevant to their high affinity competitive inhibition of NSS transporters, reveal
the mechanism of non-competitive inhibition. Tricyclic antidepressants (TCA) and SERT-
specific reuptake inhibitors (SSRI) bind within the extracellular vestibule of LeuT, above the
substrate-binding site, which itself remains unperturbed and contains leucine (Figure 5) [70–
72]. The locations of the binding sites suggest that these compounds may interfere with the
closure of the extracellular vestibule that is essential for isomerization into the inward facing
state. LeuT extracellular vestibule appears to be a “hot spot” for binding, as other hydrophobic
compounds, including tryptophan and detergent molecules, have been observed there
crystallographically [49,73]. Highlighting the potential significance of non-competitive
inhibition, low affinity allosteric binding sites have been postulated for TCA and SSRI
inhibitors in NSS (their location may not coincide with the LeuT site), which prolong the
residence of the inhibitors in the primary sites [74–76]. Also, the SERT inhibitor ibogaine
inhibits transport non-competitively by stabilizing the transporter in its inward facing state
[77].

Summary
Crystal structures of secondary transporters have captured diverse functional states and
revealed the presence of structural domains with substrate and inhibitor binding sites lying at
or near the interfaces. In several active secondary transporters, a conformation swap between
symmetrical structural elements within these domains underlies the transitions between the
outward and inward facing states. The most striking feature emerges from comparing the
structures of GltPh, NhaA and transporters with the LeuT fold. Specifically, these transporters
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seem to assemble from similar structural modules, which yield similar three-dimensional
arrangements, even though they occur in different order within primary sequences. Future
crystal structures will reveal whether different combinations of these modules produce distinct
transporter folds as well as whether the modular assembly is common among other transporter
families.
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Figure 1. Alternating access mechanism for an ion/substrate symport
The cycle starts with an empty outward facing transporter, which binds the substrate and
coupled ion (red and green spheres, respectively) from the extracellular solution in a reaction
coupled to the closure of the gate (yellow). The transporter undergoes a conformational
transition into an inward facing state in which the extracellular gate can no longer open while
opening of the intracellular gate (pink) is enabled. The release of the substrate and ion into the
cytoplasm yields an empty inward facing state, and isomerization back into the outward facing
state completes the cycle.
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Figure 2. Membrane topology of transporters with parallel and inverted structural repeats
The topologies are shown for the MFS transporter LacY (a), ATP/ADP carrier (b), NhaA (c),
LeuT (d) and GltPh (e). The structural repeats are highlighted by the shaded trapezoids, which
emphasize their relative orientation. The N- and C-terminal TM segments comprising the
transporter cores in GltPh, NhaA and LeuT are colored yellow and orange, respectively. The
remaining N- and C-terminal portions of the repeats are colored cyan and magenta,
respectively. The segments that are not part of the symmetrical repeats are white. Non-helical
regions in the middle of the core TMs are shown as lines.
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Figure 3. Architecture of the transporters with inverted structural repeats
(a) NhaA (PDB code 1zcd); (b) LeuT in the outward-facing state (PDB code 2a65) and vSGLT
in the inward-facing state (PDB code 3dh4); (c) GltPh in the outward- (PDB code 2nwx) and
inward- (PDB code 3kbc) facing states. The leftmost panels show a single protomer viewed in
the membrane plane from the side of the V-motifs with cartoon topologies of the V-motifs
shown immediately to the right. In the right panels the structures are rotated by about 90 °, as
indicated by the arrows. The V-motifs and the arms TM-s are colored as in Figure 2 and shown
in cartoon representation and as cylinders, respectively. The cores are shown in transparent
surface representation and colored wheat; the bound substrates and ions are shown as spheres.
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In NhaA, D164 is shown as sticks and black circles indicate expected site of ion binding. This
and other figures were prepared in PyMol [84].

Boudker and Verdon Page 15

Trends Pharmacol Sci. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Binding sites
(a) GltPh; (b) LacY (PDB code 1pv7); (c) LeuT; (d) vSGLT. Transporters are shown in cartoon
representation and colored as in Figure 2. LeuT and vSGLT are viewed from the extracellular
space and LacY is viewed from the cytoplasm; GltPh is tilted to reveal the binding site. The
TMs that are not part of the symmetrical repeats, extracellular loops, and parts of TM helices
are removed for clarity. The substrates and two coordinating residues in LacY are shown stick
representation and bound Na+ ions are shown as purple balls.
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Figure 5. Competitive blockers and non-competitive inhibitors
(a) LeuT bound to leucine; (b) LeuT bound to leucine and non-competitive inhibitor
clomipramine (PDB code 2qei); (c) LeuT bound to competitive blocker tryptophan (PDB code
3f3a); (d) GltPh bound to aspartate; (e) GltPh bound to competitive blocker TBOA (PDB code
2nww). Shown are the thin slices through the transporter protomers in surface representation
and viewed in the membrane plain. Bound ligands are emphasized as balls.
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