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Vesicular monoamine transporter 2 (VMAT2) catalyzes transport
of monoamines into storage vesicles in a process that involves exchange of the charged monoamine with two protons. VMAT2 is a
member of the DHA12 family of multidrug transporters that belongs
to the major facilitator superfamily (MFS) of secondary transporters.
Here we present a homology model of VMAT2, which has the standard MFS fold, that is, with two domains of six transmembrane
helices each which are related by twofold pseudosymmetry and
whose axis runs normal to the membrane and between the
two halves. Demonstration of the essential role of a membraneembedded glutamate and conﬁrmation of the existence of a hydrogen bond probably involved in proton transport provide experimental evidence that validates some of the predictions inherent
to the model. Moreover, we show the essential role of residues
at two anchor points between the two bundles. These residues
appear to function as molecular hinge points about which the
two six transmembrane-helix bundles ﬂex and straighten to open
and close the pathways on either side of the membrane as required
for transport. Polar residues that create a hydrogen bond cluster
form one of the anchor points of VMAT2. The other results from
hydrophobic interactions. Residues at the anchor points are
strongly conserved in other MFS transporters in one way or another, suggesting that interactions at these locations will be critical
in most, if not all, MFS transporters.
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ransport and storage of neurotransmitters in synaptic vesicles
allow their regulated release from the presynaptic cell into the
synaptic cleft. The neurotransmitter molecules are accumulated in
synaptic vesicles by vesicular neurotransmitter transporters (1–3).
Transport of monoamines (serotonin, dopamine, histamine, adrenaline, and noradrenaline) is carried out by the vesicular monoamine
transporter (VMAT) family, which includes two isoforms, VMAT1
and VMAT2, in a process that involves the exchange of two protons for one substrate molecule (1–3). The proton electrochemical
gradient necessary for transport is generated by the vesicular
H+-ATPase (V-ATPase).
The structural basis for the function of VMAT remains unknown.
VMAT2 is a member of the DHA12 family of multidrug transporters that belongs to the major facilitator superfamily (MFS) of
secondary transporters. Most MFS transporters contain 12 transmembrane (TM) helices, and crystal structures revealed that the 12
TM helices are arranged in two domains of six TMs each, which are
related by a twofold pseudosymmetry with an axis that runs normal
to the membrane and between the two halves (4–9). Furthermore,
analysis of the lactose permease (LacY) crystal structure revealed
the presence of inverted topology repeat units within each of the
domains (10). That is, the ﬁrst three helices of each domain are
structurally related to the second three helices of that domain by
a twofold pseudosymmetry axis that runs through the center of the
six-TM domain and parallel with the membrane plane.
E1332–E1341 | PNAS | Published online March 25, 2013

According to the alternating-access mechanism, a single binding
site is alternately exposed, by conformational change, to either
side of the membrane (11, 12). Different crystal structures of MFS
members have been solved in various conformations, representing
different steps in the transport cycle (4–9). Together with available
biochemical knowledge the structures support and conﬁrm the
alternating-state mechanism for MFS transporters (13). It has
been suggested that in several families of secondary transporters
the basis for the alternating-access mechanism arises from invertedtopology repeats (12). Good examples are the neurotransmitter
sodium symporters (14) and excitatory amino acid transporters
(15), whose folds differ signiﬁcantly from the MFS transporter
fold. Similarly, the periplasm-facing conformation of LacY can be
generated by swapping the conformations of the repeat units in
each half of the cytoplasm-facing structure (10).
Based on structural conservation, a homology model of rat
VMAT2 (rVMAT2) has been reported previously, with a crystal
structure of LacY in the Cin conformation serving as a template
(16). However, the large number of MFS transporter sequences
from diverse subfamilies now available provides an opportunity to
improve the alignment between VMAT2 and its potential templates and thereby increase the accuracy of the model. This opportunity, together with advances in modeling techniques, led to
the generation of an improved model, which we present here.
The model presented here indicates key roles for several residues not identiﬁed in earlier work (Fig. 1A). Several of those
residues are membrane-embedded ionizable residues that are
likely to be important for structural or functional reasons. SpeSigniﬁcance
Regulated release of neurotransmitters is made possible by
activity of transporters that mediate their accumulation into
synaptic vesicles. Vesicular monoamine transporter (VMAT),
a member of the largest superfamily of transporters, mediates transport of monoamines. One of the structural features of
these transporters is the pseudo symmetry between the ﬁrst and
the second half of the protein. We demonstrate the importance
of two anchor points between these two domains that provide
hinge points about which the two halves of the protein ﬂex
and straighten to open and close the translocation pathway, a
process that enables alternating exposure of the substratebinding site.
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Results
Alignment of Key Motifs in the DHA12 Cluster of the MFS Superfamily.

Fig. 1. Key residues and motifs in rVMAT2. (A and B) Transmembrane topology of rVMAT2. Shaded triangles indicate the four structural repeat
elements in the MFS fold (10). The same coloring of TM helices is used in all
subsequent ﬁgures. (A) Residues that have been investigated in this study
are highlighted. (B) Regions of structural motifs conserved in the entire MFS
family (white bars) or only in DHA12 transporters (21) (black bars) are
highlighted. (C) Alignment between rVMAT2 and LacY in the motif regions.
(D) Model of rVMAT2 in a cytoplasmic-facing state, indicating the locations
of the motif residues (spheres), viewed from the vesicular lumen side.

ciﬁcally, the model predicts that six carboxyl residues and a lysine
are located in the transmembrane segments. Five of the six carboxyl residues have been studied previously and partially characterized: D33 (TM1), D263 (TM6), D400 (TM10), D427 (TM11),
and D461 (TM12). Although D263 and D461 could be replaced
with uncharged residues without affecting transport activity,
replacements with uncharged residues at the other positions seriously impaired transport activity (17). Analysis of the role of
residues corresponding to D400 and D427 in the VMAT1 isoform
suggested a possible function in proton translocation or in conformational changes occurring after substrate binding (18). Based
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The VMATs share a weak but distinct homology with the potential
structural templates used in building our model. Despite their
large number and diversity, MFS transporters are characterized by
conserved sequence motifs, some of which are found across the
entire superfamily and others that are limited to speciﬁc MFS
families. The presence of such conserved motifs means that the
inclusion of members of different families, even those of distant
homologs, may help guide a reasonable alignment of MFS transporter sequences, at least in the motif-containing helices. Here, we
generated an alignment of rVMAT2 with a structural template
(LacY) by combining information from homologs of three different subfamilies for which structural information exists, that is,
using a nonredundant set of homologs of LacY, EmrD, GlpT, and
VMAT2 (Materials and Methods).
In the resulting alignment (Fig. S1), motifs that are conserved
across the MFS in TMs 1 and 7 and in the loops between TMs 2
and 3 and between TMS 8 and 9 are now aligned between the
rVMAT2 and LacY sequences (Fig. 1). Compared with an earlier
alignment (16) in which those motifs were not aligned, TMs 2, 3, 7,
and 8 have each been shifted by one helical turn, i.e., the rVMAT2
sequence is shifted by −4, −3, 4, and 3 residues, respectively. Note
that manual adjustments that we made to the present alignment to
improve the structural conservation pattern (in TMs 3 and 10) and
to remove gaps (in TMs 1, 4, 6, and 11) did not affect the matching
of these motifs (Fig. S2).
Within the DHA12 subfamily, there are also conserved motifs
in TMs 4, 5, and 11 (20, 21), although these are, by deﬁnition,
harder to identify in the template. The TM4 motif is absent in the
LacY sequence but is present in the sequence of EmrD from
Escherichia coli, and even though no structural information was
speciﬁcally included in the initial alignment, the rVMAT2 motif
(RxxxGxG in TM4; Fig. S1) aligns to the LacY sequence in such
a way that the positions of the TM4 motif residues in the model
correspond to their positions in the crystal structure of EmrD (8),
suggesting that the alignment of TM4 is reasonable.
We next consider the DHA12 motifs in TMs 5 and 11 (21). The
main feature of these motifs is a sequence of three Gly residues
separated from each other by three or four residues (Fig. 1 and
Fig. S1). The spacing between the Gly residues is equivalent to one
PNAS | Published online March 25, 2013 | E1333
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on work on the closely related vesicular acetylcholine transporter
(VAChT) (19), D400 was suggested to form an ion pair with Y342
(16), although this interaction has not yet been documented for
the VMATs. Among the remaining acidic residues, D427 was
suggested to form an ion pair with K139 (TM2) (17). However,
replacements of the residue corresponding to D427 in VMAT1
retain partial activity (18), and therefore the role of the suggested
ion pair should be re-evaluated. Here we propose a different interaction between K139 and D427 that is mediated by Q143 within
a network of hydrogen bonds. Also, although our proposed model
is not biased or reﬁned to reﬂect existing biochemical data as the
previous model did, D400 and Y342 nevertheless are also located
in close proximity and are predicted to form a hydrogen bond.
Finally, and unlike predictions based on hydropathy plots, the
model predicts that E313 lies in the middle of TM7 and is highly
exposed to the cavity. To predict the role of these positions during
transport, we also generate a model of rVMAT2 in the vesicle
lumen-facing conformation by swapping the conformations of the
inverted-topology repeat units within each of the domains.
Our results validate the proposed models of VMAT2, conﬁrm
the existence of an hydrogen bond, reveal the essential role of
the membrane-embedded E313, and support the existence of two
clusters of residues functioning as molecular hinge points about
which the two helix bundles comprising six TMs each ﬂex and
straighten to open and close the pathways on either side of the
membrane as required for transport.

turn of a helix, indicating a possible structural role. Indeed, Ala or
Cys mutants of the second Gly in this motif in TM5 decrease
transport activity in some members of the DHA12 family (22, 23).
Interestingly, in our alignment, motifs in TMs 5 and 11 of rVMAT2
align to Gly-rich segments in the LacY sequence, even though LacY
belongs to a different family from the DHA12 proteins. Moreover,
the corresponding Gly-rich segment in TM5 of LacY also is important for the transport-associated conformational change; speciﬁcally, the mutation of a native Gly (G154) in LacY to Cys resulted
in a transporter that is arrested in the cytoplasm-facing conformation (6) and can be rescued by replacing a Gly in a neighboring helix
(G24 in TM 1) by Cys (24). The similar functional roles of the
aligned positions provide additional support for the alignment in
that region of TM5 (Fig. 1 and Fig. S1).
Homology Model of VMAT2. A model of VMAT2 in the cytoplasmfacing conformation was built based on the sequence alignment
described above (Fig. 1D and 2). The template used (LacY-CC)
was constructed from the crystal structure of LacY from E. coli by
replacing the N-terminal domain by a copy of the C-terminal domain to increase the regularity of the helices in the N-terminal
domain of the VMAT2 model. Experimental measurements presented here support various aspects of this model, revealing the
essential role of E313 and the existence of an important hydrogen
bond cluster involving Q143, in addition to K139 and D427.

Glu313 Is Irreplaceable. In the model proposed in this work, E313
from TM7 is exposed to the cavity and is located about midway
across the membrane (Figs. 2 and 3A), suggesting that it is involved
in substrate or proton binding. The positioning of E313 in the
pathway in this model is consistent with the alignment of MFS
motifs in TM7 of rVMAT2 with those in the structure of LacY
(Fig. 1C). According to transmembrane predictions based on hydropathy plots (e.g., www.uniprot.org/uniprot/Q01827), E313 is
not considered membrane embedded. In the previously published
model of VMAT2, although E313 was located within TM7, it was
closer to the vesicular lumen and was not exposed (16). Nevertheless, multiple sequence alignments of a nonredundant set of
rVMAT2 homologs identiﬁed by PSI-BLAST (Fig. S3A) reveal
that E313 is strongly conserved, even if bacterial homologs are
included (Fig. S3C), and is fully conserved among higher organisms (Fig. S3B). These observations underscore E313 as a possible
key residue and as an interesting position for further study.
To gain insight into the role of this residue, we mutated it to Gln
and Asp in rVMAT2. When expressed in HEK293 cells, the wildtype protein binds [3H]-dihydrotetrabenazine ([3H]-TBZOH), an
analog of the noncompetitive inhibitor tetrabenazine (TBZ), and
accumulates [3H]-serotonin into vesicles in a process that is dependent on the proton gradient generated by a V-type ATPase
(Fig. 3 B–D). To assay for both activities, the plasma membrane
was permeabilized with digitonin, and the cells were then challenged with the radiolabeled compounds (Fig. 3B). To generate
the vesicular pH gradient necessary for the transport reaction,
ATP was supplied along with serotonin. The mutated proteins,
E313D and E313Q, displayed very low or nil [3H]-TBZOH binding and [3H]-serotonin uptake (Fig. 3 C and D).
Because the [3H]-TBZOH binding and the expression levels of
the E313 mutants, as measured by Western blots (Fig. 3D, Inset
and Fig. S4), were low, we also collected rVMAT2 from appropriate amounts of cells, and reconstituted it into proteoliposomes
after solubilization and partial puriﬁcation. The amount of membranes used for each proteoliposome preparation was calculated
so that similar amounts of the wild-type or mutant proteins were
incorporated into the corresponding proteoliposomes, as conﬁrmed by dot blot analysis (Fig. S3E, Inset). To generate a pH
gradient, the proteoliposomes were loaded with (NH4)2SO4, diluted into an ammonium-free buffer and assayed for [3H]-serotonin uptake (Fig. S3D, Inset). Replacements of E313 with either
Asp or Gln displayed undetectable activity in proteoliposomes
(Fig. S3D).
To determine whether E313 also is essential for binding substrate and/or inhibitors, we tested the ability of the mutants to
bind [3H]-TBZOH in proteoliposomes. Although the wild-type
rVMAT2 binds up to 0.4 pmoles of [3H]-TBZOH, we could not
detect any binding to either the mutants, suggesting that E313
also is essential for recognition of TBZ (Fig. S3E) and conﬁrming
the results from permeabilized cells (Fig. 3). Taken together with
its predicted location in the center of the cavity (Fig. 3A), these
results suggest that E313 plays a key role in the transport cycle.
Predicted Hydrogen Bond Between D400 of TM10 and Y342 in TM8.

Fig. 2. Model of the cytoplasm-facing conformation of rVMAT2. The
transporter is shown as helical cartoons, viewed from the cytoplasm (A) or
from the plane of the membrane showing only the C-terminal domain and
TM2 (B). Side chains of key residues are shown as sticks. Predicted interactions between residues are shown (dashed lines). Approximate boundaries
of the membrane are shown as gray lines.
E1334 | www.pnas.org/cgi/doi/10.1073/pnas.1220497110

The existence of an ion pair between D398 and H338 in rVAChT
was postulated previously (19). The two corresponding residues in
rVMAT2 (D400 in TM10 and Y342 in TM8) are located within
a short distance of one another in the model of the cytoplasmfacing state (Figs. 2 and 4A) and also line the central pathway.
Here, we evaluated the presence of this predicted hydrogen bond
in rVMAT2 experimentally, by constructing a set of mutants of the
two positions. D400 was replaced with Glu, Asn, Ser, or Cys, and
Y342 was replaced with His, Phe, Gln, or Ser. Similar to ﬁndings
for rVMAT1 and rVAChT (18, 19), our data suggest that a negatively charged residue at position 400 is essential for proper activity.
Speciﬁcally, D400S or D400C mutants displayed no transport activity (Fig. 4B and Fig. S5), although the mutant protein D400E
Yaffe et al.
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still can transport serotonin, albeit at twofold-lower levels than
wild-type rVMAT2 (Fig. 4B, Fig. S5, and Table 1). D400N did
not express to signiﬁcant levels. The equivalent replacement in
rVMAT1 was shown to be inactive previously (18).
At position 342, of the various replacements tested, the only one
active for transport is Y342H (Fig. 4B and Fig. S5). Replacement
with another aromatic residue (Y342F) or with different polar
residues (Y342S, Y342Q) abolished the ability to transport [3H]serotonin (Fig. S5) even though they express to levels similar to
those of the wild-type protein (Fig. S4). These results suggest that
position 342 of rVMAT2 requires a protonatable residue to interact functionally with D400. Interestingly, both D400E and
D400S retained TBZ-binding ability (Table 1). Moreover, both the
D400E and D400S mutants can still recognize substrates with a
reasonable afﬁnity. This contention is supported by the observation
that another substrate of rVMAT2, 1-methyl-4-phenylpyridinium
(MPP+), displaces TBZ from D400E at concentrations similar to
those that displace TBZ in the wild-type protein (Table 1).
Although each of the replacements alone preserves transport
activity, the combination Y342H-D400E eliminates it (Figs. 4B, Fig.
S5, and Table 1). Two other replacements at position 342 (Y342Q
and Y342S) also were inactive in a D400E background (Fig. S5).
These results suggest that very speciﬁc residues are needed at
these positions to allow a functional interaction between them
that is necessary for transport.
Identiﬁcation of a Hydrogen Bond Cluster Linking the N- and C-Terminal
Domains. Previous work suggested that D427 from TM11 interacts

with K139 from TM2 via an ion pair or salt bridge (17). Position
427 (and equivalents in rVMAT1 and rVAChT) was identiﬁed as
essential for transport activity, and even the most conservative
replacement to glutamate dramatically reduced transport activity
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(17, 18, 25). Interestingly, however, the rVMAT1 mutant retains
the ability to bind the competitive inhibitor reserpine, a process
that is accelerated by the proton gradient and involves transport
of one of the two H+ ions exchanged with the transported substrates (18, 26). This ﬁnding suggested that the lack of transport
activity after replacement of D427 was not caused by a deleterious effect on the binding of either the substrate or the ﬁrst proton
out of the two transported by VMAT2. As previously mentioned,
D427 and K139 are too far apart to be able to interact directly
(Figs. 2 and 5A). However, the model predicts that Q143 may
mediate the interaction between them, creating a hydrogen bond
network (Figs. 2 and 5A). To test this prediction, we mutated the
relevant residues and assayed for activity.
Negative Charge Can Be Moved Within the Cluster. Position 427 of
rVMAT2 was mutated to Ala, Asn, or Glu, and the effect of the
different substitutions on vesicular [3H]-serotonin uptake in permeabilized cells was tested. The results (Fig. 5 C and D) conﬁrm
previous observations for rVMAT1, rVMAT2, and VAChT (17, 18,
25) showing that position 427 does not tolerate even conservative
replacements. In all cases, no signiﬁcant transport activity into
vesicles was measured. Notably, however, the negative charge in the
cluster is not required for either inhibitor or substrate binding. All
the D427 mutants bound [3H]-TBZOH with similar afﬁnities, in the
30–40 nM range, three- to fourfold lower than the afﬁnity of the
wild-type protein (Table 2). Furthermore, the Glu, Gln, and Ala
replacements bind substrate, albeit with somewhat lower afﬁnities
as judged by the ability of MPP+ to displace TBZ (Table 2).
In an attempt to invert the polarity of the putative pair K139/
D427 in VMAT1, Merickel et al. (17) previously reported no activity of the D139/K427 mutant. Because we now suggest that
Q143 may be part of the hydrogen bond cluster, we tested how
PNAS | Published online March 25, 2013 | E1335
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Fig. 3. E313 is crucial for rVMAT2 activity in cells. (A) Predicted location of E313 in the cytoplasm-facing model of rVMAT2, viewed from the plane of the
membrane with the cytoplasm at the bottom. Helices are shown as ribbons and using a surface representation, sliced through the center of the protein. The
side chain of E313 is shown as sticks. (B) Schematic of the whole-cell transport system. HEK293 cells are permeabilized with digitonin and supplemented with
ATP to generate the proton gradient by the V-type ATPase. (C) [3H]-serotonin transport into vesicles in cells transfected with rVMAT2 (■), E313Q (●), and
E313D (▲). Digitonin-permeabilized cells were assayed after incubation with [3H]-serotonin. (D) Binding of the noncompetitive inhibitor of VMAT2,
[3H]-TBZOH. (Inset) Western blot. Membranes were analyzed as described in Materials and Methods. Results presented are from duplicate experiments; error
bars indicate SE. Experiments were repeated at least twice.

introduces the negative charge in the predicted neighboring residue, Q143. Strikingly, combination of the lethal mutation D427N
with Q143E restores wild-type levels of [3H]-serotonin transport
activity to rVMAT2 (Fig. 5C). This ﬁnding provides strong support
for the existence of an interaction between the two residues,
consistent with the close proximity of these positions in TM2 and
TM11 and supporting the predicted hydrogen bond network involving K139, Q143, and D427 (Fig. 5A).

Fig. 4. Predicted interaction between residues Y342 and D400 in TMs 8 and 10.
(A) The model of rVMAT2 in a cytoplasm-facing state is viewed along the plane
of the membrane focusing on the cytoplasmic half of the protein, which is
oriented with the cytoplasm toward the bottom. Side chains of Y342 and D400
are shown as sticks, and the probability density of their positions in the 100 top
models is shown as a gray mesh. (B) [3H]-serotonin uptake. Liposomes (1 μL)
reconstituted with rVMAT2 (■) D400E (▲), Y342H (●),Y342H-D400E (▼), and
vector with no gene (mock) (◆) were assayed for serotonin transport as described in Materials and Methods. (Inset) Quantitation of protein amounts in
proteoliposomes using a dot blot assay. Results presented are from duplicate
experiments; error bars indicate SE. Experiments were repeated at least twice.

permissive the transporter is to the location of the negative charge.
We constructed a double mutant, Q143E-D427N, which combines
a mutation that abolishes transport (D427N; Fig. 5C) with one that

K139–Q143–D427 Cluster Has a Role in the Transport Cycle. The hydrophilic interaction between TM2 and TM11 is highly conserved
at this position in many proteins of the MFS superfamily. In a large
group of bacterial homologs, the equivalent to K139 is Tyr, and the
equivalent to D427 is usually Ser or Asn (Fig. S6). Although Q143
is not fully conserved in TM2, other polar residues close to the Asn
in TM11 also may form part of the cluster (e.g., Gln at position
430; Fig. S6). These residues could provide a polar environment
and create an equivalent hydrogen bond network between TM2
and TM11 in the bacterial transporters.
To gain further knowledge about the signiﬁcance of the polar
environment and the interaction between these two helices, we
generated single and multiple Ala replacements. Although the
single replacements in D427 resulted in complete loss of activity,
single replacements in the TM2 residues have less dramatic effects.
In the case of the Q143 replacements, the mutant with Glu transports [3H]-serotonin like the wild-type protein, whereas the Asn
and Ala substitutions signiﬁcantly impair the transport reaction
(Fig. 5C). However, all three mutants, Q143E, Q143A, and Q143N,
bind [3H]-TBZOH at levels similar to the wild-type rVMAT2
(Table 2). These results indicate the importance of a polar residue
at this position for wild-type levels of transport activity but also
suggest that this residue is not required for binding TBZ.
Although the single mutations K139A and Q143A (Fig. 5D)
resulted in about 35% and 50% of wild-type transport activity,
respectively, the double mutation K139A-D427A resulted in only
20% of wild-type levels, and the triple mutation K139A-Q143AD427A completely abolished the ability of rVMAT2 to transport
[3H]-serotonin (Fig. 5D). The single K139A replacement displayed similar transport activity whether it was in a wild-type
background or in a Q143E/D427N mutant (Fig. 5D).
High-afﬁnity binding of [3H]-TBZOH was also affected significantly by the Ala replacements. Speciﬁcally, the Kd values increased by two- to fourfold for the single replacements and by
seven- and 15-fold for the double and triple replacements, respectively, compared with the wild-type protein (Table 2). Together, these results indicate that the polar environment supplied
by the residues in the cluster is necessary for high-afﬁnity recognition of substrates and inhibitors.
To test further whether other polar interactions are sufﬁcient
for inhibitor binding, we generated a mutant with residues identiﬁed in bacterial homologs (Fig. S6). Notably, K139Y-D427N

Table 1. Kinetic properties of VMAT2 mutated at positions 342 and 400
Serotonin transport
Strain

Km (nM)

Vmax (pmoles/min per
microgram protein)

Wild type
D400E
D400S
Y342H
Y342H- D400E

178 ± 43
372 ± 69
—
165 ± 97
—

9 ± 0.4
2±1
—
7 ± 1.5
—

TBZ binding (Kd)) (nM)

Displacement of TBZ binding
by MPP+ (IC50) (μM)

±
±
±
±
±

69 ± 2
145 ± 44
273 ± 40
—
—

10
29
18
5
81

1
5
2
2
6

For Kd measurements, 1.5 μL membrane (5–10 μg total protein) produced from HEK293 cells transfected with wild-type or mutated rVMAT2 was incubated in
the presence of various concentrations of [3H]-TBZOH for 20 min. For Km measurements, liposomes (1 μL) were incubated for 5 min with various concentrations of
[3H]-serotonin. For determination of TBZ binding and displacement by MPP+, membranes prepared from HEK293 cells expressing wild type, D400E, or D400S
rVMAT2 were incubated in the presence of various concentrations of MPP+ for 20 min followed by 20-min incubation with [3H]-TBZOH (5 nM) at pH 8.
E1336 | www.pnas.org/cgi/doi/10.1073/pnas.1220497110
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Strain
Wild type
Q143E
Q143N
Q143A
Q143E-D427N
D427E
D427N
D427A
K139A
K139A-Q143E-D427N
K139A-D427A
K139A-Q143A-D427A
K139Y
K139Y-D427N

Tetrabenazine
binding (Kd) (nM)

Displacement of
TBZ binding by
MPP+ (IC50) (μM)

±
±
±
±
±
±
±
±
±
±
±
±
±
±

63 ± 2
—
—
—
—
173 ± 19
336 ± 110
141 ± 76
—
—
—
—
—
—

10
10
7
18
20
33
45
40
44
62
73
159
51
15

1
3
2
3
4
8
13
10
10
14
6
22
7
3

PNAS PLUS

Table 2. Tetrabenazine binding to VMAT2 mutated in the
cluster K139–Q143–D427

rVMAT2 to bind [3H]-TBZOH. We suggest that the inﬂuence on
binding may be caused by a more general structural effect in which
the two symmetric halves of the transporter are not properly
connected, because the double mutant K139Y-D427N retains the
polar environment and can bind [3H]-TBZOH with an afﬁnity
comparable to that of the wild type.
Hydrophobic Interactions Between the N and C Domain Are Important
for Transport Activity. Because each of the domains consists of

pseudosymmetry-related elements, we investigated whether a second set of interactions exists between TMs 8 and 5 that connect the
domains on the opposite side of the central pathway from TMs
2 and 11. The model of VMAT2 predicts a set of hydrophobic
interactions between the two helices that may connect them (Fig.
6A). Replacement of two hydrophobic residues (V233 and L234)
in TM5 with Ala resulted in a dramatic reduction of serotonin
uptake and only a small decrease in the level of TBZ binding (Fig.
6B). Replacement of F335 and L336 in TM8 abolished both
serotonin uptake and TBZ binding (Fig. 6B).
Fig. 5. Predicted network of interactions involving residues K139, Q143, and
D427N in TMs 2 and 11. (A and B) Models of rVMAT2 in a cytoplasm-facing (A)
and lumen-facing (B) state viewed along the plane of the membrane oriented
with the cytoplasm toward the bottom. The side chains of K139, Q143, and
D427 are shown as sticks, and the probability density of their positions in the
100 top models is shown as a gray mesh. (C) [3H]-Serotonin transport into
vesicles in cells transfected with rVMAT2 (■) D427N (●), D427E (▲), and
Q143E-D427N (▼). (D) [3H]-Serotonin uptake into transfected HEK293 cells
and estimation of expression levels by Western blot as described in Materials
and Methods. Quantitation of expression levels of all mutants is shown in Fig.
S4. Results presented are from duplicate experiments; error bars indicate SE.
Experiments were repeated at least twice.

retains the ability to bind [3H]-TBZOH with relatively high afﬁnity
(Table 2); however, K139Y-D427N does not show signiﬁcant
transport activity (Fig. 5D). It is interesting that removing a single
charge reduces Kd by ﬁvefold, whereas removing the other charge
as well brings the afﬁnity back to about wild-type levels (Table 2).
Taken as a whole, these results support the contention that a
negative charge in the hydrogen bond cluster is not essential for
binding. Complete abolition of the cluster by a triple-Ala replacement inhibits transport and dramatically impairs the ability of
Yaffe et al.

Interactions Between the N and C Domains Are Conserved Within
Families. Given the structural homology across the MFS, we hy-

pothesized that similar hinge points are required for function in
other transporters in this superfamily. Therefore, the available
crystal structures of other members of the MFS were analyzed.
Although not conserved across families (Table S1 and Fig. S7),
residues forming the interfaces between TM2 and TM11 and between TM5 and TM8 are among the most conserved positions
within each family, with median values of 8 and 9, respectively, for
the normalized conservation scores from ConSurf (Table S1).
Residues in LacY at this region (Fig. S7) have been shown to be
important for function (27, 28). The fact that highly conserved
interactions at the midpoints of these helices are found connecting
the two domains of the transporter in all these families lends
further support to their signiﬁcance.
Discussion
Homology modeling was used previously to construct a model of
VMAT2, based on hydropathy plot-guided, manually adjusted
sequence alignments (16). The availability of a greater number of
more diverse sequences can help generate more accurate alignments, the most crucial factor determining the accuracy of a
homology model for a given template. This availability, together
PNAS | Published online March 25, 2013 | E1337
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Membranes (1.5 μL, 5–10 μg total protein) prepared from HEK293 cells
transfected with wild-type or mutated rVMAT2 were incubated in the presence of various concentrations of [3H]-TBZOH for 20 min.

Fig. 6. Predicted hydrophobic interactions between TM5 and TM8. (A) Closeup of TMs 5 and 8 in the cytoplasm-facing model of rVMAT2 viewed as in Fig.
2A (Left) and along the plane of the membrane (Right) with the cytoplasm
toward the bottom. Hydrophobic residues (Ala, Gly, Val, Ile, Leu, Phe, Met, and
Trp) are colored orange. Side chains of L336, F335, L234, and V233 are shown
as sticks. (B) [3H]-TBZOH binding to HEK239 permeabilized cells, [3H]-serotonin
transport for V233A/L234A (TM5), F335A/L336 (TM8), and the quadruple
mutant V233A/L234A/F335A/L336 (TM5/8), and Western blot relative to wildtype rVMAT2. Results presented are from duplicate experiments; error bars
indicate SE. Experiments were repeated at least twice.

with improvements in techniques for evaluating models, enabled
the generation of a reﬁned model of rVMAT2 unbiased a priori
by biochemical data, which is presented here. This model subsequently was validated by analysis of sequence motif conservation
and by biochemical studies. The inclusion of a variety of different
sequence homologs allowed the evolutionary relationships to
guide the alignment of the MFS and DHA12 motifs better. As
a result, the model we present here differs from the previous one
in several aspects, especially in the alignment of TMs 2 and 7,
allowing us to identify new roles for several residues and interactions that are critical for transport.
In contrast to predictions based on hydropathy plots, this model
predicts that E313 is midway along TM7 and is highly exposed to
the cavity (Fig. 3A). We also show that E313 is highly conserved
even among bacterial homologs (Fig. S3) and is fully conserved
among eukaryotic homologs, revealing its likely importance for
neurotransmitter transport. Indeed, even conservative replacements such as E313D and E313Q dramatically affect all transporter activities tested (inhibitor binding and substrate transport),
pointing at the signiﬁcance of this residue (Figs. 3 and 4).
Further work is required to elucidate whether E313 is involved
in proton coupling, in substrate recognition and binding, or in
both. A dual role for carboxyl residues was demonstrated in
EmrE, where a conserved Glu (E14) can alternately bind either
E1338 | www.pnas.org/cgi/doi/10.1073/pnas.1220497110

the substrate or proton and thus couple the two processes (29,
30). Similar mechanisms also were proposed in the transport
cycle of other MFS transporters such as LmrP (31) and MdfA
(32). Interestingly, when the position equivalent to E313 in the
close homolog VAChT was replaced by Asp or Gln, the mutant
protein was still able to transport acetylcholine (33). Only replacement by Ala leads to inactivity, indicating that in VAChT
the polarity of this residue, and not necessarily the charge and
the precise size of the residue, is important for activity. Thus, we
suggest that in VAChT this residue participates in substrate
recognition and not necessarily in proton translocation. Nevertheless, it is possible that the coupling mechanism of VAChT
differs from that of VMAT2, and a role for E313 in the coupling
mechanism cannot be ruled out.
We next turn to the predicted hydrogen bond between Y342
(TM8) and D400 (TM10) (Figs. 2 and 4A). D400 has been the
subject of intensive research in all members of the vesicular amine
transporter (SLC18) family (17, 18, 25). In all cases, a carboxyl
group at this position was found to be crucial for proper transport
activity. Experiments with reserpine in rVMAT1 identiﬁed this
residue as a possible site for proton binding (18). The involvement
of hydrogen bonds in proton coupling has been postulated in
several ion-coupled transporters (34–36). It has been suggested
that hydrogen bonds (and ion pairs) can serve as the core of the
coupling mechanism (37). The dynamics of these bonds (e.g., because of deprotonation) can lead to conformational changes.
Therefore it was very tempting to examine the predicted hydrogen
bond in rVMAT2. According to our ﬁndings it is clear that proper
transport activity requires the presence of a carboxyl group at
position 400 and a protonatable residue at position 342, as would
be consistent with a functional interaction between the two groups.
This conclusion is supported by the ﬁnding that, although the
single replacements Y342H and D400E maintain transport ability,
their combination abolishes it, likely because any residual interaction between the two mutated residues in the single mutants
is lost in the double mutant. Our ﬁndings regarding the function of
these hydrogen bonds in the transport cycle ﬁt well with other
paradigms suggested for MFS transporters, based on available
crystal structures (4, 6, 35). In particular, in LacY it was suggested
that a proton is shared between Glu269 from TM8 and His322
from TM10, and biochemical evidence supports these interactions
(38). These interactions are not observed in the cytoplasm-facing
crystal structure but are observed in a published model of the
periplasm-facing conformation (10). Here, we supply evidence for
a similar mechanism and suggest that D400 is involved in proton
transport. Although speculative, we suggest that protonation or
deprotonation of D400 breaks the hydrogen bond between D400
and Y342, mediating a conformational change required for the
next step in the transport cycle and thus coupling the proton
movement to the substrate translocation. This suggestion would be
consistent with evidence indicating that the equivalent residue in
VMAT1 plays a role in the transport cycle rather than in substrate
recognition (18).
The hydrogen bond cluster connecting the two bundles each
comprising six TMs is essential and appears to play a more complex
role. The model presented here predicts that Q143 can bridge the
interactions between K139 and D427, and our experimental data
support this prediction. Speciﬁcally, even though all the single
replacements at position 427 (D427E/N/A) abolish transport ability, the effect of the D427N mutation is suppressed when in combination with Q143E, indicating that the two residues are likely to
be close in space. Notably, none of the mutations of this cluster had
any effect on the transporter’s ability to bind TBZ, which provides
an indication of correct folding. Furthermore, although D427E/A/N
no longer can transport substrate, MPP+ is still able to inhibit the
binding of TBZ. Taken as whole, these data suggest a network of
hydrogen bonds between K139, Q143, and D427 in which the
negative charge plays an essential role in the transport cycle. No
Yaffe et al.

Fig. 7. The relative position of the proposed molecular hinge residues is essentially unchanged between the cytoplasm- and vesicle lumen-facing models.
The models of the cytoplasm-facing (transparent) and vesicle lumen-facing
conformations (opaque) of rVMAT2 are superposed using the N-terminal domain
(TMs 1–6), showing the predicted change in orientation of the C-terminal
domains (TMs 7–12) around the proposed molecular hinge-point residues (sticks).
Predicted polar interactions are indicated (dashed lines). Helices are shown as
cartoons and viewed along the plane of the membrane with the cytoplasm to the
bottom, for TMs 2 and 11 (Left) and TMs 5 and 8 Right). For reference, the vesicle
lumen view of all 12 TMs is shown also (Center), with key helices opaque.
Yaffe et al.
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to be the symmetry equivalents of the polar interactions between
TM2 and TM11.
We speculate that these interactions provide important anchor
points between the two domains, functioning as hinge points about
which the two bundles ﬂex and straighten to open and close the two
pathways. These hinge points may mediate conformational changes
while retaining the integrity of the transporter structure. In the
GlpT transport cycle, it was hypothesized that the interface between
TM2/11 and TM5/8 would enable a “rocker-switch” type movement
in which the cytoplasmic ends of these helices come closer as the
periplasmic ends move further apart (43). More recent structures
[e.g., PepT (35)] and biophysical analyses (44, 45) indicate the additional involvement of occluded states of MFS transporters in which
both sides are closed simultaneously. Here, we extend the proposals
for GlpT, ascribing a role for speciﬁc interactions in TMs 2/11 and 5/8
in the cycle of outward-open, occluded, and inward-open states of
VMAT2, and suggest that interactions at this location (Table S1) will
be critical in most, if not all, MFS transporters.
Materials and Methods
Computational Methods. Constructing the alignment for modeling the cytoplasmfacing state of rVMAT2. The sequences of E. coli LacY (GI 16128328), E. coli GlpT
(GI 16130175), E. coli EmrD (GI 110807632), and rat VMAT2 (GI 34978379)
were selected as query sequences. For each query sequence, a PSI-BLAST (46)
search was performed, as provided in the National Center for Biotechnology
Information BLAST package (version 2.2.17) (47). Five iterations were used to
search the nonredundant protein database (as of December 2, 2009). We
selected 250 hits for each of the query sequences. To exclude incomplete
sequences (fragments) and sequences possessing atypically long terminal
domains or insertions, the PSI-BLAST hits were ﬁltered so that their length
was in the range σ ± δ, where σ is the mean length of all of the hits and δ is
the SD thereof. From the hits for each query sequence, the most informative
sequences were selected according to a sequence identity cutoff of 60%
using CD-HIT (48). This selection resulted in 39, 14, 36, and 32 sequence
homologs for LacY, GlpT, EmrD, and rVMAT2, respectively. The four subsets
were combined, and then all the sequences were aligned using MUSCLE (49)
(Fig. S1). The preliminary pairwise sequence alignment of LacY and rVMAT2
was extracted from this multiple sequence alignment.
The Rate4site-algorithm (50) implemented in the ConSurf web server (51) was
used to quantify the evolutionary conservation of each amino acid in
the alignment; mapping these values onto the resultant model guided the
placement of residues in variable and conserved positions so that they face
the lipid environment and protein interior, respectively. Speciﬁcally, we adjusted
the preliminary alignment in TMs 3 and 10 according to the ConSurf results, as
well as in TMs 1, 4, 6, and 11 to remove gaps from the preliminary alignment.
In the ﬁnal alignment of LacY and rVMAT2 (Fig. 1 and Fig. S2), 12% of the
residues are identical, calculated over the whole sequence but excluding the
loops between TMs 1 and 2 and between 6 and 7. Typically, homology
models built with this sequence identity range can be expected to have an
error of ∼3 Å in the positions of the Cα atoms (52).
Modeling the cytoplasm-facing state of rVMAT2. Models of rVMAT2 were constructed based on the structure of LacY [Protein Data Bank (PDB) ID 1PV7]
using Modeler version 9.7 (53). All of the three potential cytoplasm-facing
templates considered (LacY, GlpT, and EmrD) share ∼10% identical residues
with rVMAT2. Of these, LacY was selected because of the higher resolution
of its structure relative to EmrD and because reliable alignments also are
available for construction of a repeat-swapped model (10). Even without
further adjustments to the alignment shown in Fig. S1, the model based on
LacY is entirely consistent with a cytoplasm-facing state of rVMAT2. Nevertheless, we noticed that TMs 3 and 4 were distorted in this model; we assumed these distortions are not general features of MFS transporters but
instead are speciﬁc to the LacY template structure, because such distortions
are not observed in structures of GlpT, PepT, or FucP. Therefore, an alternative artiﬁcial template for homology modeling (referred to as “LacY-CC”)
was constructed from the cytoplasm-facing crystal structure of E. coli LacY by
replacing the N-terminal domain of LacY with a copy of its C-terminal domain. Although the alignment of TMs 3 and 4 of VMAT2 to LacY was relatively good, replacing the N-terminal domain with the C-terminal domain
led to more reasonable models in terms of the ConQuass score (see below).
The alignment of the N-terminal domains of the rat rVMAT2 and LacY-CC
sequences was guided by the structural analogy between the N- and C-terminal domains of LacY, so that the vertical position and lipid exposure of
residues from TMs 1–6 in the resulting model was similar to that in the model
PNAS | Published online March 25, 2013 | E1339
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one of the residues in TM2 is fully essential for suboptimal activity, but both are needed for a fully active transporter.
The ﬁnding that the hydrophilic environment is conserved among
vesicular neurotransmitter transporters (Fig. S6) encouraged us to
probe further the possible role of the cluster. We showed here that
the interactions between TM2 and TM11, established by the polar
cluster, are highly signiﬁcant for the transporter’s structure and
function. Partial or complete abolition of the cluster (the double and
the triple Ala replacement, respectively) decreases both TBZ
binding levels and transport levels. Replacement by polar residues
(K139Y-D427N) maintains proper binding activity, albeit not serotonin uptake. Therefore the signiﬁcant decrease in TBZ binding
ability exhibited by the double and triple Ala replacements but not
by K139Y-D427N supports the suggestion that this cluster of polar
groups is required to create and stabilize the structure of the protein.
Given the common architecture of the MFS transporters [for
example, as seen in the structures ofGlpT (4) and LacY (6),] an
interaction between TM2 and TM11 is expected to be conserved,
independent of the local sequence. In OxlT, for example, crosslinking studies indicated that TM2 and TM11 are in close proximity (39, 40). A possible ion pair connecting TM2 and TM11 was
also found in the melibiose carrier (MelB) (41). To understand
better the nature and the possible mechanistic role of this cluster
of residues in VMAT2, the vesicle lumen-facing conformation of
the transporter was modeled by swapping the conformations of the
two internal repeats in the cytoplasm-facing model (Fig. S8).
Comparison of the two models indicates that TM2 and TM11
undergo dramatic conformational changes relative to one another
during the transport cycle, with the ends of the helices separating
on the side that is opening and approaching each other on the side
that is closing (Fig. 7). Despite these large changes, the cluster
connecting the two helices is predicted to maintain the same relative position in both conformations (Fig. 7).
One of the structural features of the MFS family is the pseudosymmetry between the ﬁrst and the second sets of six-TM helices
(42). Following this symmetry relationship, the helices “equivalent”
to 2 and 11 are 8 and 5, respectively. Key interactions between TM5
and TM8, either direct or mediated by the substrate, have been
identiﬁed in LacY and GlpT (4, 6), and therefore we also examined
those helices in rVMAT2. Analysis of the predicted structure of
TMs 5 and 8 in VMAT2 revealed a set of hydrophobic interactions
connecting the two helices that are essential for activity and appear

built on the crystal structure of LacY from E. coli. The alignment between
rVMAT2 and LacY-CC in the C-terminal domain region was the same as that
used for the LacY template (Fig. S2). The loops between TMs 1 and 2 and
between TMs 6 and 7 were not modeled because their lengths are beyond
the range accessible to current loop prediction methodologies.
The ﬁnal cytoplasm-facing homology model of rVMAT2 based on LacY-CC
has a ConQuass (54) score of 0.10 ± 0.01 (mean ± SD over 1,000 Modeler
models for residues 18–51 and 126–472). These models therefore are more
reasonable than those built using LacY as the template, whose ConQuass
scores are 0.08 ± 0.01, and compare well with the LacY crystal structure,
which has a ConQuass score of 0.18. The structure with the lowest Modeler
discrete optimized protein energy (DOPE) score of 1,000 optimization cycles
was selected to be the representative and is available on the Protein Model
Databank (http://mi.caspur.it/PMDB/), identiﬁer PM0078823. This model has
excellent quality according to PROCHECK (55), with only one residue occupying the generously allowed regions of the Ramachandran plot. In addition
to this representative model, the 100 models with the lowest DOPE scores
were selected for further reﬁnement by energy minimization (see below).
Constructing the alignment for modeling the vesicle lumen-facing state of VMAT2.
Constructing a model of the vesicle lumen-facing state requires exchanging the
conformations of the internal structural repeats (10). For rVMAT2, an initial
pairwise sequence alignment was constructed ﬁrst by extracting the pairs of
residues found to be close in space after superposing the structural repeats
from the model of rVMAT2 in the cytoplasm-facing state onto one another.
Speciﬁcally, we superposed repeat unit A containing TMs 1–3 (residues 18–51
and 126–182) onto repeat unit B containing TMs 4–6 (residues 183–270), and
we superposed repeat unit C containing TMs 7–9 (residues 292–378) onto repeat unit D containing TMs 10–12 (residues 379–472) using the structure
alignment program DaliLite (56), resulting in two pairs of alignments. The
rmsd in the Cα positions between segments A and B was 3.0 Å, whereas the
rmsd between segments C and D was 2.8 Å. The fragments of sequence
alignment then were concatenated to obtain a preliminary pairwise alignment between the model sequence (VMAT2) and the corresponding template
sequence, which is the rVMAT2 sequence whose repeat units are rearranged in
the order BADC. As with the cytoplasm-facing state model, the sequence
identity of VMAT2 to its template in the ﬁnal alignment (Fig. S9) is 12%.
Modeling the vesicle lumen-facing state of VMAT2. The repeat-swapped model of
rVMAT2 was constructed using the corresponding segments of the cytoplasmfacing rVMAT2 model as templates, according to the alignment in Fig. S9. The
ConQuass (54) score of the resultant 1,000 models was 0.11 ± 0.01 (mean ± SD
of 1,000 Modeler models for residues 20–51 and 126–472). The structure with
the lowest DOPE score of 1,000 optimization cycles was selected to be the
representative. This model has reasonable quality according to PROCHECK
(55), with four and one residues occupying generously allowed and disallowed regions, respectively, of the Ramachandran plot. The model is
available on the Protein Model Databank (http://mi.caspur.it/PMDB/), identiﬁer PM0078824. We also selected the 100 models with the lowest DOPE
scores for further reﬁnement by energy minimization (see below).
Energy minimization of the models. All models were energy minimized before
analysis using CHARMM (version 3.4) (57). Before minimization, the positions
of all hydrogen atoms and Asn, Gln, or His side-chain rotamers were predicted
using REDUCE (version 2.21) (58). Subsequent energy minimization was performed using the CHARMM22 force ﬁeld (59) and was carried out in three
stages, each with 250 steps of steepest decent minimization, followed by 250
steps of conjugated gradient minimization. First, all nonhydrogen atoms were
kept ﬁxed, and only the hydrogen atoms were allowed to move. Second, the
nonhydrogen atoms of the backbone were kept ﬁxed, and only the hydrogen
and side-chain atoms were allowed to move. In the ﬁnal stage all atoms were
allowed to move. The minimization was performed using the CHARMM22
force ﬁeld (59). To account for the large central aqueous cavity, a dielectric
constant of 80 was used for the calculation of electrostatic interactions.

Mutagenesis Kit (Stratagene). The sequences of all constructs were veriﬁed
by DNA sequencing.
Cell culture and transfections. HEK293 cells were grown at 37 °C under a 5% CO2
atmosphere in DMEM with 10% (wt/vol) FBS (Biological Industries) and 100
U/mL penicillin, 0.1 mg/mL streptomycin, and 0.25 μg/mL amphotericin B.
For rVMAT2 expression, cells grown in 10-cm plates to 40–50% conﬂuence
were transfected with 7 μg of plasmid DNA coding for wild-type or mutant
rVMAT2, using the PEI transfection reagent (Sigma). After 40–48 h, cells
were treated with trypsin and collected, centrifuged for 6 min at 800 × g at
4 °C, and washed twice with PBS. The cell pellet was frozen in liquid air and
stored at −70 °C. For whole-cell assays, cells were grown in 12-well plates to
40–50% conﬂuence and were transfected with 5.5 μL of DNA as described
above. The transfected cells were assayed after 40–48 h.
Membrane preparation, solubilization, puriﬁcation, and reconstitution. For membrane preparation, frozen cells were thawed, resuspended in lysis buffer [0.3 M
sucrose, 15 mM Hepes (pH 7.4), 5 mM MgCl2, 15 μg/mL DNase I (Sigma) and protease
inhibitor mixture (Sigma)], and disrupted using a homogenizer. The membrane
fraction was collected by ultracentrifugation for 1 h at 213,500 × g at 4 °C and was
resuspended in the buffer above, divided into aliquots, frozen in liquid air, and
stored at −70 °C. Membranes containing ∼5–10 μg/μL total membrane protein
were solubilized, puriﬁed, and reconstituted essentially as described in ref. 61.
Western blot analysis. Samples were analyzed essentially as previously described
(61), except that for detection the blot was incubated with DyLight-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories) diluted
1:4,000 and was imaged using MF-chemibis 32 (DNR Bio-Imaging Systems).
Protein amounts were quantiﬁed using Gel-Quant software (DNR Bio-Imaging
Systems). For dot blot analysis, 5 μL of liposomes were spotted on PVDF
membranes and then were treated as described above.
Binding of [3H]-TBZOH. Membranes prepared as described above (1.5 μL) were
added to 200 μL of buffer containing 0.3 M sucrose, 10 mM K-Hepes (pH 7.4), and
increasing concentrations of [3H]-TBZOH (77 Ci/mmol) (Vitrax Radiochemicals) at
room temperature. The reaction was stopped after 20 min by dilution in ice-cold
buffer with 125 μM TBZ and ﬁltered through grade GF/F glass ﬁlters (Whatman)
presoaked with 125 μM TBZ. Nonspeciﬁc binding measured in the presence of
125 μM TBZ was subtracted from the total binding levels.
To assess inhibition by MPP+, membranes were incubated in the presence
of various concentrations of MPP+ for 20 min before incubation with [3H]TBZOH (5 nM). Data analysis for all the experiments was performed using
Origin 8.1 software (OriginLab). All experiments were done in duplicate and
were repeated at least twice (the lowest R-squared value is 0.95).
Uptake of [3H]-Serotonin. Whole cells. Transfected cells were washed once with
uptake buffer containing 110 mM Na-K-tartarate, 5 mM glucose, 20 mM
K-Hepes (pH 7.4), 0.2% (wt/vol) BSA, and 5 mM MgCl2. Cells were permeabilized for 10 min at 37 °C in uptake buffer containing 10 mM digitonin.
The medium was removed and replaced with fresh buffer without digitonin
containing 5 mM MgATP, 1 mM ascorbic acid, and the indicated concentration of the radiolabeled serotonin, usually 100 nM [3H]-serotonin (28 Ci/
mmol) (Perkin-Elmer). Nonspeciﬁc accumulation of [3H]-serotonin was
measured in the presence of 125 μM TBZ and was subtracted from the total
transport. The reaction was stopped at given time periods by aspirating the
reaction buffer, and the cells were washed twice with ice-cold uptake buffer
containing 2 mM MgSO4 instead of MgCl2. The cells then were collected with
0.1% SDS, and radioactivity assessed by liquid scintillation.
Proteoliposomes. Liposomes were thawed and sonicated to clarity in a bathtypesonicator.The uptake assay was performedin reaction buffercontaining140
mM K2-tartrate, 10 mM tricine, 10 mM Tris, and 5 mM MgCl2, at pH 8.5. Liposomes (1 μL) were diluted into 200 μL of reaction buffer with 50 nM valinomycin
and the indicated concentrations of the radiolabeled serotonin, usually 100 nM
[3H]-serotonin. Nonspeciﬁc accumulation of [3H]-serotonin was measured as
above. The reaction was stopped at the indicated time points by dilution of the
mixture in 2 mL ice-cold buffer and ﬁltering on 0.22-μm GSWP ﬁlters (Millipore).
Radioactivity in the liposomes was measured using liquid scintillation.

Laboratory Methods. Plasmids. The rat VMAT2 gene (SLC18A2), with an HA tag
in the second loop between positions 96 and 105 as well as 10 His residues at
the C terminus (60), was cloned into pcDNA3.1 plasmid (Invitrogen). Cloning
was carried out using PCR, with HindIII and NotI restriction sites. Sitedirected mutagenesis was done with the Quickchange II Site-directed
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