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 The H+-coupled vesicular monoamine transporter (VMAT) is a transporter essential for life. VMAT mediates packaging of the 
monoamines serotonin, dopamine, norepinephrine, and histamine from the neuronal cytoplasm into presynaptic vesicles, 
which is a key step in the regulated release of neurotransmitters. However, a detailed understanding of the mechanism 
of VMAT function has been limited by the lack of availability of high-resolution structural data. In recent years, a series 
of studies guided by homology models has revealed significant insights into VMAT function, identifying residues that 
contribute to the binding site and to specific steps in the transport cycle. Moreover, to characterize the conformational 
transitions that occur upon binding of the substrate and coupling ion, we have taken advantage of the unique and powerful 
pharmacology of VMAT as well as of mutants that affect the conformational equilibrium of the protein and shift it toward 
defined conformations. This has allowed us to identify an important role for the proton gradient in driving a shift from lumen-
facing to cytoplasm-facing conformations.
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Introduction
Classical synaptic transmission involves the release of the neu-
rotransmitter from the presynaptic cell into the synaptic cleft, 
where it interacts with receptors on the postsynaptic cell, lead-
ing to signal transduction. In most cases, termination of the sig-
nal is achieved by active removal of the neurotransmitter from 
the synaptic cleft by sodium-coupled transporters located on 
the cell membrane (Torres and Amara, 2007; Kristensen et al., 
2011). Subsequently, vesicular neurotransmitter transporters 
remove the neurotransmitter from the cytoplasm and store it in 
secretory vesicles (Buchanan et al., 1976; Gorga and Lienhard, 
1981; Johnson, 1988; Schuldiner et al., 1995; Weihe and Eiden, 
2000; Edwards, 2007; Jacobs et al., 2007; Bulling et al., 2012). 
The storage of monoamines (serotonin, dopamine, histamine, 
adrenaline, and noradrenaline) is performed by the vesicular 
monoamine transporters (VMATs) 1 and 2. VMATs catalyze active 
removal of amines from the cytosol into the storage vesicles, cou-
pled to the movement of two protons in the opposite direction. 
They therefore depend on the proton electrochemical gradient 
generated by the vesicular H+-ATPase (Johnson, 1988; Schuldiner 
et al., 1995; Weihe and Eiden, 2000; Eiden et al., 2004; Anne and 
Gasnier, 2014).

VMAT1 and VMAT2 differ in expression pattern and in affin-
ity toward the various substrates. Although some species-de-
pendent variations may exist in the expression of the VMAT 
isoforms, human VMAT2 expresses mostly in neurons, whereas 
human VMAT1 is found in neuroendocrine cells. VMAT2 displays 
a higher affinity toward the diverse substrates and is the only 

isoform capable of transporting histamine (Peter et al., 1994; 
Erickson et al., 1996). In addition to the endogenous substrates, 
nonnatural substrates include the neurotoxin N-methyl-4-phen-
ylpyridinium (MPP+; Liu et al., 1992a,b) and acriflavine (Gros and 
Schuldiner, 2010).

The pharmacology of vesicular amine transport differs from 
that of plasma membrane amine transport with high affinity 
inhibition by reserpine and tetrabenazine but not by cocaine or 
antidepressants (Torres and Amara, 2007; Kristensen et al., 2011). 
Reserpine is an indole alkaloid, antipsychotic, and antihyperten-
sive drug. The clinical use of reserpine has diminished over time, 
and it is now used mainly in veterinary medicine (Stitzel, 1976; 
Fraser, 1996; but also see Nur and Adams, 2016). Nevertheless, the 
discovery of reserpine enabled several important lines of scien-
tific inquiry, including the mechanism of dopamine storage and 
release in the central nervous system as well as the generation 
of animal models of Parkinsonism. Tetrabenazine, on the other 
hand, is used for the symptomatic treatment of hyperkinetic dis-
orders associated with Huntington’s disease and Tourette’s syn-
drome (Kenney and Jankovic, 2006).

Reserpine is a high-affinity (Deupree and Weaver, 1984; 
Scherman and Henry, 1984) competitive inhibitor (Jonasson et 
al., 1964; Kanner et al., 1979). Detailed analysis of the binding pro-
cess revealed that reserpine binding has a unique profile because 
it is accelerated by the proton gradient, suggesting that translo-
cation of at least one proton is needed to expose the high-affinity 
binding site (Weaver and Deupree, 1982; Scherman and Henry, 
1984; Rudnick et al., 1990; Stern-Bach et al., 1990).
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In contrast with reserpine, tetrabenazine is a noncompetitive 
inhibitor of VMAT2. Tetrabenazine is only a very weak inhibi-
tor of VMAT1 (Peter et al., 1994) and as a result predominantly 
depletes central rather than peripheral amine stores (Carlsson, 
1966). For tetrabenazine inhibition of VMAT2, a general mecha-
nism has been proposed that involves two distinct steps, namely 
that initial tetrabenazine binding triggers a conformational 
change resulting in a dead-end complex of tetrabenazine with 
the transporter. According to this proposed mechanism, binding 
may be low affinity in the initial stage; tight binding and trans-
port inhibition will be observed only when the conformational 
change has occurred (Ugolev et al., 2013).

The VMATs are members of the SLC18 human solute carrier 
family, which also includes the vesicular acetylcholine trans-
porter (Anne and Gasnier, 2014) and the recently identified 
vesicular polyamine transporter (Hiasa et al., 2014). The SLC18 
family is part of the major facilitator superfamily (MFS), the larg-
est family of secondary active membrane transporters, whose 
members transport a diverse range of substrates (Saier et al., 
1999). Members of this family are ubiquitous in all kingdoms 
of life, from bacteria to higher eukaryotes. Mechanistically, this 
family of transporters includes antiporters, symporters, and uni-
porters (Paulsen et al., 1996; Law et al., 2008) that are classified 
into a large number of subfamilies (Pao et al., 1998). Sequence 
motifs have been identified in transmembrane (TM) helices 
1, 2, 7, and 8 in all MFS transporters, presumably reflecting 
their overall fold and function (Paulsen et al., 1996). Additional 
sequence motifs, namely RxxxGxG in TM4, GxxxGPxxG in TM5, 
and AxxxMSxxAG in TM11, are common to an MFS subfamily 
referred to as the drug/antiporter family number 1 (DHA-1, for-
merly DHA-12; tcdb family 2.A.1.2; Paulsen et al., 1996; Vardy et 
al., 2005). The DHA-1 subfamily includes VMAT and the other 
members of the SLC18 family, along with prokaryotic trans-
porters, such as the Escherichia coli proteins MdfA, MdtM, and 
EmrAB, which confer bacterial cells with resistance to a range 
of different drugs (Pao et al., 1998). The relationships indicated 
by this phylogenetic analysis are consistent with the afore-
mentioned pharmacological profile of VMAT, which resembles 
that of bacterial multidrug transporters (Yelin and Schuldiner, 
1995). Indeed, using yeast genetics, it was demonstrated that 
three mutations suffice to transform rat VMAT2 into a multi-
drug transporter (Gros and Schuldiner, 2010); these mutations 
cause rat VMAT2 to lose the ability to transport neurotransmit-
ters while still conferring resistance against the toxic substrates 
MPP, ethidium, and acriflavine.

Early work predicted that almost all MFS proteins are 
arranged in 12 TM α-helices (Law et al., 2008), and later struc-
tural analysis substantiated that prediction (Yan, 2015). A weak, 
yet clear, sequence similarity between the N-terminal (TM heli-
ces 1–6) and the C-terminal (TM helices 7–12) halves of a given 
MFS protein suggests that this architecture may have arisen 
because of a gene duplication and fusion event (Law et al., 2008). 
In recent years, MFS transporters have been the subject of many 
structural studies, and we are currently witnessing a remarkable 
increase in available structures; as of February 2018, there are 63 
structures (of 23 unique proteins) in MemProtMD (a database 
for membrane proteins of known structure; http:// memprotmd 

.bioch .ox .ac .uk), representing many diverse families. Analysis of 
the structures concluded that the two aforementioned halves (N 
terminal and C terminal) each form a bundle of helices that are 
related by twofold pseudosymmetry with an axis that runs nor-
mal to the membrane and between the two halves (Forrest, 2015; 
Yan, 2015). Further analysis revealed the presence of inverted 
topology repeat units within each of the domains (Hirai et al., 
2002; Radestock and Forrest, 2011). That is, the first three helices 
(repeat unit A) are related in structure to the second three heli-
ces (repeat unit B) via a pseudo-twofold symmetry axis that runs 
through the center of the six-TM domain and parallel with the 
membrane plane (Fig. 1). A similar relationship is found for the 
two pairs of three TM helices in the C-terminal domain (repeat 
units C and D).

For more than 50 years now, the working model of substrate 
transport has been the alternating access mechanism (Mitchell, 
1957; Jardetzky, 1966). According to this mechanism, one bind-
ing site can be alternately exposed by a conformational change 
to either side of the membrane (Jardetzky, 1966; Forrest and 
Rudnick, 2009). In the case of an antiporter such as VMAT, the 
conformational change occurs only when substrate or one or 
more protons are bound, and not when the binding site is empty. 
Biochemical evidence and the assortment of crystal structures 
from the MFS members solved in various conformations repre-
senting different steps in the transport cycle support the alter-
nating state mechanism of transport (Forrest et al., 2011; Kaback, 
2015; Yan, 2015). Notably, it has been proposed that the alternat-
ing access mechanism in the MFS family, as well as in other sec-
ondary active transporter families such as the neurotransmitter: 
sodium symporters and the excitatory amino acid transporters, 
arises from exchanging conformations of inverted-topology 
repeats (Forrest et al., 2008; Crisman et al., 2009; Forrest and 
Rudnick, 2009; Radestock and Forrest, 2011).

To preclude dissociation of either substrates or protons while 
the protein reorients, permeability barriers, referred to loosely 
as “gates,” must prevent the formation of a continuous open 
pathway that would function as an uncoupled substrate or proton 
channel. An expected intermediate, therefore, is a fully occluded 
state, closed on both sides, formed by the flexing of TM helices 
around the bound substrate(s) with “hinge points” on either 
side of the cavity at the interface between the two halves of the 
transporter. Structures of fully occluded conformations of MFS 
transporters are rare, suggesting that this state is transient and 
metastable, consistent with the requirement that the transporter 
exchange stochastically between end states when the substrates 
are bound. For VMAT, however, the question remains which com-
ponents of the sequence contribute to the gates and hinge points 
during the transport of substrates.

Here, we review structure-guided studies that have provided 
insight into the nature of the gates and hinge points in VMAT and 
their role in the mechanism of proton-monoamine antiport, and 
we discuss a model describing the transport cycle of VMAT as an 
example for proton-coupled antiporters.

Homology modeling
Despite the considerable increase in the number of available crys-
tal structures of MFS transporters, obtaining a diffracting crystal 

http://memprotmd.bioch.ox.ac.uk
http://memprotmd.bioch.ox.ac.uk


Yaffe et al. 
The vesicular monoamine transporters

Journal of General Physiology
https://doi.org/10.1085/jgp.201711980

673

of a eukaryotic protein and, more specifically, a mammalian pro-
tein remains a major challenge. Currently, the glucose (GLUT1/3) 
and fructose (GLUT5) transporter are the only mammalian MFS 
transporters for which structures have been reported (Deng et 
al., 2014, 2015; Nomura et al., 2015). Thus, a crystal structure 
of any vesicular neurotransmitter transporter is still lacking. 
Nevertheless, in recent years, several factors have enabled the 
development of reasonable structural models of vesicular neu-
rotransmitter transporters. The reliability of a homology model 
depends on three key factors: first, the availability of a high-res-
olution structure of a protein with a similar sequence (a tem-
plate); second, the degree of similarity between their sequences; 
and third, the accuracy of the alignment between the sequences 
of the template and the protein of interest. Thus, the availability 

of more crystal structures of transporters in different conforma-
tions has improved the potential accuracy of models of related 
proteins. Further advancements in the quality of sequence align-
ments have also been made possible by the availability of greater 
numbers of homologous sequences, as well as by developments in 
leveraging diverse structural and sequence information. A major 
challenge has long been that, by construction, homology model-
ing results in a model in a conformation identical to that of the 
template. This is somewhat limiting, because models of differ-
ent conformations help predict the likely conformational change 
during the transport cycle. A breakthrough in the modeling of 
alternate conformations came from the understanding that by 
homology modeling of inverted-topology repeat units onto one 
another and thus swapping their conformations, it is possible to 

Figure 1. Membrane-embedded charged residues in VMAT2. Top: Structural model of rVMAT2 in the lumen-facing conformation (Clum’), indicating the 
position of membrane-embedded charged residues in rVMAT2 (spheres) and colored according to TM helix, with the N-terminal half in shades of blue and green, 
and the C-terminal half in shades of red and yellow. Bottom: TM topology of antiporters from the DHA-1 family, colored according to the structure figure above. 
The structure of YajR (Protein Data Bank accession no. 3WDO) and the homology model of BbMAT were aligned to identify the conserved membrane-embedded 
charged residues, which are indicated as ellipses, based on the color coding indicated in the legend. Transparent triangles indicate the location of three-helix 
structural repeats in the N-terminal (blue and green) and C-terminal halves (pink and yellow) of the MFS fold.

3WDO
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generate models of previously unknown states of several trans-
porters (Forrest, 2013), including for the lactose permease LacY, 
the prototypical MFS transporter (Radestock and Forrest, 2011).

For VMAT2, the first reported structural model (Ccyt; see 
Table  1) was generated using the crystal structure of LacY in 
the cytoplasm-facing conformation as a template (Vardy et al., 
2004). This model predicted a structural role for residues in 
TM12 (D461 and F464), as well as contacts between K139 in TM2 
and D427 in TM11 and between Y342 from TM8 and D400 from 
TM10. Later, a second generation model of the same state (Ccyt’) 
was obtained by applying a more advanced homology model-
ing strategy (Yaffe et al., 2013). Specifically, the alignment of 
rVMAT2 to the structural template (LacY) was improved by 
including sequence homologues belonging to three different sub-
families for which representative structures were known (LacY, 
EmrD, and GlpT), in addition to homologues of rVMAT2. The use 
of a larger number of sequences from diverse subfamilies altered 
the alignment between the rVMAT2 and LacY sequences in four 
TM helices (including shifts of a helix turn for TMs 2, 3, 7, and 8). 
These changes resulted in matching of the aforementioned MFS 
and DHA-1 family motifs, including motifs in TMs 1 and 7 and in 
the loops between TMs 2 and 3 and TMs 8 and 9, which had not 
been matched in the earlier alignment (Vardy et al., 2004). It is 
therefore likely that the pore-lining helices 1, 2, 7, and 8 and the 
residues contributing to the substrate-binding cavity are signifi-
cantly more reliable in the later model (Ccyt’).

The sequence identity between VMAT2 and LacY in the align-
ments used to guide the model building is very low (∼12%) for 
both Ccyt and Ccyt’ models. This level of similarity corresponds 
to an expected accuracy of 1.5–3.5 Å in the backbone, assuming 
an optimal alignment (Forrest et al., 2008; Olivella et al., 2013). 
However, scores of the structural models themselves indicate 
that the updated alignment led to a more reliable model. Spe-
cifically, the ProQM score, which measures the degree to which 
a structural model is consistent with observations from known 
membrane protein structures, is significantly higher for Ccyt’ 
than for Ccyt (Table 1). Indeed, based on predictions from the Ccyt’ 
cytoplasm-facing model (Fig. 1), key residues that are essential 
for transport activity could be identified.

Membrane-embedded carboxyl residues
Charged residues have been found in the binding sites for sub-
strates and/or protons in several transporters and H+ pumps 
(Lanyi, 1993; Rastogi and Girvin, 1999; Muth and Schuldiner, 
2000; Adler and Bibi, 2004; Adler et al., 2004; Schuldiner, 2014; 
Kaback, 2015). Given that all of VMAT’s substrates are positively 
charged, we hypothesized that acidic residues would be essen-
tial and chose to study them in depth. Ultimately, we identified 
two essential residues: D33 in TM1 and E313 in the symmetric 
TM7 (Fig. 1). The Ccyt’ model predicted that six carboxylic resi-
dues and a lysine are located in the TM segments of rat VMAT2 
(Fig. 1). Of the six acidic residues, five had been partially charac-
terized; of these, D263 (TM6) and D461 (TM12) are not essential 
for the transport process (Merickel et al., 1997) and will not be 
further discussed here. Analysis of D400 (TM10) in the VMAT1 
isoform suggested a possible functional role after substrate 
binding (Steiner-Mordoch et al., 1996); both Ccyt and Ccyt’ models 
predicted that D400 interacts with Y342 (TM8) via a hydrogen 
bond, and biochemical analysis of VMAT2 supported this pre-
dicted structural role (Yaffe et al., 2013). D427 (TM11) and K139 
(TM2) were previously suggested to interact (Merickel et al., 
1997); we extended this predicted interaction network and iden-
tified a role in conformational change, which is further discussed 
below (Yaffe et al., 2013). D33 (TM1) was found to be essential for 
transport activity and tetrabenazine binding, but not for reser-
pine binding (Merickel et al., 1995; Yaffe et al., 2016). Notably, 
the conservative mutant D33N can still bind reserpine, albeit to 
lower levels (Yaffe et al., 2016). E313, the sixth carboxyl residue, 
had not been studied before our work because topology predic-
tions had positioned it in the lumenal loop (Schuldiner et al., 
1995; Steiner-Mordoch et al., 1996; Merickel et al., 1997). In the 
Ccyt’ homology model, E313 is exposed to the central cavity and is 
located about midway along TM7. Multiple sequence alignment 
of a set of rVMAT2 homologues revealed that E313 is fully con-
served within the higher organisms and highly conserved in the 
bacterial homologues. Mutagenesis of E313, even with conserva-
tive replacements such as Gln or Asp, completely abolished activ-
ity: the mutated transporter lost the ability to bind tetrabenazine 
and transport serotonin (Yaffe et al., 2013).

Table 1. Available structural models of VMATs

Name PMDB code Template Identity Conformation ProQM score Reference

%

Ccyt N/A LacY 1PV6 ∼12a Cytoplasm facing 0.561 Vardy et al., 2004

Ccyt’ PM0078823 LacY 1PV7 ∼12 Cytoplasm facing 0.616 Yaffe et al., 2013

Clum PM0078824 LacY 1PV7-RSM ∼12 Lumen facing 0.616 Yaffe et al., 2013

Clum’ PM0080553 YajR 3WDO ∼18 Lumen facing 0.717 Yaffe et al., 2016

Structural models of rat VMAT2 have been reported in two alternate conformations. Three of these are available from the Protein Model Database (PMDB; 
Castrignanò et al., 2006). The models were built using different x-ray structure templates and, in one case (Clum), a repeat-swapped model as a template; 
the underlying sequence alignments also differ. Identity: the percentage of identical residues in the target and template sequences in the region of the 
target that was modeled. The structural quality of the models is estimated by the ProQM score, which takes values of 0 to 1, and where higher values 
indicate better consistency with known structures (Ray et al., 2010). For reference, the ProQM scores of the templates are 0.729 (Protein Data Bank 
accession no. 1PV7) and 0.741 (Protein Data Bank accession no. 3WDO). N/A, not applicable.
aFor the Ccyt model, the sequence identity was estimated from a TMalign structural alignment of the model to its template.
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A significant role for D33 and E313 also emerged from studies 
of a close bacterial homologue, the Brevibacillus brevis mono-
amine transporter (BbMAT; Yaffe et al., 2014). Homology mod-
eling of BbMAT suggested that there are six charged residues in 
its TM helices (D25, R108, D128, E222, E229, and H346), though of 
these six, only two are highly conserved, D25 and E229, the equiv-
alent residues to D33 and E313 in rVMAT2, respectively. Mutating 
each of the above six residues and assaying for substrate trans-
port confirmed that only D25 and E229 are essential for activ-
ity. Although all of the replacements tested at positions 108, 128, 
222, and 346 can still confer drug resistance, position 25 can only 
tolerate a conservative replacement that maintains the carboxyl 
group. Interestingly, and different from E313 in rVMAT2, the 
BbMAT mutant E229Q was still able to catalyze transport, albeit 
to lower levels, because of the presence of a nonconserved Glu 
at position 222, two turns away, which can partially compensate 
for the absence of E229 (Yaffe et al., 2014). These results demon-
strate a tolerance across the DHA-1 subfamily for different loca-
tions of the negative charge. Similar findings were obtained for 
MdfA, a bacterial multidrug transporter from E. coli and a distant 
homologue of VMAT. MdfA has two carboxyl residues in TM1, 
and the transporter can use either one, suggesting a require-
ment for a carboxyl residue that can be at several positions in 
TM1 (Sigal et al., 2009). Moreover, insertion of a carboxyl at a 
third location could replace both of the native carboxyls, further 
illustrating the promiscuity of the position of the acidic residue. 
A similar plasticity was also reported for LmrP, another drug/
proton antiporter from the MFS family (Nair et al., 2016). This 
flexibility in the location of the carboxyl residues supports the 
notion that the major cavity of MFS H+ antiporters houses a com-
mon binding site for substrates and protons, as also suggested 
for antiporters from other families (Lu et al., 2013; Nishizawa et 
al., 2013; Waight et al., 2013; Schuldiner, 2014). The exact loca-
tion of the carboxyl residues may be not crucial for polyspecific 
transporters as long as there are enough binding determinants 
in the cavity, the geometry is not constraining, and the environ-
ment appropriately tunes the pKa. Biochemical and structural 
studies with EmrE, a small multidrug resistance H+-coupled mul-
tidrug antiporter, support a general mechanism for H+-coupled 
antiporters whereby the substrate and the protons cannot bind 
simultaneously to the protein (Schuldiner, 2014) and the overlap 
of the binding site results in a direct competition for its occu-
pancy. In other examples, the “competition” seems to be indirect 
and is most likely achieved by some kind of allosteric mecha-
nism (Fluman et al., 2012; Tanaka et al., 2013; Eicher et al., 2014; 
Schuldiner, 2014). To ensure the feasibility of such a mechanism, 
regardless of their specific structures or mechanisms, these anti-
porters have evolved so that they are exquisitely tuned to func-
tion at the very constant cytoplasmic pH maintained by cells. If 
the pKa of the carboxyl group were too low, it would generate a 
protein that at physiological pH binds substrate but cannot cou-
ple the substrate flux to the proton gradient. If the pKa were too 
high (greater than the cytoplasmic pH), substrate binding would 
be inhibited, thereby limiting the activity at physiological intra-
cellular pH levels (Schuldiner, 2014).

It is noteworthy that the closely related protein YajR, which 
also belongs to the DHA-1 subfamily and whose structure was 

used as a template for a later VMAT2 model (see below), contains 
Arg24 in TM1 at the position corresponding to D33 of VMAT2 
(according to the Ccyt’ model), whereas TM7 contains His225 close 
to the position of E313 in TM7 and equivalent to E222 in BbMAT. 
The substrate of YajR is still unknown, but arginine residues are 
found in similar regions of TM1 (Arg45) and TM7 (Arg269) in 
another MFS protein, the E. coli glycerol phosphate transporter, 
which exchanges glycerol phosphate and inorganic phosphate. 
Moreover, another anion exchanger, NarK, which is specific 
for nitrate and nitrite, contains evolutionarily conserved and 
functionally important positively charged residues positioned 
symmetrically in TM2 (Arg89) and TM8 (Arg305; Zheng et al., 
2013). This pattern of basic residues therefore suggests that YajR 
transports anionic substrates and implies an important role for 
pseudosymmetrically positioned charged residues in the trans-
port of substrates by diverse MFS transporters.

Conformational changes
As mentioned above, the alternating access mechanism posits 
two transporter conformations, each of which exposes a central 
binding site to one side or the other of the membrane, in addi-
tion to an intermediate conformation in which access from both 
sides is prevented (occluded or closed). In the case of antiporters 
such as VMAT, interconversion is controlled by substrate and by 
coupling ions, i.e., H+, but is forbidden in the apo protein. The 
most challenging questions relating to this mechanism are how 
the interconversion is facilitated and identifying the detailed 
conformational dynamics. In the case of VMAT2, the availabil-
ity of an arsenal of pharmacological tools has allowed a glimpse 
into these events.

In the MFS transporters, a coordinated movement of the two 
domains relative to one another in a so-called “rocker-switch” 
mechanism is believed to mediate alternating access. However, 
there is evidence for bending and straightening of individual 
helices during this process, presumably to allow transient for-
mation of intermediate occluded states (Newstead, 2017). To 
allow for bending during the transport cycle, the helices should 
include “flexible” points (Drew and Boudker, 2016). In the case 
of rVMAT2, its unique pharmacological profile and the power 
of yeast genetics allowed identification of several structural ele-
ments that may play such a role.

Helix breakers
The frequency of glycine and proline residues in α helices of 
membrane proteins is higher than that in water-soluble proteins 
(Sansom and Weinstein, 2000; Reiersen and Rees, 2001; Gimpelev 
et al., 2004). Moreover, about one third of the conserved residues 
in membrane domains are proline and glycine, suggesting that 
they have important functional roles (Liu et al., 2002). Glycine and 
proline are both considered classical “helix breakers”: the small 
size of glycine confers conformational flexibility, while the loss 
of hydrogen donor potential and the steric hindrance of its side 
chain prevent helix formation by proline (von Heijne, 1991; Li and 
Deber, 1992; Cordes et al., 2002). The role of glycine and proline 
in conformational changes in ion channels has been extensively 
studied (Tieleman et al., 2001; Elinder et al., 2007), and it was 
demonstrated that they can supply the flexibility needed during 
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channel gating. Glycine and proline were also found to be essential 
during conformational changes of transporters (Egenberger et al., 
2012). For example, in the organic cation transporter 1 (Oct1), two 
glycine residues induce a helix break that is important for struc-
tural rearrangements during the transport cycle (Egenberger et 
al., 2012). Examples of proline residues involved in gating can 
be found in several MFS transporters, such as LacY, fucose per-
mease, the peptide transporter, and the vesicular acetylcholine 
transporter (Weinglass et al., 2001; Chandrasekaran et al., 2006; 
Zhou et al., 2009; Sugihara et al., 2012; Newstead, 2015).

Expression of VMAT2 in Saccharomyces cerevisiae confers 
resistance to drugs such as the Parkinsonian toxin MPP+, a sub-
strate of VMAT2, because VMAT2 is targeted to the vacuolar 
membrane and sequesters MPP+ from the cytoplasm into the 
vacuole (Gros and Schuldiner, 2010). The availability of this yeast 
expression system combined with the unique pharmacological 
profile of rVMAT2 enabled an unbiased random mutagenesis 
approach, which identified residues important for tetrabenazine 
inhibition (Ugolev et al., 2013). The nature of the screen allowed 
the isolation of mutants that exhibit decreased sensitivity to 
tetrabenazine, yet still support drug resistance. Remarkably, all 
of the identified mutations involved glycine, proline, or residues 
adjacent to conserved glycines or prolines, and they all cluster 
near the lumen end of the transporter (Fig. 2). The fact that these 
mutations alter the transporter’s ability to bind tetrabenazine 
suggests that, at least in some cases, a local conformational 
change is needed for high-affinity binding.

A kinetic analysis revealed that some of the mutants (V41A, 
P42G, and P314G/L) have higher Vmax values together with higher 
Km values (similar Kcat). P314 is adjacent to E313, hinting at a 
possible local conformational change subsequent to substrate/
proton binding. P42 (TM1) and P314 (TM7) both contribute to 
a highly conserved motif (with the sequence PxxP) in the MFS 
transporters (Paulsen et al., 1996; Vardy et al., 2005; Radestock 
and Forrest, 2011), and these positions are equivalent according to 
the pseudosymmetry between the N and C domains (Fig. 2). The 
strong conservation of these residues, together with the similar-
ity of the effect of the mutations on transport kinetics, suggest 
a common role in the conformational equilibrium, as changes 
in kinetic properties may reflect a change in the rate-limiting 
step during the transport cycle. We suggest that the mutations 
reduce the ability of the protein to undergo a local conforma-
tional change needed for high-affinity binding of tetrabenazine 
and, at the same time, reduce the barrier of a rate-limiting step 
in the overall transport cycle, resulting in increased Vmax values.

Hinges
As mentioned above, the major transport-associated confor-
mational change requires a coordinated movement of the two 
domains around the substrate-binding site. In the case of the MFS 
fold, the two halves of the protein are expected to be in contact 
on either side of the central substrate cavity that will remain in 
contact during the cycle, around which the two bundles flex and 
straighten to open and close the two pathways. In this way, these 

Figure 2. Structural elements involved in conformational changes during the rVMAT2 transport cycle. Top: Model of rVMAT2 in a lumen-facing state 
(Clum’) viewed along the plane of the membrane with the lumen at the top. Bottom left: Helix breakers. TM helices 1, 2, and 7 in the lumen-facing (left) and 
cytoplasm-facing (right) conformations are shown as cartoon helices, and relevant glycine and proline residues are indicated using pink spheres. Sequence 
alignment of helices 1 and 7. Helices were defined using the Clum’ model and aligned using ClustalW. Bottom middle: Gating residues. Magnification of the 
cytoplasmic domain of TM5 and TM11. Residues contributing to the cytoplasmic gate are shown as sticks. Bottom right: Hinges. Residues predicted to form 
interactions between TM2 and TM11 and between TM5 and TM8 in the vesicle lumen-facing conformation of rVMAT2 (sticks). These residues were predicted 
to form hinge points for the conformational change because the relative position of these residues is essentially unchanged between the cytoplasm and vesicle 
lumen-facing models. Adapted from Ugolev et al. (2013) and Yaffe et al. (2013, 2016).
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hinge points may mediate conformational changes while helping 
to retain the integrity of the overall transporter structure. Pre-
vious work suggested the existence of an ion pair between resi-
dues K139 (TM2) and D427 (TM11), each located in one of the two 
bundles, that may provide contact points during the movements 
(Merickel et al., 1997). However, the revised Ccyt’ homology model 
predicted that these two residues were part of a larger network 
of hydrogen bonds between K139-Q143 (TM2) and D427 (TM11; 
Fig. 2). Model-guided mutagenesis supported the existence of 
this set of interactions connecting the two domains. Relocat-
ing the negative charge from helix 11 to helix 2 (Q143E–D427N) 
resulted in a fully active transporter, indicating the proximity 
of the two residues. Neutralizing the charge completely while 
maintaining the hydrophilic environment (K139Y–D427N) abol-
ished transport activity, albeit while still allowing tetrabenazine 
binding, indicating that the deleterious effect on the transporter 
activity is not caused by improper folding. The approximate posi-
tion of these residues and the observed effects on transport and 
binding together led to the suggestion that this set of interactions 
might function as a “hinge” during the conformational change of 
VMAT2 (Yaffe et al., 2013).

The K139–Q143–D427 interaction network connects the two 
domains on one side of the cavity through TM2 and TM11, raising 
the possibility of a second set of equivalent interactions at the 
interdomain contact point flanking the other side of the cavity, 
involving TM5 and TM8. Based on the MFS internal pseudosym-
metry, a set of hydrophobic interactions were identified in the 
Ccyt’ model involving residues V233 and L234 (TM5) and F335 
and L336 (TM8).

Examining whether those interactions would remain formed 
during the conformational change required insight into the 
lumen-facing state. To this end, a structural model of rVMAT2 
in that state, Clum, was constructed based on a repeat-swapped 
model of LacY (Table  1; Yaffe et al., 2013). Although the over-
all expected accuracy of a model built on a model is likely to be 
lower than that of the structure-based models (i.e., a Cα position 
error >3.5 Å), it should be noted that the relative orientations of 

the helices were optimized to match those in the corresponding 
Ccyt models (Yaffe et al., 2013), and the ProQM score of the Clum 
model is similar to that of Ccyt (Table 1). Therefore, comparison 
of the inward- and outward-facing models makes a reasonable 
prediction of the overall relative repositioning of those helices 
required to open or close the pathway. This comparison indicated 
that although TMs 2, 11, 5, and 8 may reorientate relative to one 
another, the abovementioned interaction networks are neverthe-
less predicted to remain connected. The data therefore suggest that 
these interactions supply contact points that, like hinges, mediate 
conformational changes of the two bundles. Analysis of different 
structures in the MFS family indicated that sets of favorable inter-
actions, although not necessarily specific residues, connecting the 
domains are conserved within many different subfamilies (Yaffe 
et al., 2013). Recent studies have provided structures of individual 
MFS proteins in different conformations, including for LacY, XylE, 
and GLUT5 (Abramson et al., 2003; Sun et al., 2012; Jiang et al., 
2013, 2016; Wisedchaisri et al., 2014; Nomura et al., 2015). In these 
structures, interactions involving clusters of either hydropho-
bic or hydrophilic residues are preserved in both conformations 
(Table 2), providing further support for the proposed hinge points 
between TM2 and TM11 and between TM5 and TM8 in VMAT2.

Gates
According to the alternating access mechanism, the transporter is 
never concurrently open to both sides, suggesting a requirement 
for flexible elements, sometimes called “gates,” on both the cyto-
plasmic and luminal sides (Forrest et al., 2011). Considering the 
organization of the two bundles in MFS transporters, such gates 
should feature residues in the N and C domains that meet in some, 
but not all, of the conformations in the transport cycle. Indeed, 
gating residues have been identified in several MFS transporters 
(Ethayathulla et al., 2014; Deng et al., 2015; Fowler et al., 2015; 
Newstead, 2015; Taniguchi et al., 2015), often with the aid of crys-
tal structures in different conformations. In the proton-coupled 
oligopeptide transporter family, for example, the cytoplasmic 
gate is formed by interactions between the cytoplasmic ends 

Table 2. Residues positioned at interdomain hinge points in MFS structures

MFS protein Inward Outward TMs Putative hinge residues

LacY 1PV7 5GXB 5–8 C148, W151, A155, T265, and E269

2–11 S53, S56, Q60, C355, and Q359

XylE 4QIQ 4GC0a 5–8 I172, L176, and L326

2–11 L65, I69, W416, and L417

GLUT5 4YBQ 4YBQb 5–8 L167, T170, V325, and T328

2–11 P78, G81, and W419

YajR - 3WDO 5–8 V142, I146, M257, and F261

2–11 Q65, S344, and T345

Structures of three MFS proteins in alternate conformations were compared to identify residues involved in contacts in both states at the hinge points 
connecting the two six-TM domains. The proteins compared were LacY or lactose permease, the xylose transporter XylE, and the glucose transporter 
GLUT5 from rat (Protein Data Bank accession no. 4YBQ) and bovine (Protein Data Bank accession no. 4YB9). YajR, the template for the most recent VMAT2 
models, is included for reference.
aFor XylE, one of the conformations is occluded.
bResidue numbering based on Protein Data Bank accession no. 4YBQ.

4YBQ
4YB9
4YBQ
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of TM4 and TM5 as well as TM10 and TM11, and this gate closes 
upon binding of proton and substrate. In LacY, residues in TM1 
and TM7 contribute to the periplasmic gate. After cross-linking 
double Cys replacements in these helices with homobifunctional 
reagents <15 Å in length, the mutants lose the ability to catalyze 
lactose transport. Strikingly, however, full or partial activity was 
observed when cross-linking was mediated by flexible reagents 
>15 Å in length. These results provide direct support for the argu-
ment that transport via LacY involves opening and closing of a 
large periplasmic cavity (Zhou et al., 2008), the opening of which 
provides the rate-limiting step for sugar binding (Smirnova et al., 
2011). However, a more detailed understanding of the sequence 
of events leading to gate opening and closing is needed, especially 
for antiporters. Crystal structures, representing only a snapshot 
of the various conformational ensembles, are clearly essential 
but cannot fully explain the process as a whole.

In VMAT2, a unique pharmacological arsenal has enabled 
a better understanding of the role of the proton gradient and 
linked proton binding to a shift in the conformational equilib-
rium (Yaffe et al., 2016). Reserpine supplies information on the 
substrate binding site (Jonasson et al., 1964; Stitzel, 1976; Kanner 
et al., 1979; Darchen et al., 1989) and its accessibility because its 
binding is dramatically accelerated by the imposition of a proton 
gradient (Weaver and Deupree, 1982; Scherman and Henry, 1984; 
Rudnick et al., 1990), suggesting that the proton gradient facili-
tates a conformational change that exposes the substrate bind-
ing site to the cytoplasm. However, binding of tetrabenazine, 
a noncompetitive inhibitor of VMAT2, is independent of the 
proton gradient.

To predict interactions contributing to the cytoplasmic gate 
in rVMAT2, the model of the lumen-facing conformation was 
updated by using a more recent structure as a template, namely 

Figure 3. Schematic of the proposed transport cycle. For simplicity, only six TMs are shown. The cycle is assumed to involve eight steps (numbered). In the 
absence of a proton gradient, the dominant population is of the lumen-facing conformation, as indicated by the transporter’s ability to bind tetrabenazine but 
not reserpine. Binding of protons enables the conformational switch to the cytoplasm-facing conformation (step 1), whereas binding of substrate enables the 
change to the lumen-facing conformation (step 5). Binding of tetrabenazine locks the transporter in a conformation that appears incompatible with substrate 
binding and is therefore presumably not cytoplasm facing (shown as an off-cycle state connected to step 8). Binding of reserpine also locks the transporter in 
a dead-end conformation, but reserpine binding competes with substrate binding, and therefore the reserpine-bound conformation is presumably cytoplasm 
facing (shown as an off-cycle state connected to step 4). The dashed arrow for reserpine indicates competition with substrate. Adapted from Yaffe et al. (2016).
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that of E. coli YajR (Jiang et al., 2013). Despite only a relatively 
small increase in sequence identity, YajR is a significantly bet-
ter template for VMAT2 than the LacY repeat-swapped model, 
as indicated by greater coverage in the alignment as well as a 
dramatic increase in the ProQM score to 0.717, close to that of 
known MFS structures (Table 1; Yaffe et al., 2016). The YajR-based 
lumen-facing model (Table 1, Clum’), unlike its lower-resolution 
predecessor, predicts a set of interactions located at the cytoplas-
mic end of the transporter, connecting TM5 (R419 and M222) and 
TM11 (Y419 and Y423; Fig. 2). Mutating any of these four resi-
dues generated proteins that bind reserpine at fast rates, inde-
pendent of the presence of a proton gradient, suggesting that in 
these mutants the reserpine binding site is constitutively acces-
sible. Further characterization revealed that although mutants 
in position 222 or 423 can still bind tetrabenazine and trans-
port serotonin, mutating residues Y419 and R218 abolishes both 
transport and tetrabenazine binding, but not reserpine binding. 
We therefore concluded that the interactions between TM5 and 
TM11 contribute to the cytoplasmic gate and are needed to main-
tain the equilibrium between the inward- and outward-facing 
conformations. Specifically, the interactions at the cytoplasmic 
gate stabilize the lumen (outward)-facing conformation, which 
appears to be the resting state conformation of the transporter at 
physiological pH. Weakening these interactions by mutagenesis 
shifts the conformational equilibrium and increases the fraction 
of VMAT2 in the cytoplasmic-facing conformation.

The results described above indicate that although mutants 
at positions 222 and 423 increase the likelihood that VMAT2 is in 
the cytoplasmic-facing conformation, they can still complete the 
catalytic cycle. However, interactions involving positions 218 and 
419 seem to be essential for closing the cytoplasmic gate, as indi-
cated by the fact that mutants at these positions do not transport 
and do not bind tetrabenazine.

Collectively, the results support the notion that reserpine 
and the substrate bind to the cytoplasmic-facing conformation, 
whereas tetrabenazine binds to the lumen-facing conforma-
tion in a noncompetitive fashion. The findings indicate that the 
two inhibitors demonstrate a conformational selectivity that, 
to our knowledge, has thus far only been reported for three 
other transporters, namely the ATP–ADP carrier, the human 
erythrocyte glucose transporter, and the serotonin transporter 
(Buchanan et al., 1976; Gorga and Lienhard, 1981; Jacobs et al., 
2007; Bulling et al., 2012).

Proposed transport cycle
Incorporating all of our data, we have proposed a model describ-
ing the transport cycle of VMAT as an example for proton-cou-
pled antiporters (Fig. 3). In the absence of a proton gradient, at 
physiological pH, the “resting” conformation of the apo trans-
porter is the lumen-facing conformation, and the transition to 
the cytoplasm-facing conformation is extremely slow, as indi-
cated by the hours needed to bind reserpine. Acidification of the 
lumen affects the protonation of two key residues (D33 in TM1 
and E313 in TM7), which facilitates a chain of events includ-
ing opening of the cytoplasmic gate, thereby enabling the con-
formational transition and increasing the fraction of protein 
in the cytoplasm-facing conformation (Fig.  3, step 1). Proton 

release to the more alkaline side of the membrane increases 
the affinity of the binding site to either substrate or reserpine. 
Substrate binding induces a second conformational change to 
the lumen-facing conformation, allowing for substrate release 
(Fig. 3, step 5). This lumen-facing conformation also exposes 
the binding site for tetrabenazine, whose binding creates a 
dead-end conformation.

Future perspectives
Although these studies have provided important insights into 
the mechanism of proton-monoamine antiport by VMATs, many 
questions still remain, particularly relating to binding sites of the 
many substrates and inhibitors and the conformational changes 
connecting the two end states. We anticipate that addressing 
these questions will require improved models or structural data 
for conformations such as the occluded and ligand-bound states, 
complemented by spectroscopy, biochemistry, and computer 
simulations, to uncover the conformational dynamics occurring 
during neurotransmitter storage into vesicles.
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