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Monoamine neurotransmitters such as serotonin and dopamine are loaded by vesicular monoamine transporter 2 (VMAT2) into
synaptic vesicles for storage and subsequent release in neurons. Impaired VMAT2 function underlies various neuropsychiatric
diseases. VMAT2 inhibitors reserpine and tetrabenazine are used to treat hypertension, movement disorders associated with
Huntington’s Disease and Tardive Dyskinesia. Despite its physiological and pharmacological significance, the structural basis
underlying VMAT2 substrate recognition and its inhibition by various inhibitors remains unknown. Here we present cryo-EM
structures of human apo VMAT2 in addition to states bound to serotonin, tetrabenazine, and reserpine. These structures collectively
capture three states, namely the lumen-facing, occluded, and cytosol-facing conformations. Notably, tetrabenazine induces a
substantial rearrangement of TM2 and TM7, extending beyond the typical rocker-switch movement. These functionally dynamic
snapshots, complemented by biochemical analysis, unveil the essential components responsible for ligand recognition, elucidate
the proton-driven exchange cycle, and provide a framework to design improved pharmaceutics targeting VMAT2.
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INTRODUCTION
Serotonin (5-HT), dopamine (DA), and norepinephrine (NE) are
major monoamine neurotransmitters that play critical roles in a
variety of physiological, emotional and behavioral activities.
Despite their divergent biosynthesis routes, the uptake into the
presynaptic vesicles of these monoamines is converged by the
action of VMAT2 driven by a proton gradient across the vesicular
membrane,1–5 which regulates the essential monoaminergic
signaling in nerve system.6 VMAT2 has been demonstrated a
valid pharmaceutical target.7–11 Dysregulated monoaminergic
neurotransmission is involved in the pathogenesis of several
neurological and psychiatric disorders, such as affective disorders,
depression, Huntington’s disease, Parkinson’s disease, Alzheimer’s
disease, attention-deficit hyperactivity disorder, autism spectrum
disorders and schizophrenia.12,13 Moreover, VMAT2 also protects
the neurons from toxicants such as MPP+ and methampheta-
mine.14 Highlighting the importance of VMAT2 in neurophysiol-
ogy, VMAT2-depleted homozygous mice displayed high postnatal
fatality,15 while conditional knockout mice displayed stunted body
size and variable deficits in behavioral changes related to
movement, anxiety, motivation, and response to drugs like
amphetamine.16 In addition, several missense VMAT2 variants
have been linked to a rare infantile-onset movement disorder.17–20

VMAT2 and its close paralog VMAT1 (also known as SLC18A2 and
SLC18A1, respectively) belong to the major facilitator superfamily

(MFS).21 Despite a shared sequence identity of over 60%, the two
VMATs differ significantly in cellular distribution, substrate recogni-
tion and pharmacological profiles.22 VMAT1 is primarily found in
neuroendocrine cells in the sympathetic and peripheral nervous
system, whereas VMAT2 is more broadly distributed in both central
and peripheral nervous systems. Specifically, central, peripheral and
enteric neurons only express VMAT2. Of note, VMAT2 co-exists with
VMAT1 in the adrenal glands, and its expression is induced by stress,
while VMAT1 level remains constant.23 Both VMAT2 and VMAT1 have
a similar affinity for serotonin, but VMAT2 exhibits a preference for
catecholamines (e.g., DA, NE, epinephrine) with a 3-fold higher
affinity, and even more so for histamine with a 30-fold higher affinity.
While the competitive inhibitors reserpine (RES) and ketanserin only
show a slight preference for VMAT2 over VMAT1, the non-
competitive inhibitors tetrabenazine (TBZ) and its derivatives
selectively target VMAT2.22

Although VMAT2 holds significant physiological and pharma-
ceutical importance, the precise molecular mechanisms governing
its recognition and transport of monoamines remain elusive.
Furthermore, the distinct pharmacological effects exerted by the
competitive inhibitor RES and the non-competitive inhibitor TBZ
warrant in-depth investigation. Here we set to address these
questions by performing single-particle cryo-electron microscopy
(cryo-EM) analysis on human VMAT2 complexed with substrate
serotonin, inhibitors RES and TBZ.
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RESULTS
Structural determination assisted by ALFA-tag/nanobody
Human VMAT2 (55 kDa) contains a membrane domain with 12
transmembrane helices (TMs) and lacks discernable extramem-
brane domains (Supplementary information, Fig. S1a), posing a
significant challenge for structural characterization by cryo-EM. For
similarly small and featureless proteins, various approaches have
been employed to increase the effective size, including specific
nanobodies or antibody fragments (Fabs),24–26 fusion with a large
rigid domain like BRIL or GFP,26,27 and/or extending the N-terminal
TM of target proteins with a helical MPER epitope which can bind
specific Fabs.28 Here, we explored the feasibility of a fusion
chimera with a small helical ALFA-tag (Supplementary informa-
tion, Fig. S1b) in conjunction with its picomolar high-affinity
nanobody, NbALFA, as a fiducial marker.29 We reasoned that the
stable addition of this modestly sized duo (15 kDa) would provide
an adequate fiducial reference without overwhelming the particle
alignment, a challenge, based on our experience, often encoun-
tered when using larger Fabs, Pro-Macrobodies or Legobodies. To
increase the success rate, we chose Pro474 and Pro489 as fusion
positions based on the AlphaFold2 model,30 as proline’s rigid
cyclic structure was expected to restrain the ALFA-tag in a
relatively fixed position. Pull-down results showed that both
chimeras (VMAT21–474-ALFA and VMAT21–489-ALFA) associated
with NbALFA at a comparable level as wild-type (WT) protein
did (Supplementary information, Fig. S1c). The shorter fusion
VMAT21–474-ALFA in the presence of co-expressed nanobody
NbALFA (VMAT2Cryo) retained similar transport activity of a
fluorescent serotonin mimetic FFN246,31 compared to the full-
length WT protein (Supplementary information, Fig. S1d). For
simplicity, this VMAT2Cryo construct was still referred to as VMAT2
hereafter.
VMAT2 sample was purified to near homogeneity using Strep

affinity chromatography followed by gel filtration (Supplementary

information, Fig. S1e). The particles exhibited high contrast in
vitrified thin ice (Supplementary information, Fig. S1f). Consistent
with the rational design, the ALFA/NbALFA signal was discernable
(Supplementary information, Fig. S1g). This enabled the cryo-EM
reconstructions of VMAT2 in various states, including the apo state
(VMAT2A), the substrate serotonin/5-HT- bound state (VMAT2S),
the non-competitive inhibitor TBZ-bound state (VMAT2T), and a
map of VMAT2 treated with the competitive inhibitor RES
(VMAT2R) (Fig. 1; Supplementary information, Fig. S2). Of note,
no discernable density could be attributed to RES molecule in
VMAT2R (Supplementary information, Fig. S2). Therefore, we
turned to a RES-favorable Y422C mutant which was elegantly
designed on rat VMAT2 (Y423C in accordance) by Schuldiner and
colleagues.32 Indeed, a strong density corresponding to RES was
then identified in the translocation funnel of this variant (dubbed
VMAT2YCR) (Fig. 1; Supplementary information, Fig. S2). The well-
resolved map densities permitted unambiguously model building
of most regions (Supplementary information, Fig. S3); intrinsically
flexible regions including the cytosolic N-terminus (Residues
1–10), and the luminal loop connecting TM1 and TM2 (Residues
55–122, LuL1–2) which contains three predicted N-glycosylation
sites, were not resolved.

The overall structure and serotonin recognition
Cryo-EM map for apo VMAT2A was resolved at a nominal 3.6 Å
resolution (Supplementary information, Fig. S2). VMAT2A structure
adopts a canonical MFS-fold, with the N-domain composed of TMs
1–6, and the C-domain of TMs 7–12. A well-resolved intracellular
linker region between TM6 and TM7 crawls along the membrane
plane and connects the two pseudosymmetrically related N- and
C-domains. The apo structure was captured in a lumen-facing
state, as judged by the large funnel opening towards the luminal
space (Supplementary information, Fig. S4a), suggesting a lower
energy resting state.

Fig. 1 Overall structures of human VMAT2 at different ligand-bound states. a Cryo-EM density map (top) and structural model (bottom) of
WT VMAT2 in the absence of ligand (VMAT2A), with N- and C-domain colored differently. The lumen-facing state is depicted by black dashed
lines on the model. b WT VMAT2 in complex with substrate serotonin (serotonin, green) captured in a lumen-facing state (VMAT2S). The 2D
chemical structure of serotonin is shown on the bottom right. c Cryo-EM density (top) and structure (bottom) of WT VMAT2 with non-
competitive inhibitor TBZ (cyan) (VMAT2T). d Competitive inhibitor RES (pink) locks the VMAT2 Y422C mutant at a cytosol-facing state
(VMAT2YCR).
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To obtain the serotonin-bound complex, we incubated VMAT2
with 1 mM serotonin before vitrification. A global 3.57 Å resolution
map for VMAT2S sample was obtained, with transmembrane
domain local resolution higher than 3.4 Å (Supplementary
information, Fig. S2). The serotonin-bound VMAT2S structure
was captured in a lumen-facing state (Fig. 1b; Supplementary
information, Fig. S4b). Remarkably, despite the substrate binding,
it is nearly identical to the apo structure (VMAT2A), with only a
0.6 Å Cα root mean square deviation (RMSD) (Fig. 2a). Closer
inspection revealed that several side-chains, including Glu312,
Tyr341, and Phe429, shifted towards the luminal space, facilitating
serotonin release.
VMAT2 features a canonical MFS translocation pathway

consisting of TM1, TM4, TM5, TM7, TM8, TM10 and TM11. 5-HT
was identified at the central site of the translocation pathway, as
evidenced by an additional density in the VMAT2S map compared
to the VMAT2A map (Fig. 2a). The slightly electropositive 5-HT fits

snugly within an overall electronegative cavity (Fig. 2d) sur-
rounded by a combination of hydrophobic, polar and negatively
charged residues (Fig. 2c; Supplementary information, Fig. S5).
Specifically, the tryptamine group of 5-HT is sandwiched between
Tyr341 and Phe334/Ile308, with the indole nitrogen forming an
aromatic interaction with Tyr341. The primary amine of 5-HT is
positioned at the negatively charged end of the pocket composed
of Asp399, Tyr341 and Asn305. Additionally, the hydroxyl
substitute on the 5-HT indole ring points towards the Glu312
carboxyl (Fig. 2c). In line with the observations, the binding pose
was also captured in molecular dynamics (MD) simulation and the
molecule remained relatively stable in a duration of 500 ns
(Supplementary information, Fig. S6a). In addition, mutagenic
alterations of key residues lining the central binding site, such as
V232L, N305A, I308A/V, E312A/D/R, Y341A/F and D399A, drasti-
cally impaired the VMAT2-mediated uptake of FFN246 (Fig. 2e). Of
note, the protein expression levels of these mutants were

Fig. 2 Central binding site for 5-HT in the lumen-facing state. a Structural superimposition of the lumen-facing serotonin-bound VMAT2S
(N-domain in green and C-domain in purple) with apo VMAT2A (gray). The expanded view (right) shows density fitting of 5-HT (lime green).
b Binding affinity for the WT and the F433F VMAT2 mutant with 5-HT measured using microscale thermophoresis (MST) assay (mean ± SEM,
n= 3–4 independent experiments). c Residues lining the central substrate binding cavity that accommodates 5-HT. TMs are indicated with
numbers. d Cutaway side-view of the electrostatic surface potential (negative in red, positive in blue) surface of the 5-HT binding pocket.
e FFN uptake activity of VMAT2 variants. Activity values (mean ± SEM, n= 3 biologically independent experiments with 3 technical replicates
each) are normalized to that of the WT.
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generally comparable to that of WT VMAT2, except for the D399A
mutant, which exhibited reduced expression levels (Supplemen-
tary information, Fig. S7). Interestingly, replacing Tyr433 with Phe
or Ala only marginally weakened the binding affinity for 5-HT
(Fig. 2b) but notably enhanced FFN246 transport (Fig. 2e). This
suggests that a smaller side-chain at this site reduces the
energetic barrier for the substate passage.

Non-competitive inhibitor TBZ induces a unique
occluded state
Originally developed as an antipsychotic drug, the non-
competitive VMAT inhibitor TBZ has been used to treat movement
disorders including chorea, tremor, hyperkinesia, akathisia, and
tics in Europe since 1971. We incubated VMAT2 with TBZ prior to
vitrification, and obtained a 3.37 Å resolution VMAT2T map.
A rod-like density in the central translocation funnel permits good

fitting of a TBZ molecule (Fig. 3a), which was also supported by the
overall stable molecular dynamics (MD) simulation trajectories
(Supplementary information, Fig. S6b). It has been reported that

TBZ selectively inhibits VMAT2 through the luminal opening.33 In our
structure, VMAT2T adopts an occluded state (Fig. 3a; Supplementary
information, Fig. S4c), displaying concerted movements in the
luminal halves of TM1, TM2, TM7, TM8 and TM10 (Fig. 3b) compared
with VMAT2A. Remarkably, beyond a rigid body rocking between the
N- and C-domain, a unique transformation of helix-to-loop occurred
at TM2 and TM7 (Supplementary information, Fig. S4e). Specifically,
the last three helical turns (Residues 313–323) of TM7 unwound at
Pro313 and stretched into an unstructured loop (LuL7–8), swinging
towards TM1 and TM2 of the N-domain to block the luminal exit
(Supplementary information, Fig. S8a, b). Similarly, the luminal three
helical turns of TM2 (Residues 124–132) unraveled from a hinge
residue, Gly132, and ran along the newly exposed electronegative
cleft after TM7’s relocation. This rearrangement latched the C-domain
by buckling Leu124/Leu125 side-chains into a hydrophobic cavity
occupied by TM7 apical residues Leu315 and Trp318 (Supplementary
information, Fig. S8c, d). This reinforced occluded conformation
aligns well with the proposed dead-end complex induced
by TBZ.34,35

Fig. 3 Non-competitive inhibitor TBZ locks VMAT2 in occluded state. a TBZ-bound VMAT2T structure (N-domain in light green and
C-domain in salmon) is overlaid onto VMAT2A (gray). The expanded view (right) shows density fitting of TBZ (cyan). b Conformational changes
induced by TBZ binding viewed from lumen. Green and red arrows indicate movement in the N- and C-domain, respectively. Luminal loops
connecting TM1/TM2 (LuL1–2) and TM7/TM8 (LuL7–8) exhibiting the largest movement are labeled. c TBZ–VMAT2 interactions viewed from
lumen. d Electrostatic potential surface of the hydrophobic/electronegative TBZ-binding pocket. e Residues sealing the luminal exit viewed
from the cytosol. f Binding affinity for VMAT2 mutants with TBZ measured using MST assay. The table (right) summarizes Kd values
(mean ± SEM, n= 3–4 independent experiments).
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TBZ is situated just below the central plane of the translocation
funnel (Supplementary information, Fig. S5a, middle panel). Its
high binding affinity (60 nM) to VMAT2 corresponds to its
occupation within an enlarged hydrophobic/electronegative
pocket formed by TM1, TM2, TM4, TM5, TM7, TM8, TM10, and
TM11 (Fig. 3c, d). TBZ is primarily nested by several large aromatic
residues from the C-domain and small non-polar residues from the
N-domain (Fig. 3c; Supplementary information, Fig. S5b). Muta-
tional substitutions including Y341A, F429A, Y433A, I308A and
I395A, had varying impacts on TBZ’s binding and inhibition
activity against VMAT2 (Supplementary information, Fig. S9). This
robust non-polar network positions the sole tertiary amine of TBZ
close to the negatively charged Glu312 on TM7. Consistent with
prior findings highlighting the critical role of Glu312 in serotonin
uptake and 3H-TBZOH (dihydrotetrabenazine) binding,36 the
E312A mutant exhibited an 8-fold decrease in TBZ binding affinity
(Supplementary information, Fig. S9a).
TBZOH and TBZ differ only in the position of carbonyl oxygen,

with TBZOH acquiring a hydroxyl group as a result of TBZ
metabolism. In the TBZ-bound VMAT2 structure, the carbonyl
oxygen is oriented towards Asn34 on TM1. The N34A substitution
resulted in a 7-fold reduction in TBZ binding affinity (Supplemen-
tary information, Fig. S8a), suggesting a similar and important
interplay between Asn34 residue and both TBZ and its metabolite
TBZOH. An additional polar interaction is noted between Arg189
and the two methoxyl groups on TBZ, which may further
contribute to the stable coordination network.
The intensified polar and non-polar interaction between TBZ

and VMAT2 likely triggers the aforementioned conformational
shift. Specifically, Trp318 inserts its indole group deeply towards
the TBZ location from the luminal side as a result of the helix-to-
loop transformation. This insertion is buttressed by several
hydrophobic/non-polar residues such as Leu44, Pro45, Val131,
Pro313, Leu315, Leu317 and Leu330 (Fig. 3e). While not in direct
contact with TBZ in the occluded state, W318A mutant showed a
substantial reduction in TBZ binding (Supplementary information,
Fig. S9a). Similarly, mutagenetic perturbations on the TM2 luminal
apical (Leu124 and Leu125), which are distant from the transloca-
tion funnel and TBZ binding pocket, largely diminished TBZ
association (Supplementary information, Fig. S9a). Consistently,
both the W318A and L124R/L125R mutations nearly abolished the
FFN uptake activity (Fig. 2e). These observations indicate that the
drastic conformational change, particularly in TM2 and TM7, is
critical for TBZ-induced closure of the VMAT2 luminal exit.
TBZ preferentially inhibits VMAT2, with a 10-fold lower IC50

value against VMAT1 (0.3 μM vs 3 μM).37 Consistently, our
in vitro MST assay revealed a nearly 150-fold difference in affinity
between VMAT2 and VMAT1 (60 nM vs 9.38 μM, Fig. 3f). Sequence
and structural comparison indicates that VMAT2 and VMAT1 differ
mainly in four variable residues lining the TBZ binding pocket
(Supplementary information, Fig. S10). In accordance, the replace-
ment of these VMAT2 residues with VMAT1 counterparts (L37F,
V232L, I308V and Y433F) all reduced the TBZ binding to various
extents (Fig. 3f). In particular, the substitution of V232L caused the
utmost loss of binding affinity, consistent with a previous notion
that Val232 contributed the most favorable enthalpy for
TBZ–VMAT2 association.13 In our structure, Val232 points to the
TBZ isobutyl group (Fig. 3c). Extending the side-chain by a methyl
group would cause clashes with the isobutyl group, explaining the
weakened binding. Another important contributor is Leu37, as the
L37F variant reduced TBZ binding by a substantial 45-fold,
presumably also caused by steric clashes.

Competitive inhibitor RES binds cytosol-facing VMAT2
RES, a natural indole alkaloid, has been a first-line therapy in
treating hypertension since 1955 but is currently considered a
second-line treatment due to its potential depression side effects.
RES binds with high affinity to both VMAT2 and VMAT1, at the

substrate-binding site on the cytoplasmic side.37 As mentioned
earlier, we were unable to obtain the RES-bound complex with WT
VMAT2 protein (Supplementary information, Fig. S2).
To capture the cytosol-facing state which was previously

proposed to favor RES binding, we used the Y422C mutation
(VMAT2YC) which was presumed to weaken the cytosolic gate.32

Consistently, our in vitro MST assay revealed that RES binds to
VMAT2YC mutant more stronly by nearly 40-fold than to the WT
(Fig. 4a). We then incubated VMAT2YC with 1 mM RES and
determined a 3.7 Å structure (VMAT2YCR) at a cytosol-facing state
(Fig. 4b; Supplementary information, Fig. S4d). Compared with the
lumen-facing VMAT2A state, the N- and C-domain of cytosol-
facing VMAT2YCR structure undergo a typical rocker-switch
movement (Supplementary information, Fig. S4f), similar to other
MFS transporters.38

An elongated density of ~20 Å was observed in the transloca-
tion funnel of VMAT2YCR map. This density matches the shape of
the multi-ring RES (Fig. 4b). The RES trimethyoxylbenzoyl group
faces the cytosolic space and is positioned nearly perpendicularly
to its three adjacent rings in the middle. On the opposite side, the
indole group is also perpendicular to the middle rings and is
inserted snugly in the central cavity of VMAT2 transport passage.
This indole group assumes a similar position of 5-HT (Supplemen-
tary information, Fig. 5a), explaining its competitive nature. The
RES pose was moderately stable in MD simulation of 500 ns
duration (Supplementary information, Fig. S6c). In line with our
observation, substitutions on the alkaloid ring system including
reserpate and reserpinediol, showed similar inhibitory efficacy on
NE transport as RES did, while derivatives of the trimethoxylben-
zoyl group inhibited neither the NE transport nor the RES
binding.39

RES binds to VMAT2 at a substantial hydrophobic/electronega-
tive surface (Fig. 4c) lined by a combination of polar and non-polar
residues spanning nearly all TMs of the translocation funnel
(Fig. 4d; Supplementary information, Fig. S5). Within the central
binding site, RES orients the hydrophobic face of its methyoxyl
indole group towards Val232, Pro236, Ile308 and Phe334, while
directing the indole nitrogen towards Glu312 and Tyr433. In line
with this binding orientation, mutations including V232L, I308A
and E312A diminished RES-binding (Fig. 4a). The tertiary amine on
the middle tandem rings established hydrogen bond and salt
bridge with Asn305 and Asp399, respectively, as well as a cation–π
interaction with Tyr341. While the N305A substitution had a minor
impact on RES inhibition, D399A and Y341A/F mutations almost
completely abolished FFN246 uptake (Supplementary information,
Fig. S11). MST measurement further demonstrated a drastic loss of
RES binding affinity in these variants (Fig. 4a), emphasizing the
pivotal role of the amine-mediated interaction network in shaping
the structure-activity relationship between RES and VMAT2. At the
cytosolic vestibule, the trimethyoxylbenzoyl group brings in the
cytosolic halves of the N- and C-domain by engaging with Leu225,
Leu228, Met403, Ala425 and Phe429. In addition, Asp399 and
Tyr341 restrict the ester linker, locking RES in position.
Notably, when the VMAT2YC protein was incubated with the

substrate 5-HT, the resulting reconstructed VMAT2YCS map
adopted the same lumen-facing conformation as VMAT2S
(Supplementary information, Fig. S2). These findings strongly
suggest that 5-HT binding in the background of this weakened
cytosolic gate is not sufficient to transform the presumed resting
lumen-facing state for substrate reception in current experimental
conditions. It would possibly reflect the critical role of the cytosol-
directed proton flux in driving the conformational switch of
VMAT2.35

Cytosolic and luminal gates
The lumen-facing VMAT2A and the cytosol-facing VMAT2YCR
structures provide insights into the gating mechanisms involved
in the alternating access transport cycle. Akin to other MFS
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Fig. 5 Cytosolic and luminal gates. a The cytosolic gate. Gate residues from TMs 4, 5, 10 and 11 from the VMAT2A structure (semi-transparent
gray cartoon) are shown in sticks. Left, expanded view from membrane plane; right, expanded view from cytosol. The hydrophobic Met-layer
and hydrophilic Arg-layer are highlighted by dashed rhomboids. b The luminal gate. Gate residues from TMs 1, 2, 7 and 8 from the cytosol-
facing RES-bound VMAT2YCR structure are shown. Left, expanded view from membrane plane; right, expanded view from lumen. The Phe-
layer and Pro-layer are highlighted.

Fig. 4 Cytosol-facing VMAT2YCR captured by the competitive inhibitor RES. a Binding affinity of VMAT2 variants with RES measured by MST
assay, with results summarized below (mean ± SEM, n= 3–4 independent experiments). b RES-bound VMAT2YCR structure (N-domain in cyan
and C-domain in yellow-green) captured at cytosol-facing state. An expanded view of the elongated density of RES (purple) is shown on the
left. c Cutaway side-view for the overall electronegative vestibule hosting RES molecule. d Residues in close vicinity of RES lining the
translocation funnel are detailed, viewed from membrane plane.
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transporters, the cytosolic gate is composed of residues from TM4,
TM5, TM10, and TM11 (Fig. 5a). In particular, the bulky Tyr422
protrudes into the middle of translocation funnel, with its aromatic
face surrounded by three methionine residues (Met204, Met221
and Met403). Above this so-called Met-layer, Arg217 orchestrates
an interaction network by hydrogen bonding with the backbone
oxygen of Ala208 and the sidechain hydroxyl of Tyr418, as well as
a cation–π interaction with Tyr418. This Arg-layer effectively seals
the entrance exposed to the cytosol. A unique Gly407 residue
bridges the two closely stacked layers via hydrogen bonding with
the hydroxyl group of Tyr422 and the guanidine group of Arg217
(Fig. 5a). This intricate cytosolic gating network, centered around
Tyr422, has been well characterized by Schuldiner and collea-
gues.32 Attenuating the gate by perturbation on Tyr422 likely
lowered the energetic barrier for the conformational switch that
facilitated the capturing of VMAT2 in the cytosol-facing state.
On the luminal side, a gate is formed mainly by hydrophobic

residues and prolines on TM1, TM2, TM7 and TM8 (Fig. 5b). These
interactions can also be divided into two tightly packed layers. The
upper Phe-layer close to the central site consists of V41, Phe135,
Pro313, and Phe334, while the lower Pro-layer exposed to the
lumen comprises Pro42, Pro45, Val131, Pro316 and Leu330.
Substitution of Phe334 by Ala dramatically reduced transport
activity (Fig. 2e). Moreover, genetic mutation of Pro316A in VMAT2
is linked to an infantile-onset form of parkinsonism.19 Compared
with the TBZ-induced VMAT2T occluded structure, this set of
luminal-gating residues in VMAT2YCR overlaps with the ones

forming the VMAT2T luminal plug, including Pro45, Val131, and
Pro313. However, the upstanding outlier of blocking the exit in the
occluded VMAT2T is Trp318 (Fig. 3e).

Transport mechanism
To gain more insights into the transportation cycle of VMAT2-
mediated monoamine loading, we performed in silico molecular
docking and MD simulation. In the cytosol-facing VMAT2 structure,
5-HT predominately adopts a single conformation, with its primary
amine facing Asp399 near the cytosol side (Supplementary
information, Fig. S6d). Interestingly, in the lumen-facing state,
5-HT appears in two different locations, with its primary amine
pointing to either Asp399, or Glu312 near the luminal exit
(Supplementary information, Fig. S6e). Experimenting with the
protonation state of Asp399 and Glu312 revealed a sequential
binding and release of 5-HT in the translocation funnel
(Supplementary information, Fig. S6f, g). Incorporating the general
alternating access mechanism,38,40 we propose the working model
for VMAT2 as follows (Fig. 6).
Powered by the cytosol-directed proton gradient, VMAT2 opens

its cytosolic gate (state 1) and prepares for monoamine entry
(state 2). Substrate binding triggers a concerted movement of TMs
(state 3) towards the vesicle lumen (state 4). In the physiological
low-pH environments (~pH 5.5), Asp399 from TM10 and Glu312
from TM7 are protonated sequentially to facilitate substrate
movement within the translocation funnel and subsequent
substrate release, respectively (states 5 and 6). In turn, VMAT2 is

Fig. 6 Proposed mechanism for VMAT2-mediated transport of monoamines. Schematic representation of the alternating access transport
cycle. The 7 states are derived from direct experimental structures (States 4 and 6), docking poses (States 1, 2 and 5), and AlphaFold2
prediction (States 3 and 7). For clarity, only TMs 1, 2, 7 and 8 are shown as empty tubes in color. States that are not experimentally determined
are shown in faint shades. Two negative residues D399 and E312 along the translocation pathway (empty circles, non-protonated; solid circles
filled with green, protonated) facilitate substrate movement by alternating protonation states. Significant conformational shifts, particularly in
TM2 and TM7, triggered by TBZ (green) entrance at the luminal side induce a dead-end occluded state.
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reset back (state 7) to the cytosol-open state, ready for another
transport cycle (state 1). Of note, the non-competitive inhibitor
TBZ induces an off-cycle dead-end state through the luminal
entrance.

DISCUSSION
VMAT2 is responsible for packaging bioactive monoamine sub-
stances including serotonin and dopamine into presynaptic vesicles
in neurons. This process primes the neurotransmitters for subsequent
synaptic quantal release upon stimulation and also serves as a
protective mechanism for neurons against toxic substances. Our
results have uncovered the structural basis for substrate recognition,
and mechanism of competitive and non-competitive inhibition by
clinical drugs including RES and TBZ. These inhibitors exploit a
forgiving central binding site to achieve their potency.
It is worth noting that the TBZ-bound occluded state closely

resembles the predicted VMAT2 model (in the absence of any
ligand) by AlphaFold2 (RMSD= 1.0 Å, Supplementary information,
Fig. S4g). However, the remarkable helix-to-loop transformation
and subsequent closure of luminal exit, achieved by repositioning
the unwound luminal halves of TM2 and TM7, are absent in the
prediction model. Our results may contribute to improving
algorithms for predicting more accurate structures.
During the preparation of our manuscript, Coleman and

colleagues reported a VMAT2 structure bound with TBZ at 3.3 Å
resolution.41 Using an N-terminal GFP fusion and C-terminal anti-
GFP nanobody, the authors captured VMAT2 in an occluded state
similar to what we have observed. Very recently, Lee and
colleagues presented three structures of VMAT2 bound by TBZ,
RES and 5-HT, via engineering a MBP to the N-terminus and a
MBP-binding DARPin to the C-terminus of VMAT2.42 In this study,
TBZ also induces a large conformational change and locks VMAT2
in the same occluded state. RES binds in the cytosol-facing state
through a Y428S mutation, which was expected to shift the
conformational equilibrium of rat VMAT2 towards the cytosol
side.32 Interestingly, by using the same Y418S mutant which
completely abolished dopamine uptake, the authors captured
5-HT at the cytosol-facing conformation. Of note, the Y422C
mutant used in our study remained at the lumen-facing state
when incubated with 5-HT (Supplementary Information, Fig. S2),
which is consistent with the previous characterization that
mutation at Y422 has a more moderate effect compared to
Y418S.32 These structures, obtained via different engineering
strategies, thus cross-validate and complement our findings.
In conclusion, our VMAT2 structures, in association with

substrate serotonin and inhibitors of diverse chemical structures,
along with biochemical evidence and MD simulation analyses,
provide new insights into the mechanism underlying the vesicular
packaging of monoamine neurotransmitters, offering a platform
for the development of improved pharmaceutical strategies in the
future.

MATERIALS AND METHODS
Plasmids
The human full-length, WT VMAT2 sequence (Uniprot: Q05940) was used
to create truncations (Residues 1–474 and 1–489). The full-length or
truncated sequence was subcloned into a modified pcDNA3.1(–) vector,
followed by an ALFA-tag (SRLEEELRRRTEG), an HRV-3C site, a Twin-Strep
tag, a Flag-tag and an enhanced GFP (eGFP). Site-directed mutagenesis
was performed using homologous recombination PCR, and the sequences
of all constructs were verified by DNA sequencing in Beijing Tsingke
Biotech Co., Ltd.

GST-NbALFA nanobody purification
Sequence of NbALFA nanobody was subcloned into a modified pET-21a(+)
vector, with a N-terminal tag containing a GST-tag and a TEV cleavage site.

For protein expression, plasmids were transformed into E. coli BL21(DE3)
strain (Cat# TSC-E01, Beijing Tsingke Biotech Co., Ltd.). E. coli was cultured
in terrific broth for 4 h at 37 °C before being supplemented with 400 μM
IPTG for 14–16 h at 18 °C. After harvest, E. coli cells were lysed in buffer A
(50mM HEPES, 150 mM NaCl, 5% glycerol, pH 7.4), and purified by binding
to glutathione Beads (Cat# SA008100, Smart-lifesciences). After extensive
washing with wash buffer (50mM HEPES, 500 mM NaCl, 5% glycerol, pH
7.4), proteins were eluted by 10mM reduced L-Glutathione (Cat# G105426,
Aladdin) in buffer A. Before being incubated with VMAT2 for cryo-EM
sample preparation, GST-tag was removed by using cleavage with TEV
protease from nanobody. The GST-tag was spared for pull-down
assay below.

Pull-down assay
To express WT VMAT2 and two truncations, 4mL Expi293 cells were grown
at 37 °C under a 5% CO2 atmosphere in Gibco® FreeStyleTM 293 Expression
Medium to reach the density of 2 × 106/mL. 4 μg of plasmid DNA coding for
recombinant WT VMAT2 or truncates and 8 μg PEI transfection reagent
were mixed in 300 μL of medium for 15min at room temperature before
being added into 4mL of cell culture. After 48 h, cells were respectively
harvested by centrifugation at 1500× g for 15min, washed once with PBS
and then resuspended with 500 μL buffer A containing 1% N-Dodecyl-β-D-
maltoside (DDM, Anatrace), 0.1% cholesteryl hemisuccinate (CHS, Anatrace),
1 mM Phenylmethylsulphonyl fluoride (PMSF) and 3 μg/mL protease
inhibitor cocktail (Aprotinin:Pepstatin:Leupeptin (w/w)= 1:1:1). The cell
pellets were lysed by sonication for 2 min, agitated gently at 4 °C for 3 h and
centrifuged at 12,000 rpm for 10min. Supernatants served as input. The
supernatant was incubated with 30 μL glutathione Beads bound 0.125mg
GST-nanobody at 4 °C for 3 h. Samples were washed with 1mL wash buffer
containing 0.01% DDM and 0.001% CHS three times. Samples were mixed
with 30 μL buffer A and 10 μL 4× SDS sample-loading buffer. 20 μL of each
sample and 3% v/v of the input were finally analyzed by SDS-PAGE
and visualized via in-gel fluorescence. For negative control, the sample
prepared from Expi293 cells without plasmid transfection was used.

Recombinant protein expression and purification
For recombinant VMAT2 transient expression, 1 L of Expi293 cells were
grown at 37 °C under a 5% CO2 atmosphere in Gibco® FreeStyleTM 293
Expression Medium (ThermoFisher Scientific) to reach the density of
2 × 106 cells/mL. 1 mg of plasmid DNA coding for recombinant VMAT2 and
3mg PEI transfection reagent were mixed in 100mL of medium for 15min
at room temperature before being added into 1 L of cell culture containing
2mM sodium valproate. After 48–60 h, cells were harvested by centrifuga-
tion at 1500× g for 15 min, washed once with PBS, frozen in liquid nitrogen
and stored at –80 °C. The cell pellet collected from 1 L of culture were
resuspended with buffer A (50mM HEPES, 150mM NaCl, 5% glycerol, pH
7.4) containing 1% DDM, 0.1% CHS, 1 mM PMSF and 3 μg/mL protease
inhibitor cocktail (Aprotinin:Pepstatin:Leupeptin (w/w)= 1:1:1). The resus-
pended cell pellets were dounced about 30min using a glass homo-
genizer, and agitated gently at 4 °C for 3 h. The cell debris was removed by
centrifuging at 12,000 rpm at 4 °C for 30min. The supernatant was
incubated with 2mL pre-equilibrated Streptactin Beads 4FF (Cat#
SA053025, Smart-lifesciences) and stirred gently at 4 °C for 2 h. Beads
were packed into a gravity column (Cat# SLM001, Smart-lifesciences) and
washed with 10 column volume (CV) of buffer A containing 0.1% DDM and
0.01% CHS before being incubated with 1% lauryl maltose neopentyl
glycol (LMNG, Anatrace) and 0.1% CHS in buffer A at 4 °C for 1 h. The
column was washed with 30 CV of buffer A containing LMNG and CHS at a
concentration ranging from (0.1% LMNG+ 0.01% CHS) to (0.001%
LMNG+ 0.0001% CHS). Recombinant VMAT2 was eluted with 5mM
D-Desthiobiotin (Cat# A1222, ChemCrus), 0.001% LMNG and 0.0001%
CHS in buffer A. The eluted fractions with HRV 3C protease cleavage (molar
ratio protease:VMAT2= 1:10) were incubated with NbALFA nanobody
(molar ratio of VMAT2:nanobody= 1:1.2) overnight. The pooled fractions
were concentrated with a 100 kDa cut-off concentrator (Cat# UFC810096,
Merck Millipore) and subjected to size-exclusion chromatography using a
Superpose 6 10/300 GL column (Cat# 29-0915-96, Cytiva) equilibrated in
buffer B (50mM HEPES, 150 mM NaCl, 0.001% LMNG, 0.0001% CHS, pH
7.4). The peak fractions corresponding to purified recombinant VMAT2
were concentrated to 8mg/mL for cryo-EM grid preparation. VMAT2YC
mutant was purified similarly. All proteins used for cryo-EM were the
recombinant truncation (Residues 1–474) of VMAT2 and VMAT2YC. The
sample was stored at –80 °C for further use.
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MST
Binding of VMAT2 and mutants to serotonin (Cat# S4244, Selleck), TBZ
(Cat# S1789, Selleck) and RES (Cat# S1601, Selleck) were measured by MST
experiments. The eGFP-tagged full-length VMAT2 or VMAT2 mutants was
purified by size exclusion chromatography in the assay buffer (50mM
HEPES, 150 mM NaCl, 0.01% DDM, 0.001% CHS, pH 7.4) as described but
without cleavage. Peak fractions were pooled and diluted to 40 nM. Ligand
stocks (100mM Serotonin, 100 mM TBZ and 20mM RES) were diluted to
the highest concentration used in the assay buffer. For MST measure-
ments, a series of 16 sequential 1:1 dilutions were prepared using assay
buffer for each ligand, and each ligand dilution was mixed 1:1 with diluted
protein to final protein concentration of 20 nM and final ligand
concentrations in the μM to nM range. The samples were incubated for
10min at room temperature, and then loaded into Standard Monolith
Capillaries (Cat# MO-K022, NanoTemper Technologies). Measurements
were carried out with a Monolith NT.115 device at 80% LED power and
40% MST power. Kd was determined using the MO. Affinity Analysis
software (version 2.3, NanoTemper Technologies, Germany) is with the Kd
fit function. Capillaries displaying aggregation or adsorption were
excluded. Data of at least three independently pipetted measurements
were analyzed and Kd is expressed as mean ± SEM. Binding curves were
plotted by GraphPad Prism Prism 9.5.1 (GraphPad Software Inc., San
Diego, USA).

FFN246 uptake assay
0.5–1 million HEK 293T (ATCC CRL-11268; mycoplasma free) cells were
plated into 6-well plates per well and cultured at 37 °C in 5% CO2.
Following ~24 h of growth when cells reach approximately 70%
confluency, the cells were transfected with the full-length WT hVMAT2-
eGFP or the mutant plasmids (2 μg plasmid per construct) at a ratio of 4 μL
polyethylenimine (PEI, 1 μg/μL, Cat# 24765-1, Polysciences) per μg of DNA.
To investigate the physiological activity of the VMAT21–474-ALFA/NbALFA,
cells were transfected with eGFP-tagged WT or VMAT21–474-ALFA with the
picomolar affinity nanobody NbALFA (1 μg plasmid each). The next day,
cells were detached by trypsin and seeded in a transparent 96-well flat
bottom cell culture plate (BH, H181-96) at a density of 5 × 104 cells/well.
The cells were incubated for 30min under 37 °C and then 30 μL FFN246
(final concentration 1 μM, Cat# BCP43741, BioChemPartner) was added for
another 1 h incubation. The uptake of FFN246 was terminated by three
times of cold fresh PBS (with 0.2% BSA) wash. The fluorescence uptake of
FFN246 was immediately recorded by flow cytometry (ThermoFisher
Scientific, Attune NxT). The gating strategy is described in Supplementary
information, Fig. S7.
To characterize the inhibitory effects of TBZ or RES on VMAT2-mediated

FFN246 uptake, the cells were treated similarly as above described, except
that the culture medium was removed and replaced by 30 μL TBZ or RES in
PBS (with 0.2% BSA, 10 μM digitonin) at concentration gradients, one day
after plating the cells into a 96-well plate. The cells were then incubated for
30min under 37 °C and 30 μL FFN246 was added for another 1 h
incubation. The uptake was terminated by three times of cold fresh PBS
(with 0.2% BSA) wash. The fluorescence uptake of FFN246 was immediately
recorded by flow cytometry.

Cryo-EM sample preparation and data collection
Negative staining was used to evaluate the protein quality. In brief, 4 μL of
purified recombinant hVMAT2 or hVMAT2 mutant were applied onto glow-
discharged copper grids supported by a thin layer of carbon film for 80 s
before negative staining by 2% (w/v) uranyl acetate solution at room
temperature. The negatively stained grids were examined by using FEI
Talos L120C (ThermoFisher Scientific) operated at 120 kV.
For cryo-EM grid preparation, different ligands were added at a final

concentration of 1 mM to the concentrated VMAT2 sample (8 mg/mL) and
incubated on ice for 30min. Quantifoil Au 1.2/1.3 (300 mesh) grids were
glow-discharged (12mA for 50 s) using a PELCO easiGlo instrument (Ted
Pella) before being applied to 2.5 μL of concentrated VMAT2 sample. These
grids were blotted with filter paper for 3–6 s (100% humidity at 4 °C) in a
Vitrobot Mark IV (ThermoFisher Scientific) and vitrified in liquid ethane at
liquid nitrogen temperature. The frozen grids were transferred under
cryogenic conditions and stored in liquid nitrogen for subsequent
screening and cryo-EM data collection.
All datasets except VMAT2YCR were collected on a Titan Krios G4 cryo-

electron microscope operated at 300 kV, equipped with a Falcon G4i direct
electron detector with a Selectris X imaging filter (ThermoFisher Scientific),
operated with a 20 eV slit size. Movie stacks were acquired using the EPU

software (ThermoFisher Scientific) in super-resolution mode with a defocus
range of −1.2 to −2.0 μm and a final calibrated pixel size of 0.932 Å. The
total dose per EER (electron event representation) movie was 50 e–/Å2.
VMAT2YCR data were collected on a Titan Krios G3 transmission electron

microscope (ThermoFisher Scientific) at 300 kV, and equipped with a K3
BioQuantum direct electron detector with a Gatan GIF Quantum energy
filter, operated with a 20 eV slit size. Movie stacks were acquired using
serial-EM software in super-resolution mode with a defocus range of −1.2
to −2.0 μm and a final calibrated pixel size of 0.832 Å. The total dose per
movie was 60 e–/Å2.

Cryo-EM data processing
All datasets were processed similarly in cryoSPARC (v.3.3.2)43 and RELION
(v.3.1.4).44 For Apo VMAT2A sample, a total of 17,720 EER movies were
collected. Each EER movie of 1080 frames were fractionated into
40 subgroups and beam-induced motion was corrected with a
MotionCor2-like algorithm implemented in RELION. Exposure-weighted
micrographs were then imported to cryoSPARC for CTF (contrast transfer
function) estimation by patch CTF. Particles were blob-picked and
extracted with a box size of 220 pixels, and subjected to multiple rounds
of 2D classification. Several rounds of heterogeneous refinement (3D
classification) were conducted using ab initio reference maps recon-
structed with 2D averages of nice feature. The good particles were then
converted for Bayesian polishing in RELION, which was subsequently
imported back to cryoSPARC for one more round of ab initio reconstruc-
tion and several rounds of heterogeneous refinement to remove residual
contaminants or poor-quality particles. Final 3.6 Å VMAT2A map from
220,731 particles by local refinement. Resolution of these maps was
estimated internally in cryoSPARC by gold-standard Foushurier shell
correlation using the 0.143 criterion.
For WT VMAT2 sample supplemented with substrate serotonin, TBZ and

RES, totally 7527, 17,914 and 5402 EER movie stacks were processed in a
similar way as VMAT2A data. Final 3.57 Å VMAT2S, 3.37 Å VMAT2T and
4.75 Å VMAT2R maps were obtained from 124,189, 335,823 and 166,931
particles.
The above procedure was also applied to 8028 K3 movies for VMAT2

Y422C mutant with RES, and 5148 EER movies for serotonin. Final 3.74 Å
VMAT2YCR and 4.1 Å VMAT2YCS maps were determined.

Model building and refinement
Initial VMAT2 model was retrieved from AphaFold30 database which is
predicted as occluded conformation (ID: AF-Q05940). The predicted model
was rigid-body docked into VMAT2A cryo-EM density map in ChimeraX
(v.1.6),45 followed by iterative manual adjustment in COOT (v.0.9.8)46 and
real-space refinement in Phenix (v.1.19).47,48 Models and geometry
restraints for 5-HT, TBZ, and RES were generated by the eLBOW tool from
Phenix. The model statistics were validated by Molprobity. Side-chains that
do not have well-defined density were trimmed for deposition. The final
refinement statistics are provided in Supplementary information, Table S1.
Structural figures were prepared in ChimeraX or PyMOL (PyMOL Molecular
Graphics SYtem, v.2.3.4, Schrödinger) (https://pymol.org/2/).

In silico molecular docking
Both the lumen-facing VMAT2S and the cytosol-facing VMAT2YCR
structures were prepared in Schrödinger (Release 2021–2) for docking.
Prime (Schrödinger) was used to complete the missing side-chains and to
cap the chain termini. After removal of the ligand, the protonation states
and tautomers were assigned at pH 7.4 ± 0.1 using Epik49 in Maestro with
the OPLS3 forcefield.50 The docking grid was centered around the binding
site, with the ligand diameter midpoint box of 20 Å on all three axes.
Docking is run with the Glide standard precision scoring function.51

MD simulations
We performed all-atom MD simulations in explicit solvents for VMAT2S,
VMAT2T and VMAT2YCR. The initial proteins include residues 15–474 for
cytosol-facing conformation, residues 18–474 for occluded conformation
and residues 17–474 for lumen-facing conformation. The chain termini
were neutralized by capping groups (acetylation and methylation) to avoid
termini-charge dependent effects. PropKa was used to determine the
dominant protonation state of all titratable residues at pH 7.4.52 The
CHARMM-GUI Membrane builder module53 was used to place each protein
in a 1:1 POPC membrane patch with 20 Å of water above and below and
0.15 M NaCl in the solution. The final systems had ~121 POPC lipids,
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~10,600 water molecules, and initial dimensions of 76 × 76 × 104 Å3. The
CHARMM36m force field was adopted for lipids, proteins, sodium and
chloride ions, and the TIP3P model for waters.54,55 Ligands were modeled
with the CHARMM CGenFF small-molecule force field. Details of system
composition are listed in Supplementary information, Table S2.
Simulations were performed using Gromacs 2020.7.56 For each

condition, three independent simulations were run. All systems were
energy minimized and equilibrated in six steps consisting of 2.5 ns long
simulations, while slowly releasing the position restrain forces acting on
the Cα atoms. Initial random velocities were assigned independently to
each system. Production simulations were performed for 500 ns. The Verlet
neighbor list was updated every 20 steps with a cutoff of 12 Å and a buffer
tolerance of 0.005 kJ/mol/ps. Non-bonded van der Waals interactions were
truncated between 10 Å and 12 Å using a force-based switching method.
Long-range electrostatic interactions under periodic boundary conditions
were evaluated by using the smooth particle mesh Ewald method with a
real-space cutoff of 12 Å.57 Bonds to hydrogen atoms were constrained
with the P-LINCS algorithm with an expansion order of four and one LINCS
iteration.58 The constant temperature was maintained at 310 K using the
v-rescale (τ= 0.1 ps) thermostat59 by separately coupling solvent plus salt
ions, membrane, and protein. Semi-isotropic pressure coupling was
applied using the Parrinello-Rahman barostat,60 using 1 bar and applying
a coupling constant of 1 ps. Finally, a restraint-free production run was
carried out for each simulation, with a time step of 2 fs.

Data and statistical analysis
The statistical analysis was performed using GraphPad Prism 9.5.1
(GraphPad Software Inc., San Diego, CA, USA). Binding affinity Kd values
from the MST assay were calculated and graphs were plotted with
GraphPad Prism. The curve fitting for FFN uptake activity was determined
via equation Y= Bottom + (Top – Bottom)/(1+ 10^((LogEC50 – X))). All
data are from at least three biologically independent experiments (n= 3).

DATA AVAILABILITY
The coordinates for apo VMAT2A, serotonin-bound VMAT2S, TBZ-bound VMAT2T and
RES-bound VMAT2YCR have been deposited in the Protein Data Bank under accession
codes 8WLJ, 8WLM, 8WLK and 8WLL, respectively. The cryo-EM density maps for
VMAT2A, VMAT2S, VMAT2T and VMAT2YCR have been deposited in the Electron
Microscopy Data Bank with accession codes EMD-37621, 37624, 37622 and 37623,
respectively. The cryo-EM maps for VMAT2R and VMAT2YCS are deposited as
additional maps under EMD-37623.
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