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Abstract

Biogenic monoamines—vital transmitters orchestrating neurological, endocrinal and 

immunological functions1–5—are stored in secretory vesicles by vesicular monoamine transporters 

(VMATs) for controlled quantal release6,7. Harnessing proton antiport, VMATs enrich 

monoamines around 10,000-fold and sequester neurotoxicants to protect neurons8–10. VMATs 

are targeted by an arsenal of therapeutic drugs and imaging agents to treat and monitor 

neurodegenerative disorders, hypertension and drug addiction1,8,11–16. However, the structural 

mechanisms underlying these actions remain unclear. Here we report eight cryo-electron 

microscopy structures of human VMAT1 in unbound form and in complex with four monoamines 

(dopamine, noradrenaline, serotonin and histamine), the Parkinsonism-inducing MPP+, the 

psychostimulant amphetamine and the antihypertensive drug reserpine. Reserpine binding 

captures a cytoplasmic-open conformation, whereas the other structures show a lumenal-open 

conformation stabilized by extensive gating interactions. The favoured transition to this lumenal-

open state contributes to monoamine accumulation, while protonation facilitates the cytoplasmic-

open transition and concurrently prevents monoamine binding to avoid unintended depletion. 

Monoamines and neurotoxicants share a binding pocket that possesses polar sites for specificity 

and a wrist-and-fist shape for versatility. Variations in this pocket explain substrate preferences 

across the SLC18 family. Overall, these structural insights and supporting functional studies 

elucidate the mechanism of vesicular monoamine transport and provide the basis to develop 

therapeutics for neurodegenerative diseases and substance abuse.
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Biogenic monoamines, including catecholamines (dopamine, adrenaline and noradrenaline), 

histamine and serotonin, are essential neurotransmitters in the central and peripheral nervous 

systems, impacting motor control, cognition, memory, mood and sleep1,2. They also act 

as local transmitters and hormones in the endocrine and immune systems, regulating 

gastrointestinal movement3, blood pressure4 and immune responses5. Monoamines must 

be stored in secretory vesicles to maintain precise control of their quantal release into 

extracellular spaces, such as synaptic clefts, and to prevent their premature degradation or 

potential damage to neurons (Fig. 1a). VMATs uptake monoamines from the cytoplasm 

into storage vesicles6,7 and sequester neurotoxicants, such as 1-methyl-4-phenylpyridinium 

(MPP+), which is commonly used for modelling Parkinson’s disease10. VMATs have two 

isoforms that exhibit high sequence similarity but distinct tissue distributions: VMAT1 

is mainly found in neuroendocrine cells in humans, whereas neurons and immune cells 

primarily express VMAT215,17. VMATs belong to the SLC18 family of human solute 

carriers, which contains a third member, the vesicular acetylcholine transporter (VAChT)18. 

These SLC18 proton antiporters accumulate a variety of single positively charged amines to 

high concentrations (up to 0.5 M) within the secretory vesicles, the acidic environment of 

which creates an outward proton gradient to drive the amine intake8,9. The mechanism of 

this remarkable storage ability remains unclear.

The VMATs and their specific inhibitors have long-standing clinical importance 

in regulating and investigating neuronal and endocrine responses8. Reserpine is an 

antihypertensive and antipsychotic drug targeting both VMAT1 and VMAT2. The 

introduction of reserpine in the 1950s spurred the discovery of the roles of monoamines 

in the central nervous system and Parkinson’s disease1, “bridging the gap between 

biochemistry, psychiatry and neurology”11. Reserpine also marked the modern era of 

drug treatment for schizophrenia12, to which VMAT1 exhibits a strong genetic linkage19. 

Tetrabenazine derivatives, targeting VMAT2, are the only uS Food and Drug Administration 

(FDA)-approved treatments for Huntington’s chorea, tardive dyskinesia and Tourette’s 

syndrome13. In vivo imaging using radiolabelled tetrabenazine and vesamicol (targeting 

VAChT) has enabled the early detection and tracking of disease progression in Parkinson’s 

disease, Alzheimer’s disease, schizophrenia and drug addiction14. Notably, amphetamines 

can efficiently enter storage vesicles15 and displace stored catecholamines, prompting their 

synaptic release and inducing intense psychostimulation16. Despite the substantial clinical 

interest in treating drug addiction and neurodegenerative diseases, how these illicit drugs and 

therapeutic medications interact with VMATs remains unclear.

Here we report a series of cryo-electron microscopy (cryo-EM) structures of human VMAT1 

in cytoplasmic-open and lumenal-open conformations, in unbound form and in complex 

with four monoamine neurotransmitters, the antihypertensive reserpine, the psychostimulant 

amphetamine and the neurotoxin MPP+. The structures and functional studies reveal 

the mechanisms of monoamine storage and pharmacological interactions, providing a 

framework for understanding disease associations and inspiring future development of 

targeted medications.
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Structure determination

Human VMAT1, when expressed in HEK293 cells or Pichia pastoris, generates low 

levels of detergent-extracted protein or exhibits inhomogeneous elution profiles during 

fluorescence detection size-exclusion chromatography (FSEC) (Extended Data Fig. 1a). 

We overcame this issue by removing the poorly conserved glycosylated loop (amino 

acids 69–123) between the transmembrane helix 1 (TM1) and TM2 (hereafter L1/2 and 

so forth) of VMAT1. This deletion construct, VMAT1(ΔL1/2), shows a monodispersed 

FSEC peak and a considerable increase in protein yield (Extended Data Fig. 1a), enabling 

subsequent protein purification and structure determination. VMAT1(ΔL1/2) has a similar 

subcellular location to full-length VMAT1 (Fig. 1b) and largely retains the activities of 

importing [3H]dopamine, [3H]serotonin and a fluorescent false neurotransmitter, FFN206, 

into vesicle-like compartments of HEK293 cells20 (Fig. 1b,c and Extended Data Fig. 1b–

e). Furthermore, VMAT1(ΔL1/2) transport requires a proton gradient and is inhibitable by 

reserpine, indicating preservation of VMAT1 functionality (Fig. 1c and Extended Data Fig. 

1b). Consistently, L1/2 is deemed to be non-essential for VMAT function21 and most of 

it is absent in the related vesicular transporters SLC18B1, SLC17 and SLC32 that need to 

perform similar functions.

Cryo-EM analysis of VMAT1(ΔL1/2) protein particles exhibited high-resolution features 

during the two-dimensional (2D) classification stage (Extended Data Fig. 2a). However, 

extensive attempts at three-dimensional (3D) reconstruction produced only low-resolution 

maps (around 6 Å) owing to the small 52 kDa monomeric state and the absence of 

extramembrane domains that could help to resolve the signal ambiguities. Notably, with 

the classical inhibitor reserpine added before cell membrane disruption, VMAT1(ΔL1/2) 

appeared with a higher molecular mass on size-exclusion chromatography (Extended 

Data Fig. 2b,c). Subsequent 2D classifications revealed the formation of dimeric species 

(Extended Data Fig. 2a), and the best 3D class yielded a 3.5-Å-resolution map (Fig. 1d, 

Extended Data Figs. 3 and 4 and Extended Data Table 1). In this map, the densities of almost 

all regions and most side chains are unambiguous (Extended Data Fig. 3d,e). The reserpine 

density is clearly resolved at the centre of one monomer, whereas the second monomer 

remains unoccupied and, together, they form an antiparallel dimer with respect to the 

membrane plane (Fig. 1d–f). This dimeric assembly, possibly generated during membrane 

solubilization (Supplementary Discussion), is unlikely to be physiological as VMAT1 

typically adopts a single orientation with both termini at the cytoplasmic side of storage 

vesicles7. Nevertheless, the reserpine-bound monomer exhibits an open conformation 

towards the cytoplasmic side (Fig. 1e,f, left), in agreement with previous studies showing 

that high-affinity binding of reserpine requires a cytoplasm-facing conformation of VMATs 

induced by the proton efflux, a process occurring also during monoamine import into the 

storage vesicles9,22. By contrast, without a proton gradient, VMATs adopt a conformation 

open to the lumen of storage vesicles9; this resting state is represented by the lumenal-open 

conformation of the second, unoccupied monomer (Fig. 1e,f, right). Moreover, in another 

high-resolution 3D class, reserpine is bound by both monomers in the cytoplasmic-open 

conformation (Extended Data Fig. 5a,b), indicating that the reserpine-induced dimerization 

can include alternative conformations (an explanation is provided in the Supplementary 
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Discussion). Fortuitously, the antiparallel dimer enables simultaneous capture of the ligand-

free and reserpine-bound conformations of VMAT1.

Alternative gating and reserpine binding

VMAT1 adopts a canonical major facilitator superfamily (MFS) fold with 12 transmembrane 

helices divided into the N-terminal (NTD) and C-terminal (CTD) domains, each containing 

two inverted repeats of three helices23. In the absence of ligands, the first two 

transmembrane helices of each repeat splay apart at the lumenal side of VMAT1, creating 

a narrow entry tunnel to a deep cavity that extends below the midpoint of the membrane 

(Fig. 1f). The bottom part of this cavity is negatively charged (Fig. 1f), reflecting the 

function of VMAT1 in transporting positively charged monoamines. This lumenal-open 

conformation, representing the state after monoamine release or before protonation-induced 

antiport (Fig. 2a), is stabilized by extensive interactions between the NTD and CTD (Fig. 2b 

and Supplementary Table 1), namely the ‘gating interactions’ that regulate conformational 

changes during the transport cycle23. The cytoplasmic end of TM5 engages with those of 

TM8 and TM10 and their following loops, establishing several polar interactions, including 

salt bridges, Asp222–Arg365 and Asp419–Arg225 (hydrogen bonded to Tyr426), that 

are often crucial for the gating of MFS transporters24. Additional gating residues near 

the central cavity, including Met229 and Tyr430, form non-polar interactions along the 

NTD–CTD interface. Consistently, VMAT2 studies show that mutating Arg225, Met229, 

Tyr426 and Tyr430 (as numbered in human VMAT1) induces the transporter towards the 

cytoplasmic-open state25. The NTD–CTD association is further stabilized by interactions 

from the connecting L6/7, which wraps around the L2/3 and binds into a groove formed 

between L2/3 and L10/11 (Fig. 2b). Collectively, these interactions are unique to the 

lumenal-open conformation and confer high stability of this state.

In the reserpine-bound monomer, these extensive gating interactions are lost, including 

the stabilization by L6/7, as its N-terminal portion becomes disordered (Fig. 2b,c). The 

pore-lining transmembrane helices rotate to open at the cytoplasmic side, while, at the 

lumenal side, these transmembrane helices form alternative gating interactions between 

the NTD and CTD (Fig. 2b,c and Supplementary Table 1). Among the lumenal gating 

residues, Thr137Ile is a common missense variant of VMAT1 that has been linked to 

increased risks of schizophrenia, bipolar and anxiety disorders26. Brain activities in affected 

individuals suggest enhanced monoamine signalling27, consistent with the hyperactivity of 

monoamine transport of the Thr137Ile variant28. Structurally, the substitution of Thr to a 

non-polar and larger Ile side chain may promote an interaction with Ala450 (Fig. 2d). This 

interaction may enhance NTD–CTD association in the cytoplasmic-open state and facilitate 

the rate-limiting transition9 to this state (Supplementary Discussion), thereby increasing the 

transport activity. Notably, the cytoplasmic-open conformation has only about half as many 

gating interactions compared with the lumenal-open conformation (Supplementary Table 

1). This disparity maintains VMAT1 preferably in the lumenal-open state9—a key control 

mechanism ensuring that the rocker-switch transition of VMAT1 transport occurs only 

within the membrane of storage vesicles possessing a proton gradient (Fig. 2a). Conversely, 

when storage vesicles fuse with the cell membrane to release monoamines, the lack of a 
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proton gradient across the cell membrane deactivates VMAT1 to prevent unwanted recovery 

of monoamines.

Despite relatively weak gating interactions, the cytoplasmic-open conformation interacts 

extensively with the sizable reserpine molecule. Reserpine is a complex indole alkaloid 

featuring a pentacyclic core that consists of a methoxyindole (rings A and B) fused with a 

tetrahydropyridine (ring C) and a perhydroisoquinol-3-one (rings D and E), with this core 

further linked through an ester to a trimethoxybenzene (Fig. 2e). The methoxyindole group 

of reserpine reaches to the bottom of the central cavity, with the methoxy group interacting 

with Phe342 and the indole ring surrounded by both non-polar and polar residues, including 

Leu240, Val316 and Glu320 (Fig. 2f). Notably, Glu320 is surrounded by non-polar groups 

and is possibly protonated to form stable interactions. Rings C–E are situated further up 

the cavity, surrounded by several aromatic and aliphatic residues, along with the hydrogen-

bonded Asn313–Asp407. Moreover, Asn35 binds to the ester group on the E ring. At the 

upper region, the trimethoxybenzene is surrounded by Tyr430, Leu233 and other aliphatic 

residues. Reserpine binding buries a 630 Å2 area and occupies the narrow gap along the 

central cavity (Fig. 2g). Both the NTD and CTD sides of this gap contain hydrophobic 

patches that match with the molecular shape of reserpine (Extended Data Fig. 5c), resulting 

in a substantial hydrophobic effect because the central cavity is otherwise aqueously 

exposed. Combining hydrophobic interactions and shape complementarity, reserpine acts 

as a tight-binding inhibitor29,30 for the cytoplasmic-open conformation.

Conformational changes between the reserpine-bound state and the apo state are primarily 

relative rigid-body rotations of the NTD and CTD (Extended Data Fig. 5d–g). However, 

TM11 is bent at its C-terminal in the lumenal-open conformation, whereas it transitions 

into a straight helix and rotates by 25° in the cytoplasmic-open conformation. Similarly, 

the N-terminal region of TM5 slightly rotates and its C-terminal region partly loses its 

helical structure. TM5 and TM11 are repeat helices that both contain multiple conserved Gly 

residues (Extended Data Fig. 6), and their bending or rotation is commonly observed during 

the rocker-switch transition in drug/antiporter family number 1 (DHA-1), an MFS subfamily 

that includes SLC18 members31. Thus, the reserpine-bound conformation may resemble a 

cytoplasmic-open state during the monoamine transport.

Recognition of monoamines

To understand the recognition and transport mechanisms of different monoamines, we 

determined a series of cryo-EM structures of VMAT1(ΔL1/2) complexed with four 

monoamines: dopamine, noradrenaline, serotonin and histamine (Extended Data Fig. 4c–f 

and Extended Data Table 1). These structures represent a state before substrate release, 

as the monoamines are bound to the lumenal-open monomer, which adopts essentially the 

same conformation as the unbound form (Extended Data Fig. 7a,b). The densities of these 

monoamines are clearly resolved (Fig. 3a–f), showing their binding within the same pocket 

that is situated on the side wall of the central cavity (Fig. 3a). This binding pocket mainly 

resides in the CTD, surrounded by TM7, TM8 and TM11, but maintains contact with TM5 

of the NTD. Thus, this off-centre configuration conforms to the canonical MFS mechanism 

that substrate binding requires interactions from both domains23. As MFS transporters 
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typically use a single substrate pocket for transport23,32, this pocket is most likely retained in 

the cytoplasm exposed, monoamine-import state of VMAT1.

The shape of this pocket resembles a fist and wrist (Fig. 3b), sculpted to bind to monoamines 

with various aromatic rings linked through a two-carbon side chain to the amine group 

(Fig. 3c–f). The fist region is capped below by Phe342, flanked by Glu320 and Ser346, 

and surrounded above by Val316 and Leu240, the latter of which is the only NTD residue 

involved in substrate binding. These residues together create a space that is capable of 

accommodating one or two aromatic rings, while permitting these rings to rotate or shift 

position in response to specific interactions (Extended Data Fig. 7c–e). The pocket then 

narrows towards the wrist region, constrained by Ile403 and the large side chains of Tyr349 

and Phe441, to loosely grasp the two connecting carbons and position the terminal amine 

group for polar interactions. The top end of this pocket is defined by Phe437. Mutations 

of these non-polar residues to enlarge this pocket substantially decrease the activities of 

[3H]dopamine and [3H]serotonin uptake (Fig. 3g): Phe342Ala, Val316Ala and Leu240Ala 

at the fist region are inactive, and Ile403Ala and Phe441Ala at the wrist region exhibit 

around 20% activity compared with the wild type. Beyond these regions, Phe437Ala is 

tolerated for the transport activities. Overall, this binding pocket is optimized for the small 

aromatic ring and two-carbon side chain of monoamines, while excluding a wide array of 

other amine-containing molecules, such as alkaloids or polyamines, from being transported 

by VMATs into the storage vesicles.

The amine group of the monoamines forms a specific interaction network with a triad of 

polar residues: Asn313, Tyr349 and Asp407 (Fig. 3b–f). The positively charged amine group 

interacts electrostatically with Asp407 and donates hydrogen bonds to the Asn313 carbonyl, 

Asp407 carbonyl and/or Tyr349 hydroxyl. The two carbonyls of Asp407 accept hydrogen 

bonds from the Asn313 amide and Tyr349 hydroxyl. This network, by satisfying the charged 

groups and multiple hydrogen donors and acceptors within a hydrophobic environment, 

energetically favours monoamine binding. Alterations in this triad, including minor changes 

of Tyr349Phe, Asp407Asn and Asn313Asp, result in the loss of serotonin and dopamine 

uptake activities (Fig. 3h). These mutations also substantially lower the binding of FFN206 

(Extended Data Fig. 7f), except that Asp407Glu is more tolerated for binding and activities. 

Other specific interactions with monoamines vary by their unique chemical structures. For 

the catecholamines, dopamine and noradrenaline, the two hydroxyl groups on their catechol 

rings interact with Glu320 and Ser346, while the extra hydroxyl group on the noradrenaline 

side chain interacts with the Asn313 carbonyl (Fig. 3c,d). The binding interactions of 

adrenaline are likely to be similar as it differs from noradrenaline only by an N-methyl 

group. For serotonin, the single hydroxyl group on its indole ring donates a hydrogen bond 

to Glu320, and its pyrrole nitrogen interacts with Ser346 (Fig. 3e). Consistently, the Glu320 

and Ser346 mutations abolish activities of both dopamine and serotonin transport (Fig. 3h) 

and interfere with FFN206 binding (Extended Data Fig. 7f). However, the small imidazole 

ring of histamine lacks interactions with Glu320 and Ser346 (Fig. 3f), consistent with its low 

apparent affinity for VMAT1 compared with other monoamines15,17,33. Together, the amine 

group and ring hydroxyls of the monoamines are specifically recognized by the two polar 

sites within this binding pocket.
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Neurotoxicants bind to substrate pocket

To understand how psychostimulants are taken up into storage vesicles, we determined the 

structure of VMAT1(ΔL1/2) with amphetamine (Extended Data Fig. 4g and Extended Data 

Table 1). Amphetamine binds to the same VMAT1 pocket as monoamine neurotransmitters 

(Fig. 4a and Extended Data Fig. 7g). Amphetamine chemically differs from dopamine only 

by the lack of hydroxyl substitutions on the phenyl ring, as well as having a characteristic 

α-methyl substitution in the side chain. As this α-methyl group interacts with Tyr349, the 

amine group of amphetamine rotates to form hydrogen bonds exclusively with Asn313, 

yet maintains electrostatic interaction with Asp407 (Fig. 4a and Extended Data Fig. 7g). 

The phenyl ring also rotates to fit between Phe342 and Tyr349, but does not form 

polar interaction with Glu320 due to the lack of ring hydroxyls. This structure provides 

direct evidence that VMAT1 binds to amphetamine in a similar manner to monoamines, 

confirming that amphetamine is an actual VMAT substrate16. Amphetamine-related 

psychostimulants, despite their diverse chemical structures, share a common α-methyl-

phenethylamine motif (Fig. 4b). Given the substrate-binding plasticity (Fig. 3 and Extended 

Data Fig. 7c–e,g), we predict that VMATs can transport most of these psychostimulants, 

such as methamphetamine and 3,4-methylenedioxymethamphetamine (MDMA) (Fig. 4b). 

Once accumulated in storage vesicles, they displace the stored catecholamines to promote 

their synaptic release, leading to substantial psychostimulation16.

As a substrate of VMATs, MPP+ is the active metabolite of the neurotoxin N-methyl-4-

phenyltetrahydropyridine (MPTP), causing symptoms closely mimicking Parkinson’s 

disease10,15. The structure of VMAT1(ΔL1/2) with MPP+ reveals that it binds to the same 

pocket as monoamines (Fig. 4c, Extended Data Figs. 4h and 7h and Extended Data Table 

1). However, in contrast to the monoamines, the amine group of MPP+ is permanently 

charged and situated within the pyridinium ring. This quaternary amine cannot serve 

as a hydrogen donor but retains electrostatic interaction with Asp407, which preserves 

hydrogen bonding with Asn313 and Tyr349. The pyridinium ring shifts towards the top 

of the pocket, snugly fitting between Tyr349 and Phe441 in the wrist region (Fig. 4c 

and Extended Data Fig. 7h). The 1-methyl side group of MPP+ interacts with Phe437, 

and its 4-phenyl group binds at the fist region to Phe342 and Ala345. These altered 

interactions highlight the structural adaptability of VMATs to transport amine-containing 

neurotoxins and environmental toxicants, sequestering them in storage vesicles to protect 

against neurotoxicity and degeneration10.

Monoamine storage by proton antiport

Notably, the substrate-binding pocket observed in the lumenal-open conformation is 

preserved in the cytoplasmic-open conformation bound by reserpine (Fig. 5a). Thus, 

this cytoplasmic-open conformation may resemble a conformation for substrate import34, 

which is expected to be cytoplasmic-open and maintain the same substrate pocket23,32. 

Consistently, biochemical data show that reserpine recognizes a protonation-induced, 

cytoplasmic-open conformation, as presented during the transport cycle9,22. When the 

monoamine-bound and reserpine-bound structures are superimposed by the CTD, the TM7, 

TM8 and TM10 forming this pocket, as well as the substrate-binding residues on these 
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transmembrane helices, retain their conformations across the alternative states (Fig. 5a). 

Notably, although TM11 rotates between the two conformations, the rotation hinges around 

Phe437 and Phe441. Thus, the positions of these residues are effectively maintained, thereby 

preserving the integrity of the substrate pocket. Similarly, the hinge point of TM5 rotation 

is at Leu240, the only CTD residue involved in substrate binding. The two polar sites, the 

Asn313–Tyr349–Asp407 triad and Glu320–Ser346, maintain their respective interactions to 

the amine group and ring hydroxyls of the superimposed monoamines, ensuring the same 

monoamine binding orientation during the rocker-switch transition (Fig. 5b).

The transport of one monoamine molecule by VMATs is driven by the binding and release 

of two protons, an antiport mechanism enabling approximately 10,000-fold enrichment of 

the monoamines in storage vesicles9. A comparison of the two VMAT1 conformations 

revealed a substantial change in the local environment of Glu320; this critical residue is 

involved in both substrate and reserpine binding (Figs. 2 and 3 and Extended Data Fig. 

7i) and its mutations abolish VMAT1 activity (Figs. 3h and 5f). In the cytoplasmic-open 

state, Glu320 (TM7) may require protonation to form knob-and-hole interactions with Phe38 

and Val42 in TM1, Phe143 in TM2 and Phe441 in TM11, thereby favouring the NTD–

CTD association between these transmembrane helices (Fig. 5c). Conversely, Glu320 in the 

lumenal-open state needs to be deprotonated to bind to the ring hydroxyls of monoamines 

(Fig. 3c–f). When monoamines lack these ring hydroxyls or are not bound, Glu320 is 

exposed to water (Fig. 5d). Thus, Glu320 does not contribute to NTD–CTD association 

in the lumenal-open state (Extended Data Fig. 8a). This alteration of transmembrane 

interactions suggests that Glu320 protonation may facilitate the rocker-switch transition 

during monoamine transport. Consistently, molecular dynamics simulation, initiated from 

the lumenal-open conformation, shows that Glu320 protonation induces NTD–CTD 

association at the lumenal side (Fig. 5e, Extended Data Fig. 8c and Supplementary Video 

1). This lumenal NTD–CTD association is similar to that observed in the cytoplasmic-open 

state (Fig. 5e), and may therefore serve as an initial step for the cytoplasmic-open transition.

Previous studies have suggested not only Glu32025,35,36 but also Asp34 (refs. 25,35), His422 

(ref. 37) or Asp407 (ref. 38) as potential protonation sites. For example, the D407E mutation 

in rat VMAT1 exhibits a steep and shifted pH profile38 for monoamine transport, indicating 

an altered pKa 9. Moreover, the VMAT1 structures reveal several protonatable gating 

residues as potential candidates (Fig. 2b), among which mutants of Asp222 and Asp419 

are nearly inactive (Fig. 5f). However, the cryo-EM structures show that most of these 

residues, including Asp419, Asp222 and His422, are located at the cytoplasmic surface and 

not exposed to the vesicle lumen at both conformational states (Extended Data Fig. 8a), and 

therefore cannot independently translocate a proton. Importantly, only Asp34, Glu320 and 

Asp407 are situated at alternatively exposed hinge regions. Molecular dynamics simulations 

show that Asp34 protonation induces relatively close luminal NTD–CTD association, 

whereas protonation of other residues shows minor differences compared with unprotonated 

VMAT1 (Fig. 5e). Notably, Asp34 does not directly participate in gating interactions, but 

interacts exclusively within the NTD and with different surrounding residues between 

alternative conformations (Extended Data Fig. 8b). To further investigate these candidate 

sites, we assessed whether neutralizing mutants mimicking protonation could induce the 

cytoplasmic-open state recognizable by reserpine25 (Fig. 5g). We found that the D34N 
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mutation in VMAT1 enables reserpine binding independent of a proton gradient, similar to 

the observation for VMAT225. By contrast, the reserpine binding of the D419N, D222N and 

H422A mutants changes with the proton gradient. However, this experiment cannot assess 

Glu320 and Asp407, because their mutations disrupt reserpine binding even in the presence 

of a proton gradient. Taken together, these experimental and computational data suggest that 

Asp34 and Glu320, both conserved in eukaryotic SLC18 homologues (Extended Data Fig. 

6), may serve as the two protonation sites in VMAT1.

On the basis of the structural and biochemical evidence, we propose the following 

proton antiport mechanism (Supplementary Video 2). The lumenal-open state, stabilized 

by extensive gating interactions (Fig. 2b), is an energetically favoured state. However, 

protonation at vesicular acidic pH can destabilize this state, triggering alternative 

transmembrane associations and facilitating the transition to the cytoplasmic-open state. 

After exposure to neutral pH, the deprotonation and substrate binding triggers a return to 

the lumenal-open state, while the monoamines remain bound within the same pocket (Fig. 

5b). Subsequent protonation releases the monoamine and induces the cytoplasmic-open 

transition once again. Notably, the two putative protonation sites, Asp34 and Glu320, 

may have different roles during this process, as only Glu320 is directly involved in the 

substrate binding (Extended Data Fig. 8a). In this antiport model, protonation and substrate 

binding are mutually exclusive events, consistent with the general mechanism of MFS 

proton antiporters39. As the transition to the cytoplasmic-open state requires protonation, 

monoamines cannot be bound and exported. Even when monoamine is bound in the 

deprotonated state of the lumenal-open state, export is disfavoured due to the relatively high 

stability of this state. Thus, VMATs import monoamines nearly unidirectionally, resulting in 

their substantial accumulation within storage vesicles.

Discussion

The dominant monoamine import and the protonation-precluded export constitute an 

effective mechanism for monoamine enrichment within storage vesicles (Supplementary 

Video 2). The import process proceeds through a favoured transition from the cytoplasmic-

open to the lumenal-open state (Supplementary Discussion), governed by the disparity 

of conserved gating interactions (Fig. 2b,c and Supplementary Table 1) and substrate-

binding energy. Conversely, unintended export during transition to the cytoplasmic-open 

state is prevented by the protonation40 that facilitates the transition but disrupts the 

substrate-binding site39. This disruption is also crucial to substrate release because the high 

monoamine concentration in storage vesicles necessitates a high dissociation constant9,41. 

Even with protonation, cytoplasmic-open transition remains the rate-limiting step throughout 

the transport process—the substrate-transport Michaelis constant (Km) is 10–100 times 

lower than the substrate-binding dissociation constant (Kd), indicating that the substrate-

occupied import (Km) is much faster than the reappearance of an empty site (Kd) through the 

transition9. The proton gradient across the vesicular membrane is established by the V-type 

H+-ATPase that acidifies the vesicle lumen and builds up a positive electric potential inside. 

Although monoamine transport by VMATs is driven by the proton gradient rather than the 

charge gradient21, the exchange of two H+ for one monoamine molecule, carrying a single 

positive charge, is energetically favourable as this process dissipates the charge buildup 
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within vesicles. Eventually, an electrochemical equilibrium may be reached, thereby setting 

a limit to the monoamine concentration within the vesicles. Structurally, a notable aspect of 

the rocker-switch transition is the strategic use of critical substrate-binding residues as hinge 

points for TM5 and TM11 rotation, preserving the structural integrity of the binding pocket 

(Fig. 5a,b). This proton-antiport mechanism is probably shared by other SLC18 family 

members, VMAT2 and VAChT, as they have identical proton-substrate stoichiometries, 

highly similar pKa values at protonation sites and consistent transport kinetics9.

The first VMAT1 structures reveal how vesicular transporters balance specificity and 

promiscuity in recognizing positively charged amines of various chemical structures. The 

binding-pocket architecture in VMAT1 is tailored to monoamines, with the wrist-and-fist 

shape accommodating diverse aromatic rings, invariant two-carbon side chains, and polar 

sites recognizing ring hydroxyls and the amine group (Fig. 3). This architecture also 

enables the transport of non-natural substrates including neurotoxins and psychostimulants. 

Variations of this pocket may explain the acetylcholine specificity of VAChT, which shares 

52% sequence similarity with VMAT1. Homology modelling of VAChT shows that residues 

at the lower portion of the VMAT1 substrate pocket, Val316, Phe342 and Ser346, are 

replaced by Leu305, Trp331 and Phe335 in VAChT, respectively (Extended Data Fig. 9). 

These larger side chains may narrow the fist region for VAChT to grasp the aliphatic 

chain of acetylcholine, in contrast to the larger fist of VMATs designated for the aromatic 

ring of monoamines (Fig. 3). Consistent with this model, systematic mutagenesis of 

VAChT identified Trp331, Phe335, and the nearby Ala334 and Cys391, as substrate-binding 

residues41,42. As to VMAT2, this isoform shares 78% sequence similarity to VMAT1 and 

is specifically inhibited by tetrabenazine. Conformationally sensitive mutations in VMAT2 

lead to tetrabenazine resistance43, whereas chimeric constructs of VMAT1 possessing TM5–

TM8 and TM9–TM12 from VMAT2 exhibit tetrabenazine sensitivity44. Thus, the difference 

in the structural flexibility of these transmembrane regions, along with variations in the 

substrate-binding pocket45, may account for the distinct tetrabenazine sensitivity of these 

VMAT isoforms.

Structural elucidation of the SLC18 family provides the foundation to innovate 

pharmaceutical agents for neurodegenerative conditions, optimize neurological imaging 

and combat psychostimulant abuse. Unique intervention opportunities arise from dual 

targeting of the alternative conformations of VMATs by specific inhibitors with distinct 

pharmacokinetic properties—a rare situation among transporters32. Reserpine competitively 

inhibits both VMAT isoforms46 by binding at their cytoplasmic-open state with near-

irreversible affinity, resulting in prolonged pharmaceutical effects47. To achieve such high 

affinities, future drug development should consider designing sizable molecules that align 

with the hydrophobic patches within the narrow gap of the central cavity (Fig. 2g and 

Extended Data Fig. 5c). Moreover, compounds with reduced side effects may be developed 

to specifically target each VMAT isoform based on their distribution of hydrophobic 

patches and unique hydrophilic interactions. By contrast, tetrabenazine non-competitively 

inhibits VMAT2 by binding on the vesicular lumen side through allosteric modulation25, 

but its rapid metabolism necessitates the ongoing pursuit of long-acting alternatives48. 

The structures may also facilitate the development of lobeline-like compounds that inhibit 

VMATs to decrease amphetamine-evoked dopamine release49, offering the potential to 
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treat psychostimulant abuse. Moreover, leveraging alternative transitions, as seen with the 

Thr137Ile variant, could lead to the long-desired discovery of positive VMAT modulators 

that enhance dopamine storage, thereby treating Parkinson’s disease and other neurological 

conditions that are characterized by dopamine decline50. Overall, owing to the critical roles 

of the SLC18 family in neurotransmission and endocrine regulation, our comprehensive 

structural understanding of this family opens routes for therapeutic interventions.

Online content

Any methods, additional references, Nature Portfolio reporting summaries, source data, 

extended data, supplementary information, acknowledgements, peer review information; 

details of author contributions and competing interests; and statements of data and code 

availability are available at https://doi.org/10.1038/s41586-024-07290-7.

Methods

Constructs

The coding sequence of human VMAT1 (UniProt: P54219) contained in a pDONR-221 

plasmid was acquired from DNASU and was used as the template for subcloning. For 

expression in P. pastoris, VMAT1 was cloned into a modified pPICZ-B vector (Invitrogen) 

under a methanol-inducible promoter. The expression construct contains a C-terminal 

PreScission protease cleavage site, followed by green fluorescent protein (GFP) and 

a Flag tag. For expression in HEK293T cells, VMAT1 was cloned into a modified 

pBudCE4.1 vector also comprising the C-terminal PreScission, GFP and Flag tag. To 

enhance protein stability, a series of deletion constructs at the N-terminal, C-terminal and 

loops between transmembrane helices were generated using standard PCR-based methods. 

VMAT1 mutations for uptake and binding assays were generated similarly. All nucleotide 

sequences were verified by DNA sequencing.

Protein expression and FSEC analysis

The plasmids were linearized by PmeI and transformed into P. pastoris by electroporation. 

Transformants were selected by Zeocin resistance on yeast extract peptone dextrose medium 

with sorbitol (YPDS) agar plates. The expression levels and elution profiles of resistant 

clones were compared through FSEC analysis. In brief, the Pichia cells were disrupted 

using a mixer mill and the cell membrane was dissolved in 2% n-dodecyl-β-D-maltoside 

(DDM, Anatrace) with 150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, pH 8.0 for 1 h. 

After removing cell debris, the supernatant was injected into a Superose 6 increase 10/300 

GL size-exclusion column (24 ml bed volume) pre-equilibrated in a buffer containing 0.05% 

DDM, 150 mM NaCl and 50 mM Tris-HCl, pH 8.0. The elution profile was monitored on 

the basis of GFP fluorescence (480 nm excitation and 520 nm emission) using the Shimadzu 

FSEC system. Constructs with monodispersed elution profiles and high expression levels 

were stored at −80 °C.

For large-scale protein expression, Pichia cells were grown in the buffered minimal glycerol 

medium (1.2% glycerol, 0.34% yeast nitrogen base, 1% ammonium sulfate, 0.4 mg ml−1 

biotin and 100 mM potassium phosphate, pH 6.0) at 30 °C for 24 h. The growth medium 
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was replaced with buffered minimal methanol medium (0.34% yeast nitrogen base, 1% 

ammonium sulfate, 0.4 mg ml−1 biotin and 200 mM potassium phosphate, pH 6.0), and 

protein expression was induced with 0.7% methanol. After 2 days at 25 °C, the cells were 

collected by centrifugation and flash-frozen in liquid nitrogen.

Protein purification

Frozen Pichia cells (70 g) were milled (Retsch, PM100) to disrupt the cell wall and 

resuspended in a buffer containing 0.1 mM reserpine (Sigma-Aldrich), 150 mM NaCl, 

20 mM Tris-HCl, pH 8.0, and protease inhibitor cocktail (Sigma-Aldrich, 1:1,000). After 

incubation with reserpine for 10 min, the cells were lysed by sonication in a water–ice 

bath, and centrifuged at 4,000g for 15 min. The supernatant was centrifuged at 195,000g 
for 30 min at 4 °C. The pelleted membranes were resuspended in 50 ml buffer containing 

0.4 mM reserpine, 150 mM NaCl, 20 mM Tris-HCl, pH 8.0, and subjected to Dounce 

homogenization on ice. Subsequently, DDM was added to a final concentration of 2% (w/v) 

to solubilize the membranes by stirring for 2 h at 4 °C. After centrifugation at 195,000g 
for 30 min, the resultant supernatant was incubated with 3 ml of anti-Flag M2 resins (Sigma-

Aldrich) for 1 h at 4 °C. The resins were then washed with 50 ml wash buffer containing 

0.08% (w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace), 150 mM NaCl and 20 mM 

Tris-HCl, pH 8.0. The protein was released from the resin by cleavage with 200 μg ml−1 

PreScission protease in 15 ml buffer containing 0.02% (w/v) LMNG, 150 mM NaCl and 20 

mM Tris-HCl, pH 8.0. The protein was concentrated using the Amicon Ultra-15 centrifugal 

filter unit (100 kDa cut-off), and further purified by size-exclusion chromatography on the 

Superose 6 Increase 10/300 column (GE Healthcare) in a buffer containing 0.01% (w/v) 

LMNG, 0.0033% (w/v) glyco-diosgenin (Anatrace), 150 mM NaCl and 20 mM Tris-HCl, 

pH 8.0. The peak fractions were collected and concentrated for cryo-EM experiments.

Cryo-EM sample preparation and data acquisition

For monoamine-bound samples, the purified, reserpine stabilized VMAT1 dimers at around 

5 mg ml−1 were incubated with 5 mM dopamine (Sigma-Aldrich), 3 mM serotonin (Sigma-

Aldrich), 8 mM noradrenaline (Sigma-Aldrich) or 10 mM histamine (Sigma-Aldrich) for 1 

h on ice. For amphetamine- and MPP+-bound samples, the purified VMAT1 dimers were 

concentrated to about 7 mg ml−1 and incubated with 1 mM amphet amine (Sigma-Aldrich) 

or 10 mMMPP+ (MCE) for 1 h on ice. Subsequently, 3 μl of the samples was added to 

glow-discharged holey carbon, 300 mesh R1.2/1.3 Au grids (Quantifoil). The grids were 

incubated for 20 s and blotted for 3 s at 8 °C and 90% humidity, and then plunge-frozen into 

liquid ethane using an EM GP2 automatic plunge freezer (Leica).

For unbound/reserpine and serotonin-bound/reserpine samples, the grids were loaded onto 

the Glacios (FEI) electron microscope operating at 200 kV equipped with a Falcon IV 

detector (Thermo Fisher Scientific). Videos were recorded using the EPU software (Thermo 

Fisher Scientific) with a pixel size of 0.94 Å and a nominal defocus value of −1.0 μm to 

−2.2 μm. The datasets of the unbound/reserpine sample were collected with a dose of 5.12 

e− Å−2 s−1, and each video was recorded by 46 frames (209 ms per frame) for a 9.36 s 

exposure. The datasets of the serotonin-bound/reserpine sample were collected with a dose 
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of 4.63 e− Å−2 s−1, and each video was recorded by 48 frames (204 ms per frame) for a 9.77 

s exposure.

For the rest of the samples, the grids were loaded onto the Titan Krios (FEI) electron 

microscope operating at 300 kV, equipped with a K3 detector (Gatan) in CDS mode with a 

BioQuantum GIF energy filter (slit width of 20 eV) at the Hormel Institute, University of 

Minnesota. The videos were recorded using the EPU software (Thermo Fisher Scientific) 

with a pixel size of 0.664 Å (magnification of ×130,000) and a nominal defocus value of 

−1.0 μm to −2.0 μm. Each video consists of 40 dose-framed fractions and was recorded with 

a dose rate of 25 e− Å−2 s−1 and a total dose of 50 e− Å−2. Cryo-EM data collection statistics 

are summarized in Extended Data Table 1.

Cryo-EM data processing

A total of 4,301 videos was collected for the unbound/reserpine VMAT1 dimer and 

processed for patch-based motion correction using Motion-Cor251 and CTF estimation with 

CTFFIND (v.4.1.13)52 in cryoSPARC (v.4)53. Images with the defocus values outside of 

−0.6 to −2.8 μm or CTF fit resolutions worse than 5 Å were excluded from the further 

steps. The particles were then automatically picked from a small set of videos using Blob 

picker with a 320 pixel box size. Two rounds of 2D classification were performed to remove 

ice, contaminants and aggregates, yielding 190,189 particles. These particles were processed 

for 2D classification, and the classes from 72,139 particles corresponding to intact VMAT1 

dimer were used as templates for further template-based particle picking. The selected 

particles were processed for 2D classification, resulting in 874,826 particles corresponding 

to the VMAT1 dimer. These particles were used to generate an ab initio model of five maps 

with C1 symmetry. The initial models were set as the starting references for heterogeneous 

refinement. The selected 3D classes were then processed for further homogeneous, non-

uniform and CTF refinements, generating the final map at 3.5 Å resolution, as determined 

by the gold-standard measure of Fourier shell correlation using a cut-off of 0.143. 

Dopamine-bound (6,847 videos; 150,374 particles), noradrenaline-bound (5,601 videos; 

255,378 particles), serotonin-bound (4,680 videos; 151,472 particles), histamine-bound 

(6,166 videos; 110,835 particles), amphetamine-bound (7,074 videos; 131,394 particles) 

and MPP+-bound (6,112 videos; 197,772 particles) datasets were processed using a similar 

procedure and yielded reconstructions at 3.4 Å, 3.4 Å, 3.3 Å, 3.7 Å, 3.5 Å and 3.6 

Å, respectively, as estimated by gold-standard Fourier shell correlation. Local resolution 

variations were estimated from the two half-maps in cryoSPARC. The maps were sharpened 

by B-factor or using DeepEMhancer54.

Model building and refinement

The VMAT1 structure predicted by AlphaFold55 (AF-P54219-F1) was used as the initial 

model for the ligand-free monomer (vesicular open) and docked into the cryo-EM map using 

UCSF Chimera56. The initial model of the reserpine-bound monomer (cytoplasmic open) 

was generated by adjusting the transmembrane helices. The resulting dimer model was 

manually rebuilt in COOT57 and further refined by real space refinement in PHENIX58. This 

refined model was used as the initial model for VMAT1 structures with bound substrates, 

which were fitted into the density map using COOT. The resulting models were then 

Ye et al. Page 13

Nature. Author manuscript; available in PMC 2024 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



manually rebuilt in COOT and further refined by real space refinement in PHENIX. The 

model stereochemistry was evaluated using the comprehensive validation (cryo-EM) utility 

with MolProbity in PHENIX. Structural figures were generated using ChimeraX59.

Fluorometric assay of FFN206 uptake

The fluorometric assay of VMAT1 activity was performed according to a previously 

described method with the following modifications60. HEK293T cells (ATCC, no further 

authentication, mycoplasma tested), cultured in DMEM and FBS, were plated onto poly-L-

lysine-coated coverslips (Epredia) in six-well dishes at a density of 1.5–2.0 × 105 cells 

per well. After reaching 80–90% confluence, the cells were transfected with 2 μg plasmid 

of VMAT1 constructs with a GFP tag. Then, 2 days after transfection, the cells were 

washed with PBS and incubated in 1 ml Leibovitz’s L-15 Medium (Thermo) with 5 μM 

FFN206 for 2 h at 37 °C, 5% CO2. Subsequently, the coverslips were washed with PBS 

and mounted onto glass slides with an antifade mounting medium (VectorLabs). To inhibit 

VMAT1 activity, the cells were treated with 4 μM reserpine (Sigma-Aldrich) for 1 h or 1 

μM bafilomycin A1 (BFA, Sigma-Aldrich) for 5 h, while controls were treated with DMSO. 

BFA specifically inhibits the V-type H+-ATPase activity and collapses the proton gradient 

across the vesicular membrane, which is required for the monoamine uptake activity 

of VMAT1. Fluorescence images were acquired using a Zeiss LSM 880 laser-scanning 

confocal microscope. The cell images were captured using ×40/1.4 NA oil objective with 

pinhole setting to 1 Airy unit. Image contrast and brightness were adjusted uniformly, and 

the mean fluorescence intensity in each cell area was analysed using ImageJ. The mean 

intensity of GFP and FFN206 fluorescence was measured for 60 cells per sample. The 

normalized fluorescence of FFN206 uptake was calculated by dividing the FFN206 intensity 

by GFP intensity. Statistical analyses were performed using one-way analysis of variance 

followed by a Tukey post hoc test. These experiments were independently repeated three 

times.

Western blot analysis

HEK293T cells were grown in six-well plates to 70–80% confluence and transfected with 

1.5 μg of plasmid DNA coding for VMAT1 constructs using the polyethylenimine (PEI) 

transfection reagent (Polysciences). After 24 h transfection, the cells were collected and 

resuspended in cold RIPA buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl, 

pH 7.5, 1 mM PMSF, and 0.1% protease inhibitor cocktail). The samples were separated 

by SDS–PAGE and detected by immunoblotting on polyvinylidene fluoride membranes. 

The immunoblot used rabbit monoclonal antibody against β-actin (D6A8, Cell Signaling 

Technology, 1:1,000) or rabbit monoclonal antibody against Flag (D6W5B, Cell Signaling 

Technology, 1:1,000) as the primary antibody, and HRP-conjugated goat anti-rabbit antibody 

as the secondary antibody (0706S, Cell Signaling Technology, 1:3,000), followed by 

exposure to autoradiography film.

Vesicular uptake of [3H]dopamine and [3H]serotonin

The monoamine uptake and storage assays were adapted from a previous report36 with 

the following modifications. In brief, HEK293T cells in six-well plates were transfected 

with 1.5 μg plasmids encoding the VMAT1 constructs. After 24 h of transfection, cells 
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were trypsin-detached and an aliquot was taken for the western blot estimation of protein 

expression level. The remaining cells were aliquoted to MultiScreenHTS 96-Well Filter 

Plates (Sigma-Aldrich) at 5 × 105 cells per well, and washed once with uptake buffer 

containing 110 mM Na-K-tartrate, 5 mM glucose, 0.2% (w/v) BSA, 5 mM MgCl2 and 

20 mM K-HEPES, pH 7.4. Cells were then permeabilized in the uptake buffer with 10 

mM digitonin for 10 min at 37 °C. This buffer was then replaced with the uptake buffer 

supplemented with 5 mM ATP, 1 mM ascorbic acid, ~20 nM [3H]serotonin (40.7 Ci 

mmol−1) (Perkin-Elmer) or [3H]dopamine (45.6 Ci mmol−1). Non-specific accumulation 

of [3H]serotonin or [3H]dopamine was measured in the presence of 4 μM reserpine. After 

incubation for 25 min, the reaction was terminated by removing the reaction buffer, and 

the cells were washed twice with ice-cold uptake buffer containing 2 mM MgSO4 (without 

MgCl2). The filter paper containing cells from each well was transferred to a microbeta 

vial and dissolved in a biodegradable scintillation cocktail (Research Products International). 

Radioactivity was quantified using a liquid scintillation counter (Hitachi Aloka, LSC8000). 

As all of the mutants express to a similar level (Supplementary Fig. 1), their relative 

activities presented in the figures (generated using GraphPad Prism) were not adjusted for 

expression levels.

Fluorescence polarization binding assay

Purified VMAT1 protein at varying concentrations (0.1–100 μM) was used to titrate 0.2 μM 

FFN206 in a buffer containing 0.01% (w/v) LMNG, 150 mM NaCl and 20 mM Tris-HCl, 

pH 8.0. After incubation for 1 h at 37 °C, the binding of FFN206 to VMAT1 was measured 

by fluorescence polarization, carried out in a 96-well fluorescence plate (Corning) with a 

SpectraMax M5 plate reader (excitation 360 nm, emission 460 nm). The Kd and Bmax values 

of the binding curves were fitted with a classical one-site specific-binding model using 

GraphPad Prism.

[3H]reserpine binding assay

The [3H]reserpine binding assay was adapted from a previous report25 with the following 

modifications. In brief, HEK293T cells in 15-cm-well plates were transfected with 20 μg 

plasmids encoding the VMAT1 constructs. After 24 h of transfection, HEK293T cells were 

treated 10 μM nigericin that collapses the proton gradient or with the same volume of 

DMSO for 2 h. Subsequently, the cells were trypsin-detached and an aliquot was taken for 

the FSEC estimation of the protein expression level. The remaining cells were resuspended 

with 5 ml wash buffer (140 mM KCl, 5 mM glucose, 5 mM MgCl2, and 20 mM HEPES, 

pH 7.4) supplemented with 5 mM ATP and permeabilized with 100 μM digitonin for 5 

min. The binding reaction was initiated by the addition of 5 nM [3H]reserpine (ViTrax 

Radiochemicals; 20 Ci mmol−1), and cells were then incubated for 15 min at 37 °C. 

The reactions were stopped by quickly diluting the cells with ice-cold binding buffer and 

collected by brief centrifugation (12,700g for 1 min). The cells were then solubilized in the 

wash buffer containing 2% (w/v) DDM, 15 μg ml−1 DNase I (Sigma-Aldrich) and protease 

inhibitor mixture (Sigma-Aldrich). After 1 h of shaking at 4 °C, cells were centrifuged for 

10 min at 18,900g and incubated with Ni-Magbeads (GeneScript) for 1 h at 4 °C. The beads 

were washed twice with wash buffer containing 0.08% DDM, and incubated with 650 μl of 
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the same buffer with 450 mM imidazole at room temperature for 20 min. After the elution, 

200 μl aliquots were measured for radioactivity using liquid scintillation.

Molecular dynamics simulation

The starting model for molecular dynamics simulation used the structure of VMAT1 in the 

lumenal-open state. To improve accuracy, the highest-resolution structure (amphetamine 

bound) was selected and this ligand was removed because the protonation-induced 

cytoplasmic-open transition occurs in absence of a substrate. The model was oriented 

in vacuole membrane using PPM (v.3.0)61. Subsequently, protonation of each candidate 

site25,35,37,38 was generated by using CHARMM-GUI62. The models with and without 

protonation were inserted into a POPC bilayer with surrounding water molecules. For each 

model, molecular dynamics simulations (200 ns) were repeated at least three times with 

the GROMACS molecular dynamics simulation package63 and CHARMM36m force field64. 

The distance analyses targeted the disparities between alternative conformations at the 

lumenal side, where NTD–CTD association may initiate the protonation-induced transition. 

Specifically, the average distance was measured between the lumenal ends of pore-forming 

transmembrane helices TM1, TM2 and TM5 in the NTD, and their repeat helices, TM7, 

TM8 and TM11 in the CTD. The trajectory files during the molecular dynamics simulation 

were generated by GROMACS and morphing motions were simulated by ChimeraX.

Homology modelling and molecular docking

The initial homology models of human VAChT were generated with Phyre265 by applying 

one-on-one threading with the VMAT1 structure as the template. In these initial models, 

the backbone conformation of VAChT was nearly identical to that of VMAT1. Side-chain 

conformations at the VAChT active site were adopted from the AlphaFold model (AF-

Q16572-F1)55. The docking model of acetylcholine was generated by HADDOCK66, with 

the ‘active’ residues (directly involved in the interaction) defined approximately by those 

equivalent to the dopamine-interacting residues in VMAT1. Docking models with the top z 
scores were evaluated and the optimal model was selected, in which the amine and acetyl 

group of acetylcholine interact with the Tyr349-Asp407-Asn313 triad and the narrowed 

fist region, respectively. This docking model was further optimized with the geometry 

minimization program of PHENIX58.

Reporting summary

Further information on research design is available in the Nature Portfolio Reporting 

Summary linked to this article.
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Extended Data

Extended Data Fig. 1 |. The VMAT1(ΔL1/2) construct enables the protein purification and is 
active in monoamine uptake.
a, FSEC profile comparison of full-length VMAT1 and VMAT1(ΔL1/2). These proteins are 

tagged with a C-terminal GFP, expressed in HEK293 or Pichia pastoris cells, and extracted 

in DDM. b, Vesicular uptake of FFN206 by full-length VMAT1 and VMAT1(ΔL1/2). Both 

can transport this false fluorescence neurotransmitter into the vesicle-like compartments 

of HEK293 cells (shown in single cells). The activities of full-length VMAT1 and 
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VMAT1(ΔL1/2) are both contingent upon the proton gradient (collapsed by bafilomycin 

A1, BFA) and inhibitable by reserpine (RSP). c, View of multiple cells for fluorescence 

quantification of FFN206 transport. Experiments in b and c were repeated independently 

three times with similar results. d, Dose-dependent FFN206 transport curves. The FFN206 

fluorescence is normalized to GFP fluorescence to account for variations in protein 

expression level. e, Time course of [3H]-dopamine and [3H]-serotonin uptake assays. Data in 

d and e are shown as mean ± s.e.m. from n = 3 biological replicates.
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Extended Data Fig. 2 |. Reserpine treatment during protein purification induces the dimer 
formation of human VMAT1.
a, 2D classification showing that VMAT1 protein forms monomers without reserpine 

treatment (top) and forms dimers with reserpine treatment (bottom). The monomer particles 

were extracted at box size of 320 pixels (0.664 Å/pixel), and VAMT1 dimer at box size of 

320 pixels (0.885 Å/pixel). b, Size-exclusion chromatography (Superose 6) shows a shift 

to higher molecular weight after reserpine treatment, indicative of dimer formation. The 

elution profiles are from size-exclusion chromatography after affinity purification (left) and 

a subsequent rerun (right). c, SDS-PAGE of eluted fractions from the size-exclusion rerun. 

Uncropped gel is shown in Supplementary Fig. 2. Purifications were repeated independently 

at least three times with similar results.
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Extended Data Fig. 3 |. Cryo-EM data processing flowchart and density maps of individual 
regions in VMAT1(ΔL1/2) structure.
The dataset and 3.5 Å density map of VMAT1(ΔL1/2) dimer with amphetamine and 

reserpine are shown as a representative. Other datasets are similarly processed, and density 

maps are similar. a, A representative raw cryo-EM image. Similar images are present in 

the 6,930 movies selected (see c). b, Representative 2D classes. c, The data processing 

procedure. Three rounds of 2D classification and two rounds of heterogenous refinements 

generated 3.54 Å and 3.49 Å final maps for two different classes. The maps were sharpened 
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by DeepEMhancer for model building and analysis. d-e, Densities of helices and loops in the 

luminal-open (d) and cytoplasmic-open (e) monomer. Contour level = 0.12 in ChimeraX.

Extended Data Fig. 4 |. Quality of cryo-EM maps.
a-h, VMAT1(ΔL1/2) dimer in unbound form and with reserpine (a); both with reserpine 

(b); with dopamine (DA) and reserpine (c); with noradrenaline (NE) and reserpine (d); 

with serotonin (SERT) and reserpine (e); with histamine (HA) and reserpine (f); with 

amphetamine (AMPH) and reserpine (g); and with MPP+ and reserpine (h). Left to right, 
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Local resolution illustrations of the cryo-EM maps, angular distribution plots, half-map FSC 

curves, and model-to-map FSCs.

Extended Data Fig. 5 |. VMAT1 structures with bound reserpine and in unbound form.
a, Cryo-EM density map of the VMAT1 dimer, in which both monomers bind reserpine 

(density coloured in orange). Map contour level = 0.22 in ChimeraX. b, Helical tube 

representation of the dual reserpine-bound dimer structure. c, Hydrophobic effect of 

reserpine binding. Top, molecular structure of reserpine fits into a narrow gap at the 
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bottom of the central cavity. Middle and bottom, The NTD and CTD sides of this gap 

both contain hydrophobic patches (yellow) that match well with the molecular shape of 

reserpine. d, Relative rigid-body rotation of the NTD and CTD between the cytoplasmic-

open and lumenal-open conformations, and bending of TM5 and TM11. The NTD (left) and 

CTD (right) from each conformation are superimposed and shown in a side view. e, Top 

view of the superimposition. f, The NTD and CTD in the lumenal-open state are closely 

related by a 2-fold rigid body rotation. Left, the overall structure of the lumenal-open state. 

Right, superimposition of the NTD and CTD. TM5 and TM11, shown in dark colours, are 

replicated helices related by +6 numbering (as for other NTD and CTD helices). g, The NTD 

and CTD in the cytoplasmic-open state. Left, overall structure of the cytoplasmic-open state. 

Right, superimposition of the NTD and CTD.
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Extended Data Fig. 6 |. Sequence alignment of SLC18 transporters.
The sequence alignment of human (h) and rat (r) SCL18 members was generated by 

ClustalW. The asterisks below the aligned sequences indicate conserved residues, and single 

and double dots represent varying levels of sequence similarity. Residues participating in 

substrate and reserpine binding are highlighted with orange shading and green spheres 

below, respectively. Unique gating residues in the cytoplasmic-open or lumenal-open 

conformations are indicated by green and blue bars, respectively. Interaction analysis was 

performed using the CONTACT program from the CCP4i suite. The potential protonation 
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sites are indicated by red triangles. The protein folding topology (cyto: cytoplasmic side, 

lum: lumenal side), based on the VMAT1 structure, is denoted above the sequences. 

The sequence logo, produced by WebLogo, depicts the residue conservation level at each 

position. Initial identification of eukaryotic SLC18 homologues was achieved through the 

PSI-BLAST program within the Max-Planck Institute Bioinformatics Toolkit, using VMAT1 

as the query sequence against a nonredundant (70%) sequence database, eukaryotes NR70. 

The top 500 proteins were selected, and incomplete sequences were manually removed. The 

multiple sequence alignment was generated by ClustalΩ. The motifs identified in the DHA-1 

drug antiporter family are displayed above the sequence.
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Extended Data Fig. 7 |. Substrate and inhibitor binding.
a-b, Structural superimposition of VMAT1 in unbound form and with bound dopamine 

showing the overall structures (a) and the substrate-binding pocket (b). c-e, Left, surface 

representation of the wrist-and-fist binding pocket with bound noradrenaline (c), serotonin 

(d), and histamine (e). Right, comparison of the binding of these monoamines (orange) with 

dopamine (dark grey). f, Mutations at the substrate-binding pocket reduces the binding 

affinity of FFN206. The binding of VMAT1 mutants is assessed by the fluorescence 

polarization of FFN206. Because most mutants do not achieve saturation in FFN206 binding 
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even at very high protein concentration (100 μM), their relative affinities are estimated 

through binding potential (Bmax/Kd). Data are shown as mean ± s.e.m. from n = 3 

biological replicates. g-h, Left, Amphetamine and MPP+ in the substrate binding pocket 

(surface representation). Right, comparison of their binding (orange) with dopamine (dark 

grey). i, Reserpine occupies the monoamine binding pocket. Left, the dopamine (dark grey) 

bound structure is superimposed onto the reserpine (orange) bound structure by the CTD. 

The protein sidechains illustrated are from the fixed reserpine-bound structure. Right, a 

90-degree rotated view with the binding pocket (from the fixed reserpine-bound structure) 

shown in surface representation.
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Extended Data Fig. 8 |. Candidate protonation sites.
a, Overall structures of the lumenal-open (left) and cytoplasmic-open conformations (right) 
with all candidate protonation sites. The lumenal unexposed regions in both conformations 

are highlighted by the orange circle. b, Local environment of D34 (zoomed view of dashed 

box in a) in the alternate conformations of VMAT1. c, A representative conformation 

from the molecular dynamics (MD) simulation of protonated E320 (E320-p, as in Fig. 5e) 

showing a similar NTD-CTD association as those in the cryo-EM structures. Left, Structure 

of the E320-p MD conformation (different orange colours). Middle, E320-p conformation 
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is similar to that of the lumenal-open state (different blue colours) at the cytoplasmic side 

(orange circle). Right, E320-p conformation is also similar to that of the cytoplasmic-open 

state (different green colours) at the lumenal side (orange circle).

Extended Data Fig. 9 |. Homology model of VAChT.
Changes in interactions at the altered substrate-binding pocket may enable the recognition 

of acetylcholine (ACh). Residues in VMAT1 are in parentheses, with altered residues in 

VAChT highlighted in bold. Surface representation uses the altered binding pocket.

Extended Data Table 1 |

Cryo-EM data collection, refinement and validation statistics

Unbound/RS
P 

(EMD-41238) 
(PDB 8TGJ)

RSP/RSP 
(EMD-41241) 
(PDB 8TGM)

DA/RSP 
(EMD-41237) 
(PDB 8TGI)

NE/RSP 
(EMD-41240) 
(PDB 8TGL)

SERT/RSP 
(EMD-41242) 
(PDB 8TGN)

HA/RSP 
(EMD-41239) 
(PDB 8TGK)

AMPH/RSP 
(EMD-41236) 
(PDB 8TGH)

MPP7RSP 
(EMD-41235) 
(PDB 8TGG)

Data collection and processing

Magnification 150,000 130,000 130,000 130,000 150,000 130,000 130,000 130,000

Voltage (kV) 200 300 300 300 200 300 300 300

Electron 
exposure 
(e-/Å2)

47.88 50.00 50.00 50.00 45.22 50.00 50.00 50.00

Defocus 
range (μm)

1.0–2.2 1.0–2.0 1.0–2.0 1.0–2.0 1.0–2.2 1.0–2.0 1.0–2.0 1.0–2.0

Pixel size (Å) 0.94 0.664 0.664 0.664 0.94 0.664 0.664 0.664
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Unbound/RS
P 

(EMD-41238) 
(PDB 8TGJ)

RSP/RSP 
(EMD-41241) 
(PDB 8TGM)

DA/RSP 
(EMD-41237) 
(PDB 8TGI)

NE/RSP 
(EMD-41240) 
(PDB 8TGL)

SERT/RSP 
(EMD-41242) 
(PDB 8TGN)

HA/RSP 
(EMD-41239) 
(PDB 8TGK)

AMPH/RSP 
(EMD-41236) 
(PDB 8TGH)

MPP7RSP 
(EMD-41235) 
(PDB 8TGG)

Symmetry 
imposed

Cl Cl Cl Cl Cl Cl Cl Cl

Initial particle 
images (no.)

874,862 567,815 567,815 641,349 629,796 633,820 893,558 699,136

Final particle 
images (no.)

148,629 113,342 150,374 255,378 151,472 110,835 131,394 197,772

Map 
resolution (Å)

3.5 3.5 3.4 3.4 3.3 3.7 3.5 3.6

 FSC 
threshold

0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143

Map 
resolution 
range (Å)

3.1–5.1 3.1–5.5 3.1–4.7 3.0–4.6 3.0–5.4 3.2–4.8 3.0–4.6 3.2–4.8

Refinement

Model 
resolution (Å)

3.98 3.44 3.74 3.71 3.68 3.68 3.27 3.70

 FSC 
threshold

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Map 
sharpening B 
factor (Å2)

133.4 116.1 118.0 120.3 130.2 129.7 118.1 136.8

Model composition

 Non-
hydrogen 
atoms

5761 5901 5837 5849 5856 5839 5818 5856

 Protein 
residues

761 767 759 769 770 770 767 770

 Ligands 1 2 2 2 2 2 2 2

B factors (Å2)

 Protein 80.47 72.39 75.60 47.43 84.56 74.77 60.52 84.86

 Ligand 27.53 74.14 93.80 40.62 68.43 84.63 67.28 70.92

R.m.s. deviations

 Bond 
lengths (Å)

0.003 0.005 0.743 0.679 0.004 0.004 0.005 0.008

 Bond 
angles (°)

0.794 0.876 0.003 0.004 0.880 0.757 0.749 0.856

Validation

 MolProbity 
score

1.89 1.82 1.84 1.93 1.94 1.79 1.75 1.84

 Clashscore 25.23 14.60 22.06 30.11 28.56 19.76 15.65 22.48

 Poor 
rotamers (%)

0.49 0.33 0.65 0.49 0.16 0.32 0.33 0.49

Ramachandran plot

 Favored 
(%)

98.40 97.21 99.08 98.16 98.81 98.55 97.75 98.16

 Allowed 
(%)

1.60 2.79 0.92 1.84 1.19 1.45 2.25 1.84

 Disallowed 
(%)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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The statistics are reported for VMAT1(ΔL1/2) dimer in unbound form and with reserpine (Unbound/RSP); both with 
reserpine (RSP/RSP); with dopamine and reserpine (DA/RSP); with noradrenaline and reserpine (NE/RSP); with serotonin 
and reserpine (SERT/RSP); with histamine and reserpine (HA/RSP); with amphetamine and reserpine (AMPH/RSP); and 
with MPP+ and reserpine (MPP+/RSP).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Cryo-EM structures of the VMAT1 dimer in the ligand-free and reserpine-bound states.
a, The cellular process of monoamine storage and release. VMATs accumulate various 

amine-containing compounds (coloured spheres) in secretory vesicles through proton (2H+) 

antiport. AMPH, amphetamine. MPP+, 1-methyl-4-phenylpyridinium. b, The subcellular 

location and FFN206 uptake of full-length VMAT1 and VMAT1(ΔL1/2). The experiments 

were repeated independently three times with similar results. Scale bars, 20 μm. c, Vesicular 

uptake of [3H]dopamine (left) and [3H]serotonin (right) with 5 × 105 cells. The activities 

of VMAT1 and VMAT1(ΔL1/2) are inhibitable by bafilomycin A (BFA), which collapses 

the proton gradient, and reserpine (RSP). Data are mean ± s.e.m. from tthree biological 
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replicates. DMSO, dimethylsulfoxide. d, Cryo-EM density map of the VMAT1 dimer, 

coloured by the NTD and CTD in each monomer. Map contour level = 0.12 in ChimeraX. 

The expected orientation (cytoplasmic-open or lumenal-open) of each monomer in storage 

vesicles is indicated. e, The structure of the VMAT1 dimer (in the same orientation as 

shown in d). f, Electrostatic surface representation of the monomers, reoriented as in the 

vesicular membrane. The transition from the cytoplasmic-open (reserpine omitted) to the 

lumenal-open conformation is associated with proton export and monoamine import. TBZ, 

tetrabenazine.
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Fig. 2 |. Alternative conformations stabilized by gating interactions and reserpine binding.
a, Cellular regulation by the alternative states. VMATs preferably adopt a lumenal-open 

conformation. Protonation in the acidic vesicular lumen facilities the rate-limiting transition 

to the cytoplasmic-open state, which binds to reserpine. After exocytosis and vesicle fusion 

with the plasma membrane, VMATs are trapped in an outward-open state and deactivated 

in the absence of a proton gradient. Endocytosis and acidification generate mature storage 

vesicles. b, Extensive gating interactions in the lumenal-open conformation. Interactions are 

formed by the loop between TM6 and TM7 (L6/7) (top), at the cytoplasmic end (top right) 

and near the central pocket (bottom right). The transmembrane helices and residues in the 

NTD and CTD are coloured as in Fig. 1, with L6/7 in red. Residues in parentheses indicate 

non-unique interactions to this conformation. The dashed curves indicate the NTD–CTD 

interface. In the overall structures, NTD–CTD-contacting regions are coloured in yellow. c, 
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Gating interactions in the cytoplasmic-open conformation. d, The Ile137–Ala450 interaction 

in the Thr137Ile variant potentially favours NTD–CTD association in the cytoplasmic-open 

state (left). Right, the impact of this substitution is illustrated with van der Waals spheres. 

e, The chemical structure of reserpine. f, Densities and binding interactions of reserpine. 

Map contour level = 0.45 in ChimeraX. g, Complementarity of shape and hydrophobicity 

between reserpine and the central pocket. The surface is coloured by hydrophobicity; yellow 

and cyan indicate the most hydrophobic and hydrophilic regions, respectively.
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Fig. 3 |. Recognition mechanism of monoamines.
a, The monoamine-binding site. The representative dopamine (DA) molecule is shown 

with a density map, and the overall structure is shown as a surface representation. b, 

The substrate pocket. Left, surface representation (orange) showing the wrist-and-fist 

shape of this pocket. Right, cartoon showing monoamine-binding residues and types of 

interactions. c–f, The binding interactions and densities of various monoamines (dopamine 

(c), noradrenaline (NE; d), serotonin (SERT; e) and histamine (HA; f)). The contour levels 

range from 0.06 to 0.1 in ChimeraX. Hydrogen bonds and salt bridges are depicted as 
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green and orange dashed lines, respectively. Residues in parentheses do not interact with 

serotonin or histamine. Chemical structures are provided below. g, The [3H]dopamine- and 

[3H]serotonin-uptake activities of mutants (normalized to the wild type) of pocket-forming 

non-polar residues. 100% uptake corresponds to 0.187 pmol per 5 × 105 cells for dopamine 

and 0.402 pmol per 5 × 105 cells for serotonin. h, The activities of mutants at the two 

polar sites. 100% uptake corresponds to 0.123 pmol per 5 × 105 cells for dopamine and 

0.444 pmol per 5 × 105 cells for serotonin. For g and h, data are mean ± s.e.m. from three 

biological replicates. EV, empty vector; WT, wild type.
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Fig. 4 |. Binding of neurotoxicants in the substrate pocket.
a, Binding interactions and density map of amphetamine. Contour level = 0.02 in 

ChimeraX. Hydrogen bonds and electrostatic interactions are shown as green and red dashed 

lines, respectively. Residues shown in parentheses do not interact with amphetamine. b, 

The chemical structures of representative amphetamine-related illicit and clinical drugs 

transportable by VMATs. Methamphetamine (METH) and amphetamine are traditionally 

abused substances. Ephedrine, used clinically to treat significant hypotension, is a precursor 

in the illicit synthesis of methamphetamine. Ring-substituted amphetamines are represented 

by MDMA (also known as ecstasy). c, Binding interactions and density map of MPP+. 

Contour level = 0.08 in ChimeraX.
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Fig. 5 |. Monoamine and proton antiport mechanism.
a, Conservation of the monoamine-binding pocket across the alternative conformations. 

The lumenal-open structure (coloured in blue) and cytoplasmic-open structure (green; 

transmembrane helices labelled with a prime) are superimposed by the CTD. The dopamine 

molecule is shown as presented in the lumenal-open state. b, Alternative opening of the 

pocket for monoamine transport. The superimposed structures (surface representation) 

and dopamine are same as in a. c, Glu320 protonation is favoured for interactions in 

the cytoplasmic-open state. Top, residues and transmembrane helices surrounding Glu320. 
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Bottom, Glu320 and interacting residues shown in van der Waals spheres. d, In the lumenal-

open state, deprotonated Glu320 interacts with monoamine and is exposed to water. e, 

Molecular dynamics simulation (initiated from the lumenal-open state) reveals lumenal 

NTD–CTD association induced by Glu320 protonation. The average NTD–CTD distances 

at the lumenal side were compared for candidate protonation sites (-p) and with that of the 

cytoplasmic-open (reserpine-bound) state (dashed line). Inset: representative conformations 

from the molecular dynamics simulation showing the similarity of the lumenal NTD–CTD 

association between Glu320-p (orange) and the cytoplasmic-open state (green), and the 

difference compared with the unprotonated state (blue). All of the molecular dynamics 

simulations were repeated at least three times. f, The [3H]dopamine- and [3H]serotonin-

uptake activities of mutants at potential protonation sites. 100% uptake corresponds to 0.129 

pmol per 5 × 105 cells for dopamine and 0.434 pmol per 5 × 105 cells for serotonin. g, 

Reserpine binding and proton-gradient dependency (collapsed by nigericin) of neutralizing 

mutants at candidate protonation sites. For f and g, data are mean ± s.e.m. from three 

biological replicates.
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