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Synaptic vesicles are organelles with a precisely defined protein and lipid
composition'?, yet the molecular mechanisms for the biogenesis of synaptic vesicles

are mainly unknown. Here we discovered a well-defined interface between the synaptic
vesicle V-ATPase and synaptophysin by in situ cryo-electron tomography and single-
particle cryo-electron microscopy of functional synaptic vesicles isolated from
mouse brains>. The synaptic vesicle V-ATPase is an ATP-dependent proton pump that
establishes the proton gradient across the synaptic vesicle, whichin turndrives the
uptake of neurotransmitters*®. Synaptophysin®and its paralogues synaptoporin’ and
synaptogyrin®belong to a family of abundant synaptic vesicle proteins whose function
is stillunclear. We performed structural and functional studies of synaptophysin-
knockout mice, confirming the identity of synaptophysin as an interaction partner
with the V-ATPase. Although thereis little change in the conformation of the V-ATPase
uponinteraction with synaptophysin, the presence of synaptophysin in synaptic
vesicles profoundly affects the copy number of V-ATPases. This effect on the
topography of synaptic vesicles suggests that synaptophysin assists in their biogenesis.
In support of this model, we observed that synaptophysin-knockout mice exhibit
severe seizure susceptibility, suggesting animbalance of neurotransmitter release
asaphysiological consequence of the absence of synaptophysin.

Synaptic neurotransmission involves the fusion of neurotransmitter-
filled synaptic vesicles with the presynaptic plasma membrane upon
Ca* influx into the presynaptic terminal. Synaptic vesicles are small
organelles with an average diameter of approximately 40 nm and a
specific composition of proteins and lipids"* The structure and func-
tion of some presynaptic proteins are known®', along with a putative
interaction map of synaptic vesicle proteins based on crosslinking
mass spectrometry™. However, the molecular architecture of the whole
synaptic vesicle is largely unknown, hindering the molecular mecha-
nistic understanding of neurotransmitter release and its regulation.

Insitu maps of the V-ATPase

As a first step to decipher the molecular architecture of synaptic
vesicles, we isolated and purified glutamatergic synaptic vesicles
(ISVs) from mouse brains'?"2, The ISVs are functional as assessed by a
Ca*'-triggered vesicle-vesicle fusion assay®. We first imaged the ISVs
with cryo-electrontomography (cryo-ET; Fig.1a,b). Although cryo-ET
can potentially resolve protein structures at near-atomic resolution by

subtomogram averaging®', the success depends on both the size of
the molecule and the ability to localize it within amembrane environ-
ment. Here we focused on the synaptic vesicle vacuolar (H")-ATPase
(V-ATPase) as it has a large cytoplasmic domain readily observable in
cryo-ET reconstructions (Fig. 1b).

V-ATPases constitute a highly conserved family of ATP-dependent
proton pumps that are widely expressedin eukaryotic cells”. V-ATPases
establish protongradients critical for enabling organelle-specific func-
tions, including membrane trafficking, endocytosis, lysosomal degra-
dationand neurotransmitter release’. Inaddition toits role as a proton
pump onsynaptic vesicles, the synaptic vesicle V-ATPase has also been
implicated in modulating neuronal exocytosis*'®”, although it is not
directly involved in membrane fusion.

V-ATPases consist of anintegralmembrane VO domain (also referred
to as V,) that functions as the proton pump and a cytosolic V1 domain
(alsoreferred to as V,) that catalyses ATP hydrolysis. The V1 domain
comprises three pairs of subunits responsible for ATP binding and
hydrolysis, and its activity is coupled to the rotation of a central stalk
in the VO domain, mediating the translocation of protons across the
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Fig.1|Cryo-ET of glutamatergicISVs. a, Schematic overview of glutamatergic
synaptic vesicleisolation and cryo-EM sample preparation (Methods). LP2,
second lysis pellet. Schematic overview inawas created using BioRender
(https://biorender.com).b, Arepresentative tomogram (1of 52 tomograms)
(cryoCARE denoised) of ISVsis shown as atomographicslice (left; thickness
1nm)withacorresponding 3D rendering (right; Methods). The ISV membrane,
intactand VO-only V-ATPase assemblies are coloured in grey, yellow and cyan,

membrane'® %, The V1 domain reversibly disassembles from the VO
domain in a luminal pH-dependent manner*. Several V-ATPase subu-
nits have multiple isoforms with distinct tissue expression, suggesting
tissue-specific roles?.

Inour cryo-ET reconstructions of ISVs, we found both ‘intact’ (thatis,
V0 and V1) and VO domain-only V-ATPase assembliesin the ISVs (Fig. 1b),
demonstrating that amixture of intact and VO-only V-ATPases existsin
functional ISVs, consistent with observations of V1 domain dissocia-
tion*. We then performed subtomogram averaging and classification
(Fig.1c,d and Extended Data Fig. 1), yielding three well-defined states
oftheintact V-ATPase at approximately 17 A resolution corresponding
to about 120° rotations of the rotor subcomplex between the states.
Our dataalso produced one state for the VO-only assembly, consistent
with previous work®. Both the intact and the VO-only V-ATPase maps
revealed an extra density large enough to fit an approximately 20 kDa
protein (Fig.1c,d), which, to our knowledge, had not been observedin
any structures of purified V-ATPases'®?*>%*%52¢ suggesting that the extra
density comprises at least one specificbinding partner that exists only
in the context of synaptic vesicle membranes.

Identification of the binding partner
To achieve higher-resolution maps and resolve the binding partner
better, we collected alarge set of cryo-electron microscopy (cryo-EM)
projection images and performed single-particle cryo-EM analysis
(SPA) of the V-ATPase (Fig. 2a,b and Extended Data Fig. 2). Refinements
resulted in maps of the intact V-ATPase assembly, again consisting of
three states all at 4.3 A resolution and a map of the VO-only V-ATPase
assembly at 3.8 A resolution. Note that the resolution of our VO-only
map exceeds that of a previous mammalian VO-only V-ATPase struc-
ture” and is comparable with that of arecently reported VO structure
innonspecifically isolated synaptic vesicles®. All of these maps clearly
show the density of the binding partner.

To identify the binding partner, we generated density maps from
models predicted by AlphaFold2? for all synaptic proteins detected
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respectively. Three representative ISVsare boxed and annotated with the
copy numbers ofintactand VO-only V-ATPase assemblies. Scale bar, 50 nm.
c,d, Subtomogram averaging maps (Methods and Extended Data Fig.1) of
intact (c; state 3) and VO-only (d) V-ATPase assemblies (transparent surfaces).
Theextrabinding partner density (not part of the V-ATPase assembly) is
colouredinorange and denoted with an asterisk. Scale bars, 5 nm.

in our ISVs by high-resolution mass spectrometry (Supplementary
Table 1). The predicted density maps were fitted into the densities
of the binding partner for the intact (state 3) and VO-only V-ATPase
assemblies using CoLoRes/Situs*>*', The rigid-body fitted models
were sorted by their map cross-correlation coefficient (Supple-
mentary Table 1). Candidates that were not membrane proteins or
had no membrane domain matching the binding partner density
in the membrane region were ignored for further analysis. Models
with the highest cross-correlation coefficient were checked and
adjusted by inspecting the models and maps, and the model outlier
percentage was calculated (Methods). Synaptophysin (also known as
synaptophysin-1(SYP1))® exhibited the least outliers, followed by its
paralogues (Fig. 2c): synaptoporin (also known as synaptophysin-2)’,
synaptogyrin-1(SYGI1) and synaptogyrin-3%. We compared the Alpha-
Fold2 prediction of SYG1with the recently determined NMR structure
of SYG1 (Protein Data Bank (PDB) ID 8A6M)* and found the experimen-
tal structuretobe similar to the predicted model (root-mean-square
difference =1.4 A).

Consistent with our fitting results, a crosslinking mass spectrometry
study of ISVs" had identified a possible interaction between synapto-
physin and the synaptic V-ATPase. However, this crosslinking study
used crosslinkers thatact onthe cytoplasmicsite of the ISV, potentially
limiting the detection of luminalinteractions. Moreover, further sup-
porting our findings, the VO domain of the synaptic vesicle V-ATPase
was associated with synaptophysin in synaptosome preparations®.
Together, synaptophysin is the most likely candidate for the binding
partner to the synaptic vesicle V-ATPases that we discovered in our
insitu cryo-ET and single-particle cryo-EM studies of ISVs.

V-ATPase-synaptophysin validation

To further confirm the identity of the binding partner, we used
synaptophysin-knockout (Syp™") mice (Methods), and purified the
Syp™" ISVs following the same protocol as for wild-type mice. As antici-
pated, essentially no SYP1 was detected in the Syp™" ISVs (Fig. 2d and


https://biorender.com

E1 b ¢
a2 W Outlier
B2
A
H
F ‘
D o
C & /
di % .45 p
a Outlier ~ ™/ =
Extra o/
density (%) 465 36.7 20.5 17.4
M
- ATKSQ; 1/ Synaptogyrin-1  Synaptogyrin-3 Synaptoporin Synaptophysin
. (PDB: 8A6M)
c-ring
d e - ;}WT h
50 3/46 +£3.0 nm
g 40 ey
5 30 ! 3/49 £2.3nm
Qo
E 20
zZ
10
0 o ———————
10 50 100 500
ISV diameter from DLS (nm)
f 80- NS

o 1
42£820M 45449 nm
60 |

S - SYG

k=

40

ISV diameter from
cryo-EM images (hnm)

20

WT Sy'p‘/‘
Fig.2|Mapsof V-ATPasesimaged in wild-type and Syp”"ISVs. a,b, SPA maps
ofintact (a; state 3) and VO-only (b) V-ATPase assemblies imaged in wild-type
(WT) ISVs. The V-ATPase subunits are coloured as indicated, and the extra
binding partner density is coloured in orange. The background grey arc
represents the ISV membrane density. Scale bars, 5 nm. ¢, Docking of models
intothe binding partner density (orange) extracted from the map shownina.
The solution NMR structure of synaptogyrin-1and the AlphaFold2 predicted
atomic models of synaptogyrin-3, synaptoporin and synaptophysin are shown.
Theatomic models are shownincartoonrepresentationand coloured inyellow
andbluetoindicateifthe modelisintheinteriororthe exterior of the map,
respectively. For clarity, only the transmembrane and luminal partsare
displayed, omitting the cytosolic regions thatare predicted to be unstructured.
Scalebar, 5nm.d, Representative western blots (one of nine independent
measurements) of synaptic proteinsin LP2 and ISV samples from wild-type and
Syp™"1SVs (Extended Data Fig. 4). Abs, antibodies. €, Dynamic light scattering

Extended DataFig.3a,b) as determined by westernblot. Vesicular gluta-
mate transporter 1(VGLUTI) and synaptotagmin-1(SYT1) were present
atsimilar levelsin Syp™ ISVs and wild-type ISVs (Fig. 2d and Extended
DataFig.3c).Using VGLUT1 (Extended Data Fig. 3d) or SYT1 (Extended
DataFig. 3e) for band density normalization, synaptoporin-1(SYNPR1)
was present at a higher level, and SYG1 was present at a similar level in
the Syp™" ISVs. By contrast, synaptobrevin-2 (SYB2) was present ata
lower level in Syp™ ISVs than in the wild-type ISVs, consistent with a
role of synaptophysin for SYB2 sorting into synaptic vesicles* ¢, The
observed V-ATPase level, either targeting subunit A (V1A) or subunita
(V0a) of the V-ATPase, was higher in Syp”~ISVs.

The hydrodynamic size distributions of wild-type and Syp™ ISVs
were very similar in solution as determined by dynamic light scatter-
ing (Fig. 2e), consistent with size measurements by cryo-EM (Fig. 2f
and representative images in Extended Data Figs. 2a and 4a). Finally,
the binding partner density was absent in the Syp™ ISV SPA maps for

No extra
density

VO-only V-ATPase in Syp~- ISV

Intact V-ATPase in Syp™~ ISV

(DLS) measurements of wild-type and Syp™ ISVs. The means and standard
deviations of the ISV diameters were calculated from three independent ISV
preparations. P-values were calculated by the unpaired two-tailed t-test. NS,
notsignificant.f, Size distribution analysis of wild-type and Syp™" ISVs by
inspection of cryo-EM images. The mean = s.d. of wild-type and Syp™ ISV
diameters were calculated from 326 wild-type ISVs and 362 Syp™ ISVs,
respectively. Inthe violin plots, the bottom dotted line represents the first
quartile, the middle dashed line represents the median, and the top dotted line
represents the third quartile. P-values were calculated by unpaired two-tailed
t-test.g,h, SPA maps of intact (g; state 3) and VO-only (h) V-ATPase assemblies
imaged in Syp™"ISVs. The V-ATPase subunits are coloured asinaand b. The
corresponding location of the binding partner density identified in wild-type
ISVsisindicated as adashed orange silhouette for comparison. The background
greyarc represents the ISV membrane density. Scale bars, 5 nm.

bothintact and VO-only V-ATPase assemblies (Fig. 2g,h and Extended
DataFig. 4b-f), validating the identity of the binding partner density
as synaptophysin.

V-ATPase-synaptophysinstructure

Starting with published V-ATPase structures and the AlphaFold2-
predicted synaptophysin model, we refined atomic models of both the
intact and the VO-only V-ATPase assemblies in complex with synapto-
physin using the wild-type ISV SPA average maps (Methods, Figs. 2a,b
and3a,bandExtended Data Table 2). Generally, there is good agreement
between the models and maps (Extended Data Fig. 5a-c). We observed
the glycosylated mammalian-specific ATP6AP1-binding partnerin our
maps (Extended Data Fig. 5d). In addition to six previously reported
glycosylation sites®, a putative glycosylation site was also observed
for Asn399.
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Fig.3|Structures of V-ATPasesimaged inwild-type ISVs. a,b, Atomic models
ofthe V-ATPase-synaptophysin compleximaged inwild-type ISVs. Theintact
(a; state 3) and VO-only (b) V-ATPase assemblies are shown. The V-ATPase
subunits are coloured as indicated, and synaptophysinis coloured in orange.
Thebackground grey arc represents the ISV membrane density. Scale bar,
5nm(thesamescalebarisusedinaandb).c, Interface (blackcircle) between

Althoughboth el (ATP6VOEL) and e2 (ATP6VOE2) isoforms have been
reported for subunite, our high-resolution VO-only V-ATPase map sug-
gests e2 as the subunit present in our sample (Extended Data Fig. 6a).
This finding was further supported by mass spectrometry experiments,
which only detected unique peptides specific to ATP6VOE2 (Supple-
mentary Table 2). The luminal parts of subunit e2 and subunitaforman
interface with synaptophysin (Fig. 3¢), and electrostatic interactions
areinvolved in thisinterface.

Synaptoporin shares function and primary sequence similarities
with synaptophysin, and itis present at aslightly higher levelin Syp™~
ISVs (Extended Data Fig. 4c-e), potentially to compensate for the loss
of synaptophysin function. However, it isimprobable that it interacts
quantitatively with the V-ATPase as there is no density for it in the
Syp™~ 1SV SPA maps (Fig. 2g,h). The absence of aninteraction probably
arises owing to primary sequence differences between synaptophysin
and synaptoporin at and near the V-ATPase-synaptophysin interface
(Extended DataFig. 6b-d), suggesting the specificity of this interaction.

Atthe currentresolution, we do not observe substantial differences
in maps and models between the V-ATPases in wild-type and Syp™"
ISVs (Extended Data Fig. 7). Overall, our V-ATPase models are similar
to structures of mammalian V-ATPases from purified samples (PDB
IDs 6WM3, 7U4T, 6VQG and 7UNF'®**?¢; Supplementary Table 3) and
recently reported structures from nonspecifically isolated synaptic
vesicles®?,

Syp™ increases V-ATPase copy numbers

Considering that the interaction between synaptophysin and the
V-ATPase does not appear to affect the V-ATPase structure, we asked
what other roles this interaction might have. We collected a cryo-ET
dataset (Fig. 4aand Extended DataFig. 8a) for Syp™ ISVs using the same
procedures as for the cryo-ET dataset for wild-type ISVs (Extended Data
Fig.8b). Weinspected the cryo-ET reconstructions and identified intact
and VO-only V-ATPase assemblies in both wild-type and Syp™" ISV data-
sets, which allowed us to analyse the V-ATPase copy numbers (Meth-
ods and Extended Data Fig. 8a,b). There is little correlation between
the V-ATPase copy numbers and ISV diameters for both wild-type and
Syp™"I1SVs (Extended Data Fig. 8c).

Compared withwild-type ISVs, we observed a substantial increase in
the average copy number of V-ATPases in Syp™~ ISVs (Fig. 4b,c, Extended
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DataFig.8d,eand Supplementary Tables 4 and 5). Not only were there
more ISVs with more than two V-ATPases but we also observed ISVs with
up to eight V-ATPases on asingle ISV. To estimate the average copy num-
ber of V-ATPases per ISV, we fitted Poisson distributions to the observed
copy numbers (Extended Data Fig. 8f-i). However, as it is difficult to
determine the true copy number of ISVs without any V-ATPase assembly
owing to the missing wedge effect of tomographic reconstructions,
we only fitted the Poisson distributions to copy numbers of 1or more.
The Poisson distributions could be well fit to the copy numbers of 1or
more (Extended DataFig. 8f-i), suggesting that the incorporation ofa
V-ATPase is a Poisson process, that is, independent of the presence of
other V-ATPasesinthe same synaptic vesicle. Therefore, we used the A
parameters of the fitted Poisson distributions to estimate the average
copy numbers. For Syp™"ISVs, thereis a 2.1-fold increase in the average
copy number of intact V-ATPase assemblies and a 1.7-fold increase in
the average copy number of VO-only assemblies.

For wild-type ISVs, the majority (71.3% of wild-type ISVs with vis-
ible V-ATPase densities) contained only one intact V-ATPase assem-
bly (Fig. 4b and Supplementary Table 4). The remaining ISVs (21.9%)
primarily contained two intact V-ATPase assemblies, along with a few
cases (6.8%) withmore than two copies. We calculated the average com-
bined copy number of intact and VO-only V-ATPases from the Poisson
fitstobe1.04 (sumof0.62and 0.42, respectively). These numbers are
inclose agreement with the previously estimated copy number of 0.7
intact V-ATPases per ISV using quantitative western blotting against
the VIB subunit of the V-ATPase' and an estimate of the combined copy
number ofintactand VO-only V-ATPases per ISV of 1.27 using fluorescent
imaging with antibody labelling®,.

Syp™” causes severe seizures in mice

Giventhe profound dysregulation of V-ATPase copy number observed
in Syp™ ISVs, we examined what physiological consequences this
may have. Although Syp™~ mice exhibit no large differences in neuro-
transmitter release probability compared with wild-type mice**°, we
observed astriking susceptibility to kainic acid stress-induced seizures
(Fig. 4d). Compared with wild-type controls displaying minimal sus-
ceptibility, Syp™ mice are highly susceptible to seizure and subsequent
death. This dramatic phenotype highlights asignificant role for synap-
tophysininsynaptic functionandin the regulation of synaptic vesicle
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d, Mice of 4-6 months of age of two genotypes
(wild-type (n=9)and Syp™ (n=5)) were injected
withkainicacid (25 mg kg™ intraperitoneally) and
observed for 60 min with videorecording. Seizure
severity was scored blind by two observers using a
modified Racine scale, and the latency survival to
R6 or R8seizure severityisreported (Methods).
**P=0.0013 and ***P < 0.0001 (one-sided Gehan-
Breslow-Wilcoxon test).
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properties. Although there may be other roles of synaptophysinat the
synapse, the severe seizure susceptibility phenotype and the regulation
of V-ATPase copy number highlight a previously unrecognized and
critical role for synaptophysin in synaptic vesicle function.

Discussion

We performed in situ cryo-ET reconstructions, obtained SPA maps
and determined structures of synaptic vesicle V-ATPases in functional,
glutamatergic mouse ISVs. We observed both intact and VO-only
V-ATPase assemblies (Figs. 1b—d and 2a,b), consistent with the notion
that V-ATPases reversibly dissociate the V1domain uponacidification
of the synaptic vesicle*. Unexpectedly, the cryo-ET reconstructions and
SPA mapsrevealed that synaptophysinisboundto the synaptic vesicle
V-ATPase. This interaction was not previously observed in structural
studies of reconstituted V-ATPases'$?2*%52641 j||ustrating the power
of in situ structural studies by cryo-ET and single-particle cryo-EM.
The confined membrane environment of asynaptic vesicle, including
vesicle curvature, probably contributes to stabilizing the relatively
small V-ATPase-synaptophysin interface (Fig. 3c). The interaction is
identical for both intact and VO-only V-ATPase assemblies (Fig. 2a,b),
suggesting that this interaction does not appear to directly regulate
the hydrolysis mechanism of the V-ATPase.

SPAmaps of Syp™" ISVs validated the V-ATPase-synaptophysininter-
action and demonstrated the specificity of this interaction for synap-
tophysin, but not for the paralogues synaptoporin and synaptogyrin
(Fig.2d,g,hand Extended Data Fig. 6¢,d). Comparison of the structures
shows that the V-ATPase structure is not substantially affected by the
interaction with synaptophysin (Extended DataFig.7 and Supplemen-
tary Table 3).

Atthe gross morphologicallevel, Syp™ mice form normal synapses
andsynaptic vesicles*, as corroborated by our cryo-ET reconstructions
of Syp™"ISVs (Fig. 4a). Syp™~ mice exhibit normal excitatory postsyn-
aptic current release probability and miniature excitatory postsyn-
aptic current frequency, although a small but significant increase in
excitatory postsynaptic current quantal amplitude was previously
observed*’. More profound changes were observed with double genetic

o H
0 5 101520 25 30 3540 45 50 55 60

Latency (min)

deletion of both synaptophysin and synaptogyrin, resulting in reduced
short-termand long-term plasticity in neurons®. Quadruple knockout
studies produced an even larger increase in quantal amplitude®. We
observed that Syp™~ mice exhibit a severe seizure phenotype under
pharmacological treatment with a glutamate agonist (Fig. 4d), which
is concordant with theincrease in quantal size observed forboth Syp™™
and quadruple knockout***,

Inadditiontotheinteraction with the V-ATPase, synaptophysin also
interacts with synaptobrevin***¢, Synaptophysin is a highly abun-
dant synaptic vesicle protein with an estimated 30 copies in synaptic
vesicles!. Consistent with the lower amount of synaptobrevinin Syp™~
ISVs (Fig.2d), synaptophysin hasarolein synaptobrevinsortinginto syn-
apticvesicles* 3¢ and endocytosis*, and presumably this sorting mech-
anismis assisted by the synaptophysin-synaptobrevin interactions.
Despite the lower synaptobrevin amount in the Syp™” ISVs, the trans-
mitter release probability is normal*®, consistent with the observation
that two synaptobrevin molecules are sufficient for evoked synaptic
vesicle fusion*® compared with the much larger copy number of syn-
aptobrevinmolecules in wild-type ISVs (approximately 70 per vesicle)".

The copy number of V-ATPases roughly doubled in Syp™ ISVs
(Fig.4b,c and Extended Data Fig. 8d-i). A possible explanation is that
the V-ATPase-synaptophysininteraction effectively increases the lat-
eral membrane cross-section of the combined molecular assembly in
wild-type ISVs. This increased membrane cross-section will limit the
available area in the synaptic vesicle membrane owing to molecular
crowding by increasing the excluded surface area®, resultinginalower
V-ATPase copy number in wild-type ISVs thanin Syp™ISVs. Moreover,
synaptophysin can form hexameric assemblies*® and interact with
synaptobrevin'*¢, As we did not observe densities for synaptobrevin
or synaptophysin oligomers in our cryo-ET and SPA maps (Figs. 1¢,d
and 2a,b), itis possible that these interactions, if they exist, are het-
erogeneous and averaged out in the cryo-EM maps. Nevertheless,
these additional interactions would further increase the membrane
cross-section of the combined assembly.

Theincreased V-ATPase copy number in Syp™” ISVs offers a possible
explanation for the observed seizure phenotype under pharmacologi-
cal treatment with a glutamate agonist (Fig. 4d), which is concordant
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with theincrease in the quantal size observed in Syp™ studies*>*. This
increased quantal size could potentially be different in excitatory and
inhibitory synapses, as suggested by different synaptophysin copy
numbersinglutamatergic and GABAergic wild-type ISVs®. Moreover, the
increased copy number could exacerbate the leakiness of ISVs owing to
ultraslow mode switching®, further affecting thisimbalance. Multiple
studies have described seizure phenotypes due to mutations in the
V-ATPase™ %, andsomeofwhichareclosetothe V-ATPase-synaptophysin
interface. The phenotypic similarity between these mutations and
synaptophysin knockout, in conjunction with our data, suggests
that the increased seizure susceptibility has a similar aetiology in
both cases. Our observation of a substantially altered V-ATPase copy
number perISVisaplausible contributor to the observed phenotype.
In summary, we showed that synaptophysin is a factor that assists
in establishing the proper copy number of V-ATPases in synaptic vesi-
cles, and loss of synaptophysin causes a severe stress-induced seizure
phenotype probably due to animbalance in neurotransmitter uptake
andrelease.
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Methods

Wild-type and Syp™ mice

Male wild-type CD1 mice (23-26 days of age, purchased from Charles
River) and C57BL/6 mice (23-26 days of age, purchased from Jackson
Laboratory) were used for synaptic vesicle preparations. Syp™” mice*
were a gift from R. Leube. Male Syp™™ mice (23-26 days of age) were
used for synaptic vesicle preparations. Both sexes of 4-6 months of
age wild-type Black 6 (B6NTac; purchased from Jackson Laboratory)
and Syp™ mice were used in animal behavioural experiments. Mice
were maintained in a colony room with a12 h light-dark cycle (lights
on at 07:00) with ad libitum access to food and water.

Syp™~ mice genotyping

A 1-mm mouse ear notch was placed into a 1.5-ml microcentrifuge
tube and treated with 200 pl of 50 mmol NaOH. Samples were heated
to 95°Cin a heating block for 10 min. The tubes were cooled onice
for 10 min, and then 20 pl of Tris-HCI (pH 8.0) was added to neutral-
ize the sample. The samples were centrifuged to pellet the tissue
debris and the supernatant was used immediately for PCR using the
following primers: 5-ACTTCCATCCCTATTTCCCACACC-3’,5-TTCC
ACCCACCAGTTCAGTAGGA-3" and 5-TCGCCTTCTTGACGAGTTCTT
CTG-3'. The following cycle parameters were used: 3 min at 95 °C, 35
cyclesof (30sat95°C,30sat58 °Cand40 sat72°C),3 minat72°C,and
hold at4 °C.PCR products were analysed by agarose gel electrophoresis
using al-kbladder (N3231S, NEB). The wild-type WT fragment appeared
at approximately 280 bp (256 expected), and the Syp™ mutant frag-
ment at approximately 650 bp (500 expected).

Isolation of glutamatergic synaptic vesicles
Wild-type and Syp™ glutamatergic ISVs were prepared and purified as
previously described"*"2. Eight wild-type mice (CD1 for wild-type TOMO
data 1 only, specified below; all the other wild-type data are from
C57BL/6 mice) and two Syp™~ mice were killed to purify the respec-
tive ISVs. Mouse brains were pooled in homogenizing buffer (50 ml
4 mM Na-HEPES (pH 7.4) and 320 mM sucrose; 9 mlfor one brain) with
protease inhibitors and homogenizedina40-mlDounce homogenizer
four times with the ‘A’ pestle and three times with the ‘B’ pestle. The
homogenate was centrifuged at 880g for 10 min. Supernatant (S1) was
collected and centrifuged at 12,074g for 15 min. For the wild-type P2
pellet, the supernatant (S2) wasremoved, the P2 pellet was resuspended
with 25 mlhomogenizing buffer with protease inhibitors, the dark cen-
tre of the pellet was discarded, and the resuspension was transferred
toanew tube and centrifuged at 27,167g for 15 min. However, the cen-
trifugation step was skipped for the Syp”” P2 pellet as the P2 sample
size was small, following another previously published protocol*®. The
resulting wild-type pellet (P3) and Syp™ P2, both of which contain syn-
aptosomes, were resuspended with 5 ml or 1 ml homogenizing buffer
and then hypo-osmotically lysed by 40 ml or 9 ml H,O, respectively,
followed by adding 1 M Na-HEPES (pH 7.4) and protease inhibitors to
achieve afinal concentration of 5 mM Na-HEPES. This solution was
homogenized in a 40-ml or 25-ml Dounce homogenizer three times
and then centrifuged at 43,589g for 20 min. The supernatant (LS1)
was ultra-centrifuged at 256,631g for 2 h. The resulting pellet (LP2)
containing different types of synaptic vesicles was then homogenized
ina2-mlDounce homogenizer in 2 mlvesicle buffer 20 mM Na-HEPES
(pH 7.4) and 90 mM NaCl). The homogenized synaptic vesicles were
further mechanically sheered through a 27-gauge needle. Synaptic
vesicle concentration was determined using abicinchoninic acid assay,
aliquoted, flash frozeninliquid nitrogen and stored at -80 °C until use.
To isolate the glutamatergic synaptic vesicles, 500 pg of LP2 frac-
tions was thawed on ice and diluted by the blocking buffer (vesicle
buffer + 0.5% (w/v) BSA) with 5 pg mouse VGLUT1 monoclonal anti-
body (135303, SySy) to achieve a final volume of 1 ml. This solution
was incubated overnight at 4 °C and then added to 50 pl Dynabeads

(10004D, Thermo Fisher Scientific); the pellet/sediment was incu-
bated for another 2 h at 4 °C. Dynabeads were washed once in the
blocking buffer and twice in vesicle buffer alone. Immuno-enriched
VGLUTI-bound synaptic vesicles were then eluted three times by adding
25 pl of 40 mg ml™ (for the wild-type TOMO data 1 only, see below) or
1.1mg ml™ (for all the other wild-type and Syp™" ISV tomography and
SPA data collections) VGLUT1 epitope peptide'>. We tested the function
of similar preparations of ISVs by a single-vesicle Ca*-triggered fusion
assay’. The size and concentration of freshly prepared ISVs were deter-
mined via dynamic light scattering (DLS) using a DynaPro NanoStar
(Wyatt Technologies).

SDS-PAGE and western blotting

Thewild-type LP2, wild-type ISV, Syp”~LP2 and Syp™" ISV samples were
diluted with Laemmli sample buffer (1610737, Bio-Rad) containing
B-mercaptoethanol. The samples were loaded in TGX gels (4569036,
Bio-Rad) and separated by electrophoresis with a standard sodium
dodecylsulfate (SDS) running buffer. For western blot analysis, samples
inthe gelwere transferred to PVDF membranes by iBlotl (Invitrogen).
To verify the SYP depletion in the Syp™ samples, the membrane was
incubated with primary anti-rabbit synaptophysin-1(1:1,000; 101008,
SySy) and secondary goat anti-rabbit IRDye80OCW (1:3,000; 926-32211,
LI-COR) for fluorescent band detection by iBright1500 (Invitrogen). To
detect the other synaptic proteins on this membrane for a fair com-
parison, the secondary antibody was stripped by Restore fluorescent
westernblot stripping buffer (62300, Thermo Scientific) and recovered
by the EveryBlot blocking buffer (12010020, Bio-Rad). The primary and
secondary antibodies were stripped from the western blot membranes
following the manufacturer’s instructions. We incubated the probed
blotin the 1X stripping buffer for 15 min and washed it three times for
5min each in TBST washing buffer, then incubated the membrane in
EveryBlot blocking buffer for 5 minuntil reprobing. The membrane was
incubated with primary anti-mouse SYB2 (1:1,000; 104211, SySy) and
secondary goat anti-mouse horseradish peroxidase (HRP; 1:10,000;
ab6789, Abcam) for chemiluminescent band detection by iBright1500
(Invitrogen). For one replicate (Extended Data Fig. 4a), the stripped
membrane was cut at 37 kDa, and the upper membrane wasincubated
with primary anti-mouse SYT1 (1:1,000; 105011, SySy) and secondary
goatanti-mouse HRP (1:10,000; ab6789, Abcam) for chemiluminescent
band detection by iBright1500 (Invitrogen).

To compare different synaptic protein expression levels within
awestern blot, the membrane was cut into slices corresponding to
20 kDa, approximately 45 kDa, and 100-kDa ladder positions. The less
than 20-kDa membrane slice was incubated with primary anti-mouse
SYB2(1:1,000) and secondary goat anti-mouse IRDye800CW (1:3,000;
926-32210, LI-COR). The 20-45-kDa membrane slice was incubated
with primary anti-rabbit SYNPR1 (1:500; 102002, SySy) and second-
ary goat anti-rabbit IRDyeS800OCW (1:3,000). The 45-100-kDa mem-
brane slice was incubated with primary anti-rabbit ATP6V1A (1:500;
39517, CST) and secondary goat anti-rabbit IRDye8O0OCW (1:3,000).
The more than 100-kDa membrane slice was incubated with primary
anti-rabbit ATP6V1A1 (1:1,000; NBP1-89342, NovusBio) and second-
ary goat anti-rabbit IRDye800OCW (1:3,000). The fluorescent bands
in the membrane slices were imaged by an iBright1500 imaging sys-
tem (Thermo Fisher Scientific). To analyse other synaptic proteins on
the same membrane, the secondary antibodies of the 20-45-kDa and
45-100-kDa membrane slices were then stripped and recovered. The
primary and secondary antibodies were stripped from the western blot
membranes following the manufacturer’sinstructions (62300, Thermo
Fisher). We incubated the probed blot in the 1X stripping buffer for
15 minand washed it three times for 5 min each in TBST washing buffer,
thenincubated the membranein 5% BSA blocking buffer for 30 min until
reprobing. The 20-45-kDamembrane slice wasincubated with primary
anti-rabbit SYG1 (1:500; 103002, SySy) and secondary goat anti-rabbit
IRDye80OOCW (1:3,000), and fluorescent bands were imaged by the
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iBright1500 imaging system. The stripped 45-100-kDamembraneslice
was incubated with a mixture of primary anti-rabbit VGLUT1 (1:1,000;
135303, SySy) and anti-mouse SYT1 (1:1,000). The fluorescent band of
VGLUT1wasimaged after incubation of the secondary goat anti-rabbit
IRDye800CW (1:3,000); the chemiluminescent band of SYT1wasimaged
after incubation of the secondary goat anti-mouse HRP (1:10,000).

Densitometry and normalization were performed with the iBright
analysis software (Thermo Fisher Scientific).

Cryo-EM sample preparation

The freshly isolated wild-type ISVs or Syp™~ ISVs were mixed with or
without pellets of the AURION 10-nm BSA Gold Tracer (25487, EMS)
solution (v/v =5/2) for the cryo-EM grids preparation. For the wild-type
samples, Quantifoil (R2/4,300 mesh) gold grids with a continuous
layer of graphene (Graphenea) were plasma cleaned for 30-40 s by
using a Fischione Nanoclean 1070 plasma cleaner (30-34 W forward
power, «2 W reverse power and hydrogen delivered at 20 sccm). For
the Syp™" ISV samples, Quantifoil (R2/1,300 mesh) gold holey-carbon
grids (Q3100AR1, EMS) were used without pre-treatment. Grids were
then placed on parafilmin a custom humidity chamber with approxi-
mately 2 ml of MilliQ water added to the periphery of the chamber. Of
ISVs, 3.5-4 pl were applied to the grids and incubated for 8-15 min.
Grids were then directly loaded onto a Vitrobot Mark I (FEI) and an
additional 3 pl of ISVs were applied. Grids were then back-blotted by
replacing the sample side blot paper with a custom-cut Teflon sheet
or parafilm with a blot force of 5, await time of 1-10 s at 22 °C and 95%
relative humidity. For each round of freezing, we froze grids with vary-
ing blotting times of 1-4 s. Grids were plunged into pure ethane and
stored inliquid nitrogen until use.

Tomographic data collection and reconstruction

For the first cryo-ET dataset of wild-type ISVs, grids were loaded onto
aTitanKrios transmission cryo-electron microscopy (TEM) at the Max
PlanckInstitute of Biochemistry operated at 300 kV and equipped with
afield emission gunand a Gatan post-column energy filter. Images were
recorded by aGatan K2 Summit direct detector using dose fractionation
mode (6.09 e” px's dose rate, 0.33 s exposure time per frame). Tilt
series were collected using SerialEM* at a nominal magnification of
x53,000, resulting in a pixel size of 2.6 A per pixel, with adefocusrange
between 4.0 and 5.0 pm. Of tomographic tilt series, 74 were collected
using adose-symmetric tilt scheme®between +60° with anincrement
of 3°. The same exposure time (3.3 s exposure time and 10 frames per
image) was used for each tilt angle, resulting in a total dose of around
120 e A2 pertiltseries. We refer to this dataset as wild-type TOMO data
lin Extended Data Table1, and it was used for the experiments shown
inFig.1b-d and Extended DataFig. 1. Movie frames were aligned using
Motioncor2%,and motion-corrected tilt series were then aligned using
fiducial tracking with the IMOD software package®.

A second cryo-ET dataset of wild-type ISVs (used in Fig. 4b,c and
Extended DataFig. 8b, we refer to this dataset as wild-type TOMO data
2inExtended Data Table1) and the cryo-ET dataset of Syp™" ISVs (used
inFig.4a-cand Extended DataFig. 8a, we refer to this dataset as Syp™"
TOMO datalin Extended Data Table 1) were collected on a Titan Krios
TEM at the Stanford Cryo-Electron Microscopy Center (CEMc) oper-
ated at 300 kV and equipped with a field emission gun and a Gatan
post-column energy filter. Images of wild-type ISVs and Syp ™" ISVs were
recorded by a Gatan K3 Summit direct detector using dose fractiona-
tion mode with SerialEM¥ using the PACEtomo script and a built-in
dose-symmetrictilt scheme, respectively. Wild-type ISV (n =203) and
Syp™ ISV (n=109) tomographic tilt series data were collected using
SerialEM in low-dose mode at a physical pixel size of 1.1 A per pixel.
The energy filter slit-width was set to 20 eV. Tilt series were collected
using adose-symmetric tilt scheme®between +60° with anincrement
of 3°. The defocus was set to be 1.0-4.0 pm with a step of 0.3 pm per
tilt. The dose per tilt was 3.4 e” A2with a per-frame dose of 0.34 e" A2,

resulting in a total dose 0f 139.4 e A2 over 41 tilts. Movie frames were
aligned using Motioncor2*, and the motion-corrected tilt series were
then aligned using the patch-based local motion alignment with the
AreTomo software package®.

For all three datasets, the tomograms were reconstructed from
aligned tilt series using the weighted back projection approach in
the IMOD software package®®. After manual inspection, a subset of 52
tomograms from the wild-type TOMO data1 dataset, 156 tomograms
from the wild-type TOMO data 2 dataset and 78 tomograms from the
Syp”” TOMO dataldataset were kept for further analysis.

Subtomogram averaging

For the analysis of wild-type TOMO data1experiments shownin Fig. 1
and Extended DataFig. 1, the MATLAB (Mathworks) TOM toolbox®*was
used as a general platform for image processing. All the tomograms
were binned (binning factor = 4,10.4 A per pixel) for processing. Six
were used to generate the initial model. The template-free detection
method PySeg® was used to identify membrane-bound complexes.
In brief, all the synaptic vesicle membranes were segmented out by
atemplate-matching approach, using hollow spheres with different
diameters as templates. A discrete Morse theory-based algorithm was
used to trace all the densities associated with synaptic vesicles. Sub-
tomogram candidates were selected based on the direction and size
of these densities. For each subtomogram, the normal vector of the
attaching membrane was determined, and a rotational average was
generated around this direction. The averages were classified by the
affinity propagation method®. Classes with clear membrane attaching
densities were combined for constrained alignment and classification
using RELION (v2)®*. The resulting structure clearly showed a V-ATPase
(Extended Data Fig. 1a).

Theresulting structure was then used as anew template to perform
anew round of template matching using PyTom®, but this time using
allthe binned tomograms. The resulting hits were manually sorted to
producethefinal dataset. Intotal, 1,860 V-ATPases were identified from
52tomograms. Subsequently, the unbinned (full-size) tomograms were
used for classification and averaging. Subtomograms of192 x 192 x 192
pixel volume were extracted with Warp®®, with which 3D contrast trans-
fer function (CTF) models were generated for each subtomogram. The
classification was performed using the 3D tomography workflow of
RELION (v2)*, with asoft mask applied in the cytosolic domain. Three
different conformations of the cytosolic domain were identified. A soft
mask, including the entire molecular assembly, was used for the final
refinement. Another round of multi-particle refinement was applied to
the final maps using Warp-M¥, further refining the tilt series alignment
parameters. For each subtomogram, only the first 15 subtilts (45 e A™
accumulative dose) were included for the final reconstruction and
resolution estimation. The resolution was determined using the 0.143
criteria according to the gold-standard Fourier shell correlation®®,

Tomogram segmentation and 3D rendering

To visualize the ISV membranes, we first used an automated tracing
method based on tensor voting®. Subsequently, any necessary manual
corrections were made using Amira software (Thermo Fisher Scientific).
V-ATPase assemblies were positioned in their native locations and orien-
tations. This positioning utilized low-pass-filtered reconstructed maps
and the Euler angle information obtained from either subtomogram
averaging (Fig. 1b) or template matching (Fig. 4a). ChimeraX was used
togenerate the final renderings shownin Figs. 1b (right) and 4a (right).

V-ATPase copy number analysis

The V-ATPase maps from wild-type TOMO data 1 were filtered to 30 A
and used as templates for V-ATPase assemblies identification in the
wild-type TOMO data2 and Syp”” TOMO dataltomograms. Template
matching was performed on the binned tomograms (binning factor =8,
8.8 A per pixel) with PyTom®. Tomograms were then Wiener filtered



using PyCresta (examples are in Extended Data Fig. 8a,b). The Wie-
ner filtering was performed with a defocus setting of 3.0 pm and a
signal-to-noise ratio falloff of 0.9. In addition, the tomograms were
denoised by cryoCARE*® without Wiener filtering (an example s in
Fig.4a). The template-matching results were manually checkedinboth
the Wiener-filtered and cryoCARE denoised maps.

Twoindividualsindependently examined two half sets of the tomo-
grams and counted the copy numbers of intact and VO-only V-ATPase
assemblies per ISV (Supplementary Tables 4 and 5). For the intact
V-ATPase, we examined 1,326 wild-type ISVs and 1,453 Syp™~ ISVs. For
the VO-only V-ATPase, we examined a smaller number of ISVs as it is
much more time-consuming to identify the smaller VO-only assemblies
(106 wild-type ISVs and 188 Syp™" ISVs, respectively).

To conduct statistical significance tests, we used a bootstrapping
statistical procedure by arandom resampling with replacement of the
observed copy numbers for each ISV for the four groups (Extended
DataFig.8d,e). This process was repeated 10,000 times for each group,
leading tothe generation of 10,000 simulated distributions of V-ATPase
copy numbers for each group. The meanand standard deviations were
calculated for each copy number and group. Statistical significance was
assessed using the Student’s -test. All the analyses were performed
using the R software.

Tofit Poisson distributions to the copy numbers for each of the four
groups, ISVs with at least one intact or VO-only V-ATPase assemblies
were used (Extended Data Fig. 8f-i). Scale factors between the observed
copy number and the Poisson distributions, as well as the A param-
eters of the Poisson distributions, were estimated using aleast squares
methodimplementedinaPythonscript. Forthe case of intact V-ATPase
assemblies, the Poisson fits predict the number of ISVs without intact
V-ATPases and suggest that our observations overestimated the number
of ISVs without intact V-ATPases. This degree of overestimation s largely
dueto the missing wedge effect. Conversely, the missing wedge effect
alsoindicates that we underestimated the number of intact V-ATPases
for copy numbers > 1. However, the A parameter of the fitted Poisson
distribution should beindependent of the missed fraction of V-ATPases,
soitrepresents the true average copy number of intact V-ATPases per
ISV. For the case of VO assemblies, similar arguments apply. However,
thereis no overestimation of the number of ISVs without VO assembly
in wild-type ISVs, possibly due to slight uncertainties in counting VO
assemblies. All calculations were performed using the SciPy module
from Python (v3.8).

Single-particle cryo-EM

For SPA data collection, cryo-EM grids with wild-type ISVs and Syp ™" ISVs
were imaged using a Titan Krios electron microscope (Thermo Fisher
Scientific) equipped with a K3 camera (Gatan) at the Stanford cEMc
using the SerialEM automation software®. The nominal magnification
was x81,000, resulting in a physical pixel size of 1.1 A. At each stage
position, a group of four or nine holes was imaged using the multiple
record setup, and each hole contained three or four imaging spots. A
50-frame movie stack was collected at each imaging spot with a total
exposuretime of4.0 s. The dose rate was approximately15.5¢” px™'s™
with a 0.08 s exposure time per frame; the total dose of one movie
stackwas50 e A2,

Allimages of wild-type ISVs were preprocessed in RELION (v3.1)°. In
total, 21,577 movies were collected and aligned with Motioncor2%, and
CTF parameters were estimated from the average of aligned frames with
CTFFIND4™. We used Topaz’*for particle picking. Of particles, 524 of
apparentintact V-ATPases were manually picked from 108 micrographs
forthetrainingset. Using this training set, Topaz picked 33,094 particles
from 4,404 micrographs. We then performed several rounds of 2D and
3D classification with RELION, which returned 4,461 intact V-ATPase
candidates. The initial template for 3D classification was obtained from
previous work*, Topaz was retrained using these particles and returned
321,087 particles from the entire dataset. After several rounds of 2D

and 3D classification, 77,779 particles were kept for further analysis.
To classify these particles, we adopted a soft mask of the cytoplasmic
region of theintact V-ATPase assembly, which resulted in three classes,
representing the three states of the V-ATPase. The map quality was
furtherimproved by several rounds of 3D refinement, CTF refinement,
postprocessing and Bayesian polishing in RELION. Next, these particles
were exportedinto cryoSPARC (v3.2)", followed by non-uniformrefine-
ment, which resulted in overall resolutions of 4.3 A for all three states.
For the VO-only V-ATPase assemblies, a rescaled VO-only-focused 2D
class from the intact V-ATPase 2D classes was used as a template for
particle picking in 13,036 micrographs using Topaz. A total of 4,218
particles were selected by several rounds of 2D classification toretrain
the Topaz picker. Ultimately, 699,268 particles were picked, followed
by aseries of sequential stepsin RELION: 2D classification, 3D classifi-
cation, 3D refinement, CTF refinement, postprocessing and Bayesian
polishing. The refined particles were subsequently exported into
cryoSPARC. After non-uniform refinement (the initial lowpass resolu-
tion was set to 12 A), the overall resolution was 3.8 A.

Allimages of Syp™ ISVs were preprocessed in cryoSPARC (v4.4)7,
Intotal, 20,027 movies were collected and aligned with patch motion
correction, and CTF parameters were estimated from the average of
aligned frames with patch CTF estimation. Again, we used Topaz’*for
V-ATPase particle picking. Of particles, 179 of apparent intact V-ATPase
assemblies were manually picked from 327 micrographs for the training
set. We used this training set to pick 47,880 particles from 3,500 micro-
graphs, followed by several rounds of 2D classification in cryoSPARC,
which returned a total of 10,860 particles. Topaz was retrained using
these particles, and it picked 423,510 particles from the entire data-
set. After several rounds of 2D classification, 137,987 particles were
exported into RELION (v4.0)™ for further 3D classification. To classify
these particles with no bias, we first used a soft mask that was derived
from the map of the intact V-ATPase assembly in wild-type ISVs. The
resulting 84,686 particles were further classified using a soft mask
of the cytoplasmic region of the V-ATPase, resulting in three classes
representing three states of the V-ATPase. The map quality was further
improved by several rounds of 3D refinement, postprocessingand CTF
refinement in RELION, which resulted in three maps with resolutions
of4.5,4.4 and 4.5 A for states 1, 2 and 3, respectively. For the VO-only
V-ATPase assembliesin Syp™ ISVs, we used the VO-only Topaz model of
the wild-typeISVs dataset and performed particle picking from 13,036
micrographs. A total of 639,377 particles were picked, followed by
two rounds of 2D classification. To further classify these particles,
we used the 2D classification-accepted 91,542 particles for ab initio
reconstruction of four classes, and one decoy class consisting of 2D
classification-declined particles. Then, we applied these five classes
as hetero-refinement templates of 91,542 particles, which returned
56,885 particles for 3D classification and selected 53,390 particles
for further processing in cryoSPARC: non-uniform refinement (the
initial lowpass resolution was set to 30 A for the hetero-refined map),
global CTF refinement, local CTF refinement, local refinement and
non-uniformrefinement (the initial lowpass resolution was set to12 A
for the local refined map). The final refined map of VO-only V-ATPase
assemblies in Syp”~ISVs had aresolution of 3.6 A.

All Fourier shell correlation curves were calculated with indepen-
dently refined half-maps, and the resolution was assessed using the
0.143 criterion with a correction for the masking effects. The local
resolutions of all the wild-type maps and VO-only V-ATPase maps of
Syp™" ISVs were estimated by the local resolution estimation method in
cryoSPARC. Thelocalresolutions of the intact V-ATPase maps for Syp™~
ISVs were estimated using the local resolution method in RELION. The
visualization of thelocal resolution maps (Extended Data Figs. 2f and 4f)
was performed with ChimeraX. Orientational sampling was assessed for
thefinalmaps of the intact and VO-only V-ATPase assemblies (Extended
DataFigs. 2g and 4g) using the Euler angles from RELION 3D refinement
and cryoSPARC non-uniform refinement results.
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Measurement of ISV diameters

Diameters of ISVs were estimated from micrographs collected for SPA
and from tomograms. For each tomogram, a2D projection was gener-
ated by summing intensities along the z axis. For each ISV containing
at least one detected intact or VO-only V-ATPase, three points on its
membrane edge were manually selected. Then, a circle was fit based
on these points to calculate the diameter of the ISV.

Model building and refinement
Initial models of the V-ATPase and synaptophysin complexes for our
wild-type (mouse) ISV SPA data were generated based on the depos-
ited rat (PDB IDs: 6VQ6, 6VQ7, 6VQ8 and 6VQH) and human (PDB IDs:
6WM2, 6WM3, 6WM4 and 6WLW) V-ATPase structures and a mouse
synaptophysin model predicted by AlphaFold2%. After mutation of
the model according to the mouse sequence with Coot”, the mod-
els were fitted as rigid bodies into cryo-EM maps using ChimeraX”.
These models were manually adjusted in Coot before beingimported
into ISOLDE”” within ChimeraX to adjust sidechain rotamers. The final
models were evaluated through multiple rounds of refinement using
Coot and Phenix (v.1.21)”® and validated with EMRinger”. The atomic
models for the remaining regions of the V-ATPase assemblies were
modelled based on previous work’, followed by mutation according
to the mouse sequence using Coot. The resulting models were then
rigid-body fitted into the focused maps by ChimeraX, and then refined
with Coot and Phenix. In the final round of real-space refinement with
Phenix, we used non-default settings for const_shrink_donor_accep-
tor=0, nonbonded_weight=500, and use_neutron_distances=true. For
illustration purposes, composite models of three rotational states
were generated and followed the same strategy as in previous work’®,
Thestructures of theintact and VO-only V-ATPase assembliesin Syp™"
ISVs were modelled similarly to our wild-type structures, which involved
automatic remodelling by Rosetta®®®, iterative manual adjustment by
Cootandreal spacerefinementand ADP refinement with Phenix. Inthe
final round of real-space refinement with Phenix, we used non-default
settings for const_shrink_donor_acceptor=0, nonbonded_weight=500,
and use_neutron_distances=true.

Structural analysis

We used the ChimeraX electrostatic function to calculate the electro-
static potential of the interface region of the V-ATPase-synaptophysin
complex.

To gain insights into structural variations, we computed the
root-mean-square differences (RMSDs) for Ca atoms between all
the wild-type and Syp” models of both intact and VO-only V-ATPases
(Supplementary Table 3). We used state 2 of the intact V-ATPase for
PDB IDs 6WM3, 7U4T, 6VQG and 7UNF, as the 7UNF deposition only
includes state 2. These models, along with the Syp™” models, were
globally aligned to the wild-type models, and the RMSD values were
subsequently calculated using a custom Python script. The RMSDs
were visualized in PyMol with the ColorbyRMSD function.

Proteomics of wild-type ISV

To obtainacomprehensive list of proteins from the ISV sample, we used
the high-resolution mass spectrometry sample preparation and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method.
In brief, we added 100 pl of 6 M GdmCI, 10 mM TCEP, 40 mM CAA and
100 mM Tris (pH 8.5) buffer to three different ISVs preparations (26 pg
each). Lysates were incubated at 95 °C for 5 min and briefly vortexed.
The protein concentration was measured using the bicinchoninic acid
assay method. Samples were then digested by trypsin overnight at 37 °C
with a protein-to-enzyme ratio of 50:1. Digestion was stopped by add-
ing1% trifluoroacetic acid (TFA) and samples were cleaned up using an
OasisHLB cartridge (1 cc per 10 mg, Waters). Digested peptide samples
were dried by speed vac and redissolved in 100 mM triethylammonium

bicarbonate (TEAB), and were labelled with tandem mass tag (TMT)
10plex reagent (Thermo Fisher Scientific) as instructed by the vendor
and subsequently combined at equal amounts.

Waters 2D LC (Waters MClass 2DnLC) was used for peptide separa-
tion. Peptides were separated by reverse-phase chromatography at high
pHinthe first dimension, followed by an orthogonal separation at low
pHinthesecond dimension. Inthe first dimension, the mobile phases
were buffer A (20 mM ammonium formate at pH10) and buffer B (ace-
tonitrile). Peptides were separated onaBEH 300 pM x 5 cm C18 5.0-uM
column (Waters) using 12 discontinuous step gradientsat2 pl min™.In
the second dimension, peptides were loaded to an in-house packed
75 uMID/10 uMtip ID x 28 cm C18-AQ1.8-puM resin column with buffer
A (0.1% formic acid in water). Peptides were separated with a gradient
from 5% to 40% buffer B (0.1% formicacid inacetonitrile) at aflow rate of
300 nl min'in180 min. The liquid chromatography system was directly
coupled in-line with an Orbitrap Fusion Lumos Mass Spectrometer
(Thermo Fisher Scientific).

The source was operated at 1.8-2.2 kV to optimize the nanospray
with theion transfer tube at 275 °C. The mass spectrometer was runin
adata-dependent mode. A full mass spectrometry scan was acquired
in the Orbitrap mass analyzer from 400 to 1,500 m/z with a resolu-
tion 0f 120,000. Precursors were isolated with an isolation window
of 0.7 m/z and fragmented using collision-induced dissociation at
35%energy intheion trap inrapid mode. MS1automatic gain control
(AGC)was 4 x 10*; MS2 AGC was 10*. The maximum injection time was
100 ms. Subsequently, eight fragment ions were selected for MS3
analysis, isolated with an m/z window of 1.6, and fragmented with
higher-energy collisional dissociation (HCD) at 65% energy. Resulting
fragments were detected in the Orbitrap at 60,000 resolution, witha
maximum injection time of 150 ms or until the MS3 AGC target value
of 10° was reached.

The raw data acquired were processed with the Proteome Discov-
erer (Thermo Fisher Scientific). Amass tolerance of 10 ppm was used
for precursor ions and 0.6 Da for fragment ions for the UniProt Mus
musculus proteins database search. The search included cysteine
carbamidomethylation as a fixed modification. Acetylation at the
protein N terminus, methionine oxidation and TMT at the peptide N
terminus and lysine were used as variable modifications. Up to two
missed cleavages were allowed for trypsin digestion. Only unique
peptides with a minimum of six amino acids in length were consid-
ered for protein identification. The peptide false discovery rate was
set at less than 1%. Data were searched against the mouse database
from UniProt. Spectrawith more than 50% interference were excluded
for subsequent quantitative analysis. The final protein lists (2,687
protein candidates in total; Supplementary Table 1) used two filters:
(1) aprotein with more than two unique peptides; and (2) itis marked
as amaster protein.

Identification of the e subunit

Toidentify the isoform of V-ATPase subunit e in ISVs, we used chymot-
rypsininthe mass spectrometry sample preparation. Of each of three
different ISV preparations, 5 pg was transferred to anew tube and nor-
malized to 50 pl with 10% SDS/100 mM TEAB. The samples were then
reduced with 10 mM dithiothreitol (DTT) for 20 min at 55 °C, cooled
to room temperature and then alkylated with 30 mM acrylamide for
30 min. They were then acidified to a pH ~ 1 with 2.6 pl of 27% phos-
phoric acid and in 165 pl of S-trap loading buffer (90% methanol/10%
1M TEAB) and loaded onto S-trap microcolumns (Protifi). After load-
ing, the samples were washed sequentially with 150-pl increments of
90% methanol/10% 100 mM TEAB, 90% methanol/10% 20 mM TEAB
and 90% methanol/10% 5 mM TEAB solutions, respectively. Samples
were digested at 47 °C for 2 hwith 600 ng of mass spectrometry-grade
chymotrypsin (Promega). The digested peptides were then eluted
with two 35-plincrements of 0.2% formic acid in water and two more
40-plincrements of 80% acetonitrile with 0.2% formic acid in water.
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The four eluents were consolidated in 1.5-ml S-trap recovery tubes
and dried via SpeedVac (Thermo Fisher Scientific). Finally, the dried
peptides were reconstituted in 2% acetonitrile with 0.1% formic acid
inwater for LC-MS analysis.

Proteolytically digested peptides were separated using anin-house
pulled and packed reversed-phase analytical column (approximately
25cmlong, 100 pmofinner diameter), with Dr. Maisch 1.9-um C18 beads
as the stationary phase. Separation was performed with an 80-min
reverse-phase gradient (2-45% B, followed by a high-B wash) on an
Acquity M-Class UPLC system (Waters Corporation) at a flow rate of
300 nl min™. Mobile phase A was 0.2% formic acid in water, whereas
mobile phase Bwas 0.2% formicacid inacetonitrile. lons were formed
by electrospray ionization and analysed by an Orbitrap Exploris 480
mass spectrometer (Thermo Fisher Scientific). The mass spectrometer
was operated inadata-dependent mode using HCD fragmentation for
MS/MS spectra generation.

The raw data were analysed using Byonic v5.1.1 (Protein Metrics) to
identify peptides and infer proteins. Concatenated FASTA files contain-
ing UniProt Mus musculus proteins and other likely contaminants and
impurities were used to generate aninsilico peptide library. Proteoly-
sis with chymotrypsin was assumed to be semi-specific, allowing for
N-ragged cleavage with up to two missed cleavage sites. The precursor
and fragment ion tolerances were set to 12 ppm. Cysteine modified
with propionamide was set as a fixed modificationin the search. Vari-
able modifications included oxidation on methionine, deoxidation on
tryptophan, glutamine and glutamic acid cyclization and N-terminal
acetylation. Proteins were held to afalse discovery rate of 1% using the
standard reverse-decoy technique®. The final identified protein lists
(Supplementary Table 2) used two filters: (1) the identified peptide
is unique; and (2) the spectrum score is larger than 300 according to
Byonic’s scoring algorithm®,

Unbiased matching of the binding partner density

Thebinding partner densities were manually extracted fromboth the
SPA maps of the intact (state 3) or the VO-only V-ATPase assembly of
wild-typeISVs using UCSF Chimera. The extracted mapswere placedina
100 px®box witha pixel size of 1.1 A. AlphaFold2? predicted atomic mod-
els correspondingto the high-resolution mass spectrometry-detected
ISV proteins were downloaded. The unbiased matching was performed
using the CoLoRes program in the Situs package*** with a resolution
setting of 6 A, a searching degree of 15, and a map contour cut-off of
0.010r 0.004 for the intact or VO-only segmented extra density map,
respectively. The matching was scored and ranked by unnormalized
ColLoRes cross-correlation scores (CCSs) (rows 2-2,641 of Supplemen-
tary Table 1). There are 49 other proteins (rows 2,642-2,694 of Sup-
plementary Table 1) without an AlphaFold2 prediction, but they are
eithertoolargeinsize or notknownto be synaptic membrane proteins.
Moreover, some large structures that led to unrealistically high CCS
values (more than1) were checked and ignored. The top 200 hits with
reasonable CCS values (less than1) were allinspected individually with
thetarget densitiesin ChimeraX. Candidates that were not membrane
proteins or had no membrane domain matching the observed binding
partner density in the membrane region were ignored for further analy-
sis. Among those that appeared reasonable, we rigid-body adjusted the
fitusing ChimeraX. We then calculated the percentage of outliers using
ChimeraX by normalizing the number of Cax atomsresiding outside the
binding partner density against the total number of Ca atoms. Using
the percentage of outliers asa criterion, the final set of top candidates
was SYGI, synatogyrin-3, synatoporin and synaptophysin.

Pharmacological seizure susceptibility

Mice of each genotype were assayed between 4 and 6 months of age.
All mice were weighed on the day of the experiment and were admin-
istered 25 mg kg™ kainicacid intraperitoneally froma freshly prepared
5mg ml* PBS solution (n=9 wild-type and n=6 Syp™ mice). Mice

were immediately placed in a cylindrical observation chamber and
monitored and scored in real time. The observational behaviour was
scored blind according to the modified Racine scale 6 or 8 as previ-
ously defined®. The latency curves were compared using a survival
log-rank (Mantel-Cox) test in GraphPad Prism.

Software and code

We used AlphaFold2%, Amira (v2020.2; Thermo Fisher Scientific),
AreTomo (v1.3.4)®, Byonic by ProteinMetrics (v5.1.1)%3, Chimera (v1.16)
and ChimeraX (v1.3andv1.7)”, cryoSPARC (v3.2and v4.4)"?, CTFFIND4",
iBright1500 analysis software (v5.2.2; Thermo Fisher Scientific),
EMRinger (v1.0.0)”°, IMOD (v4.11.3)%°, ISOLDE (v1.3)”, Motioncor2*’,
Phenix (v1.21)’%, Prism (v10.2.2; GraphPad Software), Proteome Dis-
coverer (v2.1; Thermo Fisher Scientific), PyCrESTA (https://github.
com/brungerlab/pycresta), PyMol (v2.3.2; Schrddinger, LLC), Python
(v3.8), PySeg (v1.0.0)%, PyTom (v0.981a and v1.1)%, R (v3.4.2), RELION
(v2,v3.1and v4.0)’°, Rosetta®®, Scientific Xcalibur (v4.1; Thermo Fisher
Scientific), SerialEM (v4.0 and v4.1)¥, Situs (v3.2)*, Topaz (v0.2.5)and
Warp (v1.0.9)%. Several script files are available at https://github.com/
brungerlab/ISV_scripts.

Animal statement

Allanimal procedures were performedinaccordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and approved by the Stanford Administrative Panel on Laboratory Ani-
mal Careinstitutional guidelines (protocol 29981) and by the University
of Colorado Boulder Institutional Animal Care and Use Committee
(protocol 1106.02).

Statistics and reproducibility

No statistical method was used to predetermine the sample size, but
experiments described in this study were performed with at least 3-9
samples for each group. The bootstrapping statistical procedures
were done by randomly sampling repeats with replacement (Extended
Data Fig. 8d,e). Two individuals independently examined two halves
of the tomograms and counted the copy numbers of V-ATPase per ISV
(Fig.4b,c). The mice observational behaviour was scored blind by two
individuals (Fig. 4d).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The subtomogram averaging maps (44858 (WT VO only), 44855 (WT
state 1), 44856 (WT state 2) and 44857 (WT state 3)), the SPA maps
(44846 (WT VO only), 44843 (WT state 1), 44839 (WT state 2), 44840
(WTstate 3), 44845 (Syp” VO only), 44844 (Syp™ statel), 44842 (Syp™"
state 2) and 44841 (Syp™" state 3)), and representative binned tomo-
grams (44847 (Syp™" 1SV) and 44848 (WT ISV)) have been deposited
in the Electron Microscopy Data Bank. The atomic coordinates have
been deposited in the Protein Data Bank (9BRZ (WT VO only), 9BRT
(WT state 1), 9BRA (WT state 2), 9BRQ (WT state 3), 9BRY (Syp™”~
VO only), 9BRU (Syp™ state 1), 9BRS (Syp™ state 2) and 9BRR (Syp™~
state 3)). Source data are provided with this paper.
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Extended DataFig.3| Westernblots of synaptic proteinsinwild-type and
Syp™~samples (related to Fig. 2). a&b, Westernblots of (a) synaptophysinin LP2
and ISV samples from wild-type and Syp” mouse brains, and (b) quantification.
Blotting was performed with antibodies (Abs) for synaptophysin-1(SYP1) (for
Syp™validation), synaptobrevin-2 (SYB2), and synaptotagmin-1(SYT1). (b) For
eachantibody andblot repeat, the band densities for Syp” LP2 and Syp™"I1SVs
were first normalized to the respective band densities of wild-type LP2 and
wild-typelSV, respectively. The synaptophysin-1density of Syp” LP2 and Syp™"
ISV was then normalized to the synaptobrevin-2 density of wild-type LP2 and
wild-typeISV, respectively. Data are presented as mean + SEM; error bars (black)
representthe SEM of nineindependent measurements (biological and technical
repeatnumbersarespecifiedinthe figure); p-values areindicated inthe figure
and calculated by unpaired two-tailed t-test (n =9), *** p < 0.001. c&d, Western
blots of (c) synaptic proteinsin LP2 and ISV samples fromwild-type and Syp™~

ISVs mouse brains, followed by quantification (d, e). Blotting was performed with
antibodies (Abs) for synaptotagmin-1(SYT1), vesicular glutamate transporter-1
(VGLUTI), synaptoporin-1(SYNPR1), synaptogyrin-1(SYGI1), subunit A of the
V-ATPase V1assembly (V1A), and subunit a of the V-ATPase VO assembly (VOa).
(e) Foreachantibody and blot repeat, the band densities for Syp™" ISV were first
normalized totherespective band densities of wild-type ISVs. The synaptic
protein densities of Syp” ISVs were then normalized to the SYT1(d) or VGLUT1 (e)
densitiesinwild-type ISVs, respectively. Dataare presented as mean + SEM; error
bars (black) represent the SEM of nineindependent measurements (biological
and technical repeat numbers are specified in the figure); p-values are indicated
inthe figure and calculated by unpaired two-tailed t-test (n=9), *p < 0.05,

**p <0.01.Unprocessed blots and source numerical data are available in
Source Data.
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Extended DataFig. 8| V-ATPase copy numbers from wild-type and Syp ™"
mouse brains (related to Fig. 4). a&b, Representative tomographicslices of
Syp™"1SVs (one of 78 tomograms) (a, upper) or wild-type ISVs (one of 156
tomograms) (b, bottom) (thickness =0.9 nm), respectively (obtained from
Wiener filtered tomograms). Four representative ISVs are selected (colored
boxed), and aseries of higher magnification tomographic Wiener-filtered
planesof eachISVareshownbelow and annotated withyellow and green
arrows forintact and VO-only V-ATPase assemblies, respectively. Scale bars:
50 nm. ¢, Scatter plot of the ISV diameters and V-ATPase copy numbers
(including bothintact and VO-only assemblies) for wild-type and Syp™ ISVs
from 6 randomly selected tomograms, respectively. d&e, Bootstrapping
statistical significance tests (see Methods) forintact (c) or VO-only (d) V-ATPase
copy number per ISV from wild-type and Syp™ mouse brains. The data were
resampled 10,000 times with replacement to estimate the mean and standard
deviationof eachintact or VO-only V-ATPase assembly copy number group.

For theintact V-ATPase assembly (Supplementary Table 4), the wild-type ISV
and Syp™" ISV sample pool comprises 1,326 ISVsand 1,453ISVs, respectively.
For the VO-only V-ATPase assembly (Supplementary Table 5), the wild-type ISV
and Syp™~ ISV sample pool comprises 106 ISVs and 188 ISVs, respectively.
Dataare presented as mean + SD; error bars (black) represent the SD of
10,000 statistically independent sampling; *** p < 0.001 by Student’s t-test
(n=10,000).f, g, h&i,Fitted Poisson distribution for the copy numbers of
intact V-ATPase assemblies for ISVs from wild-type (f) and Syp” mouse
brains (g), and to the copy numbers of the VO-only V-ATPase assemblies for
ISVs from wild-type (h) and Syp™ mouse brains (i). The Poisson distributions
were fitted to the observed copy numbers > 1, i.e., the copy numbers of ISVs
withoutany V-ATPase were not used for the fit (see Methods). The least-squares
residuals showninthe figure legends refer to copy numbers >1. Source
numerical dataare in Source Data.
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Extended Data Table 1| CryoET data and map statistics

WT TOMO datal

. WT TOMO data2 | Syp” TOMO datal
Data collection .
wild-type ISVs wild-type ISVs Syp”” ISVs
Magnification 53,000x% 81,000x
EM & Voltage (kV) Titan Krios, 300 Titan Krios, 300
Total dose (e/A2) 120 139
Pixel size (A/pix) 2.6 1.1
Dose rate (e/px/s) 6.09 5.27
Defocus range (um) 4.0t05.0 1.0t0 4.0
V-ATPase
Data processing
Vo- State | State | State
only 1 2 3
Symmetry imposed C1
FSC threshold 0.143
EMDB ID 44858 | 44855 | 44856 | 44857
Particle images
contribution to 537 317 542 463
maps
Global resolution 16 18.2 15.9 171
(FSC=0.143, A)




Extended Data Table 2 | Cryo-EM data collection, refinement, and validation statistics

V-ATPases in wild-type ISVs

V-ATPases in Syp” ISVs

#1 Intact State 1 #2 Intact State 2 #3 Intact State 3 #4 V0-only #5 Intact State |~ #6 Intact State 2 #7 Intact State 3~ #8 V0-only
(EMDB-44843) (EMDB-44839) (EMDB-44840) (EMDB-44846) (EMDB-44844)  (EMDB-44842)  (EMDB-44841)  (EMDB-44845)
(PDB 9BRT) (PDB 9BRA) (PDB 9BRQ) (PDB 9BRZ) (PDB 9BRU) (PDB 9BRS) (PDB 9BRR) (PDB 9BRY)
Data collection and
processing
Magnification 81,000 81,000 81,000 81,000 81,000x 81,000 81,000% 81,000%
Voltage (kV) 300 300 300 300 300 300 300 300
Electron exposure (e—/A?) 50 50 50 50 50 50 50 50
Defocus range (pm) -1.0to -4.0 -1.0 to -4.0 -1.0to -4.0 -1.0 to -4.0 0.8t0 2.0 0.8t02.0 0.8 t0 2.0 0.8 t0 2.0
Pixel size (A) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Symmetry imposed Cl Cl Cl Cl Cl Cl Cl Cl
Initial particle images (no.) 321,087 321,087 321,087 699,268 423,510 423,510 423,510 639,377
Final particle images (no.) 17,889 25,667 34,536 42,137 32,181 30,487 22,018 53,390
Map resolution (A) 43 43 43 3.8 4.5 4.4 4.4 3.6
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Refinement
Initial model used (PDB 6VQo6, 6VQ7, 6VQ8, 6VQH, Model of wild- Model of wild- Model of wild- Model of wild-
code) 6WM2, 6WM3, 6WM4, 6WLW, type V-ATPase type V-ATPase type V-ATPase type V-ATPase
Synaptophysin Synaptophysin Synaptophysin Synaptophysin
from AlphaFold2 from AlphaFold2  from AlphaFold2  from AlphaFold2
Model resolution (A) 4.8 4.6 6.2 43 7.0 6.9 6.6 4.3
FSC threshold 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Map sharpening B factor (A%) -62.2 -66.7 -61.2 -98.7 -127 -113 -112 -68
Model composition
Non-hydrogen atoms 66,937 66,859 67,168 25,204 65,549 65,548 65,594 23,530
Protein residues 8,563 8,554 8,590 3,277 8,388 8,388 8,393 3,066
Ligands 0 0 0 12 0 0 0 12
B factors (A?)
Protein 225.59 205.58 243.03 139.95 84.43 80.38 94.84 72.49
R.m.s. deviations
Bond lengths (A) 0.004 0.005 0.004 0.006 0.004 0.005 0.005 0.005
Bond angles (°) 0.734 0.811 0.830 0.924 0.773 0.814 0.835 0.876
Validation
MolProbity score 1.37 1.56 1.56 2.04 1.44 1.58 1.54 1.91
Clashscore 243 423 3.94 5.44 2.88 3.89 3.84 5.08
Poor rotamers (%) 0.01 0.10 0.15 3.59 0.04 0.09 0.42 2.88
Ramachandran plot
Favored (%) 95.08 94.83 94.41 95.28 94.92 94.03 94.69 95.81
Allowed (%) 4.90 5.15 5.49 4.69 5.04 5.88 4.95 4.16
Disallowed (%) 0.02 0.02 0.11 0.03 0.04 0.08 0.36 0.03
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Data exclusions  Since it is difficult to determine the true number of ISVs without any V-ATPase assembly due to the missing wedge effect of tomographic
reconstructions, we fitted the Poisson distributions to copy numbers > 1.

Replication All successful data were generated over multiple attempts and in at least three replicates (replicates number are specified in the manuscript)
Randomization  Experiments randomization was not necessary, but in all experiments, control and experimental samples were analyzed in parallel.
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Plants
Antibodies

Antibodies used mouse-VGLUT1(1:200, SySy, Cat.# 135303); rabbit-synaptophysin-1 (1:1,000; SySy, Cat.# 101008); rabbit-IRDye800CW (1:3,000; LI-
COR, Cat.#926-32211); mouse-synaptobrevin-2 (1:1,000; SySy, Cat.# 104211); mouse-HRP (1:10,000; Abcam, Cat.# ab6789); mouse-
synaptotagmin-1 (1:1,000; SySy, Cat.# 105011); mouse-IRDye800CW (L1:3,000; I-COR, Cat.# 926-32210); rabbit-synaptoporin-1
(1:500; SySy, Cat.# 102002); rabbit-ATP6V1A1 (1:1,000; NovusBio, Cat.# NBP1-89342); rabbit-synaptogyrin-1 (1:500; SySy, Cat.#
103002); rabbit-VGLUT1 (1:1,000; SySy, Cat.# 135303);

Validation mouse-VGLUT1 validated PubMed: 15103023; rabbit-synaptophysin-1 is validated by the company; mouse-synaptobrevin-2

validated PubMed: 26663078; mouse-synaptotagmin-1 validated PubMed: 29274147; rabbit-synaptoporin-1 validated PubMed:
31090538; rabbit-ATP6V1A1 validated of the orthogonal strategies by the company ; rabbit-synaptogyrin-1 validated PubMed:
31090538; rabbit-VGLUT1 validated PubMed: 15103023.
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Laboratory animals Male wild-type CD1 mice (23-26 days old) and C57BL6 mice (23-26 days old) were used for synaptic vesicle preparations. Male Syp -/-
mice (23-26 days old) were used for synaptic vesicle preparations. Both sexes of 4-6 months-old wild-type Black 6 (B6NTac) and
Syp-/- mice were used in animal behavior experiments.

Wild animals N/A

Reporting on sex Sexes were reported above

Field-collected samples  N/A

Ethics oversight All animal procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Stanford Administrative Panel on Laboratory Animal Care (APLAC) institutional guidelines (protocol

#29981) and by the University of Colorado Boulder Institutional Animal Care and Use Committee (IACUC) (protocol #1106.02). No
field collected samples were used in the study.
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