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Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

This manuscript builds on the authors’ previous observations that the V-ATPase can enter an ultra-long-lived inactive mode
and proposes a novel pharmacological concept: targeting this inactive mode as a mechanism of inhibition. The idea of “two
orthogonal axes” of pharmacological control is mechanistically interesting and potentially impactful. The study elegantly
characterizes four known V-ATPase inhibitors — bafilomycin, concanamycin A, diphyllin, and SidK. In brief, bafilomycin and
concanamycin bind the VO subunit and block proton translocation, SidK binds the V1 subunit and blocks ATP hydrolysis,
while the mechanism of diphyllin remains unknown. Despite previously resolved high-resolution structures supporting steric
inhibition of proton translocation, the manuscript argues that bafilomycin does not act via this classical mechanism but
instead switches active molecules into an ultra-long inactive mode. There is no doubt that this work will stimulate new
discussions in transporter pharmacology and may open avenues for more precise drug design.

Major

1. Definition of “single-molecule proton transport rate.”

Throughout the manuscript, changes in ApHSM appear to be the primary indicator of the single-molecule proton transport
rate. However, ApHSM is not the pumping rate itself; it is a steady-state gradient shaped by proton leak, buffering capacity,
calibration, and possibly counter-ion conductance. Although the authors mention deconvolving pumping and leak via a
physical model, much of the language reads as if the transport rate is measured directly. The main evidence for “unchanged
pumping”is largely based on ApHSM, which does not uniquely report on catalytic turnover.

Relatedly, the claim that inhibitors cause “no slowing of the alternating-access cycle” is a strong mechanistic leap. Even if
the fitted parameter is unchanged during ON events, this does not strictly prove that the canonical transport cycle is
unaffected. The assay reports net H+ flux, which could be buffered by other steps. When referring to the “cycle,” the authors
should explicitly acknowledge that they measure proton flux, not mechanical rotation or conformational transitions directly.

2. Interpretation of mode switching versus classical inhibition.

The work elegantly demonstrates dose-dependent responses of single V-ATPases to inhibitors. However, it is unclear how
molecules that were already inactive prior to inhibitor application were treated. In Fig. 2 and Fig. S5, a substantial fraction of
vesicles appear OFF even in the presence of ATP and the lowest concentration of inhibitors or the absence of inhibitors.
Can these molecules re-enter the active state? How are they distinguished from defective or damaged transporters? Are the
initial ON/OFF fractions consistent across vesicle preparations?

Moreover, it is difficult to reconcile the observation that neither bafilomycin nor concanamycin affects single-molecule
acidification (Fig. 3C) with their known steric interference with proton translocation. One possible explanation is that
molecules that bind inhibitors immediately enter the inactive mode, while those that remain active are simply unbound. In
that case, however, “being inhibited” and “entering the ultra-long inactive mode” become operationally indistinguishable.
This conceptual issue deserves more explicit discussion.

For orthosteric blockers such as bafilomycin and concanamycin, a plausible alternative model is rapid binding and
unbinding that produces intermittent long pauses, although hard to imagine for inhibitors binding at pmol affinities. This is
still inhibition, but could be interpreted as acting on-cycle and generating OFF-like periods rather than promoting a distinct
off-cycle state. It is therefore unclear whether “direct blockage” is considered on-cycle or off-cycle, and the conceptual
framework would benefit from clarification.

More generally, it remains unclear how, in a raw single-molecule trace, the authors distinguish between (i) a molecule that is
bound to an inhibitor and directly inhibited and (ii) a molecule that has been switched by the inhibitor into the ultra-long-lived



inactive mode. These two scenarios appear experimentally equivalent in the current readout.

| found Fig S12 could be possibly helpful for this matter. If | understand correctly, t(off) should be controlled by two factors:
mode switching and inhibition. Given that the inhibitors bind with pmol affinity, t(off) for inhibition should be quite long, likely
longer than the inactive mode t, which was about 1-2 min as reported in Fig 4. As the concentration of inhibitors increases,
the population controlled by inhibition (transporters bound to inhibitors) should increase if the timescales of the two
components are distinguishable.

3. Assumptions underlying estimation of active-mode probability.

The probability of being in the active mode appears to be inferred entirely from ensemble acidification and single-molecule
ApHSM, assuming that only pumping capacity and mode occupancy determine the ensemble signal. This seems
speculative. Could other factors contribute to maintaining a constant ApHSM, like changes in membrane permeability,
counter-ion conductance, or pHrodo response properties? It would strengthen the manuscript to explicitly address whether
these components play a role and to provide specific controls. Likewise, are there intermediate or partially active states that
might be forced into a binary ON/OFF classification by the analysis? Finally, was P(ON) in Fig 3D derived from values from
Fig 3B and C, or independently measured from the I(N) shifts in Fig S6?

4. Heterogeneity of inactive states.

The OFF dwell times appear highly heterogeneous, ranging from seconds to many minutes. Especially, some are almost
always inactive (Fig. S12). Do the authors believe that all these OFF periods correspond to the same inactive state and the
same molecular mechanism, or that multiple distinct inactive states exist? This distinction is important for interpreting the
concept of a single “ultra-long inactive mode” as a pharmacological target.

Minor

Pages 12—-13 and 14—-15 of the Methods section appear to be duplicated. The Methods may be incomplete or incorrectly
compiled.

When first claiming that most vesicles contain a single V-ATPase, the text should explicitly refer to Fig. S8, where the step
analysis supporting this conclusion is presented.

The scales in panels of Figure 3 are inconsistent, making it difficult to compare data across inhibitors.

The inhibition fits should report IC50 and Hill coefficients.

Y-axis labeling in S6F seems off. The decrease in the maximum of the upper I(N) peak appears to be much greater than
~25%, as shown in Figure 3 and stated in the text.

It is also unclear how SidK has almost no effect on either ON to OFF or OFF to ON lifetimes (Fig 4F,G), and yet decreases
the fraction of ON mode by ~50% (Fig S6).

There is an inconsistency between the results in Figures 3 and 4. For example, for Baf, the IC50 is 200 pM, based on Fig. 3.
However, in Fig. 4, 50 pM decreases the ON time by 50%, which would define this concentration as the IC50. Similarly, the
IC50 for Con is ~600 pM (Fig. 3), while 320 pM results in a nearly 2-fold decrease in ON time and an over 2-fold increase in
OFF time, yielding at least 75% inhibition. Results seem more consistent for Diph is 32 nM.

What is the scenario behind the different doses chosen for each inhibitor in Figure 4? It seems odd to use everything
differently for comparison. Is it possible to use IC50 for all?

How is n determined in these experiments? Are they the same preparation but different molecules (movies), or different
vesicle preparations? This should be stated in the figure legends or the methods section.

Reviewer #2

(Remarks to the Author)

Overall, the authors present a well-designed single-vesicle assay to dissect how various inhibitors of the V-ATPase act at

the single-molecule level, specifically by prolonging the OFF-mode dwell time. The manuscript provides important insights
that cannot be obtained from bulk phase measurements. However, several methodological and conceptual issues need to
be addressed.

General Assessment

The central contribution of this manuscript is the demonstration that the inhibitory effects of multiple V-ATPase inhibitors are
mediated primarily by increasing the dwell time spent in the OFF mode, rather than decreasing the catalytic turnover rate of
individual enzyme molecules. The authors successfully established a single-synaptic-vesicle assay by loading purified SVs
with pHrodo, enabling fluorescence-based monitoring of the proton-pumping activity of individual native V-ATPases. The
study convincingly shows that the OFF-mode occupancy increases in a dose-dependent manner upon addition of various
inhibitors, and similar behavior is observed across different inhibitor classes. This finding fundamentally challenges
traditional interpretations derived from bulk kinetic measurements, in which inhibition is typically attributed to reduced
turnover of continuously cycling enzymes. Thus, the manuscript provides a new conceptual framework for understanding
inhibitor action on active transporters.

It should also be noted that the same group previously published a single-molecule proton-pumping assay for V-ATPase in
Nature (2022), and the present work is effectively an extension of that platform toward pharmacological applications.

While the concept of mode-dependent regulation is novel in the transporter field, the underlying idea—that the ensemble
activity of an enzyme population is determined by the fraction of molecules in an OFF state—has been previously
demonstrated in the single-molecule rotation experiments of Kinosita and colleagues on Fi-ATPase (Science 2001, et al).
For example, the ADP-inhibited state represents an OFF mode, and the ensemble ATPase activity is reduced simply
because a subpopulation is trapped in this inactive state, even though the catalytic turnover of active molecules remains
unchanged (Hirono-Hara, PNAS 2001). Likewise, in the case of V-ATPase, the same group has already reported



single-molecule evidence of mode switching. Therefore, although the experimental system is sophisticated and the data
interpretation is valid, the conceptual novelty may be limited.

Nevertheless, the present manuscript provides a significant contribution by applying single-vesicle measurements to
multiple inhibitors and demonstrating consistent OFF-mode regulation across different chemical classes.

Major Points Requiring Clarification

1. Assumption of One V-ATPase per SV

The analysis is performed under the assumption that each SV contains only a single V-ATPase. However, electron
microscopy analysis for SVs(Science 2024) has shown that a considerable fraction of SVs contains two or more V-ATPase
complexes. The authors’ previous work also reported SVs harboring multiple pumps. In the current manuscript, such
multi-pump SVs appear not to be present, or not discussed. The authors must clarify why these differences arise between
datasets and how multi-pump SVs were excluded or handled. This is essential because multiple pumps would alter the
interpretation of dwell-time analysis and ON/OFF classification.

2. Lack of Discussion of the Leaky Mode

In the previous single-molecule study by the authors, a distinct “leaky mode” was identified. In the present manuscript, the
analysis focuses exclusively on ON and OFF modes, and the leaky mode is not discussed, although Supplemental Figures
suggest its presence.

Were leaky events observed in this dataset?

If so, how frequently?

Were these leaky events affected by inhibitors, or do they represent a separate regulatory pathway?

The omission of this mode needs justification.

In addition, the manuscript should clarify whether inhibitor-independent OFF modes were also observed, and how such
intrinsic OFF events can be distinguished from inhibitor-induced OFF modes.

3. Stability of V1 Association During ATP Addition

Itis reported in the literature that, upon acidification during neurotransmitter loading, the Vi1 domain can detach from Vo,
leading to irreversible loss of proton-pumping activity.

If ATP triggers V1 dissociation under the current experimental conditions, such events should manifest as irreversible OFF
modes.

Were such dissociation events observed?

How can the authors distinguish inhibitor-induced OFF states from OFF states caused by V1 dissociation?

4. Proton Transport Rate Appears Too Low

The estimated proton transport rate of ~2 H*/s is surprisingly low.

If V-ATPase hydrolyzes ATP at rates comparable to F-ATPase, this value seems inconsistent.
The authors must discuss why the apparent pumping rate is so low in their experimental setup.
Potential factors include:

limited buffering and leakage characteristics of SV membranes,
suboptimal ATP concentrations,

rate limitations imposed by pHrodo response kinetics,
mechanical or conformational constraints of the native complex.

Furthermore, did the authors measure the ATPase activity of the SV preparation in bulk?
Measuring bulk ATPase rates (with and without inhibitors) would help validate whether the single-molecule rate estimates
are physiologically reasonable.

Version 1:
Reviewer comments:
Reviewer #1

(Remarks to the Author)
| appreciate the authors' thorough responses to my concerns. | have no further comments.

Reviewer #2

(Remarks to the Author)

In this revision, several of the previously raised concerns have been addressed appropriately, and the manuscript has been
substantially improved. However, the responses to the following points are still not entirely sufficient and require further
clarification and improvement. If these issues are adequately addressed, the manuscript is likely to meet the requirements for
publication.

1. Comments 2—7: Stability of V1 Association During ATP Addition
The authors have provided a thoughtful response to the concern regarding the potential dissociation of the V1 domain upon
ATP addition. The clarification that no clearly irreversible OFF events are observed is helpful, and the additional analysis



showing a correlation between bounded events and dwell time (Fig. S12) strengthens the argument.

However, the current response does not fully resolve the central issue. The explanation that long-lived OFF events arise
from finite observation windows is plausible, but not sufficient to distinguish these events from potential structural
dissociation followed by slow reassociation. The observed scaling behavior supports a kinetic interpretation, but does not
uniquely rule out alternative mechanisms.

Given that V1 dissociation under acidification has been reported in the literature, it is important to more clearly address why
such behavior is not observed under the present experimental conditions. Differences in membrane environment, ATP
concentrations, or luminal pH conditions should be discussed explicitly.

To more definitively resolve this issue, the most straightforward approach would be to biochemically verify that Va1
dissociation does not occur upon ATP addition under the experimental conditions used in this study, for example using the
prepared synaptic vesicles.

2. Comments 2—8: Proton transport rate remains insufficiently explained

The authors attempt to address the concern regarding the unexpectedly low proton transport rate (~2 H*/s).

While the authors cite variability in coupling ratios and literature values, the discussion remains largely generic and does not
directly explain why such a low rate is observed in the present experimental system. In particular, the explanation focuses on
variability across conditions and prior studies, rather than providing a quantitative, system-specific justification.

Furthermore, the argument based on intermittent activity (i.e., long inactive periods) may account for a reduced time-
averaged flux, but it does not clarify whether the intrinsic pumping rate during active periods is itself reduced. This distinction
is critical, and the current response conflates these two possibilities.

In addition, the authors have not addressed the suggestion to directly measure ATPase activity in the prepared vesicles. It
would be important to measure both proton pumping activity and ATPase activity in bulk assays for the same synaptic
vesicle preparation, and to include these raw data in the Supplementary Information. A quantitative discussion of the
turnover rate in the main text would substantially strengthen the reliability and interpretability of the study.

minor point
The chemical structure of concanamycin appears to be incorrect. Please revise it using the correct structure.

Reviewer #3

(Remarks to the Author)

Kosmidis et al. investigated the orthosteric and allosteric inhibition of V-ATPase using the single-vesicle assay they
previously developed. In this work, they newly identified an inhibitor-induced off-cycle mode. Although the mechanistic basis
by which the inhibitors affect both the on/off state transitions and the intrinsic pumping rate remains unclear, the observations
are sufficiently novel and interesting to the field. All of my concerns have been adequately addressed in the point-by-point
response, and | therefore support publication of this manuscript. | only have one minor comment.

minor comment
1. In Figure 1F, the authors used a single y-axis. However, the y-axis for Pon is unitless and should not be presented
together with ApH on the same scale. At first glance, this was somewhat confusing.

Version 2:
Reviewer comments:
Reviewer #2

(Remarks to the Author)

The revised manuscript has been significantly improved. The authors have responded carefully to the reviewers' comments
and have incorporated substantial new analyses, data, and discussion that strengthen the study. While some mechanistic
questions remain unresolved, these limitations are appropriately acknowledged and do not detract from the main
conclusions of the work. Overall, the authors' responses are satisfactory, and | believe that the manuscript is now suitable for
publication.

Reviewer #4

(Remarks to the Author)

I am very impressed with the manuscript that provides a quantitative approach to an important physiological system -
synaptic vesicle acidification - that has been historically difficult to measure under normal conditions and against
pharmacological challenges.

| found the article and the response to the reviewers letter to be clear and surgical in the treatment of the received feedback:
overall the quality of the claim language has improved and | found it matches the strength of the evidence while making
spaces for potential field-wide limitations.

| was specifically asked to comment on the authors' use of the computational modeling approach during the revision, and |
can say that it leverages established frameworks with appropriate citations to the literature. These models have several
open parameters that may complicate their interpretation (https:/pubmed.ncbi.nim.nih.gov/40471464/ - no need to add the



reference to the ms!!), but | think the authors do an excellent job of acknowledging this limitation. In fact, the technique
developed in this manuscript can help the field better fit parameters for future computational model. Depending on the
editorial policy, it might be a good idea to share the code together with the manuscript (eg, GitHub, Zenodo, etc)

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.

In cases where reviewers are anonymous, credit should be given to '"Anonymous Referee' and the source.

The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

To view a copy of this license, visit https:/creativecommons.org/licenses/by/4.0/



Point-by-point response to reviewers

Orthosteric and allosteric inhibition of the brain V-ATPase outside
the alternating-access cycle

Authors: Eleftherios Kosmidis!$, Maria Fokaeos's, Christopher G. Shuttle!, Michael
Isselstein!, Alessandra Narducci!, Aleksander Cvjetkovic!, Peter J. Johnson?, Jesper L.
Pederesen3, Reinhard Jahn#, Julia Preobraschenski4>¢, Dimitrios Stamoul.7*

Point-by-point response to reviewers

We thank the reviewers for their thoughtful and constructive evaluation of the manuscript. Below
we respond point-by-point and, for each comment, also indicate the specific changes that we
recommend incorporating into the revised manuscript.

Page 1



Point-by-point response to reviewers
Reviewer #1

Comment 1.1

Reviewer comment

This manuscript builds on the authors’ previous observations that the V-ATPase can enter an ultra-long-lived
inactive mode and proposes a novel pharmacological concept: targeting this inactive mode as a mechanism of
inhibition. The idea of “two orthogonal axes” of pharmacological control is mechanistically interesting and
potentially impactful. The study elegantly characterizes four known V-ATPase inhibitors — bafilomycin,
concanamycin A, diphyllin, and SidK. In brief, bafilomycin and concanamycin bind the VO subunit and block
proton translocation, SidK binds the V1 subunit and blocks ATP hydrolysis, while the mechanism of diphyllin
remains unknown. Despite previously resolved high-resolution structures supporting steric inhibition of proton
translocation, the manuscript argues that bafilomycin does not act via this classical mechanism but instead
switches active molecules into an ultra-long inactive mode. There is no doubt that this work will stimulate new
discussions in transporter pharmacology and may open avenues for more precise drug design.

Response

We thank the reviewer for the careful reading of our manuscript and for the very positive
assessment. We are encouraged that the reviewer found the concept of two orthogonal axes of
pharmacological control to be mechanistically interesting and potentially impactful, and that the
study may stimulate broader discussion in transporter pharmacology and drug design. We
particularly appreciate the reviewer’s recognition that the central advance of the work is the
identification of long-lived inactive modes as a distinct pharmacological route for inhibition.

Comment 1.2

Reviewer comment

”

Definition of “single-molecule proton transport rate.

Throughout the manuscript, changes in ApHSM appear to be the primary indicator of the single-molecule proton
transport rate. However, ApHSM is not the pumping rate itself; it is a steady-state gradient shaped by proton
leak, buffering capacity, calibration, and possibly counter-ion conductance. Although the authors mention
deconvolving pumping and leak via a physical model, much of the language reads as if the transport rate is
measured directly. The main evidence for “unchanged pumping” is largely based on ApHSM, which does not
uniquely report on catalytic turnover.

Relatedly, the claim that inhibitors cause “no slowing of the alternating-access cycle” is a strong mechanistic
leap. Even if the fitted parameter is unchanged during ON events, this does not strictly prove that the canonical
transport cycle is unaffected. The assay reports net H+ flux, which could be buffered by other steps. When
referring to the “cycle,” the authors should explicitly acknowledge that they measure proton flux, not
mechanical rotation or conformational transitions directly.
Response
We thank the reviewer for emphasizing the important distinction between the alternating-access
cycle of conformations and substrate transport. We fully agree that this distinction should be
made clear to the readers and revised the manuscript accordingly. As requested, we now
explicitly state that the assay measures net proton flux and not mechanical rotation or
conformational transitions. We have introduced this clarification prominently both in the
Introduction, and in the Conclusions.

In the Introduction, we now state: “We should highlight that, by definition, transport assays do
not directly resolve conformational transitions but instead report the rate of productive substrate
turnovers, which we refer to here as the ‘transport cycle rate”. In the Conclusions, we now state:
“Because we do not directly measure mechanical rotation, we cannot exclude that the rate of
uncoupled conformational transitions is modulated by inhibitors. ”

At the same time, we propose that measurements of substrate flux are important functional
readouts of the rate of productive alternating-access cycles i.e. of the conformational cycles
which are coupled to substrate transport. In comparison, mechanical rotation or conformational
dynamics assays report on all conformational changes whether they are productively coupled to
substrate transfer or not. We therefore propose to sharpen the terminology in the revised
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Point-by-point response to reviewers

manuscript and define more clearly that, in this study, “transport cycle rate refers to the rate of
productive substrate turnovers”.

We also absolutely agree that ApHswm is not itself the proton pumping rate. We had explicitly
stated this distinction in the first paragraph of page 4, lines 100-106, in Figs. S2 and S3, and in
the Supplementary text (page 30, section “Physical model”) where we describe that ApHswm
depends on the pumping rate together with passive membrane leakage, transprotein leakage,
luminal buffering, chloride/counter-ion conductance, membrane potential, vesicle geometry and
fluorescence calibration.

Now, we also make this clear in the results section: “A non-equilibrium physical model (Fig. 1D
black line) allowed us to deconvolve these two opposing proton kinetics, as well as the influence
of luminal buffering, chloride/counter-ion conductance, membrane potential, vesicle geometry
and fluorescence calibration...” and “Single-molecule measurements of proton pumping thus
reveal that bafilomycin does not induce a detectable reduction in ApHswm, suggesting it does not
slow down the proton-transport cycle of the V-ATPase”.

At the same time, while ApHswm is indeed not the pumping rate itself, it is a quantitatively
constrained observable from which changes in pumping rate can be inferred with high
sensitivity, as shown in references (1, 2). Inspired by the reviewer’s feedback, we now provide a
quantification of the assay sensitivity: under our specific conditions (including buffering, photon
counts, etc.) we can readily resolve ~0.2 atto-ampere proton currents generated by single V-
ATPases (Fig. S3F, G) and changes in steady state currents of ~0.06 atto-ampere (see Fig. S3K).

Lastly, we would like to comment on a possible terminological ambiguity. In the single-molecule
field, the term “direct observation” is used to distinguish single-molecule measurements from
ensemble-average measurements, not to imply that a molecular property is observed without
inference. For example, single-molecule conformational changes are typically inferred from
changes in fluorescence resonance energy transfer between fluorophores, and ionic movement
through single ion channels is inferred from electrical signals recorded by a patch-clamp circuit
via an Ag/AgCl electrode.
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Point-by-point response to reviewers
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Fig. S3. Non-equilibrium modelling reveals single-molecule proton transport kinetics and leakage pathways.

(A) Schematic of model parameters. The synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S. et
al., Molecular Anatomy of a Trafficking Organelle, Pages 831-846, Copyright (2006), with permission from
Elsevier. (B)-(E), Top: Representative single-molecule traces showing stochastic mode-switching dynamics. Active
proton pumping is intermittently interrupted by inactive and proton-leaky modes. During active phases, a dynamic
equilibrium is established between pumping and leakage, resulting in a single acidification plateau. During an active
mode, which can last up to hours, a V-ATPase may complete thousands of conformational cycles and ATP/H*
turnover events before randomly switching to an inactive mode. Leakage arises from both membrane diffusion and
transprotein efflux. Transprotein leakage initiates immediately upon V-ATPase deactivation and displays distinct
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Point-by-point response to reviewers

temporal kinetics. Traces were fitted using a non-equilibrium model (see Supplementary discussion), allowing for the
independent estimation of pumping rates and permeabilities. Bottom: Modelled rates for proton pumping (red),
membrane leak (grey), and transprotein leak (yellow). In (B)-(D), efflux is dominated by transprotein leakage, while
in (E), by membrane diffusion. (F) Model-derived proton transport rates. Pumping rates (red) average 2.2 = 1.1 H*
s™'. Membrane (grey) and transprotein (yellow) permeabilities are estimated at ~3 + 2x 10° cms'and 6 £5 x 107
cm s, respectively. Error bars, s.d.; n = 24 (pumping), n = 24 (membrane), n = 8 (transprotein). n denotes
independent fits on single vesicles. (G) Violin plot of atto-Ampere proton currents generated by single V-ATPases.
(H) Additional single-molecule traces with model fits. Arrows indicate mode-switching events where equilibrium
was not reached (ApHsm = max or 0). Transprotein leakage modes were previously reported ° but are not further
analysed here. (1) Histogram of proton leakage lifetimes in active SVs + Baf. The fast leakage component (1)
corresponds to a transprotein leakage pathway through the V-ATPase, while the slow component (u.) corresponds to
membrane leakage. (J) Characteristic leakage lifetimes extracted from double Gaussian fits of the leakage
populations in (I). (K) Leakage probability of active V-ATPase + Baf shows that bafilomycin dramatically reduces
the probability of the transprotein leakage pathway. (L) Quantitative estimation of the detectable changes in the
steady-state currents. The steady-state plateaus are reduced by one S.D. of the noise observed during these plateaus.
Subsequently both the original trace and the noise-reduced trace are fitted with the model (top) and the
corresponding proton rates are generated (bottom).

Comment 1.3

Reviewer comment
Interpretation of mode switching versus classical inhibition.
The work elegantly demonstrates dose-dependent responses of single V-ATPases to inhibitors. However, it is
unclear how molecules that were already inactive prior to inhibitor application were treated. In Fig. 2 and Fig.
S5, a substantial fraction of vesicles appear OFF even in the presence of ATP and the lowest concentration of
inhibitors or the absence of inhibitors. Can these molecules re-enter the active state? How are they distinguished
from defective or damaged transporters? Are the initial ON/OFF fractions consistent across vesicle
preparations?
Response
We thank the reviewer for raising this point. The OFF fraction in Fig. 2 and Fig. S5 does not
represent permanently inactive, defective or damaged molecules. Rather, these are molecules
that are capable of activation but, like the rest of the population, stochastically and reversibly
switch between active and inactive modes in the presence of ATP. Thus, the fraction that
appears OFF at any given time reflects the occupancy of the inactive mode, i.e. the activation
probability, not a distinct population of permanently inactive enzymes.

This behavior, termed mode-switching, is an intrinsic feature of the native brain V-ATPase and
was established in our 2022 single-molecule study, where all active single vesicles exhibited
reversible stochastic pauses over recordings that spanned hours (2). Herein, reversible mode-
switching was discussed in pg. 4 (L98-109) and shown in figures 1d-f, 4a-d, and S2, S3, S8, S10.

Pon is consistent between brain preparations and technical replicates Pon ~ 0.6 = 0.1, c.f. with
).

Motivated by the comment, we revised the manuscript to explicitly state that: “the V-ATPase is
not active continuously over time; instead, it stochastically switches between ultralong-lived but
reversible active and inactive modes” and “the inactive mode does not represent permanently
inactive molecules.”.

Comment 1.4

Reviewer comment
Moreover, it is difficult to reconcile the observation that neither bafilomycin nor concanamycin affects single-
molecule acidification (Fig. 3C) with their known steric interference with proton translocation. One possible
explanation is that molecules that bind inhibitors immediately enter the inactive mode, while those that remain
active are simply unbound. In that case, however, “being inhibited” and “entering the ultra-long inactive mode”
become operationally indistinguishable. This conceptual issue deserves more explicit discussion.

For orthosteric blockers such as bafilomycin and concanamycin, a plausible alternative model is rapid binding
and unbinding that produces intermittent long pauses, although hard to imagine for inhibitors binding at pmol
affinities. This is still inhibition, but could be interpreted as acting on-cycle and generating OFF-like periods
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Point-by-point response to reviewers

rather than promoting a distinct off-cycle state. It is therefore unclear whether “direct blockage” is considered
on-cycle or off-cycle, and the conceptual framework would benefit from clarification.

More generally, it remains unclear how, in a raw single-molecule trace, the authors distinguish between (i) a
molecule that is bound to an inhibitor and directly inhibited and (ii) a molecule that has been switched by the
inhibitor into the ultra-long-lived inactive mode. These two scenarios appear experimentally equivalent in the
current readout.

| found Fig S12 could be possibly helpful for this matter. If I understand correctly, t(off) should be controlled by
two factors: mode switching and inhibition. Given that the inhibitors bind with pmol affinity, t(off) for inhibition
should be quite long, likely longer than the inactive mode t, which was about 1-2 min as reported in Fig 4. As the
concentration of inhibitors increases, the population controlled by inhibition (transporters bound to inhibitors)
should increase if the timescales of the two components are distinguishable.
Response
We thank the reviewer for this important comment and agree that the conceptual distinction
should be made more explicit. Functionally, a pre-existing inactive mode stabilized by inhibitor
binding and a new inhibitor-induced non-transporting (‘locked’) mode can indeed appear
equivalent in a single proton-flux trace; neither can be distinguished event-by-event from loss of
acidification alone.

Our aim was therefore not to claim that these scenarios are directly separable from a raw trace,
but to distinguish them statistically through the lifetime distributions (just as the reviewer
suggested). This is precisely the purpose of the discussion and analysis in the second-to-last
Results paragraph (Pg10, L278-290), Fig. S12 and Table S1. There, we ask whether the active-
and inactive-mode dwell-time distributions are better described by single- or double-exponential
models. The data indicate that both mechanistic regimes are possible: some inhibitors are more
consistent with modulation/stabilization of a pre-existing OFF mode, whereas others are more
consistent with stabilization of an additional/new inhibitor-specific long-lived non-transporting
mode.

We also agree that, even in the latter case, this mechanism remains fundamentally different from
continuous slowing of a normally cycling enzyme. A bind-and-lock mechanism is digital and
does not progressively reduce the proton flux of molecules that remain active. Furthermore, we
would argue that both pre-existing and inhibitor-induced OFF modes can be distinguished from
canonical cycle intermediates because they have lifetimes which are several orders of magnitude
larger than any cycle intermediate.

We will therefore clarify in the revised manuscript (Pgl0) that the relevant mechanistic
alternatives are: (i) stabilization of a pre-existing OFF mode, (ii) induction of an additional
inhibitor-bound long-lived inactive mode, and (iii) slowing of the productive transport cycle. Our
data argue strongly against mechanism (iii) for bafilomycin, concanamycin and diphyllin, while
allowing a mixture of (i) and/or (ii), depending on the inhibitor. On the contrary, SidK appears to
recruit both modulation of active/inactive mode lifetimes, mechanism (ii), and slowing of the
productive transport cycle, mechanism (iii.)

Comment 1.5

Reviewer comment
Assumptions underlying estimation of active-mode probability.
The probability of being in the active mode appears to be inferred entirely from ensemble acidification and
single-molecule ApHSM, assuming that only pumping capacity and mode occupancy determine the ensemble
signal. This seems speculative. Could other factors contribute to maintaining a constant ApHSM, like changes in
membrane permeability, counter-ion conductance, or pHrodo response properties? It would strengthen the
manuscript to explicitly address whether these components play a role and to provide specific controls.
Response
We thank the reviewer for this comment. Pon is not inferred from ensemble acidification and
single-molecule ApHsm. Rather, all three quantities are measured independently in our assay: Pon
is obtained directly from the single-vesicle intensity distributions in the local-referencing assay
(Fig. 2c and Fig. S6), or independently assessed from the single-molecule kinetic recordings (Fig.
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4, S13). ApHswm is measured directly at the single-vesicle level. ApHav is also measured directly
as the ensemble average over all SVs.

The relation ApHav = ApHsm % Pon is therefore not used to derive Poy; it is used to conceptually
summarize how the independently measured observables combine to yield the ensemble signal.
This is now clearly stated in the revised text: “Note that all three quantities are independently
determined in the experiment.”

We completely agree that ApHswm is directly influenced by many factors other than pumping
alone, and our modelling quantitatively captures these influences. If we understood correctly, the
reviewer asks whether it is conceivable that one of these factors changes to the exact same
magnitude but with the opposite sign, i.e., in a manner that exactly cancels out the inhibition of
the pumping rates. Thank you for raising this hypothesis that we address below:

Membrane permeability: Inspired by the reviewer comments, we have now performed a
comprehensive series of time-consuming control experiments with Baf and SidK (new Fig. S14,
S15) to demonstrate that inhibitor addition does not affect passive membrane leakage. By
performing pH jumps £ inhibitor we can test for any variation in passive membrane permeability
to protons. The new data shown in Fig. S14 and S15 demonstrate that passive proton leakage is
not altered by addition of neither Baf nor SidK. This provides convincing control for the variable
effect these two inhibitors had on ApHsw. Note that protons have orders of magnitude higher
passive permeability than any other ion; thus, this experiment is a particularly stringent test for
passive ion permeation.

Counter-ion conductance: the only small counter-ion present in our experiments is Cl (See
Methods). As discussed in reference (2) (see also references therein and Fig. 3), CI flux mediated
by synaptic CI" channels and/or transporters releases the membrane potential built by proton
pumping. We have no rational reason to expect that the VV-ATPase-specific inhibitors tested here
affect CI" flux.

pHrodo response: the manuscript already contains control experiments showing that addition of
vehicle (DMSO) and that addition of DMSO + inhibitor, do not affect the fluorescent properties
of pHrodo (please see Fig. S4, and black circles/control in Fig. 3).
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New Fig. S14. Bafilomycin and SidK do not affect the intrinsic membrane permeability to protons.

a, lllustration of pH jump experiments. The synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S.
et al., Molecular Anatomy of a Trafficking Organelle, Pages 831-846, Copyright (2006), with permission from
Elsevier. SVs are equilibrated at pH 6 and subsequently are subjected to an external pH of 7.2 such that luminal
protons passively permeate across the lipid bilayer inducing a drop in fluorescence intensity. pHrodo lipids are found
in both leaflets of the bilayer. Fluorescence response of the outer monolayer has a much faster response time that
depends on the flow rate of the microfluidic setup. Contrary, the fluorescence response of pHrodo lipids located in
the inner monolayer solely depends on the leakage rate of luminal protons across the membrane. b, Ensemble
average fluorescence (black and grey traces) of pH jump experiments % inhibitor fitted with a double exponential
function (red line). ¢, Characteristic lifetimes of the fluorescence response of the inner monolayer (t2) + Baf or £
Sidk. Mean = S.E.M. n = 3 independent experiments; Two-sided paired t-test. N.S. (P = 0.81, 12, + Baf); N.S. (P =
0.96, 12, + SidK).

Page 8



Point-by-point response to reviewers

a Active vesicles b Inactive vesicles

Buffer

Buffer
—
=,
exchange exchange
c d
- Inhibitor + Inhibitor - Inhibitor + Inhibitor
1.05 — Data 1.05 — Data 1.025 — Data 1.025 — Data
1.00 D. exponential 1.00 | D. exponential 1.000 D. exponential 1.000 D. exponential
095 [ fit (11,72) 095 ‘ fit (71,72) 0.975 fit (11,72) 0975 [ fit (71,72)
=z = | & z 0950 0.950
= 090 [ 090 ; = 0925 0.925
0.85 0.85 | 0.900 0.900
0.80 L-o---.—....._.........._ 0.80 e m—r————— 0.875 e I———— 0.875 o e S
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Time (min) Time (min) Time (min) Time (min)
e f
- Baf (n = 133 vesicles) + Baf (n = 160 vesicles) - Baf (n = 1403 vesicles) + Baf (n = 1653 vesicles)
T T T, T, T, T, T, T,

400
300

Counts.
Counts
Counts
Counts

200

- SidK (n = 222 vesicles)
T T

- SidK (n = 2149 vesicles) + SidK (n = 1798 vesicles)
T T T T

400
300
200

Counts
Counts

Counts
Counts

30
20
10 l 100

T T T Ry - 0
107 10° 10 107 10° 10' 10° 10 10° 10 10? 101 10° 10 107
Leakage lifetimes (s) Leakage lifetimes (s) Leakage lifetimes (s) Leakage lifetimes (s)

New Fig. S15. Additional single-vesicle proton leakage experiments confirm that Baf and SidK do not alter the
intrinsic passive permeability of the membrane.

a, b, llustration of pH jump experiments for vesicles that contained active (a) and inactive (b) V-ATPases. The
synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S. et al., Molecular Anatomy of a Trafficking
Organelle, Pages 831-846, Copyright (2006), with permission from Elsevier. c, d, Example traces of fluorescence
response (black and grey traces) in pH jump experiments + inhibitor for SVs containing active or inactive V-
ATPases fitted with a double exponential function (yellow line). e, f, Histograms of single-vesicle lifetimes of proton
leakage. All single-vesicle pH jump traces were fit with a double exponential function that generated two distinct
lifetime populations corresponding to the outer and inner monolayer. The outer monolayer had a characteristic
response time, 11 = 0.8-1 s across all conditions and is rate-limited by the microfluidic setup. The inner monolayer
generated a characteristic response time, t» = 11-19 s across all conditions and represents the lifetimes of proton
leakage across the membrane. t, is at least one order of magnitude longer than t; which is consistent with previous
findings®.

Comment 1.6

Reviewer comment
Likewise, are there intermediate or partially active states that might be forced into a binary ON/OFF
classification by the analysis? Finally, was P(ON) in Fig 3D derived from values from Fig 3B and C, or
independently measured from the I(N) shifts in Fig S6?
Response
We thank the reviewer for these related questions. We do not find evidence for statistically
significant intermediate or partially active single-molecule states in the kinetic analysis. In both
the apo condition and the inhibitor conditions, the event-level acidification amplitudes of single
active V-ATPases are described by a single distribution for each condition rather than by discrete
intermediate subpopulations (see histograms in 1d, 4a-d, S11).
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Similarly, the ‘single molecule local referencing’ histograms are overall well described by two
Gaussians (Fig. 2, S5, S6). Note, that intermediate intensity levels can appear in these histograms
for two reasons that, however, do not imply partially active single molecules: (i) a minority of
vesicles (~15%) contain more than one active V-ATPase, and (ii) a finite fraction of vesicles are
sampled during pH build-up or decay rather than at steady state (see detailed analysis in ED Fig.
5 of reference (2)). For these two reasons, histograms in Fig. 2 and S6 contain marginal
deviations from perfect double Gaussian behavior.

Regarding Pon, the value in Fig. 3D was not inferred but measured independently from the
snapshot intensity distributions shown in Fig. S6. We revised the figure caption to state this
explicitly: “The relative area under the two gaussians provides a direct estimation of Pon”.

In addition, Pon was independently assessed from the single-molecule kinetic recordings in Fig. 4
/ Fig. S13, where the dwell times of the ON and OFF modes are resolved directly.

Comment 1.7

Reviewer comment
Heterogeneity of inactive states.
The OFF dwell times appear highly heterogeneous, ranging from seconds to many minutes. Especially, some are
almost always inactive (Fig. S12). Do the authors believe that all these OFF periods correspond to the same
inactive state and the same molecular mechanism, or that multiple distinct inactive states exist? This distinction
is important for interpreting the concept of a single “ultra-long inactive mode” as a pharmacological target.
Response
We thank the reviewer for this important point. The broad span of OFF dwell times from seconds
to minutes does not by itself imply strong heterogeneity in the statistical sense. In the apo
condition, the inactive-mode lifetime distribution is well described by a single exponential, i.e. by
a single characteristic timescale. A wide range of observed dwell times is expected for any
exponential process when the mean lifetime itself is long; this is distinct from a genuinely
‘stretched’ distribution.

We agree, however, that some inhibitor conditions do reveal additional complexity. As
summarized by the Bayesian comparison in Table S1, several inhibitors stabilize an additional
OFF component, whereas the apo condition is consistent with one kinetically defined ultra-long
inactive mode. We therefore do not claim that every inhibitor-induced inactive period
corresponds to one identical microscopic state. Rather, our conclusion is that the native enzyme
exhibits a pre-existing long-lived inactive mode, and some inhibitors can indeed additionally
stabilize secondary inactive subpopulations. Please see discussion Pg10/L280-292 and also reply
to Comment 1.4.

Finally, once the mean OFF lifetime becomes comparable to the finite recording window, a small
number of traces will inevitably appear inactive for most or all of the observation period. This is
expected censoring of long-lived reversible events, not evidence for a separate permanently
inactive population. Note that out of the 16 histograms shown in Fig. S12, only two of them show
significant percent (>10%) of molecules exceeding the recording duration after inhibition
(tau_off +Con, and +Diph).

Inspired by the comment we now provide additonal supporting data to demonstrate that the
percent of ‘censored’ events scales with the average lifetime, as expected. This is now in Fig.
S12.
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Longer inactive-mode lifetimes result in a larger fraction of truncated/censored lifetimes within the finite
recording window. Fraction of truncated/censored vesicles as a function of inactive-mode lifetimes for each
inhibitor. There is a linear correlation of inactive-mode lifetimes and the fraction of SVs that contain V-ATPases that
remained inactive for the duration of the experiment. In other words, the larger the effect of inhibitors was on the
inactive-mode, the larger the fraction of VV-ATPases that were not captured in an active-mode for the duration of the
experiment.

Comment 1.8

Reviewer comment

a) Pages 12-13 and 14-15 of the Methods section appear to be duplicated. The Methods may be
incomplete or incorrectly compiled.

b) When first claiming that most vesicles contain a single V-ATPase, the text should explicitly refer to Fig.
S8, where the step analysis supporting this conclusion is presented.

C) The scales in panels of Figure 3 are inconsistent, making it difficult to compare data across inhibitors.
The inhibition fits should report 1C50 and Hill coefficients.

d) Y-axis labeling in S6F seems off. The decrease in the maximum of the upper I(N) peak appears to be
much greater than ~25%, as shown in Figure 3 and stated in the text.

) It is also unclear how SidK has almost no effect on either ON to OFF or OFF to ON lifetimes (Fig
4F,G), and yet decreases the fraction of ON mode by ~50% (Fig S6).

f) There is an inconsistency between the results in Figures 3 and 4. For example, for Baf, the 1C50 is 200
pM, based on Fig. 3. However, in Fig. 4, 50 pM decreases the ON time by 50%, which would define this
concentration as the 1C50.

g) Similarly, the IC50 for Con is ~600 pM (Fig. 3), while 320 pM results in a nearly 2-fold decrease in ON
time and an over 2-fold increase in OFF time, yielding at least 75% inhibition. Results seem more
consistent for Diph is 32 nM.

h) What is the scenario behind the different doses chosen for each inhibitor in Figure 4? It seems odd to
use everything differently for comparison. Is it possible to use IC50 for all?

i) How is n determined in these experiments? Are they the same preparation but different molecules

(movies), or different vesicle preparations? This should be stated in the figure legends or the methods
section.

Response
We thank the reviewer for these careful technical comments. We will address them as follows.

a)
b)

c)

d)
e)

Thank you for pointing out the page duplication error, it has now been corrected.

We added an explicit first reference to Fig. S8 when stating that most vesicles contain a
single V-ATPase.

We harmonized the axes across the panels of Fig. 3 to facilitate comparison. We also
report 1C50 and Hill coefficients for the dose-response fits in the figure legends.
Moreover, data has been color coded based on inhibitor for additional clarity.

We corrected the labeling/presentation of Fig. S6F.

, ), 9) The two independent estimations of Pon by the two different assays (local
referencing vs kinetics) are comparable within uncertainties for all compounds. Especially
considering these experiments spanned three years and multiple different preparations of
SVs and batches of inhibitors. For Baf (0.50 + 0.20 vs 0.32 £ 0.05), Con (0.37 + 0.14 vs
0.16 = 0.07), Diph (0.25 + 0.15 vs 0.19 + 0.04), SidK (0.39 £ 0.08 vs 0.41 *+ 0.09). We
have made a new figure panel (Fig. S13F) to precisely illustrate this. Note that the
lifetimes shown in Fig 3. do not include censored events, and cannot thus be used to
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accurately estimate Pon. The correct Pon values extracted from Kkinetics that include
censored lifetimes are shown in Fig. S13E.

h) We performed these measurements guided by literature values before we knew the exact
IC50 of all compounds under our conditions. In general, we tried to inhibit ~50% of
events, in the case of SidK, this meant we had to exceed by far the IC50 because of its low
efficacy. Importantly, the absolute concentrations used in Fig. 4 have no bearing on any of
the conclusions.

i) We have clarified, wherever applicable, in the figure legends and Methods how n is
defined, distinguishing independent biological preparations from the total number of
single-vesicle traces / vesicles analyzed.

Changes to the manuscript
e  Methods section: Corrected the duplicated pages / compilation issue and ensured the final compiled
Methods are complete.

e  Main text and Fig. S8 cross-referencing: Added an explicit cross-reference to Fig. S8 at the first
statement that most vesicles contain a single V-ATPase.

e  Figure 3 and accompanying legend: Harmonized the axis scaling across inhibitor panels and add the
IC50 and Hill coefficients to the legend and/or to a new supplementary fit-parameter table.

e Figure S6F and Results text: Corrected the y-axis / labeling and clarify in the text that SidK lowers
Pon primarily through shortening ton while having little effect on torr.

e  Figure 4 legend / Methods: Added a sentence explaining the rationale for the representative inhibitor
concentrations used for kinetic analysis and define n explicitly as independent experiments and total traces /
vesicles analyzed.

e Updated Figure S13: The figure now contains a comparison of kinetic and local referencing
experiments, showing that Pon estimates between the two methods are within error margins for all inhibitors
(Fig. S13F).
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Fig. S13. Kinetic experiments demonstrate that all inhibitors regulate the single-molecule active mode
probability.

(A)-(D), Distributions of single-molecule active mode probability in the presence and absence of inhibitors. All
inhibitors reduced the probability that the V-ATPase is found in an active mode. Concentrations of the inhibitors
used were: 50 pM Baf, 320 pM Con, 50 nM Diph, and 580 nM SidK. ****P < 10-1%(+ Baf); ****P < 101° (+ Con);
**x% P < 1010 (+ Diph); **** P = 2-10°° (z SidK); two-sided two-sample Kolmogorov-Smirnov tests. (E) Bar charts
summarizing the regulation of active mode probability (Pon) by the inhibitors used in single-molecule kinetic
experiments. All inhibitors investigated significantly reduced the probability of the V-ATPase being found in an
active mode. mean + s.d. from independent experiments; n.s. (P = 0.20, Con-Diph). (F) Comparison of kinetic and
single-molecule local referencing experiments reveals similar estimates of Pon within error estimates. Titration
curves of Pon where supplemented by uncertainty envelopes based on the sigmoidal fit parameter uncertainties that
minimize or maximize the curve. Red data corresponds to Pon of the curve at the concentration used in kinetic
experiments. Black data corresponds to Pon measured in kinetic experiments as seen in (E).
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Reviewer #2

Comment 2.1

Reviewer comment
Overall, the authors present a well-designed single-vesicle assay to dissect how various inhibitors of the V-
ATPase act at the single-molecule level, specifically by prolonging the OFF-mode dwell time. The manuscript
provides important insights that cannot be obtained from bulk phase measurements. However, several
methodological and conceptual issues need to be addressed.
Response
We thank the reviewer for the positive and constructive overall assessment. We are pleased that
the reviewer recognizes the value of the single-vesicle functional/transport assay for dissecting
inhibitor action beyond what can be learned from bulk measurements. We appreciate the
methodological and conceptual points raised below and have addressed them point-by-point;
several of them have prompted clarifications that will strengthen the revised manuscript.

Comment 2.2

Reviewer comment
General Assessment

The central contribution of this manuscript is the demonstration that the inhibitory effects of multiple V-ATPase
inhibitors are mediated primarily by increasing the dwell time spent in the OFF mode, rather than decreasing
the catalytic turnover rate of individual enzyme molecules. The authors successfully established a single-
synaptic-vesicle assay by loading purified SVs with pHrodo, enabling fluorescence-based monitoring of the
proton-pumping activity of individual native V-ATPases.

The study convincingly shows that the OFF-mode occupancy increases in a dose-dependent manner upon
addition of various inhibitors, and similar behavior is observed across different inhibitor classes. This finding
fundamentally challenges traditional interpretations derived from bulk kinetic measurements, in which inhibition
is typically attributed to reduced turnover of continuously cycling enzymes. Thus, the manuscript provides a new
conceptual framework for understanding inhibitor action on active transporters.

It should also be noted that the same group previously published a single-molecule proton-pumping assay for V-
ATPase in Nature (2022), and the present work is effectively an extension of that platform toward
pharmacological applications.

Response

We thank the reviewer for this balanced assessment. We agree with the reviewer’s summary of
the central contribution: the key result is that chemically distinct V-ATPase inhibitors suppress
ensemble acidification predominantly by increasing OFF-mode occupancy and/or dwell time,
rather than by uniformly slowing the active-state proton flux of all molecules. We also agree that
the present work extends the single-molecule platform established in our 2022 Nature study into
the pharmacological domain (2).

Comment 2.3

Reviewer comment

While the concept of mode-dependent regulation is novel in the transporter field, the underlying idea—that the
ensemble activity of an enzyme population is determined by the fraction of molecules in an OFF state—has been
previously demonstrated in the single-molecule rotation experiments of Kinosita and colleagues on Fi-ATPase
(Science 2001, et al). For example, the ADP-inhibited state represents an OFF mode, and the ensemble ATPase
activity is reduced simply because a subpopulation is trapped in this inactive state, even though the catalytic
turnover of active molecules remains unchanged (Hirono-Hara, PNAS 2001). Likewise, in the case of V-ATPase,
the same group has already reported single-molecule evidence of mode switching.

Therefore, although the experimental system is sophisticated and the data interpretation is valid, the conceptual
novelty may be limited. Nevertheless, the present manuscript provides a significant contribution by applying
single-vesicle measurements to multiple inhibitors and demonstrating consistent OFF-mode regulation across
different chemical classes.

Response

Page 14



Point-by-point response to reviewers

We thank the reviewer for this thoughtful perspective. We agree completely that the novelty of
this manuscript does not lie in reporting the existence of OFF modes per se. Indeed, as the
Reviewer noted, the key novelty and impact lies in "providing a new conceptual framework for
understanding inhibitor action on active transporters.” ldentifying a novel pharmacological
mechanism which does not rely on slowing the canonical transport cycle is the central conceptual
novelty of the present manuscript.

Comment 2.4

Reviewer comment

Assumption of One V-ATPase per SV

The analysis is performed under the assumption that each SV contains only a single V-ATPase. However,
electron microscopy analysis for SVs(Science 2024) has shown that a considerable fraction of SVs contains two
or more V-ATPase complexes. The authors’ previous work also reported SVs harboring multiple pumps. In the
current manuscript, such multi-pump SVs appear not to be present, or not discussed. The authors must clarify
why these differences arise between datasets and how multi-pump SVs were excluded or handled. This is
essential because multiple pumps would alter the interpretation of dwell-time analysis and ON/OFF
classification.

Response

We thank the reviewer for raising this important point. Multi-pump vesicles are present in all of
our preparations and are explicitly quantified rather than ignored (see Fig. S8, and Pg29, L779-
788).

Step analysis in Fig. S8 shows that 85 + 3% of active vesicles exhibit a single activation step, 13
+ 2% exhibit two steps, and 2 = 1% exhibit three or more, corresponding to an average of
approximately 1.2 = 0.1 active V-ATPases per vesicle. This is consistent with our 2022 study and
with multiple previous estimates of 1.2 + 0.1 VV-ATPase per native synaptic vesicle (2,5,6,7).

As discussed in Fig. S8 and in Supplementary Text (Pg30, L808-817), all kinetic analyses are
restricted to single-step traces only; therefore, multi-pump vesicles do not contribute to the
lifetime measurements or the ON/OFF classification in Fig. 4.

Inspired by the reviewers comment we now state this explicitly also in the main text Pg8, L235:
“This kinetic dwell-time analysis was restricted to the 85% of SVs carrying only one copy of the
V-ATPase, see Fig. S8”.

As described in Supplementary Text (Pg30, L822-843), for the snapshot analysis, we explicitly
correct Pon for the 15% of vesicles containing two or more active pumps using the stoichiometric
weights obtained from the step-counting analysis. We will make this handling clearer in the main
text and the figure caption: “Here, we corrected Pon for the minority of vesicles containing two
or more active pumps”.

Lastly, we wanted to point out that the reference suggested by the reviewer, follows a SV
purification method that inherently is biased towards isolation of SVs that contain a larger
number of V-ATPases. Specifically, SidK was used as a handle to selectively pull-down V-
ATPase—containing native vesicles. As the authors acknowledge, this inevitably biased their SV
samples, towards higher copy numbers of the V-ATPase.

Comment 2.5

Reviewer comment
Lack of Discussion of the Leaky Mode
In the previous single-molecule study by the authors, a distinct “leaky mode” was identified. In the present
manuscript, the analysis focuses exclusively on ON and OFF modes, and the leaky mode is not discussed,
although Supplemental Figures suggest its presence. Were leaky events observed in this dataset? If so, how

frequently? Were these leaky events affected by inhibitors, or do they represent a separate regulatory pathway?
The omission of this mode needs justification.

Response
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We thank the reviewer for pointing out this omission. Yes, proton-leaky events were observed in
this dataset, as expected from our previous work, and their presence is already discussed in Fig.
S3 and in the underlying non-equilibrium analysis. Leakage probability, just like active
probability is quite stable across preparations and technical replicates. To mend the omission of a
statistical analysis of the transprotein leakage pathway we have revised Fig. S3 to include the
histogram of single-molecule leakage lifetimes (+ Baf), Fig. S3, as well as bar charts of
membrane and transprotein leakage lifetimes and transprotein leakage probability (+ Baf), Fig.
S3J, K.

We did not focus on the leaky mode in the present manuscript because the explicit purpose of this
study was to understand whether inhibitors slow-down the canonical transport cycle/rates, or
instead regulate Pon. Specifically, the manuscript addresses how inhibition redistributes the
enzyme between transport-active and transport-inactive modes, thereby altering Pon, ton and
torr. A detailed study focused on the regulation of leaky modes by small molecules would be
outside the scope of the current submission, but is something that we plan to follow up on in a
future manuscript. Thank you for the suggestion.
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Fig. S3. Non-equilibrium modelling reveals single-molecule proton transport kinetics and leakage pathways.

(A) Schematic of model parameters. The synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S. et
al., Molecular Anatomy of a Trafficking Organelle, Pages 831-846, Copyright (2006), with permission from
Elsevier. (B)-(E), Top: Representative single-molecule traces showing stochastic mode-switching dynamics. Active
proton pumping is intermittently interrupted by inactive and proton-leaky modes. During active phases, a dynamic
equilibrium is established between pumping and leakage, resulting in a single acidification plateau. During an active
mode, which can last up to hours, a V-ATPase may complete thousands of conformational cycles and ATP/H*
turnover events before randomly switching to an inactive mode. Leakage arises from both membrane diffusion and
transprotein efflux. Transprotein leakage initiates immediately upon V-ATPase deactivation and displays distinct

Page 17



Point-by-point response to reviewers

temporal kinetics. Traces were fitted using a non-equilibrium model (see Supplementary discussion), allowing for the
independent estimation of pumping rates and permeabilities. Bottom: Modelled rates for proton pumping (red),
membrane leak (grey), and transprotein leak (yellow). In (B)—(D), efflux is dominated by transprotein leakage, while
in (E), by membrane diffusion. (F) Model-derived proton transport rates. Pumping rates (red) average 2.2 = 1.1 H*
s™'. Membrane (grey) and transprotein (yellow) permeabilities are estimated at ~3 + 2x 10° cms'and 6 £5 x 107
cm s, respectively. Error bars, s.d.; n = 24 (pumping), n = 24 (membrane), n = 8 (transprotein). n denotes
independent fits on single vesicles. (G) Violin plot of atto-Ampere proton currents generated by single V-ATPases.
(H) Additional single-molecule traces with model fits. Arrows indicate mode-switching events where equilibrium
was not reached (ApHsm = max or 0). Transprotein leakage modes were previously reported ° but are not further
analysed here. (I) Histogram of proton leakage lifetimes in active SVs + Baf. The fast leakage component (1)
corresponds to a transprotein leakage pathway through the V-ATPase, while the slow component (p2) corresponds to
membrane leakage. (J) Characteristic leakage lifetimes extracted from double Gaussian fits of the leakage
populations in (I). (K) Leakage probability of active V-ATPase + Baf shows that bafilomycin dramatically reduces
the probability of the transprotein leakage pathway. (L) Quantitative estimation of the detectable changes in the
steady-state currents. The steady-state plateaus are reduced by one S.D. of the noise observed during these plateaus.
Subsequently both the original trace and the noise-reduced trace are fitted with the model (top) and the
corresponding proton rates are generated (bottom).

Comment 2.6

Reviewer comment
In addition, the manuscript should clarify whether inhibitor-independent OFF modes were also observed, and
how such intrinsic OFF events can be distinguished from inhibitor-induced OFF modes.
Response
We thank the reviewer for raising this point. Yes, inhibitor-independent OFF modes are clearly
observed in the absence of inhibitor. OFF-modes are a pre-existing intrinsic property of the
brain V-ATPase and were the central finding of our 2022 study; the current manuscript likewise
shows reversible apo switching between active and inactive modes before any inhibitor is added,
see Fig. 1d, 4a-d, S2, S3, S8, S10 (2).

We completely agree that intrinsic OFF events and inhibitor-induced ‘bind-lock” OFF-like states
are not distinguishable event-by-event in a raw proton-flux trace, because both appear as loss of
acidification. Our distinction is therefore statistical rather than phenomenological. Specifically, in
the second-to-last Results paragraph, Fig. S12 and Table S1, we tested whether inhibitors simply
redistribute occupancy within a pre-existing mode landscape or whether they stabilize an
additional kinetically distinct inactive state. The data indicate that different inhibitors behave
differently: some are consistent with modulation of the intrinsic OFF mode, whereas others
stabilize an additional long-lived reversible inactive population.

Importantly, both OFF modes reflect a digital (all-or-none) mechanism fundamentally different
from continuous slowing of a normally cycling enzyme. Furthermore, we would argue that both
pre-existing and inhibitor-induced OFF modes can be kinetically/energetically distinguished from
canonical cycle intermediates because they have lifetimes which are several orders of magnitude
larger than any cycle intermediate.

These clarifications are now clearly stated in the Results section (Pgl1, L283-295).

Comment 2.7

Reviewer comment
Stability of V: Association During ATP Addition
1t is reported in the literature that, upon acidification during neurotransmitter loading, the Vi domain can detach
from Vo, leading to irreversible loss of proton-pumping activity. If ATP triggers Vi dissociation under the current
experimental conditions, such events should manifest as irreversible OFF modes. Were such dissociation events
observed? How can the authors distinguish inhibitor-induced OFF states from OFF states caused by Vi
dissociation?
Response
We thank the reviewer for this important question. We do not observe irreversible OFF events
upon ATP addition in the apo condition. On the contrary, the OFF events resolved in our assay
are reversible, consistent with repeated stochastic switching between active and inactive modes
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rather than irreversible loss of function. This is consistent with our 2022 study, where single
active vesicles exhibited recurrent ON/OFF switching but could be followed over periods of
hours without any loss of function (2).

The same conclusion applies in the presence of inhibitors: the dominant behavior is still
reversible switching. In a small minority of traces, and only under a minority of conditions in
which OFF lifetimes become comparable to the finite recording window, a vesicle can remain
OFF for the remainder of the movie. We do not interpret these events as evidence for irreversible
V1 dissociation; rather, they are the expected consequence of observing very long-lived
reversible states within a bounded time window. Inspired by the comment we now provide
additonal supporting data to demonstrate that the percent of ‘bounded events scales with the
average lifetime, as expected. This figure is now in Fig. S12.
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Longer inactive-mode lifetimes result in a larger fraction of truncated/censored lifetimes within the finite
recording window. Fraction of truncated/censored vesicles as a function of inactive-mode lifetimes for each
inhibitor. There is a linear correlation of inactive-mode lifetimes and the fraction of SVs that contain V-ATPases that
remained inactive for the duration of the experiment. In other words, the larger the effect of inhibitors was on the
inactive-mode, the larger the fraction of V-ATPases that were not captured in an active-mode for the duration of the
experiment.

We agree that the V1-dissociation literature should be acknowledged more explicitly. However,
as discussed in reference (2), if ATP-triggered V1 dissociation were the dominant process under
our assay conditions, we would expect irreversible loss of activity rather than recurrent reversible
switching. We will therefore clarify in the revised manuscript that: “The reversible inactive mode
does not represent permanently inactive molecules and is thus not consistent with the ATP-
triggered irreversible V1 dissociation 8.

Comment 2.8

Reviewer comment
Proton Transport Rate Appears Too Low
The estimated proton transport rate of ~2 H'/s is surprisingly low. If V-ATPase hydrolyzes ATP at rates
comparable to F-ATPase, this value seems inconsistent. The authors must discuss why the apparent pumping
rate is so low in their experimental setup. Potential factors include: limited buffering and leakage characteristics
of SV membranes, suboptimal ATP concentrations, rate limitations imposed by pHrodo response kinetics,
mechanical or conformational constraints of the native complex.

Response

Thank you for this crucial comment. As we discuss below, our estimates of proton pumping rates
are in general consistent with V-ATPase literature.

An important distinction we should make is that ATP hydrolysis rates and proton pumping rates
are not always proportional because the coupling ratio is variable. As discussed extensively in
(10) proton rates can vary between 120 /s to -60 /s (i.e. inverse direction!) depending on changes
in the electrochemical potential alone. Furthermore, the actual rates also depend on the species
and the reconstitution conditions. Specifically, there are electrochemical conditions described in
Fig. 7 in (10) that encourage similar pumping rates to those we found in the current paper as well
as in Kosmidis et al. (2). However, things are further complicated by the finding that at the single
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molecule level, pumping is interrupted by long inactive periods that would change the apparent
ensemble average coupling ratio on which most literature data is based.

To our knowledge, the most accurate estimation of pumping rates is our previous Kosmidis et al.
paper. There, we deconvolve Pon from pumping rates for the first time, and we also use a model
that accounts explicitly for buffering, passive proton leakage, transprotein leakage, counter-ion
conductance and membrane potential which allowed us an accurate estimation of proton pumping
rates.

One of the most significant insights reached in Kosmidis et al. is that increased [ATP] increases
Pon but not the single-molecule pumping rates. As discussed in this paper, a direct consequence
of this discovery is that the maximum coupling ratio is reached well below the Ku for [ATP]
hydrolysis, and thus, further increase in hydrolysis rates is not coupled to proton pumping. The
proton pumping rate we measured in hybrid synaptic vesicles (7 £ 5 H'/s) (2) is very similar to
the one we measure here in intact synaptic vesicles (2.2 + 1.9 H'/s).
Changes to the manuscript
e  Results / figures / supplementary information: We discovered a minor error in the pH calibration
which is not corrected. This minor correction increases the absolute pumping-rates from 1.7 to 2.2.

Moreover new Fig. S3 contains a panel that shows single-molecule currents in units of atto-Ampere (Fig.
S3G). Transprotein leakage rates and probability + Baf are now analyzed in new panels in Fig. S31-K.

e  Discussion: Added one explicit sentence that F1 rotation / hydrolysis rates are not directly comparable
to net V-ATPase proton flux measured in synaptic vesicles.

e  Supplementary Methods / model description: Clarified again that the full kinetic model includes
buffering, leakage, counter-ion conductance and membrane potential.

e  Discussion / benchmarking paragraph: Cited Egashira et al. (9) and Grabe et al. (10) as an external
benchmark showing that synaptic-vesicle proton influx is of the same order of magnitude as the corrected
estimates.

e  Additional experiments: We performed additional experiments that show that passive leakage is not
affected by the presence of inhibitors at the ensemble average and single-vesicle level (new Fig. S14 and
S15).
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Fig. S3. Non-equilibrium modelling reveals single-molecule proton transport kinetics and leakage pathways.

(A) Schematic of model parameters. The synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S. et
al., Molecular Anatomy of a Trafficking Organelle, Pages 831-846, Copyright (2006), with permission from
Elsevier. (B)-(E), Top: Representative single-molecule traces showing stochastic mode-switching dynamics. Active
proton pumping is intermittently interrupted by inactive and proton-leaky modes. During active phases, a dynamic
equilibrium is established between pumping and leakage, resulting in a single acidification plateau. During an active
mode, which can last up to hours, a V-ATPase may complete thousands of conformational cycles and ATP/H*
turnover events before randomly switching to an inactive mode. Leakage arises from both membrane diffusion and
transprotein efflux. Transprotein leakage initiates immediately upon V-ATPase deactivation and displays distinct

Page 21



Point-by-point response to reviewers

temporal kinetics. Traces were fitted using a non-equilibrium model (see Supplementary discussion), allowing for the
independent estimation of pumping rates and permeabilities. Bottom: Modelled rates for proton pumping (red),
membrane leak (grey), and transprotein leak (yellow). In (B)—(D), efflux is dominated by transprotein leakage, while
in (E), by membrane diffusion. (F) Model-derived proton transport rates. Pumping rates (red) average 2.2 + 1.1 H*
s''. Membrane (grey) and transprotein (yellow) permeabilities are estimated at ~3 £ 2x 10 cm s and 6 = 5 x 107
cm s, respectively. Error bars, s.d.; n = 24 (pumping), n = 24 (membrane), n = 8 (transprotein). n denotes
independent fits on single vesicles. (G) Violin plot of atto-Ampere proton currents generated by single V-ATPases.
(H) Additional single-molecule traces with model fits. Arrows indicate mode-switching events where equilibrium
was not reached (ApHsm = max or 0). Transprotein leakage modes were previously reported ° but are not further
analysed here. (1) Histogram of proton leakage lifetimes in active SVs = Baf. The fast leakage component (1)
corresponds to a transprotein leakage pathway through the V-ATPase, while the slow component () corresponds to
membrane leakage. (J) Characteristic leakage lifetimes extracted from double Gaussian fits of the leakage
populations in (I). (K) Leakage probability of active V-ATPase + Baf shows that bafilomycin dramatically reduces
the probability of the transprotein leakage pathway. (L) Quantitative estimation of the detectable changes in the
steady-state currents. The steady-state plateaus are reduced by one S.D. of the noise observed during these plateaus.
Subsequently both the original trace and the noise-reduced trace are fitted with the model (top) and the
corresponding proton rates are generated (bottom).
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Fig. S14. Bafilomycin and SidK do not affect the intrinsic membrane permeability to protons.

a, Illustration of pH jump experiments. The synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S.
et al., Molecular Anatomy of a Trafficking Organelle, Pages 831-846, Copyright (2006), with permission from
Elsevier. SVs are equilibrated at pH 6and subsequently are subjected to an external pH of 7.2 such that luminal
protons passively permeate across the lipid bilayer inducing a drop in fluorescence intensity. pHrodo lipids are found
in both leaflets of the bilayer. Fluorescence response of the outer monolayer has a much faster response time that
depends on the flow rate of the microfluidic setup. Contrary, the fluorescence response of pHrodo lipids located in
the inner monolayer solely depends on the leakage rate of luminal protons across the membrane. b, Ensemble
average fluorescence (black and grey traces) of pH jump experiments + inhibitor fitted with a double exponential
function (red line). ¢, Characteristic lifetimes of the fluorescence response of the inner monolayer (t2) + Baf or *
SidK. Mean £ S.E.M. n = 3 independent experiments; Two-sided paired t-test. N.S. (P = 0.81, 1o, + Baf); N.S. (P =
0.96, 12, * SidK).

Page 22



Point-by-point response to reviewers

a Active vesicles b Inactive vesicles
Buffe Buffer
hange
exchang exchange
c d
- Inhibitor + Inhibitor - Inhibitor + Inhibitor
1.05 = Data 1.05 = Data 1.025 —— Data 1.025 —— Data
1.00 D. exponential 1.00 | D. exponential 1.000 D. exponential 1.000 D. exponential
0.95 | fit (11,12 0.95 fit (17,12 0.975 fit (11,72) 0.975 ‘ fit (11,12
=z ; A =z 0.950 0.950
0.90 [ 0.90 ; 0.925 | 0.925
0.85 | 0.85 | 0.900 0.900
0.80 L--------«..-.._.‘_-........... 0.80 et tam————— 0.875 e S —— 0875 [ T —
0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Time (min) Time (min) Time (min) Time (min)
e f
- Baf (n = 133 vesicles) + Baf (n = 160 vesicles) - Baf (n = 1403 vesicles) + Baf (n = 1653 vesicles)
Tv Tz ‘I T:
25 35
20 -
2 2 2 2
g 15 S 20 S 5
8 10 8 15 8 8
10
5 5
0 0
10" 10° 10 10° 10! 10° 10' 10?

- SidK (n = 222 vesicles) - SidK (n = 2149 vesicles) + SidK (n = 1798 vesicles)
T, T T, T % T
500
0 400
40 400
£ 3 £ 2 300 g 800
3 2 € 15
8 20 8 § 200 g 200
10 100 100
0 T T S e 0 0
101 10° 10° 10" 10° 10' 10? 10" 100 10' 10? 10" 10° 10 107
Leakage lifetimes (s) Leakage lifetimes (s) Leakage lifetimes (s) Leakage lifetimes (s)

Fig. S15. Additional single-vesicle proton leakage experiments confirm that Baf and SidK do not alter the
intrinsic passive permeability of the membrane.

a, b, Hlustration of pH jump experiments for vesicles that contained active (a) and inactive (b) V-ATPases. The
synaptic vesicle illustration is adapted from Cell, Vol. 127, Takamori, S. et al., Molecular Anatomy of a Trafficking
Organelle, Pages 831-846, Copyright (2006), with permission from Elsevier. ¢, d, Example traces of fluorescence
response (black and grey traces) in pH jump experiments + inhibitor for SVs containing active or inactive V-
ATPases fitted with a double exponential function (yellow line). e, f, Histograms of single-vesicle lifetimes of proton
leakage. All single-vesicle pH jump traces were fit with a double exponential function that generated two distinct
lifetime populations corresponding to the outer and inner monolayer. The outer monolayer had a characteristic
response time, 71 = 0.8-1 s across all conditions and is rate-limited by the microfluidic setup. The inner monolayer
generated a mean response time, 7. = 11-19 s across all conditions and represents the lifetimes of proton leakage
across the membrane. . is at least one order of magnitude longer than t, which is consistent with previous findings®.

Comment 2.9

Reviewer comment
Furthermore, did the authors measure the ATPase activity of the SV preparation in bulk?

Measuring bulk ATPase rates (with and without inhibitors) would help validate whether the single-molecule rate
estimates are physiologically reasonable.

Response
Please see reply to comment 2.8 above.

Suggested changes to the manuscript

In PG4 L107 we have added the sentence: ... consistent with previous literature® that determined pumping
rates in hybrid synaptic vesicles to be ~7 H*s™... ",
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Orthosteric and allosteric inhibition of the brain V-ATPase outside
the alternating-access cycle
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Point-by-point response to reviewers v2

We thank the reviewers for their thoughtful and constructive evaluation of the manuscript. Below
we respond point-by-point and, for each comment, we also indicate the specific changes that we
incorporated into the revised manuscript.
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Reviewer #1

Comment 1.1

1 appreciate the authors' thorough responses to my concerns. I have no further comments.

Response

We thank the reviewer for acknowledging the value our work and our responses to their concerns.
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Reviewer #2

Comment 2.1

In this revision, several of the previously raised concerns have been addressed appropriately, and the manuscript
has been substantially improved. However, the responses to the following points are still not entirely sufficient and
require further clarification and improvement. If these issues are adequately addressed, the manuscript is likely
to meet the requirements for publication.

Response

We thank the reviewer for acknowledging the value our work and our responses to most of their concerns.
Below we address the remaining concerns in a concise manner and to a full extend.

Comment 2.2
Related to previous comment 2-7.
Stability of Vi Association During ATP Addition

The authors have provided a thoughtful response to the concern regarding the potential dissociation of the Vi
domain upon ATP addition. The clarification that no clearly irreversible OFF events are observed is helpful, and
the additional analysis showing a correlation between bounded events and dwell time (Fig. S12) strengthens the
argument.

However, the current response does not fully resolve the central issue. The explanation that long-lived OFF events
arise from finite observation windows is plausible, but not sufficient to distinguish these events from potential
structural dissociation followed by slow reassociation. The observed scaling behavior supports a kinetic
interpretation, but does not uniquely rule out alternative mechanisms.

Given that V, dissociation under acidification has been reported in the literature, it is important to more clearly
address why such behavior is not observed under the present experimental conditions. Differences in membrane
environment, ATP concentrations, or luminal pH conditions should be discussed explicitly.

To more definitively resolve this issue, the most straightforward approach would be to biochemically verify that
V1 dissociation does not occur upon ATP addition under the experimental conditions used in this study, for example
using the prepared synaptic vesicles.

Response

We thank the reviewer for the careful follow-up. If we understood correctly the central questions are a)
whether ATP addition and subsequent vesicle acidification generate irreversible OFF events/modes and b)
whether such events could be confused with irreversible inhibitor-induced OFF events/modes. Below we
address these two questions in detail and also outline several related revisions to the manuscript.

Briefly, we never observed acidification-induced irreversible OFF events, therefore distinguishing them
from inhibitor-induced irreversible OFF events is a hypothetical problem that never arose in practice.

1. Since acidification-induced irreversible OFF events were never observed, distinguishing them from
inhibitor-induced irreversible OFF events is a hypothetical problem that never arose in practice.

We agree with the reviewer that complete Vi dissociation should produce irreversible loss of ATP-driven
proton pumping. Indeed, given that the concentration of SVs in our experiments is <0.1 pM, V| reassociation
time constants would be ~10-60 hrs. However, we never observed irreversible OFF events under apo + ATP
conditions. Instead, the apo OFF modes are always reversible and are always followed by renewed proton
pumping. Since acidification-induced irreversible OFF events were never observed, distinguishing them
from inhibitor-induced irreversible OFF events is a hypothetical problem that never arose in practice.

Because the apo OFF modes are reversible they do not appear to arise from complete Vi dissociation. This
conclusion is further supported by our observation of OFF modes in a P-type ATPase which does not have
a subunit that can dissociate.

More broadly, as already emphasized in the discussion “long-lived off-cycle conformations (often referred
to in the literature as locked or autoinhibited states) are a recurrent feature across diverse families of
primary"* and secondary™ active transporters, as well as in most enzymes studied at the single molecule-
level.”
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2. Reversible OFF modes are compatible with reversible Vi—Vo rearrangements

The reversibility of OFF modes is compatible with structural rearrangements within the ViVo holoenzyme.
As discussed in Kosmidis et al. 2022, “inactive modes could in principle represent early reversible
conformational steps along a trajectory that, under other conditions, might lead to Vi dissociation”. This is
now highlighted in the main text.

Revised text: “Because OFF modes are readily reversible, they are likely not due to complete/irreversible
dissociation of Vi, however they could be associated with early reversible conformational steps along a
trajectory that, under other conditions, might lead to Vi dissociation®. Overall, the structural mechanism(s)
that underpin reversible and irreversible OFF modes remain unclear”.

3. Pre-dissociated or rapidly dissociating complexes may well exist in the sample, but, by definition,
they are outside the functional population that we can detect and analyze here upon inhibitor
addition.

We further clarify that our experiments do not determine whether dissociated Vo-only complexes are present
in the SV preparation. Such complexes would not acidify upon ATP addition and would therefore be outside
the functional single-vesicle population analyzed here.

Similarly, complexes that dissociate upon initiation of ATP hydrolysis, before significant acidification,
would also not be detectable and would not contribute to the active trajectories. The suggested classical/bulk
biochemical analysis averages over temporal trajectories and thus could not distinguish these populations.

Thus, our conclusion is not that dissociated complexes are absent from the preparation. We have no
information, and make no claims, in that regard. Our data only suggest that complete V. dissociation likely
does not explain the reversible ON/OFF/ON modes observed in active single-vesicle traces and which are
regulated by inhibitors in a mostly reversible manner.

Revised text: “Note that by definition our readout does not detect and analyze non-functional complexes,
e.g. pre-dissociated Vo-only complexes or Vo / Vi complexes that may dissociate upon ATP hydrolysis and
before significant acidification is established”.

4. Our current data do not allow us to elucidate differences among prior studies; such endeavor would
be beyond the scope of this manuscript.

We are aware of one study that has reported acidification-dependent Vi/Vo disassembly in purified SVs
which we have cited and acknowledged explicitly’. We are also aware of other studies that have not reported
this effect'®!! Unfortunately, these studies differ between them in so many experimental aspects (including
purification strategy, vesicle handling, specific biochemical conditions used before analysis, and the
endpoint structural or biochemical readout) that it is not possible for us to identify plausible causal
differences. Most crucially, in our opinion, elucidating differences among prior studies is beyond the scope
of this single-molecule pharmacology manuscript.

Though our current data unfortunately do not allow us to determine why different structural or biochemical
preparations report different extents of Vi association or dissociation, we have noted the concern and do
hope to provide additional insights in future work.

We have revised the Discussion to acknowledge more explicitly the importance of V1/Vo disassembly in the
regulation of synaptic-vesicle and neurosecretory systems.

Revised text (Pgl2 L1.321-343): “Several studies have reported pH-dependent Vi/V, assembly or
disassembly in neurosecretory and synaptic-vesicle systems. These studies were performed in cellular
recycling systems'>"* or endpoint structural/biochemical *'* and therefore address a different experimental
regime from the isolated single-vesicle functional assay used here. In our assay, complete acidification-
induced V; dissociation would be expected to produce irreversible loss of ATP-driven proton pumping in
one-pump vesicles, because no cytosolic Vi pool or reassembly machinery is present. Because ATP addition
alone produces recurrent reversible ON/OFF switching rather than irreversible loss of activity, the apo

Page 4



Point-by-point response to reviewers

OFF mode measured here is not consistent with complete V; dissociation under our experimental
conditions.

To assess whether long inhibitor-associated OFF periods reflect irreversible loss or finite observation of
reversible states, we quantified the fraction of censored OFF events in Fig. S12. The fraction of censored
events scales with the mean inactive-mode lifetime, as expected for long-lived reversible states recorded
within a bounded observation window. This observation is consistent with reversible events censored by the
finite observation window but does not conclusive prove it. Furthermore, it does not rule out reversible
rearrangements at or near the Vi/V, interface. As discussed in our previous work, reversible OFF states
may reflect early, reversible steps along a conformational pathway that, under different biological or
biochemical conditions, could progress to full Vi/Vo dissociation®. We furthermore note that our assay
reports the functional acidifying population. Pre-dissociated Vo-only complexes or Vo / Vi complexes that
may dissociate upon ATP hydrolysis and before significant acidification is established, if present in the
preparation, would not be expected to contribute to ATP-dependent acidification traces and would therefore
fall outside the analyzed single-molecule population. The data therefore do not exclude the existence of
dissociated complexes in the preparation; rather, they suggest that complete V, dissociation is not the
mechanism underlying the reversible apo OFF modes quantified here.”

5. This is the second ever manuscript on single-molecule V-ATPase function, the very first on
pharmacology. We feel structural elucidation of the functional single-molecules phenotypes is beyond
the scope of this manuscript.

OFF modes in the absence of inhibitors (+ATP, apo) can be distinguished from complete V; dissociation
because they are always reversible.

In the presence of inhibitors, the dominant behavior remains reversible. In Figure S12 at ~EC50 of the four
inhibitors, respectively 95%, 95%, 85% and 70% of all events are reversible. We cannot formally exclude
that inhibitors induce complete V: dissociation in a small subset of molecules, therefore we remain
purposefully agnostic as the structural mechanism(s) underlying OFF modes and their regulation by
inhibitors.

Revised text: “The observation that the occurrence of irreversible OFF events scales with their lifetime, is
consistent with reversible events censored by the finite observation window but does not conclusive prove
ir.”

We note that if inhibitors were producing irreversible dissociation of Vi, our ensemble average activity
would be expected to progressively decline to zero (realkalinization), this however is not the case. As can
be seen in Fig S9, even though addition of inhibitors leads to rapid reduction in acidification (~1 min)
indicating potent inhibition, subsequent activity remains stable for periods of one order of magnitude larger
(>10min) consistent with reversible deactivation.

Comment 2.3
Related to previous comment 2-8.
Proton transport rate remains insufficiently explained

The authors attempt to address the concern regarding the unexpectedly low proton transport rate (~2 H's).

While the authors cite variability in coupling ratios and literature values, the discussion remains largely generic
and does not directly explain why such a low rate is observed in the present experimental system. In particular,
the explanation focuses on variability across conditions and prior studies, rather than providing a quantitative,
system-specific justification.

Furthermore, the argument based on intermittent activity (i.e., long inactive periods) may account for a reduced
time-averaged flux, but it does not clarify whether the intrinsic pumping rate during active periods is itself reduced.
This distinction is critical, and the current response conflates these two  possibilities.
In addition, the authors have not addressed the suggestion to directly measure ATPase activity in the prepared
vesicles. It would be important to measure both proton pumping activity and ATPase activity in bulk assays for the
same synaptic vesicle preparation, and to include these raw data in the Supplementary Information. A quantitative
discussion of the turnover rate in the main text would substantially strengthen the reliability and interpretability
of the study.
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Response
We thank the reviewer for the careful follow-up. If we understood correctly the central questions are:
1. Can we include in SI measurements of ATP hydrolysis for our SV samples.

Yes indeed, ATP hydrolysis has been measured for our samples, and we can therefore now add in SI an
estimate of the perfect theoretical ensemble average coupling ratio. See revised SI (Pg 33, L939) and Table
S3 (Pg 57, L 1194).

We note that the literature does not treat this perfect-coupling value as a “fixed expectation”*"”, on the
contrary experimentally determined coupling is widely reported to vary.
Item Quantity Value / calculation
Input 1 Total ATPase activity in isolated | ~75 pmol P; min™' per 1.3 micrograms SV protein
SVs
Input 2 NEM-sensitive V-ATPase- | ~20%, corresponding to ~15 pmol Pi min™' per 1.3 micrograms SV protein
specific fraction
Step 1 SV number in 1.3 micrograms | Using ~42 MDa protein mass per SV: 1.3 micrograms / 6.98 x 10" micrograms per SV =
protein 1.86 x 10 SVs
Step 2 ATP hydrolysis per SV 15 x 102 mol min™ / 1.86 x 10" SVs = 8.06 x 10 mol min™' per SV = ~485 ATP min™' per
SV =~8.1 ATP s™! per SV
Step 3 ATP hydrolysis per V-ATPase Using 1.4 V-ATPases per SV: 8.1/ 1.4 =~5.8 ATP s”! per V-ATPase
Step 4 Perfect structural coupling 10 H' per 3 ATP gives 5.8 x 3.33 = ~19 H+ 5! per V-ATPase

2. Have we been reporting the intrinsic pumping rate of active periods/modes?

Yes indeed, throughout the text, SI and reply-to-reviewers we have been consistently reporting the pumping
rate of ON modes (active periods).

3. Is the intrinsic pumping rate smaller than what would be theoretically expected from ATP
hydrolysis assuming the structural stoichiometry and perfect coupling?

Yes indeed, the intrinsic pumping rates we reported here for intact SVs and in Kosmidis et al. for hybrid
SVs % (~2.2 and 7 H'/s respectively), are 3-fold to 8-fold smaller than what would be expected from ATP
hydrolysis measurements assuming the structural stoichiometry and perfect coupling.

4. Are we the first to report deviations from the theoretical perfect coupling ratio?

No, we are not the first to report deviations from perfect theoretical coupling, such observations are
widespread. There is broad consensus in the field that V-ATPase ATP hydrolysis rates and proton pumping
rates are not always proportional because the coupling ratio is not fixed, see e.g. '>"” and references therein.

Importantly, there is no “expectation” in the field that the experimentally measured coupling ratio should
match the perfect theorical one, on the contrary.

5. Why are the intrinsic pumping rates different than what theoretically expected from the structural
stoichiometry assuming perfect coupling?

Neither we, nor the field in general, know exactly why the intrinsic pumping rates are consistently reported
to be different than what theoretically expected from the structural stoichiometry assuming perfect coupling.
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The deviation of measured coupling-ratios from the structural predictions is one of the main issues under
debate in the field and resolving it is beyond the scope of the current manuscript which does not focus on
the absolute value of the proton pumping rates (nor on the absolute value of the coupling stoichiometry) but
in relative changes in proton pumping upon inhibition.

Prior V-ATPase literature shows that ATP hydrolysis and net proton transport cannot generally be described
by a single/fixed coupling ratio. Mechanochemical treatments predict strong dependence of apparent proton
flux and coupling on electrochemical conditions, and electrophysiological measurements in yeast vacuoles
have reported variable apparent coupling ratios and proton shunt behavior '**'’. Additional biochemical and
inhibitor studies show that V-ATPase proton transport and ATPase activity can be partially uncoupled'®.
Thus, the structural stoichiometry provides an upper-bound mechanical reference, not a universal
productive net flux expectation.

6. Are there obvious reasons why we our measurements may systematically underestimate the proton
pumping rates?

To our knowledge, there no obvious reasons why we our measurements may systematically underestimate
the proton pumping rates.

To our knowledge, here and in Kosmidis et al., we provide the most accurate estimation of pumping rates
ever reported because for the first time we explicitly deconvolve pumping rates from 1) Pox, 2) buffering,
3) passive proton leakage, 4) transprotein leakage, 5) counter-ion conductance and 6) membrane potential.

7. Detection limit and sensitivity

We have revised the manuscript to add a system-specific simulation analysis that supports our ability to
accurate measure rates of few protons per second and changes therein, Fig. S16. There we solve the same
pump-leak-buffer-voltage framework under the experimental conditions of the single-vesicle assay,
including vesicle geometry, passive proton permeability, luminal buffering, chloride permeability,
membrane potential, and chloride-dependent charge compensation.

These simulations show that active-state proton fluxes of only a few H' s are sufficient to generate and
maintain the experimentally observed delta-pH range in nanoscale SVs. The reason is physical rather than
ad hoc. The synaptic-vesicle lumen is extremely small, so only a limited number of free protons is needed
to establish substantial acidification. Once a steady-state gradient is reached (~20 s), the pump does not
continuously acidify a large reservoir; it primarily balances passive proton leakage under the prevailing
electrochemical load. With chloride-mediated charge compensation, the electrical penalty for electrogenic
proton influx is minimized, so low active-state fluxes can readily maintain the observed gradients.

The same simulations also provide a quantitative description into how ApH would be adjusted under poor
charge-compensation conditions, such as absence of external chloride (see SI Fig. 7 in Kosmidis et al.), low
chloride permeability, or unfavorable positive membrane potentials, whereby proton accumulation is
increasingly opposed by the electrochemical gradient as described in the literature >,

Revised text (Pg33-34 1.914-940):

“Physical model-based simulations

To test whether low active-state proton pumping rates are sufficient to generate experimentally observed
synaptic-vesicle pH gradients under our experimental conditions, we solved the non-equilibrium pump-leak-
buffer-voltage model for single synaptic vesicles. These simulations show that active-state pumping rates of
only a few H+ s™-1 are sufficient to generate and maintain the observed delta-pH range when chloride
conductance compensates electrogenic proton influx. Changes as small as 1 H+ s*-1 are readily detected.
This follows from the very small luminal volume of synaptic vesicles and from the fact that, at steady state,
the pump primarily balances passive proton leakage rather than acidifying a large reservoir. The same
simulations show that substantially higher rates would be required under poor charge-compensation
conditions or unfavorable positive membrane potentials due to very low chloride permeability or complete
absence of external chloride.
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Bulk ATPase Benchmark for Single-Vesicle Proton Flux

Our isolated SV preparations have a total ATPase activity of ~75 pmol Pi min™-1 per 1.3 micrograms SV
protein, a NEM-sensitive V-ATPase-specific fraction of ~20%, and a total protein mass of ~42 MDa per SV,
1.4 V-ATPases per SV. Assuming perfect coupling of 10 H" per 3 ATP, the corresponding upper-bound
estimate of proton pumping is ~19 H' s per V-ATPase. This value is higher than the ~2.2 H" s active-
state net flux measured here, confirming that the fitted rate is below a perfect-coupling estimate. However,
this comparison assumes fixed productive coupling and cannot account for electrochemical load, or
uncoupled ATP hydrolysis. Thus, the perfect-coupling estimate should be interpreted as a useful reference
point rather than as a model-independent expectation for net proton flux in intact SVs. See also table S3.”

Page 8



Point-by-point response to reviewers

a s . b . .
Kinetic solutions Kinetic solutions
Voltage clamp at 0 mV No clamp
3 ar
2sf 25| |
2 AN
sk 15F SV T A A ANFanl—a
: ot 't
a4 05 a4 051 >
ra . a osr
RTINS VN Vrah by sm s 1 VM —— s
oF i/ T Pt oA/ (RGN VoV 2H%
05 [hT 1 [} v SHYs
L | os| | :
1y pu ToHs
af i Ak ) 20H's
-
B \ L L \ L \ L L T ), § L L \ L \ \ L \ i :
. Membrane potential o Membrane potential
o5 <0} [—osrn
g TH 2 1H's
. 2Hs <2 2HYs
H sie ] i
2 10HYs 2.0f 10H's
5 |———20H's. 3 20H's
2 2 .40t
2 o 2
1 5o
e e I
§ g0 i =
g g
5 5.0k
E E
£ Sl
a \ . \ \ . \ \ \ \ ) %0 \ \ \ L \ \ L \ . )
Chioride . Chioride
st ash [—osws
o 1H's 1Hs
2H% sk 2H%
5H's 5H's
= 10HYs s 10H's
E —Ti ESF 20H's
5 5 of
2| g
£ sk
s
osf
\ \ | \ \ \ \ \ \ , \ \ | \ \ L \ \ ,
% EC - ) o £ 00 T ) %0 30 [T T e o EY 00 150 70 250 0
Time (s) Time (s)
4 Steady state solutions d Steady state solutions
ApHclampat1.5 [CI1=30mM ApHclampat1.5 [CI1=0mM
o7 190
E) S
Fosf 4 §'or 1
H § 1o} ]
Sost 1 H
e » 80f 4
% oaf ] ¢
H % eof R
E E
203 1 2wl _
2 <
o2 g
Sozf g S ]
g g
LY L L L s L L L L L « f " L L L L L
i a0 s w0 2 0 20 0 CY w100 0 0 0 W0 20 0 2 W0 E] C) [
Vmo_mV Vmo_mV
- Steady-state \Delta pH and Vm . . Steady-state \Delta pH and Vm oo
1200
- s d s
T et {eZ z g E
< a2 E a _oa Jis0 E
2 15 o0& 65> ° e =
= a— ® a 8 ©
2 s oS 3 18 o k]
5 e z g o Jio 2
] e 178 ] o 3
a a s [
a a-2 50
1E o —6—S5ApH -0 & —6—SSApH
i — & —Ssvm (mVv) a- — 8 —SSVm(mv)
L L s L L L L 5 1 o L L L s L L
-100 -80 -60 -40 -20 ] 20 40 60 80 100 -100 -80 -60 -40 -20 0 20 40 60 80 100
Vmo_mV Vmo_mV
e f
30 - 30 -
g Voltage clampatOmV [CI]=30mM g No clamp [CI]1=30mM
5251 gk
> >
2 3
$ 2ot 8 20|
@ 2
e 2
f 15 I‘ 15
s F
E E
3 10 3 104
2 2
S 5k g 5k
g &,
o 05 1 15 2 25 o 05
target_dPH target_dPH
1 Steady-state \Delta pH and Vm 3 a- Steady-state \Delta pH and Vm .54
—Eosam
—— 88 Vm (mV) s -56
7 s 25f s
kS E 3 ®E
< E < E
e £ o 0%
s 2 s o} e
? s i o 8
) 2 E) 2y
3 < : °
s g & o4 §
& g &
K F 15[ &
s . 8 —o—ssaph -66
g4 & —ssvm(mv)
e \ \ , .
15 o 05 1 15 2 25
target_dPH target_dPH

Fig. $16. Non-equilibrium simulations show that low active-state proton pumping rates are
sufficient to generate experimentally observed synaptic-vesicle pH gradients.

a—b, Kinetic simulations of single-vesicle acidification after ATP addition. The model solves the coupled time
evolution of luminal pH, membrane potential, and luminal chloride concentration for a single synaptic vesicle with
experimentally relevant volume, passive proton permeability, buffer capacity, membrane capacitance, and chloride
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permeability. Proton pumping was simulated at the indicated active-state rates, while passive proton leak, chloride
flux, and voltage buildup were calculated dynamically. The magenta trace shows an example experimental single-
vesicle trace aligned to ATP addition. With voltage clamped at 0 mV (a), corresponding to ideal charge
compensation, increasing pump rate primarily increases the ApH plateau. Without voltage clamp (b), proton
pumping drives membrane-potential changes and chloride influx, but low H" s”! pumping rates still reproduce the
experimentally observed acidification range. ¢—d, Required pumping rate at fixed target ApH. Steady-state
calculations determined the proton-pumping rate required to maintain ApH = 1.5 while varying membrane potential.
With external chloride present, Clout = 30 mM (¢), the required pump rate can remain at low levels across a broad
voltage range. In contrast, without external chloride (d), the required rate increases steeply at positive membrane
potentials, illustrating that poor charge compensation can strongly penalize proton accumulation. e—f, Required
pumping rate as a function of target ApH. Under voltage clamp at 0 mV with, Cl'out = 30 mM (e), low proton-
pumping rates are sufficient to maintain ApH values within the experimentally observed range. The required rate
increases nonlinearly only at larger gradients, where passive proton leak becomes stronger. Similar behavior is
observed without voltage clamp when chloride is present (f), indicating that chloride permeability efficiently
compensates electrogenic proton influx under the simulated experimental conditions. Together, these simulations
provide a system-specific quantitative justification for the low active-state pumping rates inferred from single-vesicle
measurements. Because synaptic vesicles have very small luminal volumes, only a limited number of free protons is
required to generate substantial acidification, and under chloride-compensated conditions the pump mainly needs to
balance passive proton leakage. Thus, rates of a few H' s! are sufficient to establish and maintain the observed ApH,
supporting the interpretation that the measured low rate reflects active-state proton flux rather than a time average
diluted by inactive periods.

Comment 2.4
Reviewer comment

minor point

The chemical structure of concanamycin appears to be incorrect. Please revise it using the correct structure.
Response

We thank the reviewer for this observation. We have now added the correct structure of Concanamycin A
in Figure 3.
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Reviewer #3

Comment 3.1

Reviewer comment

Kosmidis et al. investigated the orthosteric and allosteric inhibition of V-ATPase using the single-vesicle assay
they previously developed. In this work, they newly identified an inhibitor-induced off-cycle mode. Although the
mechanistic basis by which the inhibitors affect both the on/off state transitions and the intrinsic pumping rate
remains unclear, the observations are sufficiently novel and interesting to the field. All of my concerns have been
adequately addressed in the point-by-point response, and I therefore support publication of this manuscript. I only
have one minor comment.

minor comment

1. In Figure IF, the authors used a single y-axis. However, the y-axis for Pon is unitless and should not be
presented together with ApH on the same scale. At first glance, this was somewhat confusing.

Response
We thank the reviewer for the response and the acknowledgement of the quality of our work. We have
now corrected Figure 1F by separating the axes for Pox and ApH.
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