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Synaptophysin transmembrane domain III controls
fusion pore dynamics in Ca2D-triggered exocytosis
Yu-Tien Hsiao1 and Meyer B. Jackson1,*
1Deptarment of Neuroscience, University of Wisconsin-Madison, Madison, Wisconsin
ABSTRACT Synaptophysin (syp) is a major protein of secretory vesicles with four transmembrane domains (TMDs) and a
large cytoplasmic C-terminus. Syp has been shown to regulate exocytosis, vesicle cycling, and synaptic plasticity through its
C-terminus. However, the roles of its TMDs remain unclear. The TMDs of soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins are thought to line initial fusion pores, and structural work together with sequence analysis
suggest that TMD III of syp may play a similar role. To test this hypothesis, we performed tryptophan scanning experiments of
TMD III in chromaffin cells and used amperometry to evaluate fusion pores. In contrast to SNARE TMDs, tryptophan substitu-
tions in syp TMD III had no effect on the flux through initial fusion pores. However, a number of these mutants increased the
fraction of kiss-and-run events and decreased the initial fusion pore lifetime. These results indicate that TMD III stabilizes the
initial fusion pore and controls the initial choice between kiss and run and full fusion. Late-stage fusion pores were not impacted
by TMD III mutations. These results indicate that syp TMD III does not line the initial fusion pore. However, its impact on pore
dynamics suggests that it interacts with a SNARE protein implicated as a part of the fusion pore that forms at the onset of
exocytosis.
SIGNIFICANCE The integral membrane protein synaptophysin is highly abundant on synaptic and dense-core vesicles.
The third of synaptophysin’s four transmembrane domains has been hypothesized on the basis of sequence homology and
structural analysis to form a channel. Amperometry measurements of fusion pore flux from dense-core vesicles in
endocrine cells were conducted with tryptophan mutations in the implicated transmembrane domain. These results
negated the hypothesis that this domain lines the fusion pore but revealed a strong control over the stability of the initial
fusion pore and the choice of release mode. Thus, while the third transmembrane domain does not line the initial fusion
pore, its influence on pore dynamics suggests that it interacts with other proteins that do.
INTRODUCTION

Calcium-triggered exocytosis underlies the release of chem-
ical signals throughout the nervous and endocrine systems.
The coordinated activity of a key set of proteins drives the
fusion of the vesicle and plasma membranes under tight tem-
poral control. This process begins with the opening of a
fusion pore that allows a low flux of vesicle content (1,2).
Based on the sensitivity of fusion pore flux to transmembrane
domain (TMD) mutations, it has been proposed that this
initial pore is formed by the TMDs of two soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tors (SNAREs), syntaxin and synaptobrevin (syb) (3–7).
SNARE proteins also control the dynamics of initial fusion
pores (8–12), as do SNARE-interacting proteins, such as syn-
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aptotagmins (13–16) and cysteine-string protein (17). Synap-
tophysin (syp), a tetraspanner protein (18) that is abundant on
synaptic vesicles (19,20) and dense-core vesicles (DCVs)
(21,22), has been shown to control fusion pore dynamics
(23), but many of its roles in exocytosis are unclear. Synapse
morphology and synaptic transmission appear normal in the
absence of syp, and the levels of other exocytosis proteins
are unaltered (24–26), but double knockouts (DKOs) lacking
both syp and another tetraspanner, synaptogyrin (syg),
display impaired synaptic plasticity (26). Syp KO chromaffin
cells show very little reduction in DCV release, but secretion
is reduced twofold in DKO cells (23).

Tetraspanners such as syp and syg harbor four TMDs and
a large cytoplasmic C-terminus. The C-terminus influences
the time course of catecholamine efflux during DCVexocy-
tosis (21), controls late-stage fusion pores (23), and regu-
lates the kinetics of synaptic vesicle endocytosis (27).
However, the functions for the TMDs of syp have not
been established. Purified syp forms hexameric channel-like
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Fusion pore control by synaptophysin
structures (28) and may produce channels in lipid
membranes (29). Syp has a similar overall TMD topology
to connexins, which form gap-junction channels (30–32).
TMD III of connexin lines gap junction pores and has alter-
nating hydrophobic residues. TMD III of syp displays a
similar pattern (30) and has a weak sequence homology
with connexin TMD III (28,31). In a complex containing
six copies of syp and 12 copies of syb, TMDs III and IV
of syp partner with the TMD of syb to line a central aqueous
cavity (32). In this complex, the residues of syb that face in-
ward include those that alter catecholamine flux through
endocrine fusion pores (5,33) and glutamate flux through
synaptic fusion pores (3). These studies raise important
questions about the role of tetraspanner proteins in fusion
pores. If a cavity like that seen in the syb-syp structure of
Adams et al. (32) forms at the onset of fusion, then syp
TMD III would be a pore liner and influence pore flux in
a manner similar to that seen with the SNARE TMDs.

To address these questions, we tested syp TMD III tryp-
tophan mutants in chromaffin cells and used amperometry
to assess their impact on fusion pores during calcium-trig-
gered DCV exocytosis. DKO cells provide an advantageous
background for these studies because they lack two major
endogenous tetraspanners that could obscure the effects of
exogenous mutants. We found that TMD III mutants support
exocytosis in DKO chromaffin cells but alter initial fusion
pore dynamics and mode of release. Tryptophan substitu-
tions throughout TMD III failed to alter catecholamine
flux through the initial fusion pore, indicating that this
domain is not a pore liner. Thus, the pore-like syp-syb com-
plex (32) does not represent the initial fusion pore of Ca2þ-
triggered exocytosis, but interactions between these two
proteins stabilize fusion pores and determine how they
evolve as exocytosis progresses.
MATERIALS AND METHODS

Animals

Breeding homozygous syp KO/heterozygous syg KO mice generated litters

with �25% DKO (25,26). DKO offspring were identified by genotyping.

All mice were housed and handled in accordance with the guidelines of

the National Institutes of Health and approved by the Animal Care and

Use Committee of the University of Wisconsin-Madison.
Chromaffin cell culture

Chromaffin cells were prepared as described previously (23). Mouse adre-

nal glands were collected in ice cold Hanks’ balanced salt solution with

penicillin/streptomycin, cut into small pieces, and dissociated in DMEM

with 20 U papain, 10 mg L-cysteine, 0.02 M CaCl2, and 0.02 M EDTA

at 37�C for 25 to 30 min. After replacing the papain solution with enriched

medium (DMEM with insulin-transferrin-selenium-X and penicillin/strep-

tomycin), the tissue was triturated and plated on glass coverslips coated

with poly-D-lysine for 1 h. One mL enriched medium was added, and cells

were maintained in an incubator at 37�C ventilated with a humidified air-

5% CO2 atmosphere.
Molecular biology

Point mutations with tryptophan in TMD III were generated by modified

sequential PCR (34) with rat wild-type syp (pLox-CMV-syp-IRES2-

EGFP) as the template. Primers were designed with the QuickChange

Primer Design Program (Agilent Technologies, Santa Clara, CA, USA).

Constructs were confirmed by DNA sequencing, subcloned into a bicistronic

lentiviral vector, pLox-CMV-IRES-EGFP, and purified. Lentivirus particles

were generated in HEK 293T cells as described previously (23). DKO chro-

maffin cells were infected with virus particles on the day of dissection. Am-

perometry recordings were conducted 48–72 h after viral infection.
Amperometry

Chromaffin cells were recorded in bathing solution with 150 mM NaCl,

4.2 mM KCl, 1 mM NaH2PO4, 0.7 mM MgCl2, 2 mM CaCl2, and

10 mM HEPES (pH 7.4) at room temperature (22�C). Secretion was

induced by pressure ejection of a depolarizing solution consisting of

105 mM KCl and 2 mM NaCl from a 2-mm tipped micropipette positioned

15–20 mm away from the cell under study. Catecholamine-oxidization cur-

rents were recorded with a 5-mm diameter-tipped carbon fiber electrode

(CFE-2, ALA Scientific Instruments, Farmingdale, NY, USA) polarized

at 650 mV with a VA-10� amplifier (ALA Scientific Instruments). The car-

bon fiber electrode tip was cut to expose fresh surface between recordings

from different cells. Signals were low-pass filtered at 1 kHz and read into a

computer at a digitization rate of 4 kHz with pClamp10 (Axon Instruments,

Molecular Devices, Silicon Valley, CA, USA). Depolarizing solution was

applied 3 s after the start of acquisition for 6 s, and recording continued

for another 14 s (total time: 23 s). Each cell was stimulated six times.

Data analysis was conducted with an in-house computer program. Events

with peak amplitude R2 pA were located and analyzed. Events 2–4 pA

were taken as kiss and run, while events R4 pA were taken as full fusion.

Spike frequency was calculated for events R4 pA from the first secretion

episode of each cell. Rising slopes were obtained by linear regression of

the 10%–70% rising phase of cumulative spike-count plots. Prespike feet

(PSFs) were analyzed from spikes R20 pA. PSF lifetime was determined

using the criteria of Chow and von R€uden (35), and amplitude was deter-

mined by dividing area by lifetime (5). Mean PSF duration was determined

by fitting lifetime distributions with a single exponential decay. Spike char-

acteristics and late-stage permeability were analyzed from spikes with peak

amplitudes R20 pA using methods described previously (36).
Immunocytochemistry and confocal imaging

DKO chromaffin cells were cotransfected with wild-type (WT) or mutant

syp together with neuropeptide Y-DsRed (NPY-DsRed). Cells were fixed

72 h after transfection with 4% paraformaldehyde for 30 min, permeabi-

lized with 0.1% Triton X-100, and blocked in 10% goat serum for 1 h,

all at room temperature (RT). Cells were then incubated at 4�C overnight

with rabbit anti-syp antibody (Synaptic Systems, Göttingen, Germany,

#101002) and mouse anti-syb antibody (Synaptic Systems #104211) or

mouse anti-RFP antibody (Thermo Fisher Scientific, Waltham, MA,

USA, #MA5-15257) at a dilution of 1:280. After washing three times

with phosphate-buffered saline for 10 min, cells were incubated with

AF568-goat anti-mouse (Abcam, Waltham, MA, USA, #ab175473) and

AF647-goat anti-rabbit (Sigma-Aldrich, Burlington, MA, USA, #SAB4

600185) antibodies or AF647-goat anti-mouse (Sigma #SAB4600392)

and AF546-goat anti-rabbit (Invitrogen #A11010) antibodies at 1:1,000

dilution at RT for 1 h. Cells were then washed three times with phos-

phate-buffered saline for 10 min and incubated with DAPI at RT for

10 min. The coverslips were sealed onto slides with Fluoromount G (Elec-

tron Microscopy Sciences, Hatfield, PA, USA). Cells were imaged with a

Leica TCS SP8 laser-scanning confocal microscope equipped with a 63�
oil immersion lens. The laser intensity was set to 12% for 561 and
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633 nm and 5% for 405 nm. Pearson’s correlation coefficient was deter-

mined by Leica application suite X colocalization software.
Statistics

All data were presented as mean 5 SE. Means of spike frequency, spike

characteristics, PSF amplitude, fraction of kiss-and-run events, kiss-and-

run duration, and permeability of fusion pores were reported as the cell

means, with averages first taken over each cell and then averaging these

means; cell number was used to calculate error (37). One-way ANOVA fol-

lowed by post hoc Student-Newman-Keuls test or the Kruskal-Wallis

method followed by post-hoc Dunn test was used to evaluate statistical sig-

nificance among different test groups. The significance was represented

with asterisks with the following notation: *p < 0.05; **p < 0.01;

***p < 0.001. All data and statistical analyses were performed with the

computer programs Origin and GraphPad.
RESULTS

Syp TMD III mutants support secretion

To investigate the role of syp TMD III, we expressed syp mu-
tants in DKO cells lacking syp and its homolog syg. The abla-
tionof these proteinsdoesnot lead to changes in the expression
levels of other major exocytosis proteins (26), and their
absence permits exogenousmutants to have an impact.We re-
placed 12 different residues of syp TMD III with tryptophan
(Fig. 1 A, open boxes) and expressed each of these mutants
in DKO chromaffin cells. Most of these residues appear to
face into the lumen of the pore in the syb-syp structure (32).
Fig. 1 A shows that our mutations extended over the length
of TMD III. The syb TMD residues that influence pore flux
are concentrated toward the N-terminus near the cytoplasm
(5), and we anticipated that the syp TMD III could fill in the
gap toward thevesicle lumen. Therefore, our sypTMDIIImu-
tations covered this region more thoroughly.

To confirm that exogenous WT syp and tryptophan mu-
tants target DCVs, we coexpressed NPY-DsRed to mark
DCVs in DKO cells and evaluated colocalization with syp
by immunocytochemistry. Fig. 1 B showed that WT syp
and selected mutants (green) colocalized with NPY-DsRed
(red), and the Pearson’s coefficient was not significantly
different between syp and mutants (Fig. 1 C). This confirms
the presence of syp on DCVs (21–23) and suggests that our
syp mutants target DCVs as effectively as WT. Since syp as-
sociates with syb and syb targets to DCVs (5), we also
checked the colocalization of syp and syb. As expected,
WT and mutant syp (red) colocalized with syb (green)
(Fig. 1D), and the Pearson’s coefficients were indistinguish-
able between WT syp and mutants (Fig. 1 E). Note that the
Pearson’s coefficient with syb in Fig. 1 A was higher than
that with NPY in Fig. 1 C, suggesting that syp targets
some structures that are not DCVs, such as small clear ves-
icles. These results suggest that exogenous WT and mutant
syp efficiently target DCVs.

We then used amperometry to test the impact of these
mutants on exocytosis. Fig. 2 A presents amperometry re-
1964 Biophysical Journal 122, 1962–1973, June 6, 2023
cordings from control DKO cells and DKO cells expressing
WT syp, syg, and three mutants. Upon depolarization, un-
transfected DKO cells and DKO cells expressing WT syp
or syg secrete, as indicated by the amperometric spikes
evident in each trace. Thus, although DKO cells lack the
two major tetraspanners, they do not provide a secretion-
free background, possibly due to redundancy of function
with other tetraspanners or to tetraspanner-independent
secretion. Secretion varies from cell to cell, so the fre-
quency was averaged over cells (Fig. 2 B). The mean spike
frequency did not have a statistically significant dependence
on syp form (by ANOVA), and frequencies were generally
roughly half that seen in WT chromaffin cells (23). Trypto-
phan substitution in the N-terminal part of TMD III tended
to increase frequency, while substitutions that reduced fre-
quency were only found in the C-terminus (Fig. 2 B). Cu-
mulative plots of spike number versus time provide
another view of spike frequency by focusing on the 10%–
70% rising slope (Fig. 2 C). This analysis indicated some
variation depending on the position of the tryptophan sub-
stitution: most mutants toward the N-terminus produced a
higher rising slope, while three mutants toward the
C-terminus (L149, V150, and S151) reduced the rising
slope (Fig. 2 D). One mutant near the C-terminus (S152)
produced a small increase in rising slope. Note that spike
frequency (Fig. 2 B) provides a more conservative analysis
based on cell mean, whereas rising slope (Fig. 2 D) com-
bines the total number of spikes without taking a cell
mean. Thus, the error of rising slope is smaller because it
ultimately depends on the much larger event number. The
appropriateness of event-based and cell-based statistical
analysis of amperometry data depends on the contribution
of variation between cells to the total variance (23,37).
With this qualification, the results indicate that these trypto-
phan mutants exert neither a large dominant-negative action
nor a rescue action. However, the parallel trends in spike
frequency and rising slope, and the clustering of similar ac-
tions, suggest that tryptophan substitutions toward the
N-terminus can enhance secretion, while substitutions to-
ward the C-terminus can inhibit secretion.
Changes in kiss-and-run fraction and duration

Exocytosis begins with the opening of a fusion pore. Upon
opening, a fusion pore can either dilate or close. Following
dilating, the fusion pore can then shrink and close (38,39) or
possibly expand further with full fusion and merger of the
vesicle and plasma membranes. Dilation leads to secretion
of a larger fraction of vesicle content, while closure prior
to dilation limits loss to a smaller fraction of content in a
distinct form of early kiss and run. In amperometry record-
ings, dilation of the initial fusion pore results in spikes,
while closure of the initial fusion pore results in stand-alone
feet, which are early kiss-and-run events similar in ampli-
tudes to PSFs (40,41).
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in the magnified regions to the right of the syp column, where the scale bars are 2 mm.

Fusion pore control by synaptophysin
Fig. 3 A displays examples of kiss-and-run events from
control DKO chromaffin cells and DKO chromaffin cells ex-
pressing two mutants. The sorting of events into two popu-
lations corresponding to full fusion and early kiss-and-run
has been validated using an objective cutoff based on spike
shape (42). Classifying events by either cutoffs of 4 or 6 pA,
or by spike shape, generally preserves differences between
cells expressing different proteins (23,42). Here, we used
the 4 pA cutoff, calculated the fractions of kiss-and-run
versus full-fusion events for each cell, and averaged this
fraction to obtain the cell mean. Syp KO cells and DKO
cells displayed higher fractions of kiss-and-run events, sug-
gesting that syp can influence the choice between kiss-and-
run and full fusion (23). DKO cells expressing syg showed a
comparable fraction to control DKO cells (Fig. 3 B), sug-
gesting that syg has little, if any, influence on release
mode. Tryptophan replacement of M136, L139, and A142
significantly increased this fraction (Fig. 3 B). Furthermore,
Biophysical Journal 122, 1962–1973, June 6, 2023 1965
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these same three mutants increased the duration of kiss-and-
run events compared with other mutants, control DKO cells,
and WT syp and syg (Fig. 3 C). This suggests that this part
of syp TMD III plays a role in stabilizing the fusion pore
responsible for early kiss and run.
Initial fusion pore stability

When the opening of a fusion pore leads to a spike, the
initial small current is referred to as a PSF (Fig. 4 A, gray
area) (1,2). To determine the role of TMD III in the stability
of these initial fusion pores, we examined PSFs in DKO
cells expressing tryptophan mutants. The mean PSF dura-
tion was determined by fitting a single exponential to the
PSF lifetime distribution (Fig. 4 B). These values were
similar in control and WT syp-expressing DKO cells but
were shorter in syg-expressing DKO cells (Fig. 4 C), sug-
gesting that syg destabilizes the initial fusion pore. Four
1966 Biophysical Journal 122, 1962–1973, June 6, 2023
tryptophan mutants, M136, F146, L149, and S153, produced
large changes in mean PSF duration, and in each case, the
duration was reduced (Fig. 4 C). This suggests that these
four residues engage in interactions that stabilize the initial
fusion pore and that tryptophan replacement disrupts these
interactions.
Initial fusion pores flux

The findings that syp and syb form a complex (43) with a
hexameric pore-like structure (32) and that syp TMD III
has a transmembrane topology similar to connexin TMD
III (30,31) raise the possibility that TMD III serves as a
structural component of a fusion pore. Catecholamine flux
can be used to probe the size of a pore, and tryptophan
TMD mutations in SNAREs have been shown to reduce
PSF amplitudes (5,7). We therefore examined the PSF am-
plitudes in DKO cells expressing syp TMD III mutations.
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Fusion pore control by synaptophysin
None of the mutants produced statistically significant
changes in PSF amplitude (Fig. 4 D). By contrast, three
TMD mutations in syntaxin (7) and four TMD mutations
in syb (5) produced statistically significant reductions in
PSF amplitude. The finding that tryptophan substitutions
in TMD III of syp do not influence catecholamine flux
through the initial fusion pore indicates that this domain
does not reside near the aqueous exit pathway taken by cate-
cholamine during its release.
Spike shape and fusion pore expansion

The dilation of the initial fusion pore produces the ampero-
metric spike, the shape of which depends on the properties
of the late-stage pore formed by expansion of the initial
fusion pore. The C-terminus of syp has been shown to influ-
ence spike shape by changing the late-stage pore (23). We
evaluated various indices of spike shape illustrated in
Fig. 5 A. None of the TMD III mutants had a significant
impact on spike amplitude (Fig. 5 B), 35%–90% rising
time (Fig. 5 C), half-width (Fig. 5 D), decay time (Fig. 5
E), or whole area (Fig. 5 F). To relate spike shape to late-
stage fusion pores, we calculated permeability as the ratio
of amperometric current to remaining vesicle catecholamine
content (36). As shown previously, fusion pore permeability
rises suddenly at the start of dilation and, after reaching a
peak, decays to a plateau (Fig. 6 A). The peak and plateau
fusion pore permeabilities were statistically indistinguish-
able for the various proteins and mutants examined here
(Fig. 6 B and C). These results show that TMD III does
not regulate late-stage fusion pores. Thus, the influence of
syp on spike shape and late-stage fusion pores (23) is
more likely to reflect an action of the C-terminus in deter-
mining whether late-state pores expand or close.
DISCUSSION

Roles for tetraspanners in membrane fusion during exocy-
tosis have proven difficult to identify. Overexpressing syp
or syg in PC12 cells downregulates human growth hormone
release (44). Depleting neuronal syp and syg increased syn-
aptic vesicle release at the calyx of Held synapse (45). In
Drosophila, eliminating syg reduced spontaneous synaptic
release (46), but C. elegans tetraspanner-null mutants dis-
played normal miniature postsynaptic currents (47). Redun-
dant actions of different isoforms make it difficult to evaluate
the results of KO experiments, and species differences add to
the challenge of determining general functions. We recently
Biophysical Journal 122, 1962–1973, June 6, 2023 1967
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found that syp protein level and secretion were not well
correlated (23). Here, we showed that heterologous syp
and syg do not enhance secretion above that seen in DKO
cells (Fig. 2). Experiments with a syp deletion mutant had
suggested different functions for the C-terminus and
TMDs (23), prompting us to investigate the TMDs in more
detail. We focused on TMD III, a domain with a potential
role as a fusion pore component. Tryptophan substitutions
in TMD III did not alter flux through initial or late-stage
fusion pores. Mutations at specific locations did, however,
influence the stability of initial fusion pores and the mode
1968 Biophysical Journal 122, 1962–1973, June 6, 2023
of exocytosis. Thus, although it does not line the fusion
pore, TMD III controls functionally important fusion pore
transitions in early stages of calcium-triggered exocytosis
in endocrine cells. Syp is also highly abundant on synaptic
vesicles (19,20), where an impact on initial fusion pores
could play a role in the dynamics of synaptic release.
Syp TMD III and initial fusion pore composition

Our experiments tested the hypothesis that TMD III of syp
lines the initial fusion pore. Syp interacts with syb to form
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Fusion pore control by synaptophysin
a stoichiometric complex with a channel-like structure (32).
If this complex represents an initial fusion pore, tryptophan
mutants in TMD III that face into the pore lumen would be
expected to reduce the amplitude of the PSF (Fig. 4 D). The
failure of these mutations to alter initial fusion pore flux
suggests that these residues do not interact with permeating
catecholamine. This indicates that despite the homologies
with connexin (30,31), it is unlikely that TMD III lines
the initial fusion pore. The syp-syb complex characterized
by Adams et al. (32) is therefore unlikely to represent the
initial fusion pore, but other functions remain a possibility.
Syp TMD III and fusion pore dynamics

Although not a pore liner, TMD III does nevertheless influ-
ence initial fusion pores. TMD III mutations altered the sta-
bility of the initial fusion pore (Fig. 4 B), as well as fusion
pores associated with early kiss-and-run (Fig. 3 B and C).
A direct interaction of TMD III with components of the
initial fusion pore within the membrane is the most parsimo-
nious interpretation of these results. However, TMD III mu-
tations could alter syp binding to syb to influence its
availability or trafficking (48). An interaction between
TMD III and the C-terminal cytoplasmic domain of syp
cannot be ruled out, and a change in the conformation of
this domain could alter its association with dynamin (21).
However, syp C-terminus deletion does not alter PSF life-
time (23), so it is unlikely that the actions of TMD III mu-
tations on PSF reported here depend on the C-terminus. The
effects reported here are specific to initial fusion pores, as
spike shape and late-stage fusion pore permeability were
not affected (Figs. 5 and 6). Thus, TMD III has little, if
any, impact on the closure of fusion pores after they have
dilated (38,39). Changes in the proportion and lifetime of
early kiss-and-run events indicate an additional role in the
choice of release mode made by the initial fusion pore
(Fig. 3). It is notable that mutations that destabilize initial
fusion pores also stabilize kiss-and-run events. This can be
Biophysical Journal 122, 1962–1973, June 6, 2023 1969
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Hsiao and Jackson
seen by comparing the impact of residues M136 and L139
on the PSF lifetime (Fig. 4 C) and kiss-and-run event life-
time (Fig 3 B). The briefer PSFs reflect an acceleration of
the transition to a second fusion pore state formed by an irre-
versible transition of the initial fusion pore (42). These mu-
tations destabilize the first state and stabilize the second
state, suggesting that TMD III is arranged differently in
these two fusion pore states. In contrast to residues M136
and L139, four other residues extending toward the vesicle
lumen destabilize PSFs without altering kiss-and-run
events, and these residues had the largest effects. This sug-
gests that this part of syp TMD III has interactions that
selectively stabilize initial fusion pores of PSFs but do not
stabilize the fusion pore after bifurcation to the downstream
state that cannot dilate (42).

Interestingly, the three residues implicated in the control of
release mode are located close to the cytosolic face of the
vesicle membrane. Tryptophan substitutions within the syb
TMD perturb the surrounding lipid bilayer and alter mem-
brane curvature (49). Tryptophan substitutions in syp TMD
III could similarly impact the stability of a lipidic fusion
pore and thus influence dilating transitions from an initial
proteinaceous fusion pore. This may also be relevant to the
trend evident in the spike frequency data (Fig. 2), where mu-
tations toward the cytoplasm were observed to increase
spiking, while residues toward the lumen were observed to
reduce spiking. A previous study indicated that the syp
C-terminus influences the initial choice between full-fusion
1970 Biophysical Journal 122, 1962–1973, June 6, 2023
and kiss-and-run (23). The present results suggest that both
TMD III and the C-terminus of syp impact this choice. By
contrast, the stability of the initial fusion pore depends pri-
marily on TMD III. It is not a pore liner itself butmay interact
with pore-lining domains of other proteins.
TMD interactions between syp and syb

The most likely interacting partner for syp in the vesicle
membrane is syb, as these two molecules have a well-docu-
mented interaction (32,43,50,51). To explore the possible
relevance of syp-syb interactions to our present results on
syp, we revisited prior results with syb (5). Helical wheels
(Fig. 7 A1) illustrate that residues of syb that influence
PSF lifetime are distributed through most of its TMD; like-
wise, the seven residues of syp TMD III that influence PSF
lifetime are also distributed. By contrast, residues that influ-
ence early kiss-and-run event lifetime tend to be situated on
one broad helical face (Fig. 7 A2).

To explore interactions between these TMDs in greater
detail, we examined structural data and models. In the elec-
tron microscopy structure that motivated the present study
(32), five of the seven residues of syp with an effect on PSF
lifetime (L139, A145, F146, L149, and S153) face away
from the syb TMD and toward the syp TMD IV (included
in Fig. 7 B1) or toward syp TMD I (data not shown). Two res-
idues of TMD III with an effect on PSF lifetime, M136 and
S151, are close to syb in this model. Because the electron
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Fusion pore control by synaptophysin
microscopy structure (32) does not account for our results on
fusion pore flux, we also examined a model based on
AlphaFold (52) (Fig. 7 A2). This model shows more residues
facing away fromTMD IV (M136, L139, and F146), and they
could interact with another molecule such as syb. S153 prob-
ably also faces toward syb because in the helical wheel, L139,
F146, and S153 are located on the same face (Fig. 7 A1).
These residues that appear to face toward syb were found to
reduce PSF duration (Fig. 4). It should be noted that the syb
residues that are potential partners with syp residues are not
among those lining the pore (5) (purple space fills in Fig. 7
B1). These observations suggest that syp TMD III influences
initial fusion pore stability by intermolecular interactions
with syb as well as intramolecular interactions with other
syp TMDs. Future studies of other syp TMDs may provide
more insight into how syp regulates fusion pores, and reveal
additional functional interactions, with syb and with other
proteins of the exocytotic apparatus.
Biophysical Journal 122, 1962–1973, June 6, 2023 1971
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Structural models also aided in the interpretation of
changes in release mode. M136, L139, and A142 tryptophan
mutants increased the proportion and duration of kiss-and-
run events (Fig. 3). Thus, this part of TMD III engages in in-
teractions that impact the stability of early kiss-and-run
fusion pores. Fig. 7 C1 highlights these three residues in
the electron microscopy structure (32). M136 is close to
syb, while L139 and A142 are close to syp TMD IV. How-
ever, in the AlphaFold model (52), M136 and L139 face
away from TMD IV and could potentially face toward syb
(Fig. 7 C2). Though the orientation of TMD III is different
in the two models, both are consistent with the general idea
that fusion pores formed during kiss and run are influenced
by intermolecular interactions with syb and intramolecular
interactions with other syp TMDs.
CONCLUSIONS

TMD III of syp influences the dynamics of initial fusion
pores without directly contacting the aqueous pathway
taken by catecholamine at the onset of exocytosis. Although
these results indicate that the syp-syb complex revealed by
electron microscopy (32) is not likely to represent the initial
fusion pore, our results suggest an intimate relationship be-
tween TMD III and the initial fusion pore that enables this
domain to regulate fusion pore activity. Interactions be-
tween syp and syb are likely to be important, but the syp
TMDs would then surround the pore-lining syb TMDs
rather than alternate with them within the pore. The helical
face of syb with putative pore-lining residues (highlighted
as purple fills in Fig. 7 B1 and C1) is exposed to the pore
lumen and inaccessible to contact with a syp TMD. Syp
TMDs would then be more likely to interact with a face
of syb that is oriented away from the pore lumen.

Our analysis suggests that syp TMD III can regulate
fusion pores both by intermolecular interactions with
syb and intramolecular interactions with other syp
TMDs. A recent study showed that primed synaptic vesi-
cles have a hexameric arrangement of protein density at
the interface with the plasma membrane, surrounding the
area where the initial fusion pore forms (53). Determining
whether syp and syb contribute to this density, where they
reside, and how they interact will require more experi-
ments to evaluate the functions of syp and syb in mem-
brane fusion.
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