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Ca 2�-triggered release of neurotransmitters and hormones depends on soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) to drive the fusion of the vesicle and plasma membranes. The formation of the SNARE complex by the vesicle SNARE
synaptobrevin 2 (syb2) and the two plasma membrane SNAREs syntaxin (syx) and SNAP-25 draws the two membranes together, but the
events that follow membrane juxtaposition, and the ways that SNAREs remodel lipid membranes remain poorly understood. The
SNAREs syx and syb2 have transmembrane domains (TMDs) that can exert force directly on the lipid bilayers. The TMD of syx influences
fusion pore flux in a manner that suggests it lines the nascent fusion pore through the plasma membrane. The TMD of syb2 traverses the
vesicle membrane and is the most likely partner to syx in completing a proteinaceous fusion pore through the vesicle membrane, but the
role of this vesicle SNARE in fusion pores has yet to be tested. Here amperometry and conductance measurements were performed to
probe the function of the syb2 TMD in fusion pores formed during catecholamine exocytosis in mouse chromaffin cells. Fusion pore flux
was sensitive to the size and charge of TMD residues near the N terminus; fusion pore conductance was altered by substitutions at these
sites. Unlike syx, the syb2 residues that influence fusion pore permeation fell along two �-helical faces of its TMD, rather than one. These
results indicate a role for the syb2 TMD in nascent fusion pores, but in a very different structural arrangement from that of the syx TMD.
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Introduction
Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) perform essential functions in Ca 2�-
triggered release of both neurotransmitters from synaptic termi-
nals and hormones from endocrine cells, but the detailed
mechanism by which these proteins drive membrane fusion re-
mains elusive (Südhof and Rothman 2009; Jahn and Fasshauer
2012). The vesicle SNARE synaptobrevin 2 (syb2) and the two
plasma membrane SNAREs syntaxin (syx) and SNAP-25 can
form a tight, stable complex consisting of four parallel �-helices
(Sutton et al., 1998). Because syx and syb2 have transmembrane
domains (TMDs) anchored in the plasma and vesicle mem-
branes, respectively, the formation of this complex will pull the
two membranes together. At some point, lipid in the two mem-
branes merges into a single bilayer, but the precise step where this
mixing occurs is controversial. According to one view of SNARE-

mediated fusion, SNAREs accelerate a lipid-mixing process that
also occurs with protein-free lipid bilayers through the sequential
formation of a stalk and a hemifusion diaphragm, and finally a
lipid-lined fusion pore (Cohen and Melikyan 2004; Cherno-
mordik and Kozlov 2008). A contrasting view holds that SNARE
TMDs initially form a proteinaceous channel spanning both lipid
bilayers (Lindau and Almers 1995; Jackson 2011). Distinguishing
between these two models depends critically on establishing the
roles of the SNARE TMDs, but efforts to address this question in
different laboratories have produced dramatically different re-
sults (Grote et al., 2000; McNew et al., 2000; Langosch et al., 2007;
Shi et al., 2012; Zhou et al., 2013). Mutations along one �-helical
face of the syx TMD alter fusion pore permeation (Han et al.,
2004; Han and Jackson 2005), much as mutations in pore-
forming domains of ion channel proteins alter ion permeation
(Ashcroft 1999). The most likely partner to syx in completing a
proteinaceous channel through the vesicle membrane is the cog-
nate vesicle SNARE syb2, but the role of vesicle SNAREs in con-
trolling flux through fusion pores has yet to be investigated.

To address the role of the syb2 TMD in fusion pores, we stud-
ied exocytosis in chromaffin cells from syb2/cellubrevin double-
knock-out (DKO) mice. These cells have very low endogenous
vesicular SNARE levels and almost no secretion (Borisovska et al.,
2005), thus providing an ideal background for testing syb2 mu-
tants. Our measurements of altered fusion pore flux and conduc-
tance in chromaffin cells expressing various TMD mutations
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implicated several residues as fusion pore residents. These results
support a structural model for the fusion pore through the vesicle
membrane formed by alternating faces of the syb2 TMD, and
with a constriction toward its cytoplasmic end.

Materials and Methods
Synaptobrevin 2 and cellubrevin double knock-out chromaffin cells. Syb2/
cellubrevin DKO mice were obtained by crossing syb2 heterozygous
knock-out (KO) and cellubrevin homozygous KO mice (Borisovska et
al., 2005). One quarter of each litter was DKO and expressed neither syb2
nor cellubrevin. The remainder had one or two wild-type (WT) alleles of
syb2 and no cellubrevin, and were taken as littermate controls. Culturing
embryonic day 17.5 (E17.5) to E18.5 embryonic mouse chromaffin cells
was performed as described previously (Zhang and Jackson 2010). Em-
bryos were genotyped, and cells from each embryo of either sex were
cultured in separate dishes.

Molecular biology and virus transfection. Mouse WT full-length syb2
and cytoplasmic domain of syb2 (cdsyb2) were amplified by PCR adding
a XhoI 5� site and an EcoRI 3� site. This was then ligated into lentiviral
vector pLox–CMV–EGFP to make an EGFP–syb2 fusion construct (with
EGFP fused to the N terminus of syb2 linked by the sequence SGLRSRG).
All of the amino acid substitutions in the syb2 TMD were generated by
Quikchange Site-Directed Mutagenesis (Agilent Technologies). The WT
EGFP–syb2, EGFP– cdsyb2, and all mutant constructs were confirmed by
sequencing. Lentiviral particles were generated in HEK 293T cells, as
described previously (Dong et al., 2006). Chromaffin cells were infected
by viral particles on the day of dissection.

Amperometry. Catecholamine release was detected as an oxidation
current using 5 �m carbon fibers polarized to 650 mV. Current was
recorded at room temperature (�22°C) with a VA-10 amplifier (ALA
Scientific Instruments). Cells that were in culture for 1–3 d were bathed
in the following solution (in mM): 150 NaCl, 4.2 KCl, 1 NaH2PO4, 0.7
MgCl2, 2 CaCl2, and 10 HEPES, pH 7.4. Infected cells were recognized by
EGFP fluorescence, and exocytosis was elicited by pressure ejection of a
solution similar to the bathing solution but with 105 mM KCl and 5 mM

NaCl from an �2 �m tipped micropipette positioned 10 –15 �m from
the cell. Each single amperometry recording lasted 23 s: the first 3 s
recorded the resting state, KCl solution was then puffed for 6 s to elicit
exocytosis, and recording continued for 14 more seconds. Cells were
stimulated up to six times. Amperometry recordings were analyzed with
a program written in this laboratory to extract spikes and prespike feet
(PSF) information according to the criteria of Chow and von Rüden
(1995). Spikes of �4 pA were used to determine the spike frequency,
which was taken as the event number in the first response to depolariza-
tion divided by 20 s. The events in the first response to depolarization
from all cells of the same construct were pooled, binned every second,
and divided by cell number to construct the cumulative spike curve. The
cumulative curve exhibited a sigmoidal shape, and the segment between
10% and 70% of the plateau was well fitted by linear regression (with R 2

� 0.98 for all constructs tested). To compare 10 –70% rising slopes of
cumulative curves, one-way ANOVA was applied to the group of mea-
surements displayed together (Fig. 1D). When this test rejected the null
hypothesis that all of the measurements within the group had the same
mean, a Dunnett’s post-test was used to identify the measurements from
mutations that differed from WT syb2. PSF with durations of �0.75 ms,
from spikes with peaks of �20 pA, were used for PSF analysis. For PSF
analysis, data were not used from cells with �20 fusion events to exclude
very rare potentially nonrescued cells (untransfected DKO cells typically
had �10 events total in six depolarization trials). PSF amplitude was
determined by the PSF area divided by PSF duration. Amplitudes deter-
mined in this manner showed no significant correlation with duration
(Wang et al., 2006). For comparison of PSF amplitudes, the means of cell
means were determined (Colliver et al., 2000), and one-way ANOVA
with Fisher’s LSD post-test was used to identify the measurements from
mutations that differed from WT syb2. The distribution of PSF durations
was fitted by a single exponential decay, and the time constant repre-
sented the measure of the mean PSF duration. For comparison of PSF
durations, one-way ANOVA with Dunnett’s post-test was used to iden-
tify mutations that differed from WT syb2.

Cell-attached capacitance recording. Fusion pore conductance and ves-
icle capacitance were measured in cell-attached patches as described pre-
viously (Lollike et al., 1995; Klyachko et al., 2008). Cells were pretreated
with 100 nM phorbol myristate acetate for 6 min, and recordings were
made with 30 mM K � in the bathing solution (in mM: 115 NaCl, 30 KCl,
5 CaCl2, 2 MgCl2, 20 glucose, and 10 HEPES, pH 7.3) to increase the basal
level of exocytosis. Patch pipettes contained the following (in mM): 125
NaCl, 15 TEA-Cl, 4 KCl, 5 CaCl2, 2 MgCl2, and 10 HEPES, pH 7.3.
Capacitance and conductance were taken as the out-of-phase and in-
phase components, respectively, from recordings of complex impedance
of cell-attached patches measured with an SR 830 lock-in amplifier
(Stanford Research Systems) interfaced with a patch-clamp amplifier.
Patches were held at 0 mV, and stimulated with a 20 kHz, 100 mV (rms)
sine wave. Signals were filtered with a time constant of 3 ms and a slope of
24 dB. Capacitance recordings were analyzed with an in-house program
written in IGOR Pro (WaveMetrics). Pore conductance (Gp) was calcu-
lated from the in-phase and out-of-phase lock-in outputs, as described
previously (Lollike et al., 1995; Klyachko et al., 2008), and the value of
fusion pore conductance was the average of Gp between the time points of
the plateau in the in-phase component (see Fig. 4 B, two vertical dashed
lines). Fusion pore duration was estimated by the full-width at half-
maximum of the real (Re) part, and events with a duration of �15 ms
were discarded.

Immunocytochemistry and confocal imaging. DKO chromaffin cells
were transfected with neuropeptide Y-DsRed (NPY-DsRed) and WT
EGFP-syb2 or EGFP-syb2 TMD mutants. Three days after transfection,
cells were fixed with 4% paraformaldehyde, permeabilized, blocked in
10% goat serum and 0.1% Triton X-100, and immunostained with
mouse anti-syb2 antibody (catalog #104211, Synaptic Systems) and rab-
bit anti-RFP antibody (catalog #ab62341, Abcam) at room temperature
for 1 h. After washing three times with PBS, cells were treated with Cy2-
goat anti-mouse and Alexa Fluor 568-goat anti-rabbit secondary anti-
bodies for 1 h at room temperature. Images of immunostained cells were
acquired on a Nikon Eclipse Ti confocal microscope with a 100�, 1.49
numerical aperture oil-immersion lens. The laser intensity was set to 6%
for 488 nm and 8% for 561 nm, and the exposure time was between 100
and 200 ms. Pearson’s correlation coefficient was determined using
Nikon Eclipse Ti colocalization analysis software.

Results
Amperometry recordings from WT chromaffin cells generally
reveal trains of spikes in response to depolarization, with each
spike reporting the exocytosis of a single vesicle. Our amperom-
etry recording confirmed the very low levels of secretion from
DKO chromaffin cells. WT syb2 and all tryptophan mutants
tested here rescued secretion to similar overall levels, producing
approximately eightfold increases in the frequency of fusion
events, with a range of 0.6 –1.5 Hz over the background measured
in untransfected DKO chromaffin cells (0.12 Hz; Fig. 1C). Sam-
ple amperometry traces (Fig. 1A) and cumulative spike plots (Fig.
1B) for DKO cells, littermate control cells, and DKO cells express-
ing WT syb2, and three selected mutants were illustrated. To
assess release kinetics, we determined the slope of linear fits to the
cumulative curves from 10% to 70% of the final plateau for DKO,
littermate, DKO cells expressing WT syb2, cdsyb2, and all of our
TMD tryptophan mutants. All full-length syb2 constructs in-
creased the 10 –70% slope well above that seen in control DKO
cells and cells expressing the cytoplasmic domain of syb2 (Fig.
1D). Several of the mutants rescued better than WT. These mu-
tants targeted dense-core vesicles, colocalizing with a vesicle
marker (NPY-DsRed) to a degree indistinguishable from that for
wild-type syb2, and well above that for the cdsyb2 (Fig. 1E,F).
Mutations produced only small changes in spike amplitude and
no significant changes in spike area (data not shown).

Single-vesicle spikes recorded with amperometry are often
preceded by feet, which signal a low level of catecholamine release
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in advance of full fusion. These PSF represent catecholamine flux
through nascent fusion pores (Chow et al., 1992; Jankowski et al.,
1993; Wang et al., 2001), and PSF recorded from cells transfected
with WT and mutant syb2 had qualitatively similar appearances
(Fig. 2A). We examined PSF in amperometry recordings from

DKO chromaffin cells transfected with 22 mutants harboring
tryptophan substitutions within the syb2 TMD (residues 95–
116). With four of these mutants, L99W, V101W, C103W, and
I105W, PSF had significantly reduced amplitudes (Fig. 2B; p �
0.001 for L99W; p � 0.01 for V101W; p � 0.05 for C103W and

Figure 1. Amperometry recording from chromaffin cells. A, An amperometry trace from a syb2/cellubrevin DKO chromaffin cell showed very little secretion in response to depolarization with 105
mM KCl (application time is indicated by the bar below the trace). Cells from DKO littermates (see Materials and Methods), DKO cells transfected with WT syb2, and DKO cells transfected with three
different syb2 TMD tryptophan mutants responded to depolarization with a barrage of spikes. Each spike reports the exocytosis of a single vesicle. B, Cumulative counts of spikes versus time show
the average number of events in the first response to depolarization (indicated by the bar below) from transfected DKO and littermate chromaffin cells. Recordings, as in A, were pooled, binned every
second, and divided by cell number to display the cumulative curves. C, Spike frequency (the event number in the first response to depolarization divided by the 20 s recording time during and after
depolarization) for littermate, untransfected DKO chromaffin cells, and cells transfected with WT syb2 and mutants. One-way ANOVA failed to reject the null hypothesis. ***p � 0.001 for the
comparison between DKO and littermate with a two-sample t test. (147 cells expressing WT syb2; 39 cells from littermate controls; 21–38 cells expressing mutants). D, The 10 –70% rising slope of
cumulative curves for DKO and littermate, and DKO chromaffin cells transfected with WT syb2, cdsyb2, or tryptophan mutants (*p � 0.05, **p � 0.01). E, Vesicle targeting of WT syb2, cdsyb2, and
tryptophan mutants. Images of immunofluorescence labeling for syb2 (green) and neuropeptide Y (NPY, red) in DKO chromaffin cells transfected with NPY-DsRed and WT EGFP-syb2, tryptophan
mutants, or cdsyb2. F, The colocalization of syb2 and NPY was evaluated with the Pearson’s correlation coefficient. N � 17–26 cells. Error bars show the mean 	 SEM.
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I105W). These four residues all resided within the N-terminal
half of the TMD, on two different faces of a helical wheel (Fig.
2C). Mutations also altered PSF duration without a clear pattern
in terms of TMD structure (Fig. 2D). The reduction in PSF am-
plitude suggests that the side chains of these residues protrude
into the pore lumen and obstruct catecholamine flux.

We explored this idea further by substituting glycine at posi-
tions 99 and 101. Both these mutations increased PSF amplitude,
but only the change with residue 101 was significant. Linear re-
gression showed an inverse correlation between PSF amplitude
and side chain volume, which was significant for position 101
(Fig. 3A,B). (These mutations also had small effects on spike
amplitude; data not shown.) At positions 102 and 111, where
tryptophan had no effect, glycine substitutions also had no effect,
and there was no correlation between PSF amplitude and side
chain volume (Fig. 3C,D). These steric effects were not additive:
quadruple mutations at positions 99, 101, 103, and 105 with ei-
ther four tryptophans or four glycines left the PSF amplitude indis-
tinguishable from single tryptophan or glycine substitutions at these
sites (Fig. 3G,H). We also tested a mutant with four tryptophan
substitutions in the C-terminal half of the syb2 TMD (Fig. 3G, Cter
4W). None of the tryptophan mutations in this region had an effect,

and the quadruple mutant also left PSF am-
plitude indistinguishable from that of WT
syb2. These quadruple mutations also in-
creased PSF duration (Fig. 3I).

Catecholamine carries a positive
charge at neutral pH, and since charge
within the syx TMD influences PSF am-
plitude (Han and Jackson 2005), we tested
the role of charge in the TMD of syb2.
Substituting residues with negatively
charged side chains at positions where
tryptophan had an effect significantly in-
creased the PSF amplitude (Fig. 3E), and
positively charged side chains did the op-
posite (Fig. 3F). Charged mutations did
not greatly alter PSF duration (Fig. 3I). In
contrast to the results produced by addi-
tional tryptophan and glycine substitu-
tions, additional charge substitutions
produced further changes in PSF ampli-
tude, indicating an additive electrostatic
interaction between the syb2 TMD and
catecholamine as it passes through the
nascent fusion pore. The contrast between
additive electrostatic interactions and
nonadditive steric effects may reflect the
longer range of electrostatic forces or the
accommodation of multiple steric effects
by subtle rearrangements in TMD pack-
ing. Quadruple charged mutations tar-
geted vesicles to a degree that was
intermediate between that of the syb2 cy-
toplasmic domain and WT syb2 or single
mutations (Pearson’s coefficient, �0.55;
compare with Fig. 1F). Quadruple mu-
tants increased the frequency of fusion
events and 10 –70% of slopes fourfold to
fivefold over control DKO cells (data
not shown), rather than approximately
eightfold for WT syb2 and most single
mutations.

To evaluate fusion-pore obstruction by a different method, we
used a lock-in amplifier to measure the complex impedance of
cell-attached membrane patches. The fusion of a single vesicle
produced stepwise increases in membrane capacitance [Fig.
4A,B, imaginary (Im) trace]. When capacitance steps were ac-
companied by a transient increase in the in-phase (Re) output of
the lock-in amplifier (Fig. 4A,B, Re), the fusion pore conduc-
tance could be calculated from Re and Im (Lollike et al., 1995)
(Fig. 4B, Gp trace). Capacitance steps recorded from DKO chro-
maffin cells expressing WT syb2 and three TMD tryptophan
mutations all had amplitudes of �200 aF (corresponding to �80-
nm-diameter vesicles), indicating that these mutations did not
alter vesicle size (Fig. 4C). The mutations that reduced PSF am-
plitude (Fig. 2B, residues 99 and 101) significantly reduced fusion
pore conductance by �40%, whereas a mutation that failed to
alter PSF amplitude (residue 102) had no effect on fusion pore
conductance (Fig. 4D). Thus, mutations that reduced catechol-
amine flux through a fusion pore also reduced its conductance.
These results further support the hypothesis that positions 99 and
101 of the syb2 TMD line the fusion pore. Note that these two
sites were from the two different pore-lining faces of the putative
�-helix, based on amperometry results (Fig. 2C). The lifetimes of

Figure 2. Spikes and PSF in DKO chromaffin cells expressing WT syb2 and TMD mutants. A, Amperometry recordings of single
spikes with PSF are indicated by shading. B, The means of cell means of PSF amplitudes are shown for DKO chromaffin cells
expressing WT syb2 (147 cells, 2347 events) and 22 different tryptophan TMD mutants (21–38 cells, 270 –729 events for each), as
well as littermate control cells (39 cells, 700 events). ANOVA indicated statistically significant variations with mutants ( p �0.001),
and PSF amplitudes were significantly reduced in mutants with tryptophan at positions 99, 101, 103, and 105 compared with WT
syb2 (*p � 0.05, **p � 0.01, ***p � 0.001). C, A helical wheel model (generated by DNASTAR, DNASTAR Inc.) placed the four
locations where tryptophan reduced PSF amplitude (indicated with red) on two separate faces of an �-helix. D, PSF durations are
shown for littermate and DKO chromaffin cells expressing WT syb2 or tryptophan mutants. *p � 0.05, **p � 0.01 compared with
WT syb2. Error bars show the mean 	 SEM.
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fusion pores seen in cell-attached patch capacitance records aver-
aged �90 ms for WT syb2 and the three mutants tested (Fig. 4E).
This is �30-fold longer than typical PSF durations (Fig. 2). The
difference between fusion pore lifetimes determined by amperom-
etry and capacitance recording has been discussed previously
(Zhang et al., 2010), and suggests that the two methods detect differ-
ent classes of events. In the present case, it should be noted that the
conditions used to trigger fusion were quite different: 105 mM KCl in
amperometry and 30 mM KCl, phorbol ester in capacitance.

Discussion
This study has identified four residues in the syb2 TMD that
influence passage through exocytotic fusion pores in chromaffin
cells. These results implicate those four residues, and thus the
syb2 TMD, as a structural component of the fusion pore. This

supports a structural model with the syb2 TMD complementing
the syx TMD to form a fusion pore that spans and connects the
plasma and vesicle membranes (Fig. 5). This proteinaceous view
of fusion pores is consistent with the result that membrane bend-
ing energy impedes the transition from a nascent fusion pore to
an expanding fusion pore (Zhang and Jackson, 2010). However,
such a proteinaceous pore would require participation of at least
five SNARE complexes (Han et al., 2004; Zhang et al., 2010), and
functional studies suggest that exocytosis requires only three
SNARE complexes with dense-core vesicles (Mohrmann et al.,
2010) and two with synaptic vesicles (Sinha et al., 2011). Esti-
mates of this number in reconstituted liposome fusion vary
widely (Jackson 2011), and the reasons for these discrepancies are
unclear.

Figure 3. A–D, Relation between PSF amplitude and side chain volume. PSF varied with side chain volume at positions 99 and 101, but only at position 101 was this variation statistically
significant. At positions 102 and 111, side chain volume had no effect. The points are means of 24 – 44 cells (290 –1064 events for each mutant). Letters identify the amino acid present at the
indicated position. E, F, Relation between PSF amplitude and side chain charge. PSF amplitude increased with the number of negatively charged aspartic acid substitutions and decreased with the
number of positively charged arginine substitutions. One charge was introduced at position 99; two charges were introduced at 99 and 101 (2D, 2R); and four charges were introduced at 99, 101, 103,
and 105 (4D, 4R). The points are the means of 26 –52 cells (220 –529 events) for mutants. p values from linear regression are indicated in each plot. G, H, PSF amplitudes in DKO chromaffin cells
expressing syb2 with single and multiple tryptophan or glycine TMD mutations. The mean PSF amplitude in DKO chromaffin cells expressing single tryptophan or glycine mutations at position 99 or
101; double glycine mutation at both 99 and 101; and quadruple mutations at 99, 101, 103, and 105 (4W, 4G), and in the C-terminal half of the syb2 TMD (positions 108, 110,112, and 113; Cter-4W).
The single mutation values are taken from Figure 2. N � 32– 47 cells (290 –1133 events) for mutants, 147 cells (2347 events) for WT syb2. *p � 0.05; ***p � 0.001 compared with WT syb2. Two
p values are also indicated in H for mutants with changes that were not statistically significant. I, PSF durations are shown for DKO chromaffin cells expressing WT syb2, single and double glycine,
and charged mutants; and quadruple glycine, tryptophan, and charged mutations. **p � 0.01 compared with WT syb2. Error bars show the mean 	 SEM.
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Although these results support the hypothesis that the syb2
TMD complements the syx TMD of a proteinaceous pore, the
distribution of the four syb2 residues differs strikingly from the
distribution of the three residues implicated previously by similar
experiments in the syx TMD (Han et al., 2004). The three syx
residues spanned the entire TMD and fell along a single helical
face. By contrast, the four residues of syb2 were clustered in the N
terminus within the cytoplasmic half of the TMD, and fell on two
distinct helical faces (Figs. 2C, 5A,B). These results indicate fun-
damentally different structures for the fusion pore through the
plasma membrane and vesicle membrane, and introduce an
asymmetry between the two fusing membranes. With syx, the
involvement of a single helical face implies a structure in which all
syx TMDs are equivalent. With syb2, the involvement of two
helical faces implies a structure with asymmetric units composed
of two nonequivalent syb2 TMDs. Previous analysis indicated
that a pore formed by five to eight �-helices would have a con-
ductance in the range observed (Han et al., 2004; Zhang et al.,
2010). This same reasoning requires three to four syb2 dimers to
form the pore through the vesicle membrane as a complement to
the six to eight syx monomers to complete a gap junction-like
structure (Fig. 5C).

The alternating pore-lining faces of TMDs proposed here re-
quires two different linker conformations between the TMDs and

SNARE motifs in SNARE complexes. Link-
ers necessarily bend 90o from the perpen-
dicular TMD to the parallel SNARE motif.
This makes a break in helical continuity very
likely. Such a break will give the linker the
flexibility needed so that rotations in some
of its 22 backbone bonds could differ to ac-
commodate linkages between different
TMD conformations and the SNARE motif.
It is also possible that the helix of one con-
formation extends one or two residues fur-
ther than the other, so that at the helix–coil
break point the linker can still point out-
ward. A coarse-grained simulation of yeast
and rat R-soluble SNAREs suggests several
substates in the linker region (Durrieu et al.,
2009), which could permit twisting in dif-
ferent directions. Finally, it is also possible
that the adjacent SNARE complexes sur-
rounding a fusion pore point outward at
different angles.

The difference between the syx and
syb2 TMDs implied here corresponds well
with the much greater tendency of the syb2
TMD to dimerize (Kroch and Fleming
2006). Mutations with bulky side chains at
position 100 disrupted syb2 TMD dimeriza-
tion (Fdez et al., 2010), and arranging our
two pore-lining helical faces hexagonally
places residue 100 at an interface (Fig. 5A,B,
yellow side chains). In a spin-label electron
paramagnetic resonance (EPR) study of the
yeast syb2 homolog snc2p, six residues in
the TMD formed partial tertiary contacts,
and four of these fell along one helical face
that could represent a dimerization surface
(Xu et al., 2005). These four residues of
snc2p (100, 103 107, and 111) correspond to
positions 104, 107, 111, and 115 in syb2, all

of which reside within a TMD contact interface in our structure (Fig.
5A). An EPR study of syb2 TMD dimerization assigned the shortest
distances of separation to residues 99 and 103, but since these dis-
tances of �15 Å (Tong et al., 2009) are too long for a stabilizing
interaction, the actual dimerization interface implied by this study
remains unclear. Glycine and other small amino acids separated by
two or three residues have been shown to play important roles in
TMD dimerization (Walters and DeGrado 2006; Mueller et al.,
2014). G100 and A104 in the syb2 TMD represent a potential
dimerization motif, but our replacement of these residues with tryp-
tophan did not slow the kinetics of fusion significantly. It remains
unclear why establishing a functional relation between syb2 TMD
dimerization and exocytosis has proven so difficult (Fdez et al.,
2010). These parallels with structural work suggest that the syb2
TMD mutations studied here did not produce major conforma-
tional rearrangements. Furthermore, the �-angle (between the lipid-
facing helical surface and C� of the first residue in the �-helix) was
predicted by HTMSRAP (Dastmalchi et al., 2007) to induce changes
that were small for most of the mutations [0.11�44.07° except
V101D (132.96°)], and much smaller than the angle between adja-
cent side chains (100° � 360°/3.6). Thus, the fusion pore structure
we propose should tolerate the TMD rotations that one might antic-
ipate from these mutations.
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Figure 4. Capacitance steps and fusion pore conductance in cell-attached patches of DKO chromaffin cells. A, Representative Im and Re
traces from a lock-in amplifier coupled to a patch-clamp amplifier. Some capacitance steps in the Im trace were accompanied by a transient
rise in the Re trace. B, The Im and Re traces from different experiments than that in A illustrate the calculation of Gp � (Im 2 � Re 2)/Re
(Lollike et al., 1995). The dashed vertical lines delimit the plateau in the Re trace for calculation of the fusion pore conductance. C, Mean
vesicle capacitance in DKO chromaffin cells expressing WT syb2 and mutants (N ��200 events). D, Mean fusion pore conductance for
syb2andmutants(N�19�34events).*p�0.05;forFisher’s leastsignificantdifferencepost-testcomparedwithWTsyb2afterone-way
ANOVA rejected the null hypothesis. E, Mean fusion pore duration for syb2 and mutants. Error bars show the mean 	 SEM.
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In contrast to syx, the TMD of syb2
shows a striking difference in the roles of
the N- and C-terminal domains. Not a sin-
gle tryptophan substitution from residue
107 to residue 116 altered the PSF amplitude
(Fig. 2B), and four tryptophans in the C ter-
minus also had no effect (Fig. 3G). Indeed,
among the positions where tryptophan re-
duced the PSF amplitude, the magnitude of
the reduction declined toward the C termi-
nus (Fig. 2B). Eighteen of 22 tryptophan
mutations reduced the PSF duration (Fig.
2D), and, instead of clustering in the N ter-
minus, these mutations were distributed
throughout the TMD without a clear pat-
tern. Tryptophan mutations influenced
PSF amplitude and duration differently,
suggesting these two fusion pore character-
istics have different structural determinants.
EPR experiments (Tong et al., 2009) indi-
cate that syb2 TMD dimers can adopt two
conformations, one of which splays from
the N to the C terminus, with the closest
contacts in the N-terminal region as im-
plied here (Fig. 5C). Spectroscopic studies
of the syb2 TMD indicated that this do-
main tilts within a lipid bilayer (Bowen
and Brunger 2006). Tilting would require
other molecules to fill the gaps between
TMDs; either phospholipids (Fang et al.,
2008) or other membrane proteins could
occupy this space. Such a structure would
place C-terminal residues in a more hy-
drophobic environment, where substitu-
tion with residues of differing polarity
could accelerate or slow fusion (Nga-
tchou et al., 2010). Theoretical studies
of SNARE-mediated fusion suggest tilting
(Jackson 2010; Risselada et al., 2011) or
outward translocation (Lindau et al.,
2012) of the TMDs during fusion. Molec-
ular dynamics simulations suggest that
the linker and TMD N terminus tilt in the
lipid bilayer and that the C terminus is
flexible with a pivot at residue G100
(Blanchard et al., 2014). Our results sug-
gest that the fusion pore contains a con-
striction from residues 99 –105, which
contains the putative G100 kink (Fig. 5C).
The structural difference between the N
and C termini along with the TMD bend-
ing during a kinetic transition may be a
decisive feature in exocytosis: the 10 –70%
rising slope of cumulative event plots
changed mostly with mutations in the N-terminal TMD, with an
especially large change at residue 102 (Fig. 1D). Interestingly
the residues in the syb2 TMD closely contacting the syx TMD
in the crystal structure of the cis–SNARE complex also reside
in the N terminus (residues 95, 98, 99, 102, and 106; Stein et
al., 2009), and tryptophan mutations at or next to these resi-
dues (positions 97, 98, 102, 103, and 105) significantly in-
creased the slope of cumulative event plots. These results may
indicate that the N termini of the syb2 and syx TMDs interact

during fusion pore expansion in a zipper-like association to-
ward the C termini.

The role of the SNARE TMDs in exocytosis received more
attention recently as a result of reports (Zhou et al., 2013) that
lipid-anchored SNAREs lacking TMDs rescue synaptic release in
cultured neurons. However, evoked and spontaneous release in
these neurons was far weaker than that seen in other studies of
rescue in syb2-null neurons (Schoch et al., 2001; Guzman et al.,
2010). We have tested four different lipid-anchored syb2 con-

Figure 5. The structural model of syb2 TMDs in a gap junction-like proteinaceous fusion pore. A, Space-filling model of two syb2 TMDs
withthepore-liningresiduesnumberedandshadedpurple(residues99and103)andgreen(residues101and105),andtheputativedimer
interface in yellow (residues 100 and 104; Walters and DeGrado 2006; Mueller et al., 2014). The pore-lining residues of both faces are closer
to the N terminus of the TMD (below; generated by Pymol and modified from PDB ID:2KOG). B, Proposed arrangement of six or eight TMDs
forming a fusion pore with alternating faces pointing toward the pore lumen (same color code as A). C, Model of the fusion pore formed by
the syx and syb2 TMDs. The curved vesicle membrane and flat plasma membrane are presumed to be held together by multiple SNARE
complexes (two are shown). The syb2 TMDs are tightly packed near the cytoplasm and spread out toward the vesicle lumen to model the
constriction implied by the location of residues influencing PSF amplitude (Fig. 2B).
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structs in DKO chromaffin cells and saw much less rescue of
release compared with WT syb2 (our unpublished data).

The present report has provided an important new test for the
hypothesis of a proteinaceous fusion pore intermediate during
Ca 2�-triggered exocytosis. We have identified syb2 TMD resi-
dues that interact sterically and electrostatically with catechol-
amine as it permeates fusion pores. TMD residues also influenced
pore conductance. These syb2 residues satisfy the criteria for an
involvement in pore permeation by analogy with studies of ion
channels (Ashcroft 1999). This is the most parsimonious inter-
pretation for the current results, but alterations in fusion pore
flux as a result of subtle conformational changes, changes in rel-
ative position, or changes in orientation propagating from the
TMD to the fusion pore cannot be rigorously excluded. The strik-
ing differences between the distribution of pore residues in the
syb2 versus syx TMDs indicate a greater structural complexity of
the pore in the vesicle membrane. The syb2 TMDs serve as the
structural partners of syx TMDs, but, unlike syx with only one
helical pore-lining face, syb2 TMDs have alternating pore-lining
faces and a constriction in the N terminus. These differences
between the structural roles of syb2 and syx TMDs in fusion pores
may enable these motifs to form fusion pores more readily, or to
facilitate coupling to the Ca 2� trigger, or to lower the energy
barrier during dilation in the transition of a fusion pore from
protein to lipid.
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