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Synaptotagmin IV Modulation of Vesicle Size and Fusion Pores in PC12
Cells

Zhenjie Zhang, Zhen Zhang, and Meyer B. Jackson*
Department of Physiology, University of Wisconsin-Madison, Madison, Wisconsin

ABSTRACT Many synaptotagmins are Ca2*-binding membrane proteins with functions in Ca*-triggered exocytosis. Synap-
totagmin IV (syt IV) has no Ca®" binding activity, but nevertheless modulates exocytosis. Here, cell-attached capacitance
recording was used to study single vesicle fusion and fission in control and syt IV overexpressing PC12 cells. Unitary capacitance
steps varied widely in size, indicating that both microvesicles (MVs) and dense-core vesicles (DCVs) undergo fusion. Syt IV over-
expression reduced the size of DCVs and endocytotic vesicles but not MVs. Syt IV also reduced the basal rate of Ca®*-induced
fusion. During kiss-and-run, syt IV increased the conductance and duration of DCV fusion pores but not MV fusion pores. During
full-fusion of DCVs syt IV increased the fusion pore conductance but not the duration. Syt IV overexpression increased the dura-
tion but not the conductance of fission pores during endocytosis. The effects of syt IV on fusion pores in PC12 cells resembled the
effects on fusion pores in peptidergic nerve terminals. However, differences between these and results obtained with amperom-
etry may indicate that amperometry and capacitance detect the fusion of different populations of vesicles. The effects of syt IV on

fusion pores are discussed in terms of structural models and kinetic mechanisms.

INTRODUCTION

Many synaptotagmins are Ca®"-binding proteins that func-
tion in regulated exocytosis. Synaptotagmin IV (syt IV)
has no known Ca”" binding activity (1—4), but nevertheless
modulates exocytosis of large dense-core vesicles (DCVs)
and small clear microvesicles (MVs) in peptidergic nerve
terminals (5). Syt IV has a number of effects on fusion pores.
In mice lacking syt IV, fusion pores during transient DCV
kiss-and-run events are smaller than in wild-type, but fusion
pores during MV kiss-and-run events are indistinguishable
from wild-type (5). In Drosophila motor nerve terminals
the presence of syt IV alters the time course of unitary release
events in a manner consistent with alterations in fusion pore
dynamics (6). In hippocampal neurons, presynaptic syt IV
changed the amplitude of miniature synaptic currents (7).
Amperometry recording in PC12 cells showed that syt IV
altered fusion pore duration without changing pore size
(8,9). Because the fusion pore is an important kinetic inter-
mediate of membrane fusion, these effects of syt IV may be
relevant to the mechanism of exocytosis. Furthermore, fusion
pores are thought to influence the time course of synaptic
transmitter release (10-12), and can selectively filter sub-
stances that are released from a vesicle (13). Thus, effects
on fusion pores have implications for biological function.
Among the various studies of fusion pores just surveyed,
the capacitance results showing that syt I'V alters fusion pore
size in peptidergic nerve terminals (5) seem to be in conflict
with amperometry results showing that syt IV overexpres-
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sion primarily alters fusion pore kinetics (8,9). In these
studies syt IV overexpression did not alter pore size but
favored a kiss-and-run mode of release that uses a smaller
fusion pore. Because these studies differ in both biophysical
method and biological preparation, the origin of the discrep-
ancy remains unclear. Whereas capacitance recording moni-
tors the conductance of fusion pores, amperometry detects
the efflux of readily oxidized chemicals such as norepineph-
rine. Capacitance can detect the fusion of MVs, even when
they contain no readily oxidized substance. To obtain data
from PC12 cells that can be compared more directly with
the data from peptidergic nerve terminals, we have used
capacitance recording to study fusion pores in PC12 cells.
PC12 cells express very low levels of endogenous syt IV,
and transfection with cDNA encoding syt IV increases the
expression of this protein (14). We report that, as in peptider-
gic nerve terminals, in PC12 cells syt IV overexpression
increases the conductance of fusion pores during DCV
fusion, but not during MV fusion. Furthermore, in parallel
with amperometry data from PCI12 cells, capacitance
recording showed kiss-and-run events with longer lifetimes
in syt IV overexpressing cells compared to control cells.
Full-fusion pores changed their size but not their kinetics
whereas endocytotic fission pores increased their duration
but showed no significant change in size. These results
show that syt IV can influence trafficking at the plasma
membrane in a wide variety of ways.

METHODS
Molecular biology

Syt IV was subcloned into the pIRES2EGFP vector (Clontech, Mountain
View, CA) with the restriction sites Nhel and Smal (9). This construct
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expresses enhanced green fluorescent protein (EGFP) from an internal ribo-
some entry site and syt IV from the encephalomyocarditis virus promoter.
This arrangement permits identification of transfected cells in a fluorescence
microscope.

Cell culture and DNA transfection

PC12 cells from passage number 30-50 were cultured in 100 mm diameter
dishes in Dulbecco’s modified Eagle’s medium at 37°C in a humidified
atmosphere of 5% CO,—air. Dulbecco’s modified Eagle’s medium was sup-
plemented with 4.5 mg/ml glucose, 3.7 mg/ml NaHCO3, 5% equine serum,
and 5% iron-supplemented bovine calf serum (15). For recordings, cells
were transferred to coverslips freshly coated with collagen-I (BD Biosci-
ence, Bedford, MA) and poly-D-lysine (Sigma-Aldrich, St. Louis, MO) in
24-well plates.

DNA transfection was carried out in an ECM-830 electroporator (BTX,
San Diego, CA) with a 210 V, 7 ms voltage pulse. Transfection was carried
out on cells suspended in a solution consisting of (in mM): 120 KCl,
0.15 CaCl,, 10 KH,PO,4, 2 EGTA, 5 MgCl,, 2 Mg-ATP, 5 glutathione,
and 2.5 HEPES (pH 7.6) containing 50-100 ug DNA. Recordings were
made 36-96 h after transfection. PC12 cells transfected with a blank
PIRES2EGFP vector were used as controls.

Western blot and protein purification

SytIC2AB orsytIV C2AB bearing GST tags were grown in Escherichia coli
at 37°C to an ODg( of 0.8, induced by addition of 0.4 mM IPTG for 4 h, pel-
leted, resuspended in HBS (100 mM NaCl and 25 mM HEPES, 1 mM DTT,
pH 7.4), sonicated, and treated with Triton X-100 and protease inhibitors. The
supernatant was collected after centrifugation and incubated with rotation
overnight with glutathione-Sepharose beads at 4°C. Beads were washed 2 x
with wash buffer (1 M NaCl and 25 mM HEPES, pH 7.4) and 2x with
HBS + 0.1 mg/mL RNase and DNase. Bound protein was eluted by boiling
in SDS buffer. Protein concentration was determined by SDS-PAGE and
Coomassie blue staining against a bovine serum albumin standard curve.

For Western blots PC12 cells were harvested in PBS with 1% Triton X-100
and 5 mM PMSF, incubated at 4°C for 30 min, and centrifuged at 21,000 x g
for 10 min. Supernatants were transferred to new tubes and protein concentra-
tion was determined using the BCA protein assay kit (Pierce Chemical, Rock-
ford, IL). Protein extracts (10 ug) and designated amount of protein standard
were subjected to SDS-PAGE. Proteins were detected with monoclonal
antibodies against syt I (C1 41.1) and syt IV (Synaptic Systems, Gottingen,
Germany), followed by secondary horse radish peroxidase conjugated anti-
body, and developed with enhanced chemiluminescence (Pierce Chemical).

Western blots show the expression levels of syt I and syt IV in control and
syt IV overexpressing cells (Fig. 1). With reference to standards, the amount
of syt IV in transfected PC12 cells increased ~2.5-fold. Because only 20%
of the cells were transfected (based on counting cells expressing EGFP),
we estimate that the expression level in transfected cells increased
~12.5-fold. However, even with syt IV overexpression, syt IV levels were
only ~10% of endogenous syt I. Overexpressing syt IV produced no change
in syt I levels.

Capacitance recording

The recording of capacitance from cell-attached patches follows methods
published previously (16,17). Cells attached to coverslips were bathed in
a recording solution consisting of (in mM): 125 NaCl, 4 KCI (40 mM for
syt IV cell experiments), 10 CaCl,, 2 MgCl,, 10 HEPES, pH 7.3. The patch
pipette solution for cell-attached patch recording was the same but contained
15 mM TEA and 3 uM tetrodotoxin. To reduce the noise, patch pipettes
were pulled from thick wall borosilicate glass capillaries (OD = 1.5 mm
or 1.7 mm, ID = 0.85 mm; Garner Glass, Claremont, CA), and were heavily
coated with Sylgard (Sylgard 184 kit; Dow Corning, Midland, MI). To
reduce noise further pipettes were filled with the minimum amount of solu-
tion that allowed electric contact with the AgCl wire.
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FIGURE 1 Western blot showing expression of syt IV (above) and syt 1
(below). Expression in PC12 cells is shown on the right; standards with
recombinant protein are on the left. The syt IV signal was ~2.5 times higher
in syt IV overexpressing than control cells. Accounting for the fraction of
cells transfected gives 12.5-fold higher syt IV levels in transfected cells. Syt
I levels were indistinguishable in control and syt IV overexpressing cells.

Sine waves of 20 kHz and 100-200 mV root mean-square were generated
by the lock-in amplifier (SR830; Stanford Research, Synnvale, CA) and
superimposed on a holding-potential of 0 mV. The patch clamp (EPC-7;
Instrutech, Port Washington, NY), output was fed into the lock-in amplifier
through a 5:1 voltage divider. Outputs of the lock-in amplifier were low-pass
filtered at 3 ms. The patch-clamp amplifier gain was set at 50-100 mV/pA,
the Cgoy potentiometer was set at the minimum value, the Gy, potentiom-
eter was set at 0.2 uS, and the Cg, and 7, potentiometers were adjusted to
cancel out the sinusoidal current.

The phase setting of the lock-in amplifier was adjusted to eliminate signals
in the real (Re) trace while dithering a 100 fF capacitance step built into the
capacitance compensation circuit. Membrane capacitance changes were
subsequently calibrated with a pulse to the capacitance compensation
circuitry to produce a 1 fF step in the imaginary (Im) trace. Gentle suction
was occasionally applied to the pipette to check the phase setting, by check-
ing whether the membrane extension resulted in an increase only in the Im
signal. An additional phase adjustment was carried out offline recalculating
the Re and Im traces with 2° phase increments to eliminate the projection of
full exocytosis steps from the Im signal to the Re signal (18). Capacitance
steps were identified as instantaneous jumps of more than twice the RMS
noise to a stable new level.

Fusion pore conductance was calculated from the Re and Im traces with
the following equation (16,19):

G, = (Im* + Re?)/Re. (1)

By considering the fusion pore as a simple cylindrical resistor filled with
a medium with a resistivity of 100 Qcm (that of saline, p) and a pore length,
A, of 15 nm (that of a gap junction), we estimated the pore radius with the
following equation (20):

ro = (Gopa/m)"%. )

Cells were depolarized by puffing a solution containing (mM) 130 KClI,
10 NaCl, 10 CaCl,, 2 MgCl,, and 10 HEPES (pH 7.3) from a micropipette
1020 um away. Solution was ejected with pressure from a Picospritzer
(Parker-Hannefin, Cleveland, OH).

RESULTS
Spontaneous fusion and fission steps

Cell-attached patch recordings from PC12 cells showed
unitary stepwise changes as individual vesicles fused with
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the plasma membrane. These recordings contain information
about vesicle size and fusion frequency as well as about
fusion pores. We first present our results on vesicle size
and fusion frequency before turning to fusion pores.

PC12 cells contain both synaptic vesicle-like microve-
sicles (MVs) and dense-core vesicles (DCVs) (21). These
two types of vesicles have very different sizes, and because
vesicle membrane area is proportional to capacitance, capac-
itance recording can detect and distinguish between the
MVs from DCVs. Capacitance recordings from both control
PC12 cells (transfected with control vector) and cells overex-
pressing syt IV showed upward (Fig. 2 A) and downward
(Fig. 2 B) capacitance steps. The steps occurred spontane-
ously in control cells in normal bathing solution, but in cells
overexpressing syt IV spontaneous steps were extremely
rare. For this reason extracellular KCI was raised to 40 mM
in experiments with syt IV cells. This resulted in a moderate
depolarization to increase the frequency of capacitance steps
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to a level comparable to that in control cells. Capacitance
step frequency will be discussed further below.
Capacitance steps in cell-attached patches had a broad
range of amplitudes. For both DCVs and MVs, the size
distributions were similar between control cells and cells
overexpressing syt IV (Fig. 3 A). Based on the known sizes
of MVs and DCVs we estimated that 80 aF would serve as
a useful cutoff to distinguish between them. The events
below 80 aF were taken as MVs and their sizes were similar
in control and syt IV cells (control: 45.7 = 0.9 aF, n = 318;
syt IV: 457 £ 0.5 aF, n = 1104; p = 0.49). By contrast,
DCVs (capacitances > 80 aF) were significantly smaller in
syt IV cells (control: 256 * 24 aF, n = 235; syt IV: 195 =+
8 aF, n = 777; p = 0.003) (Fig. 3 B). We converted capac-
itance to vesicle membrane area assuming spherical geom-
etry and taking the specific membrane capacitance as
0.9 ,uF/cm2 (22). From this conversion we obtained diame-
ters of 39.6 = 0.4 nm for control MVs, 394 = 0.2 nm
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for syt IV MVs (p = 0.32), 86.0 = 2.7 nm for control DCVs,
and 78.0 = 1.0 nm for syt IV DCVs (p = 0.002). Again, the
average MV diameters were indistinguishable, but the
average DCV diameters were smaller in syt IV overexpress-
ing cells.

Capacitance recordings also contained downward steps
(Fig. 2 B), which reflect the endocytosis of single vesicles.
The size distributions of these steps from control and syt IV
cells both have peaks at 40-50 aF, but syt IV overexpress-
ing cells had a larger fraction of smaller endocytotic events
(Fig. 3 B). The average size of endocytosis steps was sig-
nificantly larger for control cells (115.8 + 5.2 aF, 58.2 +
1.0 nm, n = 605) than Syt IV cells (100.1 *+ 3.1 aF, 53.6 +
0.6 nm, n = 1567; p < 0.008) (Fig. 2 B, inset). In the poste-
rior pituitary nerve terminals there was no difference in
endocytosis vesicle size between syt IV knock-out and
wild-type nerve terminals (5). The discrepancy may be due
to differences in other molecular components responsible
for endocytosis between these two very different biological
systems, or to developmental compensation in knock-out
animals.
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Syt IV reduction of depolarization-evoked
exocytosis

Depolarization by puffing 130 mM KCl increased the fre-
quency of upward capacitance steps in ~40% of patches
in both control and syt IV cells (Fig. 4 A). The failure to
induce secretion in 60% of the patches could be due to the
local scarcity of vesicles or absence of specialized fusion
sites in those patches. Because we patched each cell only
once it is also possible that the absence of secretion in a patch
reflects variable secretion between cells. In the patches that
responded to KCI depolarization, the MV secretion rate of
control cells increased from 0.022 = 0.006/s to 0.090 =+
0.010/s (28 patches), and the DCV secretion rate in control
cells increased from 0.010 £ 0.002/s to 0.085 = 0.018/s
(23 patches). In syt IV cells the MV secretion rate increased
from 0.016 = 0.004/s to 0.093 = 0.008/s (49 patches), and
the DCV secretion rate increased from 0.005 = 0.001/s to
0.057 = 0.010/s (38 patches) (Fig. 4 B). Note that a higher
initial bathing KCl concentration of 40 mM had to be used in
syt IV cell experiments (versus 4 mM KCl for control cells)
to achieve a basal release rate comparable to control cells.
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FIGURE 4 KCI depolarization enhanced exocytosis rates in PC12 cells.
(A) Representative traces of exocytosis at rest (upper panel) and with KCl
depolarization (lower panel). Both are from a control experiment. (B)
Mean exocytosis rates at resting and depolarized states in control cells
(left) and syt IV cells (right). Higher external KCl (40 mM) was used for
“resting” syt IV cells due to the much lower frequency of spontaneous
events at 4 mM KCI. Traces were recorded ~5-10 s after applying high
KClI (130 mM) to depolarize a cell (see Methods).

Because this means that basal fusion events for control and
syt IV cells were measured with different KCl concentra-
tions, we compared the vesicle sizes of each group of cells
for the two conditions and found that the bathing KCl
concentration had no statistically significant effect (data
not shown). Thus, the conditions of rest and depolarization
do not alter vesicle size. The lower exocytosis in syt IV
overexpressing cells agrees with a previous amperometry
study that showed a ~5-fold lower Ca’>" sensitivity of
DCYV release for syt IV cells (8), and is also consistent
with the observations of less norepinephrine release from
PC12 cells overexpressing syt IV (9). In the posterior
pituitary larger whole-terminal capacitance changes were
evoked by low Ca®" entry in syt IV knock outs versus
wild-type (5).
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Kiss-and-run fusion pores

Single-vesicle capacitance traces showed the time course
of fusion as exocytosis proceeds through an intermediate
fusion-pore state. This fusion pore can either dilate to com-
plete the fusion process (full-fusion), or close to retrieve
the intact vesicle (kiss-and-run). Fusion pore closure is a
hallmark of kiss-and-run, and is recognized in capacitance
recordings as flickers with closely coupled upward and
downward steps of similar size (23-26). During these capac-
itance flickers one can observe simultaneous changes in both
the Re and the Im signals of the lock-in amplifier, and these
signals can be used to calculate the vesicle capacitance and
fusion pore conductance (see Methods).

Amperometry recording has shown that Syt IV regulates
kiss-and-run of norepinephrine-containing vesicles in PC12
cells (8). Our capacitance recordings showed kiss-and-run
events with sizes in both the MV and DCV ranges (Fig. 5).
Of the upward capacitance steps in control cells, 19% of
MYV steps (61 of 318) and 31% of DCV steps (73 of 235)
were followed by downward steps within 3.5 s. The percent-
ages in sytIV cells were nearly the same (16%, 171 of 1055 for
MVs and 37%, 280 of 725 for DCVs). The upward and down-
ward steps within each capacitance flicker were closely corre-
lated in size, with linear regression slopes close to one for both
(control slope: 0.98 =+ 0.01, syt IV slope: 0.98 = 0.01)
(Fig. 5, C and D, left). Pairing upward steps with other down-
ward steps in the same trace or immediately adjacent traces
failed to show a statistically significant correlation (Fig. 5, C
and D, right). The close correlation of upward and downward
steps in kiss-and-run events suggested that there was no lateral
diffusion of lipid across the fusion pore. Although this resultis
consistent with a proteinaceous pore structure, the size of
a capacitance flicker could be stable with a lipidic fusion
pore provided that the membrane tensions of the vesicle and
plasma membranes exactly balance each other (27,28).

Syt IV overexpression significantly increased the conduc-
tance of DCV kiss-and-run fusion pores (Fig. 6; control:
119.8 = 314 pS, n = 47; syt IV: 2245 = 345 pS, n =
110, p = 0.03), but had no significant effect on the conduc-
tance of MV kiss-and-run fusion pores (control: 24.0 =+
1.2pS,n=9;sytIV:20.5 + 3.0 pS, n =22, p = 0.23). The
fusion pore conductances were indistinguishable between
the resting conditions and the KCI depolarizing conditions
used to increase the fusion event frequency (data not shown).
The fusion pore radius estimated from these conductances
with Eq. 2 showed an effect of syt IV on DCVs but not
MVs (control DCVs: 0.64 += 0.06 nm, syt IV DCVs: 0.84 +
0.06 nm, p = 0.02; controlMVs: 0.34 = 0.01 nm, sytIV MVs:
0.30 = 0.02 nm, p = 0.12). A similar result was obtained in
peptidergic nerve terminals, where DCV fusion pores in
wild-type mouse nerve terminals had nearly twice the con-
ductance of DCV fusion pores compared to syt IV knock-
outs, whereas MV fusion pore conductances were indistin-
guishable (5).
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FIGURE 5 Kiss-and-run. (A) Representative kiss-and-run events from
control cells showing small MV steps (upper) and large DCV steps (lower).
(B) Representative kiss-and-run events from syt IV cells showing MV steps
(upper) and DCV steps (lower). (C) Plots of upward and downward steps
from kiss-and-run events (leff) in control cells showed a linear relation
with a slope of 0.98. The plot of upward steps in kiss-and-run events versus
randomly selected downward steps in the same trace or an immediately adja-
cent trace showed no correlation. Gray vertical lines denote the position of
the 80 aF cutoff used to separate MVs from DCVs. (D) The same quantities
plotted as in C for control cells are shown for syt IV cells. A linear regression
slope of 0.98 was found for coupled upward and downward steps, but when
downward steps were not paired with the upward step there was no signif-
icant correlation.

Syt IV overexpression also prolonged DCV kiss-and-run
events, increasing their durations from 294 = 60 ms in
control cells to 723 =+ 112 ms in syt IV overexpressing cells
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FIGURE 6 Fusion pore reconstruction for kiss-and-run events. The imag-
inary (Im) and real (Re) lock-in outputs were used to compute conductance
traces (see Methods). (A) Fusion pore reconstruction in control cells (left,
DCVs; right, MVs). (B) Fusion pore reconstructions in syt IV cells (left,
DCVs; right, MVs). (C) DCV fusion pore duration (/eff), conductance
(middle), and radius (right) were compared between control and syt IV cells.
(D) MV fusion pore duration (/eft), conductance (middle), and radius (right)
were compared between control and syt IV cells. Stars indicate statistical
significance (p < 0.05).

(p = 0.008). MV kiss-and-run events remained unchanged in
duration (control: 320 = 89 ms, syt IV:402 = 158 ms, p =
0.4). Amperometry recording has also revealed longer
lasting kiss-and-run fusion pore durations in syt IV
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FIGURE 7 Fusion pore reconstruction for full-fusion
events, computed from the lock-in outputs as in Fig. 6. (A)
Pore conductance during full fusion from a control cell.
(B) Pore conductance during full fusion from a syt IV
cell. (C) Full fusion pore duration (leff), conductance
(middle), and radius (right) were compared between
control and syt IV cells. Stars indicate statistical signifi-
cance (p < 0.05).
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overexpressing PC12 cells (8). However, in wild-type and
syt IV knock-out nerve terminals, both DCV (462 *+ 167
msec in wild-type and 459 =+ 100 msec in syt IV knock-
out) and MV (629 = 127 msec in wild-type and 745 =+
161 msec in syt IV knock-out) kiss-and-run event durations
were indistinguishable (Z. Zhang and M. Jackson, unpub-
lished).

Fusion pores during full-fusion

Fusion pores can also be detected in capacitance recordings
at the onset of full-fusion events. MV fusion pores were very
difficult to detect due to their small size, and possibly due to
their brief lifetime (25,26). During full-fusion of DCVs the
transient rise in the Re trace of the lock-in amplifier and
the delay until the Im trace reaches its final level indicate
the formation of a fusion pore (Fig. 7 A). Like kiss-and-run
fusion pores, fusion pores associated with full-fusion had
higher conductances in syt IV cells than in control cells
(control: 76 = 17 pS, n = 12, syt IV: 209 = 59 pS, n =
15, p = 0.04; control pore radius: 0.56 = 0.06 nm, syt IV
pore radius: 0.87 £ 0.12 nm, p = 0.03). Although syt IV
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overexpression increased the duration of these events, the
difference was not statistically significant (control: 558 +
140 ms, syt IV: 747 £ 198 ms, p = 0.24).

Endocytosis and fission pores

Downward steps in capacitance signal the endocytosis of
single vesicles, and during these transitions we occasionally
detected fission pores (Fig. 8). We found that syt IV overex-
pression did not significantly alter fission pore conductance
(control: 214 + 73 pS,n =13, syt IV: 168 = 50 pS, n = 20,
p = 0.30) or the inferred radius (control: 0.89 *+ 0.14 nm, syt
IV:0.72 = 0.11 nm, p = 0.18). However, syt IV overexpres-
sion approximately doubled fission pore duration (control:
294 + 44 ms, syt IV: 629 = 160 ms, p = 0.03). These
results indicate that syt IV participates in fission pore
kinetics, and presumably interacts with components of the
endocytotic machinery. Note that although the Im trace of
Fig. 8 B shows two downward steps, this should not be inter-
preted as the endocytosis of two vesicles. Because the Re
trace is also changing, the Im trace is not literally vesicle
capacitance. In general, endocytosis events presented fusion
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FIGURE 8 Fission pore reconstruction for endocytosis
events, computed from the lock-in outputs as in Fig. 6. (4)
Fission pore reconstruction from a control cell. (B) Fission
pore reconstruction from a syt IV cell. (C) Fission pore
duration (/eft), conductance (middle), and radius (right)
were compared between control and syt IV cells. Stars indi-
cate statistical significance (p < 0.05).
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400
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pores very rarely so the probability of two coincident fission
events, both presenting pores, is extremely low.

DISCUSSION

In this study, we have investigated the effects of syt IV on
membrane fusion and fission in PC12 cells. Using measure-
ments of complex impedance in cell-attached patches of
membrane we determined vesicle capacitance and fusion
pore properties in control cells and cells with ~10-fold higher
syt IV (Fig. 1). Information at this level of detail offers
insights into the role of syt IV, and the mechanisms by which
this protein regulates exocytosis and endocytosis. The
comparison between cells transfected with control vector
and cells transfected with vector harboring the sequence en-
coding syt IV provides two systems that differ primarily in
the abundance of syt IV. However, although syt I levels
remain the same (Fig. 1), unintended perturbations of other
proteins cannot be excluded. Amperometry studies have
indicated that transfection with various syt isoforms and

mutants have specific effects on the exocytosis machinery
(3,8,9,29). Here we explored effects of one syt isoform in
much greater detail with a more powerful technique. Consid-
ering that syt IV levels remained well below syt I levels even
after syt IV overexpression (Fig. 1), it is unlikely that the
changes in vesicles and fusion pores reflect a nonspecific
effect of overexpression but this possibility cannot be rigor-
ously excluded.

Changes in vesicle size

Capacitance recording showed that syt IV overexpression
reduced the size of fusing DCVs but not MVs, and amperom-
etry hasrevealed a small insignificant decrease in DCV norepi-
nephrine content (9). Electron microscopy showed that syt IV
was present on larger DCVs in PC12 cells (8), and was
enriched in larger immature secretory granules of ATT-20
cells (30). Given that syt IV inhibits exocytosis, its presence
on larger DCVs will lead to their accumulation whereas
smaller DCVs will fuse and produce smaller capacitance steps.
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In mouse posterior pituitary nerve terminals genetic abla-
tion of syt IV increased DCV diameter in the electron micro-
scope but produced a small and statistically insignificant
reduction in DCV capacitance (5). The different results in
this genetic model may indicate that compensatory mecha-
nisms are triggered in an organism by the loss of syt IV.
It is also possible that the actions of syt IV depend on inter-
actions with other proteins so that its effects are context
dependent. The different kinetic profiles of single vesicle
fusion events of syt IV harboring vesicles in the dendrites
and axons of hippocampal neurons may be another example
of context specific effects (7).

Variations in fusion pore size

Syt IV overexpression produced an approximate doubling of
DCV fusion pore conductance during both kiss-and-run
(Fig. 6 C) and full-fusion (Fig. 7 C). This effect was specific
for DCVs; MV fusion pores were not affected. The presence
of syt IV has a similar effect in pituitary nerve terminals.
Nerve terminals from syt IV knock-out animals had DCV
fusion pore conductances of about half that seen in wild-
type and no difference could be detected between MV fusion
pores from the two animals (5). Amperometry recordings
from PC12 cells also showed that syt IV overexpression
altered fusion pores (8), but in a way that is difficult to recon-
cile with this capacitance data. Amperometry showed that syt
IV overexpression increased the frequency of events through
a mode that was exclusively kiss-and-run. This mode used
a fusion pore that had a ~5-fold lower flux of norepinephrine
than the fusion pores that can lead to full fusion. The amper-
ometric fusion pores that lead to full fusion appear as pre-
spike feet that last only 1-2 ms, a duration too brief to detect
with capacitance. By contrast, the small amplitude kiss-and-
run fusion pores have longer lifetimes of ~20-80 ms,
depending on whether syt IV is present, but their amplitudes,
and presumably fusion pore sizes, do not vary (8). The diver-
gence between results with amperometry and capacitance
may reflect different forms of vesicles and fusion pores
detected by the two techniques. Combining the two measure-
ments with patch-amperometry may shed some light on this
issue (31).

A change in conductance is likely to reflect a change in the
molecular composition of the fusion pore. Based on experi-
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ments showing that mutations in the membrane anchor of
syntaxin alter flux through fusion pores, a structural model
for the fusion pore was proposed in which the transmem-
brane domains of the SNARE proteins form the walls of
the pore (28,32,33). Within the framework of this model,
changes in the number of SNARE complexes that come
together to form a pore offer a plausible explanation for
changes in pore conductance.

The luminal area of a barrel structure formed by the
membrane anchors of n membrane spanning a-helical
segments (Fig. 9) can be expressed as

A = i (cot(g) v g—g) 3)

where n is the number of SNARE complexes and / is the
radius of an «-helix (0.35 nm). n = 8 gives a pore area of
1.21 nm?, which is very close to the average pore area of
1.20 nm? estimated from the control cell fusion pore conduc-
tance. n = 10 gives a pore area of 2.24 nm?, which is very
close to the average of 2.23 nm? from syt IV cells. Note
that changing the number of SNARE complexes from 8 to
10 nearly doubles the fusion pore area. Thus, changing the
number of SNARE complexes is a very effective way of
modulating fusion pore size, as is further illustrated in
a plot of fusion pore area versus n (Fig. 9 A). Applying the
same analysis to fusion pores during full fusion gave similar
results; With n = 7 for control cells we estimated a mean
pore area of 0.76 nm? and with n = 10 for syt IV cells we
estimated a mean pore area of 2.07 nm”. It should be noted
that these estimates depend on Eq. 2, which is a crude
approximation and likely underestimates the true pore
radius (20).

SNARE complexes form higher order aggregates in vitro
and such aggregates are likely to function during exocytosis
(34). Experiments in cracked PC12 cells with the cyto-
plasmic domain of synaptobrevin suggested that at least
three SNARE complexes work together to trigger fusion
(35), but estimates of this number vary and range as high
as 15 (34). Our analysis of pore conductance increases
induced by syt IV are well within this range and indicate
that the number of SNARE complexes that combine during
fusion could be subject to biological variation. Although
mammalian syt IV has no known Ca®-dependent

FIGURE 9 Geometry of fusion pores lined by mem-
brane spanning helices donated by SNARE proteins. (A)
The fusion pore area plotted versus SNARE complex
number. The horizontal dotted line indicates the size of
the syt IV cell DCV Kkiss-and-run pore. The broken line
indicates the size of the control cell DCV kiss-and-run
pore. (B) Eight syntaxin transmembrane domains form
a pore with an area close to the mean area calculated for
control kiss-and-run fusion pores (left), and 10 syntaxin
transmembrane domains form a pore with an area close
to the mean area calculated for syt IV cell kiss-and-run
fusion pores (right).
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interactions (2,4,8), it does bind SNARE proteins in the
absence of Ca’" (8) and this interaction could influence
SNARE complex aggregation.

Fusion pore kinetics

These results agree with amperometry studies in PC12 cells
showing that syt IV overexpression reduces exocytosis (8,9).
This effect is likely a result of competition between Syt IV
and the more effective Ca®" sensor, syt I. Here we observed
more subtle effects of Syt IV overexpression on the lifetimes
of both fusion pores and endocytotic fission pores. Amper-
ometry recording also showed that syt IV overexpression
increased the duration of kiss-and-run events, although the
durations of the capacitance flickers reported here (several
hundred ms) were considerably longer than the stand-alone-
feet seen in amperometry recording (20-80 ms) (8). This
discrepancy could indicate that vesicles lacking norepineph-
rine account for some of our capacitance flickers. It is also
possible that the minute norepinephrine fluxes in stand-
alone-feet are due to fusion pores with conductances that
are so low that capacitance flickers are difficult to see.
However, we estimate the threshold pore conductance for
detection of a 100 aF vesicle as 5 pS, and it is unlikely
that the conductances of stand-alone-foot fusion pores are
so low.

During full-fusion, we saw larger fusion pores with unal-
tered durations. During endocytosis, we saw longer duration
fission pores with unaltered conductance. During kiss-and-
run we saw fusion pores that were both longer in duration
and larger in conductance. Previous studies of fusion pore
lifetimes were interpreted with the aid of a parsimonious
kinetic model (9,29).

ko
ﬁ»ckgo—%D (Model 1)

C, O, and D denote fusion pores that are respectively closed,
open, and dilating. k, is the rate constant for assembly of
a closed fusion pore, k, is the rate constant of fusion pore
opening, k. is the rate constant for closing, and k4 is the
rate constant for entering a dilating state. This model predicts
that the fusion pore lifetimes for kiss-and-run events, 7, and
full-fusion events, 7, will be equal

1

- 4
ok )

Tkr = Tif =
Furthermore, any factor that changes fusion pore kinetics
should change the lifetime of both types of event equally.
In this study, control DCV fusion pore lifetimes were
significantly different between kiss-and-run and full-fusion,
i.e., T, # T Moreover, Ty, increased with syt IV overex-
pression, but 7 did not. These results negate Model 1 and
indicate the need for modifications. Amperometry recording

revealed multi-exponential fusion pore lifetime distributions
that indicated the need for a kinetic model with multiple open
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states (8). A related model with multiple open states provides
insight into these results:

k k k
—>C—>0—>0,——>D

d

k

Y

oc

¢ . (Model 2)

04 denotes an open pore committed to dilation. O, is an open
state committed to closure. The rate constants are indicated
for each relevant transition. Reverse rates were neglected
for simplicity. This means that detailed balance will be
violated but adding slow reverse rates to satisfy detailed
balance should not alter the qualitative conclusions.

Model 2 has the advantage of greater robustness in allow-
ing for differences between 7, and 7 and also allowing a
factor to modulate their lifetimes independently. Model 2
specifies the mean kiss-and-run lifetime as

1 1

r — 7 g ) 5

T kod + koc + kc ( )
and the mean full-fusion pore lifetime as
1 1

f = ———— + —. 6

i kod + koc N kd ( )

We can account for the result that control DCV fusion pores
had longer lifetimes for full-fusion events than for kiss-and-
run events by making k4 smaller than k.. Going from state O,
to C (with a mean time of 1/k.) is essentially a process of pore
closure and vesicle recovery, and may conceivably also be
relevant to fission pore closure. Syt IV may interact with
a factor involved in pore closure, and slow the process
without affecting k4 or k.. In this way the lifetimes of full-
fusion events would remain unchanged even as kiss-and-
run pores and fission pores are prolonged.

Endocytosis

It is notable that in addition to effects on exocytosis, syt IV
overexpression also altered endocytosis. Thus, we saw that
syt IV reduced the size of downward capacitance steps and
increased the mean lifetime of fission pores. In peptidergic
nerve terminals syt IV increased the amplitude of a slow
component of endocytosis (5). The endocytosis protein dyna-
min has been implicated in the modulation of fusion pores
(36,37). The endocytosis protein AP-2 interacts with syt I
(38). Syt I has been proposed to trigger clathrin mediated
endocytosis (39), and its inactivation slows endocytosis (40).
Similar interactions with syt IV could underlie the dual effects
on fusion and fission pores. Indeed, vesicle proteins mediating
exocytosis are natural targets in molecular recognition events
for endocytosis, and provide a means for selective recovery of
former vesicle membrane. In this way molecules involved in
exocytosis could function in endocytosis. The increasing
number of ways in which syt IV modulates membrane fusion
and fission suggests that it has multiple binding partners

Biophysical Journal 98(6) 968-978
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among proteins with a variety of functions in membrane
trafficking.

This work was supported by the National Institutes of Health (grant
NS44057).
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