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Fusion pore expansion in horse eosinophils is
modulated by Ca?* and protein kinase C via distinct

mechanisms
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Using the patch-clamp technique, we studied the role
of protein phosphorylation and dephosphorylation on
the exocytotic fusion of secretory granules with the
plasma membrane in horse eosinophils. Phorbol
12-myristate 13-acetate (PMA) had no effect on the
amplitude and dynamics of degranulation, indicating
that the formation of fusion pores is insensitive to
activation of protein kinase C (PKC). Fusion pore
expansion, however, was accelerated ~2-fold by PMA,
and this effect was abolished by staurosporine.
Elevating intracellular Ca?* to 1.5 uM also resulted
in a 2-fold acceleration of pore expansion; this effect
was not prevented by staurosporine, indicating that
intracellular Ca?* and activation of PKC accelerate
fusion pore expansion via distinct mechanisms. How-
ever, fusion pores can expand fully even when PKC
is inhibited. In contrast, the phosphatase inhibitor
a-naphthylphosphate inhibits exocytotic fusion and
slows fusion pore expansion. These results demon-
strate that, subsequent to its formation, fusion pore
expansion is under control of proteins subject to
functional changes based on their phosphorylation
states.

Keywords capacitance/exocytosis/membrane fusion/
patch-clamp/staurosporine

Introduction

de Toledo, 1995; Hartmann and Lindau, 1995). As the
binding of C&" ions to free phospholipid headgroups
is negligible below 10uM free C&', it has been
suggested that pore expansion may involve more than
lipidic interactions within membranes. Thus, although it
is generally accepted that fusion pore expansion involves
lipid incorporation (Moncket al., 1990; Nanavatet al.,
1992; Lindau and Almers, 1995), even this lipidic state
of pore expansion may be regulated by proteins
(Fernadez-Chactn and Alvarez de Toledo, 1995; Hart-
mann and Lindau, 1995). However, it has also been
shown that significant G4 binding, at even lower free
concentrations, does occur between phosphatidylserine
headgroups of closely apposed lamellae (Feigenson,
1986). As comparable domains might be present around
early fusion pores during their initial expansion, it
cannot be ruled out that the effect of Lain the
physiological range might also involve this type of
C&" binding between anionic lipids. Whereas the
possible contributions of such domains are difficult to
test for, the involvement of proteins can be examined
readily using a variety of agents known to modify
protein function in specific ways.

Activation of kinases and phosphorylation of proteins
have been shown to affect exocytosis in a variety of
cell types (Howellet al, 1989; Coorsseret al, 1990;
Ammdéa et al, 1994; Brewer and Roth, 1995; Hay
et al, 1995; Wiedemannet al, 1996). At frog
neuromuscular junctions, a kinase inhibitor, staurospor-
ine, was shown to block destaining of vesicles pre-
loaded with a fluorescent dye, FM1-43, reflecting the
exocytotic loss of the dye, but not to block synaptic
transmission. It was suggested that in the presence of
staurosporine, a small fusion pore of 1-2 nm radius
may open transiently for ~1 s, without post-exocytotic
collapse of the vesicle into the plasma membrane
(Henkel and Betz, 1995). Staurosporine is an inhibitor
of protein kinase C (PKC). Although it may have
additional effects at the concentrations used (M),
these results are a further indication of a role for

During exocytosis, secretory organelles containing pre-

formed material fuse with the plasma membrane releasing PrOteins in fusion pore expansion. o
their contents through a resulting connection between HOrseé eosinophils exocytose large specific granules.

the lumen of the organelle and the extracellular space, USing the whole-cell patch-clamp technique, the corres-
the fusion pore. Upon its formation, the small fusion Pondingly large capacitance of these granule membranes
pore appears to be a universal structure having a mean(Cv) makesllt possible to .record electrically the formation
conductance of ~200 pS in beige mouse mast cells, and expansion of the fusion pore between single granules
human neutrophils and horse eosinophils. Within milli- and the plasma membrane, employing the fusion pore
seconds, the pore then enlarges its conductance up teconductance Gp) as an equivalent of the fusion pore
several nS, allowing rapid release of vesicle or granule size (Breckenridge and Almers, 1987; Spruet al,

contents (Lindau and Almers, 1995).

1990). We studied the influence of treatments favouring

The fusion pore expansion rate is sensitive to a phosphorylation or dephosphorylation conditions on the

concentration of intracellular free calcium ([€%) in
the micromolar range (Ferndez-Chaton and Alvarez
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exocytotic fusion pores formed during degranulation
stimulated by intracellular application of GY®.
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Results
control

PMA has no effect on amplitude and time course of
degranulation stimulated by GTPyS

In single patch-clamped horse eosinophils, degranulation
was stimulated by intracellular perfusion with solutions
containing 2QuM GTPyS via the patch pipette in whole-cell 37
configuration. Exocytosis was recorded by time-resolved > . . . :
measurements of cell membrane capacitar@g).(The 0 100 200 300 400 500
extent of degranulation was quantified by measuring the time (s)

total increase inC,,. The dynamics of the degranulation
process were characterized by: (i) the delay time between
initiation of intracellular perfusion and the fir€,, step
indicating exocytosis of an eosinophil-specific granule; (ii)
the frequency distribution of time intervals between indi- 6] +100 nM PMA
vidual fusion events@,, steps); and (iii) theC,, step size
distributions.

When cells were perfused with a control solution con-
taining 20 uM GTPYyS and <10 nM free calcium,C,,
increased by 3.8 0.2 pF fi = 34). The initialC,, of these
cells was 2.8+ 0.1 pF, comparable with previous reports 2 . . . T l
(Scepek and Lindau, 1993; Hartmann and Lindau, 1995). 0 10020 %040 80
Overall, the capacitance of individual cells increased by a time (s)
factor of 2.4= 0.1. A typical degranulation trace is Shown rig. 1. Traces showing the increase in plasma membrane capacitance
in Figure 1A. The delay between patch rupture and the first during degranulation of horse eosinophils in the absence (control) and
Cnstepwas 17@ 20 s fi = 33). When the pipette solution  presence of 100 nM PMA in the intracellular solution. In both
also contained 100 nM of phorbol 12-myristate 13-acetate €XPeriments, the pipette solution containedi® GTPYS and 7 mM

. . : EGTA ([C&*]; <10 nM). The different delays for the first capacitance
(PMA) (Flgure 1_B)' the total increase i@, was 4.0+ step represent the usual variability under control conditions (Scepek
0.2 pF, representing a factor of 2:30.1 (h = 22), and the and Lindau, 1993).
delay to the firstC,, step was 180+ 20 s (SEM,n =
%36)5!323Toeéﬂ;erglglgrigzt%eee?afg%?etﬁ;@énxisotfﬁzt\{geé\e/entSnS/s. ForC,, steps<50 fF, the time course of fusion pore
¢ : o conductance was not well resolved. Therefore, dBly
during degranulation. The frequency distributions of these

time intervals (data not shown) decayexponentic";llly(ScepekSteps>50 i were used for the fusion pore analysis. For
and Lindau, 1993; Lindaet al., 1994). The time constants steps>50 fF, the measured pore expansion rates were not

X . N correlated with the step sizes (data not shown; Hartmann
obtained from single exponential fits weret81 s under and Lindau, 1995).

o ey
control conditions (2iM GTPYS and<10 nM [C&"];) The measured expansion rates were grouped into bins,

2”3675 tﬁesalmggirt]iinproisgrl\]/(lf cglllt%%sneM zrl\;rél.eg:gsv’vge and frequency distributions were constructed. As shown
P ’ P previously (Hartmann and Lindau, 1995), the expansion

g}g{ﬁgﬂ%gﬁg@kgi fe:?srg ucnocr:wt;(r)wl \é?jllzggfalﬁﬁsr?(t)?/\llon)slﬁere-rates are exponentially distributed (Figure 2). The character-
fore, the rate at which stable fugion events occurred Was notistiC expansion rates were obtained from single exponen-
! tial fits to the distributions obtained under the different

Ziffecgtegf %3{9 ari(::ﬂloart]ic?r]: é?g]g':/l Z';A'(A\s’izneosr) \gftshéher;(r)]ﬁgsexperimental conditions. Inthe absence of PMA, the charac-
9 yP 9 teristic fusion pore expansion rate in cells stimulated at low

fusing. When GTRKS was omitted and PMA a_ppIigd alone, [Ca2™], (Figure 2A) was 28+ 2 nS/s (i = 354 fusion pores
only very smallC,, changes were observed in eight of 12 from 3|8 cells)

cells (67%). In these cells, the average increase was 0.3 | :
o . . n the presence of 100 nM PMA, the pore expansion rate
0.1 pF 6 = 12),<10% of the increase observed in control atlow [C2*]; (Figure 2B) was accelerated ~2-fold to 59

cells. The delay to the fir€Z,, step was 87@: 90 s (SEM, 7 nS/s o = 206, 26 cells). When, instead of PMA, the

o o o any1acite analogie 3horookecanoaieabDD) was

. 9 P Yused at the same concentration (Figure 2C), the pore expan-
Capacitance steps. sion rate was 2% 1 nS/s ( = 254, 23 cells), not signific-

antly different from the control value. To provide further

PMA and Ca?* accelerate fusion pore expansion in evidence that the effect of PMA is mediated by activation
different ways of PKC, staurosporine, an inhibitor particularly effective on
To test if the extent or time course of fusion pore expansion membrane-bound PKC (Budworth and Gescher, 1995), was
is modulated by PKC activation, the time course of electrical added together with PMA. Under these conditions (Figure
conductance for individual fusion pores connecting the 2D), the pore expansion rate was 261 nS/s ( = 189,
intragranular lumento the extracellular space was calculated16 cells), not significantly different from the value in the
from theC,, trace. The resulting increase in pore conduct- absence of PMA. Staurosporine thus completely abolished
ance was approximated byfitting a straightline as previously the accelerating effect of PMA on pore expansion.
described (Hartmann and Lindau, 1995). The slope of this  In the absence of PMA (Figure 2E), 1M [Ca2'];
line indicates the rater, of the conductance increase in increased the rate of fusion pore expansion ta-48 nS/s

C., (pF)

C,, (oF)
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Fig. 2. Frequency distributions of fusion pore expansion rates under
different conditions. In each case the characteristic rate was
determined by a single exponential fit (smooth lines).

(n = 264, 21 cells). This is an almost 2-fold increase
compared with the rate at low [€4;, in excellent

agreement with a previous report (Hartmann and Lindau,
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Fig. 3. Amplitudes of the total capacitance increase during
degranulation in the absence € 34) and presence of % (= 20) or
10 mM (n = 32) a-np.
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Fig. 4. Frequency distributions of time intervals between fusion events
in the absence and presenceoshp. The time constants reflecting the
exocytotic fusion rates were obtained by single exponential fits
(smooth lines).

(Figure 3). At 10 mMpo-np blocked exocytosis completely
in 20% of the cells (seven out of 39), as they did not
show anyC,, increase. In the remaining 80% of the cells,
a few capacitance steps occurred. The ave@ygmcrease

in the degranulating cells was only 04 0.1 pF 6 =
32), ~10 times smaller than in control cells. At 5 mM,
a-np caused only a small reduction of the stimulatgg
increase to 3.6- 0.3 pF 6 = 20, P <0.05), and all cells
showedC,, steps indicating exocytosis of specific granules.
To characterize the dynamics of exocytosis, the time

1995). The pore expansion rate can thus be acceleratedntervals between consecutive specific granule fusion

either by PMA or by elevated [C4];. Measurements of
[Ca2"]; using the fluorescent indicator Fura-2 (2QM;

as in Coorsseret al, 1996) showed that with 7 mM
EGTA in the pipette, [C&]; stayed constantly below
10 nM during degranulation stimulated by @M GTPyS,
with or without 100 nM PMA (data not shown). Thus,
both GTR/S-induced fusion and the acceleration of pore
expansion by PMA are not due to an elevation of{Qa

events C,, steps) were measured. The frequency distribu-
tions of these time intervals in the presence and absence
of a-np are shown in Figure 4. The distributions decay
exponentially, and the corresponding rates of exocytosis
were determined by single exponential fits. The time
constant under control conditions (RM GTPyS and low
[Ca®™];) wasT = 8 + 1 s (exocytotic ratk = 0.125/s);

with the addition of 5 mMx-np, the rate constant decreased

We used staurosporine in the absence of PMA to testalmost 2-fold k = 0.071/s) and with 10 mMa-np

whether the increase in pore expansion rate at high'ca

was mediated by calcium-dependent activation of PKC.

When 2 uM staurosporine was included in the pipette
solution, the pore expansion rate at 18l [Ca?']; was
not affected (Figure 2F; 42 4 nS/s,n = 292, 16 cells).

~4-fold (k = 0.033/s). The exocytotic fusion rate during
degranulation is thus decreased by the phosphatase
inhibitor.

a-Naphthylphosphate decreases the fusion pore

Staurosporine also had no effect on the pore expansionexpansion rate

rate at low [C&']; (Figure 2G, 27+ 2 nS/s,n = 231,
15 cells).

a-Naphthylphosphate inhibits degranulation
stimulated by GTPyS
Addition of 5 or 10 mMa-naphthylphosphateatnp), a

The frequency distributions of fusion pore expansion rates
measured in the presenceip are shown in Figure 5.
Characteristic expansion rates obtained from single expo-
nential fits were 19+ 1 nS/s at 5 mMa-np (h = 246,

20 cells) and 10t 1 nS/s at 10 mMo-np (h = 165, 39
cells). These rates are significantly lower than those

broad spectrum phosphatase inhibitor, inhibited exocytosis measured in control cells (2& 2 nS/s). Thus, the
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0| A 5 mM o-niaphthyl s0{ B 10 mM a-naphthyl found that in eosinophils, pore expansion and irreversible
g o Phosphate. 504 Bhosphate. fusion still occur in its presence.
g 40 40 Intracellular application of the phosphatase inhibitor
5 01 301 o-np inhibits exocytosis induced by GY®, similar effects
é 201 201 have been noted previously in platelets (Coorsseal,
2 107 ‘ | 104 ) 1992). This result is in accordance with several studies
o1 Y A ot T S indicating a role for a dephosphorylation step in a variety

of other cell types. Exocytosis iRaramecium tetraurelia
involves the dephosphorylation of a 65 kDa phospho-
Fig. 5. Frequency distributions of fusion pore expansion rates at two  protein (Zieseniss and Plattner, 1985). In basophilic RBL-
diﬁerent concentratio_ns (_Ii-np. The characteristic rates were obtained 2H3 cells, protein tyrosine dephosphorylation was shown
from single exponential fits (smooth lines). to be involved in exocytosis at a step distal to the
mobilization of C&" and activation of PKC (Santini
and Beaven, 1993). Studies on permeabilized mast cells
suggest that dephosphorylation of an unknown regulator
protein is an enabling reaction for exocytotic membrane
fusion to occur, because the provision of ATP retards the
onset of exocytosis following provision of €a and
GTPyS. In the absence of ATP, the protein appears to be
In this study, we used measurements of cell membranedephosphorylated rapidly, and the onset of secretion is
capacitance to study the influence of protein phosphoryla- prompt (Churcher and Gomperts, 1990). A protein phos-
tion and dephosphorylation on different parameters of both phatase could be the target enzyme faf, @ putative
GTPyS- and C&"-induced exocytosis in horse eosinophils. G protein thought to regulate more terminal events in
PMA had no effect on the total amplitude and time course exocytosis (Gomperts, 1990). In preliminary experiments,
of GTPyS-induced degranulation, suggesting that the pro- the more specific inhibitors of protein phosphatase types 1
cess of fusion pore formation is insensitive to activation and 2A, cantharidin and okadaic acid, were found to be
of PKC. However, PMA treatment accelerates expansion without effect (data not shown), suggesting that another
of exocytotic fusion pores once they have been formed. type of phosphatase may be critical; type 2B seems less
This effect is not observed when the inactive analogue likely due to the low [C&']; used in many of these
oPDD is used or when PMA is applied together with the experiments. In basophilic RBL-2H3 cells, several inhib-
kinase inhibitor staurosporine. These results indicate thatitors of tyrosine phosphatases block exocytosis (Santini
the acceleration of pore expansion by PMA is mediated and Beaven, 1993). In preliminary experiments using the
by PKC rather than other targets of PMA such as Munc13 tyrosine phosphatase inhibitor ortho-vanadate (1 mM),
(Broseet al., 1995). Fusion pore expansion is also acceler- degranulation was also blocked in horse eosinophils (data
ated by elevated [CG4];, but this effect is insensitive to  not shown), suggesting that tyrosine phosphorylation may
staurosporine. Since with PMA and 7 mM EGTA in the regulate exocytosis also in this cell type.
pipette solution, [C&]; stayed below 10 nM throughout In addition to inhibiting exocytosigy-np also caused a
the degranulation, the accelerating effect of PMA is not decrease of the fusion pore expansion rate. This result
due to an increase in [€4];. Fusion pore expansionisthus was in contrast to naive expectation since both PKC
modulated by [C&']; and PKC via distinct mechanisms. activation and phosphatase inhibition increase phos-
Staurosporine also had no effect on expansion of §&FP  phorylation but have opposing effects on the fusion pore
induced fusion pores at10 nM [C&*];, indicating that expansion rate. Taken together, however, the phenomena
a GTP-binding protein is directly involved at a late stage simply indicate that fusion pore expansion is modulated
of exocytosis, rather than indirectly enhancing exocytosis via more than one phosphorylation site, possibly on
via kinase activation (Coorsseet al, 1990; Coorssen more than one protein. One or more PKC-mediated
and Haslam, 1993; Coorssen, 1996). These results argphosphorylations can lead to an increased pore expansion
consistent with observations from several other cell types rate, whereas phosphorylation at different sites favours
showing that the exocytotic event itself is insensitive to decreased pore expansion rates. All the data shown here
staurosporine (Koopman and Jackson, 1990; Terbush andstrongly suggest that the expansion of the exocytotic
Holz, 1990; Niessen and Verhoeven, 1994). fusion pore is not a purely lipidic process but is modulated
In the neuromuscular junction, staurosporine blocks by proteins.
release of FM1-43 from synaptic vesicles pre-loaded with  From the present experiments, we cannot distinguish
this membrane-staining dye, but does not block release ofwhether the proteins involved are affected directly by
the endogenous neurotransmitter acetylcholine (Henkel C&™ and/or phosphorylation, or the effects are mediated
and Betz, 1995). This suggested that staurosporine inter-by other regulatory proteins. The stimulation of exocytosis
fered with the post-exocytotic collapse of synaptic vesicles by GTR/S certainly indicates an involvement of G proteins,
into the surface membrane (Henkel and Betz, 1995). In which are subject to modification by phosphorylation
agreement with this hypothesis, our data demonstrate that(Yamane and Fung, 1993). Recent evidence suggests that
in eosinophils, staurosporine retards fusion pore expansionPKC activation enhances exocytosis from chromaffin cells
in PMA-treated cells. This indicates that the effect of by increasing the size of the readily releasable pool of
staurosporine on the exocytotic fusion pore may indeed secretory granules (Gilliet al, 1996). In contrast to
be mediated by kinase inhibition. Although fusion pore endocrine cells stimulated by &g which exocytose
expansion can be affected by staurosporine treatment, weonly a few percent of secretory granules, degranulation

pore expansion rate [nS/s]

phosphatase inhibitor also decreased the rate of fusion
pore expansion.

Discussion
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stimulated by intracellular GTYS is near maximal in
granulocytes and a variety of other haematopoetic cells
(Fernandezt al, 1984; Ne and Lindau, 1988; Nie
etal, 1990). In these cell types, degranulation of permeabi-
lized cells in response to €aand GTRS is an all-or-
none event (Hideet al, 1993); at sub-optimal agonist
concentrations, not all cells degranulate, but those which
do degranulate completely. Exocytotic competence is thus
not restricted to a subset of readily releasable granules.
Although the proteins forming the exocytotic fusion
pore have not yet been identified, our results indicate that
proteins control not only the formation but also the
subsequent expansion of the fusion pore. At this stage,
the fusion pore is modulated by PKC- and?Cdinding
proteins. Fusion pore control may be important specifically

in neurosecretion where transmitter release is performed

in a cycle of rapid exo-endocytosis (Smith and Neher,
1997) and where staurosporine also inhibits collapse of
vesicles into the plasma membrane (Henkel and Betz,
1995). It was shown recently that synaptic vesicles retain
their identity through the endocytic cycle (Murthy and

Stephens, 1998), suggesting that the fusion pore may

remain under tight control allowing for exo-endocytosis
without complete incorporation of the vesicle into the
plasma membrane.

Materials and methods

Cell preparation

Fresh blood was drawn from the jugular veins of horses, eosinophils
were isolated, and were purified over discontinuous Percoll gradients as
previously described (Scepek and Lindau, 1993). Purified eosinophils
were suspended in Medium 199 containing 4 mM glutamine, 4.2 mM
NaHCGQO; and penicillin/streptomycin (pH 7.2-7.3), stored at room
temperature and used within 2 days.

Patch-clamp experiments
About 50-100pl of cell suspension were transferred into a Petri dish
having a glass coverslip as a bottom. After a few minutes to allow the

1
300 ms

Fig. 6. Analysis of fusion pore expansion. When the fusion pore
conductance is low (between vertical dashed lines), the Y2 trace is
reduced and a transient increase appears in the Y1 trace. The pore
conductancésp was calculated from the Y2 trace and the vesicle
capacitanceC,, which is attained in the Y2 trace when the fusion pore
expands (horizontal dashed line).

in amplifier was determined using the phase tracking technique (Fidler
and Fernandez, 1989) and automatically readjusted. In the presence of
compounds found to inhibit degranulatia,, was recorded for at least
30 min. In actively exocytosing cells, recording was discontinued after
complete degranulation (apparent by visual inspection; Scepek and
Lindau, 1993) or wheit,, was stable for several minutes. The ta@|
increase was taken as the difference between the initial and the final
values. This increase includes both the stepwise increase due to the
fusion of specific granules, and the smooth initial increase most probably
due to the fusion of small vesicles<8 fF) which cannot be resolved
into individual steps. On average, these small vesicles contribute
~10-15% to the overalC,, increase under control conditions.

To determine the exocytotic rate during degranulation, the time
intervals between consecutive capacitance steps were measured in all
cells recorded under a given condition. These time intervals were grouped

cells to settle on the glass, the dish was perfused with standard externaliNto bins and a frequency distribution was constructed. The frequency

saline (140 mM NaCl, 5 mM KCI, 2 mM Cagl1 mM MgCl, 10 mM
HEPES-NaOH, pH 7.2-7.3). The whole-cell configuration, with full
contact between the cytosol and the solution inside the micropipette,

distribution was fitted with a single exponential providing the exocytotic
rate,k. The time constant of degranulation is the reciprocal of this rate
constantyt = 1/k.

was used to dialyse the cells with the pipette solution. Access resistance DUring the fusion of a granule with capacitanCg to the plasma

was ~5 M. The pipette solution contained 125 mM potassitim-
glutamate, 10 mM NaCl, 7 mM Mgg| 7 mM EGTA, 1 mM NaATP,

10 mM HEPES-NaOH, 20uM GTPyS (unless noted otherwise),
pH 7.2-7.3, and no added Ca@JCa2*]; <10 nM, as measured with a
Cé&"-sensitive electrode, with Fura-2, and as calculated using the
computer program BAD v. 4.42; Brooks and Storey, 1992). PlkiAp

and staurosporine were added as described below. For high Ca
concentration ([C&']; = 1.5 uM, as measured with a &a-sensitive
electrode), the solution contained 4.5 mM Ca@hd 5 mM EGTA
instead of 7 mM EGTA. [M§"];ec Was estimated to be 3.8 mM at low
[C&*]; and 5.8 mM at high [C&];. The osmolality of the external
solution was adjusted witb(+)glucose (Merck) to exceed that of the
pipette solution by a few mOsmol. All experiments were done at room
temperature. All values given are meahsSSEM of the indicated number

of cells, unless noted otherwise.

Capacitance measurements

Changes inC,,, were measured as the out-of-phase component (Y2) of

the cell admittance change using an EPC-9 patch-clamp amplifier (List
Electronics, Darmstadt, Germany). The command voltage signal was an
800 Hz, 20 mV (r.m.s.) sine wave and the current output signal was
analysed by a two-phase lock-in amplifier (5210, EG&G PAR, Princeton,

NJ) (Neher and Marty, 1982; Lindau and Neher, 1988) and sampled by

membrane, a low fusion pore conductaigereduces the change of the

Y2 signal which is then no longer equal toCy but becomes Y2=
wCy/[1 + (wCy/Gp)?. Simultaneously, a correlated transient Y1 signal,
Y1 = [(wCy)Gpl[1 + (wCy/Gp)¥, appears® = 2m-800 Hz) (Figure

6). Knowing Cy, from the final step size, we calculated the time course
of Gp from the capacitance trace and confirmed it by comparison of the
predicted and measured conductance traces (Breckenridge and Almers,
1987; Lindau, 1991). The time course of fusion pore expansion during
the first few hundred milliseconds after fusion was approximated by
fitting a straight line through the increase@p, providing the expansion
rate,r, in nS/s (Hartmann and Lindau, 1995) (Figure 6). All expansion
rates determined under particular experimental conditions were grouped
into bins and a frequency distribution was constructed. The distribution
was fitted with a single exponential(r) = n(0)-exp(+/p), thereby
providing the characteristic expansion rape,All fits were performed

on Macintosh computers using the program IGOR (Wavemetrics, Lake
Oswego, OR). The results provide the best-fit parameters and standard
errors.

Acknowledgements

We are grateful to Dr William Betz for critically reading our manuscript.
The experiments described here were carried out jointly at the Department

computer every 22 ms. The bulk capacitance of the cell was compensatedfor Molecular Cell Research and Max-Planck-Institute for Medical

immediatedly after attaining the whole-cell configuration. During the
subsequent continuous measurementgf the phase error of the lock-

4344

Research, Heidelberg, Germany. This work has been supported by grants
of the Deutsche Forschungsgemeinschaft to M.L. (LI1443/9). J.R.C. was



Fusion pore expansion modulated by PKC and Ca2*

supported by Fellowships from the Natural Sciences and Engineering phorylation and the dependence on’Cand GTRS for exocytosis
Research Council of Canada (NSERC) and the Max Planck Society, and from permeabilised mast cell€ell. Signal, 1, 157-163.
is currently a Fogerty International Fellow at the NIH. Koopman,W.R. and Jackson,R.C. (1990) Calcium- and guanine-
nucleotide-dependent exocytosis in permeabilized rat mast cells.
Biochem. J 265 365-373.
References Lindau,M. (1991) Time-resolved capacitance measurements—monitoring
exocytosis in single cellQQuart. Rev. Biophys24, 75-101.
Amm#3,C., Eliasson,L., Bokvist,K., Berggren,P.O., Honkanen,R.E., Lindau,M. and Almers,W. (1995) Structure and function of fusion pores
Sjoholm,A. and Rorsman,P. (1994) Activation of protein kinases and  in exocytosis and ectoplasmic membrane fusi@urr. Opin. Cell
inhibition of protein phosphatases play a central role in the regulation  Biol., 7, 509-517.

of exocytosis in mouse pancreatic beta cetsoc. Natl Acad. Sci. Lindau,M. and Gomperts,B.D. (1991) Techniques and concepts in

USA 91, 4343-4347. exocytosis: focus on mast cell8iochim. Biophys. Actal071,
Breckenridge,L.J. and Almers,W. (1987) Currents through the fusion  429-471.

pore that forms during exocytosis of a secretory vesiiture 328 Lindau,M. and Neher,E. (1988) Patch-clamp techniques for time-resolved

814-817. capacitance measurements in single ceffiigers Arch. Eur. J.
Brewer,C.B. and Roth,M.G. (1995) Polarized exocytosis in MDCK cells Physiol, 411, 137-146.

is regulated by phosphorylatiod. Cell Sci, 108 789-769. Lindau,M., Hartmann,J. and Scepek,S. (1994) Three distinct fusion
Brooks,S.P.J. and Storey,K.B. (1992) Bound and determined—a computer processes during eosinophil degranulatidnn. NY Acad. Sgi710,

program for making buffers of defined ion concentratioAsal. 232-247.

Biochem, 201, 119-126. Monck,J.R., Alvarez de Toledo,G. and Fernandez,J.M. (1990) Tension
Brose,N., Hofmann,K., Hata,Y. and Sudhof,T.C. (1995) Mammalian in secretory granule membranes causes extensive membrane transfer

homologs ofCaenorhabditis elegans unc-t@ne define novel family through the exocytotic fusion por@roc. Natl Acad. Sci. USA87,

of C-2 domain proteins). Biol. Chem, 270, 25273-25280. 7804-7808.

Budworth,J. and Gescher,A. (1995) Differential inhibition of cytosolic Murthy,C.N. and Stephens,C.F. (1998) Synaptic vesicles retain their
and membrane-derived protein kinase C activity by staurosporine and identity through the endocytic cyclélature 392 497-501.
other kinase inhibitorsFEBS Lett, 362, 139-142. Nanavati,C., Markin,V.S., Oberhauser,A.F. and Fernandez,J.M. (1992)
Churcher,)Y. and Gomperts,B.D. (1990) ATP-dependent and ATP-  The exocytotic fusion pore modeled as a lipidic p@@phys. J, 63,
independent pathways of exocytosis revealed by interchanging 1118-1132.
glutamate and chloride as the major anion in permeabilized mast cells. Neher,E. and Marty,A. (1982) Discrete changes of cell membrane

Cell Regul, 1, 337-345. capacitance observed under conditions of enhanced secretion in bovine
Coorssen,J.R. (1996) Phospholipase activation and secretion: evidence adrenal chromaffin cell®?roc. Natl Acad. Sci. USA79, 6712—-6716.

that PLA-2, PLC and PLD are not essential to exocyto8is. J. Niessen,H.W.M. and Verhoeven,A.J. (1994) Role of protein

Physiol, 270 C1153—-C1163. phosphorylation in the degranulation of electropermeabilized human
Coorssen,J.R. and Haslam,R.J. (1993) ¢&&Rnd phorbol ester act neutrophils.Biochim. Biophys. Actal223 267-273.

synergistically to stimulate both &&independent secretion and  NuRe,O. and Lindau,M. (1988) The dynamics of exocytosis in human

phospholipase D activity in permeabilized human plateleSBS neutrophils.J. Cell Biol, 107, 2117-2124.

Lett, 316 170-174. NiRe,O., Lindau,M., Cromwell,O., Kay,A.B. and Gomperts,B.D. (1990)

Coorssen,J.R., Davidson,M.M.L. and Haslam,R.J. (1990) Factors Intracellular application of guanosiné-&-(3-thiotriphosphate)
affecting dense and alpha-granule secretion from electropermeabilized induces exocytotic granule fusion in guinea pig eosinophilsExp.
human platelets: calcium independent actions of phorbol ester and Med, 171, 775-786.

GTP+y-S. Cell Regul, 1, 1027-1042. Santini,F. and Beaven,M.A. (1993) Tyrosine phosphorylation of a

Coorssen,J.R., Davison,M.M.L. and Haslam,R.J. (1992) Correlations mitogen-activated protein kinase-like protein occurs at a late step in
between protein phosphorylation, phospholipase D activity and  exocytosis. Studies with tyrosine phosphatase inhibitors and various
calcium-independent  secretion from permeabilized platelets.  secretagoguesinrat RBL-2H3 cellsBiol. Chem 268 22716-22722.

Biophys. J, 61, A225. Scepek,S. and Lindau,M. (1993) Focal exocytosis by eosinophils:
Coorssen,J.R., Schmitt,H. and Almers,W. (1996% Caiggers massive compound exocytosis and cumulative fusieBMBO J,12, 1811-1817.

exocytosis in Chinese hamster ovary celi#IBO J, 15, 3787-3791. Smith,C. and Neher,E. (1997) Multiple forms of endocytosis in bovine
Feigenson,G.W. (1986) On the nature of calcium ion binding between adrenal chromaffin cellsl. Cell Biol, 139, 885-894.

phosphatidylserine lamellaBiochemistry 25, 5819-5825. Spruce,A.E., Breckenridge,L.J., Lee, AK. and Almers,W. (1990)

Fernandez,J.M., Neher,E. and Gomperts,B.D. (1984) Capacitance Properties of the fusion pore that forms during exocytosis of a mast

measurements reveal stepwise fusion events in degranulating mast cell secretory vesicleNeuron 4, 643-654.

cells. Nature 312 453-455. Terbush,D.R. and Holz,R.W. (1990) Activation of protein kinase C is
Fernaadez-Chatn,R. and Alvarez de Toledo,G. (1995) Cytosolic calcium not required for exocytosis from bovine adrenal chromaffin cells.

facilitates release of secretory products after exocytotic vesicle fusion.  J. Biol. Chem, 265 21179-21184.

FEBS Lett, 363 221-225. Wiedemann,C., Scffier,T. and Burger,M.M. (1996) Chromaffin granule-
Fidler,N. and Fernandez,J.M. (1989) Phase tracking: an improved phase associated phosphatidylinositol 4-kinase activity is required for

detection technique for cell membrane capacitance measurements. stimulated secretiorEMBO J, 15, 2094—-2101.

Biophys. J, 56, 1153-1162. Yamane,H.K. and Fung,B.K.K. (1993) Covalent modifications of G
Gillis,K.D., M&Bner,R. and Neher,E. (1996) Protein kinase C enhances proteins.Annu. Rev. Pharmacol. ToxicpB3, 201-241.

exocytosis from chromaffin cells by increasing the size of the readily Zieseniss,E. and Plattner,H. (1985) Synchronous exocytosis in

releasable pool of secretory granuldguron 16, 1209-1220. Parameciumcells involves very rapid (less than or equal to 1 s),
Gomperts,B.D. (1990) & a GTP-binding protein mediating exocytosis. reversible dephosphorylation of a 65-kD phosphoprotein in exocytosis-
Annu. Rev. Physigl52, 591-606. competent strainsl. Cell Biol,, 101, 2028—2035.
Hartmann,J. and Lindau,M. (1995) A novel Ladependent step in
exocytosis subsequent to vesicle fusiBEBS Lett, 363 217-220. Received April 1, 1998; revised May 29, 1998; accepted June 2, 1998

HayJ.C., Fisette,P.L., Jenkins,G.H., Fukami,K., Takenawa,T.,
Anderson,R.A. and Martin, T.F.J. (1995) ATP-dependent inositide
phosphorylation required for Ca{)-activated secretiorNature 374,
173-177.

Henkel, A.W. and Betz,W.J. (1995) Staurosporine blocks evoked release
of FM1-43 but not acetylcholine from frog motor nerve terminals.
J. Neurosci, 15, 8246-8258.

Hide,l., Bennett,J.P., Pizzey,A., Boonen,G., Bar-Sagi,D., Gomperts,B.D.
and Tatham,P.E.R. (1993) Degranulation of individual mast cells in
response to G4 and guanine nucleotides: an all-or-none evénCell
Biol., 123 585-593.

Howell, T.W., Kramer,|.M. and Gomperts,B.D. (1989) Protein phos-

4345



