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Abstract Ca2+-triggered membrane fusion is the defining
step of exocytosis. Isolated urchin cortical vesicles (CV)
provide a stage-specific preparation to study the mech-
anisms by which Ca2+ triggers the merger of two apposed
native membranes. Thiol-reactive reagents that alkylate
free sulfhydryl groups on proteins have been consistently
shown to inhibit triggered fusion. Here, we characterize a
novel effect of the alkylating reagent iodoacetamide (IA).
IA was found to enhance the kinetics and Ca2+ sensitivity
of both CV-plasma membrane and CV–CV fusion. If Sr2+,
a weak Ca2+ mimetic, was used to trigger fusion, the
potentiation was even greater than that observed for Ca2+,

suggesting that IA acts at the Ca2+-sensing step of
triggered fusion. Comparison of IA to other reagents
indicates that there are at least two distinct thiol sites
involved in the underlying fusion mechanism: one that
regulates the efficiency of fusion and one that interferes
with fusion competency.
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Abbreviations
CV Cortical vesicle
PM Plasma membrane
CSC Cell surface complex
NEM N-Ethylmaleimide
IA Iodoacetamide
IAF Iodoacetamidofluorescein
PDP Pyridyldithiopropionic acid
AMSDS 4-Acetamido-4′-maleimidylstilbene-2,

2′disulfonic acid

Introduction

Exocytosis is the fundamental process by which eukaryotic
cells release specific compounds, including neurotransmit-
ters, hormones, and enzymes. Fast Ca2+-triggered mem-
brane fusion, the defining step of regulated secretion,
enables this temporally and spatially specific rapid release
process. Yet how Ca2+ actually triggers and modulates the
merger of the two opposing native membranes remains
somewhat speculative.

Urchin cortical vesicles (CV) are a well-established,
stage-specific model for the analysis of the molecular
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mechanisms underlying fast, Ca2+-triggered native mem-
brane fusion [1–3]. In the intact egg, an increase in
intracellular free Ca2+ concentration ([Ca2+]free) triggers all
the fully docked, primed, and fusion-ready CV to fuse with
the plasma membrane (PM); the released content forms the
fertilization envelope which prevents polyspermy. Similar-
ly, the cell surface complex (CSC) isolated from the
unfertilized egg, consisting of only the fully docked and
primed CV attached to fragments of PM, requires no more
than an increase in the [Ca2+]free to trigger CV–PM fusion
(e.g., exocytosis in vitro) in the absence of other cytosolic
factors [4, 5]. The system can be further refined as isolated
CV undergo fast, Ca2+-triggered fusion with one another
[6–16] and even with pure lipid membranes [12, 17],
indicating that CV contain the minimal essential molecular
components for intermembrane attachment, Ca2+ sensing,
and membrane fusion. CV are thus a high purity, robust,
stage-specific preparation of release-ready secretory
vesicles with which to analyze the mechanisms essential
to Ca2+-triggered membrane fusion [6, 7, 14–16].

In earlier efforts to modify the release mechanism,
the thiol-reactive reagent, N-ethylmaleimide (NEM), was
shown to inhibit membrane fusion in both the CV–PM
[18–22] and CV–CVassays [6, 11–13]. NEM inhibits both
Ca2+ sensitivity and the ability to fuse in a dose-
dependent manner; treatment with 5 mM NEM consis-
tently leaves CV irreversibly fusion incompetent. Similar
patterns of inhibition have also been observed with
other thiol-reactive reagents at comparable doses, in-
cluding sodium tetrathionate [18], pyridyldithiopropionic
acid (PDP) [11, 20], and 4-acetamido-4′-maleimidylstil-
bene-2, 2′disulfonic acid (AMSDS) [11]. One exception is
the alkylating reagent iodoacetamide (IA). In earlier
studies, a dose of 5 mM IA was shown to have no effect
on the extent of either CV–PM [18] or CV–CV fusion
(Coorssen, unpublished observation) and was never
investigated further.

In contrast to the previous inhibition studies, here we
now describe a novel thiol site involved in the
enhancement of the Ca2+-triggered membrane fusion
mechanism. Substantially higher doses of IA than
previously used (10–300 mM) effected a biphasic,
dose-dependent potentiation of the Ca2+ sensitivity and
kinetics of membrane fusion. Further investigation estab-
lished that IA did not enhance pre-fusion stages; rather, the
increase in efficiency was due to modulation of the Ca2+-
sensing step of triggered fusion. The differential effects
(inhibition vs. potentiation) observed for various thiol-
reactive reagents can be attributed to the hydrophobicity
of the particular molecule. Overall, the data thus suggest
that there are at least two distinct thiol sites that can
regulate molecular steps in the triggered fusion pathway.

Materials and methods

Materials The thiol-reactive reagents iodoacetamide, N-
ethylmaleimide, and maleimide were purchased from
Sigma (St. Louis, MO, USA). Flourescein and 5-
iodoacetamidofluorescein (IAF) were from Molecular
Probes (Eugene, OR, USA). All other chemicals were
of at least analytical grade.

CSC and CV preparations CV–PM (cell surface complex;
CSC) and CV preparations were isolated from unfertilized
sea urchin (Srongylocentrotus purpuratus, Westwind, BC,
Canada) eggs as previously described [6–9, 14–16]. All
treatments and fusion assays were carried out in baseline
intracellular medium (BIM; 210 mM potassium glutamate,
500 mM glycine, 10 mM NaCl, 10 mM Pipes, 0.05 mM
CaCl2, 1 mM MgCl2, 1 mM EGTA; pH 6.7; [23])
supplemented with 2.5 mM ATP and protease inhibitors,
unless otherwise stated.

Thiol treatments For IA, NEM and maleimide treat-
ments, 2× stock solutions were prepared in BIM and
mixed 1:1 with CSC or CV suspensions (OD 1.0–1.2)
to the indicated final reagent concentrations. Stock
solution of IAF and flourescein (250 mM) were first
made in dimethylformamide (DMF) before addition to
BIM buffer. Then, CV were suspended directly into
BIM containing the fluorescein or IAF solutions (final
organic concentration of ≤1%); parallel solvent controls
were carried out for these experiments but showed no
effect on fusion relative to buffer-only controls (not
shown). After incubation with thiol reagents, CSC or
CV were washed by centrifugation and suspension in
fresh BIM (CSC to OD 0.25–0.30; CV to OD 0.30–
0.40) for Ca2+-triggered fusion assays or in Ca2+-free
BIM for Sr2+-triggered fusion assays. To assess attach-
ment, a standard chaotrope treatment was used [6–9, 14–
16, 24]. Briefly, after IA treatments, each CSC sample
was divided into two aliquots and isolated by centrifu-
gation. One aliquot was suspended in BIM for fusion
assays and the second suspended in PKME buffer
(425 mM KCl, 10 mM MgCl2, 5 mM EGTA, 50 mM
Pipes; pH 6.7; [20]) to release CV from the PM. CSC
were incubated in PKME for 1 h at 25°C, and detached
CV were subsequently isolated from remaining CSC/PM
fragments by a 1-min centrifugation at 700×g. The
number of free-floating CV in the resulting supernatants
was counted using a standard hemocytometer [24].

Fusion assays Standard end-point and kinetic fusion assays
were carried out as previously described [6, 7, 9, 14]. For
each experiment (n), all conditions were tested in replicates
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of three to four. Final [Ca2+]free were measured with a Ca2+-
sensitive electrode (World Precision Instruments, Sarasota,
FL, USA) whereas final free Sr2+ concentrations were
calculated using MaxChelator (WINMAXC32 v2.50;
[25]) as previously described [6]. Fusion data were
normalized to the control conditions with Sr2+ activity
curves normalized to the Ca2+ activity curves determined
in parallel, as previously described [6, 7, 10]. End-point
activity curves were fit using a log-normal cumulative
function [26] to determine the extent, slope, and Ca2+

sensitivity of fusion; control curves were fit to a two-
parameter model (with fusion extent set to 100%, by
definition) and data from treated conditions were fit to a
three-parameter model using TableCurve 2D (v5.0,
SYSTAT, Richmond, CA, USA). For kinetic assays,
the initial rapid fusion phase occurring over the duration
of the Ca2+ injection (450 ms for CV; 720 ms for CSC) is
reported as percent fusion per second [14]. Data are
reported as mean±SEM; one-way ANOVA, and Bonfer-
roni post hoc analyses were carried out to identify
significant differences (p<0.5) compared to controls.

Results

IA enhances the Ca2+ sensitivity of exocytosis

IA promotes exocytosis (CV–PM fusion) by enhancing
the Ca2+ sensitivity and rate of fusion without affecting
the overall extent of release (Fig. 1). Control CSC fusion
was described by a characteristic sigmoidal Ca2+ activity
curve [6, 14, 26] with an EC50 of 55.0±4.4 μM [Ca2+]free.
Treatment of CSC with moderate doses of IA (60–
100 mM) for 20 min caused an increase in the Ca2+

sensitivity of exocytosis, measured as a leftward shift in
EC50 from control values to an average treated value of
23.0±5.7 μM [Ca2+]free. Higher doses of IA (160–
300 mM) yielded a comparable leftward shift in EC50 to
20.5±4.4 μM [Ca2+]free (Fig. 1a,c); moreover, a potenti-
ation of kinetics was also observed following these latter
treatments. In response to 73.2±7.1 μM [Ca2+]free, the
initial rate of fusion increased from a control value of 67.3±
4.7% fusion/s to a maximal rate of 87.4±3.6% fusion/s
following treatment with 240 mM IA (Fig. 1b,d). There
was no significant difference in the extent of fusion
with any dose of IA tested (Fig. 1c). Notably, increasing
incubation time up to 1 h never resulted in the return of
Ca2+ sensitivity to control values nor inhibition of the
extent of fusion, even with 300 mM IA (data not shown).
These results suggest that IA targets thiol group(s)
affecting the efficiency of the membrane fusion reaction

but that it does not effectively access sites that interfere
with the ability of CV to fuse with the target membrane, as
is seen with NEM [6, 11–13, 18–22].

To differentiate between possible effects of IA on
enhancing the efficacy of docking and thus promoting
the Ca2+ sensitivity of triggered fusion, as opposed to a
more direct effect on the Ca2+-sensing mechanism, we
assessed the attachment of CV to the PM using a well-
established chaotrope treatment [6–9, 14–16, 24]. CV–
PM attachment can be altered by different chaotropic
reagents, causing CV to be released from the CSC [24];
indeed, this is the basis for the established CV isolation
protocol. Therefore, the number of CV released from the
PM during a 1 h incubation in a moderately chaotropic
KCl-based buffer [20] was used to evaluate the extent of
vesicle attachment (Fig. 2). A 20-min pretreatment with
increasing doses of IA had no effect on the number of
CV subsequently released from the CSC despite a
confirmed increase in the Ca2+ sensitivity of exocytosis
(e.g., decreased EC50). Thus, IA treatment does not appear
to enhance the extent or quality of CV docking to the PM,
suggesting that IA promotes the efficiency of the Ca2+-
triggering steps of membrane fusion.

IA has a biphasic effect on membrane fusion

To improve the access of reagents to the fusion site and
thus better investigate the mechanism underlying the
potentiation of fusion, the effect of IA on CV
homotypic fusion was assessed. CV were isolated from
the PM, treated as free-floating vesicles, washed, and
then brought into contact by centrifugation before the
addition of increasing [Ca2+]free. Consistent with results
from the CSC analyses, treatment with IA enhanced both
the Ca2+ sensitivity and rate of fusion; however, lower
doses were required to obtain comparable promotion
effects (Fig. 3). Moderate doses of IA (10–80 mM)
caused an increase in Ca2+ sensitivity from a control
EC50 of 27.8±1.9 μM to average leftward shifted EC50 of
15.0±1.9 μM [Ca2+]free (Fig. 3a,c). IA also potentiated
fusion kinetics, increasing the initial rate of fusion in
response to 34.8±1.5 μM [Ca2+]free from a control rate of
39.7±5.0% fusion/s to a maximal rate of 84.9±7.8%
fusion/s following treatment with 60 mM IA (Fig. 3b,d).
Treatment with higher doses of IA (100–300 mM) resulted
in the dose-dependent decrease of Ca2+ sensitivity that
shifted rightward, back to control values (Fig. 3a,c). There
was no effect on the extent of fusion except with
80 mM IA. Thiol-reactive reagents can cause nonspe-
cific clumping effects which sometimes caused more
CV to be recruited to the ‘lawns’ at the bottom of the
multiwell plates (unpublished observation); this occa-
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sionally manifests as an apparent increase in fusion
extent in some experiments. Due to the high doses of
IA required to effect promotion of the fusion parame-
ters, acetamide and N-methyl–acetamide were also used
to test for potential nonspecific effects that might arise

from such high concentrations of IA. Treatments with 80
and 300 mM of these structurally related reagents caused
no significant shift in Ca2+ sensitivity, initial rate, or
extent of fusion (data not shown). Only when the
incubation time with IA was increased to 1 h were
inhibition of Ca2+ sensitivity, kinetics, and extent of
fusion observed (see next section, Fig. 6). Similar to
CV–PM fusion (Fig. 1), promotion of CV–CV fusion
occurred over a broad range of IA doses; however, with
isolated CV allowing easy access to the entire vesicle
surface, it would appear that the higher doses of IA begin
to access those thiol sites that have previously been
associated with the inhibition of membrane fusion [18,
20].

For CV homotypic fusion, docking/attachment can be
assessed using a modified fusion assay [6]. Rather than
the standard fusion assay in which CV are centrifuged
into contact to most fully enable the docking steps, here
CV were allowed simply to settle into contact; as CV
contain all necessary components for intermembrane
attachment, they still undergo robust fusion in the settle
assay. The control EC50 in the settle assay was 36.6±
3.6 μM [Ca2+]free, and an analogous dose-dependent
pattern of increased Ca2+ sensitivity was observed follow-
ing IA treatment (Fig. 4). Moderate doses of IA (10–

Fig. 1 IA potentiates Ca2+ sen-
sitivity and kinetics of exocy-
totic release as assayed with
CSC preparations. a Average
Ca2+ activity curves and b av-
erage kinetic fusion curves in
response to 73±7 μM [Ca2+]free
following treatment with repre-
sentative concentrations of IA for
20 min (control black circle,
20 mM red open circle, 160 mM
blue open triangle, 300 mM
green open square). c Summary
of average Ca2+ activity curve
parameters — EC50 and extent
(n=4–11) and d summary of
initial rates of fusion (n=7–8)
for all concentrations of IA
tested. †p<0.05 ††p<0.01 †††p<
0.001

Fig. 2 IA potentiates Ca2+ sensitivity of exocytosis but does not
affect the quality of CV attachment/docking to the PM. Treatment
with increasing concentrations of IA decreased the EC50 of the Ca

2+

activity curves in CSC without altering the number of CV released
from the PM by a standard chaotrope treatment (n=2–3). †p<0.05;
††p<0.01
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80 mM) resulted in an average leftward shift in EC50 to
22.0±2.2 μM [Ca2+]free, quite consistent with the en-
hancement seen in the standard CV–CV fusion assay
(Fig. 3). Again, there was also no significant effect on
the extent of fusion for any of the concentrations of IA
tested (Fig. 4b). The equivalent effect of IA in both the
settle and standard fusion assays indicates that the
enhanced efficiency of fusion does not depend on
alterations in vesicle–vesicle attachment.

To further characterize the effect of IA on promoting
triggered membrane fusion, we capitalized on the
documented ability of Sr2+ to substitute for Ca2+ [6].
We hypothesized that if IA were promoting Ca2+ sensitiv-
ity, it might have an even more efficacious effect on the
weak triggering seen with Sr2+; indeed, this was the case
(Fig. 5). CV–CV fusion triggered with Sr2+ yielded a
typical sigmoidal but rightward-shifted activity curve
relative to parallel Ca2+ controls. The EC50 was 2.6±
0.6 mM [Sr2+]free, and fusion proceeded to the same final
extent as seen with Ca2+. As with Ca2+ (Fig. 3), moderate
doses of IA (20 and 80 mM) produced a maximal leftward
shift in EC50 to 0.6±0.1 mM [Sr2+]free. Higher doses of IA
(160 mM and 240 mM) also enhanced the Sr2+ sensitivity,
which remained unaffected relative to control values only
after treatment with 300 mM IA (Fig. 5a,c). In response to
5.5 mM [Sr2+]free, potentiation of fusion kinetics was

observed from a control rate of 110.4±7.8% fusion/s to a
maximal rate of 168.2±12.7% fusion/s after treatment
with 80 mM IA, whereas an inhibition of kinetics to 49.9±
4.1% fusion/s was only observed subsequent to treatment
with 300 mM IA (Fig. 5b,d). Similar effects of IA were
also observed when Sr2+ was used to trigger CV–PM
fusion, including an enhancement of both Sr2+ sensitivity
and fusion kinetics (data not shown).

Differential effects of thiol reagents depend
on their structure

To better evaluate the ability of IA to access the thiol
site(s) that inhibit CV homotypic fusion, incubation
times were increased to 1 h, consistent with previous
reports using other thiol reagents [6, 11]. Control Ca2+

activity curves after this 1 h incubation time had an EC50

of 25.0±2.4 μM [Ca2+]free (Fig. 6) and an initial rate of
70.4±5.9% fusion/s in response to 114.5±11.6 μM [Ca2+]free
(data not shown), which is comparable to the 20-min
incubation times. Even with this prolonged exposure time
to IA, significant inhibition of fusion was not observed
except at much higher doses. Treatment with 240 mM IA
decreased the initial rate to 39.0±9.1% fusion/s (data not
shown) and extent of fusion to 70.8±6.5% (Fig. 6c), whereas
300 mM IA decreased the initial rate to 14.8±8.7% fusion/s

Fig. 3 Biphasic effect of IA on
Ca2+-sensitivity and kinetics of
CV–CV fusion. a Average Ca2+

activity curves and b average
kinetic fusion curves in response
to 34.8±1.5 uM [Ca2+]free fol-
lowing exposure to representa-
tive concentrations of IA for
20 min (control—black circle,
20 mM—red open circle,
160—mM blue open triangle,
300 mM—green open square).
c Summary of average Ca2+

fusion curve parameters (n=5–
21), and d summary of initial
rates of fusion (n=6–15) for all
concentrations of IA tested.
†p<0.05; ††p<0.01; †††p<0.001
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(data not shown), Ca2+ sensitivity to 79.3±9.8 μM [Ca2+]free,
and extent of fusion to 42.3±2.6% (Fig. 6a,c). In compar-
ison, treatment with maleimide and NEM inhibited fusion in
the low millimolar range. Treatment with 2.5 mM maleimide
inhibited the initial rate to −3.5±5.2% fusion/s (data not
shown) and shifted Ca2+ sensitivity to 40.3±2.6 μM [Ca2+]free
(Fig. 6b), while 10 mM maleimide inhibited the initial
rate to 10.6±9.5% fusion/s (data not shown), Ca2+

sensitivity to 80.6±7.0 μM [Ca2+]free, and extent of fusion
to 17.0±9.5% (Fig. 6a,b). NEM was more potent with a
5 mM treatment decreasing the initial rate to 10.8±9.4%
fusion/s (data not shown), Ca2+ sensitivity to 164.4±
12.3 μM [Ca2+]free, and extent to 14.5±1.8% (Fig. 6a,b).
Notably, if IA is modified with fluorescein (iodoacetami-
dofluorescein, IAF), the effects on membrane fusion
become comparable to those observed with maleimide
and NEM, showing a progressive, dose-dependent de-
crease in kinetics, Ca2+ sensitivity, and extent of fusion at
doses as low as 1 mM. Following treatment with 2.5 mM
IAF, the initial rate decreased to 15.2±3.6% fusion/s (data
not shown), Ca2+ sensitivity to 105.1±9.8 μM [Ca2+]free,

and extent to 45.1±7.0% (Fig. 6a,c); however, this reagent
could not be tested at higher doses due to solubility
limitations. Parallel solvent- and fluorescein-only controls
had no effect on Ca2+ sensitivity or extent of fusion, indicating
that it is the thiol reactivity of IAF that interferes with the
fusion mechanism. Furthermore, the presence of solvent did
not alter the effects of IA (data not shown). Maleimide,
NEM, and IAF were also tested at lower concentrations
ranging from 2 μM to 2 mM for short incubation periods
(20 min), but none of these treatments resulted in the
enhancement of fusion as seen with IA (data not shown).
Together, these data indicate that IA (1) preferentially interacts
with a novel thiol site(s), not readily accessed by other
reagents, to enhance the efficacy of the fusion mechanism and
(2) does not react as efficiently as do other reagents with thiol
site(s) that inhibit fusion. Figure 6d illustrates the structural
differences between IA and these other reagents.

Conclusion

Here we identify a novel effect of thiol-reactive reagents on
Ca2+-triggered membrane fusion. Using the stage-specific
urchin CSC and CV preparations, previous studies have
shown that thiol-reactive reagents inhibit fusion by block-
ing free sulfhydryl group(s) on proteins [6, 11–13, 18–22].
In contrast, we now show that treatment with the thiol
reagent IA has a biphasic effect on membrane fusion. The
potentiation of Ca2+ sensitivity and kinetics was not due to
enhanced efficacy of docking/intermembrane attachment.
This novel potentiating effect of IA thus appears linked to
the modification of thiol sites that regulate the efficiency of
the Ca2+-sensing/tiggering steps of the membrane fusion
mechanism. Treatment of CSC with a broad range of IA
doses resulted in potentiation of the Ca2+ sensitivity and
kinetics of fusion. In order to ensure full access of the
reagent to the fusion site, so as to analyze this novel
promotion of fusion in more detail, we also studied CV
isolated from their docked state at the PM. Using dose–
response analyses of CV–CV fusion, we were able to
differentiate two effects: moderate doses of IA (10–
100 mM) for short incubation periods (20 min) potentiated
Ca2+ sensitivity and kinetics, whereas treatment with high
doses (≥240 mM) for longer incubation times (1 h), or with
fluorescein-modified IA (1–2.5 mM), inhibited the Ca2+

sensitivity, kinetics, and extent of fusion (as seen with other
thiol-reactive reagents).

To significantly inhibit fusion, the concentration of IA
needed was approximately tenfold that of maleimide and
NEM; even this excess amount of IA was still less efficient
at inhibiting the kinetics, Ca2+ sensitivity, and extent of CV
fusion. On the other hand, IAF inhibited fusion at
comparable doses to maleimide and NEM. Although the

Fig. 4 IA also enhances the Ca2+ sensitivity of triggered fusion in a
modified settle assay which is used to evaluate the efficacy of
intervesicle attachment. a Average Ca2+ activity curves following
exposure to representative concentrations of IA for 20 min (control—
black circle, 20 mM—red open circle; 160 mM—blue open triangle)
and (b) summary of average fusion curve parameters for various doses
of IA (n=4–6). †p<0.05; ††p<0.01; †††p<0.001
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alkylation of cysteine residues was not directly assessed, as
treatments were carried out at near-neutral pH it is
unlikely that the effects observed were due to nonspecific
IA reactions with other amino acid residues [27]. All of
the reagents used are considered to be highly selective for
thiol groups, which has been previously demonstrated for
NEM in the CV model system [18, 20]. Furthermore, the
potentiation with IA and the inhibition with IAF are
clearly due to the thiol reactivity of the reagents as
neither the solvent used (DMF), fluorescein alone, nor
structurally related molecules (acetamide and N-methyl-
acetamide) had any significant effect on fusion, nor did
presence of the solvent alter the effects of IA itself. The
differential effects of IAF relative to those of IA, and the
similar effects of IAF to maleimide and NEM, indicate
that the nature of the alkylation reaction itself does not
determine the ability of the reagent to access thiol site(s)
critical to membrane fusion. Previous reports have
suggested that the potency of the thiol-reactive reagent
was dependent on its size [20]. This earlier study used
PDP conjugated to large soluble dextrans; however,
considering the size of these dextrans and potential cross-
linking, a general steric hindrance of attachment and fusion
might also result. The size of the reagents used in this study

are all relatively small (125–515 g/mol), such that any
potential size-related effects should be negligible. Regard-
less, in terms of size, IAF > IA > NEM > maleimide,
whereas the ability of the reagents to inhibit fusion was
IAF > NEM > maleimide > IA, clearly indicating that it
is not the size of the molecule that correlates with
inhibitory potential. Rather, it appears to be the structure
of the reagent that is important. The structures of
maleimide, NEM, and IAF are all very similar, contain-
ing hydrophobic rings that tend to intercalate into
membranes [28], whereas IA is a highly polar molecule.
The differential effects of these alkylating reagents on
CV–CV fusion suggest that the ability to interact with
specific thiol site(s), and thus inhibit membrane fusion,
is likely to depend on the hydrophobicity of a particular
molecule. Similar dependencies have been shown for
the thiol modification of the enzyme fumarase; the
ability of NEM to interact with cysteine residues buried
within the hydrophobic interior of the protein was much
greater than that of IA [29]. In the case of membrane
fusion, the data here suggest that hydrophobicity is
associated positively with the effectiveness for inhibiting
fusion and negatively with the capacity to potentiate
fusion. These data suggest that there may be at least two

Fig. 5 Biphasic effect of IA on
Sr2+-triggered CV–CV fusion. a
Average Sr2+ activity curves
following treatment with in-
creasing concentrations of IA
(average Ca2+ control curve is
presented as a dashed line on
left, control—black circle,
20 mM—red open circle
300 mM green open square). b
Average fusion kinetics in re-
sponse to 5.5 mM [Sr2+]free
following incubations with
specified concentrations of IA
(as indicated above). c Summary
of average Sr2+ activity curve
parameters (n=3), and d sum-
mary of initial fusion rates
(n=3) for all concentrations of
IA tested. †p<0.05; ††p<0.01;
†††p<0.001
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separate thiol sites implicated in the Ca2+-triggered steps
of membrane fusion: (1) a peripheral site involved in the
regulation of fusion efficiency (i.e., Ca2+ sensitivity and
kinetics) and (2) a site closer to or in the membrane
(possibly even slightly embedded or buried within the
protein) that is more directly involved in the fusion
mechanism itself (i.e., ability to fuse).

A variety of assays were used to confirm that the
alkylation of thiol sites by IA regulates the efficiency of
Ca2+-triggered fusion itself, rather than by enhancing
upstream stages of exocytosis. The obvious other possibil-
ity was that the treatments enhanced the efficacy of
docking, reflected as a more efficient fusion response to a
given dose of [Ca2+]free. To directly assess intermembrane

attachment or docking in CSC preparations, the well-
characterized ability of chaotropes to release CV from the
PM was employed [24]. Pretreatment with IA did not alter
the number of CV released during a subsequent incubation
in a chaotropic buffer (Fig. 2). This indicated that treat-
ments with IA did not alter the quality or extent of CV–PM
attachment. This was also confirmed for CV–CV attach-
ment. Using a modified fusion assay in which CV are
allowed to simply settle into contact enables the assessment
of both docking and fusion; in the standard CV–CV fusion
assay, CV are centrifuged into contact so as to normalize all
samples to the same optimal attached/docked state, thus
permitting direct assessment of the Ca2+-triggered fusion
steps. In the settle assay, doses of 10–80 mM IA produced

Fig. 6 Comparison of the
fusion inhibitory properties of
different thiol-reactive reagents
in the standard CV–CV fusion
assay. a Average Ca2+ activity
curves for indicated doses of
maleimide, NEM, IA, and IAF
(black circle—control, 10 mM
maleimide—red open circle;
5 mM NEM—blue open trian-
gle; 300 mM IA—green open
square; 2.5 mM IAF—orange
open diamond). Summary of
average fusion curve parameters
for various doses of the malei-
mide- (b) and iodacetamide-
based (c) alkylating reagents
(n=4–9). The structure of each
reagent is shown in d. †p<0.05;
††p<0.01 †††p<0.001
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an average leftward shift of 14.6±4.2 μM [Ca2+]free (Fig. 4)
which does not differ from the average leftward shift in the
EC50 of 12.8±2.3 μM [Ca2+]free observed for the same
doses of IA when tested in the standard CV fusion assay
(Fig. 3). If the enhancement of Ca2+ sensitivity was an
indirect effect due to an improvement in the upstream
stages of the exocytotic pathway, one would expect to see a
much more substantial potentiation of fusion in the settle
assay. The comparable effect of IA in both assays indicates
that this reagent is more likely to affect regulation of the
Ca2+-sensing/triggering phase of membrane fusion, rather
than enhancing prefusion stages.

In CSC, IA treatment did not cause an increase in the
extent of fusion (Fig. 1) which is consistent with previous
observations by Vogel et al. [22] that under control
conditions >99.9% of CV fuse with the PM in response
to ~1 mM [Ca2+]free. However, in the CV–CV fusion
assays, 80 mM IA did appear to increase the extent of
fusion (Fig. 3). Several observations indicate that this is due
to a nonspecific clumping effect of thiol-reactive reagents
(i.e., an artifact). First, nonspecific clumping can result in
an increase in the number of contacting CV. If this is the
case, a larger increase in extent would be expected in the
settle assay as clumping would facilitate a greater settling of
CV to the bottom of the microwell plate. Indeed, in the
settle assay, there was a greater tendency for IA to
seemingly increase the extent of fusion, although this was
never found to be significant. Second, isolated CV remain
fully primed and release-ready, requiring only an increase
in the [Ca2+]free to trigger fusion (e.g., ATP not required),
and fusion appears to proceed via the same common
pathway as CV–PM fusion [6, 13]. If an increase in the
extent of fusion was due directly to the alkylation of free
sulfhydryls then it should occur in both CSC and CV, yet it
was observed at only one dose of IA and only with isolated
CV. Third, the apparent increase in the extent of fusion
following treatment did not correspond to the pattern of
enhancement in the efficiency of the fusion mechanism
(e.g., Ca2+ sensitivity and fusion kinetics) and is thus more
consistent with a nonspecific effect. Thus, slight clumping
of CV during treatment with this reagent results in a higher
number of CV contributing to the fusion signal relative to
the untreated controls, yielding the artifact of an apparent
increase in the extent of fusion. Why this artifact yielded a
statistically significant effect only in the treatments involv-
ing 80 mM IA is unknown but not deemed worthy of
further pursuit.

Although Sr2+ can trigger fusion, it is a relatively
inefficient Ca2+ mimetic, such that a 100-fold greater
concentration of Sr2+ (mM) relative to Ca2+ (μM) is required
[6]. Here we report similar cation dependencies; control
fusion curves had an EC50 of 27.8±1.9 μM [Ca2+]free and
2.6±0.6 mM [Sr2+]free. Nonetheless, when Sr2+ was used to

trigger fusion, the dose-dependent pattern of potentiation
seen following IA treatments was analogous to that seen for
Ca2+-triggered fusion. Interestingly, the IA effect appeared
somewhat more potent when Sr2+ was the trigger for fusion.
Doses of 20 and 80 mM IA resulted in an average leftward
shift in the EC50 of 1.95±0.56 mM [Sr2+]free (Fig. 4)
compared to an average leftward shift in the EC50 of 14.6±
4.2 μM [Ca2+]free (Fig. 3) in the CV–CV fusion assay. When
expressed in pMetal units, the increase in Sr2+ sensitivity
(0.61±0.13 pSr) is approximately twofold greater than the
increase in Ca2+ sensitivity (0.27±0.06 pCa). Notably,
although still higher than the EC50 for Ca2+, this maximal
leftward shift in EC50 to ~600 μM [Sr2+]free brings the
triggering effect of this metal into a physiologically relevant
range. Thus, this substantial effect on Sr2+ sensitivity further
reinforces the idea that IA promotes fusion by acting at the
level of Ca2+ sensing.

The mechanism by which the alkylation of free
sulfhydryls with thiol-reactive reagents potentiates Ca2+-
triggered membrane fusion is unclear. One possibility is
that it acts directly on the Ca2+ sensor(s). The oxidation
states of sulfhydryls have been shown to affect the affinity
of the Ca2+-binding proteins calbindin [30] and calcyclin
[31], with the reduced or alkylated form exhibiting
enhanced Ca2+ binding. Similarly, the modification of thiol
groups with alkylating reagents has been shown to affect
the affinity of both the IP3 receptor channel [32] and the
cGMP channel [33] to their respective ligands; in both
cases, there was a biphasic effect of the reagents such that
lower doses increased and higher doses decreased the
apparent affinity for the ligand depending on which thiol
sites were affected. With respect to the data presented here,
the simplest model would involve a single Ca2+ sensor with
two distinct thiol sites: one that regulates Ca2+ sensitivity
and one that is critical to its ability to trigger fusion.

However, one must consider the emerging view that the
fusion complex is potentially comprised of several proteins
that work in concert with specific lipids and with each
other. Thus, inhibitory effects could be related to a specific
protein suffering altered interactions with a neighboring
protein, altered interactions with lipids, or both. In terms of
potentiating Ca2+ sensitivity, one interpretation is simply
that the binding affinity of a critical Ca2+ sensor is
enhanced, but the results with Sr2+ do suggest an alternate
possibility. Weak Ca2+ mimetics such as Sr2+ are capable of
interacting with a specific Ca2+ sensor that interacts directly
with, and thus triggers, the fusion machinery; in contrast
though, the Sr2+ ions bind poorly to alternate sights or even
alternate sensors that modulate the efficiency of the fusion
mechanism [6]. Therefore, IA may not necessarily act on a
Ca2+ sensor (e.g., “trigger”) required for fusion per se but
may modify secondary Ca2+ sensors that mediate the
efficiency of the fusion mechanism. Furthermore, we
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cannot yet exclude the fact that IA may act on a protein that
regulates a Ca2+ sensor. Recently, several chaperones have
been implicated in maintaining effective protein conforma-
tions or mediating the interactions of several exocytotic
proteins [34–36]. Such a regulatory protein might even act
through a negative clamp-like mechanism, such that blocking
a disulfide interaction relieves inhibition of the Ca2+ sensor.

Delineating the nature of the targeted thiol effect will
require the definitive identification of the protein complex
involved in the docking and fusion mechanisms. Using the
thiol-reactive reagent IA, one can alter the mechanism by
either potentiating or inhibiting Ca2+-triggered fusion. This
indicates that there are at least two thiol sites involved in
the underlying mechanism. Thorough characterization of
the potentiation effect indicates that the relevant thiol site(s)
are on proteins functioning at the level of Ca2+ sensing,
whereas the alternate thiol site is associated with proteins
critical to fusion competency. Nonetheless, it is still unclear
whether these cysteine residues belong to a single protein or
protein complex. The use of thiol-reactive reagents having
differing attributes should provide additional tools to
explore these two opposing effects and promise to further
promote our understanding of the molecular machinery
underlying Ca2+-triggered membrane fusion.
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