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REVIEW Functional and physical coupling of
voltage-sensitive calcium channels with exocytotic
proteins: ramifications for the secretion mechanism
Daphne Atlas
Department of Biological Chemistry, The Hebrew University of Jerusalem, Jerusalem, Israel

Abstract to the mechanism of secretion. First, the voltage-sensitive

The secretion of neurotransmitters is a rapid Ca2*-regulated
process that brings about vesicle fusion with the plasma
membrane. This rapid process (< 100 ws) involves multiple
proteins located at the plasma and vesicular membranes.
Because of their homology to proteins participating in
constitutive secretion and protein trafficking, they have been
characterized extensively. The sequential events that lead
these proteins to vesicle docking and fusion are still unclear.
We will review recent studies that demonstrate the operative
role played by voltage-sensitive Ca®" channels and discuss
the relevance for the process of evoked transmitter release.
The regulation of Ca®?* influx by syntaxin, synaptosome-
associated protein of 25 kDa (SNAP-25) and synaptotagmin,
and the reciprocity of these proteins in controlling the kinetic
properties of the channel will be discussed. Calcium channel
and synaptic proteins expressed in Xenopus oocytes demon-
strate a strong functional interaction, which could be pertinent

Ca2" channels are negatively modulated by syntaxin: this
inhibition is reversed by synaptotagmin. Second, the modula-
tion of N-type Ca®' channel activation kinetics strongly
suggests that the vesicle could be docked at the plasma
membrane through direct interaction with synaptotagmin.
Finally, these interactions provide evidence for the assembly
of the voltage-sensitive Ca®" channel with syntaxin 1A,
SNAP-25 and synaptotagmin into an excitosome complex: a
putative fusion complex with a potential role in the final stages
of secretion. Studies suggest that cross-talk between the
synaptic proteins and the channel in a tightly organized
complex may enable a rapid secretory response to an
incoming signal such as membrane depolarization.
Keywords: calcium channels, exocytosis, secretion, synap-
totagmin, syntaxin 1A, vesicle fusion.
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In recent years, multiple specialized proteins that mediate
this tightly controlled process have been identified, although
their precise role in the process is still unclear (see reviews:
Burgoyne et al. 1993; Bennett 1997; Goda 1997; Hanson
et al. 1997; Stanley 1997; Bajjalieh 1999; Fossier et al.
1999). Three membrane proteins, syntaxin, synaptosome-
associated protein of 25 kDa (SNAP-25) and synaptobrevin
(VAMP), also known as soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein receptors (SNAREs) were
shown to be key players in the fusion process. These
proteins assemble with equal molar stoichiometry into a
tight stable ternary complex. Three models have been
postulated for the role of the SNARE proteins in secretion:
the ternary complex together with a-SNAP and NSF form a
20S complex. This complex dissociates upon ATP hydro-
lysis and leads to membrane fusion via a mechanism that is
still not fully understood (Sollner et al. 1993; Pevsner et al.
1994; Hanson et al. 1997; Lin and Scheller 1997). This
model was modified and it now seems that after SNARE

proteins form a complex and fusion takes place, dissociation
of the complex through recruitment of a-SNAP and NSF, is
needed as means of priming the SNARESs for another round
of fusion (Hanson et al. 1997; Fasshauer et al. 1998). A
more recent model suggests that Ca>*, through binding to a
low-affinity site, initiates pairing of SNARE proteins on
apposing membranes, and the generated high-affinity trans-
SNARE complex leads to fusion of bilayers (Chen et al.
1999). This complex is stabilized by the interactions of the
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transmembrane domains of the SNAREs (Poirier et al.
1998a, b; Margittai et al. 1999). The third model shows the
essential role of a voltage-sensitive Ca** channel assembled
with syntaxin, SNAP-25 and synaptotagmin in generating
the excitosome complex. Upon membrane depolarization,
by an as yet uncharacterized mechanism, the excitosome
complex transmits the signal via the channel to the synaptic
proteins, inducing membrane fusion and secretion (Wiser
et al. 1996, 1997, 1999; Tobi et al. 1998).

This review has considered recent data that demonstrates
the physical and functional interaction of voltage-sensitive
Ca®" channels, Ca,1.2 (Lc-type), Ca,2.1 (P/Q-type), and
Ca,2.2 (N-type) with synaptic proteins. It focuses on
functional assignments of the synaptic proteins as calcium
channel modulators and discusses evidence for the genera-
tion of the excitosome complex. It begins with a rationale
for the importance of a two—way interaction between Ca®”"
channels and proteins of the secretory apparatus. It will
summarize current studies on physical and functional
interactions of N-, Lc- and P/Q-type Ca®" channels with
SNARE proteins, and will describe synaptotagmin modifi-
cation of the SNARE interaction with the channel. It will
also discuss possible regulation of the release process by
synaptic proteins, not only through promoting lipid fusion
but also by controlling Ca*>* entry through voltage-sensitive
Ca®* channels. Finally, the formation and putative role of
the excitosome complex in bringing the vesicle and plasma
membrane together in preparation for fusion will be
discussed.

Co-localization of the Ca®?" channel and
exocytotic machinery: a rationale for channel
interaction with the secretory apparatus

The rapid kinetics of synaptic transmission requires an
influx of calcium ions, which is supplied by voltage-
sensitive Ca>* channels during depolarization. Exocytosis is
triggered by membrane depolarization followed by Ca**
entry in which three or four cations act cooperatively at high
concentrations (Llinas et al. 1992; Dodge and Rahamimoff
1967) to rapidly (0.2-0.5 ms) induce transmitter release.
The local Ca>* concentration at Ca®" entry sites within
100 nm or less of the Ca®" binding sites (Adler er al. 1991)
suggests a morphological association of the channels with
the exocytotic machinery and a relatively low affinity of
Ca®" within the release site (Llinas et al. 1992). These
constraints suggest that the 10 nm particles seen in the
freeze fracture images of the active zone (Heuser and Reese
1973) could be Ca®" channels (Llinas et al. 1992), although
so far there is no direct evidence that these particles are
indeed calcium channels. Extensive studies of the rabbit
retina showed a total of 100-200, 9—11-nm particles
assembled at <60 nm from the vesicle docking sites. The
particles believed to be Ca’* channels are strategically
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located close to the site that is most likely to ensure
efficient transmission (Mennerick and Matthews 1996;
Sakaba et al. 1997). Cellular co-localization of Ca®"
channels and release sites were found in a number of
cells using combined electrophysiological and imaging
techniques (Stanley 1993; Schroeder er al. 1994; Bokvist
et al. 1995; Robinson et al. 1995; Elhamdani et al. 1998;
Macleod et al. 1999). Carbon fiber microelectrodes
placed at the cell surface, identified exocytosis release
sites alternating with silent sites at the cell surface of
bovine chromaffin cells (Finnegan et al. 1996; Schroeder
et al. 1994). Voltage-clamp and capacitance measure-
ments combined with quinacrine fluorescence imaging of
single pancreatic (3-cells, showed clusters of L-type Ca**
channels in the B-cell region that contained the secretory
granules (Bokvist et al. 1995).

A combination of a transient high-intensity illumination
of pulsed laser light used to excite the fluorescent Ca**
indicator, together with carbon fiber amperometry, showed a
co-localization of [Ca®>"] with catecholamine secretion
(Robinson et al. 1995, 1996). Other studies in bovine
chromaffin cells, using FM1-43 and dopamine-f-hydroxy-
lase antibodies, showed a co-localization of the secretory
apparatus with clusters of voltage sensitive Ca** channels,
providing further support for the theory that evoked
secretion occurs in unique cellular regions (‘hot spots’)
(Cuchillo-Ibanez et al. 1999).

The question arises whether, in addition to high [Ca®™] at
the release site, the close proximity provides a physical link
between the Ca** channel and the exocytotic machinery,
establishing regulation of Ca®* entry and modulation of the
release process.

Reconstitution of synaptic protein interactions
and membrane fusion

The difficulty involved in reconstituting evoked secretion
in vitro constitutes a major obstacle in understanding the
molecular mechanism of transmitter release (Edwardson
1998; Avery et al. 1999; reviews). Unlike the reconstitution
of signaling pathways such as G-protein coupled-receptors,
in which the receptor, transducer and effector reside on the
same membrane, the release process involves fusion of two
independent membranes, transiently in contact with each
other. This obstacle was overcome when an efficient fusion
of phospholipid vesicles by the a helical core of the SNARE
complex was recently demonstrated (Weber et al. 1999;
Nickel et al. 1999; Parlati et al. 1999). However, other
reconstitution studies question the role of the SNARE
complex in the sequence of events leading to membrane
fusion for the following reasons. First, yeast vacuole fusion
demonstrated that while the SNARE complex is necessary at
an early stage, it can later be dissociated without affecting
the fusion process (Ungermann et al. 1998). Secondly, the
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Table 1 Diagram of the channel interaction with synaptic proteins is intended to serve as (a) an organizational framework for knowledge so far

gleaned on protein—protein interaction and (b) as a testable hypothesis
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aWiser et al. 1996, °1997; °Tobi et al. 1998; “Wiser et al. 1999; °Fig. 1; 'Zhong et al. 1999; 9Bezprozvanny et al. 1995; "Fig. 2.

fusion of cortical vesicles in sea urchin eggs showed
disruption of the SNARE coiled-coil complex by Ca®",
implying that the SNARE complex primes vesicles does
respond to Ca®" although it is not essential at the time of
fusion (Coorssen et al. 1998; Tahara er al. 1998).
Furthermore, SNARESs interactions are not selective and
could alter membrane fusion specificity (Bock and Scheller
1999; Yang et al. 1999a). Thirdly, the reconstitution of
SNARES binding to the C2A domain, the first C2 domain of
synaptotagmin (Rizo and Siidhof 1998), in vesicles contain-
ing anionic lipids supports yet another model. In this model
the core of the SNAREs that are localized to specific
subcellular compartments are not sufficient in themselves to
cause membrane fusion, only synaptotagmin could trigger
secretion through interaction with both membranes and
SNARE complexes (Davis et al. 1999). These studies
contradict data derived from intracellular fusion between
liposome with minimal synaptic SNAREs (Parlati et al.
1999; Weber et al. 1999), and indicate difficulties regarding
the reconstitution of membrane fusion. Finally, synaptic
proteins and voltage-sensitive Ca** channels reconstituted
in Xenopus oocytes demonstrated the assembly of
syntaxin, SNAP-25, synaptotagmin and the Ca®" channel
into a functionally distinct complex named excitosome

(Tobi et al. 1998; Wiser et al. 1999; Fig. 2e below).
Previously, a neuroscretosome complex was reported based
on immunoprecipitation studies (O’Connor et al. 1993) and
was modeled as a secretion unit acting at the active zone
(Bennett et al. 1997, 2000). This complex, unlike the
excitosome, does not contain SNAP-25 but contains
neurexin, which makes it structurally different from the
excitosome. In recent years, neurexin has been identified as
the a-latrotoxin receptor, which similar to CIRL acts at the
plasma membrane independently of the calcium channel
(Sugita et al. 1999). The composition of the excitosome,
however, was determined functionally and the kinetic
properties of the channel within the excitosome were
measured, displaying distinct time constants of activation,
inactivation and a unique steady-state inactivation profile
(Table 1; Tobi et al. 1998:; Wiser et al. 1999). Although
conceptually, a complex that acts as a secretory unit at the
active zone is similar, the excitosome is structurally and
functionally different from the neurosecretosome. The
mechanism by which the excitosome operates is unclear
but a two-way interaction between the Ca** source and
the exocytotic proteins is apparent, and this could be
critical to the temporal and spatial onset of the release
process.
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Xenopus oocytes as a reconstitution assay to
study protein—protein interactions

The Xenopus oocyte expression system has proved particu-
larly useful in studying membrane receptors, membrane
transporters, ionic- and ligand-gated channels. Using this
system it has been unequivocally established that translated
proteins are targeted to their final cellular destination and
maintain specificity and activity levels similar to that of
native channels in intact mammalian cells. Heterogously
expressed ion channels provide higher current densities than
channels endogenous to oocytes, so that the background
remains negligible. Changes in the well-characterized
electric behavior of Ca** channels analyzed in voltage-
clamped oocytes, when co-expressed with synaptic proteins,
indicate a functional interaction. These facts, combined with
the ease of injection into large cells, make frog oocytes the
preferred choice for studying functional protein—protein
interactions.

In fact, the oocytes act as °‘living test tubes’ for
demonstrating proximity and predicting physiological
activity and potential interactions of exogenously expressed
proteins.

Functional interaction of the N- and Lc-type
voltage-sensitive Ca®>" channels and the SNARE
proteins syntaxin 1A and SNAP-25, reconstituted
in Xenopus oocytes

Ca’* channels are multisubunit (al,8, «28 and v)
membrane proteins, classified according to biophysical,
pharmacological and structural characteristics (see the
followowing reviews on voltage-sensitive Ca’®* channels:
Varadi et al. 1995; Catterall et al. 1998; Walker and De
Waard 1998; Meir et al. 1999; Randall and Benham 1999).
The Ca,2.2 (N-type), Ca,2.1 (P/Q-type), and Ca,2.3
(R-type) channels support depolarization-induced release
in neuronal cells. Ca, 1.2 (Lc cardiac and neuronal rbC-I and
rbC-II; Snutch er al. 1991), Ca,1.3 (LD-type) support
evoked release in neuroendocrine cells (e.g. epinephrine
release in chromaffin cells, glutamate release in retinal
bipolar cells and insulin release in pancreatic [3-cells).
Cayl.1 (Ls-type) channels do not support secretion. The
involvement of Ca,3.1 (T-type) in evoked release in the
absence of a selective channel blocker, is not determined.
Over the past decade, studies aimed at characterizing the
Ca®" channel interaction with synaptic proteins such as
syntaxin 1A and SNAP-25 have begun to increase. Syn-
taxin 1A plays a major role in membrane fusion and
transmitter release, as determined in genetic studies using
loss-of-function mutations in the Drosophila syntaxin 1A
gene (Broadie et al. 1995; Schulze er al. 1995; Wu et al.
1998, 1999a) and lesions in alleles that map to sites at
syntaxin in C. elegans (Saifee et al. 1998). Additional
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evidence was obtained from biochemical studies. Botulinum
C1 specifically cleaved syntaxin 1A and inhibited exo-
cytosis (Schiavo et al. 1995, 1997; Blasi et al. 1993;
Hayashi et al. 1994; Marsal et al. 1997; O’Connor et al.
1997). Anti-syntaxin antibodies injected into PCI12 cells
impaired release (Bennett et al. 1993), and PCI12 cells
expressing reduced syntaxin 1A levels showed an increase
in evoked release (Watanabe et al. 1999).

The association of syntaxin 1A with N-type voltage-
sensitive Ca?* channels was shown through co-immuno-
precipitation (Saisu et al. 1991; Bennett et al. 1992; Morita
et al. 1992). Recently, the co-localization of the fluorescent-
tagged-a1D subunit and syntaxin 1A in pancreatic 3-cells
was reported (Yang et al. 1999b)

Alterations in Ca®" channel activity induced by SNARE
proteins were monitored using standard two-electrode
in oocytes co-expressing
various syntaxin isoforms: syntaxin 1A, 1B and syntaxin 2,
together with either N- or Lc-type Ca**  channels.
Syntaxin 1A and 1B, although not syntaxin 2, dramatically
inhibit inward N- and Lc-currents (Wiser et al. 1996).
Syntaxin 1A decreases o1C subunit (a;1.2)-mediated cur-
rent amplitude, in the absence of auxiliary subunits (Wiser
et al. 1996). This result indicates the direct interaction of
syntaxin 1A with the 1.2, possibly at the II-III cytosolic
domain. In addition syntaxin 2, like syntaxin 1A, lowered
the rate of activation of Lc- and N-type channels to a similar

voltage-clamp measurements

extent (Fig. 1), whereas syntaxin 1A also reduced the rate of
inactivation and modified the steady state of inactivation
(Table 1; Wiser et al. 1996). Furthermore, syntaxin 1A
shifted the steady-state inactivation curve of the N-type
channel when these proteins were co-expressed in Xenopus
oocytes, supporting an interaction with the channel that
affects yet another intrinsic kinetic property of the channel
(Bezprozvanny et al. 1995; Wiser et al. 1996).

Modulation of voltage-sensitive calcium channels by
syntaxin 1A is characterized by the following features: (i) it
requires the transmembrane domain; (ii) not only does it not
diminish, but it in fact increases the number of voltage-
sensitive Ca®>" channels in the plasma membrane; (iii)
Munc-18 does not reverse its inhibitory effect (Wiser et al.
1999) and (iv) in addition to current amplitude it also
modifies intrinsic kinetic properties of voltage-sensitive
Ca”®" channels.

Changes in kinetic properties, such as rate of acti-
vation, rate of inactivation and steady-state inactivation,
may be accounted for by interaction of the channel with
syntaxin, rather than by a reduction in the number of
channels.

Syntaxin 1A also modifies CFTR (Naren et al. 1997),
amyloride-sensitive Na* channels (ENaC) (Qi et al. 1999;
Saxena et al. 1999) glycine transporters (Geerlings et al.
2000) and GATI1 transporter (Deken et al. 2000). Similar
to its interaction with voltage-sensitive Ca*" channels,
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syntaxin 1A is also involved in targeting these membranous
proteins to the cell membrane as part of a natural process,
which is crucial to their activity. In these cases, its activity is
reversed by Munc-18 (n-Secl), a cytosolic protein that
specifically interacts with syntaxin 1A (Pevsner et al. 1994;
Dresbach et al. 1998; Wu et al. 1998; Haynes et al. 1999).
Recently, syntaxin 1A was shown to be a positive modulator
of GABA transporter (GAT1). It increased GAT1 expres-
sion in the oocytes plasma membrane but acted as a negative
regulator of GABA transport, reminiscent of its effects on
calcium channels (Deken et al. 2000).

SNAP-25 modifies the kinetic properties of N- and
Lc-type channels differently to syntaxin 1A: it increases
the rate of inactivation of Lc-type channels without affecting
current amplitude, and slightly decreases the N-channel
amplitude (< 30%) without affecting either its rate of
activation or inactivation (Table 1; Fig. 1). However, the
SNAP-25/syntaxin 1A binary complex (Chapman et al.
1994; Fasshauer et al. 1997; Vogel et al. 2000), generated
by co-expressing the two SNARESs, abolishes the syntaxin
1A inhibitory effect on N-type current amplitude but does
not affect the rate of inactivation (Table 1).

The Lc-channel on the other hand, was modified
differently by the binary complex. Combined with syn-
taxin/SNAP-25, Lc-currents were inhibited while the rate of
inactivation remained the same; suggesting that the addition
of SNAP-25 reversed the inhibitory action of syntaxin 1A
on the rate of inactivation, though not on current amplitude
(Table 1). These results show first, that N-channels (present
in neuronal cells) and Lc-channels (expressed mostly in
neuroendocrine cells) are regulated by syntaxin 1A, SNAP-
25 and the binary syntaxin/SNAP-25 complex. Secondly,
the two channels are modulated differently by SNAREs
proteins. Although the physiological function of these
interactions in the release process has yet to be established,
they predict juxtaposition of N- and Lc-type, Ca®* channels
with the release proteins. Clusters of N- or P/Q-type
channels at preferential sites, namely at active zones, is
well established in neuronal cells, whereas clusters of Lc-
type channels at unique sites (hot spots) in neuroendocrine
cells was inferred from various studies (Bokvist et al. 1995;
Robinson et al. 1995; Elhamdani et al. 1998). The ultrafast
exocytosis in retinal bipolar cells (0.5—-15 ms), which uses
L-channel for Ca?* influx, suggests spatial and temporal
requirements similar to those of neuronal cells (Mennerick
and Matthews 1996; Zenisek et al. 2000). Likewise, Lc-type
Ca®" channels co-localize with release sites (13 nm) in
adrenal chromaffin cells and display exocytosis at a rate
(mean delay time ~3 ms) similar to the rate observed in
neuronal cells (Elhamdani et al. 1998). Lc-channel coupling
to SNAREs can be predicted from functional interactions
carried out in Xenopus oocytes revealing Lc-channels, like
N-type channels, sufficiently close to tSNAREs to allow
protein—protein interaction.

Physical interaction of voltage-sensitive Ca®>"
channels and tSNAREs proteins

The close proximity of Ca®" channels with synaptic proteins
was demonstrated biochemically, by co-immunoprecipita-
tion of N- and P/Q-type channels with syntaxin 1A and
synaptotagmin (Saisu et al. 1991; Bennett et al. 1992; Inou
et al. 1992; Morita et al. 1992; Yoshida et al. 1992; Leveque
et al. 1994; Martin-Moutot et al. 1996; Charvin et al. 1997).

A more detailed analysis of synaptic protein interaction
sites at the Ca®" channel was obtained using recombinant
fusion-proteins. These in oitro assays demonstrated a
specific binding of the cytosolic domain that links repeats
II and II (synprint; N-loop) of the N-type channel al
subunits («;2.2; aa 718-963; N7i13_963) and P/Q(BI)-type
(a12.1a 2a722-1036; P/Q722-1036) channels to syntaxin 1A
and SNAP-25 (Sheng et al. 1994, 1996). The synprint
domain of ;2.2 that binds to syntaxin 1A and SNAP-25 is a
bell-shaped [Ca®"] sensitivity curve. It does not bind when
phosphorylated with PKC or CaM KII (Yokoyama et al.
1997). A larger sized N-loop (N719—1090) Of ;2.2 binds
syntaxin 1A and SNAP-25 (Wiser et al. 1997; Tobi et al.
1998). P/Q-type channels contain two distinct «a;2.1a
species isoforms in the rabbit brain (BI; Mori et al. 1991)
and rat brain (rbA; Starr et al. 1991). Alhough a higher
homology is found in the II-III domains of the two
isoforms, than in the II-III domains of «;1.2 and «;2.2,
the II-III domain of BI isoform binds both syntaxin 1A and
SNAP-25, whereas the rbA form binds only SNAP-25
(Rettig et al. 1996). The II-1II domain of the Lc-channel
al subunit (o1.2; aa753-893; Lcys3_g93) also binds the
SNARE proteins, SNAP-25 and syntaxin 1A, displaying a
~ five-fold lower affinity as compared with N7;5—_;090
(Wiser et al. 1999). In contrast, the II-1II domain of the
a4 subunit of Ca,1.2 (Ls skeletal channel; Lsg79—gop) does
not bind synaptic proteins (Sheng et al. 1994). Hence, the
II-IIT cytosolic domain of calcium channels that support
evoked secretion serves as a specific interaction site with
synaptic proteins.

Another key player in the fusion process is synaptobrevin/
VAMPII, a v-SNARE which forms a ternary sodium
dodecyl sulfate-resistant complex with syntaxin 1A and
SNAP-25. Binding studies showed that VAMPII does not
bind to the N-loop7;s—9¢3 (Sheng er al. 1996). We
demonstrated that VAMPII expressed together with syn-
taxin 1A in Xenopus oocytes potentiated the inhibitory
effect of syntaxin 1A (Nahon, Wiser and Atlas unpublished
observations).

The in witro binding studies together with specific
functional N- and Lc-channel interaction with synaptic
proteins that were reconstituted in Xenopus oocytes
established a cross-talk between the Ca®* channel and the
SNARE:s. Indeed, injection of the II-III cytosolic domain of
the N-channel (N7;3—9g3) and Lc-channel (Lc7s53-g93) into
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secreting cells (Mochida et al. 1996; Rettig et al. 1997,
Wiser er al. 1999) interfered with Ca®"-dependent exocy-
tosis. Synaptic transmission in Nyg_g63 injected SCG
neurons (Mochida et al. 1996) and in embryonic spinal
neurons of early blastomere of Xenopus, was reduced by
approximately 25-40% at physiological [Ca®*] (Rettig
et al. 1997). Based on model-derived figures, Rettig et al.
proposed that in peptide-injected cells, the fraction of
uncoupled vesicles from the channels is larger than the
measured reduction in release. Rettig et al. suggested that
vesicles uncoupled from the channel are able to secret their
content, provided Ca®" influx is increased. Thus, competi-
tion between the N-peptide and the binding domain of the
N-type channel causes a reduction in transmission efficiency
caused by a shift to higher [Ca®"] values. Likewise, the
oyl.2-derived peptide Lc;s3—go3, effectively abolished
depolarization-evoked secretion, which was measured as a

decrease in membrane capacitance in single pancreatic
B-cells (Wiser et al. 1999). Lc;s3 393 affected neither Ca*t
entry nor release mediated by train of pulses. Lcys3—gos,
therefore, disrupts the fast release of insulin in 3-cells by
uncoupling the Lc-channel from release-competent
vesicles (Wiser et al. 1999). Competion between Lc7s3—gos
and the endogenous channel most likely interferes with
binding to syntaxin 1A or SNAP-25, synaptotagmin, or
some combination of these. Evoked release by caged Ca’",
in which vesicle coupling with the channel is bypassed, was
not affected by the presence of Lcys3—_gos. It perhaps
suggests different characteristics for release mediated by
caged Ca’" as opposed to depolarization-induced opening
of Ca?>" channels (Oberhauser et al. 1995). Taken
together, the results indicate that inhibition of release by
Lc7s3—go3 is confined to a restricted population of vesicles,

which are possibly the release-ready vesicles that

© 2001 International Society for Neurochemistry, Journal of Neurochemistry, 77, 972—985



978 D. Atlas

(a) (b)
T 8 e
o
Rl 10) Seteag
3 08 "
08 & [ X<]
b +St fe +8X g0
_S 0.6 & 0.6 LY )
[ . ‘. e W 2 ; o;
E o4 TR o4 e
z 1 FQ I 1 i
80 -40 0 40 80 40 0 40
(c)
1.04 !t'-'.g.a__
¥o
0.8 "5
i .
064 %NS
0.4 +SNAP-25T. o Fig. 2 Functional interaction of syntaxin,
g v O Toas . -
"'. Lo9%% SNAP-25, synaptotagmin and combinations
0.21 v " with Lc-type Ca?" channel. Inactivation
; - curves of steady-state normalized inward
80 -40 0 40
currents, generated by the Lc-channel
(«1C/a23/B2A, O) (a) in the presence of
synaptotagmin (St, A), (b) syntaxin 1A (Sx,
(d) (e) 0), (c) SNAP-25 (¥), and (d and e) combi-
1 e nations as indicated. The peak-normalized
i 3.. 1.0 8=
E‘a w **'%_” tes, currents were fitted to Boltzman inactivation
a 0.8 ’3: +Sx 0.8 i ?';! ~ +Sx+St curves represented by the smooth curves.
o 2'9 +5N’_AP'35 Q{,*_SHAF;'% The data points correspond to the
& 08 +0e* e 08 i mean = SEM of currents. The curve pro-
= . ) .
£ 0.4 +Sx+St P o 0.4 T Q files shon th.at the channel is affec.ted by
o ¢Q22’ Loy P the combination of the three synaptic pro-
Z = . . = 5_ ? N . . .
% 7 3 o %o 20 3 20 teins 'd|fferently t.han. by the individual, or
the binary combinations, and support the
Prepulse (mV) Prepulse (mV) existence of the excitosome complex.
associate with the channel in a putative primed ready-to-fuse Its importance in cellular exocytosis has been

complex (e.g. excitosome; Wiser et al. 1999; see below).
These results confirm previous studies categorizing
vesicles in the cell according to distance from the voltage-
sensitive Ca>" channels (Moser and Neher 1997; Voets
et al. 1999).

Physical and functional interaction of
synaptotagmin with voltage-sensitive Ca®"
channels

How do Ca*" channels, SNAREs and synaptotagmin
cooperate in the sequential events leading to vesicle
fusion?

Synaptotagmins constitute a family of Ca”—binding pro-
teins that are not present in the yeast genome. Synapto-
tagmin is composed of an N-terminal domain anchored at
the vesicular membrane and two homologous C2 domains,
C2A and C2B, the 3D structure of which was recently
reported (Rizo and Siidhof 1998; Sutton er al. 1998, 1999).

established genetically and biochemically over the past
few years (Geppert et al. 1994; Littleton et al. 1994;
Thomas and Elferink 1998). The unique Ca®>" binding
site within the C2A domain and the Ca”—dependent
binding to phospholipid, strongly support a major role
for synaptotagmin in exocytosis (Davletov and Siidhof
1994).

In vitro, synaptotagmin interacts with several proteins that
are involved in exocytosis and endocytosis. Recombinant
synaptotagmin binds syntaxin 1A at the C2A domain; this
binding is strongly dependent on Ca’" (Kp~200 uM;
Chapman et al. 1995; Li et al. 1995; Kee and Scheller
1996), whereas synaptotagmin binding to SNAP-25 is Ca>*
independent and involves the C2B domain (Schiavo et al.
1997).

Synaptotagmin, like syntaxin 1A and SNAP-25, binds to
the II-III cytosolic domain of N-, P/Q- and Lc-type Ca®*
channels (Charvin et al. 1997; Sheng et al. 1997; Wiser
et al. 1997, 1999; Tobi et al. 1998). The binding either of
the full-length synaptotagmin C2A or C2B domains to
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N710-1090 18 Ca2+—independent (Wiser et al. 1997; Tobi et al.
1998). A shorter version, N7;5—9¢3, binds to C2B, but not to
the C2A domain (Sheng et al. 1997). Inositol polyphosphate
(IPg) decreases the N7ip—_1090 binding to full-length
synaptotagmin and to the C2B domain (ICso = 0.6 and
3 wM, respectively; Fukuda er al. 1995), while hardly
affecting C2A binding at all (ICso > 30 um; Tobi et al.
1998). Distinct affinities of various a1l subunits to synapto-
tagmin, as well as differences in Ca®>" dependency and
sensitivity to inositol polyphosphates, could be relevant to
Ca”"-regulated processes within the cell (e.g. evoked
secretion).

Gel overlay experiments revealed binding of synapto-
tagmin I to a single region (aa780-969) within the II-III
loop of the P/Q-type channel (Charvin et al. 1997).
Interestingly, the II-III domain of o;2.1a, the al subunit
of the rat brain isoform of P/Q-type channel, binds
synaptotagmin in a Ca2+-dependent manner, with
maximum affinity at 10-20 um Ca** (Kim and Catterall
1997). Meanwhile, the same domain of the rabbit-brain
splice variant, interacts specifically with synaptotagmin
and C2B in a Ca’"-independent manner (Rettig er al.
1996).

The Lc-type channel binds synaptotagmin and either of its
C2 domains, as shown with the recombinant II-III loop,
Lcyss—gos (Wiser et al. 1999). In competition experiments
Lcs3—go3 displayed a ~ 10-fold lower affinity for synapto-
tagmin as compared with N7;o_ 090, the intracellular loop of
the N-type channel (Wiser et al. 1999). Lcy53_go3 interaction
with synaptotagmin was also confirmed in ‘pull-down’
experiments using GST-Lcys3—go3 (Wiser et al. 1999). A
physical coupling between synaptotagmin, N-, P/Q- and
Lc-type channels provide biochemical evidence to support
the intimacy of Ca®>* channel and synaptic vesicles, as
predicted from the unique organization of active zones
and hot spots in neuronal and neuroendocrine cells,
respectively.

Additional support for such conclusions was found in
functional assay. Co-expression of synaptotagmin with N-
and Lc-type channels in Xenopus oocytes, showed no
significant change in current amplitude or rate of
inactivation, with minor alterations in the steady-state of
inactivation of both N- and Lc-channels (Table 1; Fig. 2).
However, the rate of activation of the N-channel, though not
the Lc-channel, was increased considerably by synaptotag-
min, as demonstrated by the decrease in the time constant of
activation (from Tact =59 £ 2 to 37 = 4 ms; Table 1;
Fig. 1).

If applied to secretory cells, could this interaction imply
tethering (or docking) of a synaptic vesicle to the
channel?

The docking of vesicles to the plasma membranes through
the N-type Ca*" channel induces acceleration of the

Coupling of Ca>* channels with exocytotic proteins 979

activation kinetics. This change occurs during vesicle
priming and represents a new state of the channel that
distinguishes vesicle-coupled from vesicle uncoupled
channels (Fig. 3). When the channel is coupled to a vesicle,
it expresses maximal current amplitude and faster activation
kinetics, compared with a syntaxin-coupled channel. A
docking role for synaptotagmin was demonstrated by
ultrastructural analysis of synaptotagmin mutants. These
synaptotagmin mutants revealed a significant reduction in
the number of vesicles adjacent to the plasma membrane
in the active zone (Reist et al. 1998).

Could synaptotagmin modify the channel indirectly, via
syntaxin?

The N- and Lc-Ca®* current amplitudes are reduced by
syntaxin 1A, whereas the addition of synaptotagmin causes
restoration of current amplitude and the rate of activation
(Tobi et al. 1998; Wiser et al. 1999). Similarly, the inhibited
rate of activation of the two-type channels returned to
normal rates by synaptotagmin (Wiser et al. 1999; Fig. 2).
Reversal of syntaxin 1A inhibition by synaptotagmin was
highly dependent on the degree of inhibition. Syntaxin 1A
and synaptotagmin appear to coordinate a delicate balance
of inward current amplitudes and activation Kinetics
in N- and Lc-type channels (Wiser et al. 1999; Fig. 1).
Synaptotagmin and syntaxin 1A could compete with each
other to interact with the channel, alternatively a synapto-
tagmin/syntaxin 1A complex could affect the channel
differently. The changes in steady-state inactivation strongly
argues for a putative syntaxin/synaptotagmin complex
interaction with the channel (Wiser et al. 1999; Fig. 2e).
Similarly, the negative shift in the steady-state inactivation
kinetics of P/Q-type channel by SNAP-25 in HEK293 cells
was reversed by co-expressing syntaxin 1A and synapto-
tagmin (Zhong et al. 1999). Recently, a Ca”-dependent
assembly of synaptotagmin onto the base of the ternary
SNARE complex within the H3/transmembrane domain of
syntaxin, was reported (Davies et al. 1999). Together, these
results support formation of syntaxin/synaptotagmin com-
plex. The relevance of these interactions to secretion is
illustrated when the delicate balance between synaptotagmin
and syntaxin (Tobi et al. 1998; Wiser et al. 1999) or SNAP-
25 and syntaxin (Zhong et al. 1999) is tilted. For example,
overexpression of syntaxin 1A reduces transmitter release
(Wu et al. 1998), whereas lowering syntaxin level in PC12
cells has been shown to increase transmitter release
(Watanabe et al. 1999). These results support an
inhibitory action of syntaxin on exocytosis via the calcium
channel.

A detailed analysis of the steady-state inactivation profiles
of N- and L-type Ca®" channels is consistent with a model
in which the channel simultaneously interacts with syntaxin,
SNAP-25 and synaptotagmin to generate the excitosome
complex (Tobi et al. 1998; Wiser et al. 1999). Within the
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excitosome complex, a vesicle is tethered to the channel
directly or indirectly, via syntaxin 1A (Fig. 3). The channel
then expresses maximal current amplitude and maximal rate
of activation; a state that would help promote an efficient
ready-to-fuse state (Figs 2 and 3). Possibly, in neuronal or
neuroendocrine cells, a vesicle associated with syntaxin,
SNAP-25 and the channel would be primed to fuse upon the
arrival of a signal, unlike a channel associated with either
one of these proteins. These changes maintain an integral
role for the channel in the exocytotic process, where
synaptotagmin interacts with syntaxin 1A and SNAP-25
generation: a metastable state in the form of the excitosome
complex. At this metastable-state Ca** entry implement a
rapidly triggered exocytosis.

There is no direct evidence that different channel
populations associated either with syntaxin 1A and/or
SNAP-25 and/or synaptotagmin really exist in nerve
terminals. However, the abundance of syntaxin 1A
(1% membrane protein) and syntaxin/SNAP-25 binary
complex (Vogel et al. 2000) compared with the low density
of Ca®* channels at the plasmalemma would indirectly
support the probability that the channel is assembled into
complexes with synaptic proteins. Furthermore, at the active
zone, where a large number of vesicles are packed close to
clusters of calcium channels, a physical association of
synaptotagmin with the channel is almost inevitable. Can we
predict the exact sequence of events that are thought to
occur between docking and fusion, and in what order do the
various synaptic proteins assemble with the calcium
channel? Based on the kinetic properties of the calcium
channel obtained in the reconstitution experiments, it is
tempting to draw up a tentative order of events; such an
order is schematically demonstrated in Fig. 3. Outside the
active zone (or hot spots), the channel is inhibited because it
is associated with syntaxin. At the active zone, the channel
could be combined either with syntaxin/SNAP-25 or with
syntaxin 1A and p65. Within these two complexes, the
channel is in a partially open conformation (‘primed’), but
assumes a conformation that could lead to fusion if
associated with all three proteins together. When the delicate
balance between synaptotagmin and syntaxin (Tobi et al.
1998; Wiser et al. 1999) or SNAP-25 and syntaxin (Zhong
et al. 1999) is tilted, transmitter release is significantly
affected. For example, overexpression of syntaxin 1A
reduces transmitter release (Wu et al. 1998), whereas
lowering syntaxin level in PC12 cells has been shown to
increase transmitter release (Watanabe et al. 1999). These
results support an inhibitory action of syntaxin on exocytosis
via the calcium channel.

Can these results be extended to explain differences

between secretion in neuronal and neuroendocrine cells?
A decline in the effective [Ca®*] at the release site is
expected when the distance between the Ca** source and

the exocytotic machinery is increased. Does a slower release
imply that the Lc-channel, as opposed to the N-channel, is
far removed from the exocytotic machinery? Are the
channels clustered differently at the release site? Do the
channels interact differently with synaptic proteins?

In neuroendocrine cells, secretion takes place from at
least two distinct types of secretory vesicles, large dense
core vesicles (LDCVs) and small clear synaptic vesicles
(SSVs). In both chromaffin and PC12 cells, acetylcholine
packages into SSV, whereas monoamines, such as
dopamine and epinephrine, are preferentially stored in
LDCVs.

Presynaptic terminals contain, in addition to synaptic
vesicles, dense-core secretory granules for the secretion of
hormones and peptides. The LDCVs of neuroendocrine cells
release with a high Ca®* affinity (~190 wm for bipolar
cells; 10-20 wm for adrenal chromaffin and pituitary
cells) similar to the LDCVs of dorsal root ganglion cells
(3-10 pM; Huang and Neher 1996). In neuronal cells, a
brief increase of [Ca®"]; up to 10 uM was shown to be
sufficient to elicit transmitter release from synaptic vesicle
in crayfish release bouton (Ravin et al. 1999), brainstem
synapse (Bollmann et al. 2000) and in synaptic terminals of
calyx of Held (Schneggenburger and Neher 2000). Hence,
the Ca’* concentration for half-maximal activation of
exocytosis in nerve terminals and endocrine cells appears
to be similar. The differences that lie in the timing of
synaptic release vs LDCVs release could be related either to
multiple calcium sensors (Burgoyne and Morgan 1998)
and/or changes in the interaction of Ca** channels with the
calcium sensor, as predicted by Ca’* channel modulation by
synaptotagmin (see above and Wiser et al. 1997, 1999; Tobi
et al. 1998) or differences in the organization of the channels
vis-d-vis the synaptic proteins. Furthermore, reconstitution
experiments of calcium channels and synaptic proteins in
Xenopus oocytes showed that modulations of the kinetic
properties of N- and L-channels by syntaxin/SNAP-25
binary complexes are not the same. Inhibition of the
N-channel by syntaxin 1A is partly reversed by syntaxin/
SNAP-25 binary complex (Wiser et al. 1996). In contrast,
Lc-current remained inhibited by syntaxin/SNAP complex
(Wiser et al. 1997, 1999; Tobi et al. 1998). Hence,
N-channel, although not the Lc-channel, appears to harbor
an intermediate step that facilitates removal of the
syntaxin 1A inhibitory action. This difference could par-
tially explain faster exocytosis in neuronal cells and the need
for a stronger stimuli through Lc-channel to elicit secretion
in neuroendocrine cells (facilitation channels: Artalejo et al.
1994; Elhamdani et al. 1998; see also Borst and Sakmann
1999; Wu et al. 1999b). Overall, despite differences in
protein—protein interaction of SNAP-25, syntaxin 1A and
synaptotagmin with the Lc- and N-type channels, the
mechanism of release in neuronal and neuroendocrine
cells are likely to be fundamentally very similar.
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Conclusions

The hypothetical sequence of events leading to exocytosis
presented above is largely based on functional interactions
between synaptic proteins and voltage-sensitive Ca®"
channels. Syntaxin, SNAP-25 and synaptotagmin alone, or
in various combinations, variously modify the kinetic
properties of N- and Lc-Ca®" channels. Outside the active
zone, the probability of having a channel associated with
syntaxin 1A only is much greater than a channel associated
with both syntaxin 1A and synaptotagmin, thus keeping
Ca®" channels silent. At the active zone, the channel is
associated with the SNAREs and the vesicle (via synapto-
tagmin). The channel-docked vesicles are likely to undergo

Postulated stages of channel
assembly with synaptic proteins
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Fig. 3 Assembly of calcium channel with synaptic proteins: implica-
tion to vesicle fusion. The calcium channel is postulated to assemble
with synaptic proteins to generate three putative complexes. (i) The
‘rest’ state represents a channel/syntaxin 1A complex. Current
amplitude is inhibited and the rate of activation is slow (Fig. 1). (ii)
The ‘primed’-state represents a channel/synatxin/SNAP-25 or
channel/syntaxin/synaptotagmin (p65) complexes. The channel
kinetics within these complexes varies. It displays either faster
kinetics and slow inactivation or faster kinetics and faster activation
than in ‘rest’ state (see Table 1; Fig. 1). (iii) The ‘ready’ state repre-
sents the excitosome complex, channel/syntaxin/SNAP-25/synapto-
tagmin. Within the excitosome complex, the channel conducts
currents with maximal amplitude and faster rate of activation in
comparison with the ‘rest’ state.
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fusion as the channel is in a conformation that yields larger
currents and a faster activation rate, and more particularly
brings syntaxin 1A and synaptotagmin together to facilitate
release. In response to a depolarization signal, followed by
Ca** influx, a rapid conformational change in the excito-
some complex would trigger fusion of vesicles tethered to
the channel (‘release-ready’). The excitosome could provide
perfect timing for a Ca”-dependent vesicle fusion as it
accommodates both the calcium channel and the docked
vesicle, whereas the rate of release of vesicles that are not
coupled to the channel within the excitosome complex is
predicted to be slower.

There appears to be a twofold regulation of transmitter
release by syntaxin, SNAP-25 and synaptotagmin: first,
these proteins act directly on channel kinetics during
transient signals and second, they act as a rate-limiting
step during sustained depolarization as soon as new
excitosome complexes are generated. The two approaches
of protein expression in oocytes and in vitro binding of
recombinant proteins proved to be useful in studying the
synaptic protein modulation of Ca?* channel activity. The
observed changes are consistent with modulation of
secretion in secreting cells. This has led to a better
understanding of the molecular aspects of Ca**-mediated
synaptic transmission.
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