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Abstract. Calcium entry into nerve termini via voltage gated calcium channels is an essential

step in neurotransmission. Consequently, second messenger regulation of calcium channel acti-

vity modulates synaptic activity. It has been suggested that calcium channels must physically

couple to the release machinery, and a physical interaction between a synaptic protein interaction

(synprint) site contained within mammalian presynaptic calcium channels and synaptic proteins

such as syntaxin 1, SNAP-25, and synaptotagmin has been demonstrated. Interestingly, synaptic

calcium channels in invertebrates lack this region. In invertebrates, synaptic transmission is

instead dependent on a presynaptic calcium channel splice variant that can physically associate

with the adaptor proteins Mint-1 and CASK. We suggest that in the absence of a synprint region,

these proteins may localize calcium channels to the synaptic release machinery. The interactions

between synaptic proteins and mammalian N-type calcium channels serves to regulate calcium

channel activity directly, as well as indirectly by altering second messenger regulation of the

channels. This provides for a feedback mechanism that allows the fine-tuning of calcium channel

activity during various steps in neurotransmitter release. This does not occur with invertebrate

synaptic calcium channel homologs, suggesting that the regulation of calcium channel activity by

synaptic proteins is a mechanism unique to vertebrates.
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Presynaptic calcium channels associate with synaptic

proteins

Calcium channel mediated calcium entry into pre-

synaptic nerve terminals is an essential step in the re-

lease of neurotransmitters (1, 2). As a consequence,

regulation of calcium channel activity through pharma-

cological means or by activation of second messenger

cascades modulates synaptic transmission. In most

vertebrate neurons, synaptic transmission is mediated

by members of the Cav2 calcium channel family, in

particular N-type and P /Q-type channels (1, 3). The � 1

subunits of both N-type and P /Q-type calcium channels

contain a long intracellular linker region connecting

domains II – III (see Fig. 1), which associates with key

synaptic proteins such as syntaxin 1, SNAP-25, synap-

totagmin 1, and cysteine string protein (CSP), and has

been termed the synaptic protein interaction (synprint)

site (4, 5; for review, see Ref. 6). In many cases, the

binding stability is critically dependent on intracellular

calcium concentration, thus allowing for a dynamic

rearrangement of calcium channel-SNARE protein com-

plexes in response to calcium influx (7). Such a physical

docking of the vesicle release machinery to the source

of extracellular calcium influx would allow the synaptic

vesicles to be spatially localized to calcium micro-

domains, thus presumably enhancing the efficiency of

neurotransmitter release. If so, then competitive inhibi-

tion of the calcium channel SNARE protein interaction

would be expected to antagonize synaptic transmission.

Indeed, injection of synthetic N-type calcium channel

synprint peptides into superior cervical ganglion (SCG)

neurons depressed postsynaptic responses by as much

as 50% (8). Based on such studies, it is thus reasonable

to conclude that a tight physical interaction between

presynaptic calcium channels and the release machinery

is essential for optimal synaptic release. Two consider-

ations, however, may provide reason for pause. First,
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splice variants of human N-type calcium channels lack-

ing the synprint region have been identified recently (9).

These variants are widely expressed throughout the

CNS, and are incapable of association with syntaxin 1A

and likely other synaptic proteins. Although it is at

this point not clear as to whether these variants are

located presynaptically, a putative contribution of these

channels to synaptic transmission would therefore occur

independently of an interaction with the vesicle release

machinery. More strikingly, invertebrates express only

a single representative of the Cav2 calcium channel

family, and detailed sequence analysis of these channels

in Drosophila, C. elegans, squid, and mollusks reveals

that they all lack the synaptic protein interaction site

(10). Yet, invertebrate neurons are certainly capable of

neurotransmitter release, thus suggesting the possibility

that a physical association of synaptic proteins and

presynaptic calcium channels may not be fundamentally

essential for this process. This raises the questions as to

how invertebrate calcium channels couple to the neuro-

transmitter release machinery? By answering these ques-

tions, one may uncover fundamentally important pro-

cesses that may well also apply to vertebrate synaptic

transmission.

The calcium channel structural determinants of inver-

tebrate synaptic transmission were recently examined

by Spafford et al. (10) using the freshwater mollusk

Lymnaea stagnalis as a model system. As with other

invertebrates, Lymnaea stagnalis neurons express a

single representative of the three different Cav families.

The LCav2 homolog that corresponds to vertebrate N

and P /Q-type calcium channels functionally behaves

like an N-type calcium channel with regard to its acti-

vation, inactivation, and selectivity properties (11).

Knockout of this gene via RNA interference blocks

Lymnaea synaptic transmission, indicating that this

channel is necessary for synaptic activity. At the same

time, as expected, cleavage of syntaxin and SNAP-25

via botulinum toxins also blocks synaptic transmission.

Yet, although synaptic transmission therefore depends

on both the LCav2 calcium channel, and a functional

complement of synaptic proteins, due to the absence of

a synprint region, there is no physical interaction

between vesicle release proteins and the channels.

More surprisingly, the injection of rat synprint peptides

was nonetheless capable of disrupting neurotransmitter

release, which suggests a non-specific action of these

peptides and may thus require us to re-evaluate conclu-

sions based on earlier experiments in SCG neurons.

At the same time, it is widely accepted that synaptic

vesicles must be localized in some fashion to the source

of calcium entry to allow for efficient and rapid synaptic

transmission (12). A mechanism which may provide

such a co-localization independently of direct synaptic

Fig. 1. Transmembrane topology of the N-type calcium channel � 1 subunit illustrating major protein interactions sites. The � 1

subunit contains four homologous transmembrane domains (each comprised of six transmembrane spanning helices plus a

reentrant pore forming loop), which are connected by large cytoplasmic linker regions. The calcium channel �  subunit and G��

predominantly bind to the domain I – II linker region (with possible additional interactions in the C-terminal region, not shown).

The domain II – III linker region of vertebrate N-type channels contains a synaptic protein interaction site that interacts with CSP,

syntaxin 1, synaptotagmin 1, and SNAP-25. The C-terminus region interacts with the adaptor proteins Mint-1 and CASK. PKC-

dependent phosphorylation sites in the I – II linker and the II – III linker regulate channel activity and /or the ability of regulatory

proteins to interact with the channel (see Ref. 15).
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protein binding to the channels was independently pro-

posed by two laboratories. Maximov and Bezprozvanny

(13) showed that targeting of N-type calcium channels

to presynaptic nerve terminals in hippocampal neurons

requires the presence of a C-terminus splice region

that is capable of interacting with the adaptor proteins

Mint-1 and CASK. Spafford et al. (10) reached a similar

conclusion in their Lymnaea stagnalis neuron model

and showed that peptides that competitively inhibit

Mint binding to the LCav2 channel acutely block synap-

tic transmission. In addition, knockdown of CASK via

RNAi prevented synaptic activity. Taken together, these

groups proposed that CASK and /or Mint may contribute

to the appropriate targeting of presynaptic calcium

channels and proposed their colocalization with the

synaptic release machinery. Yet, the presence of Mint

and CASK interaction domains may not be sufficient

for synaptic localization of mammalian P /Q-type cal-

cium channels, as the removal of the synprint site in

rat Cav2.1 channels results in inappropriate subcellular

targeting (8, 14). From an evolutionary point of view, it

is interesting to note that the appearance of a Mint and

CASK interacting domain on Cav2 calcium channels

occurred at a much earlier evolutionary stage than that of

the synprint region, which is only found in vertebrates.

This suggests that the synaptic protein interaction site

is a vertebrate specialization rather than a fundamental

requirement for synaptic transmission (14, 15).

Modulation of presynaptic calcium channel activity

by synaptic proteins

In addition to tightening the coupling between cal-

cium influx and the synaptic vesicle release machinery,

the association between presynaptic calcium channels

and synaptic proteins may provide an avenue for regulat-

ing channel activity. Indeed, as first reported by

Bezprozvanny et al. (16), coexpression of syntaxin 1A

with N-type and P /Q-type calcium channels in Xenopus

oocytes results in a hyperpolarizing shift in the midpoint

of the steady state inactivation curve of these channels,

thus resulting in a reduced availability for opening and

consequently an inhibition of channel activity. In sub-

sequent studies, syntaxin 1A, syntaxin 1B and SNAP-25

were found to reduce N-type channel availability in

tsA-201 cells (17 – 19). In the concomitant presence

of both syntaxin 1 and SNAP-25, channel availability

became restored (19). This may suggest that calcium

channels that are associated with only one of the t-

SNARE proteins and can thus not contribute to synaptic

transmission would be less likely to open, whereas

channels associated with the entire t-SNARE comple-

ment are capable of participating in vesicle release,

and thus require an increased availability for opening.

Such a mechanism would ensure selective opening of

calcium channels that can contribute to synaptic trans-

mission and prevent unnecessary calcium overload of

the presynaptic terminal. A similar effect is observed

with P /Q-type calcium channels; however, in this case

the presence of synaptotagmin 1 is also required before

channel availability is normalized (20). It is important

to note that the ability of synaptic proteins to regulate

presynaptic calcium channel function has now been

demonstrated in intact neurons (21, 22).

Three additional factors modulate the ability of

syntaxin to regulate channel activity. The synaptic pro-

tein interaction site contains numerous protein kinase C

(PKC) consensus sites and can be phosphorlyated by

PKC in vitro (23). In biochemical assays, this results in

a dramatic reduction of syntaxin 1 binding (23). Consis-

tent with these biochemical data, activation of PKC

abolishes the ability of syntaxin 1A to modulate N-type

channel availability in tsA-201 cells, thus providing a

mechanism of second messenger control over syntaxin

mediated effects (18). A perhaps more curious finding is

the observation that the effects of syntaxin on N-type

channel availability are syntaxin state dependent. A

point mutation that locks syntaxin 1A permanently in

the “open” conformation renders this protein incapable

of regulating the steady state inactivation behavior N-

type channels (19). Together with observations that

nSec-1 coexpression prevents syntaxin regulation of N-

type channels, this provides a mechanism by which N-

type calcium channel could be dynamically regulated

during various steps in the exocytosis process during

which syntaxin cycles between open and closed confor-

mations.

Crosstalk between syntaxin and G protein regulation

of N-type channels

Stanley and Mirotznik reported that G protein regu-

lation of N-type calcium channels in a chick calyx pre-

paration is abolished following the cleavage of syntaxin

with botulinum toxin C1 (24). Although this was sug-

gestive of the possibility that the presence of syntaxin

may be required to permit G protein inhibition of N-type

channels, this finding appeared at odds with the observa-

tion that in expression systems that do not endogenously

express syntaxin, G protein modulation of N-type

channels could readily be observed. Recent work of

Jarvis et al. (17) provided interesting insights into this

issue. Upon coexpression of N-type calcium channels

with syntaxin 1A, but not with syntaxin 1B, N-type

channels appeared to undergo a tonic G protein inhibi-

tion that occurred in the absence of G protein coupled
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receptor activation. Biochemical evidence suggests that

syntaxin 1A acts as a chaperone to colocalize endo-

genous G� subunits with the N-type calcium channel in

the plasma membrane, thus facilitating G protein regu-

lation (for review, see Ref. 25). Subsequent experiments

revealed that the synprint region and the G� subunit

interact with distinct portions of the syntaxin molecule

and that this interaction does not require the presence

of G� (19). Moreover, unlike with the syntaxin effects

on N-type channel availability discussed in the previous

section, activation of PKC did not affect syntaxin

mediated G protein inhibition of the channel (18).

Finally, expression studies performed with chick DRG

neurons indicate that this effect is a physiological feature

(26). Similar effects were reported for the action of

CSP (i.e., a CSP induced G protein inhibition mediated

by G proteins recruited to the channel via CSP; 27).

More recently it was shown that the cysteine string

domain of CSP was responsible for the chaperone effect,

whereas the J-domain of the CSP molecule indepen-

dently promoted G protein inhibition of the channel

though a G� pathway (28).

Not only do synaptic proteins appear to regulate

G protein pathways converging on the N-type channels,

but the direct binding of G� subunits to synaptic proteins

appears to have the propensity to regulate synaptic trans-

mission directly (i.e., independently of modulating cal-

cium influx through the N-type channel; 29). This adds

further complexity to the interplay between second

messenger pathways, N-type calcium channels, and the

synaptic release machinery.

Conclusions

We have come a long way in our understanding of

the molecular interactions between presynaptic calcium

channels and the synaptic vesicle release machinery (for

reviews, see Refs. 15, 25, 30). What was originally

thought of purely as a mechanism that anchors the

vesicle release apparatus to the vicinity of the channels

now appear to serve an important regulatory mechanism

of calcium channel function per se, thus providing

multiple avenues for fine tuning calcium influx and

hence, neurotransmitter release.
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