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ABSTRACT. L-type voltage-gated CGa channels (Cav1.2) mediate a major part of insulin secretion from
pancreatig-cells. Cavl.2, like other voltage-gated®©&hannels, is functionally and physically coupled

to synaptic proteins. The tight temporal coupling between channel activation and secretion leads to the
prediction that rearrangements within the channel can be directly transmitted to the synaptic proteins,
subsequently triggering release.®tawhich binds to the polyglutamate motif (EEEE) comprising the
selectivity filter, is excluded from entry into the cells and has been previously shown to support
depolarization-evoked catecholamine release from chromaffin and PC12 cells. Hence, voltage-dependent
trigger of release relies on €aions bound at the EEEE motif and not on cytosoli@Calevation. We

show that glucose-induced insulin release in rat pancreatic islets and ATP release in INS-1E cells are
supported by L& in nominally C&*-free solution. The release is inhibited by nifedipine. Fura 2 imaging

of dispersed islet cells exposed to high glucose ant lim Ca2-free solution detected no change in
fluorescence; thus, Bais excluded from entry, and €ais not significantly released from intracellular
stores. L&" by interacting extracellularlly with the EEEE motif is sufficient to support glucose-induced
insulin secretion. Voltage-driven conformational changes that engage the ion/EEEE interface are relayed
to the exocytotic machinery prior to ion influx, allowing for a fast and tightly regulated process of release.
These results confirm that the €achannel is a constituent of the exocytotic complex [Wiser et al. (1999)
PNAS 96 248-253] and the putative Ca-sensor protein of release.

It is widely accepted that in pancreafiecell the intrac- insulin-secreting mouses-cells, the cytoplasmic H#lll
ellular C&" rise generated by Cav1.2 activation is responsible domain (LGs3-ge3) of the oy1.2 subunit of Cav1.2 inhibited
for vesicle fusion and insulin release. In this nearly axiomatic the transient rise in capacitance in response to channel
model, membrane depolarization initiates?Ca&ntry and opening. This suggested thatAg sg3 competition with the
binding to the vesicular protein synaptotagmin, which endogenous Cavl.2 for synaptic proteins disrupted the spatial
together with the solubleN-ethylmaleimide attachment coupling of Cavl1.2 with the secretory apparatés g, 9,
protein receptor (SNARE) complex proteins ultimately 16). A detailed analysis revealed the loss of the rapid
mediates vesicle fusion and exocytosis-8). component of insulin secretion in moyseells injected with

Integral to this scheme is that &aentry via the voltage-  LCrs3-s03 (17). These results were further confirmed by
gated calcium channels (VGCC) is a necessary part of thecapacitance measurements in fh€av1.2 (-/—) mouse in
exocytotic process where the channel acts to regulaté Ca which a beta cell-selective ablation of the gene encoding the

entry and subsequent secretion. L-type Ca(v)1.2 channel resulted in loss of the fast compo-
We proposed an alternative model of stimuhsgcretion nent of secretion](®). Similar inhibition of evoked release

coupling based on a wealth of biochemical and electrophysi- Py the II=1ll cytosolic peptide (synprint) has been reported

ological data 4-12). We demonstrated a highly specific N superior cervical ganglion neurons9.

physical (2—14) and functional link of the cytoplasmic Our proposed model suggests that the channel operates

domains between repeats Il and Il of tle subunit of as a C&" sensor protein of secretion, upstream to*'Ca

VGCC with the synaptic proteins syntaxin 1A, SNAP-25, entry into the cell §, 8, 9, 15, 20—22). The tight coupling

and synaptotagmin4( 5, 15). When injected into single of the channel with the synaptic proteins would facilitate

propagation of conformational changes induced during
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The Ca&"-channel pore contains a €abinding site for preparing the Krebs solution. The LaCGolution was
consisting of four negatively charged glutamate residues, thealways prepared fresh immediately prior to adding to the
EEEE locus. The glutamate residues are highly conservedKrebs solution to limit formation of precipitates.
throughout the VGCC family and thought to underlie the  ATP Release in INS-1E Cell®NS-1E cells were grown
basis of VGCC selectivity23, 24). The EEEE locus binds  as previously described27). Prior to measurement of
C&" with high affinity in the micromolar range. During  secretion the cells were seeded in a 96-well plate and grown
depolarization the high-affinity site transforms into a low- for 2 days to a semi-confluent state. For batch incubations
affinity site that binds C& in the millimolar range, and the  of INS-1E cells, medium was removed and the cells were
channel then becomes permeant to generate ion cur@hts ( washed twice with 20@L of Krebs medium without CaGl
26). In our model, the voltage-driven transitions from high Then the cells were pretreated with 2@Q of medium
to low affinity at the selectivity filter, prior to ion permeation, containing Krebs. After medium removal Q. of Krebs
is an essential step for triggering secretion. containing low glucose (3 mM) with either 1QfM LaCls

When the permeable Baor SP™ were substituted for or 1.0 mM CaCJ were added. After 30 min incubation at
Ca*, the kinetics of the calcium channel coupled to syntaxin 37 °C the medium was collected and saved for ATP assay.
were further modified 7). These results indicated a direct An additional 70uL of medium containing 20 mM glucose
link between pore occupancy and the channel coupling to was added. At the end of the 30 min incubation this medium
the synaptic proteins, suggesting a regulatory site for was collected and assayed for ATP content, measuring
secretion at the pore, upstream to2Cantry. To probe luminescence in a 96-well plate. Numbers in the figures were
voltage-driven rearrangements within an ion occupied- expressed as arbitrary luminescence units or percent basal
selectivity filter, a cation was sought that could bind to the release. However, the luciferase assay was ascertained to give
channel cavity without entering the cell and yet mediate Similar values of luminescence when the ATP standards were
release. We found that B3 an impermeable cation, with ~ prepared in Krebs medium assayed containing either high
an ionic radius (1.061 A) similar to €a(0.99 A), could  or low glucose and either €aor La*".
mediate stimulussecretion coupling via Cavl.2 in PC 12 Intact Rat Isletslslets were isolated from rat pancreas by
and chromaffin cellsZ0). Trivalent (G&" and Ed") and collagenease digestion followed by centrifugation through
divalent cations (C#) with smaller ionic radius however  Histoplaque (Sigma, USA26)) and subsequent hand picking
did not support release, indicating that the EEEE locus of islets. Before use the islets were routinely incubated
constitutes a size-discriminatory binding site at the channel overnight at 37C in RPMI 1630 medium containing 10%
cavity. Fetal Calf Serum and Penicillin plus Streptomycin.

In the current study we examined the ability of3tdo For the perifusions, 60 islets per chamber were loaded and
substitute for C& in supporting glucose-induced insulin ~ the flow rate was 0.3 mL/min. Samples were collected at 1
release in rat pancreatic islets. Our results are consistent withMin intervals for insulin determination by radioimmunoassay.
the proposed model in which the contact of*tLat the The general perifusion protocol was as follows: A 30 min
selectivity filter during membrane depolarization is sufficient Perifusion with normal C#-containing Krebs was followed

to support release, possibly by conferring a release-competenby @ 30 min equilibration with Krebs containing neitherCa
configuration on the channel. nor La®*. Then, the islets were perifused for 30 min with

¢ Krebs containing low glucose and either 2.0 mM?Car

0.1 mM L&*. Sample collection began in the last 10 min of

this perifusion. Finally, the islets were stimulated with high

glucose (20 mM) in the presence of either?Cé.0 mM)

or La*" (0.1 mM) and 1 min fractions collected for 40 min.
Batch Incubations of Islet$slets were equally distributed

The results broaden the basis of our heuristic model o
the calcium channel as the primary®Ca&ensor protein in a
variety of secretory systems, involving either neurotransmitter
or hormone release, where activation of exocytosis is
mediated by the L-type voltage-gated calcium channel.

MATERIALS AND METHODS into 1.5 mL Eppendorf centrifuge tubes. Five to eight islets
_ _ per tube were used for each experiment. Between all washes
INS-1E cells were a generous gift from C. Wollhei@vY. the islets were centrifuged briefly for5 s at 1000 rpm

Collagenase was from Worthington, USA. Purified bovine before aspirating the medium. Initially, the islets were washed

albumin was from AMRESCO (Cleveland, OH). An insulin 2 times with 1.0 mL of Krebs without Ga or La?". Then

radioimmunoassay kit was obtained from Linco (Millipore, the islets were preincubated 30 min with 250 of Krebs

St. Charles, MO). The Enliten ATP assay kit was from containing either 2.0 mM Cagbr 0.1 mM LaC} at 37°C.

Promega (Madison, WI). Cell culture media components For experiments with nifedipine the islets were pretreated

were from Gibco-Invitrogen (CA, USA). Other general with 250 uL of Krebs containing 5uM nifedipine for 10

reagents were from Sigma-Aldrich (St. Louis, MO), Merck min in the absence of either &zor La®* before pretreatment

(New Jersey), or Frutarom (Haifa, Israel). with Krebs containing nifedipine plus €aor La" as
Solutions for IncubationsThe Krebs solution used for indicated above.

batch incubations of INS-1E cells or intact islets consisted  After pretreatment the medium was aspirated, 2b®f

of 140 mM NaCl, 4.5 mM KCI, 0.4 mM KHPQ,, 0.15 mM the same medium was added to each tube, and the tubes

NaHPQ, 2.5 mM NaHCQ, 0.5 mM MgSQ, 20 mM Hepes, were incubated at 37C for 30 min. Then 23Q:L of each

pH 7.4, 0.05% albumin, plus addition of CaClaCls, and tube was saved for insulin assay. Glucose stimulation begun

glucose as shown in the figures and tables. The bicarbonateby adding 25Q:L of Krebs containing 20 mM glucose, and

ion was reduced to prevent formation of insoluble lanthanum the islets were incubated at time periods as indicated at

carbonate, and the primary buffer was HEPES. Stock 37°C. Then, 23Q:L was collected from each tube and stored

solutions of 100 mM CaGlor 100 mM LaC} were used at —20 °C for insulin assay.
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Ficure 1: Similar onset of glucose evoked insulin release in
pancreatic beta cells using €aor La*" in nominally C&*-free
solution. Insulin secretion in intact rat islets was carried out by
perifusion with (A) 2 mM C&" or (B) 0.1 mM L&". The
preperifusion protocol and preliminary wash out of islets is

described in the Experimental Procedures. Each perifusion consiste

of 60 islets per chamber. The flow rate was 0.3 mL/min. One minute
samples were collected 10 min prior to stimulation and for 40 min

thereafter. Each experiment was repeated three times using different; 5| es are

preparations of pancreatic islets. Each point is the average of thre
consecutive time points.

Fura 2 Measurementsslet cells were dispersed by trypsin
treatment of islets and grown on cover slips ferf2days.
The dispersed cells were incubated witl@ Fura 2-AM
for 1 h in Krebs containing low glucose (2 mM). The Fura
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Ficure 2: Concentration dependence of glucose-induced insulin
and ATP release in INS-1E and pancreatic cells exposed %o La
in nominally C&*-free solution. ATP release was monitored in INS-
1E cells and insulin release in pancreatic rat islets with increasing
Lad" concentrations. (A) INS-1E insulinoma cells were incubated
d’n batches at 2 mM glucose and different levels of'Las indicated
n the graph. After 30 min incubation at 3T the buffer was
removed for ATP assay. Then 20 mM glucose and the appropriate
level of L&¢* were added for an additional 30 min incubation period.
expressed as percent of ATP release induced by 20 mM
€glucose compared to 2 mM glucose,{&, x 100). (B) Using
4—6 wells for each L& concentration, five intact rat islets were
incubated at various 12a levels with 2 mM glucose in Krebs
medium. After 30 min the media were removed and saved for
insulin assay. Media were then replaced with high glucose (20 mM)
containing Krebs buffer. After 30 min media were collected for
insulin assay. Values are expressed as a percent stimulatiopyby G
compared to the basal glucose releasg/(& x 100) and represent

containing Krebs was removed, and the cells were washeddata from two independent experiments.

twice with 1.5 mL of Krebs lacking Ca or La®*. Then the
cells were incubated with 1 mL of Krebs containing 2 mM
glucose and either 2 mM CagCbr 0.1 mM LaC} for the
initial measurements. To begin the experiment, 0.5 mL of

Krebs containing 60 mM glucose was added to the Krebs

already in the dish to achieve a final glucose level of 20
mM.

RESULTS

High Glucose Induces Insulin Secretion in Pancregtic
Cell Exposed to L in C&?" Free SolutionWe perifused
rat islets in the presence of either®Car La®" and measured

previous observations of the time course of dopamine release
in depolarized chromaffin cells when €awas compared
to La®t (20).

Concentration Dependence of Insulin and ATP Release
Supported by L#. Our previous work with PC12 and bovine
chromaffin cells indicated that Ba at an optimal level of
0.1-0.2 mM supported depolarization-evoked release of
catecholamines in nominally €afree solution 20). We
used the conditions in these previous experiments as a guide
for our study of the pancreatitcell and INS-1E. Since ATP
is co-released with insulin in secretory granules, our pre-
liminary studies used ATP release as a marker of hormone

the time course of insulin release (Figure 1A,B). Pancreatic release from batch incubated INS-1E cells. High glucose (20

pB cells perifused with 20 mM glucose elicited insulin
secretion in the presence of 2 mMashowing a 9-fold

mM) was able to stimulate ATP release b8-fold over
basal release in the presence of 2 mMCand when 2

insulin release over basal release observed in low glucosemm Ca* was replaced by 0.1 mM Ba, high glucose

(2 mM). When 0.1 mM L&" was substituted for Ca, 20

stimulated ATP release 3-fold (data not shown). Less

mM glucose induced a 2.5-fold increase in insulin release effective release by 124 is in agreement with lower

over basal (Figure 1B). Comparing {ao C&", the degree

of high glucose stimulated insulin release in perifuSezklls
correlated proportionately with ATP release during batch
incubations of insulinoma cells (INS 1E) (data not shown).
Thus, both assays show similar lower but significant efficacy
of La®t at supporting glucose-induced secretion.

Glucose-induced insulin release exhibited a similar time
course in the presence of either?Car La®t parallel to

efficiency of release, previously shown when?Bar SP*
substituted for C& (29).

Next we determined ATP release in INS-1E cells and
insulin secretion in batch incubated intact rat pancreatic islets
at increasing L& concentrations, as indicated (Figure 2A,B).
Glucose stimulation of ATP release monitored from INS-
1E cells showed a narrow range of concentration dependency
on L&" (Figure 2A) similar to glucose-induced insulin
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Ficure 3: Nifedipine inhibits glucose-induced secretion of insulin
and ATP in INS-1E and pancreatic beta cells exposed # ira
nominally Ca*-free solution. (A) INS-1E cells were incubated for
30 min in Krebs containing 2 mM glucose. The medig)(®ere

+
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Ficure 4: Fura 2 imaging of dispersed islets cells exposed to high

collected for ATP assay and then replaced with media containing glucose and L# in C&'-free solution detects no change in

20 mM glucose for an additional 30 min incubation, and the media fluorescence. Trypsin-dispersed rat islet cells were loaded with Fura
(Gz0) were collected for ATP assay. Release is expressed as a2 AM and then imaged with 2 mM glucose in the presence of 2
percentage of basal release in each of the four wells per condition.mM Ca&" (A) or 0.1 mM L&" (B). Glucose was added where
Incubations were in 1 mM Caor 0.1 mM L&" with (hatched) or indicated to a final concentration of 20 mM. These experiments
without (solid) 5«M nifedipine. (B) Rat intact islets were incubated, were carried out with several preparations of trypsin-dispersed islets.
eight islets per tube, for 30 min at 2 mM glucose followed by 30 Representative images with their respective time in seconds during
min with 20 mM glucose. Insulin release was assayed in the medium the trace are shown below each trace. Fluorescence was detected
from G, and Gy aliquots. The results are expressed as fold insulin in 42 out of 53 cells when Ca was used, while none of the 38

release due to the switch to high glucosg/G,. Incubations were
carried out in 2 mM C& or 0.1 mM L&" with (hatched) or without
(solid) 5 uM nifedipine. Each condition of release was done in
quadruplicate.

release in rat islets (Figure 2B). The desesponse curves
showed a maximal release at 0.2 mM L& and a sharp
decrease at higher concentrations (Figure 2B) similar #6 La
dependency in adrenal cell2Q). It should be noted that at
concentration above 0.2 mM the solubility of lanthanum

cells tested gave fluorescence wherf'Laubstituted for Ca in
the extracellular medium.

stimulated secretion like Ga was largely mediated by
binding to the L-type calcium channels, as both are similarly
affected by DHP binding at a selective site of this channel.
La®" Is Excluded From Entry Into the Pancreatic Beta
Cells. Pancreatic islets were prelabeled withu®1 Fura

decreases due to formation of insoluble lanthanum carbonate?-AM. washed, and incubated with low glucose (2 mM) in

and could explain the drastic reduction in ATP and insulin
secretion.

Nifedipine Inhibits Secretion of Insulin and ATP in
Pancreatic Beta Cells Exposed to ¥a Since there are
multiple targets for L& binding as well as nonspecific
effects of L&" on cells, we determined whether the glucose
stimulated insulin release with Eain nominally C&*-free
solution was mediated through binding at the L-typé'Ca
channel. For that we used the allosteric and selective blocke
of the L-type channel, nifedipine80—32). C&" binding at
the pore is allosterically coupled to dihydropyridine (DHP)
binding 33). Hence, if nifedipine affects both €aand L&"
binding at the pore, then nifedipine inhibition of secretion
in C&" and in L&" would strongly indicate that both cations
were acting through a common site. In batch incubated INS-
1E cells, ATP release in a €asolution was inhibited by
~50% by nifedipine. In L&-containing solution, the ATP
release in INS-1E cells was60% inhibited (Figure 3A). In
batch incubated rat pancreatic islets, witi?Ganifedipine
reduced glucose-induced insulin release~+B0% (Figure
3B). Similarly, insulin secretion in %4 was inhibited by
70%. These results show that 3tasupport of glucose-

a solution containing 2 mM Ca. Elevating glucose to 20
mM resulted in the expected increase in Fura2 fluorescence
(ratio of 350/380 nm) in 42 of 53 cells tested (Figure 4A).
In contrast, elevating glucose to 20 mM in a solution
containing 10QuM La3" substituted for 2 mM CA failed

to evoke response in any of the 38 cells measured (Figure
4B). Since exclusion of L3 from entry into the cells was
the main issue of the present study, this result clearly shows

At the single-cell level that the basal fluorescence ratio of

cells incubated in L# solution remains constant throughout
the experiment. Previously it was demonstrated that in
permeabilized adrenal cells the g@r La3" was shifted to
the left of that for C&" by 1 order of magnitude34).
Therefore, the sensitivity of the Fura2 to Ifawith a
detection limit of 1 pM R0, 35) indicates that L& entry is
clearly below the required concentration for secretion.

DISCUSSION

Secretion in pancreatic islets, similar to secretion in
chromaffin, pheochromocytoma (PC12), and retinal cells, is
largely mediated by activation of Cav1.2, the L-type voltage-
gated C&" channel. Other channels, e.g., N- (Cav2.2), P/Q-
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(Cav2.1), R-(Cav2.3), or T-(Cav3.1)-type are also responsiblefor by the fusion of a readily releasable pool of vesicles

for secretion in these cells but to a smaller ext&®(38).
A linkage between secretion and ion bound at the

selectivity filter of Cav1.2 has been recently demonstrated,

both biochemically and amperometrically, in bovine adrenal
chromaffin and rat PC12 cell&@). lon binding at the channel
cavity was dissociated from ion influx by substituting the
impermeable L& for Ca* (20). At concentrations of 100
200 uM and in the absence of €3 La*" supported

termed “channel associated vesicles” which are primed and
docked awaiting a signal8( 9, 17, 19). This model of
depolarization-induced release of vesicles associated with the
channel is consistent with the co-localization of VGCC and
vesicles at the release sites?( shown in several elegant
capacitance, fluorescent, and TIRFM imaging studieg (
53-57).

The concentration dependency of both the insulin and the

depolarization evoked release without entering the cells ATP release showed a comparable maximum-@tl mM
establishing a signaling role for Cav1.2 in secretion, upstream|a3*. Throughout our study, parallel qualitative results were

to ion entry @0). La®" was used in the absence of a

obtained whether ATP release was monitored in the insuli-

because in its presence it competes for the high-affinity site noma cell line or insulin release was assayed in the intact
at the pore of the channel and acts like a channel blocker atjslets.

submicromolar concentration39). Since L&" and to a lesser
extent Cé" and P# supported evoked secretion without
entry into the cell, the VGCC was proposed to be thé'Ca
sensor for secretior7¢9, 20).

Here we tested this concept in the pancreatell, which
has a vastly different mechanism of secretion from the
chromaffin cell. In islets the pathway of glucose-induced
insulin secretion involves both glucose metabolism and
oxidative phosphorylatiord(Q), and yet a final common event
in both organs involves the VGCC, in particular the Cav1.2.

Glucose Promotes Insulin Secretion with®tan Nomi-
nally Ca&"-Free Solution.Rat pancreatic islets stimulated
with glucose in the presence of fain a nominally C&'-
free solution elicited insulin secretion at a slower rate than
observed in islets perifused with €aThis is analogous to

As seen in adrenal cells, evoked release was inhibited by
nifedipine, a selective Cavl allosteric effect@3). The
specific inhibition of release by nifedipine demonstrates that,
indeed, L&" support of secretion is mediated via binding to
Cavl-type channel(s) and not by other pathways. Further-
more, release in response to high glucose in either cation is
mediated primarily by Cavl activation, consistent with the
selectivity filter (EEEE locus) being the common site for
these ions that lead to secretion.

La®*" Does Not Enter Into Pancreatigé Cells and Does
Not Increase [C&T];. If La®" was involved in inducing
insulin release by elevating [€d; from intracellular stores
and/or permeating into the cell, we would expect to see
changes in the fluorescence ratio of Fura 2 (350/380 nm)
like those observed with Ga Since Fura 2 is 10 000-fold

an agonist that activates its corresponding receptor lessyqre sensitive to L4 than C&+ we should have been able

efficiently. The slower rate of secretion and thus the lower
total secretion in L& are thus predictable. The differences
in Cat, SPt, Ba?t, or La®* binding to EGTA are comparable

to detect L&" concentrations as low asl—3 pM (20, 35).
Our present results show that pancreatic islets responded to
glucose stimulation in the presence oftéut detected no

to binding differences to the related ion-binding site created change in the fluorescence ratio at 350/380 nm.

by the EEEE locus. Based on interaction differences of the
permeating and non-permeating cations at the EEEE locus
the consequent rearrangements within the cavity are likely

to lead to differences in release efficacy in adrenal c2.

A poorer performance and lower efficacy of secretion was
observed when 3 or B&" were substituted for Cain rat
pancreatic -islet beta cell®9). La®", and to a lesser extent
Sr?*, and B&", might generate a less favorable ‘releasing’

channel conformation, which in turn decreases the efficacy

of secretion.

Glucose-induced insulin secretion is mediated by glucose

metabolism that causes the closure of thgreKchannel

leading to membrane depolarization and opening of voltage-

gated C&" channels in beta-cells4{, 42). Using batch
incubation, L&" was effective at supporting either glucose-
or high KCl-evoked ATP release in INS-1E cells. This
indicates that L&-mediated secretion can occur when
glucose metabolism is bypassed and thé*Gzhannel is
directly activated.

It is well accepted that the dominant forces in the
conducting pore are binding and repulsion of ions within
the selectivity filter §3—47). The voltage-driven rearrange-
ments affect resident ions interaction at the selectivity filter,

Alternatively, it can be argued that entry of ¥aat

'concentrations below the lower limit of the detection system,

calculated to be-1 pM (10719, is responsible for secretion.

If this argument is right then the €asensor protein is
activated by <1 pM concentrations of 1%. Since in
permeabilized adrenal chromaffin cells secretion required
>10uM La®" (34), this possibility is rather unlikely. These
Fura 2 results are consistent with previous fluorescence
studies in bovine chromaffin cell2Q) and rat chromaffin
cells (Ning-Guo, personal communication), where it was
shown that L&" neither enters into the cells nor causeg'Ca
release from intracellular stores.

CONCLUSIONS

Cavl.2 mediates insulin secretion from rat pancreatic islets
and depends on the presence ofCians in the external
solution. Here we demonstrate that the trivalent catiott La
which binds at the EEEE locus but is not conducted into the
cell, can support glucose-induced insulin release in rat
pancreatic islets. By analogy, €aound at the EEEE locus
of the channel, which is tightly restricted by the ionic radius,
would be sufficient to support insulin secretion prior to entry

in turn affecting channel kinetics. These perturbations can into the cells. Co-localization of the VGCC next to vesicles
be transmitted directly to the exocytotic protein associated at release sites and the ability of the channel to bind and
with the channel in the excitosome complex, enabling a rapid respond to C& make this proposition attractive.

signaling means for eliciting secretiod<9, 21, 22, 48—

A conformational coupling between the L-type channel

51). The fast phase of insulin release could be accountedand the exocytotic proteins appears to be the mechanistic
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basis for excitationsecretion coupling in pancreatic cells.

It allows for conformational changes at a channel associated

with synaptotagmin, SNAP-25, and syntaxin 1A (the exci-

tosome complex) to be rapidly transmitted to docked vesicles
to elicit exocytosis. Such an arrangement enables the tight

coupling between the triggering event and fusion of docked

vesicles. These results imply that synaptotagmin(s) and other

intracellular proteins that interact with €aact further
downstream in the secretion pathway.

The observation that B4 supports exocytosis in two
different cell types, one involving a hormone release and

the

other involving a neurotransmitter release, implies that

our model of the VGCC as a primary €asensor protein

might be a general phenomena of many cell types where

stimulus-secretion coupling is mediated by the calcium
channel.

ACKNOWLEDGMENT

We thank Merav Marom for the graphic work and Eva
Ziv and Esthee Luc for technical assistance.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

Chen, Y. A, and Scheller, R. H. (2001) SNARE-mediated
membrane fusionNat. Re.. Mol. Cell Biol. 2(2), 98-106.

Rizo, J., Chen, X., and Arac, D. (2006) Unraveling the mechanisms
of synaptotagmin and SNARE function in neurotransmitter release,
Trends Cell Biol 16 (7), 339-50.

.Jahn, R., Lang, T., and Sudhof, T. C. (2003) Membrane fusion,

Cell 112(4), 519-33.

. Wiser, O., Bennett, M. K., and Atlas, D. (1996) Functional

interaction of syntaxin and SNAP-25 with voltage-sensitive L-
and N-type Caz channelsEmbo J. 1516), 4106-10.

. Wiser, O., Tobi, D., Trus, M., and Atlas, D. (1997) Synaptotagmin

restores kinetic properties of a syntaxin-associated N-type voltage
sensitive calcium channeFEBS Lett404 (2—3), 203-7.

. Wiser, O., Trus, M., Hernandez, A., Renstrom, E., Barg, S.,

Rorsman, P., and Atlas, D. (1999) The voltage sensitive Lc-type
Ca2t+ channel is functionally coupled to the exocytotic machinery,
Proc. Natl. Acad. Sci. U.S.A. 9@), 248-53.

. Wiser, O., Cohen, R., and Atlas, D. (2002) lonic dependence of

Ca2+ channel modulation by syntaxin 1Ryoc. Natl. Acad. Sci.
U.S.A. 99(6), 3968-73.

. Atlas, D. (2001) Functional and physical coupling of voltage-

sensitive calcium channels with exocytotic proteins: ramifications
for the secretion mechanisr, Neurochem77 (4), 972-85.

. Atlas, D., Wiser, O., and Trus, M. (2001) The voltage-gatecHCa2

channel is the Ca® sensor of fast neurotransmitter releaSe|l

Mol. Neurobiol. 21(6), 717-31.

Jarvis, S. E., and Zamponi, G. W. (2005) Masters or slaves?
Vesicle release machinery and the regulation of presynaptic
calcium channelsCell Calcium 37(5), 483-8.

Fisher, T. E., and Bourque, C. W. (2001) The function of €3(2
channel subtypes in exocytotic secretion: new perspectives from
synaptic and non-synaptic releas¥pg. Biophys. Mol. Biol77

(3), 269-303.

Catterall, W. A. (1999) Interactions of presynaptic €ahannels
and snare proteins in neurotransmitter reledse. N. Y. Acad.
Sci 868 144-59.

Sheng, Z. H., Rettig, J., Takahashi, M., and Catterall, W. A. (1994)
Identification of a syntaxin-binding site on N-type calcium
channelsNeuron 13(6), 1303-13.

Kim, D. K., and Catterall, W. A. (1997) Ca&2dependent and
-independent interactions of the isoforms of the alphalA subunit
of brain Ca2- channels with presynaptic SNARE proteifspc.

Natl. Acad. Sci. U.S.A. 9®6), 14782-6.

Tobi, D., Wiser, O., Trus, M., and Atlas, D. (1998) N-type voltage-
sensitive calcium channel interacts with syntaxin, synaptotagmin
and SNAP-25 in a multiprotein compleReceptors Channels 6
(2), 89-98.

Ji, J., Yang, S. N., Huang, X., Li, X., Sheu, L., Diamant, N.,
Berggren, P. O., and Gaisano, H. Y. (2002) Modulation of L-type

Trus et al.

Ca(2+) channels by distinct domains within SNAP-I3iabetes
51 (5), 1425-36.

17. Barg, S., Ma, X., Eliasson, L., Galvanovskis, J., Gopel, S. O.,

18

19.

20.

21.

22.

24.

25.

26.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Obermuller, S., Platzer, J., Renstrom, E., Trus, M., Atlas, D.,

Striessnig, J., and Rorsman, P. (2001) Fast exocytosis with few
Ca(2+) channels in insulin-secreting mouse pancreatic B cells,

Biophys. J. 81(6), 3308-23.

. Schulla, V., Renstrom, E., Feil, R., Feil, S., Franklin, I., Gjinovci,

A., Jing, X. J., Laux, D., Lundquist, I., Magnuson, M. A,
Obermuller, S., Olofsson, C. S., Salehi, A., Wendt, A., Klugbauer,
N., Wollheim, C. B., Rorsman, P., and Hofmann, F. (2003)
Impaired insulin secretion and glucose tolerance in beta cell-
selective Ca(v)1.2 CaR channel null miceEmbo J 22 (15),
3844-54.

Mochida, S., Sheng, Z. H., Baker, C., Kobayashi, H., and Catterall,
W. A. (1996) Inhibition of neurotransmission by peptides contain-
ing the synaptic protein interaction site of N-type Gaéhannels,
Neuron 17(4), 781-8.

Lerner, I., Trus, M., Cohen, R., Yizhar, O., Nussinovitch, I., and
Atlas, D. (2006) lon interaction at the pore of Lc-type Ga2
channel is sufficient to mediate depolarization-induced exocytosis,
J. Neurochem97 (1), 116-27.

Cohen, R., Schmitt, B. M., and Atlas, D. (2005) Molecular
identification and reconstitution of depolarization-induced exo-
cytosis monitored by membrane capacitari@iephys. J. 896),
4364-73.

Trus, M., Wiser, O., Goodnough, M. C., and Atlas, D. (2001) The
transmembrane domain of syntaxin 1A negatively regulates
voltage-sensitive CafR) channelsNeuroscience 1042), 599

607.

. Sather, W. A., and McCleskey, E. W. (2003) Permeation and

selectivity in calcium channel&nnu. Re. Physiol 65, 133-59.
Hille, B. lon Channels of Excitable Membrané2001) Sinauer
Associates, Sunderlan, MA.

Yue, D. T., and Marban, E. (1990) Permeation in the dihydropy-
ridine-sensitive calcium channel. Multi-ion occupancy but no
anomalous mole-fraction effect between Baand Ca2-, J. Gen.
Physiol 95 (5), 911-39.

McCleskey, E. W., and Almers, W. (1985) The Ca channel in
skeletal muscle is a large poreroc. Natl. Acad. Sci. U.S.A. 82
(20), 7149-53.

. Merglen, A, Theander, S., Rubi, B., Chaffard, G., Wollheim, C.

B., and Maechler, P. (2004) Glucose sensitivity and metabolism-
secretion coupling studied during two-year continuous culture in
INS-1E insulinoma cellsEndocrinology 1452), 667-78.

Lacy, P. E., and Kostianovsky, M. (1967) Method for the isolation
of intact islets of Langerhans from the rat pancréziapetes 16

(1), 35-9.

Barnett, D. W., and Misler, S. (1995) Coupling of exocytosis to
depolarization in rat pancreatic islet beta-cells: effects of&a2
Sr2+ and Ba(2-)-containing extracellular solution®flugers
Arch. 430(4), 593-5.

Glossmann, H., Ferry, D. R., Goll, A., Striessnig, J., and Zernig,
G. (1985) Calcium channels and calcium channel drugs: recent
biochemical and biophysical findingérzneimittelforschung 35
(12A), 1917-35.

Mitterdorfer, J., Sinnegger, M. J., Grabner, M., Striessnig, J., and
Glossmann, H. (1995) Coordination of Cady the pore region
glutamates is essential for high-affinity dihydropyridine binding
to the cardiac Ca2 channel alpha 1 subuniBiochemistry 34
(29), 9350-5.

Peterson, B. Z., and Catterall, W. A. (1995) Calcium binding in
the pore of L-type calcium channels modulates high affinity
dihydropyridine binding,J. Biol. Chem. 27(31), 18201+-4.
Peterson, B. Z., and Catterall, W. A. (2006) Allosteric interactions
required for high-affinity binding of dihydropyridine antagonists
to Ca(V)1.1 Channels are modulated by calcium in the pdia,
Pharmacol. 70(2), 667-75.

Powis, D. A., and Clark, C. L. (1996) A difference in the cellular
mechanisms of secretion of adrenaline and noradrenaline revealed
with lanthanum in bovine chromaffin cell§leurosci. Lett203

(2), 131-4.

Reeves, J. P., and Condrescu, M. (2003) Lanthanum is transported
by the sodium/calcium exchanger and regulates its actisity,

J. Physiol. Cell Physiol. 28%4), C763-70.

Vajna, R., Klockner, U., Pereverzev, A., Weiergraber, M., Chen,
X., Miljanich, G., Klugbauer, N., Hescheler, J., Perez-Reyes, E.,
and Schneider, T. (2001) Functional coupling between ‘R-type’



The C&" Channel is the Ca Sensor Protein of Secretion

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Ca2t channels and insulin secretion in the insulinoma cell line
INS-1, Eur. J. Biochem. 2684), 1066-75.

Mears, D. (2004) Regulation of insulin secretion in islets of
Langerhans by Ca()channelsJ. Membr. Biol. 200(2), 57—

66.

Yang, S. N., and Berggren, P. O. (2006) The role of voltage-
gated calcium channels in pancreatic beta-cell physiology and
pathophysiologyEndocr. Re. 27 (6), 621-76.

Lansman, J. B. (1990) Blockade of current through single calcium
channels by trivalent lanthanide cations. Effect of ionic radius on
the rates of ion entry and exil, Gen. Physiol. 9%4), 679-96.
Matschinsky, F. M., Glaser, B., and Magnuson, M. A. (1998)
Pancreatic beta-cell glucokinase: closing the gap between theo-
retical concepts and experimental realitgbetes 4713), 307

15.

Aizawa, T., Komatsu, M., Asanuma, N., Sato, Y., and Sharp, G.
W. (1998) Glucose action ‘beyond ionic events’ in the pancreatic
beta cell,Trends Pharmacol. Sci. 1d2), 496-9.

Szollosi, A., Nenquin, M., Aguilar-Bryan, L., Bryan, J., and
Henquin, J. C. (2007) Glucose stimulates €agflux and insulin
secretion in 2-week-old beta-cells lacking ATP-sensitive- K
channels,). Biol. Chem. 2823), 1747-56.

Lipkind, G. M., and Fozzard, H. A. (2001) Modeling of the outer
vestibule and selectivity filter of the L-type C&2channel,
Biochemistry 4((23), 6786-94.

Dang, T. X., and McCleskey, E. W. (1998) lon channel selectivity
through stepwise changes in binding affinily Gen. Physiol. 111
(2), 185-93.

Nonner, W., Chen, D. P., and Eisenberg, B. (1998) Anomalous
mole fraction effect, electrostatics, and binding in ionic channels,
Biophys. J. 745), 2327-34.

Boda, D., Gillespie, D., Nonner, W., Henderson, D., and Eisenberg,
B. (2004) Computing induced charges in inhomogeneous dielectric
media: application in a Monte Carlo simulation of complex ionic
systemsPhys. Re. E: Stat. Nonlinear Soft Matter Phys. 9

Pt 2), 046702.

Corry, B., Allen, T. W., Kuyucak, S., and Chung, S. H. (2001)
Mechanisms of permeation and selectivity in calcium channels,
Biophys. J. 8Q(1), 195-214.

Ohara-Imaizumi, M., Nishiwaki, C., Nakamichi, Y., Kikuta, T.,
Nagai, S., and Nagamatsu, S. (2004) Correlation of syntaxin-1
and SNAP-25 clusters with docking and fusion of insulin granules

49.

50.

51.

52.

53.

54.

55.

56.

57.

Biochemistry, Vol. 46, No. 50, 200714467

analysed by total internal reflection fluorescence microscopy,
Diabetologia 47(12), 2200-7.

Cohen, R., Elferink, L. A., and Atlas, D. (2003) The C2A domain
of synaptotagmin alters the kinetics of voltage-gated a2
channels Ca(v)1.2 (Lc-type) and Ca(v)2.3 (R-tydeBiol. Chem.
278(11), 9258-66.

Bokvist, K., Eliasson, L., Ammala, C., Renstrom, E., and Rorsman,
P. (1995) Co-localization of L-type C&2channels and insulin-
containing secretory granules and its significance for the initiation
of exocytosis in mouse pancreatic B-cellsnbo J. 141), 50-7.

Xia, F., Gao, X., Kwan, E., Lam, P. P, Chan, L., Sy, K., Sheu,
L., Wheeler, M. B., Gaisano, H. Y., and Tsushima, R. G. (2004)
Disruption of pancreatic beta-cell lipid rafts modifies Kv2.1
channel gating and insulin exocytosik, Biol. Chem. 27923),
24685-91.

Leung, Y. M., Kwan, E. P., Ng, B., Kang, Y., and Gaisano, H. Y.
(2007) SNAREIing Voltage-Gated K and ATP-Sensitive K
Channels: Tuningbetgd-Cell Excitability with Syntaxin-1A and
Other Exocytotic Proteindgndocr. Re. 28 (6), 653-663.
Rorsman, P., Eliasson, L., Renstrom, E., Gromada, J., Barg, S.,
and Gopel, S. (2000) The Cell Physiology of Biphasic Insulin
SecretionNews Physiol. Sci. 152-77.

Tsuboi, T., Zhao, C., Terakawa, S., and Rutter, G. A. (2000)
Simultaneous evanescent wave imaging of insulin vesicle mem-
brane and cargo during a single exocytotic eventr. Biol. 10
(20), 130710.

Ohara-Imaizumi, M., and Nagamatsu, S. (2006) Insulin exocytotic
mechanism by imaging technigu&, Biochem. (Tokyo) 14(1),
1-5.

Kasai, H., Hatakeyama, H., Kishimoto, T., Liu, T. T., Nemoto,
T., and N. Takahashi, (2005) A new quantitative (two-photon
extracellular polar-tracer imaging-based quantification (TEPIQ))
analysis for diameters of exocytic vesicles and its application to
mouse pancreatic isletd, Physiol. 568Pt 3), 891-903.
Ohara-Imaizumi, M., Fujiwara, T., Nakamichi, Y., Okamura, T.,
Akimoto, Y., Kawai, J., Matsushima, S., Kawakami, H., Watanabe,
T., Akagawa, K., and Nagamatsu, S. (2007) Imaging analysis
reveals mechanistic differences between first- and second-phase
insulin exocytosis,). Cell Biol. 177(4), 695-705.

BI7016816



