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ABSTRACT Doc2a and Muncl3-1 proteins are highly
concentrated on synaptic vesicles and the presynaptic plasma
membrane, respectively, and have been implicated in Ca?™*-
dependent neurotransmitter release. Doc2a interacts with
Munc13-1 through the N-terminal region of Doc2« (the Mid
domain; amino acid residues 13-37). Here we examine whether
the interaction between Doc2a and Munc13-1 is required for
Ca?*-dependent neurotransmitter release from intact neuron.
A synthetic Mid peptide (the Mid peptide), but not a control
mutated Mid peptide or a scrambled Mid peptide, inhibited
the interaction between Doc2a and Munc13-1 in vitro. Intro-
duction of the Mid peptide into presynaptic neurons of
cholinergic synapses, formed between rat superior cervical
ganglion neurons, reversibly inhibited synaptic transmission
evoked by action potentials. In contrast, the control peptides
did not inhibit synaptic transmission. This inhibitory effect
depended on the presynaptic activity and was affected by
extracellular Ca?>* concentrations. The onset of the Mid
peptide effect was shortened when the neuron was stimulated
at a higher frequency, and the inhibition was more potent at
1 mM Ca?* than at 5.1 mM Ca>*. These results suggest that
the Doc2a-Munc13-1 interaction plays a role in a step before
the final fusion step of synaptic vesicles with the presynaptic
plasma membrane in the evoked neurotransmitter release
process.

Synaptic vesicles are transported to the presynaptic plasma
membrane where Ca?* channels are located. Depolarization
induces Ca?" influx into the cytosol of nerve terminals through
the Ca?* channels, and this Ca?" influx initiates the fusion of
the vesicles with the plasma membrane, finally leading to
neurotransmitter release. Recent studies have revealed that
this synaptic vesicle exocytosis consists of many complicated
steps (1), such as the translocation of vesicles from the reserve
pool to the active zone, the docking of vesicles at the active
zone, transition from the docking to the priming step, and the
fusion step, each of which is regulated by many components.

Genetic and electrophysiological studies suggest that syn-
aptotagmin serves as a Ca’" sensor for neurotransmitter
release (2-4). This protein has two C2 domains interacting
with Ca?* and phospholipid (5). However, other Ca?>* sensors
may also be involved in neurotransmitter release. Other can-
didates for Ca?" sensors are Doc2 (6) and Munc13 (7), which
also have two C2 domains and have been implicated in
Ca?*-dependent neurotransmitter release (8-10). Doc2 con-
sists of two isoforms, Doc2a and Doc2p (6, 11, 12). Doc2« is
specifically expressed in neuronal cells and localized on syn-
aptic vesicles, whereas Doc2p is ubiquitously expressed (6,
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11-13). Both isoforms of Doc2 interact with Muncl3 (9), a
mammalian homologue of Caenorhabditis elegans unc-13 (7,
10). Munc13 consists of three isoforms, Munc13-1, -2, and -3.
All isoforms of Munc13 have one C1 domain that interacts
with phorbol ester or diacylglycerol (14). Munc13 is specifically
expressed in neuronal cells and is located at the presynaptic
plasma membrane (7). Doc2ee and Muncl3-1 interact with
each other through the N-terminal region of Doc2« (the Mid
domain; amino acid residues 13-37) and the C-terminal region
of Munc13-1 (the Did domain; amino acid residues 851-
1,461). This interaction is induced by binding of diacylglycerol
or phorbol ester to Munc13-1 (9).

This biochemical evidence suggests that Doc2 plays an
important role in Ca>*-dependent neurotransmitter release.
However, it remains to be clarified whether the Doc2a-
Munc13-1 interaction is indeed involved in Ca?*-dependent
neurotransmitter release and, if so, which stage in the neuro-
transmitter release process this interaction regulates. We have
attempted here to address these issues. For this purpose, we
analyzed nerve impulse-evoked transmitter release between
pairs of cultured superior cervical ganglion neurons (SCGNs)
in which the synthetic peptide of the Mid domain (the Mid
peptide) is introduced into the presynaptic partner. Cultures of
SCGNs are favorable for these experiments because peptides
or proteins can be introduced into the relatively large presyn-
aptic cell bodies by microinjection, the injected peptides or
proteins can rapidly diffuse to nerve terminals forming synapse
with adjacent neurons, and the effects of the stimulated release
of acetylcholine can be accurately monitored by recording the
excitatory postsynaptic potentials (EPSPs) evoked by action
potentials in the presynaptic neurons (15, 16).

MATERIALS AND METHODS

Materials. The Mid peptide [the Mid domain of Doc2«
(amino acid residues 13-37); IQEHMAINVCPGPIRPIRQIS-
DYFP], the mutated Mid peptide (IYKDWAFNVCPG-
PIRPIRQISDYFP), and the scrambled Mid peptide
(ICPIQRHNSQPDPVGYIFEIRIMAP) were synthesized by
a Multiple Peptide Synthesizer (SYRO II, MultiSynTec, Wit-
ten, Germany). The cDNA fragment encoding the N-terminal
fragment of human Doc2« (amino acid residues 1-90) (6) was
inserted into a pGEX-2T plasmid, expressed in Escherichia coli
as a glutathione S-transferase fusion protein, and purified on
a glutathione—Sepharose 4B column (Amersham Pharmacia
Biotech, Uppsala, Sweden).

Assay for the Doc2a—Munc13-1 Interaction in a Cell-Free
System. The Munc13-1 cDNA inserted into pBluescript-myc

Abbreviations: Mid, interacting domain of Doc2« with Munc13-1;
SCGNs, superior cervical ganglion neurons; EPSP(s), excitatory
postsynaptic potential(s); RT, reverse transcriptase.
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was translated in vitro by using a TNT T7-coupled reticulocyte
lysate system (Promega). One microgram of glutathione S-
transferase—Doc2a (amino acid residues 1-90) was immobi-
lized onto 20 ul of glutathione—Sepharose 4B beads. The
immobilized beads were added to 500 ul of buffer A (50 mM
Hepes, pH 7.4/150 mM NaCl/1 mM EGTA) containing in
vitro translated product of Munc13-1, and gently mixed for 4
hr at 4°C in the presence of the Mid peptide or its control
mutated Mid peptide or scrambled Mid peptide. The beads
were washed four times with buffer A and the bound proteins
were eluted by addition of 100 ul of buffer A containing 20 mM
glutathione. The eluates were subjected to SDS/PAGE fol-
lowed by autoradiography.

Reverse Transcriptase (RT)-PCR Analysis. Total RNA was
isolated from rat brain and SCGNs by using TRIzol Reagent
(GIBCO/BRL), and reverse-transcribed by using the T-
Primed First-Strand kit (Amersham Pharmacia Biotech). PCR
was performed by using a Perkin—Elmer PCR kit. Nucleotide
sequences for primers were as follows: rat Doc2a (12), 5'-
GATGTTAACGGCTACTCTGA-3' and 5-ATGTCG-
TAGTCCCAGACTGT-3’; and rat Muncl3-1 (7), 5'-
GAAGAAGCCAAGAGCTTGACC-3" and 5'-ATGCGT-
GAACAGCTCCACGTG-3'. An aliquot of PCR products was
electrophoresed and visualized by staining with ethidium
bromide. Another aliquot was subcloned by using a pCR-Script
AmpSK plasmid (Stratagene), and the authenticity of the
products was verified by DNA sequencing.

Electrophysiological Recordings. SCGNs were prepared
from 7-day postnatal rats as described (15, 16). Conventional
intracellular recordings were made from two neighboring
neurons and cultured for 4-5 weeks using microelectrodes
filled with 1 M potassium acetate (40-70 MQ). Neurons with
nearby cell bodies were selected for recording. EPSPs were
recorded from one cell of the neurons when action potentials
were generated in the other neuron by passage of current
through an intracellular recording electrode. Experiments
were carried out at 32-34°C. Neurons were superfused with
modified Krebs solution (3 mM Hepes, pH 7.4/136 mM
NaCl/5.9 mM KCl/5.1 mM CaCl,/1.2 mM MgCl,/11 mM
glucose). Samples for intracellular injection were dissolved in
an intracellular solution (10 mM Hepes, pH 7.4/150 mM
potassium acetate/5 mM Mg?*-ATP) and introduced into the
presynaptic cell body by diffusion from a suction glass pipette
(17-20 MQ tip resistance). Fast Green FCF (5%, Sigma) was
introduced in the pipette solution to confirm entry into the
presynaptic cell body. EPSPs were recorded once every 5, 20,
and 100 sec (0.2, 0.05, and 0.01 Hz). Electrophysiological data
were collected and analyzed by using software written by L.
Tauc (Centre National de la Recherche Scientifique, Gif-sur-
Yvette, France).

RESULTS

Expression of Doc2a and Munc13-1 in SCGNs. To dem-
onstrate the expression of Doc2a and Muncl13-1 in SCGNS,
RT-PCR was performed by using specific primers. The prod-
ucts derived from the Doc2a and Muncl3-1 mRNAs were
detected in SCGNs dissected from 7-day postnatal rats (Fig. 1).
The sequences of the PCR products were confirmed to be
identical with those of Doc2«a and Munc13-1 (data not shown).
The results indicate that Doc2a and Muncl3-1 are indeed
expressed in SCGNs, as well as in rat brain.

Inhibition of the in Vitro Doc2a—Munc13-1 Interaction by
the Mid Peptide. We prepared the Mid peptide, and its control
mutated Mid peptide and scrambled Mid peptide, and exam-
ined whether they inhibited the in vitro interaction between
Doc2a and Munc13-1. The Mid peptide inhibited this inter-
action in a dose-dependent manner, whereas the mutated Mid
peptide or the scrambled Mid peptide did not (Fig. 2). These
results suggest that an excess amount of the Mid peptide could
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Fic. 1. Expression of Doc2a and Muncl3-1 in SCGNs. (A4)
RT-PCR analysis of Doc2a mRNA in rat brain and SCGNs. Control
indicates minus RNA control sample. Arrow indicates product derived
from genomic DNA. (B) RT-PCR analysis of Munc13-1 mRNA in rat
brain and SCGNs. Arrow indicates position of an alternatively spliced
transcript of Munc13-1 (7, 9). The size of markers is shown at left.
Results shown are representative of three independent experiments.

disrupt the Doc2a—Munc13-1 interaction in intact nerve ter-
minals.

Inhibition of Synaptic Transmission by the Mid Peptide.
Synaptic transmission was monitored between closely spaced
(<5 mm) pairs of neurons for 20-30 min, and the samples to
be tested were then allowed to diffuse into the presynaptic
neurons from a suction pipette for 2-3 min. During this time,
the concentration of injected sample inside the presynaptic cell
body reached approximately 5% of the concentration in the
pipette, as estimated from the intensity of the coinjected Fast
Green FCF dye and from correction for the effect of molecular
mass diffusion (17). As in the previous functional studies of
presynaptic terminal proteins (15, 16, 18, 19), EPSPs were
evoked at 0.05 Hz by action potentials elicited by current
passage applied into presynaptic cell through a recording
microelectrode and were recorded with a second microelec-
trode in the adjacent postsynaptic cell. The concentration of
Ca?" in the external solution was 5.1 mM, instead of the
normal concentration of 2.5 mM Ca?*, to produce larger
EPSPs (15, 16, 18, 19). After a stable period of control
recordings, the Mid peptide was introduced at ¢ = 0 with a
pipette containing 2.5 mM, which produced a maximum
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FiG. 2. Effects of the Mid peptide on the Doc2a-Muncl3-1
interaction in a cell-free system. Affinity-purified glutathione S-
transferase—-Doc2a (amino acid residues 1-90) immobilized on gluta-
thione—Sepharose beads was incubated with in vitro translated, [3>S]-
methionine-labeled Munc13-1 in the presence of the indicated con-
centrations of the Mid peptide or the control peptides. Specifically
bound proteins were detected by SDS/PAGE followed by autoradio-
graphy. Mid, Mid peptide; m-Mid, mutated Mid peptide; s-Mid,
scrambled Mid peptide. The protein markers used were myosin (M,
200,000), B-galactosidase (M, 116,000), and BSA (M, 66,200). Results
shown are representative of three independent experiments.
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concentration of 125 uM in the soma. Injection of the Mid
peptide did not affect synaptic transmission for 20-30 min and
then gradually reduced the EPSP amplitude (Fig. 3). The
maximal decrease in the EPSP amplitude, —29 = 1.8% (n =
7, mean = SEM, Table 1), was observed 40-50 min after
starting the injection. At later times the EPSPs gradually
recovered. No significant change in the time courses of the
EPSPs induced by single action potential was observed after
the injection of the Mid peptide (Fig. 34). Under conditions
where the Mid peptide showed an inhibitory effect, the
mutated Mid peptide and the scrambled Mid peptide showed
little effect on the EPSP amplitude during the 70-min record
(n = 6, Fig. 3B). This suggests that the inhibitory effect of the
Mid peptide is specific. These results provide an additional line
of evidence that the Mid domain of Doc2« is involved in the
interaction with Munc13-1 and that this interaction plays an
important role in the neurotransmitter release process.

Presynaptic Activity-Dependent Effect of the Mid Peptide.
To examine whether the effect of the Mid peptide on synaptic
transmission depends on presynaptic activity or on presynaptic
firing rate, stimulation frequency was varied. When synapses
were stimulated at 0.2 Hz, more rapid inhibition of synaptic
transmission was observed after the injection of the Mid
peptide (n = 5, Fig. 4). The maximal decrease in the EPSP
amplitude, —32 * 3.8% (n = 5, Table 1), was observed 25-30
min after the injection, and thereafter the EPSPs recovered
slowly. In another series of experiments, stimulation frequency
was lowered to 0.01 Hz. The onset of the Mid peptide effect
was delayed for 40-50 min after the injection at this lower
frequency (n = 5). These results indicate that the Mid peptide
produces a presynaptic activity-dependent inhibition of evoked
transmitter release.

Extracellular Ca?>*-Dependent Effect of the Mid Peptide. To
test whether the Doc2a—Munc13-1 interaction is affected by
extracellular Ca2?", the concentration of Ca?" in the external
solution was reduced from 5.1 mM to 1 mM. At 1 mM CaZ?*,
the EPSP amplitude fluctuated but did not significantly de-
crease during more than 1 hr of recording from synapses
stimulated at 0.05 Hz (n = 3, data not shown). This suggests
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that the size of the readily releasable pool is not affected by
superfusion with extracellular solution containing 1 mM Ca?".
The onset of the inhibitory effect of the Mid peptide on
synaptic transmission was shortened to 15-20 min after the
injection (n = 5, Fig. 54). The maximal decrease in the EPSP
amplitude, —51 * 7.1% (n = 5, Table 1), was observed 30-50
min after the injection. These results indicate that the Mid
peptide effect was accelerated with a reduction in the Ca?*
concentrations of the external solution.

When synapses were stimulated at 0.2 Hz at 1 mM Ca?", a
slight decline in the EPSP amplitude similar to that at 5.1 mM
Ca?* was observed after the injection of the control carrier
solution (n = 2, data not shown). The onset of the inhibitory
effect of the Mid peptide was 5-10 min (n = 5, Fig. 5B), similar
to that at 5.1 mM Ca?*. This indicates that the time for
inducing the peptide effect may be the shortest when synapse
is stimulated at 0.2 Hz. As indicated in a previous study (15),
EPSPs decreased gradually with time when stimulation was
applied at >0.3 Hz, suggesting that such repetitive stimulation
causes depletion of vesicles from readily releasable pools. The
effect of the Mid peptide on synaptic transmission was stronger
and lasted longer in the synapses stimulated at 0.2 Hz at 1 mM
Ca?*: the maximal decrease in the EPSP amplitude, —59 *
55% (n = 5, Table 1), was observed 40—-60 min after the
injection. In three of five experiments where the maximal
decrease was observed around 40 min, EPSPs increased very
slowly and recovered 15 = 2.4% (n = 3) at 70 min after the
injection. These results indicate that extracellular Ca®* con-
centration affects the degree and duration of the Mid peptide
effect, but not the onset, when stimulation frequency is raised.

DISCUSSION

We have studied here the physiological importance of the
Doc2a—Munc13-1 interaction in the neurotransmitter release
process. For this purpose, we have injected the Mid peptide
into SCGNs and examined its effect on synaptic transmission.
We have shown here that the Mid peptide actually disrupts the
in vitro interaction between Doc2a and Munc13-1. We have
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Fic. 3. Effect of the Mid peptide on synaptic transmission. The Mid peptide was introduced into presynaptic neurons, while postsynaptic
responses were evoked by presynaptic action potentials elicited at 0.05 Hz at 5.1 mM Ca?*. (4) EPSPs induced by single action potential before
and after the injection of the Mid peptide from a pipette containing 2.5 mM peptide. Postsynaptic potentials recorded at the indicated times were
taken from one representative experiment. (¢) Ten minutes before the injection, (b) 50 min after the injection, (¢) 80 min after the injection. (B)
Inhibition of synaptic transmission by the Mid peptide. Normalized average postsynaptic potentials are plotted from experiments with the injection
of the Mid peptide (Mid, n = 7), the mutated Mid peptide (m-Mid, n = 6), and the scrambled Mid peptide (s-Mid, n = 6) at 2.5 mM in the pipette.
Peak values of the EPSP amplitude were measured and averaged. The resultant values were smoothed by eight-point moving average algorithm
and plotted against recording time with ¢ = 0 indicating the beginning of the presynaptic injection. (O), Mid; (<), m-Mid; (w), s-Mid.
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Table 1. Effects of the Mid peptide on evoked EPSPs
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Frequency of Ca?* concentration, No. of Change in
Injected reagent stimulation, Hz mM experiments amplitude, %
Mid peptide 0.01 5.1 5 —14 + 19*
Mid peptide 0.05 5.1 7 —29 + 1.8f
Mid peptide 0.2 5.1 5 —32 = 3.8%
Mid peptide 0.05 1 5 -51 718
Mid peptide 0.2 1 5 —59 + 551
Control m-Mid peptide 0.05 5.1 6 —6 =+ 11l
Control s-Mid peptide 0.05 5.1 6 -10 = 6.8l
Carrier solution 0.05 5.1 7 —3+24l
Carrier solution 0.2 5.1 5 -8 =23l

Samples to be tested were introduced into presynaptic neurons. Concentrations of the Mid peptide and the control peptides
in the pipette were 2.5 mM. EPSPs were evoked by presynaptic action potentials elicited at the indicated frequencies of
stimulation. Neurons were superfused with modified Krebs solution containing the indicated concentrations of Ca2*. EPSPs
were measured when maximum inhibitory effect was observed at 60*, 40-50,T 25-30,% 30-50,% and 40-60Y min after starting

injection.

IEPSPs were measured at 30 min after the injection of the control peptides or the carrier solution. Changes in amplitude of
EPSPs were expressed as percent inhibition of the preinjection value (mean * SEM).

also shown that the Mid peptide inhibits synaptic transmission
induced by presynaptic action potentials. These results indicate
that the Doc2a—Munc13-1 system is involved in neurotrans-
mitter release from SCGNs.

It has been shown that injection of the antisynaptotagmin
antibody inhibits synaptic transmission at the SCGN synapses,
and that this inhibitory effect is rapid (19). These results,
together with genetic and biochemical observations (4, 20),
suggest that synaptotagmin is involved at least in the final
fusion step of synaptic vesicles with the presynaptic plasma
membrane. In contrast, the inhibitory effect of the Mid peptide
on synaptic transmission is relatively slow. Moreover, the
inhibitory effect is dependent on presynaptic activity; the onset
of inhibition becomes more rapid and the inhibitory effect
becomes more marked during high frequency stimulation. This
observation suggests that the inhibition of the Doc2a-
Munc13-1 interaction by the Mid peptide may alter the
efficiency of synaptic vesicle supply and induce the depletion
of fusion-competent vesicles. These results, together with
earlier observations (15, 18), suggest that the Doc2a-—
Munc13-1 interaction is involved in a step before the final
fusion step in the neurotransmitter release process.

Moreover, we have shown here that the inhibitory effect of
the Mid peptide on synaptic transmission is affected by the
Ca?* concentrations of the external solution. The mechanism
for this effect of extracellular Ca2* is not known, but our
current speculation is that the Doc2a—Munc13-1 interaction is
induced by binding of phorbol ester or diacylglycerol to
Munc13-1 (9). Diacylglycerol is generated by the phospho-
lipase C-catalyzed hydrolysis of phosphoinositide. Phospho-
inositide phospholipase C (type B) requires 107°-107> M Ca?*
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F1G. 4. Activity-dependent effect of the Mid peptide on synaptic
transmission. Normalized average postsynaptic potentials are plotted
from experiments where the Mid peptide was injected from pipette
containing 2.5 mM peptide and presynaptic stimulation was applied at
the indicated frequencies. (0), 0.01 Hz (n = 5); (0), 0.05 Hz (n = 7);
(4),0.2Hz (n = 5); (a), 0.2 Hz with the injection of the control carrier
solution (n = 5).

for its activity (21). This Ca’* concentration range is similar to
that required for initiation of neurotransmitter release (22). It
is assumed that diacylglycerol formation is induced by Ca?*
influx through Ca?* channels in presynaptic terminals (23).
Therefore, the reduction of extracellular Ca?* may reduce the
increase in Ca®* concentrations in nerve terminals, which may
cause the reduced formation of diacylglycerol. This may induce
weak Doc2a—Munc13-1 interaction and cause a more marked
inhibitory effect of the Mid peptide on synaptic transmission.
However, it is possible that Ca?* acts on the C2 domains of
both Doc2a and Munc13-1, by analogy with synaptotagmin,
which has two C2 domains and has been shown to serve as a
Ca?* sensor (4, 5).
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Fi1G.5. Extracellular Ca?*-dependent effect of the Mid peptide on
synaptic transmission. Normalized average postsynaptic potentials are
plotted from experiments where the Mid peptide was injected from
pipette containing 2.5 mM peptide and presynaptic stimulation was
applied at 0.05 or 0.2 Hz at the indicated concentrations of Ca2*. (4)
0.05 Hz. (B) 0.2 Hz. (®), 1 mM Ca?* (n = 5); (a), ] mM Ca?** (n =
5); (0), 5.1 mM Ca?* (n = 7); (4), 5.1 mM Ca?* (n = 5).
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Considering the perturbation of the Doc2a—Munc13-1 in-
teraction by the Mid peptide, it is likely that the Doc2a—
Muncl13-1 system is involved in the formation of a synaptic
vesicle pool from which synaptic vesicle are transported to a
releasable pool when nerve impulses arrive repetitively at high
frequencies. The Doc2a—Muncl3-1 system may function in
cooperation with syntaxin and Muncl8 in a prior stage of
synaptic vesicle docking with the core complex of VAMP/
synaptobrevin, SNAP-25, syntaxin, and Munc13-1. Consistent
with this possibility, Doc2 and Munc13 have been shown to
interact with Munc18 (12) and syntaxin (24), respectively.
Further studies are necessary to clarify the role of the Doc2a—
Muncl3-1 system as a component of the Ca?*-dependent
neurotransmitter release machinery.
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