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ABSTRACT Neuronal transmitters are released from nerve terminals via the fusion of synaptic vesicles with the plasma mem-
brane. Vesicles attach to membranes via a specialized protein machinery composed of membrane-attached (t-SNARE) and
vesicle-attached (v-SNARE) proteins that zipper together to form a coiled-coil SNARE bundle that brings the two fusing mem-
branes into close proximity. Neurotransmitter releasemay occur either in response to an action potential or through spontaneous
fusion. A cytosolic protein, Complexin (Cpx), binds the SNARE complex and restricts spontaneous exocytosis by acting as a
fusion clamp. We previously proposed a model in which the interaction between Cpx and the v-SNARE serves as a spring to
prevent premature zippering of the SNARE complex, thereby reducing the likelihood of fusion. To test this model, we combined
molecular-dynamics (MD) simulations and site-directed mutagenesis of Cpx and SNAREs in Drosophila. MD simulations of the
Drosophila Cpx-SNARE complex demonstrated that Cpx’s interaction with the v-SNARE promotes unraveling of the v-SNARE
off the core SNARE bundle. We investigated clamping properties in the syx3-69 paralytic mutant, which has a single-point mu-
tation in the t-SNARE and displays enhanced spontaneous release. MD simulations demonstrated an altered interaction of Cpx
with the SNARE bundle that hindered v-SNARE unraveling by Cpx, thus compromising clamping. We used our model to predict
mutations that should enhance the ability of Cpx to prevent full assembly of the SNARE complex. MD simulations predicted that
a weakened interaction between the Cpx accessory helix and the v-SNARE would enhance Cpx flexibility and thus promote sep-
aration of SNAREs, reducing spontaneous fusion. We generated transgenic Drosophila with mutations in Cpx and the v-SNARE
that disrupted a salt bridge between these two proteins. As predicted, both lines demonstrated a selective inhibition in sponta-
neous release, suggesting that Cpx acts as a fusion clamp that restricts full SNARE zippering.
INTRODUCTION
Neurotransmitters are released from nerve terminals via
the fusion of synaptic vesicles with the neuronal plasma
membrane. Vesicles are attached to the membrane through
the assembly of a coiled-coiled SNARE protein complex
(1). The SNARE complex forms a parallel four-helix bundle
comprising the vesicle transmembrane protein synaptobre-
vin (Syb), the plasma membrane protein syntaxin (Syx),
and the membrane-anchored protein SNAP25 (2). Stim-
ulus-evoked vesicle fusion occurs in response to Ca2þ influx
triggered by an action potential. Release of transmitters can
also occur spontaneously in the absence of stimulation, a
process that is essential for normal neuronal development
and homeostasis (3). Both evoked and spontaneous synaptic
transmissions are regulated by the cytosolic protein Com-
plexin (Cpx) through its interaction with the SNARE bundle
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(4). Cpx inhibits spontaneous release and promotes evoked
transmission (5). Structurally, Cpx is comprised of several
domains, including two helical regions (the central helix
and the accessory helix (AH)), and it directly binds the
SNARE complex and forms a SNARE-Cpx five-helix pro-
tein bundle (4). Cpx inhibits, or clamps, spontaneous fusion
via the interaction of its AH with the SNARE bundle (6).
However, the specific molecular mechanism by which Cpx
prevents spontaneous vesicle fusion is still debated.

Extensive evidence suggests that before fusion occurs, a
vesicle is docked to the plasma membrane in a prefusion
state (1,7). The prefusion state of the SNARE bundle is
likely to represent a partially zippered SNARE complex
comprised of Syx and SNAP25 (t-SNARE) with a partially
unraveled Syb (v-SNARE) (8), although an alternative view
suggests that SNARE zippering occurs rapidly and without
stable intermediate states (9). It was suggested that approx-
imately half of the helical region of Syb is separated
from the bundle, and that the Cpx AH inserts between the
t-SNARE and Syb, substituting for Syb in binding the
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Interaction of Cpx and Syb Controls Fusion
t-SNARE complex (10,11). In this model, the bridging
of multiple SNAREs by Cpx would both promote evoked
release and inhibit spontaneous fusion. However, both theo-
retical (12) and experimental (13,14) studies suggested
that the separation of the SNARE bundle is likely to be
less radical, and that it probably involves only one or
two helical turns. In addition, several studies demonstrated
that different Cpx domains are responsible for regulating
evoked and spontaneous fusion (6,15,16). Thus, the question
of Cpx’s mechanistic action in clamping fusion is still
debated (5,17,18).

Computational molecular modeling represents a power-
ful tool for understanding the dynamics of the SNARE
complex before fusion (12,19–23). Based on molecular-dy-
namics (MD) simulations of the SNARE-Cpx complex, we
previously proposed a model whereby Cpx dynamically
interacts with Syb, preventing it from fully zippering onto
the SNARE bundle (23). Here, we used this model to
generate testable predictions for site-directed mutagenesis
in Drosophila. We combined MD simulations with site-
directed mutagenesis, Drosophila genetics, and focal elec-
trical recordings of synaptic activity to probe how Cpx
interacts with the SNARE bundle to clamp spontaneous
fusion.
MATERIALS AND METHODS

Fly stocks

Drosophila melanogaster were cultured on standard medium at 25�C. The
following fly stocks were used: Canton-S (wild-type (WT); Bloomington

Drosophila Stock Center, Indiana University), cpx null mutant cpxSH1

(24), temperature-sensitive Syx mutant syx3-69 (25), and n-syb null mutant

n-sybDF33 (26). Since the homozygote n-sybDF33 line is embryonic lethal

(26), the n-sybDF33 stock was maintained over the balancer chromosome

TM6Tb.

To generate the transgenic lines UAS-CpxE34A and UAS-n-SybK83A, we

used QuikChange (Stratagene, La Jolla, CA) for site-directed mutagenesis

on the existing cloned Cpx (isoform 7A (24,27)) and n-Syb (28). PCR prod-

ucts were subcloned into a pValum construct, allowing use of the Gal4/UAS

expression system (29). Constructs were injected into yv; attP 3rd chromo-

some docking strains by BestGene (Chino Hills, CA).

The C155 elav-GAL4 driver was used for neuronal expression of trans-

genes. We generated lines with overexpressed (OE) mutated and WT Cpx

(CpxE34A OE and CpxWT OE), as well as mutated and WT n-Syb (n-SybK83A

OE and n-SybWT OE). The mutations were combined to generate lines with

both mutated proteins and the respective controls (CpxE34A/n-SybK83A OE

and CpxWT/n-SybWT OE).

The UAS lines used in the study were recombined into the cpxSH1

or n-sybDF33 null mutant background to generate CpxE34A,cpxSH1

and n-SybK83A,n-sybDF33 lines, as well as their respective controls

(CpxWT,cpxSH1 and n-SybWT,n-sybDF33).
Electrophysiology

Experiments were performed on type Ib boutons of muscles 6 and 7 at

abdominal segments 2–4 of the 3rd instar larvae in HL3 solution containing

(in mM) 70 NaCl, 5 KCl, 20 MgCl2, 10 NaHCO3, 5 trehalose, 115 sucrose,

5 HEPES, and 0.25, 1, or 2.5 CaCl2. Excitatory postsynaptic currents

(EPSCs) were recorded focally (30) as previously described (31,32) from
boutons visualized with differential interference contrast optics using mac-

ropatch electrodes with a 5 mm tip diameter and 1–1.2 MU resistance. The

electrode tips were fire polished and bent to enable recording under a 60�
water immersion objective with a 2 mm working distance. The seal

resistance was monitored continuously, and only experiments in which

the seal resistance stayed constant (within the range of 0.89–0.91 MU)

throughout the experiment were analyzed. Recordings were digitized

with a Digidata A/D board and Axoscope software (Axon Instruments),

and analyzed offline employing in-house-written Quantan software (33).
Molecular modeling

We obtained the structure of the Drosophila SNARE-Cpx complex by ho-

mology modeling of the mammalian complex simulated in our earlier study

(23). Single-point mutations were performed with the use of Visual Molec-

ular Dynamics software (VMD, University of Illinois, Urbana-Champaign,

IL). MD simulations were performed as described previously (23). Briefly,

the water box (150� 70� 70 A) contained 150 mM KCl with all the nega-

tive charges neutralized. MD simulations were performed using the NAMD

package (34) and CHARMM22 force field (35) with periodic boundary

conditions and Ewald electrostatics in the NTP ensemble (Berendsen baro-

stat and Langevin thermostat) at 300 K temperature, with a 2 fs time step for

the simulations at equilibrium and a 1 fs time step for the simulations under

external forces. Computations were performed using the Extreme Science

and Engineering Discovery Environment (XSEDE). PyMol software

(Schrödinger) was used for molecular graphics, and VegaZZ software

(Drug Design Laboratory) was used for trajectory analysis.
RESULTS

Cpx may act as a spring to unravel the SNARE
bundle

Our MD simulations of the mammalian SNARE-Cpx
complex (23) suggested that the Cpx AH interacts tightly
with Syb in solution, in contrast to the structure observed
after crystallization (4). Notably, only 70% of residues
are conserved between mammalian and Drosophila Cpx-
SNARE complexes (Fig. S1 in the Supporting Material),
and thus it is unclear whether these structural and dynamic
properties are conserved. To address this issue, we created a
molecular model of the Drosophila SNARE-Cpx complex
by employing homology modeling coupled with MCM
optimization, and performed a 230 ns MD simulation of
the equilibrated complex in a water/ion environment
(Fig. S2, A and B). We found that the Drosophila SNARE-
Cpx complex formed a tight bundle, similar to what was
observed for the mammalian complex, and was stabilized
by a salt bridge (Fig. S2 A, magenta line, and B) between
K83 of Syb (numeration per mammalian homologs) and
E34 of Cpx. In contrast to the mammalian complex, this
salt bridge was not stable, and the hydrogen bond be-
tween residues K83 of Syb and E34 of Cpx continuously
formed and broke over the timeframe of the simulation
(Fig. S2 A, magenta line). Interestingly, the distance be-
tween the membrane proximal residues of Syx and Syb
(Fig. S2 A, blue line) demonstrated considerable fluctua-
tions, with the maximal openings of the SNARE bundle
coinciding with disruptions in the Syb-Cpx salt bridge
Biophysical Journal 111, 1954–1964, November 1, 2016 1955
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(Fig. S2 A, arrows). Notably, the presence of Cpx signifi-
cantly enhanced these fluctuations (Fig. S2 C). This result
suggests that Cpx may destabilize the C-terminus of the
SNARE bundle, and that the bundle would be unraveled
more rapidly in the presence of Cpx.

To test whether this is the case, we performed MD
simulations of the Drosophila SNARE and SNARE-Cpx
complexes under a force of 2 kcal/Mol/Å (Fig. 1 A), corre-
sponding to the force produced by membrane electrostatic
repulsion (23). In the absence of Cpx, a rapid unraveling
of the C-terminal helical turn of Syb was observed; how-
ever, all the remaining layers of Syb remained intact over
the entire 270 ns period of the simulation (Fig. 1 B, left).
At the end of the trajectory (Fig. 1 C, left), the complex
had an unstructured C-terminal helical turn, and layer 8
was slightly separated from the core bundle. However, all
the other layers of the SNARE bundle remained intact.

In contrast, in the SNARE-Cpx complex, the same force
produced unraveling of layers 8 and 7 at 150–200 ns of
the trajectory (Fig. 1 B, right), producing a separation of
~5.5 nm between the terminal residues of Syb and Syx. In
the final state of the SNARE-Cpx complex (Fig. 1 C, right),
layers 7 and 8 of Syb were unraveled and separated from the
bundle. Importantly, the Cpx AH interacted with Syb, stabi-
lizing the partially unraveled state of the bundle.

Notably, in a complex with the fully assembled SNARE
bundle, the Cpx helical structure was slightly bent between
its central and accessory helixes (Figs. S2 B and S3). In
contrast, a partially unraveled complex Cpx structure
(Figs. 1 B and S3) represented a continuous helix, thus
1956 Biophysical Journal 111, 1954–1964, November 1, 2016
residing in a more energetically favorable state. These sim-
ulations suggest a mechanical model whereby Cpx in a com-
plex with the SNARE bundle may act as a spring that shifts
the equilibrium toward a partially unraveled SNARE com-
plex state.

If our model is correct, mutations that disrupt the interac-
tions of the Cpx AH with the SNARE bundle would be
likely to affect Cpx clamping properties. This would be
manifested as a selective increase or decrease in sponta-
neous synaptic activity. We tested this prediction in two
ways. First, we took advantage of the temperature-sensitive
paralytic mutant syx3-69 (25), which has increased sponta-
neous activity (36) and possibly an altered Cpx conforma-
tion (23). Second, we generated new mutations that affect
the interaction of the Cpx AH with the SNARE bundle,
and investigated evoked and spontaneous transmissions in
the mutant lines.
The ability of Cpx to unravel the SNARE bundle is
compromised in the syx3-69 mutant and
spontaneous synaptic activity is selectively
increased

We employed the paralytic mutant syx3-69 (25) to investigate
how the mutation in Syx affects the attachment of Cpx to
the SNARE bundle and SNARE unraveling, as well as spon-
taneous and evoked synaptic transmissions. The syx3-69

mutant has a single-point mutation T254I in Syx (T251I
per mammalian numeration), which is positioned at layer
7 of the SNARE bundle (36) and is in proximity to the
FIGURE 1 Cpx interaction with Syb on the

SNARE bundle in Drosophila promotes Syb un-

raveling from the bundle. (A) An external force

of 2 kcal/Mol/Åwas applied to Syb. (B) MD trajec-

tories of the SNARE and SNARE-Cpx complexes

under the external force. The graphs show the dis-

tances between the Ca atoms of the C-terminus

residues of Syb and Syx, as well as between the

Ca atoms of the Syb and Syx residues forming

layer 6. Each graph shows two replicas started

from subsequent trajectory points. Note that the

SNARE-Cpx complex demonstrates a faster unrav-

eling of Syb. Layer 6 of the SNARE complex

remains intact over the length of the simulation,

whereas in the SNARE-Cpx complex, layer 6 is de-

stabilized at the end of the trajectory (170–270 ns).

(C) The final states of the SNARE and SNARE-

Cpx complexes (Cpx, magenta) reveal a more

radical unraveling in SNARE-Cpx. Note that the

SNARE complex is zippered up to layer 8 (L8),

whereas in the SNARE-Cpx complex, layers

L6–L8 of Syb are unraveled.
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Cpx AH. MD simulations of the mammalian SNARE-Cpx
complex suggested that the T251I mutation in Syx may alter
the attachment of Cpx AH to the SNARE bundle (23).
Notably, spontaneous activity is increased in the syx3-69

mutant (23,36), in line with the hypothesis that this mutation
may compromise the interaction of the Cpx AH with the
SNARE bundle and thus mimic Cpx deficiency in the regu-
lation of spontaneous activity. To test this hypothesis, we
combined modeling and experimentation to test whether
Cpx’s clamping properties are disrupted in the syx3-69

mutant. To do this, we 1) investigated spontaneous and
evoked release components in the syx3-69 mutant; 2) em-
ployed MD simulations in equilibrium to test whether the
Cpx AH conformation is altered in the mutated Drosophila
SNARE-Cpx complex, as was the case for the mammalian
complex (23); and 3) employed MD simulations under
external forces to test whether Syb unraveling is altered
in the mutant.

To accurately quantify spontaneous and evoked transmis-
sions in the syx3-69 mutant and compare them with those
observed in theWTand cpx�/� lines, we employed focal re-
cordings of synaptic responses from visualized boutons
(31,32). Since it was previously demonstrated (37) that
Cpx affects evoked transmission in a Ca2þ-dependent way,
we monitored spontaneous and evoked activities at different
Ca2þ levels. Spontaneous activity was increased ~70-fold in
the cpx�/� line and~15-fold in the syx3-69 line (Fig. 2A), and
this effect did not depend on the Ca2þ concentration. The
miniature EPSC (mEPSC) amplitude and area were not
affected in syx3-69 (Fig. 2 B; we were not able to accurately
quantify mini sizes in the cpx�/� line, since the mEPSCs
overlapped due to their high frequency).
The amplitude and area of evoked EPSCs showed a
dependence on Cpx that was influenced by Ca2þ levels
(Fig. 2 C), in agreement with prior studies (37). At 1 and
2.5 mM Ca2þ, Cpx deletion produced a significant decrease
in evoked release, as well as EPSC broadening. At the
lowest Ca2þ level (0.25 mM), evoked release in cpx�/�
was significantly increased (note the increase in EPSC
amplitude and area in Fig. 2 C), and the EPSC time course
was not affected (note the unchanged EPSC extent in
Fig. 2 C). This Ca2þ-dependent effect of Cpx deletion
was not mimicked by the syx3-69 mutation. In contrast, the
syx3-69 mutant showed a modest but significant increase
in evoked release at all Ca2þ levels, and this increase was
not accompanied by any change in the time course of
release (note the unchanged EPSC extent in the syx3-69

mutant). This increase in evoked release observed in the
syx3-69 mutant may be associated with an increased number
of synapses (38).

Thus, both the syx3-69 mutation and the Cpx deletion
showed a very prominent and Ca2þ-independent increase
in spontaneous release, although the effect of the syx3-69mu-
tation was significantly weaker. The Cpx deletion also
produced a Ca2þ-dependent effect on the evoked-release
component, and this effect was not mimicked by the
syx3-69 mutation. Notably, the increase in evoked release
produced by the syx3-69 mutation was modest (~20%) and
contrasts with the dramatic effect of this mutation on spon-
taneous release (~700%). Thus, syx3-69 shows a very prom-
inent and selective increase in the spontaneous release
component. We hypothesized that this increase may be
associated with a conformational change in Cpx and the
displacement of the Cpx AH in the syx3-69 mutant (23). To
FIGURE 2 The syx3-69 mutation partially

mimics the effect of Cpx deletion on spontaneous,

but not evoked, release. (A) Cpx deletion and

syx3-69 mutation increase spontaneous activity in

a Ca2þ-independent manner. Black, WT; blue,

cpx�/�; green, syx3-69. (B) The syx3-69 mutation

does not affect quantal size. (C) The syx3-69 muta-

tion does not mimic the effect of Cpx deletion on

evoked release. Cpx deletion inhibits release and

produces EPSC broadening in a Ca2þ-dependent
manner, whereas the syx3-69 mutation increases

evoked release in a Ca2þ-independent manner

and does not affect the release time course. EPSC

traces represent an average over the 300 recorded

sweeps in a single experiment at 2.5 mM Ca2þ.
Data were collected from at least 20 recording sites

in at least seven larvae for each line under each

condition.
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test this hypothesis, we employed MD simulations of the
mutated Drosophila SNARE-Cpx complex.

First, we investigated whether the Syx T251I mutation
(T254 in Drosophila) alters the interaction of Drosophila
Cpx with the SNARE bundle at equilibrium. We performed
a 260 ns MD simulation of the mutated SNARE-Cpx com-
plex, starting from a conformation identical to the SNARE-
Cpx structure at the end of the MD trajectory at equilibrium
(Fig. S2 B). After 95 ns of simulation, the Cpx AH separated
from the SNARE bundle, and after a further 30 ns it sta-
bilized in a conformation whereby the Cpx AH did not
interact with SNAP25 and deviated from the orientation
parallel to the SNARE bundle (Fig. S4, A and B). Thus,
we found that the syx3-69 mutation produced a deviation of
the Cpx AH from the Drosophila SNARE bundle (see
Fig. 4 A). We next tested whether the mutation affects the
stability of the SNARE C-terminus. We found that the dis-
tance between the Syb and Syx C-termini fluctuated more
broadly in the native SNARE-Cpx complex than in the
mutant (Fig. S4 C), suggesting that the mutation may stabi-
lize the SNARE C-terminus and makes it less prone to
unraveling.

To test whether this is the case, we performed MD simu-
lations of the mutant complex under external forces as
described above. Notably, the mutant SNARE-Cpx complex
showed a very modest unraveling under external forces
(Fig. 3, B and C), unlike the native complex. An examina-
tion of the Syb and Cpx conformations in both native and
mutated complexes reveals that Cpx is likely to hinder
Syb unraveling in the mutated complex (Fig. 3 C, left). In
contrast, in the native complex, the Cpx AH is positioned
so that it can serve as a climbing step for Syb unraveling
(Fig. 3 B, right). These results argue that fusion clamping
might be selectively manipulated by altering the interaction
of the Cpx AH and Syb. To test whether this is the case, we
combined modeling and experimentation to predict and test
the effect of the mutations that alter this interaction.
FIGURE 3 The syx3-69 mutation produces a deviation of Cpx from the

bundle, which hinders unraveling of Syb. (A) SNARE-Cpx complex with

and without the mutation. Both states are captured at the end of the respec-

tive MD trajectories. In the absence of the mutation, Cpx lies roughly par-

allel to the bundle, but in the mutant complex it deviates from the bundle.

(B) The mutation slows down the unraveling of Syb from the SNARE

bundle under external forces (the graph shows the distance between the

C-terminal residues of Syb and Syx; the blue line corresponds to the

average of the two SNARE-Cpx replica; Fig. 2 B). (C) Final states of

the mutated and native complexes. In the mutant complex, Cpx (magenta)

is positioned over Syb (red) and hinders unraveling, whereas in the native

complex, Cpx is positioned to promote unraveling.
Disrupting a salt bridge between Cpx and Syb
promotes the ability of Cpx to unravel the SNARE
bundle and produces a superclamping phenotype

Since the interaction between the Cpx AH and Syb is stabi-
lized by a salt bridge between K83 of Syb and E34 of Cpx
(Fig. S2 B), we questioned how the disruption of this salt
bridge would affect the protein dynamics and the sponta-
neous transmitter release. This manipulation could partially
mimic the Cpx null phenotype, eliminating the interaction
of the Cpx AH with the core SNARE bundle. Conversely,
disrupting this salt bridge could destabilize the SNARE
C-terminus and enhance the Cpx clamping function. To
discriminate between these two possibilities, we performed
MD simulations to investigate how disruption of the Cpx
E34-Syb K83 salt bridge affects the dynamics and stability
of the SNARE C-terminus.
1958 Biophysical Journal 111, 1954–1964, November 1, 2016
We generated a model of the mutated SNARE-Cpx com-
plex with the E34A substitution in the Cpx AH, employing
the final structure of the SNARE-Cpx trajectory (Fig. S2 B).
First, we performed a 300 ns MD simulation of the mutated
complex and examined the interaction of the Cpx AH with
the SNARE bundle. We found that the distance between the
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Cpx AH and Syb increased in the mutated complex
(Fig. S5). In the predominant state of the E34A complex,
the Cpx AH was positioned in parallel to the bundle
(Fig. S5, B and C, state 1), although transient states were
observed in which the Cpx AH was radically separated
from the bundle (Fig. S4, B and C, state 3) or interacted
with SNAP25 (Fig. S5, B and C, state 2). These simulations
indicate that the salt bridge between the conserved residues
E34 of Cpx and K83 of Syb is a critical determinant of the
interaction between Cpx and the SNARE bundle.

Next, we questioned whether this mutation would affect
unraveling of the SNARE complex. To address this ques-
tion, we performed MD simulations of the mutated complex
under external forces, as described above, using conforma-
tion 1 (Figs. S5 C and 4 A) as the initial state. We found
that the mutation drastically promoted unraveling of the
SNARE bundle under external forces (Fig. 4 A). The sepa-
ration of the layers proceeded more rapidly than in the
native Cpx/SNARE complex, and at the end of the 270 ns
trajectory, layer 6 of Syb was separated from the bundle
in the mutant complex, in contrast to the native complex.
An examination of the intermediate conformations of the
mutant complex reveals that in the initial stages of unravel-
ing, Syb forms contacts with Cpx (Fig. 4 B; 60 ns time
point). Subsequently, as Cpx transitions from the closed
state (1) to the open state (3) (Fig. S5 C), it may promote
the unraveling of Syb. Since Cpx has formed fairly tight
contacts with a partially unraveled Syb at this stage, Cpx
may act as a lever to further unravel Syb and separate it
from the bundle (Fig. 4 B, 80 ns time point). This process
may continue to promote further Syb unraveling (as illus-
trated by the 90 ns and 270 ns time points of the trajectory;
Fig. 4 B).

These simulations demonstrate that weakening the inter-
action of Syb and Cpx within the bundle by disrupting the
Syb K83-Cpx E34 salt bridge increases the flexibility of
the Cpx AH, promoting unraveling of the SNARE bundle
under external forces. Thus, our simulations predict that dis-
rupting the Syb K83-Cpx E34 salt bridge would enhance the
clamping function of Cpx and create a phenotype in which
spontaneous release is reduced.

To test this prediction, we generated Drosophila trans-
genic strains with residue E34 (E40 in Drosophila) mutated
to Ala. We monitored spontaneous activity at boutons of
the CpxE34A OE larvae and found that the frequency of
minis was reduced compared with the CpxWT OE control
(Fig. 5 A), as predicted by our model. To further assay
whether the effect of the E34A mutation in Cpx is due
to the disruption of the Cpx E34-Syb K83 salt bridge,
we generated a line with the K83A mutation in n-Syb
(K100A in Drosophila). We found that spontaneous activity
was reduced in the n-SybK83A OE line compared with the
n-SybWT OE control line (Fig. 5 B), demonstrating a super-
clamped phenotype in the SybK83A OE line. Finally, we
combined the two mutations and recorded spontaneous ac-
tivity in the CpxE34A/n-SybK83A OE line versus the control
CpxWT/n-SybWT OE (Fig. 5 C). We reasoned that if the effect
of each mutation is due to disrupting the interaction between
Cpx and n-Syb proteins, then the effect of the two mutations
combined should be similar to the effect of each single mu-
tation. Indeed, the effect of the two mutations combined
(37%) was similar to the effect of a single mutation in either
Cpx or n-Syb (34%).

We next tested whether the CpxE34A and n-SybK83A mu-
tations selectively affect the rate of spontaneous release or
they also alter evoked fusion. The CpxE34A mutation was
introduced into the cpx�/� background (CpxE34A,cpxSH1

line), and the Cpx rescue line expressing WT Cpx in the
cpx�/� background (CpxWT,cpxSH1) was used as a control.
We ascertained that Cpx expression levels were similar in
both lines (Fig. S6). We monitored spontaneous activity
at boutons of the CpxE34A,cpxSH1 larvae and found that the
frequency of minis was significantly reduced (Fig. 6 A).
Notably, the effect of the E34A mutation was similar to
the effect of Cpx overexpression (37). Since the loss of
Cpx effects evoked release most prominently at 2.5 mM
FIGURE 4 The E34Amutation in Cpx promotes

Syb unraveling. (A) The mutation accelerates un-

raveling of the bundle under external forces (the

blue dotted line represents the average for the

MD replicas of the native SNARE-Cpx complex;

Fig. 1 B). (B) Subsequent time points along the

trajectory of the mutant complex under external

forces suggest the following scenario for Syb un-

raveling: 1) the partially unraveled Syb C-terminus

contacts Cpx (60 ns); 2) Cpx transitions from a

closed to an open state, separating Syb from the

bundle (80 ns); Cpx transitions back to the closed

state, with Cpx AH moving along the partially un-

raveled Syb C-terminus (90 ns); and 4) Cpx transi-

tions into the open state, further unraveling Syb

(270 ns). Two perpendicular views are shown at

each time point.
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FIGURE 5 (A–C) CpxE34A (A) and n-SybK83A (B) mutations similarly

reduce spontaneous activity, and combining the two mutations (C) does

not produce a further decrease in the mEPSC frequency. Data were

collected from at least 20 recordings sites in at least five larvae for each ge-

notype. To see this figure in color, go online.
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Ca2þ (Fig. 3), we monitored evoked release under that
condition. The mutation did not affect either EPSC ampli-
tude or area (Fig. 6 C). Similarly, the amplitude and area
of mEPSCs were not affected (Fig. 6 B), indicating a selec-
tive effect on spontaneous release.

We then introduced the n-SybK83A mutation into the n-syb
null background. Expression of the n-SybK83A UAS
construct rescued the embryonic lethality of the n-syb null
mutant n-sybDF33, indicating that the K83A mutation is
functional for restoring synaptic transmission compared
with the null. However, we found that spontaneous activity
was selectively reduced in the n-SybK83A,n-sybDF33 mutant
compared with its control, n-SybWT,n-sybDF33, demon-
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strating a superclamped phenotype in the n-SybWT,n-sybDF33

line. Importantly, evoked release was not affected by the
mutation (Fig. 6, D–F), demonstrating that the SybK83A mu-
tation selectively affects the rate of spontaneous release.

These results demonstrate that disrupting the salt bridge
between the Cpx AH and Syb produces a selective inhibition
of spontaneous release, and suggest a new mechanism
whereby Cpx prevents spontaneous release as a vesicle
fusion clamp.
DISCUSSION

We combined molecular modeling with targeted mutagen-
esis to investigate how Cpx clamps spontaneous fusion.
Our modeling suggests that the Cpx AH interacts with Syb
and may act as a spring in promoting partial unraveling of
the C-terminus of Syb from the SNARE bundle. This unrav-
eling would likely serve to move the synaptic vesicle farther
from the plasmamembrane, reducing the chance that sponta-
neous releasewould occur in the absence of other fusion-pro-
moting factors such as Ca2þ-bound synaptotagmin.

Our MD simulations of both mammalian (23) and
Drosophila (this study) SNARE-Cpx complexes suggest
that the Cpx AH forms tight contacts with Syb. It should
be noted that the structure of the SNARE-Cpx complex
observed by crystallography (4) shows a slight separation
between the Cpx AH and Syb. However, several lines of ev-
idence suggest that the interaction between the Cpx AH and
Syb is likely to take place in solution. The initial evidence
comes NMR experiments (4) showing that the presence of
Cpx affects the SNARE C-terminus, and in particular Syb
residue F77 at layer 6, suggesting that Cpx is likely to
interact with the SNARE C-terminus in solution. Further-
more, the MD simulations started from this x-ray structure
show a fairly stable salt bridge between the Cpx AH and
Syb in both mammalian (23) and Drosophila (this study)
isoforms. This is not a trivial result, since the homology be-
tween mammalian and Drosophila SNAREs and Cpx is
fairly low (Fig. S1). Importantly, our MD structure was
not trapped in a tight bundle conformation representing a
local energy minimum, since the Drosophila SNARE-Cpx
complex shows several points along the MD trajectory
where the Cpx AH separates from the bundle (Fig. S2, pur-
ple line). Altogether, these data strongly argue the Cpx
AH comes into contact with Syb in solution. Our model sug-
gests that this interaction contributes to Cpx’s clamping
function by providing a spring from the AH of Cpx to allow
binding and unraveling of Syb off the SNARE bundle, thus
increasing the distance between the two membranes.

To initially test this model, we performedMD simulations
of the SNARE complex under external forces. Our simula-
tions demonstrated that Syb separates from the core SNARE
bundle more radically when Cpx is attached to the
bundle. This result suggests that in the absence of Cpx,
full assembly of the SNARE complex is more likely,



FIGURE 6 Disrupting the interaction between Cpx and Syb selectively reduces spontaneous release. (A–C) The CpxE34A,cpxSH1 line has reduced sponta-

neous activity compared with the control rescue line CpxWT,cpxSH1. The mEPSC frequency is decreased by the mutation (A), but the mEPSC amplitude and

area (B), and EPSC and area (C) are not affected. (D–F) The n-SybK83A,n-sybDF33 line has reduced spontaneous activity compared with the control rescues

n-SybWT,n-sybDF33 (D), but the mini amplitude and area (E), as well as evoked release (F), are not affected. Data were collected from at least 20 recordings

sites in at least six larvae for each genotype.

Interaction of Cpx and Syb Controls Fusion
providing an explanation for Cpx’s function in clamping
spontaneous fusion.

Next, we took advantage of the syx3-69 mutant (25,36),
which has a single-point mutation in Syx, with the mutated
residue lying in proximity to the Cpx AH. We demonstrated
a prominent and selective increase in spontaneous release
in the syx3-69 mutant. Our MD simulations of the mutated
SNARE-Cpx complex suggested that the Cpx conforma-
tion is altered in this mutant both in mammalian (23) and
Drosophila (this study) forms. The MD simulations under
external forces suggested that in the mutated complex,
Cpx hinders Syb unraveling, thus tightening the SNARE
complex. These results demonstrated that our model pro-
vides a parsimonious explanation for the poor-clamp pheno-
type in the syx3-69 mutant.

We then employed the model to design new mutations in
the SNARE-Cpx complex that would alter Cpx clamping.
Since our MD simulations suggested that a salt bridge be-
tween Syb and Cpx may facilitate the clamping function by
enhancing the Cpx-Syb interaction, we questioned how dis-
rupting this salt bridge would affect the separation of Syb
from the core SNARE bundle. To address this question, we
performed MD simulations of the mutated complex with
the disrupted salt bridge, and then generated twoDrosophila
lines with mutated SNARE-Cpx complexes to test the
predictions derived from molecular modeling. First, we
investigated the E34Amutation in the CpxAH. TheMD sim-
ulations at equilibrium demonstrated that the Cpx AH be-
comes transiently separated from the SNARE bundle in the
mutated complex. We then questioned how this mutation
would affect the separation of Syb from the core SNARE
bundle. One possibility is that the mutation would partially
mimic the Cpx null phenotype, since the interaction of the
Cpx AH with the SNARE bundle would be weakened. In
this case, Syb interactionwith the core SNAREbundlewould
become tighter, as in the absence of Cpx. Another possibility
is that the mutated Cpx AH would promote Syb unraveling
even more strongly than in the native SNARE-Cpx complex,
since the mutated Cpx AH remains in proximity to Syb and
is involved in van der Waals interactions with Syb, being
at the same time more mobile than in the native complex.
To discriminate between these opposite scenarios, we per-
formed MD simulations of the mutated complex under
external forces. The results of the simulations supported
the second scenario, suggesting that the E34A mutation
would promote Syb unraveling from the core SNARE
bundle, and predicted a superclamping phenotype in the
CpxE34A mutant. To test this prediction, we generated this
Biophysical Journal 111, 1954–1964, November 1, 2016 1961
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mutation in Drosophila and found that indeed the mutation
selectively reduced spontaneous activity. To further test the
model, we generated a line with a complementary mutation
in n-Syb and found that this mutation also produced a selec-
tive decrease in spontaneous activity.

These results help define the mechanisms by which Cpx
clamps spontaneous release. It is established that Cpx pro-
motes evoked release in both invertebrates and vertebrates
(39,40). In contrast, suppression of spontaneous activity
by Cpx is most pronounced in invertebrate preparations,
including Drosophila (24) and Caenorhabditis elegans
(41,42), although the inhibitory Cpx action was also
observed at mammalian synapses (43,44). Importantly,
different Cpx domains are responsible for the regulation
of evoked and spontaneous release, and these two Cpx func-
tions can be manipulated independently (6,15,37,45,46).
Since the Cpx AH was shown to contribute to the regulation
of spontaneous activity (6,47), we focused on the molecular
mechanics and dynamics that would enable the Cpx AH to
regulate spontaneous fusion.

Several molecular models of the Cpx-mediated fusion
clamp have been proposed in previous studies. Since exten-
sive evidence suggests that the intermediate state of the
SNARE assembly is likely to be represented by partially un-
raveled Syb (13,48,49), it was initially proposed that the Cpx
AHmay insert between the Syb and the SNARE bundle, thus
promoting a clamped state (50). Subsequently, this model
was developed to include cooperation between several
SNARE complexes bridged by Cpx (10,11). This model pro-
poses a clamped state of the SNAREcomplexwith a radically
unraveled C-terminus, whereby approximately a half of the
helical region of Syb is separated from the bundle. However,
theoretical studies suggest that such a radical separation of
Syb from the bundle represents a high-energy state, and the
electrical repulsion between the vesicle and the membrane
would not be sufficient to maintain it (12,23). Furthermore,
recent studies suggest such a partially unraveled state of
the SNARE complex is stabilized by Munc18 (51–53).
Finally, a recent single-molecule study (14) convincingly
demonstrated that the presence of Cpx stabilizes the partially
unzippered SNARE complex at a distance of ~1 nm between
the Syx and SybC-termini. Such amild separation is in excel-
lent agreement with the results of our MD simulations
(Fig. 1), which suggest that the interaction of Cpx with Syb
would promote unraveling of one or two helical turns of
Syb (Fig. 1 C), increasing the separation of Syb and Syx by
1–1.5 nm (Fig. 1 B). Thus, it is likely that Cpx is required
to stabilize the clamped state of the SNARE complex in the
latest stages of SNARE bundle assembly.

Alternative models proposed that the Cpx AH inhibits
release by producing electrostatic and steric repulsion
between the vesicle and the membrane (17) or by stabilizing
the overall helical structure of Cpx (18). Although these
mechanisms could contribute to Cpx’s function, we show
here that substitution of a single amino acid in Cpx (E34)
1962 Biophysical Journal 111, 1954–1964, November 1, 2016
significantly enhances its clamping function. Notably, a sub-
stitution of the same residue (E34F) was a part of a super-
clamping mutation that was previously examined in vitro
(10) and in vivo (15). One could argue that due to the nature
of the mutation (the replacement of Glu by Ala), it changes
the net charge of the Cpx AH and alters its electrostatic
properties, possibly preventing Cpx from cross-linking
SNARE complexes (10). However, we show that mutating
a matching residue in Syb has a similar effect. This result
underscores the importance of chemical specificity in the
interaction between Cpx and Syb, suggesting that the fusion
clamp is mediated by the interaction between these two pro-
teins. These results argue that the Cpx clamping function is
defined to a large extent by its specific interaction with the
SNARE bundle and, more specifically, with Syb.

Our results show that combining MD simulations with
mutagenesis and genetics may facilitate the development of
theoretical tools for targeted manipulation of the SNARE
machinery and synaptic vesicle fusion. We show that MD
simulations under external forces enable specific predictions
of how single-point mutations in the SNARE proteins or Cpx
would affect the pathways of SNARE assembly. Notably,
recent advances in single-molecule experiments employing
optical tweezers (54,55) have provided opportunities to test
such predictions directly, thus creating a potential bridge be-
tweenmolecularmodeling and invivo studies. Themutations
examined in this study provide clear examples of the utility of
MD simulations for predicting the outcome of mutagenesis.
For example, it would be difficult to predict the effect of dis-
rupting the interaction between Cpx and Syb based on intui-
tive considerations, sincemultiple scenarios are possible, and
therefore the forces that affect the stability of the SNARE
complex should be carefully quantified.

Together, the MD simulations combined with targeted
mutagenesis suggest that Cpx is likely to clamp fusion by
interacting with Syb and stabilizing the clamped state of
the SNARE complex in which one or two C-terminal helical
turns of Syb are unraveled.
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