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Abstract

The calcium-triggered neurotransmitter release requires three SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins: synaptobrevin 2 (or VAMP2) on the synaptic
vesicle and syntaxin 1 and SNAP-25 at the presynaptic plasmas membrane. This minimal fusion
machinery is believed to drive fusion of the vesicle to the presynaptic membrane. Complexin, also
known as synaphin, is a neuronal cytosolic protein that acts as a major regulator of synaptic vesicle
exocytosis. Stimulatory and inhibitory effects of complexin have both been reported, suggesting the
duality of its function. To shed light on the molecular basis of the complexin’s dual function, we
have performed an EPR investigation of the complexin-SNARE quaternary complex. We found that
the accessory a-helix (amino acids 27-48) by itself has the capacity to replace the C-terminus of the
SNARE motif of VAMP?2 in the four-helix bundle and makes the SNARE complex weaker when
the N-terminal region of complexin | (amino acids 1-26) is removed. However, the accessory a-helix
remains detached from the SNARE core when the N-terminal region of complexin | is present. Thus,
our data show the possibility that the balance between the activities of the accessory a-helix and the
N-terminal domain might determine the final outcome of the complexin function, either stimulatory
or inhibitory.
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Introduction

Synaptic vesicle fusion is driven by assembly of the trans-SNARE complex between the vesicle
and the plasma membrane, which facilitates merging of the opposite bilayers.1=" The
physiological trigger for this process is the spike in the local concentration of calcium. As
Ca?" enters the presynaptic cytoplasm, the CaZ*-sensor synaptotagmin I, 8=11 which is
localized on synaptic vesicles, interacts with the SNARE complex and phospholipids
simultaneously,12714 |eading to the fast opening of the fusion pore.15—18
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In addition to synaptotagmin I, complexins also participate in the fast Ca2*-dependent neuronal
exocytosis.19722 Complexins are small soluble cytoplasmic proteins (15- to 18-kDa) that are
mainly found in the presynaptic part of neuronal cells23725 and the central region (amino acids
48-70) binds to the SNARE core as an anti-parallel a-helix, which attaches complexin to the
SNARE complex.26:27

Complexin is believed to have a dual function20:28:29 jn synaptic membrane fusion, both
stimulation1:26:27 and inhibition.21:30=35 Although the exact molecular mechanism is
unknown, the N-terminal region of complexin is shown to play an important role in promoting
the neurotransmitter release.28:29:36 |t js proposed that the N-terminal region interacts with the
membrane-proximal region of VAMP2 and functions as a force transducer.2? However, under
different conditions, complexin exhibits the inhibitory function,28 which is the basis for the
recent “complexin-clamp model”.34 Two possible molecular-level mechanistic models have
been proposed to explain the inhibition by complexin. Firstly, complexin is found to have the
UM affinity to the t-SNARE complex in addition to its sub uM affinity to the SNARE complex.
20,26 Thys, under favorable conditions complexin could compete with the VAMP2 binding to
the t-SNARE complex, which would competitively inhibit SNARE assembly and membrane
fusion. Secondly, when bound to the SNARE core the accessory a-helix of complexin, which
franks the central SNARE-anchor domain and the stimulatory N-terminal region, might replace
the C-terminal portion of the VAMP2 helix to form an alternative four-helix bundle with the
helices from t-SNAREs.28:34:37 Such structural replacement would prevent formation of the
complete SNARE four helix bundle, whereby inhibiting membrane fusion.

In this work, we performed the EPR investigation of the conformational changes in the v-
SNARE VAMP?2 after complexin binding to the SNARE complex. The results show that there
is no major conformational change, such as the replacement of VAMP2 by complexin,
occurring at the membrane-proximal region of VAMP2 upon binding of the full-length
complexin to the SNARE complex. However, when the stimulatory N-terminal region of
complexin is removed, the accessory a-helix replaces the C-terminal region of VAMP2
partially. Thus, our results show that the balance between the stimulatory and inhibitory
activities of the accessory a-helix and the adjacent N-terminal region, respectively, might
determine the exact function of the particular complexin.

Complexin-SNARE quaternary complex formation

The recent study by Rothman and coworkers suggests that the accessory a-helix of complexin
replace VAMP2 and form an alternative four-helix bundle with t-SNARES near the membrane,
thereby inhibiting complete SNARE complex formation and membrane fusion.34 According
to this proposed model, the displaced sequence of VAMP2 includes both the cleavage site
(between residues 76 and 77) and recognition site (residues 62 to 71) for BoNT/B toxin.
Therefore, our EPR investigation was focused on the structure of the C-terminal region of
VAMP2. We prepared five single cysteine mutants of VAMP2 (Fig 1A), including A69C
within the recognition site of BoNT/B and Q76C on its cleavage site, and K83C, R86C, and
W89C in the membrane-proximal region. The cysteine mutants were derivatized with
methanethoisulfonate spin label (MTSSL) for EPR measurements. Next, we used the pull-
down method (Fig 1B) to prepare the complexin-SNARE quaternary complex that includes
the spin-labeled soluble VAMP2, full-length syntaxin 1A, SNAP-25, and complexin. As the
bait, Hisg-tagged SNAP-25 was attached to the Ni-NTA beads and the SNARE complex was
first formed by flowing syntaxin 1A and soluble VAMP2 into the bead solution. Complexin
was next added to the column to form the complexin-SNARE quaternary complex. The
transmembrane domain (TMD) of VAMP2 was not included in order to avoid the interaction
between two TMDs in one membrane and to best mimic the trans-SNARE complex. For
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individual mutants we analyzed formation of the complexin-SNARE quaternary complex by
the SDS-PAGE gel after heating. We found that the immobilized Hisg-tagged SNAP-25 co-
purified with stoichiometric amounts of syntaxin 1A, soluble VAMP2 and complexin (Fig 1C).

Full-length complexin does not replace VAMP2

The EPR line shape is a sensitive function of the motional rate. The slower the motion of the
nitroxide side chain, the broader the EPR spectrum. Therefore, if the proposed structure of the
quaternary complex in Fig 1A were to be true, we expect the narrowing of the EPR spectra for
the spin labeled positions when compared with the EPR spectra from the SNARE complex
only. EPR spectra of the SNARE complex before and after binding to full-length complexin |
were shown in Figure 2. The spectra for positions 69 and 76 of the complexin-SNARE complex
became much broader than those from the SNARE complex only. This tendency was more
obvious at 69 indicating that there was strong tertiary interaction at this site. Our data were
also consistent with the deuterium exchange results which showed that position 69 was highly
protected after complexin binding.2” Thus, the EPR results for positions 69 and 76 were not
consistent with the proposed structure in Fig 1A. Instead, the results suggest that complexin
bind on the surface of the SNARE four helix bundle, as shown in the crystal structure.2’

For positions 83, 86, and 89, which are located in the membrane-proximal region, there was
no obvious narrowing due to the replacement of VAMP2 by complexin either. Unlike the cases
with positions 69 and 76, we did not observe extra line broadening due to the complexin
binding, suggesting complexin might not even interact with the SNARE complex locally in
the region. Further addition of complexin to the complexin-SNARE quaternary complex did
not change the EPR lineshape either (Fig S1), suggesting that the reason we did not observe
complexin-induced line broadening was neither due to the insufficient complexin binding nor
due to the intermolecular complexin-binding equilibrium. Therefore, the EPR analysis of the
quaternary complex suggested that full-length complexin I does not replace VAMP2 when
bound to the SNARE complex.

The accessory a-helix of complexin has no obvious interaction with the SNARE core

We now examined the conformation of complexin in the compelxin-SNARE quaternary
complex using spin-labeled complexin. We aligned the sequences of complexin with VAMP2
in an antiparallel orientation as they were shown in the crystal structure2’:34 and selected five
positions R42C, E35, P28, E25, and G22 in the accessory a-helix as the spin labeling sites.
EPR spectra for these sites in the complexin-SNARE complex were shown in Figure 3. The
line shapes for spin labeled complexin alone were all very sharp, reflecting the freely diffusing
random coil. When the spin-labeled mutants were bound to the SNARE complex, the spectra
became broader, reflecting the slower motion of the nitroxide, most likely due to formation of
a-helix. However, the spectra were still not so broad with no indication of any tertiary contact.
In fact, the spectra are sharper than those for the solvent exposed positions on the surface helix,
38,39 jndicative of substantial motion of the accessory o-helix. Therefore, our EPR analysis
shows that the accessory a-helix is most likely has a little or no tertiary interaction with the
SNARE core.

The accessory a-helix of complexin can partially displace VAMP2 locally when the N-terminal
region is absent

When complexins are deleted from the neuron, the Ca2*-triggered fast release is severely
reduced. In contrast, the frequency of the Ca2*-independent spontaneous release is dramatically
enhanced. However, when the N-terminal 26 residues are removed from complexin, both the
evoked and the spontaneous releases are reduced when compared with those of complexin-
null mutant.2° Thus, these results show that the shortened complexin mutant lacking the
stimulatory N-terminal sequence has an inhibitory function for the spontaneous release. In this
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case, it is possible that the accessory a-helix displaces VAMP2, thereby inhibiting membrane
fusion. To test this possibility, we prepared the shortened construct of complexin lacking the
N-terminal 26 residues (amino acids 27-134), and investigate the structure of the

complexin 226-SNARE quaternary complex employing the spin labeled VAMP2 mutants (Fig
4A and B). For nitroxides attached to positions 69 and 76, the EPR spectra were very similar
to those obtained from the full-length complexin-SNARE quaternary complex (Fig 2).
However, for C-terminal three spin-labeled positions 83, 86 and 89, the EPR spectra show a
small but distinctly sharp spectral component (Fig 4B, see arrows, 7-17%), which is most
likely from the frayed VAMP2 chain that is freely diffusing and fast moving in solution. Thus,
the EPR analysis show that the accessory a-helix of complexin has the capacity to replace
VAMP2 and make the SNARE complex somewhat weaker in the absence of the N-terminal
region. It appears though that the sharp spectral component for N-terminal position 83 (17%)
is larger than those for C-terminal positions 86 and 89 (9 and 7%, respectively). One however
must be cautious in interpreting these numbers when taking into account the perturbation by
nitroxides and the uncertainty of the spectral subtraction analysis. Therefore, given the
experimental uncertainty we would not want to put much weight on the order of the extent of
displacement among the spin labeled positions.

Our EPR analysis show that the displacement of VAMP2 by complexin 226 happens locally
in the membrane-proximal region. If true, we expect that the accessory a-helical region of
complexin 226 would interact with the t-SNARE helices in replacement of VAMP2. Indeed,
for spin labeled complexin 426 mutants R37C and L41C we observe small but distinct line
broadening (Fig 4C) most likely due to the tertiary interaction between the accessory a-helix
and the t-SNARE core. Although positions 37 and 41 are not in register with VAMP2 residues
83-89, the results show that the tertiary interaction between complexin 426 and the t-SNARE
core might occur in the part preceding this region.

Discussion

The EPR analysis of the complexin-SNARE quaternary complex revealed that the accessory
a-helix has small but distinct capacity to displace the C-terminal part of VAMP2 from the
SNARE four-helix bundle. However, in full-length complexin | such an inhibitory function of
the accessory a-helix against SNARE complex formation is nearly completely suppressed by
the presence of the N-terminal sequence. It is unclear how the N-terminal sequence might
override the inhibition by the accessory a-helix. One possible scenario is that the N-terminal
region directly interacts with the accessory a-helix to pull it out from its interaction with the
SNARE complex. An alternative scenario is that the N-terminal region itself binds to the
SNARE complex in a yet unknown site in such a way that it destabilizes the binding of
accessory a-helix to the three helix bundle made of t-SNARES syntaxin 1A and SNAP-25 non-
competitively.

In the previous NMR study of complexin-SNARE quaternary complex using an N-terminally
truncated fragment (Ref. 27), such displacement of the membrane-proximal region of VAMP2
was not observed. A fundamental difference between EPR and NMR is in the time scales of
measurement. The EPR time scale is at least two orders of magnitude faster than that of NMR
and it can pick up fast exchanging events. We speculate that the equilibrium exchange between
the accessory a-helix and the VAMP2 is sufficiently fast for NMR not to be able to detect.
Further, only ~10% insertion exacerbates the situation for the detection by NMR.

Although complexin’s ability to displace VAMP2 in the quaternary complex appears to be
small, it could actually be much bigger for the trans-SNARE complex in which the interaction
between membrane-anchored VAMP2 and t-SNARE on the opposite membrane is expected
to be much weaker than that in our model system. In our system, the transmembrane domain
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of VAMP2 was deleted to avoid the situation of the cis-SNARE complex in which the
transmembrane domains of v- and t-SNAREs are in the same membrane, imposing no repulsion
of the bilaye-bilayer interaction to the SNARE core.

The modes of interaction between complexin and the SNARE complex appear to be quite
diverse. So far, three different interaction modes are discovered. Firstly, complexin has the
capacity to interact with the SNARE complex additively without changing the basic coiled coil
structure of the SNARE core.2’ Such an interaction is expected to work favorably for the
stabilization of the SNARE complex and believed to play a stimulatory role in SNARE-
dependent membrane fusion. Secondly, the accessory a-helix displaces the C-terminal part of
VAMP2 to form an alternative four-helix bundle locally while the four plus one helix bundle
structure is maintained in the middle.28:34 Our EPR results however show that only a small
fraction of the quaternary complex have such a structure. It is most likely that the first and the
second modes are inter-convertible and in equilibrium. Third, complexin interacts with the t-
SNARE complex, which acts as the competitive inhibitor for VAMP2 binding to the t-SNARE
complex.20:40 The binding constant for the complexin/t-SNARE complex is reported to be
somewhat higher than its affinity to the ternary SNARE complex.20 It is highly likely that all
three interaction modes exist in neuronal cells and the delicate balance between these three
modes of interaction produces the inhibitory-stimulatory control of the neurotransmitter
release. For example, the knockout experiments reveals that complexin from drosophila
melanogaster is highly inhibitory,22:32 while complexin from rat is stimulatory.1® We speculate
that such species specific function of complexin stems from the balance between the functional
strengths between the inhibitory accessory a-helix and the stimulatory N-terminal sequence.

The interaction mode in which the accessory a-helix replaces the VAMP2 while bound to the
SNARE core constitutes the structural basis for the fusion clamp model.34 Indeed, in the
absence of the N-terminal sequence the accessory a-helix has the capacity of replacing VAMP2
partially and locally from the SNARE core while the other part of the complex is fully engaged.
Such local structural inhibition may be advantageous over the fully competitive inhibition
relying on the t-SNARE/complexin binding because the system could react more quickly in
responding to the Ca2* signal. Paradoxically, however, for full-length complexin, where the
N-terminal sequence is present, such replacement was not seen. In pure speculation, if another
protein factor such as synaptotagmin I could sequester the N-terminal sequence, the inhibition
of SNARE assembly might be possible and the inhibition could be removed by the influx of
Ca?*, which might produce synchronized membrane fusion. The results from the present
analysis show that such a mechanistic model is structurally possible.

Materials and Methods

Plasmid construction and site-directed mutagenesis

DNA sequences encoding full-length syntaxin 1A (amino acids 4-288), the soluble VAMP2
(amino acids 1-94), full-length complexin I (amino acids 1-134 with one native cysteine C105
replaced by alanine), and the truncated complexin | 226 (amino acids 27-134) were cloned
into the pGEX-KG vector and expressed as the N-terminal glutathione S-transferase (GST)
fusion protein. SNAP-25 (amino acids 1-206 with four native cysteines C85, 88, 90 and 92
replaced by alanines) was cloned into pET-28b vector and expressed as N-terminal Hisg-tagged
protein. All cysteine mutants were generated by QuikChange site-directed mutagenesis kit
(Stratagene), and they were confirmed by DNA sequencing (lowa State University DNA
Sequencing Facility).
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Protein expression, purification, and spin labeling

GST fusion proteins were expressed in E. coli Rosetta (DE3) pLysS (Novagene) and purified
using glutathione-agarose beads (Sigma).#! Briefly, the cells were grown at 37 °C in LB with
glucose (2 g/liter), ampicillin (100 pg/ml), and chloramphenicol (50 pg/ml) until Aggg reached
0.6-0.8. After adding 0.3 mM isopropylthio-B-D-galactopyranoside (IPTG), the cells were
further grown for 6 hat 22 °C for GST-soluble VAMP2, GST-complexin I, and GST-complexin
| 26 but at 16 °C for GST-syntaxin 1A. Finally, the protein was cleaved to remove the GST
tag by thrombin in the cleavage buffer (50 mM Tris-HCI, 150 mM NaCl, pH 8.0). We add 1%
n-octyl-glucoside (OG) in the cleavage buffer for syntaxin 1A.

Hisg-tagged SNAP-25 was expressed in E. coli BL21 (DE3) Codon Plus RIL (Stratagene) and
purified using Ni-NTA resin (Qiagen).?! The cells were grown at 37 °C in LB with glucose (2
g/liter), kanamycin (34 pg/ml), and chloramphenicol (50 pug/ml) until Aggg reached 0.6-0.8.
Protein expression was induced by 0.5 mM IPTG, and the cells were grown for an additional
6 h at 30 °C. Finally, the protein was eluted from the Ni-NTA resin by elution buffer (25mM
HEPES, 100mM KCI with 250mM imidazole, pH 7.4).

The cysteine mutants of soluble VAMP2 and complexin | were reacted with (1-oxyl- 2,2,5,5-
tetramethylpyrrolinyl-3-methyl) methanethiosulfonate (MTSSL) spin label at 4°C overnight
while the proteins were bound to the GST-agarose beads. To remove free spin label, the beads
with bound proteins were extensively washed with the cleavage buffer then cleaved by
thrombin (Sigma). The spin-labeling efficiency was determined by comparing the spin
concentrations with the 50 UM 2,2,6,6-tetramethyl-4-piperidine N-oxide (TEMPO) standard.
For all samples, the efficiency was ~80%.

Preparation of the complexin-SNARE quaternary complex

Purified Hisg-tagged SNAP-25 was first added to the Ni-NTA resin solution and nutated for 1
h at room temperature. After washing out the free proteins, purified syntaxin 1A and soluble
VAMP2 were mixed with Hisg-SNAP-25 to form the SNARE complex with the molar ratio
of 2:5:1. The mixture was incubated at 4 °C overnight. After washing one time, 2-fold excess
of purified complexin I or complexin | 226 was added to the solution and incubated at 4 °C
overnight again. After extensive washing to remove the unbound proteins, the complexin-
SNARE quaternary complex was eluted with a buffer containing 250 mM imidazole and 1%
n-octyl-glucoside (OG). The formation of the complex was confirmed with SDS-PAGE gel.
We obtained identical results when the quaternary complex was formed by adding all four
components simultaneously.

EPR data collection

EPR spectra were obtained using a Bruker ESP 300 spectrometer (Bruker, Germany) equipped
with a low noise microwave amplifier and a loop-gap resonator. The modulation amplitude
was set at no greater than one-fourth of the line width. Spectra were collected at room
temperature in the first-derivative mode with ImW microwave power.

As for the complexin-SNARE quaternary complex in the detergent (1% OG), the samples were
concentrated to the final concentration of 50-100 UM using a 5-kDa cutoff centrifugal filter
(Millipore) before EPR spectra collection. For the purified complex in the membrane, the
samples were reconstituted into vesicles at about 1:200 protein-to-lipid molar ratio using the
published method.#2 The large unilamellar vesicles (~100 nm in diameter) of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) containing 15% 1,2-dioleoyl-sn-glycero-3-
phosphatidylserine (DOPS) were prepared in a detergent-free buffer using an extruder
(Avanti). The detergent was removed by treating the sample with the dialysis buffer (25 mM
HEPES, 100mM KClI, pH 7.4) at 4 °C overnight. After dialysis, the sample solution was
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concentrated using a 100-kDa cutoff centrifugal filter (Millipore) before taking an EPR
spectrum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

SNARE soluble NSF attachment protein receptor

NSF N-ethylmaleimide-sensitive factor

SNAP-25 synaptosome-associated protein of 25 kDa

t-SNARE target membrane SNARE

v-SNARE vesicle-associated SNARE

VAMP2 vesicle-associated membrane protein 2

Ni-NTA nickel-nitrilotriacetic acid

MTSSL (1-oxyl-2,2,5,5-tetramethyl-D-pyrroline-3-methyl) methanethiosulfonate
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine

DOPS 1,2-dioleoyl-sn-glycero-3-phosphatidylserine
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Figure 1.

Characterization of the complexin-SNARE quaternary complex. A. The fusion clamp model
proposes that complexin can replace the C terminus of VAMP2 upon binding to the trans-
SNARE complex (adapted from ref. 34). Positions 69, 76, 83, 86 and 89 are the spin-labeled
sites of the soluble VAMP2. Positions 35 and 28 of complexin have also been shown in the
model. Positions 42, 25 and 22, which are located at the N-terminal of complexin, have not
been shown. B. The flow diagram of purification of the complexin-SNARE quaternary
complex. C. SDS-PAGE analysis of the purified complexin-SNARE quaternary complex.
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EPR spectra of the spin-labeled soluble VAMP?2 in the full-length complexin-SNARE
quaternary complex at room temperature. First-derivative mode EPR spectra for the complex
in the detergent (A) and in the membrane (B) are shown.
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Figure 3.

EPR spectra of the spin-labeled complexin in the full-length complexin-SNARE quaternary
complex at room temperature. First-derivative mode EPR spectra for the complex in the
detergent and in the membrane are shown. Positions 22, 25, 28, 35 and 42 of complexin are
corresponding to the positions 89, 86, 83, 76 and 69 of VAMP?2 respectively.
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Figure 4.

(A) and (B), EPR spectra of the spin-labeled soluble VAMP2 in the truncated complexin 2 26-
SNARE quaternary complex at room temperature. First-derivative mode EPR spectra for the
complex in the detergent (A) and in the membrane (B) are shown. The arrowheads indicate the
sharp component from the locally displaced VAMP2. The percentage of the sharp component
was calculated using the spectral subtraction method (ref. 42). (C), EPR spectra of the spin-
labeled full-length and truncated complexin upon binding with the ternary SNARE complex
at room temperature. The inset figures show the difference between full-length and truncated
complexin involved in the quaternary complex clearly.
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