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Release of neurotransmitter at the synapse must be timed precisely to 
immediately follow the arrival of a nervous impulse. The physiological 
and anatomical mechanisms for this have long been known1,2. 
Synaptic vesicles containing neurotransmitter are already docked at 
the ‘active zones’ of the presynaptic membrane, ready to respond to 
the elevated calcium levels that accompany an action potential by 
releasing neurotransmitter.

In recent years, much has also been learned about the molecular 
mechanisms underlying this physiology. The central players in 
 neurotransmitter release are the SNARE proteins3. These are the 
engines that drive membrane fusion between cargo-carrying vesicles 
and the plasma membrane4,5, as v-SNAREs (anchored in the vesicle 
membrane) zipper into a coiled-coil four-helix bundle with cognate 
t-SNAREs (anchored in the plasma membrane)3–6. In synapses, a 
major v-SNARE is VAMP2, and the t-SNARE proteins are SNAP25 
and syntaxin1, where VAMP2 and syntaxin1 each contribute one helix 
to the coiled coil and SNAP25 contributes two7. Another vital compo-
nent is synaptotagmin, a synaptic vesicle protein8 that binds calcium 
ions9 and is the immediate sensor and trigger for vesicle fusion10–12. 
How precisely synaptotagmin couples to SNAREs to trigger fusion 
remains unknown.

Whatever the mechanism, rapid and synchronous release of neuro-
transmitter requires that the fusion process by SNARE proteins be 
frozen in place, or ‘clamped’3, when it is well advanced. This is because 
fusion by SNARE proteins is spontaneous4,5 and must therefore be 
inhibited to prevent continuous release of neurotransmitters. This is 
also because neurotransmitter release takes place on a much shorter 
time scale than the entire process of vesicle docking and fusion 
 complex assembly. For example, fusion of artificial vesicles bearing  

v-SNAREs to planar lipid bilayers containing t-SNAREs requires  
10–100 ms following docking13–15, whereas neurotransmitter release 
can take place in 1 ms or less after calcium entry. Thus, fusion must 
be clamped at a very late stage in synapses.

A combination of biochemical, genetic and physiological results 
have clearly pinpointed complexin (CPX)16,17 as the central com-
ponent of this clamp18–20. Because CPX both facilitates and inhibits 
synaptic fusion21–26, it has been proposed to act by catalyzing the 
initial stages of SNARE assembly but then clamping further assembly 
until the arrival of an action potential (reviewed in ref. 27).

Structures of CPX bound to a postfusion fully assembled 
SNAREpin28,29 yielded the first insights regarding the facilitatory mech-
anism but did not resolve how CPX inhibits fusion. In the postfusion 
CPX–SNARE structures, CPX forms a continuous helix parallel to the 
SNAREpin coiled coil, with a central helix portion of CPX (CPXcen, res-
idues 48–70 in human CPX1 (hCPX1)) contacting both the v-SNARE 
and t-SNARE in the membrane-distal portion of the SNAREpin. This 
is the portion of the SNAREpin that zippers first, and it is thus pos-
sible that CPX facilitates initial assembly29. The remainder of the CPX 
helix, termed its accessory helix (CPXacc, residues 26–47 in hCPX1), 
parallels the C-terminal membrane-proximal portion of the fully  
zippered SNARE complex but does not interact with it.

Nonetheless, the accessory helix is needed to create the clamped, 
prefusion state21,30 in which the membrane-distal N-terminal portions 
of the SNARE coiled-coil have zippered, but the membrane-proximal 
VAMP2 C terminus has not yet associated with the corresponding 
regions of SNAP25 and syntaxin1 (refs. 18,21,31–33). Biochemical 
and spectroscopic experiments strongly support a mechanism 
whereby CPXacc directly competes with the VAMP2 C terminus for 

1Department of Cell Biology, Yale University School of Medicine, New Haven, Connecticut, USA. 2Department of Biochemistry and Molecular Biophysics, Columbia 
University, New York, New York, USA. 3Laboratoire de Physique Statistique, Unité Mixte de Recherche 8550, Centre National de la Recherche Scientifique associée 
aux Universités Paris VI et Paris VII, Ecole Normale Supérieure, Paris, France. Correspondence should be addressed to J.E.R. (james.rothman@yale.edu) or K.M.R. 
(karin.reinisch@yale.edu).

Received 9 February; accepted 19 May; published online 24 July 2011; doi:10.1038/nsmb.2101
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Complexin prevents SNAREs from releasing neurotransmitters until an action potential arrives at the synapse. To understand the 
mechanism for this inhibition, we determined the structure of complexin bound to a mimetic of a prefusion SNAREpin lacking 
the portion of the v-SNARE that zippers last to trigger fusion. The ‘central helix’ of complexin is anchored to one SNARE complex, 
while its ‘accessory helix’ extends away at ~45° and bridges to a second complex, occupying the vacant v-SNARE binding site 
to inhibit fusion. We expected the accessory helix to compete with the v-SNARE for t-SNARE binding but found instead that the 
interaction occurs intermolecularly. Thus, complexin organizes the SNAREs into a zigzag topology that, when interposed between 
the vesicle and plasma membranes, is incompatible with fusion.
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binding to the t-SNARE19,34, but how this happens has been unclear in 
the absence of structural studies with prefusion SNARE complexes.

We have therefore designed a half-zippered soluble mimetic of 
the prefusion synaptic SNAREpin, and we have solved its structure 
when bound to complexin. Notably, we find that the CPX acces-
sory helix extends away from the SNAREpin and binds a second 
SNAREpin to inhibit its assembly. Solution and functional studies 
confirm both the CPX conformation and the interaction between 
the accessory helix and prefusion SNAREpin observed in the struc-
ture. Our studies thus suggest that complexin cross-links prefusion 
SNARE complexes into a zigzag array. This array, when interposed 
between the vesicle and plasma membrane, provides a further bar-
rier to fusion. Although cross-linking the CPX–SNARE array may 
block fusion, it also orients the SNAREs appropriately for fusion to 
proceed quickly upon clamp release.

RESULTS
Structures of a prefusion SNAREpin and its complex with CPX
The prefusion form of the SNARE complex is a transient intermediate 
stabilized in part by the simultaneous insertion of SNAREpins into two 
membrane bilayers, and hence is not readily accessible for structural 
studies. Zippering up begins as the prefolded N-terminal portions 
of VAMP2 associate with the preassembled t-SNARE complex35–37.  
In designing a soluble prefusion SNARE mimetic suitable for structural 
studies, we therefore prevented the completion of zippering by  
C-terminally truncating the VAMP2 SNARE motif. This SNARE 
 complex (SNARE∆60) also contains residues 190–253 of rat Syntaxin 1A  
and residues 10–82 and 141–203 of human SNAP25A.

We determined the structure of this truncated SNARE complex at 
2.2-Å resolution (Table 1). Except for the absent VAMP2 C termi-
nus, the truncated SNARE complex in our studies superimposes well 
with fully assembled SNARE complexes studied previously (r.m.s. 
deviation 0.77–0.97 Å)7,29. A notable finding is that the syntaxin1 and 
SNAP25 helices are almost fully formed even in the absence of the 
VAMP2 C terminus (Fig. 1a), suggesting that the t-SNAREs may be 
almost fully folded when the v-SNARE is only half-zippered.

We next co-crystallized SNARE∆60 with a CPX fragment (scCPX) 
consisting of its central and accessory helices (residues 26–83) and con-
taining three ‘superclamp’ mutations (D27L E34F R37A) that increase 
its clamping efficiency both in vitro19 and in vivo38. The structure was 
determined at 3.5 Å resolution using the truncated SNARE complex as a 
search model in the molecular replacement method (Table 1), and CPX 
was modeled into difference electron density. The final model includes 
residues 190–250 of syntaxin1, 10–74 and 141–203 of SNAP25, 29–60 of 
VAMP2 and 26–73 of CPX (Fig. 1b).

To confirm the sequence alignment along CPX, we used 
selenomethionine (SeMet)-substituted forms of scCPX in which 
residues Leu27 and Phe34 in the accessory helix were mutated to 
methionine (scCPX-L27M, scCPX-F34M). The SeMet-substituted 
forms of CPX were co-crystallized with the truncated SNARE 
complex, and anomalous data (Table 1) were used to calculate  
difference maps that unambiguously locate the position of residues 27  
and 34 as well as 55, a methionine in the wild-type sequence 
(Supplementary Fig. 1). We also determined the structure of the 
SeMet-substituted scCPX-F34M bound to the truncated SNARE 
complex (Table 1). Although the crystals of this complex belong 
to a different spacegroup (P1) from the scCPX–SNARE crystals 
we initially obtained (C2), our findings regarding CPX-SNARE 
interactions are similar.

The CPX–SNARE∆60 structures resemble the fully zippered, post-
fusion structures observed previously in several aspects (Fig. 1c). 
The conformations of the SNARE proteins are essentially unaltered 

Table 1 Data processing and refinement statistics

SNARE ScCPX–SNARE
ScCPX F34M– 

SNARE

Data collection

Space group P1 C21 P1

Cell dimensions

 a, b, c (Å) 27.6, 39.8, 102.3 75.9, 52.7, 128.7 53.7, 127.4, 142.7

 α, β, γ (°) 83.4, 89.9, 89.9 90, 95.2, 90 107.5, 90.0, 90.1

Resolution (Å) 50–2.2 (2.28–2.2) 50–3.5 (3.63–3.5) 30–3.8 (3.94–3.8)

Rmerge 0.052 (0.204) 0.062 (0.234) 0.08 (0.253)

I / σI 19.7 (5.7) 15.7 (6.2) 9.1 (2.6)

Completeness (%) 91.9 (76.4) 94.8 (91.3) 83.5 (80.7)

Redundancy 3.7 (3.3) 3.4 (3.5) 1.9 (1.8)

Refinement

Resolution (Å) 40–2.2 25–3.5 30–3.8

No. reflections 20,117 6,172 32,506

Rwork / Rfree 0.227 / 0.268 0.270 / 0.316 0.306 / 0.346

No. atoms

 Protein 3,760 2,215 17,672

 Ligand/ion 4 – –

 Water 37 – –

B-factors

 Protein 56.9 99.8 116.8

 Ligand/ion 68.7 – –

 Water 29.1 – –

r.m.s. deviations

 Bond lengths (Å) 0.017 0.054 0.035

 Bond angles (°) 1.58 1.28 1.01

Values in parentheses are for highest-resolution shell.
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Figure 1 Structure of the prefusion CPX–SNARE complex. VAMP2 
(residues 29–60), blue; syntaxin (residues 190–250), yellow; SNAP25 
(N-terminal SNARE motif, residues 10–74), lime and (C-terminal  
SNARE motif, residues 141–203), green; CPX (residues 26–73),  
cyan. (a,b) Model of the truncated SNARE complex without (a) and with 
(b) CPX bound. CPXcen, cyan; CPXacc, pale cyan. A dashed arrow indicates 
syntaxin membrane anchor. (c) Comparison of pre- and postfusion 
CPX–SNARE complexes, with postfusion CPX in magenta (CPXacc is 
pale magenta, PDB 1KIL). (d) Top and side views of the zigzag array of 
postfusion CPX–SNARE complexes observed in crystals. SNAREpins are 
related by 180° rotation and translation along the zigzag midline, so that 
on different sides of the midline, the linkers that connect syntaxins and 
VAMPs to their transmembrane helices are on opposite sides of the  
zigzag plane.
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(r.m.s. deviation 0.83 Å). Further, as in the postfusion forms of the 
CPX–SNARE complex28,29 and when it is alone in solution39, CPX 
forms a continuous helix. The interactions between CPXcen and 
the SNARE complex observed in the postfusion structure are also 
largely unperturbed (small positional shifts in CPXcen are detailed 
in Supplementary Table 1; see also Fig. 1c). CPXcen binds in the 
groove between syntaxin1 and VAMP2, with critical residues Arg59, 
Arg63, Ile66, Tyr70 and Ile72 inserted into two high-affinity binding 
pockets observed in earlier studies28,29. A third previously identi-
fied binding interface involves residues Asp64, Asp65 and Asp68 in 
the VAMP2 C terminus, which are missing in our construct. This 
interaction is not necessary for clamping40, so its absence in our 
structure probably will not affect conclusions regarding the CPX 
clamping mechanism.

Despite these similarities, the arrangement of CPX relative to the 
SNAREs in our structure differs substantially from that in postfusion 
forms of the CPX–SNARE complex. The accessory helix under-
goes a marked reorientation (r.m.s. deviation of CPX, compared to 
PDB 1KIL29, is 2.2 Å). Rather than running alongside the SNARE 
complex, CPXacc now bends away at a ~45° angle (Fig. 1c). The 
reorientation likely results from small differences in CPXcen dock-
ing (Supplementary Table 1) as well as small changes in φ and ψ 
torsion angles in the transition region between CPXcen and CPXacc 
(Supplementary Table 2). This result was unexpected given bio-
chemical data indicating that CPXacc should occupy the binding site 
for the VAMP2 C terminus because CPX and the VAMP2 C terminus 
compete for binding to the t-SNAREs19,34. Although CPXacc does not 
interact with the same SNARE complex bound by CPXcen, it does 
interact with a second, symmetry-related complex.

Overall, the crystal packing is such that CPX–SNARE complexes 
are arranged in a continuous zigzag (Fig. 1d), leaving the middle 
of the CPX helix entirely exposed to solvent. This region has high  
thermal motion, as evidenced by high B-factors (Supplementary 
Fig. 1). SNAREpins on opposite sides of the zigzag midline are related 
by a 180-degree rotation about (and a translation along) the midline. 
This means that on different sides of the midline, the linkers that con-
nect the syntaxins and the VAMPs to their transmembrane helices in 
the plasma membrane and the synaptic vesicle, respectively, are on 
opposite sides of the zigzag plane. Although the CPX-F34M mutant 
crystallized in a different space group, it cross-links different SNARE 
complexes the same way, and the complexes are arranged in a zigzag 
(Supplementary Fig. 2).

Residues at the N-terminal end of CPXacc (Leu27, Ala30, Ala31, 
Phe34 and Ala37) form a hydrophobic surface that binds to the  
t-SNARE in a second SNARE complex in a site normally occupied 
by the C terminus of the VAMP2 helix in postfusion state, which 
was deleted from the mimetic used here (Fig. 2a–c, Supplementary 
Fig. 3). In crystals of scCPX-F34M–SNARE, the interactions 
between CPXacc and the t-SNARE groove are as just described for the 
scCPX–SNARE crystals, in four of eight crystallographically distinct 
 complexes. In the remaining four complexes, the binding site on the 

t-SNARE is shifted by approximately two helical turns, so that the 
interface between CPXacc and the t-SNARE is larger (~1,000 Å2 versus 
~715 Å2, Fig. 2b, Supplementary Fig. 3), additionally involving CPX 
residues Leu41, Ala44 and Arg48. Because a single mutation in the 
CPXacc sequence allows for two different binding modes, we expect 
that the high sequence variability in CPXacc of different complexins 
(isoforms 1–4 and in different organisms) results in slight variations 
of SNARE-bridging interactions and strength. The recurrence of the 
zigzag arrangement of CPX–SNARE complexes in two different crys-
tal forms, however, supports the notion that this arrangement may be 
physiologically relevant.

Notably, for both scCPX and scCPX-F34M, residues that were 
mutated to make the superclamp CPX (D27L E34F or E34M R37A) 
are an integral part of the hydrophobic interface with the SNARE 
complex. The ability to bind the t-SNARE surface through a more 
extended hydrophobic interface may explain why the superclamp 
sequences have a higher affinity for prefusion SNARE complexes than 
wild-type CPX (shown below) and why superclamp CPXacc clamps 
more effectively in vitro and in vivo19,38.

Solution studies confirm the CPXacc-SNARED60 interaction
In both the CPX–SNARE structures, we thus find CPXacc interacting 
with the t-SNAREs in such a way that CPX, linked by its central helix 
to one SNARE complex, blocks binding of the VAMP2 C terminus to 
another complex, cross-linking the SNARE complexes into an array 
in the process.

We used isothermal titration calorimetry (ITC) experiments  
to confirm that CPXacc interacts with the t-SNARE in prefusion  
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Figure 2 Interacting surfaces of CPXacc and the t-SNAREs. (a) Interacting 
residues of scCPX are labeled in left panels; the binding site on the  
t-SNARE is outlined as gray patch and labeled on right panels. (b) For 
scCPX-F34M, CPXacc can bind to the t-SNARE groove as in a or as shown 
here. (c) Sequence of the accessory helix of wild-type (WT) CPX and 
the nonclamping (nc) and superclamp (sc) mutants. Residues of CPX 
interacting with the t-SNARE in the crystal structures are boxed.  
The side chain of Lys26 is disordered in our structure, but functional 
data19 suggest that it has a role in clamping. It may interact with the 
VAMP2 C terminus that is absent in our structure.
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SNARE complexes. In these experiments, we 
used a complexin construct comprising both 
the central and accessory helices (residues 
26–83) rather than a peptide corresponding 
to the accessory helix alone. Our rationale was 
that the accessory peptide does not fold into an α-helix, as monitored 
by circular dichroism (CD) spectroscopy, and thus does not fold as in 
the full-length protein, where it has high helical propensity (CD and 
ref. 39). The longer complexin construct was chosen to avoid compli-
cations in binding measurements resulting from folding energetics. 
To observe the interaction between only CPXacc and the SNARE 
complex, we blocked the CPXcen binding site on either a fully assem-
bled postfusion SNARE or SNARE∆60 by previously binding CPXcen  
(residues 48–134). Various CPX constructs were then titrated in 
to derive interaction affinities. As predicted from the postfusion 
SNARE–CPX crystal structure, we find no additional interaction 
between wild-type complexin (wtCPX, residues 26–83) and the 
blocked postfusion SNAREpin (Fig. 3a). In contrast, wtCPX interacted 
with blocked SNARE∆60 with Kd ~10 µM affinity, consistent with 
the presence of an additional, prefusion binding site only and with  
the finding that CPX competes with the VAMP2 C terminus for 
 binding19. Further, the interaction affinity could be modulated by 
mutating residues in CPXacc, as expected if CPXacc participates in 
the interaction (Fig. 3b). We used CPX mutants where residues at the 
CPXacc-SNARE interface in the crystal structure were altered. In addi-
tion to scCPX (D27L E34F R37A) we designed a nonclamping CPX 
mutant (ncCPX: A30E A31E L41 A44E) in which hydrophobic residues 
at the CPXacc–t-SNARE interface in the crystal structure were replaced 

by charged residues (Fig. 2c). As expected, the binding affinity for 
scCPX was ~8-fold stronger than wild-type, consistent with the differ-
ence in activity observed for both in vitro and in vivo assays19,38, whereas 
ncCPX no longer interacted with blocked SNARE∆60 (Fig. 3b). Thus, 
binding studies corroborate an interaction between CPXacc—both 
wild-type and superclamp—and the prefusion SNARE complex,  
as observed in the crystal structure.

We used fluorescence resonance energy transfer (FRET) experi-
ments to establish that the angled conformation of CPX also occurs 
in solution and is therefore not dictated by crystal packing. The donor 
dye (stilbene) was attached to SNAP-25 residue 193, with the acceptor 
dye (bimane) positioned either at residue 31 or 38 of superclamp CPX 
(Fig. 4a) (note that acceptor positions were placed so that they would 
interfere with CPXacc-t-SNARE cross-linking interactions, enabling 
monodisperse CPX–SNARE complexes to be studied). Distances esti-
mated through quenching of donor fluorescence for CPX bound to 
the fully zippered SNARE complex correspond closely to distances 
observed in the crystal structure of the postfusion CPX–SNARE com-
plex (PDB 1KIL), where CPXacc runs parallel to the SNARE complex 
(Fig. 4b,c, Supplementary Table 3).

In contrast, residues nearer the CPXacc N terminus appear to move 
increasingly away from the SNARE∆60 complex used for crystalliza-
tion (so that the dye at CPX residue 31 is farther from the donor 
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a bFigure 3 Characterization of the interaction of 
CPXacc with SNARE complexes by isothermal 
titration calorimetry. (a) A groove in the  
t-SNARE is a second binding site for CPX 
distinct from the central helix binding site. 
When the central helix binding site on the 
SNARE complex is blocked, CPX still binds to 
the SNARE complex once the C-terminal half of 
VAMP2 is removed from the prefusion SNARE 
mimetic. (b) Binding to the t-SNARE groove is 
mediated by CPXacc. Mutations in the accessory 
helix of CPX modulate the binding affinity to  
the t-SNARE positively (sc CPX) or negatively  
(nc CPX), as expected from the crystal structure.
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labeled with stilbene at position 193, and CPX was labeled with bimane 
at positions 31 or 38. (b) Fluorescence emission spectra of stilbene only 
(black) and stilbene- or bimane-labeled CPX–SNARE complexes containing 
VAMP2 (residues 25–96, red), VAMP2-∆60 (residues 25–60, cyan), or 
VAMP2-4X (residues 25–96 with mutations L70D, A74R, A81D and L84D 
to preclude zippering of the VAMP2 C terminus, blue). CPX is labeled 
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Supplementary Table 3. (d) FRET of a flexible CPX mutant (CPX-GPGP) in 
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CPX are due to random motion in CPXacc.
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than the dye at CPX residue 38), and the distances estimated through 
quenching of donor fluorescence (see Supplementary Fig. 4 for com-
parable data for acceptor fluorescence increase and with a second 
FRET pair) agree with the angled conformation in the crystal structure 
(Supplementary Table 3, Fig. 4b,c). Use of a ‘flexible’ CPX construct 
(CPX-GPGP), in which a helix-breaking GPGP linker was inserted 
between the central and accessory helices of CPX, discounts the pos-
sibility that the change in the FRET signal reflects random motion in 
CPXacc due to increased CPX flexibility rather than a discrete change 
in CPX conformation (Fig. 4d). In contrast to the experiments with 
the undisrupted CPX constructs, there was no detectable FRET sig-
nal for CPX-GPGP bound to either SNARE∆60 or to the postfusion 
SNARE, consistent with random motion in CPX-GPGP but not for the 
intact CPX. To rule out the possibility that the angled conformation in 
solution results from VAMP2 truncation, we also studied and obtained 
similar results (Supplementary Table 3, Fig. 4b,c) for a complex con-
taining the entire VAMP2 SNARE motif but harboring mutations in its  
C-terminal hydrophobic layers (L70D A74R A81D L84D) that pre-
vent assembly of this region with syntaxin1 and SNAP25 and elimi-
nate fusion activity40. These experiments indicate that when CPX is 
bound to a half-zippered form of the SNARE complex, CPXacc  has 
the intrinsic property of extending away from the complex. Because 
this conformation is maintained in solution, it determines how the 
complex crystallizes and not vice versa.

We thus conclude that as CPX rigidly extends away from the half-
zippered SNARE complex, the only plausible way for both its central 
and accessory helices to interact with the SNAREpin is if CPX can 
interact with two different prefusion SNAREs, cross-linking SNAREs 
into an array like the zigzag one observed in the crystals.

Mutations in the CPXacc binding surface affect clamping
Further support that the CPXacc–t-SNARE binding interface observed 
in the crystal structure represents biologically relevant interactions 
comes from in vitro clamping assays. In these experiments, ‘flipped’ 
SNARE proteins were expressed on the cell surface, and the effects of 
CPX and synaptotagmin constructs on cell-cell fusion were monitored.  

These flipped-SNARE cell-cell fusion assays 
were initially developed to demonstrate 
clamping by CPX and clamp release by 
synaptotagmin4,18, and the effects of CPX 

mutations (including the superclamp mutations) in these assays are 
consistent with their effects in vivo38.

We systematically tested the effect of the mutations introduced 
in CPXacc and mapped residues that did or did not affect clamping 
onto the surface of CPX (Fig. 5a,b). Mutations that were located at 
the CPXacc–SNARE interface observed in the structure all altered 
clamping efficiency. As expected, clamping was affected positively 
by scCPX mutations and negatively by ncCPX mutations (Fig. 5). 
Mutations, used as a control, that were oriented away from the 
interface on the opposite side of CPX had no effect on clamping  
(Fig. 5). These findings strongly support the possibility that the 
interface observed in the crystal contact is relevant for the physio-
logical function of complexin and verify the rational of our mutant 
design for ITC.

We note, however, that although ITC and the in vitro clamping 
assays validate that CPXacc interacts with prefusion t-SNAREs using 
a surface similar to that identified from the crystal structure, it is 
likely—given the differences between the superclamp and wild-type 
sequences—that the details of the interaction differ for wild-type 
CPX. But as discussed earlier, owing to low sequence conservation 
in the accessory helix, there may also be variability in the interactions 
of CPXacc from different organisms.

The observations from the crystal structure and their agree-
ment with FRET from monodisperse solutions suggest that the 
CPX accessory helix rigidly bends away from the SNARE complex. 
To test whether the rigidity of CPX is important for clamping, we 
again used the flipped SNARE cell-cell fusion assays. We used CPX 
mutants (CPX-GPGP, CPX-GGG) that had helix-breaking linkers 
(GPGP and GGG, respectively) inserted after residue 50, between 
CPXcen and CPXacc, as well as a construct where residues 51–53 
at the central-accessory helix junction were replaced by glycines 
to disrupt the long CPX helix (see Fig. 5c). Clamping should be 
affected if the continuity and hence rigidity of the CPX helix is 
mechanistically important. We found that clamping was indeed 
reduced in all three cases,  consistent with the requirement for a 
continuous helix (Fig. 5a).
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Figure 5 Effects of CPX and VAMP2 mutations 
on clamping in cell-cell fusion assays.  
(a) Mutational analysis of CPX accessory  
helix mutations in the cell-cell fusion  
assay. Experiments were carried out in the 
presence of CPX only (CPX) or, additionally, 
phosphatidylinositol-specific phospholipase C, 
Ca2+ and SYT (CPX/PI-PLC/Ca/SYT). Results 
are mean ± s.e.m. of three independent 
experiments. (b) Mapping of the mutational 
analysis of the CPXacc–t-SNARE interface. 
CPXacc is shown, with the surface that interacts 
with the t-SNARE in the crystal structures 
outlined in black. Mutations in CPX that affect 
clamping positively (green) or negatively (red) 
are at the interface. Mutations that do not affect 
clamping (blue) are on the opposite side of CPX. 
(c) Location of the helix-breaking mutations 
(magenta) between central and accessory helix 
in the CPX–SNARE prefusion crystal structure. 
Results are mean ± s.e.m. of three independent 
experiments.
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DISCUSSION
Model for clamping
Binding, fluorescence and functional studies all corroborate the con-
formation of CPX as observed in the crystal structure as well the newly 
identified interaction between CPXacc and the t-SNARE. Based on the 
crystal structure, we therefore propose that CPX directly cross-links 
presynaptic, prefusion SNARE complexes and, further, that the arrange-
ment of CPX–SNARE complexes in the clamped state is similar to the 
zigzag one observed in the crystal lattice. Such an arrangement is plau-
sible given the length of linkers that anchor the t- and v-SNAREs to the 
membranes, as the linkers for syntaxin1 and the half-zippered VAMP2 
are longer than 10 (~37 Å) and 30 residues (>100 Å), respectively 
(Fig. 6a). The number of CPX–SNARE complexes in the zigzag array 
would be limited owing to curvature in the vesicle, which increases the 
distance between the vesicle and plasma membranes with increasing 
distance from the fusion site (close to the zigzag array center), so that 
polymer extension beyond a certain distance is untenable. Previous 
experiments suggest that for optimal fusion rates, there are 5–10 SNARE 
complexes in a fusion pore14, which is allowed by our model.

The crystal structure naturally suggests several synergistic mecha-
nisms by which CPX might stabilize the prefusion state and inhibit 
fusion (Fig. 6).

First, CPXacc binds the t-SNAREs in a site occupied by C-terminal 
portions of the VAMP2 SNARE motif in postfusion SNARE com-
plexes, competitively blocking the completion of zippering by VAMP2 
as proposed previously from biochemical studies19,34 but with the 
critical modification that this interaction occurs intermolecularly.

Second, close apposition of SNAREpins by cross-linking at their 
zippering ends should prevent further zippering that, if it occurred, 
would cause them to clash sterically (~2 turns of the N-terminal 
SNAP25 SNARE motifs are not folded in our structure).

Third, the linker regions of syntaxin1 and VAMP2 on different sides 
of the zigzag midline emerge on opposite sides of the zigzag plane, 
again, sterically interfering with complete zippering.

Fourth, the fusion pore cannot form as it is blocked by the CPX–
SNARE zigzag array, which is interposed between the vesicle and plasma 
membranes. Our finding from functional assays that flexibility in CPX 
interferes with clamping suggests that the CPX–SNARE zigzag array must 
be rigid at least to some extent. The requirement for rigidity is consistent 
with a role as a barrier between membranes that are poised for fusion.

And fifth, cross-linking the SNARE complexes into a zigzag 
array prevents them from forming the circular arrangement needed 
to accommodate either a hemifusion stem41 or a fusion pore42,  

precluding their formation. Notably, though, even in the zigzag  
topology, the orientation of the SNAREs is very similar to that in a 
fusion-competent arrangement (compare panels in Fig. 6b), except 
that the cross-links must dissolve in order for fusion to take place. As 
the zigzag clamp disassembles and SNAREs zipper, steric repulsion 
would push the SNAREs radially away from the zigzag midline to 
form a circular arrangement (Fig. 6b), now enclosing a nascent fusion 
pore that opens progressively as zippering completes43.

Though clearly vital for clamping19, each pairwise interaction 
between CPXacc and t-SNARE complexes seems of relatively low affinity 
(Kd ~10 µM, corresponding to ~6.8 kcal mol−1). Nonetheless, binding 
with this affinity is likely to occur physiologically because the concentra-
tions of CPX and SNARE proteins in the region local to fusion between 
apposed bilayers (~20 nm × ~20 nm × ~20 nm (Fig. 6a) containing 
5–10 CPX–SNARE complexes14) are likely to be in the 1–2 mM range 
(incidentally, an order of magnitude higher than their concentration in 
the crystallization mixture). Also, because of entropy considerations, 
polymerization would be more favored for proteins constrained to two 
dimensions, as at the synapse, rather than in solution.

The clamp may be further stabilized by the CPX N terminus, 
absent in our structure, which can interact with membrane proximal  
portions of SNAREs20,44. Additionally, functional assays show that 
synaptotagmin (Fig. 6a and ref. 45) in its calcium-free conformation 
stabilizes the clamped state produced by CPX18,46, although how this 
occurs is currently unclear.

SNARE activation
As noted previously, in addition to its inhibitory role, CPX also has an 
important positive role in promoting fusion21. Some of the domains 
shown to be required for this mode of action21,24 are not present in 
our structure. It has been speculated, however, that one positive con-
tribution may result from the binding of CPXcen to the VAMP2-syn-
taxin1 interface, which would stabilize initial SNARE assembly and 
zippering27,29. Our studies now suggest a similar role for the accessory 
helix: its interaction with the t-SNARE groove newly identified by us 
indicates that CPX might facilitate t-SNARE folding by binding to the 
C-terminal part of their SNARE motifs before VAMP2 binding.

Most importantly, we note that the assembled clamp itself might 
promote fusion by simply setting the stage: multiple SNARE complexes 
are gathered in orientations close to that required for fusion pore for-
mation (compare panels in Fig. 6b) even as their cross-linking impedes 
it, and they are already half-zippered. This alone will allow for fast, 
efficient fusion as soon as the clamp is released upon stimulus.

Figure 6 Molecular models for CPX clamping.  
(a) Model for the clamp at the synapse. CPX–
SNARE complexes with half-zippered VAMP2 
are cross-linked by CPX into a zigzag topology 
incompatible with fusion (see text). The plane of 
the zigzag is normal to the vertical direction. For 
clarity, only two of the CPX–SNARE complexes 
in the zigzag are shown. Palmitoylation on 
SNAP25 is indicated and restrains the distance 
between the CPX–SNARE zigzag and the plasma 
membrane (PM). The distance between the 
zigzag plane and the vesicle (SV) must be less 
than ~110 Å, the maximum distance spanned 
by the v-SNARE linker. The calcium sensor synaptotagmin (gray with Ca2+-binding loops in orange), which relieves CPX clamping, is accommodated by 
this model and is positioned based on FRET analysis45. Its Ca2+-binding loops are juxtaposed to the vesicle membrane, which is rich in anionic lipids like 
phosphatidylserine, and is well positioned for interactions with this membrane in response to Ca2+ stimulus. (b) Model of the CPX–SNARE assembly in the 
clamped state when the fusion pore is ‘closed’ (left). The fusion pore can open only once the zigzag clamped array has disassembled (right). Complexes in 
the ‘open’ state are modeled on PDB 1KIL.
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The mechanism of clamp disassembly is further explored in an accom-
panying manuscript40, as is the finding that clamp release is intrinsically 
coupled to a conformational change in CPX, where CPX switches from 
the angled conformation observed in the CPX–SNARE∆60 structure to 
that in the postfusion CPX–SNARE complex28,29.

METhODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/nsmb/.

Accession codes. Coordinates and structure factors for the structures 
described in this manuscript have been deposited in the Protein Data 
Bank (accession codes 3RK2, 3RK3, 3RLO).

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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ONLINE METhODS
Protein expression, purification and complex assembly. Recombinant fusion 
proteins were expressed in Escherichia coli BL21 (DE3) cells by induction with  
0.5 mM IPTG for 4 h at 37 °C. SeMet-substituted CPX-L27M and CPX-F34M were 
expressed as done previously47. Proteins were purified with either glutathione-
Sepharose (GE Healthcare) or nickel–nitrilotriacetic acid (Ni-NTA)-agarose 
resin (Qiagen), and tags were cleaved according to manufacturer instructions. 
Complexes were reconstituted by mixing proteins, followed by gel filtration on a 
HiLoad Superdex 75 (16/60, GE Healthcare). See Supplementary Methods for 
detailed protocols.

Crystallization and data collection. Purified complex was concentrated to  
~10 mg ml−1 and crystallized at 20 °C using the hanging-drop vapor-diffusion  
method. The best crystals were obtained when the SNARE complex was 
mixed with 6× molar excess of CPXacc peptide (residues 26–35, purchased 
from Biosynthesis) and equilibrated against 0.05 M calcium acetate, 27% (v/v)  
2-methyl-2,4-pentanediol, 0.1 M sodium cacodylate pH 6.5–7.0. The crys-
tals were loop-mounted from mother liquor and plunged into liquid nitrogen  
for cryopreservation.

Crystals of the CPX–SNARE complex were obtained by equilibration against 
a solution containing 13–15% (w/v) PEG 5000MME, 0.2 M ammonium sul-
fate, 0.01 M EDTA and 0.1 M Tris, pH 7.5. Crystallization conditions for the 
CPX-L27M–SNARE and CPX-F34M–SNARE complexes were similar. Crystals 
were transferred into buffer supplemented with 15% (w/v) PEG 400 before flash  
freezing in liquid nitrogen.

Data were collected at the National Synchrotron Light Source (NSLS) beamline 
X29 or at the Advanced Photon Source (APS) beamline ID-24C and processed 
with HKL2000 (ref. 48).

Structure determination. For all crystals, phases were obtained by the molecular 
replacement method as implemented in Phaser49. Models were built in Coot50 
and refined with Refmac51. For the truncated SNARE complex, we used a search 
model based on PDB 1KIL. Translation-libration-screw (TLS) motion groups 
and noncrystallographic symmetry (NCS) restraints were used in refinement to 
2.1-Å resolution. The CPXacc peptide (26–35) in the crystallization solution was 
not bound to the SNARE complex.

Crystals of the CPX–SNARE complex belong to space group C2 and dif-
fracted to 3.5-Å resolution. The truncated SNARE complex served as the search 
model. Complexin was manually built into the difference density as a continuous  
α-helix. For refinement, TLS groups and H-bond restraints for the α-helical 
secondary structure derived from the high resolution SNARE complex structure  
were used.

The SeMet-substituted CPX-F34M–SNARE crystals diffracted to 3.8-Å 
resolution. The crystals had P21 pseudosymmetry, but we were able to refine 
them to reasonable R values only in P1. As there are eight CPX-F34M–SNARE 
complexes in the P1 asymmetric unit, we used the thin-shell method in choos-
ing the Rfree set in order to avoid bias from NCS52. The truncated SNARE 
complex structure was used as a search model in molecular replacement.  
A Fourier anomalous difference map was calculated using CNS53, allowing us to 
unambiguously locate the positions of the selenium atoms of residues 34, as well 
as 55, a methionine in the wild-type sequence in CPX-F34M. NCS restraints 
were used in refinement.

Composite simulated annealling omit maps calculated in CNS53 confirmed 
the validity of the CPX–SNARE models (Supplementary Fig. 1).

Crystals of the SeMet-substituted CPX-L27M–SNARE complex belong to 
space group P1 and diffracted to 4.5 Å. A molecular replacement solution using 
the CPX–SNARE complex as search model was found, identifying four com-
plexes in the asymmetric unit. Although data resolution did not allow for refine-
ment, we could determine the position of the selenium atoms in residues Met27 
and Met55 in an anomalous difference map calculated using phases from the 

 molecular replacement solution53. The positions are consistent with the register 
in the CPX–SNARE complex.

All figures were prepared with PyMOL (DeLano Scientific). Data collection 
and refinement statistics are summarized in Table 1.

Isothermal titration calorimetry analysis. ITC experiments are described in 
detail in the Supplementary Methods. Briefly, measurements were carried out 
with an ITC200 instrument (Microcal). CPX constructs (200–600 µM) were 
titrated into a solution of SNARE complexes in the sample cell (10–30 µM) and 
thermodynamic parameters were calculated using Microcal Origin ITC200, 
assuming a ‘one-set-of-sites’ binding model.

FRET analysis. Positions Asp193 on SNAP25 and Gln38 or Ala31 on scCPX 
(hCPX1 residues 1–134 carrying superclamp mutations D27L E34F and 
R37A) were mutated into cysteines using the Stratagene QuikChange Kit. 
SNAP25 D193C was labeled with the donor probe, stilbene (4-acetamido-4′-
((iodoacetyl)amino)-stilbene-2,2′-disulfonic acid, disodium salt, Invitrogen) 
and either CPX Q38C or A31C was labeled with the acceptor bimane (mono-
chlorobimane, Invitrogen), using 10× molar excess of dye overnight at 4 °C in 
50 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 10% (w/v) glycerol and 
1 mM tris-(2-carboxyethyl)phosphine (TCEP). Excess dye was separated from 
the labeled proteins using a NAP desalting column (GE Healthcare). Double-
labeled CPX–SNARE complexes were assembled overnight at 4 °C and purified 
by gel-filtration on a Superdex 75 (10/30, GE Healthcare) gel filtration column.  
Fluorescence data were obtained on a PerkinElmer LS55 luminescence  
spectrometer at 25 °C. Excitation and emission slits of 5 nm were used in all 
measurements. Fluorescence emission spectra were measured over the range of  
350–550 nm with the excitation wavelength set at 335 nm. The donor probe con-
centration was adjusted to 2 µM in all samples. We used fluorescence resonance 
energy transfer to calculate the distance between the two fluorophores with an 
R0 of 27.5 Å for the stilbene-bimane FRET pair54. See Supplementary Methods 
for detailed experimental procedures.

Cell-cell fusion assay. The flipped SNARE cell-cell fusion assay was done as 
described before4,18,19,30. In brief, HeLa cell lines were transiently transfected with 
flipped VAMP2 (WT or the L70D A74R A81D L84D mutant), DsRed2-NES and 
either with or without CPX mutants and synaptotagmin as indicated (v-cells). 
After 1 d, transfected v-cells were seeded onto glass coverslips containing cells 
stably coexpressing flipped syntaxin1, flipped SNAP-25 and CFP-NLS (t-cells). 
The following day, cells were fixed with 4% (v/v) paraformaldehyde directly or after 
treatment with recovery solution (1 U ml−1 PI-PLC (Molecular Probes), 20 µg ml−1 
laminin, with or without 1.8 mM EGTA), washed and mounted with ProLong Gold 
antifade mounting medium (Molecular Probes). Confocal images were acquired on 
a Zeiss 510-Meta confocal microscope and processed with Adobe Photoshop.

47. Doublié, S. Preparation of selenomethionyl proteins for phase determination. 
Methods Enzymol. 276, 523–530 (1997).

48. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in 
oscillation mode. Methods Enzymol. 276, 307–326 (1997).

49. McCoy, A.J. et al. Phaser crystallography software. J. Appl. Crystallogr. 40, 658–674 
(2007).

50. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta 
Crystallogr. D Biol. Crystallogr. 60, 2126–2132 (2004).

51. Murshudov, G.N., Vagin, A.A. & Dodson, E.J. Refinement of macromolecular 
structures by the maximum-likelihood method. Acta Crystallogr. D Biol. Crystallogr. 53,  
240–255 (1997).

52. Kleywegt, G.J. & Jones, T.A. Where freedom is given, liberties are taken. Structure 3,  
535–540 (1995).

53. Brünger, A.T. et al. Crystallography & NMR system: a new software suite for 
macromolecular structure determination. Acta Crystallogr. D Biol. Crystallogr. 54, 
905–921 (1998).

54. Lakowicz, J.R. Principles of Fluorescence Spectroscopy (Springer, New York; Berlin, 
2006).
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 SUPPLEMENTARY MATERIAL  

 

Supplementary Table 1. The central helix of complexin is slightly differently anchored to 

the SNARE complex. The displacement for each Cα atom between the post-fusion and 

pre-fusion structure is listed. 

CPXcen Cα 
displacement [Å] 

post- vs. pre-fusion 

59 2.6 

60 1.5 

61 1.2 

62 1.1 

63 0.9 

64 0.5 

65 0.7 

66 1.0 

67 0.5 

68 0.4 

69 0.4 

70 0.3 
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Supplementary Table 2. The CPX helix twisted differently in the post- and pre-fusion 

structure. Peptide angles of the CPX region linking the central and accessory helix are 

listed. 

CPX Post-fusion Pre-fusion Difference 
position phi [°] psi [°] phi [°] psi [°] phi [°] psi [°] 

45 -77.4 -35.2 -83.4 -36.1 6.0 0.9 

46 -63.1 -27.8 -72.3 -31.8 9.2 4.0 

47 -86.1 -35.4 -75.3 -49.5 -10.8 14.1 

48 -65.4 -39.4 -54.2 -31.6 -11.2 -7.8 

49 -68.7 -30.4 -69.1 -43.4 0.4 13.0 

50 -73.3 -43.5 -65.9 -41.7 -7.4 -1.8 

51 -64.9 -26.0 -62.3 -38.7 -2.6 12.7 

52 -90.0 -19.9 -68.1 -33.2 -21.9 13.3 

53 -78.2 -35.6 -63.4 -45.4 -14.8 9.8 

54 -68.3 -35.9 -73.3 -35.0 5.0 -0.9 

55 -65.2 -44.9 -66.3 -40.9 1.1 -4.0 

56 -59.5 -47.4 -54.8 -54.8 -4.7 7.4 

57 -58.2 -43.9 -54.2 -40.6 -4.0 -3.3 

58 -63.1 -33.9 -82.4 -14.2 19.3 -19.7 

average -70.1 -35.7 -67.5 -38.4 -2.6 2.7 
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Supplementary Table 3: FRET distances were determined from quenching of donor 

fluorescence between SNAP25 and CPX when bound to SNARE complexes in post-

fusion (VAMP2) or pre-fusion (VAMP2-60, VAMP2-4X) conformation. Error bars refer 

to n = 4-6 independent experiments. Values measured in the respective crystal 

structures are given for comparison. 

 

 Distance* SNAP25-193 to  

CPX-38 [Å] CPX-31 [Å]  

FRET measurements    

VAMP2 (25-96)  20 ± 1   27 ± 1  

VAMP2-60 (29-60)  34 ± 1  42 ± 1  

VAMP2-4X (25-96; 

L70D,A74R,A81D,L84D)  

33 ± 1   38 ± 1 

Measured in crystal structure    

post-fusion (PDB 1KIL)  18 24 

pre-fusion (C2 crystal form)  28 38 

* Error bars reflect the reproducibility of the spectra rather than accuracy of the distance measurements. 

 

Nature Structural & Molecular Biology: doi:10.1038/nsmb.2101



 

 

Supplementary Figure 1. Electron density for CPX contoured at 1. (a) Weighted 2fo-fc 

electron density after refinement and (b) composite simulated annealed omit map for 

CPX in the C2 crystal form. (c) Weighted 2fo-fc electron density after refinement (d) and 

four-fold averaged composite simulated annealed omit map for CPX-F34M in binding 

mode A of the P1 crystal form. (e) Weighted 2fo-fc electron density after refinement (f) 

and four-fold averaged composite simulated annealed omit map for CPX-F34M in 

binding mode B of the P1 crystal form.  There are two binding modes for CPXacc-F34M 

and the t-SNARE groove in the P1 crystal form, “A” and “B”. CPX and especially its 

accessory helix have high B-factors, and as seen in (a-f), solvent-exposed side-chains 

are not well ordered.  We therefore used selenomethionine-substituted forms of CPX to 

confirm the sequence register. The anomalous difference maps used to located the 

positions of M55 and M34 are shown in orange in (d) and (f) and are contoured at 3.5 . 

(g) B-factor plot of CPX–SNARE complex in rainbow color scheme (blue to red, 17-185 

Å2). 

Nature Structural & Molecular Biology: doi:10.1038/nsmb.2101



 

 

Supplementary Figure 2. Zig-zag arrays in the P1 crystal form. (a) Superposition of 

CPX–SNARE complexes constituting four crystallographically distinct zig-zag 

arrangements in the P1 crystal form. (b)-(e) Top and side view of the four different 

lattices in the P1 crystal form. 
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Supplementary 

Figure 3. 

Comparison of the 

hydrophobic layer 

interactions of the 

t-SNARE groove 

with VAMP2 (left 

panels), CPX in 

binding mode A 

(middle panels) 

and in binding 

mode B (right 

panels). 
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Supplementary Figure 4. (a) Increase in the acceptor (Bimane) signal correlates with 

quenching of the donor (Stilbene) fluorescence confirming FRET. Acceptor (Bimane) 

emission was extracted from the Stilbene or Bimane emission scans by subtracting the 

donor and buffer contributions. The corrected acceptor emission was then normalized 

with maximum acceptor fluorescence when excited at acceptor excitation wavelength 

(396 nm). We observe more FRET with the VAMP2 (residues 25-96) than with VAMP2-

60 (residues 25-60), with both CPX labeled on 38 (black vs. green, respectively) and 

31 (red vs. blue, respectively) which shows that the CPXacc helix is further away from the 

SNAREpin in the pre-fusion (VAMP2-60) complex than the post-fusion VAMP2 

(residues 25-96) complex. The acceptor fluorescence increase qualitatively matches the 
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donor-quenching data except for CPX labeled at position 38 in the CPX–SNARE 

complex containing VAMP2. However, the acceptor emission is 1/3 weaker in this 

complex compared to the other CPX–SNARE complexes, even though the excitation 

properties are unaffected. This means the local environment possibly affects the 

acceptor emission in this case and could explain the anomalous behavior. (b) 

Fluorescence emission spectra of Bimane alone (black), only Oregon green (red), and 

Bimane or Oregon labeled CPX–SNARE complex containing VAMP2 (residues 25-96, 

green), VAMP2-60 (residues 25-60, blue) excited at 396 nm. SNAP25 D193C was 

labeled with donor, Bimane, and CPX was labeled with acceptor, Oregon green 488, at 

positions 38 (left panel) or 31 (right panel). The FRET measurements from this FRET 

pair are in good agreement with  the results obtained with the Stilbene or Bimane FRET 

pair, confirming that the CPXacc helix bends away from the SNAREs in the truncated 

SNARE complex compared to the fully-zippered SNARE complex. (c) Bleaching of 

acceptor (Oregon green) fluorescence results in donor (Bimane) fluorescence increase 

demonstrating FRET. Fluorescence recovery (FRAP) experiments were done on Bimane 

or Oregon labeled CPX–SNARE complexes containing VAMP2 (residues 25-96, black) 

or VAMP2-60 (residues 25-60, red) in a Leica SP5 confocal setup. The acceptor 

fluorescence was bleached using a 488 nm laser and the fluorescence recovery was 

recorded in two different channels set at 440-480 nm (Bimane, filled symbols) and 500-

540 nm (Oregon green, open symbols) respectively.  The fluorescence intensity 

normalized with respect to the pre-bleach fluorescence is shown above. There is an 

increase of the donor fluorescence after bleaching of the acceptor and the effect is larger 

for VAMP2 compared to VAMP2-60. This means CPXacc helix is closer to the 

SNAREpin in the CPX–SNARE complex containing VAMP2 than in VAMP2-60 

complex corroborating our previous results.  
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Supplementary Methods 

Protein Expression, Purification and Complex Assembly. Recombinant fusion 

proteins were expressed in E.coli BL21 (DE3) cells by induction with 0.5 mM IPTG for 4 

h at 37 °C. The constructs used for crystallization are GST-PreScission-VAMP260 

(containing human VAMP2 residues 29-60), GST-TEV-syntaxin1A (containing rat 

syntaxin1a residues 191-253), oligohistidine-MBP-Thrombin-SNAP25N (containing 

human SNAP25A residues 7-82 and a C-terminal tryptophan), GST-TEV-SNAP25C 

(containing human SNAP25A residues 141-203) and GST-PreScission-CPX (containing 

human complexin1 residues 26-83 with the following “superclamp” mutations: D27L, 

E34F, R37A). To make CPX-L27M and CPX-F34M, positions 27 or 34 of CPX were 

mutated to methionine using QuikChange mutagenesis (Stratagene). 

 

Cells were harvested and resuspended in buffer S (140 mM NaCl, 1 mM DTT, 20 mM 

Tris pH 7.5) supplemented with protease inhibitors (Complete EDTA-free, Roche), 

DNaseI (Sigma) and lysozyme (American Bioanalytical), then lysed using a cell disruptor 

(Avestin).  Proteins were purified with either glutathione-Sepharose (GE) or Ni-NTA-

agarose (Qiagen) resin according to manufacturers’ instructions. Tags were cleaved with 

TEV, PreScission or thrombin (Sigma) protease overnight at 4 °C. The proteins were 

collected, concentrated and purified by size exclusion chromatography on a HiLoad 

Superdex 75 (16/60, GE Healthcare) column equilibrated with buffer S. 

Selenomethionine substituted CPX-L27M and CPX-F34M were expressed according to 

Doublie 1 and purified as described above.  

 

To reconstitute the truncated SNARE complex, VAMP2-60, SNAP25C, SNAP25N and 

synatxin1 were mixed at 1:1:1:1 molar ration and incubated for 2 h before gel filtration on 

a HiLoad Superdex 75 (16/60, GE Healthcare) column equilibrated with buffer S. CPX 

was added to the truncated SNARE complex at 1.2 molar excess and incubated over 

night. The sample was supplemented with imidazole (20 mM final concentration) and 

passed over 0.5 ml Ni-NTA resin three times to remove TEV and PreScission proteases, 

which are oligohistidine tagged. The mixture was loaded on a HiLoad Superdex 75 

(16/60, GE Healthcare) column equilibrated with buffer S, and peak fractions were 

pooled and concentrated to ~10 mg ml-1 for crystallization.  
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Isothermal Titration Calorimetry (ITC) analysis 

Syntaxin1A, SNAP25C, SNAP25N and VAMP2-60 were mixed together at a 

1:1.2:1.2:1.2 molar ratio and incubated at 4oC overnight to form the SNARE-60 

complex. Before ITC experiments, SNARE-60 and CPX variants (CPX48-134, wtCPX, 

scCPX, ncCPX) were purified by gel filtration using a HiLoad Superdex 75 column (GE 

Healthcare Life Sciences) and PBS (phosphate buffered saline, pH 7.4: 137 mM NaCl, 3 

mM KCl, 10 mM sodium phosphate dibasic, 2 mM potassium phosphate monobasic) 

with 0.25 mM TCEP as the running buffer, respectively. Peak fractions were pooled and 

concentrated. CPX 48-134 was added into SNARE-60 at about 1.5:1 molar ratio and 

incubate overnight at 4oC to form blocked SNARE-60. CPX variants and blocked 

SNARE-60 were then dialyzed in the same flask against 3 liters of PBS buffer with 0.25 

mM TCEP for 4 hours at 4oC and then dialyzed against another 3 liters of fresh PBS 

buffer with 0.25 mM TCEP overnight at 4oC. The concentrations of dialyzed proteins 

were determined by using the Thermo Scientific Pierce Bicinchoninic Acid (BCA) protein 

assay kit with BSA as the standard and/or Bradford assay. 

 ITC experiments were performed on a Microcal ITC200 instrument. Typically, about 200 

L of  blocked SNARE solution (10 to 30 M) was loaded into the sample cell and about 

40 L of  CPX solution (200 to 600 M) was loaded into the syringe. An initial 0.2 L 

injection was followed by several injections of constant volume. 180-second equilibration 

time was used after each injection to ensure complete binding. The heat change from 

each injection was integrated, and then normalized by the moles of CPX in the injection. 

All ITC experiments were carried out at 37°C and at least twice. Microcal Origin ITC200 

software package was used to analyze the titration calorimetric data and obtain the 

stoichiometric number (N), the molar binding enthalpy (H), and the association constant 

(Ka). “One-set-of-sites” binding mode was used. The equilibrium dissociation constant 

(Kd), the binding free energy (G), and the binding entropy (S) were calculated using 

the thermodynamic equations:           

 

 

Samples as used in the ITC experiments were re-analyzed by size exclusion 

chromatography using the HiLoad Superdex 75 column to control that VAMP-60 does 

not dissociate from the t-SNARE complex during the measurements. 

 

d 
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FRET analysis. Positions D193 on SNAP25 and Q38 or A31 on CPX (hCpx1 residues1-

134 carrying superclamp mutations D27L, E34F and R37A was used in all FRET 

experiments) were mutated into cysteines using the Stratagene QuikChange Kit. 

SNAP25 D193C was labeled with the donor probe, Stilbene (4-acetamido-4’-

((iodoacetyl)amino)-stilbene-2,2’-disulfonic acid, disodium salt, Invitrogen) and either 

CPX Q38C or A31C was labeled with the acceptor Bimane (Monochlorobimane, 

Invitrogen). Stilbene has improved solubility compared to the established FRET dye 

Pyrene, and in conjunction with Bimane, it can be used to measure small changes at 

small distances. The proteins were labeled using 10X molar excess of dye overnight at 

4°C in 50 mM Tris Buffer, pH 7.4, containing 150 mM NaCl, 10 % Glycerol and 1 mM 

TCEP. Following overnight incubation at 4°C, the excess dye was separated from the 

labeled proteins using a NAP desalting column (GE Healthcare). The labeling efficiency 

was calculated using ε335 = 35,000 L m-1cm-1 for Stilbene and ε396 = 5,300 L m-1cm-1 for 

Bimane, and the protein concentration was measured by Bradford assay using BSA as 

the standard. Typically, the labeling efficiency was >90% for Stilbene-SNAP25 and 

~75% for Bimane-CPX. The double-labeled CPX–SNARE complexes were assembled 

overnight at 4°C and purified by gel-filtration on a Superdex 75 (10/30, GE Healthcare) 

gel filtration column. All fluorescence data were obtained on a Perkin-Elmer LS55 

luminescence spectrometer operating at 25°C. Excitation and emission slits of 5 nm 

were used in all measurements. Fluorescence emission spectra were measured over the 

range of 350-550 nm with the excitation wavelength set at 335 nm. Background 

fluorescence from the buffer was subtracted to calculate the reported fluorescence 

values. The donor probe concentration was adjusted to 2 µM in all samples. 

Fluorescence resonance energy transfer (FRET) was used to calculate the distance 

between the two fluorophores 2. According to the FRET theory, the efficiency of energy 

transfer (E) is related to the distance (R) between the two fluorophores by 

 )R/(RRE 66

0

6

0  . 

R0, the distance at the transfer efficiency equals 50% is given by the following equation: 

 1/6

D

423
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The spectral overlap integral (J) between the donor emission spectrum and acceptor 

absorbance spectrum was approximated by using the summation 
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Where, Fd() and εA() represent the fluorescence intensity of the donor and the molar 

extinction coefficient of the acceptor at the wavelength . The overlap integral was 

calculated to be 1.34 X 10-14. The quantum yield ( DQ ) of the Stilbene-SNAP25 was 

calculated to be 0.19 using tryptophan in solution ( DQ = 0.14) as the reference3. 

Polarization studies of SNAP25 193-Stilbene, CPX38-Bimane and CPX31-Bimane in 

both full-length and truncated SNARE complexes gave anisotropy values around 0.1 

showing that the FRET probes have isotropic motion, so value of 2/3 was used for 

orientation factor (²). The refractive index of the medium () was measured to 1.358. 

Using these values, R0 for the Stilbene-Bimane FRET pair was calculated to be 27.5 Å.  

The energy transfer data were obtained by measuring the change in donor fluorescence 

(donor quenching) in the presence of the acceptor. The donor fluorescence intensity was 

measured in the absence (fd) and presence (fa) of acceptor. The efficiency of transfer (E) 

was calculated using the equation E = 1- fa/fd. Since the labeling efficiency was not 

100%, the observed transfer efficiency (Eobs) was corrected for the acceptor 

stoichiometry. The corrected efficiency (Ecor) is given as Ecor = Eobs/fa, where fa is the 

fraction of assembly with acceptor2.  
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