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When nerve cells communicate, vesicles from one neuron fuse with
the presynaptic membrane releasing chemicals that signal to the
next. Similarly, when insulin binds its receptor on adipocytes or
muscle, glucose transporter-4 vesicles fuse with the cell membrane,
allowing glucose to be imported. These essential processes require
the interaction of SNARE proteins on vesicle and cell membranes, as
well as the enigmatic protein Munc18 that binds the SNARE protein
Syntaxin. Here, we show that in solution the neuronal protein
Syntaxin1a interacts with Munc18-1 whether or not the Syntaxin1a
N-peptide is present. Conversely, the adipocyte protein Syntaxin4
does not bind its partner Munc18c unless the N-peptide is present.
Solution-scattering data for the Munc18-1:Syntaxin1a complex in
the absence of the N-peptide indicates that this complex adopts the
inhibitory closed binding mode, exempliﬁed by a crystal structure
of the complex. However, when the N-peptide is present, the
solution-scattering data indicate both Syntaxin1a and Syntaxin4
adopt extended conformations in complexes with their respective
Munc18 partners. The low-resolution solution structure of the open
Munc18:Syntaxin binding mode was modeled using data from
cross-linking/mass spectrometry, small-angle X-ray scattering, and
small-angle neutron scattering with contrast variation, indicating
signiﬁcant differences in Munc18:Syntaxin interactions compared
with the closed binding mode. Overall, our results indicate that the
neuronal Munc18-1:Syntaxin1a proteins can adopt two alternate
and functionally distinct binding modes, closed and open, depending on the presence of the N-peptide, whereas Munc18c:Syntaxin4
adopts only the open binding mode.
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embrane trafﬁcking is an essential and highly regulated
process whereby cargo-carrying vesicles are directed to
dock and fuse with speciﬁc cell membranes. The process requires
soluble N-ethylmaleimide-sensitive factor attachment receptor
(SNARE) proteins on vesicle and target membranes. These interact to form high-afﬁnity SNARE complexes required for
docking and membrane fusion (1, 2). Structurally, the SNARE
complex is a parallel four-helix bundle comprising helices contributed from several partner SNAREs (3). This helical bundle
promotes vesicle fusion by bringing the vesicle and plasma
membranes into close proximity and by providing the energy
required for membrane fusion (4, 5).
In the neuronal synapse, neurotransmitters are released from
nerve cells by SNARE-mediated fusion of vesicles with the
plasma membrane in response to action potentials. In this process, one of four SNARE helices is contributed by Syntaxin (Sx)
1a, a protein localized at the plasma membrane by a transmembrane helix. In addition to its membrane-anchored SNARE
helix (H3), Sx1a has an Habc domain that can bind to the H3
helix (6) forming a closed Sx1a conformation (Fig. 1A). This
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closed conformation inactivates Sx1a by preventing H3 interacting with SNARE partners, SNAP25 on the plasma membrane and
vesicle associated membrane protein 2 (VAMP2, also known as
synaptobrevin) on the vesicle membrane. Conversely, when the
intramolecular Habc interaction is removed, Sx1a can adopt an
open conformation and H3 is then free to participate in SNARE
complex assembly by forming a SNARE binary complex with
SNAP25 and a SNARE ternary complex with VAMP2, leading to
membrane fusion (Fig. 1). Proteins that differentially promote
the closed or open Sx1a conformation could thus negatively or
positively regulate synaptic SNARE complex formation, membrane fusion, and neurotransmission. In the homologous fusion
system in adipocytes and muscle, glucose-transporter (GLUT)4containing vesicles are trafﬁcked to the plasma membrane to facilitate glucose uptake in response to insulin signaling. The
equivalent Sx in this system is Sx4.
Sec1/Munc18 (SM) proteins are also highly conserved and
probably regulate all eukaryotic vesicle transport processes, although a variety of interactions, binding modes, and functions
have been described. Thus, SM proteins are thought to play
a major inhibitory role by keeping Sxs in the closed conformation, as exempliﬁed by a crystal structure of the neuronal
Munc18-1 in complex with Sx1a (7). A closed binding mode is
also observed in the crystal structure of a primordial Munc18:Sx
complex suggesting that closed binding, and inhibition of Sx, is
important in the pathway leading to SNARE assembly (8).
SM proteins have also been shown to interact with SNARE
binary and SNARE ternary complexes (9–11), and these interactions require an open Sx binding mode as well as the presence
of an N-peptide, the 10–30 residues at the very N terminus of Sx
(11–14). The two binding modes (closed and N-peptide) are
thought to be associated with different aspects of SM protein
function. For example, in the synaptic fusion system, Munc18-1
may act as a chaperone by binding closed Sx1a during trafﬁcking
to the plasma membrane (14–17). Munc18-1 can then bind and
stimulate SNARE complex assembly at the plasma membrane,
to facilitate membrane fusion (17, 18). Similarly, in Caenorhabditis elegans, the closed SM:Sx binding mode is required for
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structural changes were speculated to show how SM proteins
might transit from binding closed Sx to binding open Sx (30).
Using protein pull-down experiments, chemical cross-linking,
isothermal titration calorimetry, and small-angle scattering, we
investigated the binding of two SM:Sx pairs: neuronal Munc18-1:
Sx1a and adipocyte Munc18c:Sx4, sharing ∼40–50% identity. We
found that in the absence of the N-peptide, Sx1a binds tightly to
Munc18-1 in a closed conformation consistent with the published
crystal structure. In the presence of the N-peptide, the interaction afﬁnity is similar but a different, more extended Sx1a conformation is bound to Munc18-1. On the other hand, Munc18c
did not bind tightly to Sx4 lacking the N-peptide but did bind to
Sx4 when the N-peptide was present; the binding mode in solution
is similarly extended. We modeled the low-resolution structures of
the complexes using scattering and cross-linking data that together
suggest an open binding mode.
Results

Fig. 1. Sx constructs and interactions. We used Sx1a and Sx4 with the
transmembrane anchor replaced with a polyhistidine tag (Sx-His) and with
the N-peptide removed (SxΔN-His). (A) Schematic showing different forms of
membrane-anchored Sx: closed Sx, open Sx, binary complex with SNARE
partner SNAP (green), and ternary complex with SNARE partners [SNAP25 in
green; VAMP2 (or synaptobrevin) in yellow]. The four-helix bundle of the
SNARE ternary complex is required for membrane fusion, and open Sx is
thought to be required to form SNARE complex. (B) Sx1a, Sx1aΔN, Sx4, and
Sx4ΔN were immobilized on metal-afﬁnity resin via the C-terminal polyhistidine tags and incubated with detagged Munc18-1 or Munc18c. The gels
at right and center show the proteins that were pulled down (bound) on
equivalent amounts of resin after extensive washing. Resin-bound Sx1a and
Sx1aΔN are both able to pull down Munc18-1, whereas Sx4 but not Sx4ΔN
pulls down Munc18c. (Left) Proteins used in the experiment. Control shows
the negative control interaction of Munc18 with resin. These data are representative of three replicates.

chaperoning the Sx protein UNC64 to the plasma membrane
whereas the N-peptide binding mode is proposed to be required
for membrane fusion in vivo (19, 20). Dual chaperone/activation
roles for the SM protein Vps45p have also been shown in yeast
(21). In vitro, fusion assays have shown that Munc18-1 can either
inhibit vesicle fusion or stimulate vesicle fusion, with the contribution of the N-peptide varying depending on the experimental setup (18, 22–24). Rathore et al. showed that the Sx Npeptide recruits Munc18-1 for assembly of the SNARE:SM
complex and does not need to be attached to Sx to exert this
effect (25). Finally, the central cavity of the SM protein has been
linked to binding of closed Sx1a and to binding of the core helical bundle of SNARE complexes (24, 26, 27).
Thus, SM proteins have been shown to interact with Sx in a
closed conformation and to interact with binary (Sx1a:SNAP25 in
the case of Munc18-1) and ternary SNARE complexes (Sx1a:
SNAP25:VAMP2), the last two requiring an open Sx conformation. The only two crystal structures of SM proteins in complex with
a full-length cytoplasmic Sx (lacking the transmembrane domain)
reveal a closed binding mode (7, 8, 28) and NMR data also suggest
a closed binding mode (29). Furthermore, there are no experimentally determined structures of SM proteins interacting with
SNARE complexes. However, intriguing SM protein conformational changes were revealed in the crystal structures of Munc18-1
complexed with a noncognate N-peptide (30) and Munc18c (the
adipocyte SM protein) with a cognate N-peptide (31). These
Christie et al.

calorimetry (ITC) to evaluate the binding of Munc18 proteins to
cognate Sxs with and without the N-peptide. The Munc18-1
results recapitulate those of others (14, 28, 32) showing that Sx1a
and Sx1a lacking its N-peptide (Sx1aΔN) bind to Munc18-1 with
similar high afﬁnities (Kd, 1.4 and 10 nM, respectively; see Table
S1 for full details).
We also investigated the interaction between the homologous
proteins from adipocytes, Munc18c and Sx4, that regulate the
trafﬁcking of GLUT4 vesicles to the cell surface in response to
insulin signaling. We found that the Munc18c:Sx4 interaction (Kd
95 nM; Table S1) is weaker than Munc18-1:Sx1a. Strikingly, we
were unable to detect any interaction between Munc18c and
Sx4ΔN by ITC, even with very high concentrations of Sx4ΔN (Fig.
S1). Circular dichroism spectra of Sx4ΔN and Sx4 are equivalent,
showing that they are both helical (Fig. S2A), and Sx4ΔN has a
sigmoidal melting curve consistent with temperature denaturation cooperativity indicating it is likely to be correctly folded
(Fig. S2B). We also used pull-down experiments to verify the result that Munc18-1 interacts tightly with Sx1a and Sx1aΔN,
whereas Munc18c interacts with Sx4 but not Sx4ΔN (Fig. 1). The
two homologous systems thus differ in their ability to interact with
Sx lacking an N-peptide: Munc18-1 binds Sx1aΔN with an afﬁnity
almost equal to that of its interaction with Sx1a, whereas Munc18c
interacts tightly with Sx4 only when its N-peptide is present.
Sx1a and Sx1aΔN Have Different Binding Modes for Munc18-1. We
next used small-angle X-ray scattering (SAXS) to investigate
whether the low-resolution solution structures of Munc18-1:Sx1a
and Munc18-1:Sx1aΔN complexes were similar. However, comparison of the scattering data and pair-distance distribution functions, p(r), indicated signiﬁcant differences (Fig. 2). Speciﬁcally,
the p(r) proﬁles (Fig. 2C) have a large difference in the maximum
linear dimension (Dmax) of the two complexes: the maximum dimension of the Munc18-1:Sx1aΔN complex is ∼100 Å, whereas the
Munc18-1:Sx1a complex is 50% larger, ∼150 Å. This difference
indicates that the presence of the Sx1a N-peptide modulates the
way Sx1a binds to Munc18-1.
Sx1aΔN Binds to Munc18-1 in a Closed Conformation. The Munc181:Sx1a crystal structure deﬁnes a closed Sx1a conformation
bound to Munc18-1 (7). We compared the calculated scattering
proﬁles from the Munc18-1:Sx1a closed crystal structure with
solution scattering data from Munc18-1:Sx1aΔN and Munc18-1:
Sx1a. As shown in Fig. 2A, the predicted scattering proﬁle of the
Munc18-1:Sx1a crystal structure matches well to the SAXS data
for the complex lacking the N-peptide interaction (Munc18-1:
Sx1aΔN), whereas the match to the SAXS data where the Npeptide is present is much poorer (Munc18-1:Sx1a data). Furthermore, the radius of gyration (Rg) and Dmax values calculated
PNAS | June 19, 2012 | vol. 109 | no. 25 | 9817
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Differential Role of the Sx N-Peptide. We used isothermal titration
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Fig. 2. Munc18-1:Sx1a and Munc18-1:Sx1aΔN complexes differ. (A) SAXS
data for Munc18-1:Sx1a (green) and Munc18-1:Sx1aΔN (gray). Inset shows
the Guinier regions are linear. The calculated scattering proﬁle from the
closed Munc18-1:Sx1a crystal structure (solid line) is overlaid on the Munc181:Sx1aΔN SAXS data, showing an excellent correspondence (χ2 = 0.6). By
comparison, the Munc18-1:Sx1a scattering data ﬁt less well to the crystal
structure proﬁle (χ2 = 3.5). Data are shown on an absolute scale, where the
Munc18-1:Sx1a scattering data have been offset by a factor of 10−1 for
clarity. Error bars represent propagated counting statistics. (B) Comparison
of the low-angle portion of the scattering data for Munc18-1:Sx1aΔN and
Munc18-1:Sx1a indicates a signiﬁcant deviation, indicating differences between their structures. Data were normalized by protein concentration for
this comparison. (C) Pair-distance distribution function, p(r), for Munc18-1:
Sx1aΔN and Munc18-1:Sx1a derived from the scattering data using GNOM
(46) indicates that Dmax, the maximum dimension of the complex, is significantly larger for Munc18-1:Sx1a than for Munc18-1:Sx1aΔN.

from the crystal structure match those from Munc18-1:Sx1aΔN
scattering data but not those from Munc18-1:Sx1a data (Table 1).
Dynamic light scattering conﬁrmed the different Rg values for
the two complexes (Fig. S2C). These data suggest that when the
Sx1a N-peptide interaction is absent the closed binding mode of
the Munc18-1:Sx1a crystal structure can be adopted in solution.
The presence of a native N-peptide interaction may thus change
the way Sx1a recognizes Munc18-1 in solution.
Sx1a and Sx4 Are Open When Bound to Cognate Munc18s. To investigate conformational changes suggested by SAXS, we used
small-angle neutron scattering (SANS) with contrast variation
(33). Sx proteins were labeled with deuterium (DSx) for mea-

surement of Munc18:DSx complexes at two contrast points:
∼40% D2O, where scattering is dominated by DSx; and ∼100%
D2O, where scattering is dominated by Munc18. This analysis
allows evaluation of the bound conformations of the individual
components, Munc18 and Sx, within the complex. We investigated the two homologous systems, Munc18-1 complexed with
Sx1a and Munc18c complexed with Sx4. In both cases, the Sx
N-peptide was present.
SAXS and SANS data for the Munc18-1:Sx1a and Munc18c:
Sx4 complexes indicate they share many common features (Table
1). First, the Rg and Dmax values are very similar for both and
different to values calculated from the closed Munc18-1:Sx1a
crystal structure (Table 1; also see Tables S2 and S3). Second, the
100% D2O SANS data, where unlabeled Munc18 dominates
scattering (see Ref. 34) for more information), indicate that
Munc18-1 and Munc18c adopt similar overall shapes (Dmax ∼70 Å;
Rg 23–24 Å). Finally, and most importantly, the 40% D2O SANS
data, where Sx dominates scattering, suggest that the increased
size of the complexes compared with the closed Munc18-1:Sx1a
crystal structure is primarily due to a conformational change in Sx.
Thus, the maximum dimension of Sx in both complexes is 145 Å,
compared with 110 Å in the closed crystal structure. In addition,
the p(r) distribution of the 40% D2O contrast point (representing
the bound Sx conformation) has two peaks, indicative of two
domains with centers of mass separated by 40Å, whereas the p(r)
distribution for closed Sx1a models have a single peak consistent
with one domain (Fig. S3A). These data suggest that in both
Munc18-1 and Munc18c complexes, Sx can adopt an extended
conformation with a much larger dimension than that of closed Sx,
when the N-peptide interaction is present.
To help identify the spatial arrangement of speciﬁc residues in
the complex, we cross-linked Munc18c:Sx4 and Munc18-1:Sx1a
and analyzed digested peptides by mass spectrometry. The observed cross-link distances were inconsistent with the closed
crystal structure binding mode (Table S4 and Fig. S3 B and C),
supporting the conclusion that Sx binding to Munc18 differs from
the closed binding mode observed in the Munc18-1:Sx1a crystal
structure.
Modeling Indicates an Open Munc18:Sx Binding Mode. Rigid-body
modeling of the low resolution solution structures of the
Munc18:Sx complexes was performed by simultaneous reﬁnement against SAXS and SANS data (35, 36) and cross-linking
restraints. The reﬁned models represent excellent ﬁts to these
data (Fig. 3 and Fig. S4), and indicate an open Sx conformation

Table 1. Structural parameters for Munc18:Sx complexes
Protein or complex
Munc18:Sx complex
Munc18-1:Sx1a (X-ray scattering)
Munc18-1:Sx1aΔN (X-ray scattering)
Munc18-1:Sx1a (predicted X-ray scattering, crystal structure)*
Munc18c:Sx4 (X-ray scattering data)
Munc18 within the complex
Munc18-1 (100% D2O data of Munc18-1:Sx1a)
Munc18c (100% D2O data of Munc18c:Sx4)
Munc18-1 (crystal structure, 100% D2O)*
Sx within the complex
Sx1a (40% D2O data of Munc18-1:Sx1a)
Sx4 (40% D2O data of Munc18c:Sx4)
Sx1a (crystal structure, 40% D2O)*

Rg (Å)

Dmax (Å)

37.8 ± 0.3
33.0 ± 0.3
32.9
38.4 ± 0.3

145
100
110
145

23.7 ± 0.3
23.4 ± 0.3
22.5

70
70
80

39.1 ± 0.6
39.5 ± 0.5
32.0

145
145
110

Rg is the radius of gyration of the complex or molecule, Dmax is the maximum dimension of the complex or
molecule. The error in Dmax is approximately ± 10 Å. Values in bold show that Munc18-1:Sx1aΔN in solution and
Munc18-1:Sx1a(closed) crystal structure are more compact than Munc18-1:Sx1a and Munc18c:Sx4 in solution and
that this is attributable to a change in conformation of Sx.
*Values calculated from the crystal structure (see Materials and Methods).

9818 | www.pnas.org/cgi/doi/10.1073/pnas.1116975109

Christie et al.

B

Fig. 3. Sx1a is extended when bound to Munc18-1. (A) SAXS data (gray) and
neutron contrast variation data at 40% D2O (red) and 100% D2O (blue) for
Munc18-1:Sx1a. Data are of high quality with linear Guinier regions (Inset)
and yielding estimated molecular masses consistent with a 1:1 complex
(Table S3). The calculated scattering proﬁles for the optimized model of the
complex (solid lines) are overlaid on the data, with excellent visual correspondence. The χ2 values are: 40%, 1.6; 100%, 4.5; X-ray, 0.4. The high value
for the 100% D2O is primarily because of small deviations of the ﬁt to the
data at low-q and are probably attributable to the misrepresentation of
unstructured regions of Munc18, which dominates the signal in the 100%
data. Data are shown on an absolute scale, where the 100% D2O and X-ray
scattering data have been off-set by factors of 10−1 and 10−2 for clarity. Error
bars represent propagated counting statistics. (B) Pair-distance distribution
function, p(r), derived from the scattering data using GNOM (46). This
indicates that the increased maximum dimension of the Munc18-1:Sx1a
complex is attributable to Sx1a (red curve), indicating that in the Munc18-1:
Sx1a complex, Sx1a adopts an extended conformation.

(Fig. 4). In both Munc18-1:Sx1a and Munc18c-Sx4 models, the
Habc domain of the Sxs is located on a concave surface between
domains 1 and 2 of Munc18 that is created by rotation of domain
1. This is in contrast to the binding mode of Habc in the crystal
Christie et al.

Fig. 4. An open binding mode of Munc18:Sx complexes. (A) Crystal structure of closed Sx1a (red) bound to Munc18-1. (B) Model of Munc18-1 (blue)
in complex with Sx1a (red) complex, reﬁned against solution scattering data
and distance restraints, indicating that Sx1a adopts an open conformation
when bound to Munc18-1. (C) Model of Munc18c (blue) in complex with Sx4
(red), reﬁned against solution scattering data and distance restraints, indicating that Sx4 adopts an open conformation when bound to Munc18c.
For both B and C, the position of the H3 helix is not deﬁnitive. (D) Schematic
showing potential Munc18-1:Sx1a interactions. Munc18-1 interacts with
closed Sx1a when the N-peptide is not engaged. Open Sx1a binding to
Munc18-1 requires the Sx1a N-peptide. Munc18-1 binding to open Sx1a may
precede SNARE complex formation with partner SNAREs SNAP25 (green)
and VAMP2 (yellow). (E) It is not clear whether Sx4 exists in a closed conformation. Munc18c binds to open Sx4, and this requires an N-peptide interaction. Munc18c binding to open Sx4 may precede SNARE complex
formation with SNAP23 (green) and VAMP2 (yellow).

structure, where it is located in the Munc18 arch-shaped cavity.
The SNARE H3 helix extends away from Habc across the central
Munc18 cavity. However, the modeled H3 position varies in the
two complexes and is not deﬁnitive in either model because H3
appears to sample a range of conformations (Fig. S5). This
conformational heterogeneity presents a challenge for modeling.
Thus, we were unable to obtain a model that satisﬁed the scattering data and all of the cross-links between the Sx H3 helix and
Munc18c, whereas reﬁnement that excluded the H3:Munc18c
cross-links yielded a model in excellent agreement with the
scattering data. This result implies that the H3 helix samples
several open conformations, with the presented model in Fig. 4
a likely representative of the dominant conformation. Thus,
many models can be generated that ﬁt the data, and there may be
other ways to ﬁt the data that we have not considered, but none
of the models generated during reﬁnement adopted the closed
Sx binding mode. Thus, the neutron scattering and cross-linking
data clearly indicate that the majority of Sx molecules are bound
in an open conformation to Munc18 and the position of the
Habc domain appears to be well deﬁned by the scattering and
cross-linking data.
PNAS | June 19, 2012 | vol. 109 | no. 25 | 9819
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Overall, our data suggest that the closed binding mode exempliﬁed by the crystal structure of Munc18-1 and Sx1a is
adopted in solution in the absence of the N-peptide interaction.
We see no evidence for the binding of Sx4ΔN to Munc18c or for
the formation of a closed binding mode for the Munc18c:Sx4
complex, indicating either that these interactions do not occur in
Munc18c:Sx4 or that they are very weak. In contrast, when the Sx
N-peptide is present, Sx appears to adopt an extended conformation in Munc18-1:Sx1a and Munc18c:Sx4 complexes. These
low-resolution solution structures of the complexes indicate
a possible binding mode of open Sx to Munc18 and suggests this
is driven by the presence of an N-peptide interaction.
Discussion
The data presented here suggest that in solution under the conditions we used, Munc18 proteins can recognize an open conformation of Sx, in the absence of SNARE partners SNAP and VAMP.
The Sx N-peptide inﬂuences the formation and conformation of
this open Munc18:Sx complex. For the neuronal Munc18a:Sx1
system, the binding preference for Sx1a with or without N-peptide
is minimal (Table S1), so that subtle changes in conditions may
favor closed binding even in the presence of a native N-peptide.
The solution structures derived from reﬁnement against
SAXS, SANS (40%), SANS (100%), and cross-linking data for
Munc18-1:Sx1a are in striking contradiction to the closed conformation observed in crystal structures and NMR data of this
complex (29). If, as our data suggest, open and closed Sx1a can
bind with almost equal afﬁnity to Munc18-1, it is possible that the
closed form of the complex is preferentially selected by crystallization. This is because the ﬂexible SNARE helix of the open
form is not conducive to crystal formation. Crystallization can
select more compact shapes when extended conformations of the
same protein or complex are present in solution (see, for example, Refs. 37 and 38). However, it is difﬁcult to explain why a
closed rather than an open conformation was observed in NMR
studies of the Munc18-1:Sx1a complex (29). Perhaps the conditions or constructs we used favor the open conformation of
Munc18-1:Sx1a and vice versa for the NMR data. Clearly, more
work is required to resolve these differences.
The relatively minor energetic difference between Sx1a and
Sx1aΔN suggests that a small energetic input could convert
Munc18-1:Sx1a from a closed fusion-incompetent to an open fusion-competent binding mode. Thus, in neurons, membrane fusion may be a delicate balance between these two binding modes,
tipped one way or the other by accessory factors. This could also
impact on the observed role of Munc18-1 (inhibitory or stimulatory) in in vitro assays, using different experimental setups. For
example, Söllner and colleagues (22) found that Munc18-1 preincubated with Sx1a:SNAP25 liposomes inhibits fusion with subsequently added VAMP2 liposomes. However, when SNAP25 and
VAMP2 liposomes were added simultaneously to preformed
Munc18-1 complex with Sx1a liposomes, this resulted in a marked
stimulation of fusion that was N-peptide dependent (22). Previous
work (28, 39) has shown that Munc18-1 slows SNARE complex
formation from mixtures of soluble forms of SNARE proteins,
when analyzed kinetically by ﬂuorescence polarization, FRET and
NMR. Our present data point to the possibility that two Sx1a
binding modes of almost equal afﬁnity might contribute to different functional outcomes under different experimental situations. Again, more work is needed to resolve these differences.
For Sx4, the role of the N-peptide is striking: Sx4 lacking the
N-peptide has no measurable afﬁnity for Munc18c under the
conditions we used. The N-peptide thus appears to be essential
for binding of Sx4 to Munc18c, although other parts of Sx4 must
interact with Munc18c because the binding afﬁnity of the Npeptide alone is lower than that of the full-length protein (30).
The ﬁnding that Sx1a N-peptide binding to Munc18-1 may
favor a closed-to-open conformational change suggests that the
9820 | www.pnas.org/cgi/doi/10.1073/pnas.1116975109

open interaction mode might precede SNARE complex formation (Fig. 4). The best-ﬁt structural models of open Sx1a and Sx4
place Habc outside the arch-shaped Munc18 cavity, so that the
cavity could then accommodate the SNARE four-helix bundle
(Fig. 4). This same cavity has been implicated in the binding of
SNARE complexes (24, 26, 27). The Munc18 binding site of the
Sx H3 helix is not deﬁnitive in our model; indeed, it is likely to be
very ﬂexible. In the context of the native membrane-anchored
protein, where H3 is tethered at its C terminus by membrane
insertion, we expect this ﬂexibility to be considerably reduced.
Our ﬁndings suggest that SM protein regulatory roles may vary
considerably, even among closely related proteins. Munc18-1
and Munc18c share ∼50% identity yet Munc18-1:Sx1a appears to
form two functionally distinct high afﬁnity interactions, whereas
Munc18c:Sx4 has just one binding mode. This could help explain
the apparently conﬂicting in vivo data on the role of Munc18 and
SM proteins more generally (40): thus, Munc18-1 may have negative and positive regulatory roles, whereas others have positive
regulatory roles only. Disturbing the interaction between Munc181 and the Sx1a N-peptide could trigger switching between open
and closed bound conformations. In contrast, blocking Sx4 Npeptide binding to Munc18c would prevent the formation of the
Munc18c:Sx4 complex altogether. Finally, these data highlight
the importance of dynamic protein interactions in complex formation and the power of complementary methods for probing
these dynamic states.
Materials and Methods
SAXS. Munc18:Sx complexes in 25 mM Hepes (pH 7.5), 150 mM NaCl, and
1 mM Tris (2-carboxyethyl) phosphine (TCEP) were concentrated to between
2–6 mg/mL. A serial dilution of the concentrated protein sample was made
with the ﬂow-through to yield samples with protein concentrations of 1.4,
2.8, and 5.6 mg/mL (Munc18-1:Sx1aΔN); 1.1, 2.2, and 3.3 mg/mL (Munc18-1:
Sx1aΔN); and 0.7, 1.4, and 2.8 mg/mL (Munc18c:Sx4). The ﬂow-through also
served as the solvent blank. All samples and buffers were centrifuged at
10,000 × g for 10 min to remove large particles. The concentration of protein
complexes was determined by A280 measurements using a Nanodrop
(Thermo Scientiﬁc), and extinction coefﬁcient was determined using ProtParam (41).
Data were collected on the SAXS/WAXS beamline at the Australian Synchrotron by ﬂowing the sample (50 μL) past the beam in 1.5 mm quartz
capillaries (Hampton Research) at room temperature measuring 10–15 frames
with a 1-s exposure time. The sample to detector distance was 1630 mm and
wavelength was λ = 1.000 Å, giving a q range spanning 0.012–0.620 Å−1. Data
reduction was carried out using SAXS15ID software (42), averaging 10 frames
and correcting for solvent scattering, sample transmission, detector sensitivity, and background radiation. Data were placed on an absolute scale, by
normalization against a water standard.
Data quality was assessed by the concentration dependence of the scattering data, linearity of the Guinier region of the data, and estimated molecular mass of the protein complex. Data were measured for all protein
complexes between 1–6 mg/mL. At all concentrations, the Guinier plot (lnI(q)
vs. q2) was linear and yielded I(0) values normalized by concentration that
showed no systematic trend. A systematic trend of normalized I(0) is indicative of either repulsive interparticle interactions (decrease with increasing
concentration) or attractive interparticle interactions (increase with increasing concentration). Estimated molecular masses were determined for
each protein complex (43), where the program MULCh (44) was used to
calculate the partial speciﬁc volume (v) and contrast (Δρ) at each contrast
point. The estimated molecular masses of each complex are well within 5%
of the expected mass of the complex. Taken together, the protein solutions
are homogeneous and free of signiﬁcant interparticle interactions, and the
data are of high quality.
Neutron Scattering. Puriﬁed Munc18c:DSx4 and Munc18-1:DSx1a protein
complexes were concentrated to 3–6 mg/mL and exchanged into 25 mM
Hepes (pH 7.5), 150 mM NaCl, and 1 mM TCEP containing either 40% or
100% (vol/vol) D2O. A sample of the dialysate served as the solvent blank in
each case. All samples and buffers were centrifuged at 10,000 × g for 10 min
to remove large particles from the solution. The concentration of all protein
complexes was determined by A280 measurements using a Nanodrop
(Thermo Scientiﬁc) or a Cary IE UV/visible spectrophotometer (Varian).
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within 5% of the expected mass of the complex, indicating the data are of
high quality.
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CD spectroscopy, cross-linking, modeling, and scattering proﬁle calculation
from crystal structures are in SI Materials and Methods.
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Neutron contrast variation data were collected on D22 at the Institut Laue
Langevin. A neutron wavelength of 6 Å was used at sample to detector
distances (2.0 m and 8.0 m for Munc18-1:Sx1a and 2.0 m and 5.6 m for
Munc18c:Sx4) covering a q range of ∼0.01–0.40 Å−1. All samples were kept at
6 °C throughout data collection. Data for the 100% (vol/vol) D2O samples
and buffers were collected for 45 min at both detector distances, and data
for the 40% (vol/vol) D2O sample and buffer were collected for 60 min at
both detector distances. Samples and buffers were contained in rectangular
quartz cuvettes with a 1-mm path length (Hellma; 100-1-40-QS). The dimension of the aperture at the cell was 10 × 7 mm.
Data reduction was performed using GRASansP (45) with corrections made
for solvent scattering, sample transmission, detector sensitivity, and background radiation. Data were placed on an absolute scale, by normalization
against the direct beam, and data from two different detector positions
were merged, yielding scattering proﬁles at each contrast point. Incoherent
scattering was adjusted by subtracting a constant from the merged data, so
that the p(r) calculated from the scattering data using GNOM (46) yielded
p(0) = 0 [where p(0) was unrestrained]. All manipulations of the scattering
data were performed using Primus (47). For all data, the Guinier region was
linear, and the estimated molecular masses of each complex were well

