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Structure of the Munc18c/Syntaxin4 N-peptide
complex defines universal features of the N-peptide
binding mode of Sec1/Munc18 proteins
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Sec1/Munc18 proteins (SM proteins) bind to soluble NSF attach-
ment protein receptors (SNAREs) and play an essential role in
membrane fusion. Divergent modes of regulation have been pro-
posed for different SM proteins indicating that they can either
promote or inhibit SNARE assembly. This is in part because of
discrete modes of binding that have been described for various
SM/SNARE complexes. One mode suggests that SM proteins bind
only to Syntaxins (Stx) preventing SNARE assembly, whereas in
another they facilitate SNARE assembly and bind to SNARE com-
plexes. The mammalian cell surface SM protein Munc18c binds to
an N-peptide in Stx4, and this is compatible with its interaction
with SNARE complexes. Here we describe the crystal structure of
Munc18c in complex with the Stx4 N-peptide. This structure shows
remarkable similarity with a yeast complex indicating that the
mode of binding, which can accommodate SNARE complexes, is
highly conserved throughout evolution. Modeling reveals the
presence of the N-peptide binding mode in most but not all yeast
and mammalian SM/Stx pairs, suggesting that it has coevolved to
fulfill a specific regulatory function. It is unlikely that the N-peptide
interaction alone accounts for the specificity in SM/SNARE binding,
implicating other contact surfaces in this function. Together with
other data, our results support a sequential two-state model for
SM/SNARE binding involving an initial interaction via the Stx
N-peptide, which somehow facilitates a second, more comprehen-
sive interaction comprising other contact surfaces in both proteins.
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Intracellular trafficking relies on membrane fusion, a tightly
regulated process that requires the formation of a coiled coil
complex between helical motifs originating from soluble NSF
attachment protein receptor (SNARE) proteins on vesicle and
target membranes (1-3). Secl/Muncl8 proteins (SM proteins)
play a fundamental role in this process by interacting with
SNARE protein(s) and regulating the formation of SNARE
complexes (4, 5). SM proteins have been identified in organisms
from yeast to humans, and loss-of-function mutants lead to
severe impairment in vesicle fusion (6).

Despite their obvious importance, the nature of SNARE regu-
lation by SM proteins remains controversial, in that both positive
and negative regulatory roles have been reported (6, 7). Possibly the
most compelling evidence in support of negative regulation is the
observation that the mammalian Syntaxinla (Stxla) SNARE pro-
tein involved in synaptic neurotransmission exists in both an “open”
(SNARE complex-compatible) and a “closed” (SNARE complex-
incompatible) conformation (8, 9). The crystal structure of Stxla in
complex with the SM protein Munc18-1 (Muncl8a, nSecl) reveals
that Muncl8-1 embraces a closed conformation preventing Stxla
from forming the SNARE complex required for vesicle fusion (10).
On the other hand, deletion of Muncl8-1 results in impaired
exocytosis in mouse neurons and chromaffin cells (11, 12), suggest-
ing that it plays a positive regulatory role.

www.pnas.org/cgi/doi/10.1073/pnas.0701124104

The case for a positive role is strengthened by observations in the
yeast endoplasmic reticulum/Golgi system involving the SM protein
Slylp and its cognate Stx SedSp. Slylp binds to monomeric Sed5p
as well as higher order SNARE complexes. Moreover, these
interactions are facilitated by a short N-terminal peptide in Sed5p,
which fits into a hydrophobic pocket in Slylp. These data are
consistent with a positive regulatory role for Slylp in SNARE
assembly and emphasize the importance of the N-peptide interac-
tion (13-15).

In mammals, vesicle fusion with the plasma membrane is highly
evolved and involves multiple SNARE complexes and SM proteins
(6). There is a high degree of specificity such that the SM proteins
Muncl8-1 and Muncl8b (Muncl8-2) bind to Stxs 1-3 but not to
Stx4, whereas Munc18c binds only to Stxs 2 and 4 (16). Although
the function of Muncl8-1 is confined to regulated exocytosis in
neurons and neuroendocrine cells, Munc18c regulates vesicle trans-
port to the plasma membrane in a range of cell types and has a key
role in the insulin-stimulated movement of GLUT4 glucose trans-
porters to the cell surface in muscle and adipocytes (17). The
SNARE complex associated with this process involves VAMP2
(synaptobrevin) on intracellular GLUT4 storage vesicles and Stx4
and SNAP23 on the plasma membrane. We showed that Munc18c
interacts with Stx4 alone (18) and with Stx4 SNARE complexes but
not with VAMP2 or SNAP23 alone (19). Importantly, formation of
the Munc18c/Stx4 heterodimer requires an N-terminal peptide in
Stx4 similar to that described for yeast SedSp (14, 20). Preformation
of the Muncl8c/Stx4 heterodimer promotes assembly of the
SNARE ternary complex, indicating that Munc18c plays a positive
regulatory role in membrane fusion (19). In the Slylp/Sed5p
structure, key interactions were found between Sed5p:Phe-10 and
Slylp:Leu-137. We predicted a similar binding mode for Stx4 and
Muncl8c and proposed that Phe-119 in Muncl8c interacts with
Leu-8 in Stx4. This was supported by site-directed mutagenesis (19).

We have now determined the crystal structure of the
Muncl18¢/Stx4 N-peptide complex. The binding mode resembles
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Fig. 1. Structure of Munc18c/Stx41_19 and comparison with other SM pro-
teins. (@) The Munc18c/Stx41-19 complex showing domain 1 (residues 1-138) in
dark blue, domain 2 (residues 139-250 and 476-584) in orange, and domain
3 (residues 251-475) in cyan. Stx4 residues 1-19 are shown in magenta. Helices
are shown as coils, and strands are shown as arrows. N and C termini and
secondary structure elements are labeled. (b) Comparison of mouse Munc18c/
Stx41_19 with squid neuronal Munc18-1 [sSec1, PDB ID code 1EPU (23)], yeast
Sly1p/Sed5p1-21 [PDB ID code 1MQS (20)], and rat neuronal Munc18-1/Stx1a
(nSec1/Stx1a) [PDB ID code 1DN1 (10)] showing rmsd of the structures and the
pairwise sequence identity.

that reported for Slylp/SedSp, indicating a conserved molecular
mechanism. Based on comparison with the Munc18-1 structure
and Stx4 and Stxla N-peptide sequences, a similar N-peptide
binding mode can be expected to form between Munc18-1 and
Stxla, consistent with recent reports (21, 22). We also used a
structural bioinformatics approach to predict the presence or
absence of an N-peptide binding mode in all yeast and mam-
malian SM/Stx pairs.

Results

The structure of mouse Munc18c/Stx4,_19 (Fig. 1 and Table 1)
was solved by molecular replacement by using the squid
Muncl18-1 structure [sSecl, Protein Data Bank (PDB) ID code
1EPU (23)] as a model. The Munc18c structure resembles three
other SM proteins that have been structurally characterized, rat
Muncl18-1 [from the complex with Stxla, PDB ID code 1DN1

8774 | www.pnas.org/cgi/doi/10.1073/pnas.0701124104

Table 1. X-ray data measurement and refinement statistics

X-ray data measurement

Resolution, A 30-3.15 (3.29-3.15)

Rmerge 0.065 (0.560)
ol 15.0 (3.3)
Completeness, % 99.9 (100.0)
Redundancy 6.3 (6.3)

Structure refinement
Resolution, A 12-3.15 (3.23-3.15)

No. of reflections total/test set 26,463/1,421

Rfacton %/Rfree, % 25.2 (31 7)/280 (323)

rmsd from ideal bond lengths, A 0.008

rmsd from ideal bond angles, ° 1.4

Ramachandran plot, * 94.5/0.8

Values in parentheses represent data for the highest-resolution shell.
*Percentage of residues in most favored and additionally allowed regions/
disallowed region.

(10)], squid Munc18-1 [PDB ID code 1EPU (23)], and yeast
Slylp [PDB ID code 1IMQS (20)] (Fig. 1). Of these, Munc18c is
least similar to yeast Slylp. Nevertheless, the two share the same
Stx N-peptide binding mode.

N-Peptide Binding Mode Is Conserved from Yeast to Mammals. Bound
Stx4 N-peptide is predominantly helical (Fig. 1), although resi-
dues 1-4 are extended and form two antiparallel hydrogen bonds
to Muncl8c B5. The bound conformation and interactions
formed by the Stx4 N-peptide with Muncl8c are strikingly
similar to those of the SedSp N-peptide with Slylp [Figs. 1-3 and
supporting information (SI) Table 2]. In both cases, the SM
proteins interact with a short segment of the ~30-residue
peptide (the first eight and 10 residues of the Stx4 and Sed5p
N-peptides, respectively). Indeed, the majority of the interac-
tions involve just two residues, a highly conserved arginine in a
DRT motif (Arg-4 of Stx4 and Arg-6 of Sed5p) and a hydro-
phobic residue (Leu-8 of Stx4 and Phe-10 of SedSp) (Fig. 2).

The conservation in binding mode for these two Stx residues
is exemplified by the arginine of the DRT motif (Fig. 2). The side
chain of Stx4 Arg-4 interacts with Munc18c Glu-135 (side chain)
and Cys-114 (main chain oxygen) and forms an intramolecular
interaction with Stx4 Glu-7 (side chain). A B-strand interaction
is formed between the main chain nitrogen of Arg-4 and the
main chain oxygen of Cys-133 (not shown in Fig. 2). Finally, the
main chain oxygen of Arg-4 forms an intramolecular helical
hydrogen bond with the main chain nitrogen of Leu-8. All five
interactions are mirrored in the structure of the Slylp/Sed5p
N-peptide complex, although Glu-135 of Munc18c is replaced by
Asp-158 in Slylp. By contrast, the role of the flanking residues
in the DRT motif appears to be mainly structural; these residues
form intramolecular interactions (Fig. 2) that are conserved in
the Slylp/SedSp N-peptide complex.

The N-peptide hydrophobic residue fits into an SM protein
hydrophobic pocket in both complexes (Fig. 3). The Slylp pocket
is formed from Leu-137, Leu-140, Val-144, Ile-153, and Val-156.
Mutation of Sed5p Phe-10 to Ala prevents binding to Slylp (24).
Similarly, mutation of Stx4 Leu-8 to Lys or Munc18c Phe-119 to
Glu disrupts binding of Munc18c to Stx4 (19), and we proposed
that Leu-8 replaces Phe-10 of SedS5p. Our prediction is now
proven to be correct; the Munc18c/Stx4;_19 structure shows that
Leu-8 binds to a hydrophobic pocket consisting of Munc18c
residues Phe-119, Ile-122, Cys-126, Ile-130, and Cys-133.

Despite the similar binding mode, there is a difference be-
tween the structures of Muncl8c and Slylp at the N-peptide
binding site. This occurs at a region of Slylp, where five
nonnative residues of the Sed5p N-peptide are bound; residues
GlyAlaMetAlaGly (numbered —4, —3, —2, —1, and 0 in the

Hu et al.
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Fig. 2. Interaction between Stx4 N-peptide and Munc18c. (a) Stereo diagram showing the bound N-peptide (green) and residues of Munc18c (blue, domain
1; orange, domain 2). Hydrogen bond interactions are shown as dotted lines. (b) Electron density of the Stx4 N-peptide (2F, — F. contoured at 10). (c)
Superimposition of SM-bound conformations of Stx4 (green) and Sed5p (yellow) N-peptides. Intramolecular hydrogen bonds (blue dotted lines) and
Munc18c-interacting residues are indicated (hydrogen bond partners for Arg-2, Asp-3, Arg-4, and Thr-5 and hydrophobic interacting partners for Leu-8). The
electrostatic surface for the Stx4 peptide is also shown, revealing a basic face (Arg-2 and Arg-4) and an acidic face (Asp-3 and Glu-7) that are complementary to
the Munc18c binding surface (Fig. 3). (d) Stereo diagram of the a8 loop region of Munc18c (orange) and the Stx4 (green) and Sed5p (yellow and blue) N-peptides,

showing the overlap between the loop and the nonnative residues of Sed5p (blue).

structure) are remnants of the cloning and proteolysis procedure
used to produce the SedSp peptide (20). In Munc18c, the a8 loop
(residues 222-231) connecting a8 and B9 (SI Fig. 5) of domain
2 occupies the position equivalent to the nonnative SedSp
residues (Fig. 2). The a8 loop forms a hydrogen bond and van
der Waals interactions with the Stx4 N-peptide. The electron
density for the loop is well defined in Muncl8c, whereas the
equivalent region in Slylp (residues 245-256) is disordered.
Evidence supporting an important role for this loop in Munc18c
is that phosphorylation of Tyr-219, a buried residue on a8, causes
dissociation of the Munc18c/Stx4 complex (25). Based on our

Siy1 p/ged5p1 21

Munc18c/Stx41-19 Munc18-1

b CH—OC __H 0
Stx4 1 MRDRTHELRQGDNISDDED 19
Stxla 1 MKDRTQELRTAK-DSDDDD 18

Sed5p 1 MNIKDRTSEFOOSVLSYKKRN 21
CHO D CH 0 C_HZ 0

Fig. 3. A structurally conserved N-peptide binding site in Munc18c, Sly1p,
and Munc18-1. (a) Electrostatic surfaces are shown for the structures of
Munc18c, Munc18-1, and Sly1p in the N-peptide binding region (colored blue
to red from +5 to —5 KbT/e). An acidic groove (red), basic patch (blue), and
hydrophobic pocket (white) characterize the N-peptide binding sites of
Munc18cand Sly1p, and these features are also presentin Munc18-1. The main
chain of the N-peptides of Stx4 (green) and Sed5p (yellow and blue) and the
side chains of the DRT motif and hydrophobic residues are shown. (b) Se-
quence alignment of the N-peptides of mouse Stx4, rat Stx1a, and yeast Sed5p
is shown with the DRT motif and hydrophobic residue indicated in bold.
Helices are shown as cylinders for Stx4 and Sed5p.
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structure, it is likely that Tyr-219 phosphorylation disrupts the
loop and its interactions with the N-peptide.

Munc18-1 Has an N-Peptide Binding Site. The remarkably similar
binding modes of Munc18c and Slylp for their respective Stx
N-peptides prompted us to ask whether an N-peptide binding
mode is likely in Munc18-1. Munc18c shares a higher sequence
identity and structural similarity with Munc18-1 than with Slylp
(Fig. 1). Furthermore, evidence is emerging that Munc18-1 can
interact with SNARE complexes (21, 22, 26, 27) and that the
Stxla N terminus is important for this interaction (21, 22). We
surmised that an N-peptide interaction can occur in Munc18-1
and that this would explain the requirement for the N-peptide in
SNARE complex interactions with Munc18-1.

Comparison between the N-peptide binding sites of Munc18c
and Slylp and the equivalent region in Muncl8-1 (Fig. 3)
revealed that the three features that characterize the Munc18c
and Slylp N-peptide binding site (an acidic groove, a neighbor-
ing basic region, and a hydrophobic pocket) are all present in the
Muncl8-1 crystal structure. Furthermore, the key residues of the
Stx4 N-peptide (Arg-4 in a DRT motif, and Leu-8) are conserved
in Stx1a (Fig. 3). Also, the Munc18c residues contacted by Arg-4
and Leu-8 are conserved in Muncl8-1. Hence, the features
necessary for the N-peptide binding mode are present in Stxla
and Munc18-1, and this likely explains how Munc18-1 binds to
SNARE complexes.

Which SM/Stx Pairs Have an N-Peptide Binding Mode? The Munc18c/
Stx4i_19 and Slylp/Sed5pi_»; structures allow delineation of the
features of the N-peptide binding mode. The major interaction
involves a hydrophobic residue (Leu or Phe) present in an Stx
N-terminal motif corresponding to MX_»(R/K)DRTX(e/q)(L/
F). In Stx3 the motif is slightly different, in that Leu replaces Thr.
Stx16 has RRLT rather than (R/K)DRT, and this N-motif is
known to be required for binding to the SM protein Vps45 (24).

The hydrophobic residue (L/F) of the N-peptide binds in a
hydrophobic pocket (N-pocket) on the surface of the SM

PNAS | May 22,2007 | vol.104 | no.21 | 8775
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SM protein SM N-pocket sequence
3 2 3 4

Sc Vps45p 103-SKSQLERLAES---- DDLE AVTKVEE
Mm Vps45 103-SKSDVKSLAEA---- DEQE VVAEVQE
Sc Seclp 108-TNPIFQFFQSKR--- YIAQ NLESFKP
Mm Munc18-1 111-PDALFNELVKS---- RAAK VIKTLTE
Mm Munc18-2 111-PEPLFSELGRS---- RLAK AVKTLKE
Mmn Muncl8c 115-PDSLENKIKASC-—- —--— SK SIRRCKE
Sc slylp 133-PRNLLEDLAQQVSIT GKSD KIKQVYD
Mm Slyl 120-SRSKLEDIANAALAA SAVT QVAKVFD
Sc Vps33p 142-KKTHEPNVIESQLKE LSNE YTLYPWD
Mm Vps33A 123-QRLKDLGVLGSFIHR EEYS LDLIPFD
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N-pocket? Stx  N-sequence N-peptide?
124 YES Tlg2p M--FRDRTNLFL YES
124 YES Stx16 M-ATRRLTDAFL YES
130 NO Ssolp MSYNNPYQLETP NO
132 YES Stx1l M---KDRTQELR YES
132 YES Stx3 M---KDRLEQLK YES
135 YES Stx4 M---RDRTHELR YES
158 YES Sed5p M-NIKDRTSEFQ YES
145 YES Stx5 M-SCRDRTQEFQ YES
167 NO Vam3p M---SFFDIEAQ NO
148 NO Stx7 M---SYTPGIGG NO
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SM proteins predicted to have a hydrophobic N-pocket have cognate Stxs with an N-peptide sequence motif. A sequence alignment of the N-pocket

of SM proteins from yeast (S. cerevisiae, Sc) and mammals (M. musculus, Mm) with the proteins involved in the two N-peptide complexes that have been
structurally characterized shown in bold. Hydrophobic residues that align with sites 1, 2, 3, and 4 of the N-pockets of Munc18c and Sly1p are highlighted in cyan.
The SM protein acidic residue that interacts with the DRT motif of the N-peptide is shown in bold. All SM proteins except Sec1p, Vps33p, Vps33A, and Vps33B
(data not shown) are predicted to have hydrophobic N-pockets that could interact with the N-peptide hydrophobic residue of cognate Stxs. All Stxs except the
cognate Stxs of Sec1p, Vps33p, and Vps33A/B have an N-peptide motif (shown in yellow with the hydrophobic residue in cyan). For the Stx N-peptides, alignment
of the N-terminal sequences of Sso1p and Vam3p is based on the sequence alignment in ref. 50. (a) Munc18c residues from the N-pocket (yellow) that interact
with the hydrophobic residue of the Stx4 N-peptide Leu-8 (cyan). The surface of the hydrophobic N-pocket is also shown. (b) The same region is shown for yeast
Sec1p, predicted from the structure of Munc18c and the sequence alignment above, showing that the hydrophobic residues at sites 1-4 of Sec1p fill the pocket.

protein. In Muncl18c, the N-pocket is formed by the hydrophobic
residues F119, 1122, C126, 1130, and C133, which align with the
Slylp residues lining its N-pocket, L137, L140, V144, 1153, and
V156 (SI Fig. 5). Sequence alignment of this region for all yeast
and mammalian SM proteins reveals those SM proteins likely to
have a hydrophobic N-pocket (Fig. 4). In this analysis we did not
include C126 of Munc18c or V144 of Slylp because the differing
loop lengths make alignment of loop residues problematic. We
therefore confined our analysis to the four hydrophobic residues
(sites 1, 2, 3, and 4) that are located in a5 and B5. We found that,
in addition to Slylp and Muncl8c, an N-pocket is likely to be
present in yeast and mammalian Vps45 (L, L, V,Vand V, L, V,
V, respectively), in mammalian Munc18-1 and Muncl8-2 (F, L,
ILLandF, L, V,L, respectively) and mammalian Slyl (L, I, I, V).

Yeast Seclp, on the other hand, does not possess this N-
pocket. It has four hydrophobic residues at sites 1-4, but sites 1-3
are F rather than L, I, or V, and these three aromatic side chains
fill the space that would comprise the N-pocket (Fig. 4). Fur-
thermore, yeast Seclp does not have the conserved acidic
residue that interacts with the N-peptide DRT motif (Glu-135 in
Muncl8c and Asp-158 in Slylp), and there is no predicted
N-peptide motif in Ssolp. These findings indicate that the
SM/Stx pair of yeast Seclp/Ssolp does not utilize the N-peptide
binding mode, in agreement with recent data on this system (28).

Other Stxs lacking an N-peptide motif are Vam3p and Stx7.
Vps33p, the cognate SM protein of Vam3p, may have a partial
hydrophobic pocket (F, V, T, P), but the Pro residue at site 4 in
Vps33 sequences suggests structural differences in this region
compared with other SM proteins. In any case, it is clear that
mammalian Vps33A does not have a hydrophobic pocket be-
cause sites 1 and 3 have acidic rather than hydrophobic residues.

In summary, SM proteins that have predicted hydrophobic
N-pockets all have partner Stxs with a putative N-peptide motif
(Vps45p/Tlg2p, Vpsd5/Stx16, Muncl8-1/Stx1, Munc18-2/Stx3,
Munc18¢/Stx4, Slylp/SedSp, and Slyl/Stx5). Conversely, SM
proteins that do not have a hydrophobic N-pocket have cognate
Stxs that lack an N-peptide motif (Seclp/Ssolp, Vps33p/Vam3p,
and Vps33/Stx7). This indicates that the N-peptide binding mode
may have coevolved in SM and Stx proteins.

8776 | www.pnas.org/cgi/doi/10.1073/pnas.0701124104

Discussion

The foremost question in understanding the biological role of
SM/SNARE complexes in vesicle transport is, how can we
reconcile the different binding modes that have been described?
Slylp (14, 20, 29), Vps45p (24, 30), and Munc18c (19) bind to an
N-peptide on their cognate Stxs, and this interaction can ac-
commodate binding to monomeric Stxs as well as SNARE
complexes. Evidence is emerging to show that Muncl8-1 also
binds SNARE complexes (21, 22, 26, 27), as well as monomeric
Stxla. The interaction between Muncl8-1 and the SNARE
complex relies on the Stxla N-peptide (21, 22). We suggest that
the presence of an N-terminal hexahistidine tag in Stxla used to
generate the Munc18-1/Stxla crystal structure may have pre-
cluded the N-peptide interaction with Munc18-1 (10).

In contrast to Munc18-1 and Muncl8c, the yeast cell surface
SM protein Seclp binds only to SNARE complexes in vivo and
in vitro, and this interaction does not require an N-peptide in
Ssolp (28, 31, 32). Furthermore, the SM protein Vps33p is part
of a large complex (HOPS or VpsC) that interacts with Vam3p
(33, 34), but a direct Vps33p/Vam3p interaction is unlikely (N.
Bryant and D.E.J., unpublished data).

The structure of the Munc18c/Stx4 N-peptide complex reveals
a high degree of conservation with yeast Slylp/SedSp. The strict
conservation of this binding mode from yeast to mammals
provides compelling evidence that an N-peptide interaction is
important and probably serves an evolutionarily conserved
function in some but not all vesicle transport processes.

It is becoming clear that the universal feature of SM proteins
is their ability to interact with SNARE complexes. In the case of
Munc18-1 and Slylp, the N-peptide is required for this interac-
tion (21, 22), and it has been proposed that the N-peptide
facilitates SNARE assembly (21). This seems unlikely because
Seclp/Ssolp lack the hydrophobic N-pocket/N-peptide, but
Seclp nevertheless binds to SNARE complexes but not to
monomeric Ssolp (28, 31, 32). We have shown that the N-
peptide is absolutely required for the interaction of Muncl8c
with monomeric Stx4 (19), and similar results were found for
Slylp/SedSp (14) and Vps45p/Tlg2p (24). Therefore, it seems
more likely that the function of the N-peptide is to enable a direct
interaction between the SM protein and monomeric Stx.

Hu et al.
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Muncl8-1 can interact with a closed conformation of Stx1, and
this does not require the Stx1 N-peptide (10), but recent work
suggests that a second Munc18-1/Stx1 binding mode occurs,
possibly involving an open conformation of the Stx, that does
require the N-peptide (35). It is noteworthy that the stimulation
of SNARE-mediated membrane fusion by Munc18-1 occurs only
when the SM protein is preincubated with t-SNARE and
v-SNARE vesicles for several hours at 4°C (21). This was
interpreted to mean that preincubation exposes a transient
SNARE complex, but we favor the view that preincubation
allows a transient SM/Stx complex to form, involving the N-
peptide interaction. In vivo this transient N-peptide interaction
is likely to be precisely regulated by extrinsic factors such as
phosphorylation or lipids.

The Munc18¢/Stx4,_19 and Slylp/Sed5p;_; (20) structures indi-
cate that the N-peptide interactions are insufficient to explain the
high degree of specificity between the SM and Stx partners.
Furthermore, domains 1 of Munc18-1, Munc18-2, or Munc18c can
all interact with Stxla (36), supporting the notion that specificity
requires binding interactions beyond those involved in N-peptide
binding. Indeed, there is evidence that Stx4 binding sites exist
elsewhere on the surface of Muncl8c. For example, a peptide
corresponding to a loop not involved in N-peptide binding can block
Stx4 binding to Muncl8c (37). A more comprehensive binding
interaction must occur to explain the specificity of the interaction.
One explanation for how this might happen is that binding of the
N-peptide to the SM protein enables a second more comprehensive
binding mode, perhaps through induction of conformational
changes in Stx or the SM protein.

It is tempting to speculate that this second interaction might
involve a closed to open transition of those Stxs that adopt a closed
conformation, or binding of an open conformation in those that do
not. This would explain the specificity of the SM/Stx interaction, the
ability of some SM proteins to bind a closed fusion-incompetent Stx,
and the ability of SM proteins to stimulate SNARE complex
formation and membrane fusion. Binding of the closed conforma-
tion of Stxs might also imply a checkpoint function for SM proteins
that is consistent with data showing that in some cases overexpres-
sion of SM proteins inhibits SNARE assembly and in vitro data
showing that under certain conditions SM proteins are inhibitory
(6, 7). It also agrees with our findings in adipocytes that all of the
Muncl8c is bound to monomeric Stx4 with no detectable interac-
tion with SNARE complexes (D.E.J., unpublished data). Con-
versely, Seclp binds only to SNARE complexes in yeast and not to
Ssolp alone (28, 31, 32). This would indicate that yeast and
mammalian cell surface SM proteins have evolved to regulate the
assembly point at different stages of the membrane fusion process,
early in the case of Muncl8c and late in the case of Seclp. The
added layer of regulation imparted by Muncl8c, mediated by the
N-peptide, may represent a key regulatory node in the vesicle
transport process as exemplified by the presence of an insulin-
regulated tyrosine phosphorylation site at the N-peptide location.

In summary, our structural data have provided the basis for
the prediction of which SM/Stx complexes are likely to use an
N-peptide binding model and a model for the role of the
N-peptide binding mode in SM regulation of SNAR E-mediated
membrane fusion. This prediction should now facilitate future
studies to test this model.

Methods

Full-length Muncl8c (mouse, residues 1-592) was expressed
as an N-terminally 6XHis-tagged fusion protein by using
baculovirus-infected insect cells and purified as described pre-
viously (18). A peptide corresponding to residues 1-29 of Stx4
was synthesized chemically (19). Met-1 was included in the
N-peptide for direct comparison with similar studies using
N-peptides but may not be present in mature Stx4. The process
of producing diffraction-quality crystals is reported in detail
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elsewhere (38). The crystals used to measure the diffraction data
reported here were prepared from purified Munc18c (14 mg/ml
in 25 mM Hepes, pH 7.0/150 mM NaCl/2 mM 2-mercaptoetha-
nol) mixed with a 10-fold molar excess of the N-peptide. The
crystals were grown by hanging drop vapor diffusion at 20°C
using 2 ul of the Munc18c/Stx4;_»9 complex and 2 ul of reservoir
(10-13% PEG3350/0.2 M Mg acetate/0.1 M MES, pH 6.5/50 mM
MgCl,). Crystals appeared within 3 days and grew to full size
within a week with typical dimensions of 0.2-0.3 mm?. Crystals
were dehydrated with 25-30% PEG 3350 and cryoprotected with
15% ethylene glycol before data measurement. Data were
measured at the Advanced Light Source beamline 8.3.1 at a
wavelength of 1.115872 A. The crystals belong to the cubic space
group P23 with unit cella = b = ¢ = 170.4 A, two molecules
in the asymmetric unit, and a calculated solvent content of 54%
(39). Data were processed with HKI.2000 (40), and statistics are
shown in Table 1.

The structure of Munc18c/Stx4,_,9 was determined by molec-
ular replacement. The search model was squid Munc18-1 [PDB
ID code 1EPU (20)], with nonconserved residues replaced by
alanine and nonhomologous regions omitted. A molecular re-
placement solution was found by CNS (41) and PHASER (42,
43). The model was refined by using CNS with noncrystallo-
graphic symmetry restraints. Several rounds of torsion-angle
simulated annealing and positional and group temperature
factor refinements in CNS and model building in COOT (44)
resulted in an Recior Of 29.7% and an Ryree of 33.6% (12-3.15 A).
Refinement was then continued with TLS parameters in REF-
MACS (45). Unbiased 2F, — F. composite annealed omit maps
were used during model building. The 2F, — F. and F, — F,
electron density maps revealed density for the Stx4 N-peptide,
although the side chains of Stx4 residues 9-14 and the main chain
of residues 13-14 are poorly ordered. The structure of the
complex was refined to an Reycior Of 25.2% with an Ryyee 0f 28.0%.
The final model includes Muncl8c residues 8-584 with three
loop regions not modeled because of disorder (272-278, 305-
332, and 502-526). The peptide used in crystallization experi-
ments corresponded to Stx4 residues 1-29, but density was
present only for the first 19 residues (residues 20-29 were not
modeled). Statistics for the final refined structure are given in
Table 1. The quality and geometry of the model were evaluated
by PROCHECK (46). Structural analysis was performed by
using LSOMAN (47). Figures were made by using PyMol (48),
and APBS (49) was used to generate electrostatic surfaces.

The following sequences were downloaded from the National
Center for Biotechnology Information in January 2007 (accession
codes are shown in parentheses) for use in the analysis of SM
proteins and Stxs from yeast and mammals. Yeast (Saccharomyces
cerevisiae): Slylp (CAA86695), Seclp (P30619), Vps45p
(CAA96801), Vps33p (NP_013500), Sed5p (NP-013126), Ssolp
(NP_013908), Sso2p (NP_015092), Tlg2p (NP_014624), and Vam3p
(NP_014749); and mouse (Mus musculus): Muncl8-1 (NP_084101),
Muncl8-2 (AAF71616), Munc18c (NP035634), Slyl (NP_084101),
Vps33A (NP_084205), Vps33B (NP_835171), Stx1 (035526), Stx2
(Q00262), Stx3 (NP_689344), Stx4 (P70452), Stx5 (NP_062803), Stx7
(070439), and Stx16 (AAH94436). The crystal structures of mouse
Muncl18c (this work), rat Munc18-1 (10), and yeast Slylp (20) were
superimposed by using COOT (43), and this was used to generate
an initial structure-based sequence alignment for the N-pocket
region of SM proteins. Other SM protein sequences were aligned
by using ClustalW (www.ebi.ac.uk/clustalw). The results hold for all
of the proteins used in this alignment, but we have not included
discussion in the text for Vam33B because of the high sequence
conservation with Vam33A. Similarly, the N-peptides of Sso2p and
Stx2 are not discussed because these are similar to Ssolp and Stx3,
respectively. The model of the yeast Seclp N-pocket was derived
from the structure of Muncl8c by using COOT to mutate the
N-pocket residues to those in Seclp (based on the alignment in Fig.

PNAS | May 22,2007 | vol.104 | no.21 | 8777

BIOCHEMISTRY



SINPAS

4) and selecting side chain rotamers or torsion angles that mini-
mized steric clashes.
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