Dual roles of Munc18-1 rely on distinct binding

modes of the central cavity with Stx1A and
SNARE complex
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ABSTRACT Sec1/Munc18 proteins play a fundamental role in multiple steps of intracellular
membrane trafficking. Dual functions have been attributed to Munc18-1: it can act as a chap-
erone when it interacts with monomeric syntaxin 1A, and it can activate soluble N-ethylma-
leimide-sensitive factor attachment protein receptors (SNAREs) for membrane fusion when it
binds to SNARE complexes. Although both modes of binding involve the central cavity of
Munc18-1, their precise molecular mechanisms of action are not fully understood. In this pa-
per, we describe a novel Munc18-1 mutant in the central cavity that showed a reduced inter-
action with syntaxin 1A and impaired chaperone function, but still bound to assembled
SNARE complexes and promoted liposome fusion and secretion in neuroendocrine cells.
Soluble syntaxin 1A H3 domain partially blocks Munc18-1 activation of liposome fusion by
occupying the Munc18-1 central cavity. Our findings lead us to propose a transition model
between the two distinct binding modes by which Munc18 can control and assist in SNARE-
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complex assembly during neurotransmitter release.

INTRODUCTION

Membrane vesicles traffic proteins and lipids through different com-
partments of the cell (Bonifacino and Lippincott-Schwartz, 2003).
Soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptors (SNAREs) are responsible for bringing both vesicle and tar-
get compartment membranes together and for catalyzing fusion by
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assembling into a four-helix complex (Sutton et al., 1998; Weber
etal.,, 1998; Hu et al., 2003). During synaptic transmission, syntaxin
1A/SNAP-25 (target organelle SNARE [t-SNARE]) on the plasma
membrane and VAMP2 (vesicular SNARE [v-SNARE]) on synaptic
vesicles are assisted or regulated by several proteins in vesicle dock-
ing and priming and in the final fusion steps (Rosenmund et al.,
2003; Sudhof, 2004). These regulators include Munc18, Munc13,
synaptotagmins, and complexins (Brose et al., 1992; Augustin et al.,
1999, Fisher et al., 2001; Reim et al., 2001; Gerber et al., 2008). Un-
like synaptotagmin and complexin, which play an important role in
Ca?*-triggered neurotransmitter release (Tucker et al., 2004; Giraudo
et al., 2006, 2009), Sec1/Munc18 (SM) is a universal regulator of
both constitutive and calcium-regulated membrane fusion (Sudhof
and Rothman, 2009). However, the precise molecular mechanism of
action of Munc18 during membrane fusion is still controversial
(Sorensen, 2009).

The four-helix bundle is believed to be the general structure that
all SM proteins recognize (Shen et al., 2007; Sudhof and Rothman,
2009). Structural studies indicate that Munc18-1 binds the closed
form of syntaxin 1A (Stx1A), thereby hindering formation of SNARE
complexes (Dulubova et al., 1999; Misura et al., 2000). Thus
Munc18-1 is a negative regulator of SNARE-complex assembly and
an inhibitor of membrane fusion. By contrast, genetic studies
showed an essential positive role of Munc18-1 in neurotransmitter
release (Wu et al., 1998; Verhage et al., 2000; Weimer et al., 2003).
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In addition, recent evidence from cell-free systems shows that
Munc18-1 can bind SNARE complexes and activate liposome fusion
(Scott et al., 2004; Dulubova et al., 2007; Rickman et al., 2007; Shen
et al., 2007, 2010; Rodkey et al., 2008; Diao et al., 2010; Rathore
et al., 2010).

These apparent discrepancies among different studies suggest
opposite roles of Munc18-1 (Toonen and Verhage, 2007; Sorensen,
2009; Carrand Rizo, 2010) in membrane fusion. Binding of Munc18-1
to the closed form of Stx1A, has been associated with its chaperone
function, which seems to be critical in helping the trafficking of

A

Munc18

Stx1A from the ER to the plasma membrane (Rowe et al., 1999,
2001; Salaun et al., 2004; Arunachalam et al., 2008; Han et al., 2009;
Malintan et al., 2009). After Stx1A arrives at the target site, it is
thought that Munc18-1 promotes the SNARE-complex assembly,
which facilitates membrane fusion (Shen et al., 2007). To reconcile
these different roles of Munc18-1, dual modes of binding of
Munc18-1 to Stx1A and SNARE complexes have been proposed
(Khvotchev et al., 2007; Rickman et al., 2007; Shen et al., 2007).
However, the differences between these two modes and how these
modes link to each other are unknown.

In this work, on the basis of the crystal
structure of Munc18-1/Stx1A complex, we
identify key residues within the Munc18-1
central cavity (Misura et al., 2000; Burkhardt
et al., 2008), that make contact with Stx1A-
H3 domain and affect the normal trafficking
to the plasma membrane in vivo. Mutations
of these residues in Munc18-1 lead to a re-
duction in the interactions with Stx1A and
impaired chaperone function. However,
such mutations appear not to affect the
binding to SNARE complexes and the abil-
ity to activate SNARE-mediated liposome
fusion. In addition, we found that the Stx1A
H3 domain binds to Munc18-wild-type
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(Munc18-wt), but not to Munc18 mutant,
and competes with SNARE complex for
binding to the central cavity of Munc18-1,
thus conferring resistance to Munc18-1 acti-
vation in liposome fusion. We suggest a
transition model in which Munc18-1 exe-
cutes its dual roles by using two different
binding modes of its central cavity to en-
gage Stx1A and SNARE complexes.

4M

RESULTS

Munc18-1 quadruple mutant has poor
interaction with Stx1A and cannot
traffic Stx1A to the plasma membrane
in PC12 cells

To determine which residues of Munc18-1
are mainly responsible for the interaction
between Munc18-1 and the monomeric
Stx1A, we analyzed the cocrystal structure

IP: Stx1A of Munc18-Stx1A (Misura et al., 2000). In
——— this crystal structure, the Stx1A H3 domain
Stx1A  Stx1A (also known as the core domain or SNARE
wt M motif) is twisted, and its C-terminal half is
inserted deeply into the central cavity of

—

Munc18-1 (Figure 1A). This unique arrange-
ment suggests there is a strong interaction
between Munc18-1 and the Stx1A H3 do-
main. We calculated the distances between
residues on Munc18-1 and on Stx1A H3
domain using the software CNS (Brunger
et al., 1998; http://cns-online.org/v1.3). We
identified several candidate residues with
distances smaller than 4 A that could poten-
tially be engaged in a physical interaction
(Supplemental Table S1). Based on their
proximity and on the amino acid side chain
charges, the residues Arg-39, Lys-46,

WB: anti-Muncl8

FIGURE 1: Munc18-4M mutant binds poorly to Stx1A. (A) Cocrystal structure of Munc18
(green)-Stx1A (Habc domain: blue; H3 domain: purple): the C-terminal half of the Stx1A H3
domain inserts deeply into the Munc18 central cavity; the residues R39/K46/M47/K63
(highlighted in yellow) within the Munc18 central cavity make close contacts with residues D231/
E234/N236/D242 (red) within the Stx1A H3 domain. (B) colP experiments using Hela cells
transiently transfected with Stx1A and either Munc18-wt or Munc18-4M mutant (R39A/K46A/
M47A/K63A). (C) colP experiments using Hela cells transiently transfected with Stx1A-wt or
Stx1A-4M mutant and Munc18-wt. Blots are representative of three independent experiments.
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Met-47, and Lys-63 on Munc18-1 (Figure 1A) were the best candi-
dates to be further investigated. We tested the contributions of
residues R39, K46, M47, and Ké3 on the interaction with Stx1A by
coimmunoprecipitation (colP) experiments in Hela cells. Results
showed that R39A and K46A/M47A mutations in Munc18 slightly
reduced the binding to Stx1A, while K63A mutation partially re-
duced the amount of Stx1A coimmunoprecipitated (Supplemental
Figure S1A). Previous studies using the two-hybrid system tested
the single mutants R39C and K63E and did not show any significant
effect on the interaction with Stx1A, while mutation K46E presented
~50% reduction in Stx1A binding (Han et al., 2009).

To generate a mutant displaying a clear phenotype of Stx1A
binding, we generated a Munc18-1 quadruple mutant in which
these four residues were simultaneously mutated: R39A/K46A/
M47A/K63A (Munc18-4M). We tested the interaction of this mutant
with Stx1A by colP experiments in Hela cells. Results of these ex-
periments showed the ability of Munc18-4M to interact with Stx1A
was dramatically reduced compared with Munc18-wt (Figure 1B).
Similar results were obtained in the reciprocal colP using Munc18-wt
and Stx1A-4M mutant. In this Stx1 mutant, the complementary resi-
dues of Stx1A-H3 domain that interact with the residues mutated in
Munc18-4M have been mutated to alanine (D231A/E234A/N236A/
D242A; Figure 1C). Isothermal titration calorimetry (ITC) experi-
ments showed that the affinity of Munc18-4M for Stx1A (Ky =
362.0 nM) is ~250 times lower than the affinity of Munc18-wt
for Stx1A (K4 = 1.3 nM; Figure S1, B and C). Therefore residues
R39/K46/M47/K63 in Munc18 appear to constitute some of the
critical contact points with which Stx1A interacts.

To investigate whether residues R39/K46/M47/Ké3 play a critical
role in Munc18-1 chaperone function, we tested the trafficking of
Stx1A to the plasma membrane in rescue experiments using
Munc18-1/-2 double-knockdown PC12 cells (DKD16), as described
by Han et al. (2009). In PC12 control cells (C8), Stx1A displayed an
evident plasma membrane localization (Han et al., 2009; Figure 2,
A-C). In contrast, in DKD16 cells, the transport of Stx1A to the
plasma membrane was severely disrupted and most of the Stx1A
was retained in earlier compartments of the exocytic pathway (Han
et al., 2009; Figure 2E-G). Reintroduction of Munc18-wt into the
DKD16 knockdown cells dramatically reduced the Stx1A aggregates
inside the cell and rescued normal localization of Stx1A back onto
the plasma membrane (Figure 2, 1-K), whereas transfection of
DKD16 cells with Munc18-4M had no significant effect in rescuing
the plasma membrane localization of Stx1A (Figure 2, M-=O). The
different rescuing ability of Munc18-wt and Munc18-4M was quanti-
fied by analyzing the fluorescence intensity along a cross-section of
individual transfected cells (Figure 2, D, H, L, and P). The statistical
analysis of the fluorescence intensity plots showed that Munc18-wt
efficiently restored Stx1A plasma membrane localization; however,
Munc18-4M was not able to significantly rescue plasma membrane
localization of Stx1A when compared with mock-transfected cells
(DKD16; Figure 2Q). To rule out the possibility that this difference is
due to different expression levels of Munc18-wt and Munc18-4M in
the transfected cells, we tested their expression levels in PC12 cells
by Western blotting. Results showed that the level of expression of
Munc18-4M was ~35% lower than Munc18-wt (Figure S2). However,
it is unlikely that this difference could be responsible for the fivefold
reduction of Stx1A to the plasma membrane. To further examine the
functional properties of Mun18-4M, we also tested its ability to re-
store secretion in DKD16 cells using a previously described human
growth hormone (hGH) secretion assay (Chung et al., 1999). In these
experiments, DKD16 cells were transiently transfected with the
hGH reporter construct and either Munc18-wt, Munc18-4M, or
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Munc18-4M and Stx1A. Cells were incubated in the presence or
absence of a high K* buffer to stimulate granule secretion, and the
amount of hGH secreted to the media was determined by enzyme-
linked immunosorbent assay (ELISA). Munc18-wt, but not Munc-
8-4M, was able to significantly restore hGH secretion upon high K*
stimulation (Figure 2R). Interestingly, when Munc18-4M was overex-
pressed with Stx1A, a partial recovery in hGH secretion was ob-
served. Altogether, these results suggest that residues R39/K46/
M47/Ké3 not only are critical for the physical interaction with Stx1A
but also are essential for the chaperone function of Munc18-1 that
facilitates the trafficking of Stx1A to the plasma membrane to un-
dergo normal hGH secretion in PC12 cells.

Munc18-4M mutant can bind SNARE complexes

and promote liposome fusion

Previous biochemical and nuclear magnetic resonance (NMR) stud-
ies have shown that Munc18-1 can not only bind Stx1A but also t-
SNARE and SNARE complexes (Dulubova et al., 2007; Deak et al.,
2009; Xu et al., 2010). The latter binding mode activates SNARE-
mediated membrane fusion in reconstituted systems, such as in the
liposome fusion assay (Shen et al., 2007; Rodkey et al., 2008). To
explore in detail the functional implications of mutating residues
R39/K46/M47/K63 in Munc18-1, we compared the ability of Munc-
8-4M and Munc18-wt to bind t-SNARE and SNARE complexes us-
ing a pulldown assay. For these experiments, we used coexpressed
Stx1A and SNAP25 as a t-SNARE to pull down Munc18-wt or Munc-
8-4M mutant. No significant difference was observed between the
amount of Munc18-wt and Munc18-4M bound to immobilized
t-SNARE (Figure 3A). A similar experiment was performed using a
SNARE complex preformed with the same t-SNARE as above, and
the cytoplasmic domain of VAMP2 (cdv2). Munc18-4M was able to
bind SNARE complex to almost the same extent as Munc18-wt did
(Figure 3A). Additionally, in liposome coflotation experiments,
Munc18-wt and Munc18-4M cofloated with similar efficiencies when
preassembled SNARE complexes were embedded in the liposomes
(Figure S3, A and B). These results strongly indicate that the ability
of Munc18-4M to bind t-SNARE and SNARE complexes has not
been compromised.

To analyze whether other functional properties of Munc18-4M
were affected, we tested the capacity of Munc18-4M to activate
SNARE-mediated membrane fusion using the liposome fusion as-
say. Both Munc18-wt and Munc18-4M were able to stimulate the
fusion reaction in a dose-dependent manner, showing little signifi-
cant difference (Figures 3B and S3C).

It has been shown that Munc18-1 promotes liposome fusion by
acting on partially assembled SNARE complex (Shen et al., 2007).
Once Munc18-1 binds these preassembled SNARE complexes, the
cdv2 cannot prevent these preassembled liposomes from fusing
anymore, even though cdv2 almost completely blocks the fusion
mediated by unpaired SNAREs (Shen et al., 2007). To rule out the
possibility that Munc18-4M could differentially affect the activation
on the newly formed SNARE complexes but not on partially assem-
bled complexes, we added cdv2 just before starting the fusion reac-
tion. These experiments showed that addition of cdv2 to the fusion
reaction in the absence of Munc18-1 drastically reduced the extent
of fusion to the background levels. In contrast, preassembled fusion
levels were similar when the liposomes were preincubated with ei-
ther Munc18-wt or Munc18-4M in the presence of cdv2 (Figure 3C).

Based on our results for the colP, ITC, and in vivo experiments,
Munc18-1 appears to have two distinct binding modes: the Munc18-
Stx1A binding mode, in which the contacting residues R39/K46/
M47/K63 located within the central cavity of Munc18-1 are critical

Molecular Biology of the Cell
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mostly localized within the secretory pathway in DKD16 knockdown cells (E-G). Reintroduction of Munc18-wt rescued the
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in the transfected cell (C, G, K, and O). Quantification of the fluorescence intensity distribution plots calculated as the ratio
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hGH in each well. Results are mean + SD of two independent experiments; each condition was run in triplicate.
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FIGURE 3: Munc18-4M mutant can bind the SNARE complexes and promote liposome fusion.
(A) Pulldown experiment to test binding of Munc18-wt or Munc18-4M mutant to immobilized
His-tagged t-SNARE or SNARE complex. Munc18-wt and Munc18-4M proteins were expressed
as His6x-SUMO-construct and purified using Ni-NTA beads following SUMO-protease cleavage.
Briefly, for pulldown experiments, His-tagged t-SNARE or SNARE complex was immobilized on
the Ni-NTA beads and incubated with either Munc18-wt or Munc18-4M. Bound fractions were
analyzed by SDS-PAGE followed by Coomassie staining. Note that the SUMO protein recovered
on the bound fractions corresponds to the His-SUMO-tag that copurified as contaminant of
Munc18 proteins, as it is also observed in the input lanes of the gel. (B) Standard liposome
fusion in the absence or presence of 5 yM Munc18-wt or Munc18-4M mutant. (D) Preassembled
liposome fusion assay in which the v- and t-liposomes were preincubated for 3 h at 4°C in
absence or presence of 5 pM Munc18-wt or Munc18-4M mutant; subsequently, cdv2 was added
before starting the fusion reaction to prevent the assembly of newly formed SNARE complexes.

for the physical interaction with Stx1A and for the in vivo chaperone
function; and the Munc18-SNARE complex interaction, which is re-
quired for the activation of the liposome fusion reaction. Although it
is believed that the central cavity is also involved in the interaction
with the SNARE four-helix bundle, the residues R39/K46/M47/K63
do not appear to be crucial for SNARE-complex binding or for the
activation of the liposome fusion reaction.

Stx1A H3 domain and SNARE complex compete for
Munc18-1 binding

Our studies indicate that the binding of the Stx1A H3 domain to the
central cavity of Munc18-1 significantly contributes to the Munc18-
Stx1A interaction. The Munc18 central cavity is believed to be the
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time(min)

30 50 the Stx1A H3 domain inhibited ~50% of
Munc18-wt activation (Figure 4C). In addi-
tion, we performed dose—response experi-
ments, and the initial rate of the liposome
fusion reaction was used to measure
Munc18-1 activation (Shen et al., 2007). We
found that the Stx1A H3 domain reduced
the initial fusion rate of Munc18-1 activation
more than 40% (Figure 4D). In these experi-
ments, maximum inhibition was probably
limited by the oligomerization of the Stx1A
H3 domain at concentrations higher than
5 puM. The Stx1A H3 domain also reduced
the Munc18-1 activation of preassembled
SNARE complexes in the liposome fusion
assay by ~50% (Figure 4C), suggesting that
fewer preassembled SNARE complexes were protected by
Munc18-1 when the Stx1A H3 domain was present.

In addition to measuring Munc18-1 activation, we performed
“order of addition” experiments in which t-/v-liposomes were incu-
bated first with Munc18-1 alone, and then the Stx1A H3 domain
was added just before the fusion reaction started (Figure 4E, H3 no
coincubation). Under these conditions, Munc18-1 activation of
liposome fusion was not affected by the Stx1A H3 domain, suggest-
ing that Stx1A H3 domain can compete with partially assembled
SNARE complexes, but not with fully assembled complexes, for
binding Munc18 (Figure 4E). Similar results were obtained when we
tested Munc18 activation on preassembled SNARE complexes.
Therefore our data suggest that the Stx1A H3 domain inhibits
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FIGURE 4: Stx1A H3 domain binds Munc18 and partially inhibits Munc18 activation of liposome fusion. (A) Equal amounts
of either Munc18-wt or Munc18-4M were incubated with the glutathione beads in the presence or absence of GST
Stx1-H3 and in the presence or absence of increasing concentration of soluble SNARE complexes. Beads were washed,
and the Munc18 bound fraction was determined by Western blotting using a polyclonal anti-Munc18 antibody. Arrows
indicate the expected molecular weight of Munc18. Asterisks mark the expected molecular weight of GST-Stx1-H3 after
Ponceau staining. The amount of soluble SNARE complexes added to the reaction (0.5, 1, 2, and 4) is indicated as SNARE
complex/Munc18 ratio. (B) Quantification of Munc18 bound fraction in the competition experiment. Results are the mean
+ SD of two independent experiments. (C) Standard and preassembled liposome fusion experiments performed in the
absence or presence of 5 yM Munc18-wt alone or 5 yM Munc18 and 5 uM Stx1A H3 domain. (D) Fold of activation of the
initial rate of liposome fusion reaction in a dose-response experiment. Munc18-wt (5 uM) and different concentrations of
Stx1A H3 domain were coincubated with t-/v-liposomes on ice for 3 h, which was followed by the fusion assay. (E) Order
of addition experiment in which standard and preassembled liposome fusion experiments were performed as described in
Figure 3; in this case, Stx1A-H3 was added either during the preincubation step or after the preincubation.
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Munc18-1 activation by preventing Munc18-1 from binding to the
preassembled SNARE complex during the preincubation step.

In t-liposomes, the majority of the Stx1A H3 domain is engaged
in a heterodimer complex with SNAP-25. However, the Stx1A Habc
domain might be free to interact with other partners. One possibility
would be that the soluble Stx1A H3 domains we added into the
system might form a “new Stx1A four-helix bundle” with the free
Habc domain of the membrane embedded Stx1A. This “new Stx1A-
four-helix bundle” may compete with the four-helix bundle SNARE
complex for binding Munc18-1. To address this question, we tested
the effect of adding soluble Stx1A H3 domain to the liposome fusion
assay using liposomes containing a truncated version of t-SNARE
without the Stx1A Habc domain (t-SNAREAH,,), but preserving the
Stx1A N-peptide region (Shen et al., 2007). We found that the Stx1A
H3 domain still inhibited Munc18-1 activation of liposome fusion
(Figure S4B). This establishes that the Stx1A H3 domain directly com-
petes with the SNARE four-helix bundle for binding to Munc18-1.

The interaction of the C-terminal half of the Stx1A H3
domain with Munc18-1 central cavity is critical for
competing with SNARE-complex binding and inhibiting
Munc18 activation of fusion

In agreement with our biochemical data shown in Figure 4A, previ-
ous studies have shown that mutations in the Stx1A H3 domain im-
pair Munc18 binding (Wu et al., 1999). To characterize in detail the

>

standard fusion

-
o

standard fusion

Stx1A H3 domain-Munc18 interaction, we studied the effect on
Munc18-4M activation of the liposome fusion assay when the Stx1A
H3 domain is added. Our findings showed that liposome fusion ac-
tivation of Munc18-4M was largely insensitive to the addition of the
Stx1A H3 domain (Figure 5, A and B). Similar results were obtained
when we tested the activation of Munc18-4M on preassembled
SNARE complexes (Figure S4C). To further prove this hypothesis, we
mutated the complementary residues on the Stx1A H3 domain
(D231A/E234A/N236A/D242A, Stx1A H3-4M) that interact with the
residues mutated in Munc18-4M. Addition of soluble Stx1A H3-4M
domain to the liposome fusion reaction in the presence of Munc18-
wt did not affect the Munc18-1 activation of the fusion reaction in
either standard or preassembled fusion conditions (Figures 5, C and
D, and S4D). Altogether, these results strongly indicate that the
Stx1A H3 domain can compete with the four-helix bundle SNARE
complex for binding to the central cavity of Munc18-1, thus inhibit-
ing the activation role of Munc18-1 in the SNARE-mediated mem-
brane fusion.

DISCUSSION

In the present work, we provide direct evidence that the essential
roles of Munc18-1 in trafficking Stx1A to the plasma membrane, as
well as during the late steps of neurotransmitter release, rely on the
interaction of the central cavity of Munc18-1 with either Stx1A or the
SNARE complex. We show that some residues participating in each
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FIGURE 5: Stx1A H3 domain inhibition of Munc18 activation depends on the binding of its C-terminal region to the
Munc18 central cavity. (A) Standard liposome fusion reactions performed in the absence or presence of 5 uM Stx1A H3
domain and Munc18-wt or Munc18-4M. Both panels show the same data for the “v+t" condition, since they were run in
a single experiment for multiple times. (B) Inhibition effect of Stx1A H3 domain to Munc18-wt or Munc18-4M mutant on
activation of liposome fusion. The maximum initial speed (within first 20 min) of liposome fusion in the presence of 5 yM
Munc18 (wt or 4M) was calculated and set as 100%; the maximum initial speed in the presence of Stx1A H3 was
measured and converted to the percentage of Munc18 activation. (C) Standard liposome fusion was carried out in the
absence or presence of 5 pM Munc18-wt and 5 pM of Stx H3-wt or Stx1A H3-4M mutant (D231A/E234A/N236A/
D242A). (D) Inhibition of Stx1A H3-wt, but not of Stx1A 4M, onto Munc18-wt activation of liposome fusion.
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interaction are not shared between these two binding modes. Muta-
tion of residues R39/K46/M47/K63 located within Munc18-1's cen-
tral cavity remarkably reduced Munc18/Stx1A interaction, but had
no effect on the Munc18-SNARE complex interaction. Rescue ex-
periments using Munc18-1/-2 double-knockdown cells, showed
that Munc18-4M cannot restore the normal trafficking of Stx1A to
the plasma membrane but can support hGH secretion when Stx1A
is overexpressed.

Munc18 has been intensively studied, and many interesting phe-
notypes have been identified for different mutants; however, most
of these mutants have lost the interaction with either Stx1A or
SNARE complex, as well as the ability to regulate SNARE-complex
assembly. The Munc18-4M mutant we described here is a novel mu-
tant distinct from any other Munc18 mutants previously described.
For instance, the well-characterized Munc18 E59K (Deak et al.,
2009), which abrogate the interaction with residues in the Stx1A-
Habc domain, displays a reduced binding for Stx1A, lacks the acti-
vation function in liposome fusion assay, and fails to regulate vesicle
release in vivo (Shen et al., 2007; Deak et al., 2009; Han et al., 2009).
Munc18 F115E/E132A is another valuable mutant that abrogates
the interaction with Stx1A N-peptide. This mutant shows a modest
reduction in binding to Stx1A alone, but has a dramatically reduced
binding to the SNARE complex (Malintan et al., 2009). Elimination
of the interaction Munc18 F115/E132-Stx1A N-peptide also severely
affects Munc18 activation of fusion in vitro (Shen et al., 2007). There-
fore the Munc18-4M mutant described in this work has unique prop-
erties in dissecting the Munc18 chaperone function from the fusion
regulation function.

Previous studies reported that Munc18-1 can bind both mono-
meric Stx1A and the SNARE complex (Misura et al., 2000; Dulubova
et al., 2007; Shen et al., 2007, 2010; Deak et al., 2009). The calcu-
lated binding affinity of Munc18-1 and Stx1A (nM range) is much
higher than that of Munc18-1 and SNARE complex (uM range; Hata
etal., 1993; Burkhardt et al., 2008; Xu et al., 2010). The tight interac-
tion of Munc18-1 and the closed form of Stx1A could prevent Stx1A
from forming wrong complexes with noncognate SNARE proteins
during its trafficking, ensuring that Stx1A exerts its function at the
presynaptic membrane (Medine et al., 2007). Our results are consis-
tent with those of others, which showed that the deletion or muta-
tion of the Stx1A H3 domain dramatically decreased the binding
affinity of Stx1A to Munc18-1 (Wu et al., 1999; Burkhardt et al.,
2008). However, it was unclear from these previous studies whether
the change in the binding affinity is due to the disruption of the
Stx1A four-helix bundle structure or to the deletion of the Stx1A H3
domain. In this study, we introduced point mutations rather than
domain deletion to keep the overall structure of Stx1A, and our
data clearly established the importance of the Stx1A H3 domain
(C-terminal half) in Munc18-Stx1A interactions.

Previous biochemical, functional, and structural studies have
shown that Munc18-1 can also bind the SNARE complex, specifi-
cally through a direct interaction with the C-terminal region of
VAMP2 and the Stx1A N-peptide (Dulubova et al., 2007; Shen et al.,
2007, 2010; Xu et al., 2010), but the intermolecular interactions
within this complex remained unclear. Our studies showed that
Munc18-4M displayed a reduced interaction with monomeric Stx1A,
but it was still able to bind the SNARE complex in the liposome
flotation assay and to activate liposome fusion as strongly as
Munc18-wt. These data suggest that Munc18-1 binds to Stx1A or to
the SNARE complex differently via its central cavity.

In the Munc18-Stx1A heterodimer, the C-terminal half of the
Stx1A H3 domain is twisted and inserted deeply into the central
cavity of Munc18-1. The close contacts between them greatly con-

Volume 22 November 1, 2011

tribute to the tight interaction. However, this conformation of Stx1A
H3 is not compatible with the four-helix bundle of the SNARE com-
plex. Therefore the C-terminal half of the Stx1A H3 domain should
dissociate from the Munc18-1 central cavity either before or during
the assembly of the Stx1A H3 domain with SNAP25 and VAMP2 into
a four-helix bundle. This idea is supported by both NMR studies in
which the MUN domain of Munc13-1 facilitates the transition be-
tween the two binding modes of Munc18 (Ma et al., 2011) and by
studies on the intact plasma membrane sheets that have shown that
SNAP25 and VAMP2 can displace Munc18-1 from the heterodimer
Munc18-Stx1A to form SNARE complexes (Zilly et al., 2006).

In a recent study, it has been proposed that the Stx1A N-pep-
tide and the SNARE four-helix bundle constitute the minimal com-
ponents for Munc18-1 activation of fusion, while the Habc domain
of Stx1A is dispensable (Shen et al., 2010). Combining previous
models with our results, we propose a transition model between
the two distinct binding modes: because the Stx1A Habc domain
is flexible and dynamic, it could either bind the Stx1A H3 domain
to form a “closed” conformation (Figure 6A), or it could move out
of the cavity to adopt a transient “open” conformation while the
Stx1A H3 domain is always bound to Munc18-1 (Figure 6B). Since
Munc18-1-Stx1A H3 domain is a weak affinity interaction, the in-
termediate (Figure 6B) in this model is most likely to be transient.
This would permit, in the presence of SNAP-25 and VAMP2,
SNARE complexes to start zippering from the N-terminal region of
the Stx1A H3 domain, which is freely accessible for SNARE pro-
teins, while the C-terminal half of the Stx1A H3 domain dissociates
from Munc18-1 before or during the formation of the SNARE four-
helix bundle (Figure 6C). During this transition, key residues within
Munc18 central cavity, such as E59, could switch from interacting
with Stx1-Hc domain to starting to make contact with the SNARE
complex, using epitopes other than the Stx1-Habc domain. Thus
the Stx1A N-peptide might be responsible for linking these two
distinct modes by holding Stx1A in place during SNARE-complex
assembly. At this stage, the transition would be largely favorable
to SNARE-complex assembly, due to strong cooperative interac-
tions of Munc18-1 with the C-terminal region of VAMP2 (Shen
et al., 2007; Xu et al., 2010), SNAP25 (Rodkey et al., 2008) and
both vesicular and target membranes (Xu et al., 2010). Thus this
model would assure an N- to C-terminal polarized assembly of
SNARE complexes, and it would also explain why there is no for-
mation of anti-parallel SNARE complexes in vivo, which has some-
times been observed in experiments in vitro (Melia et al., 2002;
Weninger et al., 2003).

Other factors, such as Munc13 and arachidonic acid, have been
implicated during the transition from the closed to open conforma-
tion of Stx1A (Rickman and Davletov, 2005; Xu et al., 2010; Ma et al.,
2011). However, it is not clear whether these factors are essential or
whether they only assist Munc18-1 during the transition. Further
studies may be able to shed more light on this mechanism.

In conclusion, our findings suggest that Munc18-1 executes its
dual roles by using two different binding modes to interact with Stx1A
and SNARE complexes via its central cavity. Thus Munc18-1 is crucial
during the membrane fusion reaction and also plays an essential role
in calcium-regulated membrane fusion. The data presented here pro-
vide substantial insights into understanding the complex mechanism
by which Munc18-1 actively cooperates with SNARE proteins to in-
duce membrane fusion, and led us to propose a model for the transi-
tion between the two distinct binding modes in which the Stx1A H3
domain remains within the central cavity of Munc18 while it starts zip-
pering with the other SNAREs, and Munc18 can therefore control and
assist in SNARE-complex assembly during neurotransmitter release.
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FIGURE 6: Proposed model of the transition between the distinct binding modes of Munc18/Stx1A and Munc18/
SNARE complexes. (A) Munc18 (green) binds the closed form of Stx1A through the Habc domain (blue), the H3 domain
(purple), and the N-peptide (blue). The four-helix bundle and the C-terminal half of Stx1A H3 domain are crucial for this
high-affinity binding mode. (B) Munc18 binds the “open” form of Stx1A: the Habc domain is flexible and dynamic, and it
may transiently move out of the Munc18 central cavity, whereas the H3 domain still binds to the central cavity. “Open”
Stx1A is ready to assemble into the SNARE complex with SNAP-25 and VAMP2 by the “N- to C-terminal” direction.
N-peptide (not shown) still binds Munc18 and may play an important role at this stage by presumably stabilizing Stx1A
bound to Munc18. (C) Munc18 binds SNARE complex, involving both the Munc18 central cavity/SNARE four-helix
bundle interaction and Munc18/Stx1A-N-peptide (Stx1A Habc domain and N-peptide are not shown).

MATERIALS AND METHODS

Protein expression and purification

Full-length t-SNARE Stx1A/SNAP 25 (pTW34) and truncated t-
SNARE (pTW34AH,,, kindly provided by Jingshi Shen, University of
Colorado, Boulder, CO) were expressed and purified as previously
described (Melia et al., 2002; Shen et al., 2010). Full-length mouse
Vamp2 cloned into pet28-small ubiquitin-like modifier (pet28-
SUMO) vector (kindly provided by Jingshi Shen), Munc18-wt, and
Munc18-4M were expressed and purified as previously described
(Shen et al., 2007). In brief, all His-tagged proteins were expressed
and purified according to Qiagen’s The QlAexpressionist handbook
(Valencia, CA). For SUMO-His-tagged protein, on-column cleavage
is performed with SUMO protease overnight at 4°C. Constructs con-
taining point mutations were generated by using QuickChange site-
directed mutagenesis kit (Stratagene, Agilent, Santa Clara, CA).

Proteoliposome reconstitution

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL).
SNARE proteins were reconstituted into proteoliposomes by deter-
gent dilution and isolated on a Nycodenz density gradient flotation,
as previously described (Weber et al., 1998). For t-SNARE proteoli-
posome preparation, a 1:500 protein:lipid ratio was used with the
lipid mixture POPC (1-palmitoyl, 2-oleoyl phosphatidylcholine)/
DOPS (1,2-dioleoyl phosphatidylserine) (85:15). v-SNARE proteoli-
posomes were prepared at a 1:200 protein:lipid ratio with the
lipid mixture POPC:DOPS:rhodamine-DPPE (N-(lissamine rhod-
amine B sulfonyl) 1,2-dipalmitoyl phosphatidylethanolamine):NBD-
DPPE (N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-1,2-dipalmitoyl phos-
phatidylethanolamine) (82:15:1.5:1.5).

Competition assay

The rat Stx1A H3 soluble domain (aa 191-253) was expressed as a
GST fusion protein and purified using standard methods. Full-
length Munc18-1-wt or Munc18-4M were expressed and purified,
and the tag was cleaved as previously described (Shen et al.,
2007). SNARE complex was assembled using éxHis-MBP-VAMP2
(aa 26-96), 6xHis-MBP-SNAP25N (aa 11-82), GST-SNAP25C (aa
141-203), and GST-Stx1A (aa 191-253). Tags were cleaved using
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either thrombin or tobacco etch virus protease for 6xHis-MBP or
GST, respectively. To assemble the SNARE complex, all four pro-
teins were mixed in equal molar ratios and incubated overnight at
4°C, as described in Kimmel et al. (2011). Binding reactions were
performed in 500 pl of buffer containing 25 mM HEPES (pH 7.4),
100 mM NaCl, 0.1% NP40 (Sigma-Aldrich, St. Louis, MO), and 1
mM dithiothreitol at room temperature using 20 pg of soluble
GST-Stx1A H3 domain, 75 nM Munc18-1 wt or Munc18-4M, and
25 pl of @ 50:50 slurry of glutathione beads. After 2 h, SNARE com-
plex was added either at 37.5, 75, 150, or 300 nM to compete with
the Stx1A H3 domain for binding to Munc18-1. The pulldown was
allowed to proceed for another 2 h. Beads were washed five times
and boiled in sample buffer, and proteins were loaded onto an
SDS-PAGE for Western blot analysis using an anti-Munc18-1 anti-
body (Sigma).

Liposome flotation assay

Liposome flotation assay was carried out as previously described
(Shen et al., 2007). Briefly, t-liposomes were incubated with cdv2 at
4°C overnight, then Munc18 was added into the mixture, which was
incubated for another 1 h at 4°C. The liposome-protein mixture
(equal volume of 80% Nycodenz [wt/vol] in reconstitution buffer)
was transferred to five 41-mm centrifuge tubes. The liposomes
were overlaid first with 200 pl each of 35 and 30% Nycodenz and
then with 20 pl reconstitution buffer. Centrifugation was performed
at 48,000 rpm for 4 h. Samples were collected from the 0/30% Ny-
codenz interface (two 20-pl samples) and analyzed by SDS-PAGE.

Pulldown assay

His-tagged t-SNARE was coexpressed and bound to Ni-nitrilotria-
cetic acid (Ni-NTA) beads and then used to pull down 20 pg Munc18-
wt or Munc18-4M mutant proteins. After three washes with buffer
containing 20 mM imidazole, the protein samples were analyzed by
SDS-PAGE and Coomassie staining. To form the SNARE complex,
His-tagged t-SNARE and an extra amount of cdv2 were incubated
at 4°C overnight. The next day, the SNARE complexes were purified
with Ni-NTA beads and a pulldown assay was performed as de-
scribed above.
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Liposome fusion assay

A mixture of 45-pl unlabeled t-SNARE liposomes and 5-pl labeled
v-SNARE liposomes was used for the fusion assay, as previously de-
scribed (Weber et al., 1998). Fusion was measured in a 96-well Fluo-
roNunc PolySorp plate (Thermo Scientific, Lafayette, CO) at 37°C as
the increase in 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)-fluorescence
at 538 nm every 2 min. At 120 min of the reaction, 10 pl 2.5% N-
dodecylmaltoside was added to the liposomes and data continued
to be collected for another 40 min to get the maximum NBD signal.
Raw NBD-fluorescence data were converted into the percentage of
maximum NBD signal. Standard liposome fusion or preassembled
liposome fusion with Munc18 was done as previously described
(Shen et al., 2007, 2010). The maximum fusion rate within the first
20 min of the reaction from three independent experiments was
used to calculate the initial rate of a fusion reaction. For competition
experiments (Figures 4, C-E, and 5), different concentrations of
Stx1A H3 domain (as indicated) were used during the coincubation
with Munc18 and t-/v-liposomes for 3 h on ice, followed by the fu-
sion reaction. A high concentration of Stx1A H3 domain could not
be achieved, most likely because of formation of oligomers in solu-
tion (Misura et al., 2001), which may limit Stx1TA H3 domain inhibi-
tion of Munc18 activation of liposome fusion.

colP

Rat Stx1A, rat Munc18-wt, and Munc18 mutants were subcloned
into pcDNAG6/V5-HisA vector. Stx1A wt or mutants were cotrans-
fected with either Munc18-wt or Munc18-4M into Hela cells.
Twenty-four hours after transfection, cells were lysed using lysis buf-
fer (20 mM HEPES, 100 mM NaCl, pH 8.0) containing 1% Triton
X-100, which was followed by centrifugation at 12,000 rpm for
15 min. Supernatants were collected and incubated with HPC-1
anti-Stx1A monoclonal antibody for 2 h at 4°C. Protein A-agarose
beads were added to the supernatants and incubated for another
2 h. Complexes bound to the beads were pelleted by centrifugation
followed by three washes with lysis buffer containing 0.5% Triton
X-100. The precipitates were tested by Western blotting using rab-
bit anti Munc18 antibody (Sigma).

ITC

ITC was performed on a VP-ITC 200 (MicroCal, Piscataway, NJ) at
25°C. Samples were dialyzed against buffer (100 mM NaCl, 20 mM
HEPES, 0.5 mM Tris(2-carboxyethyl)phosphine, pH 7.4). The data
were integrated and analyzed with MicroCal Origin 9.0 using a sin-
gle-site binding model, yielding the equilibrium association con-
stant Kj, the enthalpy of binding DH, and the stoichiometry N.

Munc18 knockdown PC12 cells maintenance

and immunostaining

PC12 Munc18-1/-2 double-knockdown stable cell line (DKD16)
and the control cell line (C8) were kindly provided by Shuzo Sugita
(University Health Network, Toronto, Ontario, Canada). These cells
were maintained as previously described (Han et al., 2009). The
day before transfection, PC12 cells were seeded in 24-well plates
containing poly-lysine coated glass coverslips. Cells were trans-
fected with the indicated constructs using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Twenty-four hours after transfection,
differentiation was induced with 50 ng/ml nerve growth factor for
2 d. Cells were washed with phosphate-buffered saline (PBS) buffer
and fixed for 10 min with PBS buffer containing 4% paraformalde-
hyde. Cells were permeabilized with PBS buffer containing 0.3%
Triton X-100, and then cells were blocked with 3% bovine serum
albumin (BSA) in PBS buffer for 30 min at room temperature.
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Immunostaining of cells was performed by using HPC-1 antibody
against Stx1 (1:2000 dilution), which was followed by three washes
with PBS buffer. Alexa Fluor 488 goat anti-mouse antibody was
used as a secondary antibody at 1:500 dilution. Coverslips were
washed three times with PBS and mounted with Prolong Gold an-
tifade reagent (Invitrogen). Images were collected with a Zeiss LSM
510 confocal microscope (Zeiss).

hGH secretion assay

C8 or DKD16 PC12 cells were plated in six-well plates; 3-4 d after
plating, the cells were cotransfected with a plasmid coding for hGH-
yellow fluorescent protein (YFP) and either Munc18-wt, Munc18-4M,
Munc18-4M, and Stx1A or mock-transfected. Cells were incubated
for 34 d and then transferred into 24-well plates for the secretion
experiment. The cells were washed once with physiological saline
solution (PSS) containing 145 nM NaCl, 2.2 mM KCl, 2.2 mM CaCly,
0.5 mM MgCl,, 5.6 mM glucose, and 15 mM HEPES, pH 7.4. hGH
secretion was stimulated with 200 pl of PSS or high K*-PSS contain-
ing 81 mM NaCl and 70 mM KCI. Secretion was terminated after a
15-min incubation at 37°C by chilling to 0°C, and samples were cen-
trifuged at 4°C for 3 min at 5000 rpm. Medium was collected for
hGH ELISA and measured according to the vendor’s protocol (Roche
Diagnostics, Indianapolis, IN).
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