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Muncl3 activates the Munc18-1/syntaxin-1 complex
and enables Munc18-1 to prime SNARE assembly
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Abstract

Priming of synaptic vesicles involves Muncl3-catalyzed transition of
the Munc18-1/syntaxin-1 complex to the SNARE complex in the pres-
ence of SNAP-25 and synaptobrevin-2; Muncl3 drives opening of
syntaxin-1 via the MUN domain while Muncl8-1 primes SNARE
assembly via domain 3a. However, the underlying mechanism remains
unclear. In this study, we have identified a number of residues in
domain 3a of Munc18-1 that are crucial for Muncl3 and Munc18-1
actions in SNARE complex assembly and synaptic vesicle priming. Our
results showed that two residues (Q301/K308) at the side of domain
3a mediate the interaction between the Muncl8-1/syntaxin-1
complex and the MUN domain. This interaction enables the MUN
domain to drive the opening of syntaxin-1 linker region, thereby lead-
ing to the extension of domain 3a and promoting synaptobrevin-2
binding. In addition, we identified two residues (K332/K333) at the
bottom of domain 3a that mediate the interaction between Munc18-1
and the SNARE motif of syntaxin-1. This interaction ensures Munc18-1
to persistently associate with syntaxin-1 during the conformational
change of syntaxin-1 from closed to open, which reinforces the role of
Munc18-1 in templating SNARE assembly. Taken together, our data
suggest a mechanism by which Muncl3 activates the Munc18-1/
syntaxin-1 complex and enables Munc18-1 to prime SNARE assembly.
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Introduction

Neurotransmitter release by exocytosis involves the docking of
synaptic vesicles at presynaptic active zones, the priming of the
vesicles to assume a “ready-for-fusion” state, and the fast fusion of
the vesicles with the plasma membrane in response to Ca*>* (Siidhof

& Rizo, 2011; Jahn & Fasshauer, 2012). Central to this process are
the SNARE proteins, including syntaxin-1 (Syx1) and SNAP-25
(SN25) on the plasma membrane as well as synaptobrevin-2 (Syb2)
on the vesicles (Brunger, 2005; Jahn & Scheller, 2006). The SNAREs
form a four-helical bundle called the SNARE complex to bring the
two membranes into close proximity and to drive membrane fusion
(Sutton et al, 1998; Weber et al, 1998; Stein et al, 2009). To achieve
the exquisite regulation of exocytosis, a number of SNARE regulatory
proteins are required, including the SM (Secl/Muncl8-like) protein
Muncl8-1 and the CATCHR (complexes associated with tethering
containing helical rods)-related protein Munc13 (Malsam et al, 2008;
Jahn & Fasshauer, 2012; Rizo & Stidhof, 2012; Rizo & Xu, 2015).

Muncl8-1 orchestrates SNARE complex assembly via multiple inter-
actions with the SNAREs (Stidhof & Rothman, 2009; Collins & Martin,
2015; Rizo & Xu, 2015). Muncl18-1 binds tightly to Syx1 to form a
Munc18-1/Syx1 heterodimeric complex (Misura et al, 2000; Burkhardt
et al, 2008; Colbert et al, 2013) to chaperone Syx1 for proper targeting
to the plasma membrane (Arunachalam et al, 2008; Han et al, 2009).
In this complex, Munc18-1 locks Syx1 in a “closed” conformation,
rendering it unable to assemble with SN25 and Syb2 (Dulubova et al,
1999; Yang et al, 2000). This binding mode accords with vesicle dock-
ing (Voets et al, 2001; Toonen et al, 2006; Han et al, 2011) as it allows
vesicle accumulation around the plasma membrane without leading to
fusion. At the stage of vesicle priming, Munc18-1 loosens its clamping
of Syx1 while simultaneously binding Syb2 to initiate SNARE assembly
(Parisotto et al, 2014; Baker et al, 2015; Sitarska et al, 2017; Jiao et al,
2018; Wang et al, 2019). At the fusion stage, Muncl18-1 interacts with
the assembled or assembling SNARE complex to promote membrane
fusion (Dulubova et al, 2007; Shen et al, 2007; Rodkey et al, 2008;
Tareste et al, 2008; Ma et al, 2015).

In addition to Muncl8-1, synaptic exocytosis requires Muncl3
(Rizo & Siidhof, 2012; Brunger et al, 2019). Munc13-1 is abundant
at the presynaptic terminal and plays an essential role in vesicle
priming (Augustin et al, 1999; Varoqueaux et al, 2002; Imig et al,
2014). Increasing evidence has shown that Munc13-1 catalyzes the
transition from the Munc18-1/Syx1 complex to the SNARE complex
in the presence of SN25 and Syb2 (Ma et al, 2011; Yang et al, 2015;
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Lai et al, 2017; Wang et al, 2017; Kreutzberger et al, 2019). The
transition involves at least two conformational changes within the
Munc18-1/Syx1 complex, including (i) in the linker region of Syx1,
which changes its conformation from a defined structure to a
random coil to initiate the opening of Syx1 (Misura et al, 2000;
Margittai et al, 2003; Wang et al, 2017); and (ii) in domain 3a of
Muncl18-1, which switches its conformation from a “bent” structure
to an “extended” conformation to serve as a template essential for
Syb2 binding and SNARE association (Hu et al, 2011; Han et al,
2014; Parisotto et al, 2014; Munch et al, 2016; Sitarska et al, 2017;
Jiao et al, 2018). In line with this notion, both a Munc18-1 P335A
mutation that promotes domain 3a extension and a Syxl L165A/
E166A (“LEAA”) mutation that helps to facilitate opening of the
Syx1 linker region were observed to enhance exocytosis in neurons
and neuroendocrine cells (Dulubova et al, 1999; Gerber et al, 2008;
Martin et al, 2013; Han et al, 2014; Munch et al, 2016; Park et al,
2017). Moreover, either P335A or LEAA was found to partially
rescue a defect in exocytosis in unc-13 null Caenorhabditis elegans
(Richmond et al, 2001; Hammarlund et al, 2007; Park et al, 2017),
suggesting a strong correlation between Muncl13 action and the two
conformational changes within the Munc18-1/Syx1 complex.

In this study, we have identified a number of residues in the
Munc18-1 domain 3a that are important for Munc13-catalyzed transi-
tion from the Munc18-1/Syx1 complex to the SNARE complex. Mutat-
ing these residues exerts no effect on Syx1 transport to the plasma
membrane but severely impairs vesicle priming and fusion in mamma-
lian neurons. Our data showed that the Munc13-1 MUN domain binds
the Munc18-1/Syx1 complex and drives the opening of the Syx1 linker
region via an interaction with the side face of domain 3a. The open of
the Syx1 linker region leads to the extension of domain 3a, thereby
promoting binding of Syb2 to the Munc18-1/Syx1 complex. In addi-
tion, our data identified an interaction between the bottom of domain
3a and the SNARE motif of Syx1. This binding enables Munc18-1 to
associate with the SNARE motif of Syx1 during the transit of Syx1 from
the Munc18-1/Syx1 complex to the SNARE complex, which is crucial
for templating SNARE assembly by Munc18-1.

Results
Mutational analysis of the Munc18-1 domain 3a

Previous studies have shown that the Munc13-1 MUN domain cata-
lyzes the transition from the Munc18-1/Syx1 complex to the SNARE
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complex. In addition, increasing evidence suggests the functional
importance of the Munc18-1 domain 3a in SNARE complex assem-
bly. Hence, we aimed to explore the potential functional interplay
between domain 3a and the MUN domain in the transition from the
Munc18-1/Syx1 complex to the SNARE complex.

As revealed by the crystal structure of the Muncl8-1/Syx1
complex (Fig 1A), two antiparallel helices (H11 and H12) connected
by a hinge loop constitute the exterior part of the bent structure of
domain 3a. We rationally designed a series of mutations on the
solvent-accessible surfaces of helices H11, H12, and the hinge loop
(Fig 1A), including mutations that had been described in previous
studies, for example, the D326K, K332E/K333E, P335A, and L348R
mutations (Han et al, 2013; Parisotto et al, 2014; Sitarska et al,
2017). All the mutants, except for P335A, exhibited similar elution
volumes to that of wild-type (WT) Muncl18-1, as assessed by gel fil-
tration (Fig 1B and Table EV1). It is noteworthy that the lower
elution volume observed for the P335A mutant is likely due to the
self-association (dimerization) of Muncl8-1. However, all the
mutants bound to monomeric Syx1 (the cytoplasmic domain of
Syx1, residues 2-253) and yielded a heterodimeric complex similar
to that of WT Muncl8-1, as judged by gel filtration (Fig 1B and
Table EV2), which was indicative of their effectiveness in binding
the closed Syx1.

We next explored the potential defects caused by these mutations
in MUN-catalyzed transition from the Munc18-1/Syx1 complex to
the SNARE complex. By using a previously established native-PAGE
assay (Yang et al, 2015; Wang et al, 2019), we indeed observed that
Syx1 bound to the Munc18-1 mutant P335A or D326K allowed the
transition to occur even in the absence of the MUN domain, albeit
with various extents (Fig 1C and D), consistent to previous results
(Park et al, 2017; Sitarska et al, 2017). The observed “gain-of-func-
tion” effects arise likely because either P335A or D326K contributes
to extend the conformation of domain 3a, as previously suggested.
Conversely, a number of mutations were found to remarkably
inhibit MUN-catalyzed transition to the SNARE complex, including
Q301A and K308A in helix H11, K332E/K333E (KKEE) in the hinge
loop, and L348R in helix H12 (Fig 1C and D). Note that there is a
little trace of SNARE complex formation in the background of the
native PAGE, which is likely due to a little amount of free Syx1 that
escapes from Munc18-1 clamping in our Munc18-1/Syx1 samples.

Next, we re-examined the Q301A/K308A (QKAA), KKEE, and
L348R mutants using both FRET and lipid-mixing assays as previ-
ously established (Yang et al, 2015). Consistently, the FRET experi-
ments showed that the three mutations abrogated MUN-catalyzed

Figure 1. Residues in the Munc18-1 domain 3a essential for MUN-catalyzed transition from the Munc18-1/Syx1 complex to the SNARE complex.

A Structure overview of the Munc18-1/Syx1 complex (pdb entry: 3C98). Mutating residues are highlighted in red below the domain depiction and shown as yellow

sticks in the structure.

B Elution volumes (peak positions) of the Munc18-1 mutants in the absence (top) and presence (bottom) of Syx1 using size-exclusion chromatography on Superdex-

200 column.

C Effects of the domain 3a mutations on MUN-catalyzed transition detected by native-PAGE assay. Components addition was indicated on the top of every lane.

D Quantitative analysis of the integrated densities of Munc18-1/Syx1 bands in C.

E Effects of the QKAA, KKEE, and L348R mutations on MUN-catalyzed transition detected by FRET assay. Schematic diagram is shown on the top of the chart. FRET
between BODIPY FL-labeled Syb2 (donor) and TMR-labeled SN25 (acceptor) was monitored.

F  Effects of the QKAA, KKEE, and L348R mutations on lipid mixing between liposomes with Munc18-1/Syx1 and liposomes containing Syb2 in the presence of Munc13
(M13), SN25, and Syt1/Ca?*. lllustration of the reactions is shown on the top of the chart.

Data information: Representative gels and/or traces displayed are from one of three independent replicates. In D-F, all bar charts are presented as mean values =+ SD,

n = 3 technical replicates.
Source data are available online for this figure.

2 of 22 The EMBO Journal ~ 39: e103631 | 2020

© 2020 The Authors



Xianping Wang et al

The EMBO Journal

158 kDa 75 kDa

A = - 240 - 21 _ 20 283 B 12.2 ml 138 ml M18

n1 [ domain 2 | domain 3a | domail = & Ks
= 4 o5 &
5 & &
£ TUHITTITITTF FTIIEF
298 EVSQEVTRSLKDFSSSKRMNTGEKTTMRDLSOMLKKMPQYQKELSKYSTHLHL 350 - & ﬁ@n‘ﬁ@’f@fi\ ' ngg:(g?r%;n,?%:\r
H11 Hinge loop H12 © SCESYREISELESES
Q
2 P335A
N
J E
Domain 3b_f° 5
[ - =
MA 11 12 13 14 15 16 17
Munc18-1 . = 1 Elution volume (ml)
‘L@, :
—a 158 kDa 75 kDa
P " 122 ml 13.8 ml M18/Syx1
i . = &
Domain 3a |_* @ ¥ &
: ; £ Sevsd
¢ = TITITIITETYT FFxesT
k4 ol o) ~ OO o Ko ny
3 5| SIS S
ok 3| QKO0 IOTY
oy o
s e M18 WT alone
» N
N T
...... g
""""" 5}
=
T T T T T T
1 12 13 14 15 16 17
Elution volume (ml)
C E320A/ E
WT  E298A Q301A R305A K308A D309A S312A K321A Syb2-BODIPY FL SN25-TMR  SNARE complex
Syb2/SN25 — + + —+ + — ++ —++ —+ + —F+ + — ++ — + + M18/Syx1
MUN — —+ —— 4+ — —+ — —+ — —+ — —+ — —+ — — +
. . Y] T —
M18/Syx1 . HHF‘-‘“ Llu Ll u “u AMUN
Sompiex| b L i L4 L]
SN25¥| B stem sdes pam| FEER R obmem b 301
WT 30
254
v 25 4
204 =
2 S 20+
W 154 o
K332E/ = ® 15 -
D326K L327A Q329A M330A K333E P335A L348R H349A 10 L3dsR o
Syb2/SN25 — + + —+ + — + + —+ 4+ —+ 4+ —+ + — + 4+ -+ + KKEE [ 104
MUN — —+ ——+ — —+ — —+ ——+ ——+ — —+ — —+ 57 no MUN 5
m ‘ Iu I Iu T g no SN25
i 0- T T T T 1 O-

M18/Syx1 s "‘H - 0 500 1,000 1,500 2,000 2,500 S P ST S
SNAFE* 1 11 i1 8 | g ‘3\0 v @@
complex | (3] || Time (s) o 09 (S0 SN

SN254 St M et it £ o
F
Q SN25 )
> Munc13
M18/Syx1 O * ] syt t/ :
=— 00
_
D
Syb2
—_ 20 £l
=] = WT E
Lo @ 5 154
> E 154 b
‘@ ] =
s R o
S = 104 8104
o £ -
L 2 ®
© £
= - 57 KKEE 2 54 :
8 g T
= = g nosNzs  E
0 500 1,000 1,500 2,000 51 °- P & &
1000 1500 2 & P&
Time (s) Qo‘ioc}‘ Qiyi*-\,
Figure 1.
© 2020 The Authors The EMBO Journal 39: 1036312020 3 of 22



The EMBO Journal

transition to the SNARE complex (Fig 1E). Likewise, the mutations
failed to promote lipid mixing between liposomes containing the
Munc18-1/Syx1 complex and liposomes bearing Syb2 with the addi-
tion of SN25, synaptotagmin-1 (Sytl), and Munc13-1 (C,-C,B-MUN)
in the presence of Ca** (Fig 1F). Additional experiments demon-
strated that the single mutation (Q301A or K308A) could abrogate
lipid mixing (Appendix Fig S1). Note that the C,-C,B-MUN fragment
exhibited higher activity than the isolated MUN domain in liposome
fusion, owing to its specific membrane binding mediated by the C;
and C,B domains (Ma et al, 2013). Furthermore, sequence align-
ment showed that these functionally important residues are highly
conserved among Muncl8-1 homologues in various species
(Appendix Fig S2). Together, upon extensive screening using
combined in vitro approaches, we have identified a number of resi-
dues in domain 3a of Munc18-1 that are essential for MUN-catalyzed
SNARE complex assembly and membrane fusion.

Functional analysis of domain 3a in synaptic vesicle exocytosis

To substantiate our in vitro results, we tested for functional defects
of the mutations identified above in synaptic vesicle (SV) exocytosis
by using a knockdown (KD)-rescue approach in cultured mouse
cortex neurons. The endogenous Muncl8-1 expression level was
suppressed by virally delivered shRNAs (Fig EV1A). Expression of
Munc18-1 WT rescued the spontaneous mini-inhibitory postsynaptic
current (mIPSC) frequency and action potential-evoked inhibitory
postsynaptic current (evoked IPSC) amplitude and charge transfer
(Fig 2A and B). However, the expression of the QKAA, KKEE, and
L348R mutants failed to rescue the mIPSC and evoked IPSC (Fig 2A
and B). The mIPSC amplitude was unaffected in all conditions,
excluding the major postsynaptic effect caused by the Munc18-1 KD
(Fig 2A). Note that overexpression of the three mutants in WT back-
ground neurons reduced the mIPSC (Appendix Fig S3), confirming
their dominant-negative effect. In addition, these mutants impaired
mini-excitatory  postsynaptic  current (mEPSC)  frequency
(Appendix Fig S4). All the mutants were steadily expressed in
cultured neurons (Fig EV1A) and targeted to synapses (Fig EV1B),
and supported synaptic formation without influencing the number
and size of synapses (Fig EV1B-D).

The abrogation of exocytosis could be due to defective priming.
A classic assay to analyze vesicle priming involves the application
of hypertonic sucrose to induce exocytosis in a Ca®*-independent
manner (Rosenmund & Stevens, 1996). Using this assay, we charac-
terized the size of the readily releasable pool (RRP) of vesicles with
application of sucrose solution. The significant reduction in the RRP

Figure 2. The Munc18-1 domain 3a is essential for synaptic vesicle exocytosis.

Xianping Wang et al

observed in neurons deficient in Munc18-1 was rescued by express-
ing WT Munc18-1 (Fig 2C). However, the QKAA, KKEE, and L348R
mutants were unable to rescue the reduction in the RRP (Fig 2C),
implying their impairment to support vesicle priming.

Compared to the “loss-of-function” mutants, we found that the
P335A mutant successfully rescued both mIPSC and evoked IPSC as
well as RRP (Fig 2A—C), in a manner similar to WT Munc18-1. Addi-
tional experiments showed that even a single mutation (Q301A or
K308A) produced a severe reduction in the mIPSC, evoked IPSC and
RRP (Fig EV2) and that the defect caused by the L348R mutation in
SV exocytosis is consistent with previous results showing that the
same mutation impairs secretion in chromaffin cells (Munch et al,
2016). Unexpectedly, the KKEE mutant, which was previously found
to support dense-core vesicle (DCV) secretion in PC12 cells (Han
et al, 2013), caused an impairment of SV exocytosis in cultured
neurons (Fig 2), indicating that SV exocytosis is more sensitive to
this mutation than DCV exocytosis. In addition, the KKEE mutation
combined with an additional 5-residue insertion (KKEE + MPQKK)
produced a strong defect in SV exocytosis in cultured neurons
(Fig EV2), similar to that observed for DCV secretion in PC12 cells
(Han et al, 2013). The raw data for the above electrophysiological
experiments are included in Appendix Fig S5. The data obtained in
cultured neurons are highly consistent with our in vitro data, rein-
forcing the critical roles of the residues Q301/K308, L348, and K332/
K333 in priming of SV.

Activity of domain 3a in Syx1 transport

The impaired interaction between Muncl8-1 and the closed Syx1
would lead to retention of either one in the cytosol thus influencing
vesicle docking and priming. To test this, we determined whether
these mutants affected Syx1 transport to the cell surface using a
HEK293T cell system. The membrane probe DiD was applied as an
indicator to track the plasma membrane compartment (Servant
et al, 1999). The majority of EGFP-Munc18-1 or mCherry2-Syx1 was
sequestered in the cytosol when each was expressed separately
(Fig 3A), while coexpression enhanced the colocalization of both
proteins at the cell surface (Fig 3B-D). The QKAA, KKEE, and
L348R mutants all supported Syx1 transport to the cell surface
(Fig 3B-D), similar to WT Munc18-1.

Next, we carried out a GST pull-down experiment to directly
measure the binding of the mutants with Syx1. Similar to WT
Muncl8-1, the three mutants interacted with Syx1l (Fig 3E). The
binding data are consistent with the gel filtration results (Fig 1B)
showing that these mutants can form a heterodimeric complex with

A Representative traces (left), summary graphs of normalized frequency (middle), and normalized amplitude (right) of mIPSCs recorded from cultured cortical neurons
that were infected with lentivirus expressing Munc18-1 WT or mutants, with or without Munc18-1 shRNAs (Control, n = 25; None, n = 17; WT, n = 17; QKAA, n = 18;

KKEE, n = 16; P335A, n = 23; L348R, n = 21).

B Sample traces (left), summary graphs of normalized amplitude (middle), and normalized charge transfer (right) of evoked IPSCs recorded from neurons as described in
panel A (Control, n = 19; None, n = 19; WT, n = 19; QKAA, n = 13; KKEE, n = 18; P335A, n = 17; L348R, n = 21).

C Sample traces (left) and quantification of the normalized charge transfer evoked by hypertonic sucrose (right) recorded from the neurons described in panel A
(Control, n = 17; None, n = 13; WT, n = 17; QKAA, n = 17; KKEE, n = 18; P335A, n = 15; L348R, n = 14).

Data information: In A-C, data are shown as mean values + SEM; *P < 0.05; **P < 0.01; ***P < 0.001. Statistical significance was analyzed by Student’s t-test. A number
of neurons analyzed are from three independent cultures, and data from different cultures are normalized. The raw data are shown in Appendix Fig S3.
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Syx1. Taken together, these results rule out the possibility that the
QKAA, KKEE, and L348R mutants abrogate vesicle priming via
affecting Syx1 transport.

Domain 3a is involved in MUN-catalyzed opening of the Syx1
linker region

Previous work has revealed that the MUN domain of Muncl3-1
binds the Munc18-1/Syx1 complex to catalyze opening of the Syx1
linker region even in the absence of SN25 and Syb2 (Wang et al,
2017). We explored whether the above mutations in domain 3a
influence MUN activity in opening the Syx1 linker region in the
absence of SN25 and Syb2 by using established single-molecule
FRET (smFRET) assay (Joo & Ha, 2012; Wang et al, 2017). Consid-
ering that Syx1 (2-253) contains only one cysteine at residue 145,
we designed a double FRET-labeled version of Syx1l (residues 2—
253, C1455/595C/S171C) to monitor the conformational change of
the Syx1 linker region (Fig 4A, Wang et al, 2017). S95C and S171C
were labeled stochastically with Alexa-555 and Alexa-647, respec-
tively, via maleimide covalent linkage and immobilized on a passi-
vated surface via His-tag/PEG-NTA-Co** (Fig 4A).

Consistent with previous results, dual-labeled Syx1 exhibited
high FRET efficiency when bound to Muncl8-1 (black curve)
and showed low FRET efficiency when assembled into the
SNARE complex (cyan curve) (Fig 4B), corresponding to the
expected closed and open conformations of the Syxl linker
region, respectively. Notably, in the absence of SN25 and Syb2,
the addition of the MUN domain to the Munc18-1/Syx1 complex
led to the formation of a population of Syxl with intermediate
FRET efficiency (red curve in Fig 4B), confirming the ability of
the MUN domain to open the Syxl linker region within the
Muncl18-1/Syx1 complex. Similarly, Syxl bound to the three
individual mutants (QKAA, KKEE, or L348R) resulted in a high
FRET efficiency in the absence of the MUN domain (Fig 4C-F,
blue curves), indicating the tightly closed conformation of the
Syx1 linker region in these complexes. Intriguingly, with the
addition of the MUN domain to Syxl bound to the QKAA,
KKEE, or L348R mutants in the absence of SN25 and Syb2, only
the QKAA mutant failed to result in the shifting of FRET distri-
bution of Syxl from high to intermediate FRET efficiency
(Fig 4C-F, purple curves), suggesting that only the QKAA mutant
impairs MUN activity in opening the Syx1 linker region.

Based on the above results, it is expected that Q301/K308 on
helix H11 of domain 3a may be involved in the interaction between

Figure 3. Monitoring Syx1 transport in HEK293T cell.
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the Munc18-1/Syx1 complex and the MUN domain. To test this
point, we directly compared the effects of the mutations using GST
pull-down experiments combined with immunoblotting. Indeed, the
WT, KKEE, and L348R mutants supported the interaction, but the
QKAA mutant and other single mutant (Q301A or K308A) failed to
support the interaction (Figs 4G and EV3), suggesting that Q301/
K308 in domain 3a is required for the interaction between the MUN
domain and the Munc18-1/Syx1 complex.

Next, we investigated whether QKAA altered the intrinsic proper-
ties of Munc18-1 in SNARE complex assembly using the Munc18-1/
Syx1“EA% complex as the starting complex. As the LEAA mutation
can destabilize the Syx1 linker region, the transition from the
Munc18-1/Syx1*44 complex to the SNARE complex can be
achieved in the presence of SN25 and Syb2 without the MUN
domain. In this system (Muncl3-independent SNARE assembly
system, Appendix Fig S6), we observed when starting with the
Munc18-1WT/Syx1“E4A complex, addition of SN25 and Syb2 led to
SNARE complex assembly (red curve). Similar SNARE assembly rate
and content were observed when starting with the Munc18-19%A%/
SyleEAA complex (blue curve). These data suggest that the QKAA
mutation seems unlikely to impair Muncl8-1 activity in SNARE
assembly, as both Muncl18-1 WT and the QKAA mutant behaved
similarly in Muncl3-independent SNARE assembly. As a control,
neither the Munc18-1"7/Syx1"" complex nor the Munc18-1%¢4%4/
Syx1WT complex was able to transit to the SNARE complex even
with the addition of SN25 and Syb2 (black and purple curves,
respectively), because Muncl3 was lacking and the Syx1 linker
region still adopts a closed conformation. These results suggest that
the QKAA mutation does not influence the intrinsic activity of
Muncl18-1 in SNARE assembly.

The MUN domain enables the extension of domain 3a

The transition from the Munc18-1/Syxl complex to the SNARE
complex involves both the opening of the Syxl linker region
and the extension of domain 3a. Unfortunately, direct measure-
ment of conformational change of domain 3a by smFRET is
impractical due to the existence of a large number of cysteine
residues in Munc18-1, which renders specific FRET-pair labeling
difficult. Alternatively, we characterized the “bent-to-extended”
conformational change of domain 3a by measuring the binding
of Syb2 to the Munc18-1/Syx1 complex in the absence and pres-
ence of the MUN domain (Fig 5A), considering that the extended
rather than the bent structure of domain 3a is compatible with

A Representative images of HEK293T cells transfected with mCherry2-Syx1 or EGFP-Munc18-1. Lipophilic dye DiD (1,1-dioctadecyl-3,3,3,3-tetramethylindodi-

carbocyanine) was used as the plasma membrane marker.

B Representative images of HEK293T cells co-transfected with mCherry2-Syx1 and EGFP-labeled WT or mutants of Munc18-1.
C,D Summary graphs of the membrane distribution of Syx1 (C) and Munc18-1 WT or mutants (D) quantified by the ratio of fluorescence at the plasma membrane (PM)
to the total fluorescence in the whole cell (total). DiD is the PM marker. Numbers of pictures analyzed are shown as follows: no Syx1, n = 14; no M18, n = 15; WT,

n = 24; QKAA, n = 23; KKEE, n = 12; L348R, n = 22.

E Munc18-1 mutants retain interaction with Syx1 shown by GST pull-down experiment. A representative gel displayed is from one of three independent replicates.

Data information: In C and D, a number of pictures analyzed are from three independent experiments; one picture contains one to three intact cells. Data shown in
summary graphs are mean values £+ SEM. Statistical significance was analyzed by Student’s t-test. ***P < 0.001; ****P < 0.0001. Scale bar: 20 um. The scale bar applies

to all images in each panel.
Source data are available online for this figure.
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Figure 3.
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Figure 4. Munc13 catalyzes opening of the Syx1 linker region via binding to the Munc18-1 domain 3a.

A Schematic depiction of sSmFRET assay. Positions of FRET label pair (S95C/S171C) in Syx1 are indicated as yellow pentagrams. 6 x His-tagged Syx1 bound to
Munc18-1 was immobilized on coverslip coated with PEG/PEG-NTA-Co>". Syx1 linker region is colored by black.

B Example histograms of SmFRET efficiency of Syx1 in complex with Munc18-1 WT in the absence and presence of the MUN domain, and within the SNARE complex.

C-E Example histograms of smFRET efficiency of Syx1 bound to Munc18-1 QKAA (C), KKEE (D), and L348R (E) in the absence or presence of the MUN domain. The QKAA
mutation strongly impaired the shift of smFRET efficiency in the presence of the MUN domain.

F Quantitative results of the Gaussian peak center positions of the FRET efficiency distributions in C-E.
Effects of QKAA, KKEE, and L348R mutations on the interaction between the Munc18-1/Syx1 complex and the MUN domain by GST pull-down assay combined with
immunoblotting. Results were shown with 6 x His-tag antibody and GST-tag antibody.

Data information: In F, data are presented as mean values £+ SEM, n.s., not significant; *P < 0.05; ***P < 0.001, n = 3 technical replicates. Statistical significance was
analyzed by Student’s t-test. In G, a representative gel displayed is from one of three independent replicates.

Source data are available online for this figure.

Syb2 binding (Parisotto et al, 2014; Baker et al, 2015; Sitarska
et al, 2017). Under our experimental conditions, GST-Syb2 did
not bind isolated Muncl8-1 (Appendix Fig S7). Similarly, no
detectable binding was observed between GST-Syb2 and the
Muncl8-1/Syx1 complex (Fig 5B and C). Intriguingly, the pres-
ence of the MUN domain promoted binding of Syb2 to the
Munc18-1/Syx1 complex (Fig 5B and C), suggesting that the
MUN domain achieves the extension of domain 3a. Among the
mutants, the P335A mutant supported the interaction between
the Munc18-1/Syxl complex and GST-Syb2 in the presence of
the MUN domain (Appendix Fig S8). The KKEE mutant also
supported the interaction, but the QKAA and L348R mutants
failed (Fig 5B and C).

The binding defect caused by the L348R mutant was expected, as
L348 is contained in the Syb2-binding groove in domain 3a based
on the Vps33/Nyvl structure and biochemical data (Parisotto et al,
2014; Baker et al, 2015; Sitarska et al, 2017). Compared to L348, the
Q301 and K308 residues are distant from the Syb2-binding groove
(Fig EV4). Hence, the binding defect caused by the QKAA mutant
may arise from the abrogation of domain 3a extension. In conclu-
sion, the QKAA mutation impairs MUN activity in opening the Syx1
linker region, thereby impairing domain 3a extension.

Potential coupling and consequences of the two
conformational changes

The Muncl8-1 P335A and Syxl LEAA mutations were found to
promote the extension of domain 3a and the opening of the Syx1
linker region, respectively (Parisotto et al, 2014; Wang et al, 2017);
we next used the two mutants to investigate the potential coupling
and consequences of the two conformational changes during the
transition from the Munc18-1/Syx1 complex to the SNARE complex.
Based on the ensemble FRET assay described in Fig 1E, we
observed that the Syxl LEAA mutation facilitated the transition in
the presence of SN25 and Syb2 even when the MUN domain was
absent (Fig 6A and B). No obvious enhancement was observed with
further addition of the MUN domain (Fig 6A and B), suggesting that
the Syx1 LEAA mutant almost completely bypasses the need for the
MUN domain in the transition, leading to both the open of the Syx1
linker region and the extension of domain 3a. By comparison,
although the Munc18-1 P335A mutation also accelerated the transi-
tion in the presence of SN25 and Syb2 when the MUN domain was
absent (Fig 6A and B), this acceleration was moderate and could be
further enhanced by the MUN domain (Fig 6A and B) to a level
approximate to that resulting from the Syxl LEAA mutation. These

© 2020 The Authors

data suggest that Munc18-1 P335A only results in the extension of
domain 3a but does not lead to the open of the Syx1 linker region.
Consistent with these results, smFRET experiments showed that the
Syx1 linker region adopts a closed structure in Syx1 when bound to
P335A, and it went through a conformational change (closed to
open) upon the addition of the MUN domain (Fig 6C and D). These
results, together with those in Figs 4 and 5, suggest that (i) the
opening of the Syx1 linker region driven by the MUN domain repre-
sents an early event independent of the extension of domain 3a; and
(i) the opening of the Syx1 linker region leads to the extension of
domain 3a, but not vice versa.

Conformational flexibility of domain 3a

To date, no structural information has been reported for isolated
Muncl18-1, as Munc18-1 alone is prone to aggregate at high concen-
trations (above 40 uM) unless it is bound to Syx1. We observed that
the KKEE mutation, compared to the other mutations, dramatically
enhanced the solubility (up to 200 uM) of Muncl8-1 even in the
absence of Syx1, which allowed us to solve the crystal structure of
isolated Munc18-1 (KKEE). As the KKEE mutant behaves similar to
WT Muncl8-1 (Figs 3-5), this mutant provides an opportunity to
characterize the structural features of isolated Munc18-1. The crystal
structure was determined and refined to 3.4 A in resolution
(Table 1). The crystal contains two molecules per asymmetric unit,
with one molecule packed against the other via domain 3a (Fig 7A).
Compared to the bent structure of domain 3a observed in the WT
Munc18-1/Syx1 complex, domain 3a adopts an extended conforma-
tion in isolated Munc18-1 (KKEE) (Fig 7B), similar to that observed
in the structure of squid Secl, Munc18-2, or Munc18-1 carrying the
Syx4 N-peptide (Fig 7C). Superposition of these crystal structures
showed that they share the same secondary structure, yet domain 1
and domain 3a in the Muncl8 proteins are positioned at different
angles, reflecting the rotational motion of both domains (Fig 7D).
The intrinsic conformational flexibility of Munc18-1 is compatible
with the distinct conformations of Syx1l (multiple Munc18-1/Syx1
intermediates). This finding suggests that the bent conformation of
domain 3a is suited for binding to the closed Syx1 while the extend-
ing of domain 3a is more favorable once Munc18-1 no longer binds
the closed Syx1. In our crystallization trials, the intrinsic flexibility
of domain 3a allowed the preferential stabilization (dimerization) of
the extended structure of domain 3a promoted by crystal packing.
Hence, the structure is consistent with our notion that domain 3a is
capable of extending its conformation during the opening of the
Syx1 linker region.
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Figure 5. Munc13 promotes Syb2 binding to the Munc18-1/Syx1

complex.

A Schematic depiction of Syb2 binding to Munc18-1/Syx1 complex in the
presence of MUN domain. The extended instead of bent conformation of
domain 3a within the Munc18-1/Syx1 complex is compatible with Syb2
binding.

B Effects of the QKAA, KKEE, and L348R mutations on binding of Syb2 to
Munc18-1/Syx1 complex in the presence and absence of MUN domain
detected by GST pull-down assay. Bands of Munc18-1 are indicated with
red asterisks.

C Quantification of the normalized binding of Syb2 to Munc18-1/Syx1
complex. Integrated intensities of Munc18-1 bands were quantified. QKAA
and L348R, but not KKEE, disrupted Syb2 binding to the Munc18-1/Syx1
complex.

Data information: In B, a representative gel displayed is from one of three
independent replicates. In C, data are presented as mean values + SD, n = 3
technical replicates.

Source data are available online for this figure.

Domain 3a binds the open form of Syx1

According to the Vps33/Nyvl and Vps33/Vam3 binding modes
(Baker et al, 2015), the templating role of domain 3a in SNARE
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assembly would be associated with the interaction with the SNARE
motif of Syb2 and Syx1. With the opening of Syx1 and the extension
of domain 3a in the presence of the MUN domain, binding of the
SNARE motif of Syb2 to domain 3a is achieved (Fig 5); however,
whether domain 3a interacts with the open Syx1 (the SNARE motif
of Syx1, termed Syx1-H3) remains unexplored. The K332 and K333
residues are positioned at the bottom face of domain 3a adjacent to
Syx1-H3 (Fig 1A), implying the potential role of K332/K333 in medi-
ating the H3 interaction. Measurement of actual binding between
Muncl8-1 and the H3 monomer was hindered by the assembly of
the H3 tetramer in vitro (Misura et al, 2001). To solve this problem,
we reconstituted a ternary complex comprising Munc18-1 together
with Habc (residues 1-180) and H3 (residues 191-253) molecules
(Fig 8A). As expected, Syx1-H3 failed to bind isolated Muncl8-1 or
Habc, as detected by gel filtration (Fig EV5). Strikingly, Syx1-H3 inter-
acted simultaneously with Muncl18-1 and Habc yielding a ternary
complex (Fig 8B) with an elution volume similar to that of the
Munc18-1/Syx1 (2-253) complex (Fig 8C), indicating the globally
closed structure of Habc and H3 within the Muncl8-1/H3/Habc
complex (Fig 8A). Despite the architectural similarity, H3 in the
Munc18-1/H3/Habc complex can transit into the SNARE complex
upon the addition of SN25 and Syb2 in the absence of the MUN
domain (Appendix Fig S9), reflecting an open form of H3 in the ternary
complex. It is expected that this conformation of H3 resembles that of
the Munc18-1/Syx1 complex containing the Syx1 LEAA mutation.

We then explored whether domain 3a mutations influence the
assembly of H3 into the ternary complex. Similar to WT Munc18-1,
the QKAA and L348R mutants maintained interactions with both
Habc and H3, yielding a ternary complex (Fig 8D). However, the
KKEE mutant impeded the formation of the ternary complex, as
inferred from the remarkable lagging of the retention volume
compared to that of WT Muncl18-1 (Fig 8D). Note that the QKAA,
L348R, and KKEE mutants all supported the Habc interaction in the
absence of H3, similar to WT Munc18-1 (Fig 8E and F), suggesting
that the KKEE mutant specifically hindered the assembly of H3 into
the tertiary complex. Hence, these data identified an interaction
between domain 3a and Syx1-H3. Taken together, these results
suggest that K332/K333 constitutes a key site in domain 3a that
mediates binding to the open Syx1 (Fig 8G). This binding enables
Muncl18-1 to persistently associate with Syx1 during the conforma-
tional change of Syx1 from closed to open.

Finally, we also tested whether the three mutations affect the
interaction of Munc18-1 with the fully assembled SNARE complex.
We observed that the QKAA, L348R, and KKEE mutants all bound
the assembled SNARE complex as effectively as WT Munc18-1 using
GST pull-down experiments (Appendix Fig S10), confirming that
these mutations affect SNARE assembly in its early stage.

Discussion

Growing evidence indicates that Muncl8 and Muncl3 together
assemble SNARE complexes and hereby enable synaptic vesicle
exocytosis (Ma et al, 2011; Yang et al, 2015; Lai et al, 2017;
Wang et al, 2017; Kreutzberger et al, 2019). In this process, the
MUN domain of Muncl3 catalyzes the transition from the
Muncl18-1/Syx1 complex to the SNARE complex in the presence
of Syb2 and SN25 (Ma et al, 2011; Yang et al, 2015), but the

© 2020 The Authors
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Figure 6. Potential interplay between the two conformational changes of Munc18-1 domain 3a and Syx1 linker region.

A Ensemble FRET assay showing the different effects of the Munc18-1 P335A mutation and the Syx1 LEAA mutation in the transition from the Munc18-1/Syx1 complex
to the SNARE complex with and without the MUN domain. FRET signal between BODIPY FL-labeled Syb2 (donor) and TMR-labeled SN25 (acceptor) was monitored.

B Quantification of the FRET results in A.

C Single-molecule FRET assay showing the MUN domain drives the open of the Syx1 linker region independent of the conformational change of domain 3a. Example
histograms of smFRET efficiency of Syx1 bound to Munc18-1 P335A mutant in the absence and presence of the MUN domain.
D Quantitative results of the Gaussian peak center positions of the FRET efficiency distributions in C.

Data information: In B, data are presented as mean values + SD, n = 3 technical replicates. In D, data are presented as mean values £+ SEM, *P < 0.05; **P < 0.01, n = 3

technical replicates. Statistical significance was analyzed by Student’s t-test.

underlying molecular mechanism remains elusive. In this study,
by the combined use of biophysical and biochemical approaches
both in vivo and in vitro, we have revealed the mechanism by
which Muncl13 activates the Munc18-1/Syx1 complex and enables
domain 3a to prime SNARE assembly.

In this study, we identified that two conserved residues (Q301
and K308, located in helix H11 of the Munc18-1 domain 3a) are
essential for Muncl3-dependent SNARE complex assembly and
physiologically important for vesicle priming (Figs 1 and 2). Q301
and K308 mediate the interaction between the MUN domain and the
Munc18-1/Syx1 complex; this interaction is required for MUN activ-
ity in catalyzing the opening of the Syx1 linker region (Fig 4). It is
noteworthy that we cannot fully exclude the possibility that Q301
and K308 may also contribute to the activity of domain 3a in Syb2

© 2020 The Authors

binding, although the structural superposition of Muncl8-1 and
Vps33/Nyvl shows that the two residues are positioned at a
distance from the Syb2-binding groove (Fig EV4). Given that
domain 3a and the Syx1 linker region are spatially adjacent to each
other within the Munc18-1/Syx1 complex (Fig 1A), it is conceivable
that multiple sites alongside domain 3a and the Syx1 linker region
cooperate to form an ideal surface for MUN binding (Fig 9), render-
ing the MUN catalytic pocket (NF pocket, Yang et al, 2015) more
accessible to its binding target in the Munc18-1/Syx1 complex. In
line with this notion, previous studies found that the Syx1 linker
region also participates in MUN binding to the Munc18-1/Syx1
complex and MUN activity in catalyzing the opening of the Syx1
linker region (Yang et al, 2015; Wang et al, 2017). This cooperative
binding mode is in agreement with previous observations that the
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Table 1. Data collection and refinement statistics.

Crystal

Munc18-1¥KEE

Data collection

Space group

P4,

Resolution (A)?

50-3.4 (3.52-3.40)

Unit cell dimensions

a, b, c (A 80.5, 80.5, 247.7
o By () 90, 90, 90
No. of measured reflections 112,326

No. of unique reflections 21,586
Redundancy 5.2 (5.4)
Completeness (%) 100 (100)
(/s () 252 (2.2)
Rmerge 0.070 (0.593)
Wilson B-factor (A?) 1201
Refinement statistics

Resolution (A) 49.0-3.40
Ruord/Reree (%) 28.0/33.0
Number of Molecules per asymmetric unit 2

Number of atoms

Protein 7114

Average B value (A%

Protein 1351

R.m.s deviations

Bond lengths (A) 0.005

Bond angles (°) 0.834

Ramachandran plot

Most favored (%) 88.9
Allowed (%) 103
Outliers 0.8

“Highest shell data in parentheses.

MUN domain binds more specifically to the Munc18-1/Syx1 complex
than isolated Syx1 and that the MUN domain promotes SNARE
complex assembly starting from Syx1 bound to Muncl8-1 but not
from isolated Syx1 (Ma et al, 2011; Yang et al, 2015). It would be
expected that the interplay between Munc18-1 and Muncl13 in exocy-
tosis reflects a general principle of SM proteins and their partner teth-
ering complexes that contributes to most intracellular membrane
fusion events (Laufman et al, 2009; Wickner, 2010; Morgera et al,
2012; James & Martin, 2013; Baker & Hughson, 2016).

Although the opening of the Syx1 linker region and the extension
of domain 3a are required for MUN-catalyzed transition from the
Muncl8-1/Syx1 complex to the SNARE complex, however, the
mechanism underlying the two conformational changes remains
unclear. First, the smFRET data showed that the Syx1 linker region
has an intrinsic tendency to assume a stably closed structure, and
its conformational change (closed to open) is specifically driven by
the MUN domain regardless of the conformational change of
domain 3a (Figs 4 and 6). These data reinforce the notion that
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Muncl3 regulates exocytosis by neutralizing Syx1 autoinhibition
(Wang et al, 2017). Second, our ensemble FRET results suggest that
the opening of the Syx1 linker region leads to the extension of
domain 3a, but not vice versa (Fig 6). In line with this notion, the
structural data reveal that domain 3a exhibits more conformational
flexibility when Munc18-1 no longer binds to the closed Syx1 (Hu
et al, 2011; and Fig 7). Third, the observation that the MUN domain
promotes the interaction between the Munc18-1/Syx1 complex and
Syb2 (Fig 5) suggests that the MUN domain enables the extension
of domain 3a via driving the opening of Syxl. Altogether, these
results depict a coherent picture of how Muncl3 and Muncl8-1 act
together to achieve the opening of Syx1 and the extension of domain
3a.

Our results (Fig 5) combined with those of previous studies
(Parisotto et al, 2014; Sitarska et al, 2017; Jiao et al, 2018) have
demonstrated that L348 in the extended domain 3a mediates Syb2
binding. This binding, together with the interaction between
Muncl8-1 and Syx1-H3 (mediated by K332/K333 at the bottom of
domain 3a, Fig 8) collectively suggests domain 3a constitutes the
minimal unit responsible for associating both Syb2 and the open
Syx1. According to this model, the binding site corresponding to
K332/K333 in Syx1-H3 is located approximately at SNARE layer —4.
This leads us to suspect that the N-terminal end of Syx1-H3 (layers
—7 to —5) is not involved in binding to domain 3a, and this N-term-
inal end is likely to adopt a flexible conformation. In parallel, the N-
terminal end of the SNARE motif of Syb2 is not involved in binding
to domain 3a (Sitarska et al, 2017; Jiao et al, 2018). Hence, the N-
terminally flexible regions of both Syb2 and Syx1-H3 would be
available to accommodate SN25 entry, leading to N-terminal SNARE
assembly. From a structural point of view, the tight association of
most SNARE layers (layers —4 to +4) of Syx1-H3 within the
Munc18-1/Syx1 complex would force SNARE assembly to proceed
inside the central cavity of Muncl8-1. Structural fluctuations of
domains 1 and 3a allow the size of the central cavity of Munc18-1 to
become narrower or wider (Fig 7, Bar-On et al, 2011; Hu et al,
2011; Baker et al, 2013), with Habc becoming gradually detached
while Syx1 becomes progressively more open during SNARE assem-
bly. These lead to a hypothesis that Munc18-1 binds the SNARE
four-helical bundle via its central cavity. In contrast, previous stud-
ies reported an alternative Munc18-1/SNARE complex binding
mode, in which SNARE assembly proceeds with the extended
domain 3a facing away the central cavity of Munc18-1 (Parisotto
et al, 2014; Yu et al, 2018). Nevertheless, future investigations need
to solve the structures of the intermediate assemblies and to deter-
mine which mode is more physiologically relevant.

Altogether, we investigated the analyzed mutations, their protein
properties, and their sequential effects/performances in in vitro and
in vivo assays (Table 2) and elucidated the mechanism underlying the
roles of Munc18-1 and Munc13-1 in the early stage of vesicle priming.
First, autoinhibitions of the Syx1 linker region and the Munc18-1
domain 3a inhibit the activity of the Munc18/Syx1 complex in SNARE
assembly (Fig 9A). Second, the MUN domain binds to the Munc18-1/
Syx1 complex to initiate the opening of the Syx1 linker region (Fig 9B),
and as a consequence, the opening of the Syx1 linker region leads to
the extension of domain 3a; the two conformational changes cooperate
to activate the Munc18-1/Syx1 complex (Fig 9B). Third, the extended
domain 3a in the activated complex primes Syb2 and Syx1, which
further accelerates vesicle priming (Fig 9C). Fourth, the final entry of

© 2020 The Authors
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Figure 7. Crystal structure of Munc18-1 containing KKEE mutation.

A Ribbon diagrams of the structure of rat Munc18-1 containing the K332E/K333E mutation, two orientations rotating 90° with respect to each other were shown.
Two Muncl8-1 K332E/K333E molecules in an asymmetric unit pack against each other through helix—helix interaction in domain 3a.

B, C Structure alignment of domain 3a with various SM proteins. Crystal structure of domain 3a from rat Munc18-1 K332E/K333E was aligned and superposed with rat
Munc18-1 WT in complex with closed Syx1 (pdb entry: 3C98) (B), and with human Munc18-2 (pdb entry:4CCA), nSecl from squid (pdb entry:1FVH), and rat
Munc18-1 WT in complex with mouse Syx4 N-peptide (pdb entry: 3PUJ) (C).

D  The flexibility of SM proteins in domain 3a and domain 1. Structures of rat Munc18-1 WT in complex with closed Syx1, human Munc18-2, nSecl from squid, and
rat Muncl8-1 WT in complex with mouse Syx4 N-peptide were aligned and superposed with rat Munc18-1 K332E/K333E. Enlarged views of domain 3a and domain
1 are shown in dashed boxes.

Data information: Color codes are as follows: Munc18-1 (KKEE), orange; Munc18-1/Syx1, slate blue; human Munc18-2, yellow; nSecl from squid, green; Munc18-1/
Syx4 N-peptide, cyan.
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Figure 8. The Munc18-1 domain 3a constitutes a minimal template for Syx1 and Syb2.

Schematic depiction of a putatively tertiary Munc18-1/Habc/H3 complex.
Muncl18-1, Habc, and H3 construct a tertiary complex.
The tertiary complex globally resembles the Munc18-1/Syx1 complex.

Munc18-1 displays interaction with Syx1-Habc.
QKAA, KKEE, and L348R all retained interaction with Syx1-Habc.

O M mgOn @ >

Formation of the tertiary complex with Munc18-1 QKAA, KKEE, and L348R mutants. KKEE strongly impaired formation of the tertiary complex.

Cartoon illustration of the templating mechanism of domain 3a. The extended domain 3a (H11 and H12) binds to Syx1-H3 and Syb2 simultaneously. Color codes are

as follows: Munc18-1, light gray; Munc18-1 H11 and H12, cyan; Syx1-H3, blue; Syb2, red. Key binding sites (L348, K332, and K333) on the H12 are highlighted with

orange spheres.

Data information: All the proteins or protein complexes were analyzed on a Superdex 200 Increase 10/300 GL size-exclusion column.

Linker \

region

Habc

Syx1

Autoinhibited
Munc18-1/Syx1

Activated by MUN domain

Figure 9. Model of Munc18-1 and Munc13 in driving SNARE assembly.

Template for Syx1 and Syb2

Chaperone SNARE
complex assembly

A Autoinhibition of the Munc18-1/Syx1 complex. The closed Syx1 linker region and the bent Munc18-1 domain 3a render this complex inactivate, inhibiting Syx1
association with SN25 and Syb2.

B Activation of the Munc18-1/Syx1 complex by Munc13 MUN domain. The MUN domain catalyzes opening of the Syx1 linker region via binding to H11 of domain 3a
and Syx1 linker region, leading to a conformational flexibility of domain 3a (between bend and extension). The open Syx1 linker region and putative unstructured N-
terminal of Syx1-H3 are displayed by lemon green and blue dashed lines, respectively.

C Templating function of domain 3a. Assisted with Munc13 MUN domain, the extended domain 3a serves as a template for Syx1-H3 and Syb2 simultaneously, awaiting
SN25 entry and registering SNARE complex assembly at the N-terminus. Dashed lines indicate putative unstructured regions.

D SNARE complex assembly. Proceeding of SNARE four-helix bundle inside the central cavity of Munc18-1 to complete SNARE complex formation and membrane
fusion.

Data information: Color codes are as follows: Munc18-1, light gray; the Munc18-1 domain 3a, cyan; Syx1-Habc, orange; Syx1 linker region, lemon green; Syx1-H3, blue;

Munc13-1 MUN domain, brown; Syb2, red; SN25, green.

SN25 initiates N-terminal SNARE assembly, and the formation of the
SNARE four-helical bundle likely proceeds inside the central cavity of
Muncl8-1 (Fig 9D).

According to the Vps33/Vam3 and Vps33/Nyvl binding modes
(Baker et al, 2015), vesicle priming requires Munc18-1 to serve as a
template to allow Syb2 and Syx1 to associate (Parisotto et al, 2014;
Baker et al, 2015; Sitarska et al, 2017; Jiao et al, 2018). More recent
studies have revealed that Munc18-1 and Munc13 cooperate to form
a well-defined template for ensuring proper SNARE assembly (Wang
et al, 2019; Shu et al, 2020), in a fashion resistant to disassembly by
NSF/a-SNAP (Ma et al, 2013; He et al, 2017; Lai et al, 2017; Stepien
et al, 2019). In this study, we propose that a quadruple MUN/Syb2/
Munc18-1/Syx1 complex likely represents an intermediate during
SNARE complex formation (Fig 9C). Multiple interactions are
involved in this quadruple complex: (i) Syb2 interacts with domain
3a via its SNARE motif and with the MUN domain via its
membrane-proximal region (Parisotto et al, 2014; Baker et al, 2015;

© 2020 The Authors

Wang et al, 2019); (ii) Syx1 binds to Munc18-1 via its H3 and Habc
domains, and to the MUN domain via the linker region (Misura
et al, 2000; Yang et al, 2015; Wang et al, 2017); and (iii) Syx1-
bound Munc18-1 binds the MUN domain via domain 3a (via Q301/
K308 in helix H11). The finding of the multiple and reciprocal inter-
play among Munc18-1, Muncl3, Syx1, and Syb2 sheds new light on
the way in which SM proteins, tethering factors, and SNAREs coop-
erate to achieve regulated membrane fusion.

Materials and Methods

Plasmid constructions

Full-length rat Muncl18-1 (residues 1-594), rat Sytl cytoplasmic
domain C2AB (residues 140-421), and SNARE motifs of human
SN25 (SN1, residues 11-82; and SN2, residues 141-203) were
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cloned into pGEX-KG vector that includes an N-terminal thrombin
cleavable GST tag. Full-length rat Syb2 (residues 1-116) and its
cytoplasmic domain (residues 29-93), and rat Syxl cytoplasmic
fragment (residues 2-253) were cloned into pGEX-6P-1 vector. Full-
length human SN25 (with its four cysteines mutated to serines), C-
terminal 6 x His-tagged Syx1 (residues 2-253, with ternary muta-
tions of S95C/C145S/S171C), rat Munc13-1 MUN domain (residues
933-1,407, EF, 1,453-1,531), and Syx1 Habc domain (1-180) were
constructed into pET28a vector (Novagen). The Syx1 SNARE motif
(H3, residues 191-253) was cloned into pET-SUMO vector (Invitro-
gen). WT Muncl8-1/Syx1 (residues 1-288), Munc18-1/Syx1 (resi-
dues 2-253), and their mutants were constructed into pETDuet-1
vector (Novagen). All mutations were generated with Site-Directed
Mutagenesis Kit (Stratagene) from the corresponding wild-type frag-
ments. Rat Muncl13-1 C1-C2B-MUN fragment (residues 529-1,407,
EF, 1,453-1,531) was cloned into pFastBac™HT B vector (Invitro-
gen) and expressed in insect cells (Sf9) derived from Spodoptera
frugiperda as previously described (Ma et al, 2013).

For in vivo imaging assays, Munc18-1 and Syx1 cDNA sequences
were subcloned within vectors pEGFP-C1 (Clontech) and mCherry2-
C1 (Addgene), respectively, all into EcoRI/Sall sites of the vectors.
Enhanced green fluorescent protein (EGFP) and mCherry2 protein
serving as indicators of transfected cells were co-expressed with
Munc18-1 and Syx1, respectively.

To knock down the expression of Muncl8-1 in primary
cultured mouse cortex neurons, we expressed short hairpin RNA
(shRNA) to silence the expression of Muncl8-1. A 6-nucleotide
sequence (CCATGG) was used as a linker to connect inverted
repeated nucleotide sequences (GTCTGTCCACTCTCTCATC)
(Arunachalam et al, 2008). We performed annealing step to
generate 55 base-pair oligonucleotides containing sense and anti-
sense of the target sequences. Next, the oligonucleotides were
introduced into a lentiviral vector (L309) digested by restriction
enzymes Xhol and Xbal downstream of H1 promoter. Muncl8-1
WT and mutant sequences were inserted into the BamHI/EcoRI
sites downstream of the UbC promoter. To protect mRNA tran-
scripts transcribed from the Muncl8-1 rescued plasmids from
being degraded, five silent nucleotide mutations were introduced
into Munc18-1 gene (G246A, T249C, C255T, T258C, and C264T).
For overexpression of Muncl8-1 in WT background neurons,
Muncl8-1 WT and mutant sequences were inserted into the
BamHI/EcoRI sites downstream of the UbC promoter of L309
vector directly.

Recombinant protein expression and purification

All recombinant proteins except for Munc13-1 C1C2BMUN fragment
were expressed in Escherichia coli BL21 (DE3) with growing cells to
an optimal density at 600 nm (ODgqo) of 0.8 at 37°C and induced by
0.4-0.5 mM isopropyl-B-D-thiogalactoside (IPTG) at 16°C or 20°C.
All proteins were purified as described previously (Ma et al, 2013;
Yang et al, 2015; Wang et al, 2017). In brief, GST-fused proteins
bound to glutathione Sepharose 4B (GE Healthcare) affinity media
were digested by thrombin and GST-fused PreScission Protease or
eluted with 20 mM reduced v-glutathione for GST pull-down experi-
ments. Eluted proteins were loaded onto size-exclusion chromatog-
raphy system (GE Healthcare) for further purification. Hexa-
histidine-tagged proteins bound to Nickel-NTA agarose affinity
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media (Qiagen) were eluted with buffer containing 300 mM imida-
zole and further purified by size-exclusion chromatography.

For Muncl8-1 purification, cultured cells were harvested by
centrifuging at 5,000 g with a JS-4.2 rotor (Beckman Coulter) for
20 min at 4°C and re-suspended in phosphate-buffered saline (PBS)
at pH 7.4. Cells were lysed by an AH-1500 Nano Homogenize
Machine (ATS Engineering Inc.) with PBS buffer supplied with
1 mM phenylmethanesulfonyl fluoride (PMSF, Amresco), 5 mM
1,4-dithio-DL-threitol (DTT), and 1 mM EDTA (with pH adjustment
to 8.0 by NaOH) for three times at 800-1,000 bar at 4°C. Super-
natants were separated after centrifuging at 31,000 g in a JA-25.50
rotor (Beckman Coulter) at 4°C for 30 min. GST-Muncl8-1 super-
natants were incubated with glutathione Sepharose 4B affinity
media, rotating for 3 h at 4°C. The bead-bound proteins were
washed extensively with buffer containing 20 mM Tris-HCl (pH
8.0), 1 M NaCl, 10% (v/v) glycerol, and 5 mM DTT. For removing
GST tag, 10 U/ml of thrombin was incubated with media in buffer T
(20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% (v/v) glycerol, and
5 mM DTT) overnight at 4°C. Further purification was performed
on a Superdex 200 16/600 column (GE Healthcare).

Native-PAGE assay

Purified Munc18-1 were incubated with Syx1 (residues 2-253) with
a protein-to-protein ratio of 1.2:1 overnight at 4°C to form Munc18-
1/Syx1 complex efficiently. Then, Munc18-1/Syxl complex was
mixed with the Syb2 (29-93) and SN25 in the absence or presence
of Muncl3-1 MUN domain at 30°C for 2 h (final concentration of
proteins: Munc18-1/Syx1, 3 uM/2.5 uM; Syb2 and SN25, 10 uM;
MUN domain, 30 pM). 8 ul samples were mixed with 2 pl
5 x native loading buffer and injected into the well of 15% non-
denaturing polyacrylamide gel (native gel). Native gel was prepared
without SDS to maintain the activity of proteins. Subsequently, elec-
trophoresis was carried out with constant current 20 mA per gel at
4°C for 2 h. Gels were stained with Coomassie Brilliant Blue, and
bands of Munc18-1/Syx1 were quantified with ImageJ (NIH).

Ensemble FRET experiment

Syb2 (residues 29-93, with mutation of S61C) and SN25 (with
native cysteines mutated to serines and Q197C mutation) were
labeled with donor-dye BODIPY FL-maleimide (Molecular Probes)
and acceptor-dye tetramethylrhodamine-5-maleimide, single isomer
(TMR, Molecular Probes) respectively. Purified proteins were mixed
with dyes with a protein-to-dye ratio of 1:5 in buffer H (25 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.4,
150 mM KCl, 10% glycerol (v/v)), gently rotated overnight at 4°C in
the dark. The reactions were stopped with addition of 10 mM DTT,
and excess dyes were removed using PD-10 desalting columns (GE
Healthcare) with buffer H. To monitoring the transition of Munc18-
1/Syx1 complex to the SNARE complex by Munc13-1 MUN domain,
co-expressed Muncl8-1/Syx1 (2-253) WT or mutants with final
concentration of 10 pM were mixed with 10 uM TMR-labeled SN25
and 2 uM BODIPY FL-labeled Syb2 in the absence or presence of
30 pM MUN domain. For monitoring the transition of Munc18-1/
Syx1 with Syx1 LEAA mutation or Munc18-1 P335A mutation to the
SNARE complex, Muncl8-1 and Syx1l were pre-incubated with a
ratio of 1.5:1 at 4°C overnight to form Munc18-1/Syx1 complex
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Table 2. Summary of functional performance of Munc18-1 mutants in
various assays.

M18/Syx
complex
Function
analysis WT

K332E/
K333E

Q301A/

K308A P335A L348R

MUN-catalyzed + - - + —
transition to the

SNARE complex

(native PAGE)

MUN-catalyzed + - - + —
transition to the

SNARE complex

(FRET)

Liposome fusion + — - N/A -
(lipid mixing)

Synaptic vesicle + — - + —
exocytosis (cellular
electrophysiology)

M18 and Syx1 + + + N/A +
transport (confocal
imaging)

Interaction with + + + N/A +
Syx1 (GST pull-
down)

Opening Syx1 + — + + +
linker region

(single-molecule

FRET)

Interaction with + — + + —
Syb2 in the

presence of MUN

(GST pull-down)

Formation of M18-  + + - N/A +
1/H3/Habc
complex (gel

filtration)

Interaction with + + + N/A +
the assembled

SNARE complex

(GST pull-down)

+, positive; —, negative; N/A, not applicable.

efficiently. 5 utM Munc18-1/Syx1 complex was mixed with 5 pM
TMR-labeled SN25 and 2 uM BODIPY FL-labeled Syb2 with or with-
out 20 pM MUN domain. All ensemble FRET assays were performed
by a QM40 spectrofluorometer (Photon Technology Incorporated)
with an excitation wavelength of 485 nm and monitored an emis-
sion wavelength at 513 nm at 30°C in 1-cm quartz cuvette. FRET
efficiency was analyzed with the formula: E = (Fp — Fops)/
Fy x 100% (E: FRET efficiency; Fy: the initial fluorescent intensity;
Fops: the observed fluorescent intensity). Each experiment was
repeated at least three times.

Liposome fusion assay
Lipid powders (all obtained from Avanti Polar Lipids) were

dissolved with chloroform at final concentration of 10 mg/ml,
except for PIP2 was dissolved in a mixture of chloroform:methanol:
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water (20:9:1) at concentration of 1 mg/ml. All lipids were stored at
—20°C. Lipid mixtures were dried with nitrogen gas and further
incubated in vacuum for at least 3 h at room temperature in the
dark. Lipid films were re-suspended in buffer H supplied with
0.2 mM Tris(2-Tris (2-carboxyethyl)phosphine (TCEP, Sigma-
Aldrich) and 1% CHAPS (w/v, Amresco). For lipid-mixing assays
using Munc18-1/Syx1 liposomes, lipids were mixed at the proper
ratio as indicated below with total lipid to a final concentration of
5 mM. Donor liposomes (v-liposome, reconstituted with Syb2 (resi-
dues 1-116)) contain 60% POPC, 17% POPE, 20% DOPS, 1.5%
NBD-PE, 1.5% Rhodamine-PE, and acceptor liposomes (t-liposome,
reconstituted with Munc18-1/Syx1 (residues 1-288)) contain 58%
POPC, 15% POPE, 20% DOPS, 2% PIP2, and 5% DAG. Purified
proteins were added with protein-to-lipid ratio of 1:500 for v-lipo-
somes and 1:1,000 for t-liposomes, respectively. After incubation on
the ice for 1 h, lipid—protein mixtures were dialyzed against buffer
H supplied with 1 mM DTT three times at 4°C, and 1 g/l Bio-Beads
SM2 (Bio-Rad) was added at the last time to remove the detergent
extensively. The v-liposomes (0.25 mM lipids) were mixed with t-
liposomes (0.5 mM lipids) in a total volume of 60 pl in the presence
of 2 uM Sytl C2AB fragment, 1 mM Ca**, with or without 5 uM
SN25, and with or without 1 uM C1-C2B-MUN (as indicated in the
figure charts). All lipid-mixing assays were carried out at 30°C in a
1-cm quartz cuvette and monitored by measuring donor (NBD:
emission at 538 nm; excitation at 460 nm) fluorescence using a QM-
40 spectrophotometer. Raw data were normalized to the fluores-
cence intensity after addition of 6 pul 10% CHAPS (w/v). Each exper-
iment was repeated at least three times.

GST pull-down assay

For monitoring the interaction between Syxl and Munc18-1, 3 M
N-terminal GST-tagged Syxl (2-253) and 6 pM Muncl8-1 WT or
mutants were incubated with 10 pl glutathione Sepharose 4B affin-
ity media in a final volume of 100 pl in buffer H. The mixtures were
gently rotated at 4°C for 2 h. After being washed extensively with
buffer H for three times, SDS-loading buffer was added and samples
were then boiled at 100°C for 10 min and analyzed by SDS-PAGE
followed by Coomassie Brilliant Blue staining.

For detecting the interaction between Muncl8-1/Syx1 and
Muncl3-1 MUN domain, 5 uM GST-Syx1 (residues 2-253) was
immobilized on glutathione Sepharose 4B affinity media and incu-
bated with 6 pM Munc18-1 to form Munc18-1/Syx1 complex for 2 h
at 4°C. 10 uM MUN domain (recombined with hexa-histidine tag for
immunoblotting) was added to the mixture to a final volume of
100 ul with buffer H. After gently shaking for 3 h at 4°C, the
samples were washed 3 times using buffer H and analyzed with
SDS-PAGE followed by immunoblotting using 6 x His-tag mouse
monoclonal antibody (Proteintech #66005-1-Ig) and GST-tag rabbit
polyclonal antibody (Proteintech #10000-0-AP).

For monitoring the interaction between Syb2 and Munc18-1/
Syx1 in the presence or absence of MUN domain, Munc18-1 WT or
mutants were pre-incubated with Syx1, respectively, with a protein-
to-protein ratio of 1:1.5 overnight at 4°C to form Munc18-1/Syx1
sufficiently. 3 uM GST-Syb2, 5 uM Muncl18-1/Syx1, and 10 pM
MUN domain (if applicable) were mixed with 10 pl glutathione
Sepharose 4B affinity media to a final volume of 100 ul in buffer H
containing 0.05% Triton X-100 (v/v). After gentle rotation for 4 h at
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4°C, beads were washed three times with buffer H. Samples were
analyzed by SDS-PAGE, and the quantification of Munc18-1 bands
was acquired by ImageJ (NIH).

For detecting the interaction between Syb2 and Munc18-1, 2 pM
GST-Syb2 and 5 uM Munc18-1 WT or mutants were incubated with
10 pl glutathione Sepharose 4B affinity media in a final volume of
100 ul in buffer H. After gently shaking for 3 h at 4°C, samples were
washed three times using buffer H and analyzed with SDS-PAGE
followed by Coomassie Brilliant Blue staining.

To detect the interaction between Muncl8-1 and SNARE
complex, SNARE complex was prepared with 5 uM GST-SN1, 6 uM
SN2, 6 uM Syb2 (residues 29-93), and 5 uM Syx1 (residues 2-253)
and incubated with 10 pl glutathione Sepharose 4B affinity media
overnight at 4°C. Beads were washed with buffer H to remove the
excess proteins. 10 pM purified Munc18-1 WT and mutants were
added to the mixture and incubated at 4°C for 4 h. Extensive wash-
ing was performed with buffer H. Samples were analyzed by SDS-
PAGE followed by Coomassie Brilliant Blue staining.

Analytical size-exclusion chromatography

To identify formation of Munc18-1/Habc/H3 and Muncl18-1/Habc
complex, 12 pM Munc18-1 and 120 pM Syx1 Habc domain were
mixed in the presence or absence of 60 uM SUMO-H3 in a total
volume of 200 pl in buffer H. To detect the binding of Munc18-1/H3
or Habc/H3 complex, 60 uM SUMO-H3 was mixed with 12 uM
Munc18-1 or 120 uM Syx1 Habc domain in a total volume of 200 ul
in buffer H. Samples were incubated at 16°C for 4 h and loaded onto
a Superdex 200 Increase 10/300 GL size-exclusion column. All
experiments were performed on AKTA pure (GE Healthcare).

SNARE complex formation with the Munc18-1/Habc/H3 complex

To detect SNARE complex assembly from the Munc18-1/Habc/H3
complex, 2 pM Munc18-1/Habc/H3 complex, 5 uM SN1, 5 pM SN2,
and 10 pM Syb2 were mixed in a total volume of 10 ul in buffer H
at 30°C for 1 h. Samples were analyzed by SDS-PAGE followed by
Coomassie Brilliant Blue staining.

Protein crystallization, data collection, and
structure determination

Purified Munc18-1 K332E/K333E protein in buffer 20 mM Tris-HCI
pH 8.0, 100 mM NaCl, 5 mM DTT was concentrated to 12 mg/ml
for crystal screen. Crystallization trays were set up using the vapor
diffusion method at 16°C with the hanging drop by mixing protein
with an equal volume of reservoir solution. Crystals were grown in
4 M ammonium acetate, 0.1 M sodium acetate trihydrate pH 4.6,
and grew to full size after 24 h. Before flash-freezing in liquid nitro-
gen, crystals were soaked in cryo-protection buffer containing 20%
glycerol (v/v) for 30 s. All diffraction data were collected on beam-
line BL18U (Shanghai Synchrotron Radiation Facility) at 100 K. The
data sets were processed with HKL3000 (HKL Research, Inc.). The
primary structure of Muncl18-1 K332E/K333E was determined by
molecular replacement using the Phaser (McCoy et al, 2007). The
structure of Munc18-1 bound to Syx4 N-peptide (PDB ID code 3PUJ,
chain A) was used as the starting model. The missing residues were
built manually with Coot (Emsley et al, 2010) according to |F,| — |
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F,| and 2|F,| — |F¢| maps. Then, the refinement was carried out with
phenix refinement program. Structure graphics were prepared using
Pymol (Schroddinger).

Single-molecule FRET experiment (SmFRET)

Standard procedure has been described elsewhere (Wang et al,
2017). Homemade chamber for total internal reflection (TIR)
smFRET contains a 25 x 75-mm size, 1-mm-thick glass slide and a
24 x 50-mm size, 0.13-0.16-mm-thick glass coverslip. A number of
holes on the slide were drilled by 0.8 mm diamond drill to make
four channels for each chamber (Diao et al, 2012). The coverslips
and drilled slides were first washed by sonication in 5% Alconox
(Aldrich) for 30 min at 60 W power followed by sonication in
acetone for additional 10 min and 1 M NaOH for 1 h at a power of
60 W. After extensively rinsing by deionized water, the slides and
coverslips were soaked into methanol followed by burning on an
alcohol burner to extinct any potential organic chromophores.
Cleaned slides and coverslips were stored at room temperature in
50-ml centrifuge tubes before using.

Siliconization of the slides and coverslips were achieved by incu-
bating in 100 ml methanol, 5 ml acetic acid, and 1 ml N-[3-
(trimethoxysilyl)propyl]ethylenediamine (Aladdin) for 20 min in
the dark. After extensive washing with deionized water and drying
under nitrogen flow, the slides and coverslips were modified with
mPEG-succinimidyl valerate, MW 5,000 (mPEG-SVA, Laysan Bio),
and succinimidyl valerate-mPEG-succinimidyl valerate, MW 5,000
(SVA-PEG-SVA, Laysan Bio) dissolved in 0.1 M NaHCO; with a ratio
of 9:1. Another round of modification using HBS7.6 (25 mM HEPES-
K* pH 7.6, 150 mM KCl) dissolved N,,N,-bis(carboxymethyl)-L-
lysine (Sigma-Aldrich) was also included in order to immobilize
hexa-histidine-tagged proteins. Modified slides and coverslips were
rinsed with deionized water, dried under nitrogen flow, and stored
at room temperature in 50-ml centrifuge tubes with nitrogen as
blanket gas.

The imaging chamber contains a pair of slide and coverslip. The
double-sided sticky tape was used as spacers for each channel. The
chamber was finally sealed by epoxy. For the purpose of hexa-histi-
dine-tagged protein immobilization, each channel was first activated
by 0.5 M NaOH, followed by extensive washing with TBS300
(20 mM Tris-HCI pH 8.5, 300 mM NaCl). To increase the specificity,
CoCl, (Sigma-Aldrich) was applied as chelated metal ions. All
smFRET measurements were performed in imaging buffer (25 mM
HEPES-K* 150 mM KCl, supplied with oxygen scavenger (20 units/
ml glucose oxidase (from Aspergillus niger, Sigma-Aldrich),
1,000 units/ml catalase (from bovine liver, Sigma-Aldrich), and 1%
(w/v) glucose)) to minimize photobleaching.

Purified Syx1 (S95C/C145S/S171C) were labeled stochastically with
Alexa Fluor 555 C2 maleimide and Alexa Fluor 647 C2 maleimide
(both from Invitrogen) with a protein-to-dye ratio of 1:5 in buffer H,
gently rotated overnight at 4°C in the dark. Free dyes were removed
using PD-10 desalting columns with buffer H. Munc18-1/Syx1 complex
was prepared by mixing purified Muncl8-1 and fluorescent-labeled
Syx1 with a molar ratio of 2:1 at 4°C overnight. During the experiment,
Syx1 was diluted to a final concentration of 0.5 uM and loaded into
the imaging chamber. After incubation for 30 min at room tempera-
ture, the imaging buffer was used to wash out remnant unbound
proteins. For experiments using double-labeled Syx1, 10 uM SN25,
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10 uM Syb2, and/or 30 uM Muncl3-1 MUN domain were added as
indicated in the figure charts or legends.

Total internal reflection (TIR) imaging was achieved by using a
100 x TIRF objective (NA 1.49, Nikon) on a Nikon Ti2 inverted
microscope equipped with an electronic motored TIRF illuminator,
a beam splitter with Cy3/CyS5 filter cube (Carin-Research OptoSplit
1), an EMCCD camera (Andor iXon DU987), and a Sapphire 532 LP
(100 mW, Coherent) solid-state laser. Image acquisition was
achieved by the software Single (version 0.4, by Taekjip Ha, http://
ha.med.jhmi.edu/resources/). The exposure time for each frame
was set to 100 ms and 200 frames were acquired for each observed
fields. IDL 8.2 (Exelis Visual Information Solutions) and MATLAB
R2010b (MathWorks) were used for data processing and analysis,
and source codes are from Taekjip Ha’s smFRET data analysis pack-
age.

Confocal imaging

HEK293T cells (CRL-11268, ATCC) were grown at 37°C and 5%
CO, in a humidified atmosphere incubator (Thermo). The culture
medium contained Dulbecco’s modified Eagle’s medium (Gibco),
10% fetal bovine serum, and penicillin-streptomycin (50 and
50 pg/ml). After being cultured in glass-bottom dishes (NEST,
801001) for 12 h, HEK293T cells were transfected or co-trans-
fected with EGFP-Munc18-1 or/and mCherry2-Syx1. Lipophilic dye
DiD (Invitrogen, D7757, 10 mM in ethanol) was diluted to the cell
suspension (in DMEM) to a final concentration of 10 uM. After
an incubation of 20 min at 37°C, cells were washed twice with
PBS and kept in the dark at room temperature until analysis.
Images were acquired by using a Nikon C2 confocal microscope
equipped with a 60 x oil-immersion objective after cells were
transfected for 24 h. For statistical calculation, we obtained the
interception pictures (using Adobe Photoshop CS6 software) of
cells that were both expressed EGFP-Muncl8-1 and mCherry2-
Syx1 and marked with DiD. One interception picture contains one
to three intact cells. Our statistical results are derived from further
data processing of these cell interception pictures. Image detection
and segmentation were achieved by using home-written MATLAB
scripts (version 2010b). In brief, the script detects DiD-positive
region as plasma membrane (PM) and makes a mask for detect-
ing EGFP-Muncl8-1 and mCherry2-Syxl on plasma membrane.
Next, using morphological processing, the PM-mask is filled as
total cell-mask (Total) for detecting EGFP-Munc18-1 and mCher-
ry2-Syx1 in total cell. Finally, the fluorescent intensities of EGFP-
Muncl8-1 and mCherry2-Syx1 are integrated according to the
masks. The PM-distribution ratio is given by:

_ Ipm
T(PM/Total) = m
otal

where I represents the integrated fluorescent intensity of EGFP or
mCherry2; PM, plasma membrane. The source MATLAB script for
data processing is available upon requisitions.

Neuron culture

The dissociated cortical neurons were prepared from PO pups, as
described previously (Wang et al, 2017). Briefly, mouse cortex were
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dissected from postnatal day 0 (P0) of WT mice, dissociated by
0.25% trypsin digestion for 12 min at 37°C, plated at a density of
80,000 per circular glass coverslips (12 mm diameter) coated with
poly-L-lysine (Sigma), and cultured in MEM (GIBCO) supplemented
with 2% (v/v) B27 (GIBCO), 0.5% (w/v) glucose, 100 mg/! transfer-
rin, 5% (v/v) fetal bovine serum, and 2 mM Ara-C (Sigma).
Neurons were grown at 37°C, 5% CO, in a cell incubator (Thermo).

All animal procedures were performed in accordance with South-
Central University for Nationalities animal use rules and the requi-
site approvals of animal use committees.

Lentiviruses preparation

Lentiviral expression vectors and three helper plasmids (pRSV-
REV, pMDLg/pRRE, and pVSVG) were co-transfected into HEK293T
cells. The transfections were carried out using the polyethylenimine
(PEI) method with the ratio at PELpFUGW:pVSVg:RRE:
REV = 24:3:1:2:2. The virus-containing medium was harvested at
48 hours after transfection and subsequently pre-cleaned with a
1,000 g centrifuge and a 0.45 um filtration (Millipore). The virus-
containing medium was overlaid on a sucrose-containing buffer
(50 mM Tris-HCI pH 7.4, 100 mM NacCl, 0.5 mM EDTA) at a 4:1 (v/
v) ratio and centrifuged at the indicated RCF at 4°C. After centrifu-
gation, the supernatant was carefully removed, and the tube was
placed on the tissue paper for 3 min. PBS buffer was added to the
semi-dried tube for re-suspension, and then, the tube was placed in
the 4°C fridge with a cover for recovery overnight. All steps were
performed under level II biosafety conditions. Neurons were
infected with lentiviruses at days in vitro (DIV) 4-6 and electro-
physiological analyzed at DIV 13-14.

The expression of Munc18-1 and its mutants in neurons at DIV
13-14 was quantitated by Western blotting using Munc18-1 anti-
body (rabbit polyclonal antibody, Proteintech #11459-1-AP).

Electrophysiological recordings

Electrophysiological recordings were performed in whole-cell patch-
clamp mode using concentric extracellular stimulation electrodes as
described previously (Wang et al, 2019). Patch pipettes were pulled
from borosilicate glass capillary tubes (World Precision Instruments,
Inc.) using a P-97 pipette puller (Sutter). The resistance of pipettes
filled with intracellular solution varied between 3 and 5 MOhm. The
whole-cell pipette solution contained 120 mM CsCl, 10 mM HEPES,
10 mM EGTA, 0.3 mM Na-GTP, 3 mM Mg-ATP, and 5 mM QX-314
(pH 7.2, adjusted with CsOH). The bath solution contained 140 mM
NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 10 mM HEPES-NaOH,
and 10 mM glucose (pH 7.4). IPSCs were pharmacologically isolated
by adding the AMPA and NMDA receptor blockers CNQX (20 uM)
and AP-5 (50 uM) to the extracellular solution. AP-5 (50 uM) and
the GABAA-receptor blockers picrotoxin (100 M) were added to
the extracellular solution to isolate EPSCs. Synaptic currents were
monitored with an EPC10 amplifier (HEKA). Spontaneous mIPSCs
and mEPSC were monitored in the presence of tetrodotoxin (TTX,
1 uM) to block action potentials. Miniature events were analyzed in
Clampfit 10 (Molecular Devices) using the template matching search
and a minimum threshold of 5 pA and each event was visually
inspected for inclusion or rejection by an experimenter blind to the
recording condition. Single extracellular stimulus pulses (90 pA,
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1 ms) were controlled with a Model 2100 Isolated Pulse Stimulator
(A-M Systems, Inc.) for all evoked IPSCs measurements. The evoked
IPSCs were monitored in the addition of 50 uM AP-5 and 20 uM
CNQX to the bath solution. The sucrose-evoked release was trig-
gered by a 30-s application of 0.5 M sucrose to the bath solution
which also contained AP-5, CNQX, and TTX. All data were analyzed
in Clampfit 10 (Molecular Devices).

Immunostaining

Mouse cortical neurons infected with various lentiviruses were fixed
in 4% paraformaldehyde and permeabilized with 0.2% Triton X-
100, incubated with anti-Munc18-1 (rabbit polyclonal antibody,
Proteintech #11459-1-AP), and anti-synapsinl (mouse monoclonal,
Santa Cruz # sc-398849) primary antibodies in PBS with 5% BSA,
washed, and visualized using Alexa Fluor-488 goat anti-mouse and
Alexa Fluor-546 goat anti-rabbit secondary antibodies (Molecular
Probes). Primary antibodies anti-synapsinl were used to mark
synapse. Images were acquired by using a Nikon C2 confocal micro-
scope equipped with a 60 x oil-immersion objective. Identical
settings were applied to all samples in each experiment. Synapse
size and number were analyzed by ImageJ (NIH).

Statistical analysis

Prism 6.01 (GraphPad) was used for statistical tests, all of which are
described in figure legends.

Data availability

The crystal structure of rat Munc18-1 with K332E/K333E mutation
solved in this study is available in Protein Data Bank (PDB, http://
www.wwpdb.org) with an accession code of 6LPC.

Expanded View for this article is available online.
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