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Neurotransmitter release of synaptic vesicles relies on the assembly of the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) complex, consisting of syntaxin and SNAP-25
on the plasma membrane and synaptobrevin on the synaptic vesicle. The formation of the SNARE
complex progressively zippers towards the membranes, which drives membrane fusion between the
plasma membrane and the synaptic vesicle. However, the underlying molecular mechanism of SNARE
complex regulation is unclear. In this study, we investigated the syntaxin-3b isoform found in the
retinal ribbon synapses using single-molecule fluorescence resonance energy transfer (smFRET) to
monitor the conformational changes of syntaxin-3b that modulate the SNARE complex formation. We
found that syntaxin-3b is predominantly in a self-inhibiting closed conformation, inefficiently forming
the ternary SNARE complex. Conversely, a phosphomimetic mutation (T14E) at the N-terminal region
of syntaxin-3b promoted the open conformation, similar to the constitutively open form of syntaxin
LE mutant. When syntaxin-3b is bound to Munc18-1, SNARE complex formation is almost completely
blocked. Surprisingly, the T14E mutation of syntaxin-3b partially abolishes Munc18-1 regulation,
acting as a conformational switch to trigger SNARE complex assembly. Thus, we suggest a model
where the conformational change of syntaxin-3b induced by phosphorylation initiates the release of
neurotransmitters in the ribbon synapses.

Neurotransmission in the retina is an essential process of vision, where light captured by photoreceptors is trans-
duced into electrical signals to modulate the release of neurotransmitters at specialized ribbon synapses. Ribbon
synapses contain a synaptic ribbon, which is a large, proteinaceous, horseshoe-shaped structure anchored to the
plasma membrane and tethered by many synaptic vesicles on the surface!=>. Similar to conventional synapses,
neurotransmitters are released at the active zone through a Ca?* dependent exocytosis of synaptic vesicles within
the plasma membrane®. However, ribbon synapses release neurotransmitters in a slow and graded manner!~.
The presynaptic active zone contains essential fusion machineries such as the soluble N-ethylmaleimide-sensitive
factor attachment receptor (SNARE) proteins®~’. Conventional SNAREs consist of SNAP-25 and syntaxin-1 on
the plasma membrane and synaptobrevin-2 on the synaptic vesicle, forming a stable four-helix bundle, i.e., the
SNARE complex, which allows the synaptic vesicle and the plasma membrane to be in close proximity, permitting
membrane fusion®®. The ribbon synapses that reside in the retina also contain SNAP-25 and synaptobrevin-2,
yet lack syntaxin-1. Instead, it has been shown that the ribbon synapses are mainly localized with the syntaxin-
3b isoform!%-13,

Genetic studies have identified four different isoforms of syntaxin-3 (syntaxin-3a, 3b, 3¢, and 3d) which have
been generated by splice variants of the mouse syntaxin-3 gene'®. Syntaxin-3a and -3b have identical N-termini
consisting of an N-terminal peptide, a three a-helical bundle called the Habc domain, and a linker region, but
differ in the SNARE motif and the C-terminal transmembrane domain. Syntaxin-3c and -3d do not contain the
SNARE motif nor the transmembrane domain, and therefore are unlikely to form the ternary SNARE complex.
Structural studies have identified syntaxin-1a in two conformations. The first is where the Habc domain of
syntaxin-1a folds back to the SNARE motif in a closed conformation bound to Sec1/Munc18-like (SM) protein
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Munc18-1, and the second is the open conformation of syntaxin-1a, forming ternary SNARE complex with
SNAP-25 and synaptobrevin-2'*"'%. Despite the similar domain structure between syntaxin-1a and syntaxin-
3b, the latter was observed to be less fusogenic, illustrated using a reconstituted membrane fusion assay’®. This
property is due to the lower binding affinity of SNAP-25 for syntaxin-3b when compared to syntaxin-1la. Later
studies found that phosphorylation at residue 14 of syntaxin-3b by the Ca?*/calmodulin-dependent protein kinase
I (CaMKII) increased the binding with SNAP-25, promoting efficient assembly of binary t-SNARE complex'2.

Munc18-1 is a SNARE chaperone that helps facilitate SNARE complex formation as well as regulate the
process via inhibiting SNARE complex assembly by locking syntaxin-1a in a closed conformation. The closed
conformation of syntaxin-la by Munc18-1 is later catalyzed by the priming factor Munc13-1 to transition to
the open conformation, allowing SNARE complex formation '>!°-2!. A mutation in the linker region connecting
the Habc and the SNARE motif, referred to as the LE mutant (L165A, E166A), was found to bypass the require-
ment of Munc13-1 to transition from the closed conformation, locked by Munc18-1, to the open conformation,
permitting ternary SNARE complex formation when SNAP-25 and synaptobrevin are introduced in vitro'>.

Here, we applied single-molecule fluorescence resonance energy transfer (smFRET) to directly monitor the
conformational dynamics of syntaxin-3b during SNARE complex formation. smFRET is capable of distinguish-
ing heterogeneous populations and intermediates of protein conformations, which are typically lost in ensemble
measurements due to averaging behavior. We found that almost 90% of syntaxin-3b molecules are in the closed
conformation, preventing binary t-SNARE complex formation with SNAP-25. The closed population decreased
to about 50% when a phosphomimetic mutation (T14E) was introduced and is further decreased in the LE
mutation of syntaxin-3b. Even in the presence of Munc18-1, both the syntaxin-3b T14E mutant and LE mutant
were unable to transition back to the closed conformation, permitting binary t-SNARE complex formation with
SNAP-25. This agrees with previous findings where phosphorylation operates as a conformational switch of
syntaxin-3b to promote SNARE complex assembly.

Results

Syntaxin-3b is predominantly in the closed conformation. Like many other syntaxins, syntaxin-3b
consists of an N-terminal peptide, the Habc domain, a linker region, the SNARE motif, and a transmembrane
region (Fig. 1A)*. The structure of full-length syntaxin-1a has been difficult to determine due to the unstruc-
tured linker region between the N-terminal Habc domain and the SNARE motif, permitting an ensemble of
native state conformations. However, syntaxin-la adopts a closed conformation when bound to Muncl8-1,
where the Habc domain folds back to the SNARE motif'#!>?*?*, In addition, both syntaxin-1a and syntaxin-3b
have similar disorder tendencies of 68% and 67%, respectively, when assessed via sequence analysis (Fig. 1A)%.
Despite the similarity between syntaxin-1a and syntaxin-3b, previous biochemical and functional studies found
that syntaxin-3b inefficiently forms a complex with the t-SNARE SNAP-25 and was observed to be less fusogenic
in a reconstituted vesicle fusion assay when compared to vesicles consisting of syntaxin-1la'.

In order to understand the differences, we investigated the conformations of isolated syntaxin-3b using single-
molecule FRET. Syntaxin-3b contains only two native cysteine residues in the transmembrane region, which was
replaced with an Avi-tag sequence for in vivo biotinylation (Fig. 1A). We covalently attached donor and accep-
tor FRET label pairs on residues 37 and 247 of syntaxin-3b by introducing cysteine residues on a cysteine-free
construct (Fig. 1B). For comparison, we labeled syntaxin-1a on residues 35 and 249, as conducted previously'*?!.
These label sites were engineered based on the crystal structure of the sytnaxin-1a/Munc18-1 heterodimer com-
plex, so syntaxin-3b adopts high FRET efliciency in the closed conformation and low FRET efficiency in the open
conformation. To achieve single-molecule resolution, we replaced the C-terminal transmembrane region with
an Avi-tag sequence for surface tethering via a biotin-streptavidin linkage (Fig. 1B). The fusion of an Avi-tag
sequence at the C-terminus of syntaxin-3b did not affect the capability of syntaxin-3b to form a ternary SNARE
complex composed of SNAP-25 and synaptobrevin-2 (Supplemental Fig. 1). The surface of the microscope slide
was passivated with polyethylene glycol (PEG) to prevent non-specific binding of molecules on the surface and
mimic the geometry of the presynaptic environment where syntaxins are localized on the plasma membrane via
the C-terminal transmembrane region.

We measured the donor and acceptor fluorescent intensity time traces of individual molecules and calculated
FRET efliciencies of sytnaxin-la and syntaxin-3b in their native state conditions (Fig. 1C). Anti-correlation
between donor and acceptor intensities indicates transitions between FRET efficiencies (i.e., the conformational
states) or photobleaching of the acceptor dye molecule where the donor intensity rises with respect to the stepwise
drop of the acceptor intensity (Fig. 1C top panels). All single molecule intensity time traces of syntaxin-la and
syntaxin-3b showed two distinct high and low FRET efficiencies prior to the acceptor or donor photobleaching
event occurring. All single molecules with one donor and one acceptor dye molecule were plotted using FRET
efficiency histograms to probe the native state conformations. The distribution of FRET efficiencies for both
syntaxin-la and syntaxin-3b revealed two major populations at high and low FRET efficiencies indicating the
closed and the open conformations, respectively (Fig. 1D). Two Gaussian functions were used to fit the FRET
efficiency histograms to quantify the percent populations of each state. Interestingly, almost 90% of syntaxin-3b
was in the closed conformation compared to about 60% for syntaxin-1a (Fig. 1E). This is consistent with the
previous expectation that syntaxin-3b would likely be in a more closed conformation compared to syntaxin-1la,
ultimately lowering the affinity for SNAP-25". To further corroborate the interaction of SNAP-25 with syntaxin-
la and syntaxin-3b, we conducted ensemble fluorescence anisotropy measurements to obtain an estimate of the
dissociation constant (Ky). Syntaxin-1a and syntaxin-3b were labeled with Alexa 488 N-hydroxysuccinimide
(NHS) ester fluorescent dye at the primary amino group at the N-terminus. Labeling was conducted at pH 6.5
to avoid non-specific labeling at lysine residues and to ensure labeling was specific to the primary amino group
(Supplemental Fig. 2). The increase in anisotropy at varying concentrations of SNAP-25 indicates an increase
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Figure 1. Native state conformations of syntaxin-1a and syntaxin-3b. (A) The disorder tendencies of
syntaxin-1a and -3b are analyzed by PONDR VLXT *. The protein domain diagram illustrates the common
domains of syntaxin-1a and syntaxin-3b (top panel) and the syntaxin-3b construct used in this experiment
(bottom panel). (B) Schematic of a surface-tethered syntaxin molecule labeled with FRET dye pairs on a
functionalized surface of a microscope slide in a closed and open conformation leading to high and low FRET
efficiency, respectively. (C) Representative single-molecule fluorescence intensity time traces of sytnaxin-1la
(SX-1a) and syntaxin-3b (SX-3b) in the closed and open conformations (top panels). The donor and acceptor
intensities were converted to FRET efficiency time traces (bottom panels). (D) smFRET efficiency histograms of
isolated SX-1a and SX-3b. (E) Percent closed populations of SX-1a and SX-3b were extracted from (D) by fitting
two Gaussian functions to the FRET efficiency histograms. Shown are means+ SD (n=3). (F) Bulk fluorescence
anisotropy measurements of interactions between Alexa 488 labeled syntaxins and unlabeled SNAP-25 at 0 uM,
0.009 uM, 0.045 pM, 0.090 pM, 0.450 uM, 0.900 uM concentrations. The anisotropy curves are fit with Hill
equations to estimate the disassociation constant Ky. Shown are means+SD (n=3).

in molecular mass, which is correlated with complex formation. The fluorescence anisotropy curves were fit to
a Hill function, resulting in a K4 of about 161 nM and 316 nM for syntaxin-1la and syntaxin-3b, respectively
(Fig. 1F). This is consistent with previous estimates of sytnaxin-1a and SNAP-25 binding affinity of 126 nM using
a pulldown assay*. This also agrees well with our smFRET measurements where the increase in the closed con-
formation of syntaxin-3b results in an almost twofold decrease in the binding affinity compared to syntaxin-1la.
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Mutations altering the conformations of syntaxin-3b. Syntaxin-3b is enriched in the presynaptic
plasma membrane of synaptic ribbon synapses and has been shown to be an essential component for synaptic
vesicle exocytosis in the retinal bipolar cells!®-1*?728_ Despite the importance, in vitro binding assays demon-
strated that syntaxin-3b reduces binding of SNAP-25, and a vesicle fusion assay showed reduced membrane
fusion when reconstituted with syntaxin-3b compared to syntaxin-la". Moreover, the removal of the Habc
domain of syntaxin-3b increased the binding of SNAP-25, demonstrating that the differences in the SNARE
motif of syntaxin-3b compared with syntaxin-1a were not the cause of reduced binding of SNAP-25'% Further-
more, SnFRET measurements directly demonstrate that syntaxin-3b adopts a closed conformation in its native
state, which is likely the cause of inhibiting SNARE complex formation with SNAP-25 and synaptobrevin-2
(Fig. 1). Thus, the SNARE-mediated membrane fusion of synaptic vesicles requires other mechanisms to allow
the opening of syntaxin-3b in order to promote the efficient release of neurotransmitters.

Previously, phosphorylation of syntaxins has been shown to increase sustained synaptic vesicle exocytosis
in hippocampal neuronal cultures®-*!, Sytnaxin-3b has also been found to be a substrate for Ca**/calmodulin-
dependent protein kinase IT (CaMKII) at residue 14'2. Therefore, we investigated the effect of phosphorylation
on the conformations of syntaxin-3b using smFRET by introducing a T14E phosphomimetic mutation (Fig. 2A).
For comparison, we also examined the well-known LE mutation (L165A, E166A) on sytnaxin-3b, which has
been found to induce the open conformation of sytnaxin-1a and bypass the requirement of the priming factor
Munc13-1 when bound with Munc18-1 in a self-inhibiting closed conformation (Fig. 2A)'*-"”. Syntaxin-3b
mutants were labeled with donor and acceptor FRET dye pairs and tethered via a biotin-streptavidin linkage at
the C-terminus of syntaxin-3b to a passivated surface of the microscope slide (Fig. 2B). Interestingly, compared
to wild-type (WT) syntaxin-3b, where stable high FRET efficiencies were observed, the syntaxin-3b T14E and the
LE mutants show stochastic transitions between high and low FRET efficiencies (Fig. 2C). All single molecules
(i.e., molecules with FRET pairs consisting of one donor and one acceptor dye molecule) were plotted in FRET
efficiency histograms to determine the conformational states of sytnaxin-3b mutants. For both the T14E and LE
mutants, the major population in the FRET efficiency histogram shifted to the low FRET efficiency (Fig. 2D). The
histograms were quantified by fitting two Gaussian functions to determine the occupancy of the closed popula-
tion. Interestingly, the T14E phosphomimetic mutation on syntaxin-3b decreased the percent closed population
to almost 50% whereas the LE mutation nearly abolished the closed conformation of sytnaxin-3b (Fig. 2E). Since
the opening of sytnaxin-3b should induce binary t-SNARE complex formation with SNAP-25 by increasing the
binding affinity, we conducted ensemble fluorescence anisotropy measurements by labeling syntaxin-3b mutants
with Alexa 488 at varying concentrations of SNAP-25. In line with the opening of sytnaxin-3b, the T14E and the
LE mutant increased the affinity of SNAP-25 with an estimated K, of 171 nM and 76 nM, respectively (Fig. 2F).

Phosphorylation of sytnaxin-3b promotes SNARE complex formation. During SNARE com-
plex formation, the SNARE motifs of syntaxin-1a, SNAP-25, and synaptobrevin-2 assemble into a four-helical
bundle, where two helices are derived from SNAP-25%%2. Here, we conducted a smFRET assay to monitor the
conformational changes of syntaxin-3b and its mutants during SNARE complex assembly with SNAP-25 and
synaptobrevin-2 (Fig. 3A). Wild-type syntaxin-3b and its mutants were labeled with donor and acceptor FRET
dye pairs, and smFRET measurements were conducted in the presence of SNAP-25 and the cytoplasmic domain
of synaptobrevin-2 (residues 1-96) (Fig. 3B). In addition, FRET labeled syntaxin-3b molecules were surface
tethered on a passivated surface of the microscope slide via a biotin-streptavidin linkage, and 10 pM of SNAP-25
and synaptobrevin-2 were injected prior to data collection.

As noted in the intensity time traces of syntaxin-3b and its mutants showing stable FRET efficiencies prior
to photobleaching events, the major peak of the smFRET distributions shifted to a low FRET efficiency (Fig. 3C,
D). This indicates that syntaxin-3b formed SNARE complex, resulting in the opening of the Habc domain of
syntaxin-3b. The smFRET distributions were fit with two Gaussian functions to quantify the closed populations.
In the presence of SNAP-25 and synaptobrevin-2, the percent of closed populations for all syntaxin-3b mutants
decreased, which correlates to about a threefold increase in the open populations for syntaxin-3b WT and the
T14E mutant (Fig. 3E). The closed population for syntaxin-3b LE mutant was similar in the presence of SNAP-25
and synaptobrevin-2 since the LE mutation initially induced an open conformation of syntaxin-3b.

Following the smFRET experiments, we further verified the conformational opening of syntaxin-3b mutants
by conducting a pulldown assay to monitor the binary t-SNARE complex formation with SNAP-25 (Fig. 3F).
Purified syntaxin proteins were used as a bait via biotinylation at the N-terminal primary amino group and
subsequently binding to neutravidin-coated beads. As a negative control, neutravidin coated beads alone were
used to confirm that proteins do not non-specifically bind to the beads. SNAP-25 was incubated for 1 h at room
temperature following a rinsing step with buffer before the bead samples were collected for gel analysis. The
intensities of the protein bands for SNAP-25 were normalized based on the correlating syntaxin bands. Com-
pared to syntaxin-la, approximately 50% less SNAP-25 formed binary t-SNARE complex with WT syntaxin-3b
(Fig. 3F-G). The amount of binary t-SNARE complex formation increased about 30% with the syntaxin-3b
T14E mutation. On the other hand, the syntaxin-3b LE mutant dramatically increased the binding of SNAP-25,
indicating that the LE mutation induces the open conformation of syntaxin-3b to efficiently form the binary
t-SNARE complex.

Munc18-1 reverts syntaxin-3b phosphomimetic mutant back to the closed conformation par-
tially inhibiting SNARE complex formation. In addition to SNAREs, membrane fusion of synaptic
vesicles requires Secl/Muncl18-family (SM) protein Munc18-1°. Knockout of Munc18-1 completely abolishes
neurotransmitter release in mice*’. Moreover, Munc18-1, along with the priming factor Munc13-1, orchestrates
SNARE complex assembly by preventing disassembly via the ATPase, NSF?**, First, Munc18-1 locks syntaxin-
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Figure 2. The phosphomimetic T14E and the LE mutations alter the conformation of syntaxin-3b. (A) The
disorder tendencies of WT, T14E, and LE (L165A, E166A) mutation of syntaxin-3b are analyzed by PONDR
VLXT?. The protein domain diagram illustrates the common domains in syntaxin-1a and syntaxin-3b (top
panel) and the syntaxin-3b construct used in this experiment (bottom panel). (B) Schematic of a surface-
tethered syntaxin-3b molecule labeled with FRET dye pairs on a functionalized surface of the microscope slide
in a closed and open conformation leading to high and low FRET efliciency, respectively. (C) Representative
single-molecule fluorescence intensity time traces of sytnaxin-3b wild-type (WT) (left panels), T14E (middle
panels), and LE (right panels) mutants. The donor and acceptor intensities were converted to FRET efficiency
time traces (bottom panels). (D) smFRET efficiency histograms of WT, T14E and LE syntaxin-3b mutants. (E)
Percent closed populations of syntaxin-3b WT, T14E, and LE mutant were extracted from (D) by fitting two
Gaussian functions to the FRET efficiency histograms. Shown are means+SD (n=3). (F) Bulk fluorescence
anisotropy measurements of interactions between Alexa 488 labeled syntaxins and unlabeled SNAP-25 at 0 uM,
0.009 uM, 0.045 uM, 0.090 uM, 0.450 puM, 0.900 UM concentrations. The anisotropy curves are fit with Hill
equations to estimate the disassociation constant Ky. Shown are means+SD (n=3).
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Figure 3. SNARE complex formation of syntaxin-3b and its mutants. (A) The structure of the SNARE complex »
forming a four-helical bundle (PDB ID: 1SFC). Protein domain diagram of syntaxin-3b constructs used in

this experiment (bottom panel). (B) Schematic of a surface-tethered syntaxin-3b molecule labeled with FRET
dye pairs on a functionalized surface of the microscope slide in a closed conformation and the transit to an
open conformation during SNARE complex assembly in the presence of 10 uM SNAP-25 and synaptobrevin-2
in solution. (C) Representative single-molecule fluorescence intensity time traces of wild-type (left panels),
T14E (middle panels) and LE (right panels) mutations on syntaxin-3b in the presence of 10 uM SNAP-25 and
synaptobrevin-2 in solution. The donor and acceptor intensities were converted to FRET efliciency time traces
(bottom panels). (D) smFRET efficiency histograms of wild-type, T14E and LE mutation on syntaxin-3b in the
presence of 10 uM SNAP-25 and synaptobrevin-2 in solution. (E) Percent closed populations of syntaxin-3b
WT, T14E, and LE mutant in the presence of 10 uM SNAP-25 and synaptobrevin-2 in solution were extracted
from (D) by fitting two Gaussian functions to the FRET efficiency histograms. Shown are means+SD (n=3).
(F-G) A pulldown assay was conducted using biotinylated syntaxins as bait on neutravidin coated beads to
estimate the efficiency of binary t-SNARE complex formation with SNAP-25. Proteins bound to the beads were
confirmed by SDS-PAGE. SNAP-25 bands, indicating the binary t-SNARE complex formation, were analyzed
using Image] software (NIH, Bethesda, MD). Shown are means + SD (n=3). Original SDS-PAGE gels are
presented in Supplemental Fig. 5.

la in a self-inhibiting closed conformation, acting as an acceptor complex for synaptobrevin-2 and the priming
factor Munc13-1 to interact with?®>. Moreover, recent studies discovered a new function of Munc18-1, where it
cooperates with Munc13-1 to ensure proper assembly of the SNARE complex, promoting efficient membrane
fusion in reconstituted systems®!. Munc18-1 is therefore a key regulator that is capable of both inhibiting and
catalyzing SNARE complex assembly.

Removal of the N-peptide of syntaxin-1a by deleting the N-terminal phosphorylation site, was capable of
facilitating SNARE complex assembly even in the presence of Munc18-1%. Additionally, the LE mutation on
syntaxin-1a successfully formed SNARE complex in the presence of Munc18-1 despite the strong binding affin-
ity and bypassing the requirement of the priming factor Mun13-1'>?3. However, recent X-ray crystal structure
and small-angle X-ray scattering (SAXS) studies of syntaxin-1a, lacking the N-peptide or with the LE mutation,
observed a closed conformation when bound to Munc18-1 (Fig. 4A)*. Therefore, to understand the effect of
the SNARE chaperone Munc18-1 on syntaxin-3b, we conducted smFRET measurements to directly monitor the
consequences of Munc18-1 on syntaxin-3b and its mutants (Fig. 4A, B). As before, we surface tethered donor and
acceptor labeled sytnaxin-3b and its mutants to passivated surface of the microscope slide via biotin-streptavidin
and conducted smFRET measurements in the presence of 1 uM Munc18-1 in solution (Fig. 4B). The intensity
time traces of syntaxin-3b and its mutants in the presence of Munc18-1 were converted to FRET efficiencies
and plotted in histograms to determine the conformational states induced by Munc18-1 (Fig. 4C, D). Since
syntaxin-3b is predominantly in the closed conformation, there was little impact from Munc18-1 observed in
the FRET efficiency histogram of wild-type syntaxin-3b in the presence of Munc18-1 (Fig. 4D, E). However, the
major population of the FRET efficiency histogram of the phosphomimetic T14E mutant of syntaxin-3b shifted
to high FRET efficiency in the presence of Munc18-1 (Fig. 4D middle panel, and Fig. 4E). This is in agreement
with previous structural studies where syntaxin-1la lacking the N-peptide was observed in the closed confor-
mation bound to Munc18-1%. Interestingly, the syntaxin-3b LE mutant in the presence of Munc18-1 slightly
increased to mid FRET efficiency, but was unable to recover to the high FRET efficiency closed conformation
(Fig. 4C right panel, and Fig. 4E).

In addition to the smFRET measurements, we conducted pulldown assays using a syntaxin/Munc18-1 com-
plex as bait to test the efficiency of binary t-SNARE complex formation with SNAP-25 (Fig. 4F). Similar to Fig. 3F,
purified syntaxins were bound to neutravidin-coated beads via biotin labeling at the primary N-terminal amine
group of syntaxin. As a negative control, neutravidin-coated beads alone were used to confirm that proteins do
not non-specifically bind to the beads. Different from our previous pulldown assay, Munc18-1 was incubated
for 1 h at room temperature following a rinsing step with buffer before SNAP-25 was added to form the binary
t-SNARE complex. After 1 h incubation of SNAP-25 to syntaxin/Munc18 coated beads, the bead samples were
collected for gel analysis after rinsing the beads with TBS buffer. The protein bands were analyzed using Image]
software and the intensities for Munc18-1 and SNAP-25 bands were normalized based on the intensity of the
correlating syntaxin bands. Munc18-1 bound tightly to syntaxin-1a and WT syntaxin-3b, however, the Munc18-1
level decreased to about 62% with the T14E mutation on syntaxin-3b (Fig. 4F, G). To further corroborate the
interaction of Munc18 with syntaxin-3b T14E mutation, we conducted ensemble fluorescence anisotropy meas-
urements to obtain an estimate of the dissociation constant (K;) (Supplemental Fig. 3). Munc18 bound tightly
to syntaxin-la and WT syntaxin-3b with an estimated K; of 6.6 nM and 9.6 nM, respectively. However, the
T14E phosphomimetic mutation on syntaxin-3b resulted in more than a tenfold decrease in the binding affinity
when compared to the WT. This is consistent with the notion that the T14E on syntaxin-3b induces an open
conformation, therefore allowing efficient binary t-SNARE complex formation in the presence of Munc18-1
assessed by the pulldown assay (Fig. 4F, G). Moreover, Munc18-1 completely dissociated from syntaxin-3b LE
mutant, promoting complete recovery of the binary t-SNARE complex formation (Fig. 4F, G). This agrees with
the smFRET measurements of the syntaxin-3b LE mutant, where there was no increase in the high-FRET closed
population, in the presence of 1 pM Munc18-1 (Fig. 4D right panel).
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Discussion
Exocytosis at the presynaptic terminal relies on a set of SNARE proteins to drive membrane fusion between the

synaptic vesicle and the plasma membrane®*>***. The core fusion machinery consists of the t-SNARE syntaxin
and SNAP-25 on the plasma membrane and the v-SNARE synaptobrevin on the synaptic vesicle®. Unlike the
other SNARESs, the plasma membrane t-SNARE syntaxins (i.e., syntaxin 1-4) are composed of the regulatory
N-terminal Habc domain, which causes sytnaxins to adopt two different conformations, i.e., an open and a
closed conformation'®*. Prior to SNARE complex assembly, the plasma membrane syntaxins adopt a closed
conformation, which is tightly bound to the SNARE chaperone Munc18-1, where the syntaxin Habc domain
folds back to the C-terminal SNARE motif>!4. However, recent structural studies observed the yeast SNARE
Tlg2 in an open conformation while in complex with the Munc18 homolog, Vps45*. The clamping mechanism
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Figure 4. Effect of Muncl8-1 on the conformation of syntaxin-3b and its mutants. (A) The structure of
syntaxin/Munc18 complex showing the closed conformation of syntaxin (PDB ID: 3C98). Protein domain
diagram of syntaxin-3b constructs used in this experiment (bottom panel). (B) Schematic of a surface-tethered
syntaxin-3b molecule labeled with FRET dye pairs on a functionalized surface of the microscope slide in a
closed conformation and locked in a closed conformation when bound to 1 pM Munc18-1 in solution. (C)
Representative single-molecule fluorescence intensity time traces of WT (left panels), T14E (middle panels)
and LE (right panels) mutation on syntaxin-3b in the presence of 1 uM Munc18-1 in solution. The donor and
acceptor intensities were converted to FRET efficiency time traces (bottom panels). (D) smFRET efficiency
histograms of wild-type, T14E and LE mutations on syntaxin-3b in the presence of 1 tM Munc18-1 in solution.
(E) Percent closed populations of syntaxin-3b WT, T14E, and LE mutant in the presence of 1 uM Munc18-1 in
solution were extracted from (D) by fitting two Gaussian functions to the FRET efficiency histograms. Shown
are means +SD (n=3). (F-G) A pulldown assay was conducted using biotinylated syntaxins in complex with
Muncl18-1 as bait on neutravidin coated beads to estimate the efficiency of binary t-SNARE complex formation
with SNAP-25. Proteins bound to the beads were confirmed by SDS-PAGE. SNAP-25 bands, indicating the
binary t-SNARE complex formation, as well as Munc18-1 bands were analyzed using Image] software (NIH,
Bethesda, MD). Shown are means + SD (n=3). Original SDS-PAGE gels are presented in Supplemental Fig. 5.

of Muncl18, locking syntaxin in a closed conformation, may be a specialized property in the neuronal SNAREs,
which require tight regulation and precise release of neurotransmitters. Therefore, during SNARE complex assem-
bly, the syntaxin/Munc18 complex requires a brain-specific priming factor, such as Munc13-1, to catalyze the
transition of the Habc domain of syntaxin to an open conformation, exposing the C-terminal SNARE motif and
allowing for the initiation of SNARE complex formation in the presence of SNAP-25 and synaptobrevin!>161820,
Recent single-molecule fluorescence studies have demonstrated the conformation of isolated syntaxin-1a in a
dynamic transition between an open and closed conformation, despite the complete closed conformation seen by
NMR and SAXS data!>1721244041 Despite the importance of the conformational switch of syntaxin in controlling
synaptic vesicle exocytosis, the underlying molecular mechanism of other isoforms has not been investigated.

Here, we investigated the conformations of syntaxin-3b, which is a specialized SNARE protein for the exocy-
tosis of synaptic vesicles in the ribbon synapses of the retina'®'®. Different from syntaxin-1a in the conventional
synapses of the nervous system, syntaxin-3b binds weakly to the t-SNARE SNAP-25, and an in vitro liposome
fusion assay showed a decrease in the kinetics of membrane fusion when reconstituted with syntaxin-3b com-
pared to syntaxin-1a '*. In spite of the overall sequence alignment showing 67.2% identity between syntaxin-1la
and syntaxin-3b, the N-terminal half consisting of the Habc domain was less conserved at 56.8% identity than
the SNARE motif at 75.9% identity (Supplemental Fig. 4). Therefore, it is likely that the functional differences
arise from the regulatory Habc domain of syntaxin-3b. It has been previously hypothesized that syntaxin-3b
adopts a self-inhibiting closed conformation even without the SNARE chaperone Munc18-1, thus preventing
SNARE complex assembly®’.

To directly monitor the conformations, we conducted single-molecule fluorescence measurements of isolated
syntaxin-3b using smFRET. We found that isolated syntaxin-1a, located in the conventional synapses, adopts
open and closed conformations with about 60% of the molecules in the closed population (Fig. 1). This is consist-
ent with previous smFRET measurements where two conformations, i.e., an open and closed conformation, were
observed for syntaxin-1a'>*"*!. Interestingly, almost 90% of isolated syntaxin-3b molecules were in the closed
conformation (Fig. 1). Moreover, the affinity to SNAP-25 decreased by twofold when assessed by ensemble fluo-
rescence anisotropy binding assay (Fig. 1F). Since the SNARE motifs of syntaxin-1a and syntaxin-3b are highly
conserved, the decrease in the binding of SNAP-25 to syntaxin-3b is likely due to the interaction with the Habc
domain folding back in a self-inhibiting closed conformation.

In conventional synapses in the brain, Munc18-1 acts as a molecular gatekeeper to lock syntaxin-1a in a closed
conformation, preventing SNARE-mediated membrane fusion of synaptic vesicles and the plasma membrane>'“.
Despite the tight heterodimeric complex between Munc18-1 and syntaxin-1a, the MUN domain of Munc13-1,
a brain specific synaptic vesicle priming factor, is capable of catalyzing the transition of the closed conformation
of syntaxin-1a latched with Munc18-1 to the open conformation for ternary SNARE complex formation'>'*%,
Deletion or mutation of Munc13s severely abolishes neurotransmitter release*>-*%. In addition, Munc13-1/2
double-knockout mice showed complete loss of release-competent synaptic vesicles and severely altered the
docking of synaptic vesicles***. In the retina, Munc13-2 is localized to the ribbon synapses**%. Strikingly,
deletion of Munc13-2 did not affect the synaptic signaling at the photoreceptor ribbon synapses nor the readily
releasable pool of docked synaptic vesicles, indicating that the ribbon synapse operates in a Muncl3-independent
manner?’. Moreover, the SNARE chaperone Munc18-1 is localized at the active zone of the ribbon synapses in
the retina, regulating the opening of syntaxin-3b?. This raises a question of how syntaxin-3b is released from
the tight heterodimeric complex with Munc18-1 to promote SNARE complex assembly. Recent studies showed
that syntaxin-3b is a substrate for Ca?*/calmodulin-dependent protein kinase II (CaMKII) and phosphorylates
residue 14 at the N-terminus'>. Remarkably, the phosphomimetic mutation (T14E) of syntaxin-3b promoted
binding to SNAP-25 when compared to the wild-type, indicating a novel mechanism of catalyzing the opening
of syntaxin-3b in a calcium dependent phosphorylation by CaMKII'2. More recently, the phosphorylation at
residue 14 of syntaxin-3b was demonstrated to be light regulated where the levels of phosphorylated syntaxin-
3b significantly increased in the dark for rod photoreceptors and vice versa for rod bipolar cells*. Therefore, we
monitored the effect of the phosphomimetic T14E mutation on syntaxin-3b conformations. As a control, we also
tested the effect of the so-called LE mutations (L165A, E166A), which bypass the requirement of Munc13-1 and
induces a constitutively open form of syntaxin-1'>-". Interestingly, the phosphomimetic T14E mutant induced a
threefold increase of molecules in the open conformation confirmed by the FRET efficiency histogram (Fig. 2D,
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SNARE motif to allow interactions with SNAP-25, permitting SNARE complex assembly.

We next asked how efficient syntaxin-3b and its mutations form the ternary SNARE complex, composed of
SNAP-25 and synaptobrevin. In agreement with the inefficient binding of SNAP-25 to wild-type syntaxin-3b, only
about 50% of the molecules formed ternary SNARE complex as evidenced by a shift to low FRET efficiency, indi-
cating the decrease in the percent closed population (Fig. 3D, E). In the presence of the phosphomimetic T14E
mutation, the SNARE complex formation increased by twofold compared to the wild-type syntaxin-3b (Fig. 3D,
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E). To further corroborate the opening of syntaxin-3b by the phosphomimetic T14E mutation, we performed a
pulldown assay using syntaxin mutants as a bait for SNAP-25 interactions. Consistent with our smFRET meas-
urements, the T14E mutation on syntaxin-3b was able to recover more than 80% of SNAP-25 binding compared
to the SNAP-25 levels of wild-type syntaxin-1la (Fig. 3F, G). As expected, the LE mutation fully recovered the
binary t-SNARE complex formation with SNAP-25, indicating a complete shift to open conformation (Fig. 3F, G).

Since the SNARE chaperone Munc18-1 regulates the conformational switch of syntaxins by inducing an
inhibitory closed conformation, we investigated the effect of Munc18-1 on syntaxin-3b conformations. As
expected, Munc18-1 had little effect on the FRET efficiency histogram of wild-type syntaxin-3b since the wild-
type already occupies a self-inhibiting closed conformation by itself (Fig. 4D, E). However, Munc18-1 was not
able to completely induce a closed conformation for the syntaxin-3b T14E mutant, where about 30% of the
molecules were still observed in an open conformation (Fig. 4D, E). To validate if the phosphomimetic T14E
mutation on syntaxin-3b is capable of forming SNARE complex in the presence of Munc18-1, we performed a
pulldown assay using the heterodimeric complex of Munc18-1 and syntaxin mutants as bait for SNAP-25 inter-
actions. As anticipated, Munc18-1 bound tightly to syntaxin-1a and WT syntaxin-3b (Fig. 4F, G). Therefore, the
binary t-SNARE complex formation with SNAP-25 decreased in the presence of Munc18-1 for both syntaxin-
la and WT syntaxin-3b by about 70% and 50%, respectively (Fig. 3G vs 4G). On the other hand, the binary
t-SNARE complex formation of syntaxin-3b T14E mutant increased by almost threefold compared to the WT
in the presence of Munc18-1 (Fig. 4F, G). This is likely due to the 50% decrease in the Munc18-1 levels of the
pulldown assay using syntaxin-3b T14E mutant compared to the WT. This is consistent with previous findings
where the N-peptide of syntaxin-1a, roughly the first 25 residues, was found to be essential for the tight interac-
tion with Munc18%. Deletion of the N-peptide prevents an auto-inhibited closed conformation of syntaxin-1la
and promoted ternary SNARE complex assembly in the presence of Munc18>*¢. The N-peptide of syntaxin-1la
serves as a secondary binding site of Munc18, where removal of the N-peptide decreased the binding affinity to
Muncl18 by almost sixfold using isothermal titration calorimetry (ITC)?. The phosphomimetic T14E mutation
of syntaxin-3b resides within the N-peptide sequence, therefore modification in this region will likely disturb
the function of the N-peptide. Furthermore, Munc18-1 did not stay bound to syntaxin-3b LE mutant in our
pulldown assay, consequently permitting complete formation of the binary t-SNARE complex with SNAP-25,
comparable to the absence of Munc18-1 (Fig. 3G vs 4G).

Taken together, our single-molecule experiments, along with ensemble biochemical assays, revealed that
syntaxin-3b is predominantly in a self-inhibiting closed conformation in contrast to syntaxin-1a, which adopts
both open and closed conformations, in its native state. Moreover, we demonstrated that the T14E mutation on
syntaxin-3b, mimicking the phosphorylation by CaMKII, is capable of forming a binary t-SNARE complex with
SNAP-25 in the presence of Munc18-1. In summary, we propose a model where phosphorylation on syntaxin-3b
induces an opening of the regulatory Habc domain locked in an inhibitory closed conformation by Munc18-1,
acting as a conformational switch to trigger SNARE complex assembly.

Materials and methods

Proteins: plasmids, expression, purification, and labeling. The cytoplasmic domains of syn-
taxin-1a (residues 1-265) and syntaxin-3b (residues 1-264) were fused with a C-terminal Avi-tag sequence
(GLNDIFEAQKIEWHE) for biotinylation and an N-terminal TEV cleavable 6x-histidine tag for purification.
The syntaxin-la construct was cloned into the pTEV5 vector™ and the syntaxin-3b construct was synthesized
and inserted into pJ414 vector (ATUM, Newark, CA). Labeling sites were introduced by generating cysteine
mutations using QuickChange Kit (Agilent, Santa Clara, CA) on a cysteine-free template. For intra-molecular
smFRET measurements, two cysteine mutations were introduced on residues 35 and 249 for syntaxin-1a, and
residues 37 and 248 for sytnaxin-3b construct. The phosphomimetic T14E mutation and the LE mutation on
syntaxin-3b were also generated using QuickChange Kit (Agilent, Santa Clara, CA). Full-length SNAP-25 and
the cytoplasmic domain of synaptobrevin-2 (residues 1-96) were cloned into the pTEV5 vector with an N-ter-
minal TEV cleavable 6x-histidine tag.

All proteins were expressed in E. coli BL21 (DE3*) cells. The cells were grown in Terrific Broth (TB) medium
at 37 °C until ODgg, reached 0.8 and induced using 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG) over-
night at 25 °C. For in vivo biotinylation on syntaxin molecules, syntaxin constructs were co-expressed with the
BirA gene engineered pACYC184 plasmid (Avidity, Aurora, CO) and induced with 1 mM IPTG in the presence
of 0.1 mM biotin overnight at 25 “C. Cells were harvested and resuspended in PBS buffer (50 mM NaH,PO, pH
8.0, 300 mM NaCl, 0.5 mM TCEP). The cells were lysed by sonication and the lysate were clarified by using a
Sorvall RC5C Plus centrifuge with an SS-34 rotor (ThermoFisher Scientific, Waltham, MA) at 20,000 rpm for
30 min. The supernatant was bound to 5 mL of Nickel-NTA agarose resin (Thermo Scientific, Waltham, MA)
for 1 h at room temperature. The resin bound with proteins was extensively washed with 50 mL PBS and eluted
with PBS containing 400 mM imidazole. For all proteins, the N-terminal 6x-histidine tags were cleaved by adding
2 mg of Tobacco Etch Virus (TEV) protease during dialysis overnight in 20 mM Tris pH 8.0, 50 mM NaCl, and
0.5 mM TCEP. Proteins were further purified using HiTrap Q (GE Healthcare, Piscataway, NJ) anion exchange.
Briefly, TEV cleaved proteins were injected into the HiTrap Q column equilibrated in 20 mM Tris pH 8.0, 50 mM
NaCl, and 0.5 mM TCEP. Proteins were eluted using a linear gradient from 50 to 500 mM NaCl over 25 column
volumes. The affinity tag for Munc18 was cleaved by 2 mg of TEV in PBS with 400 mM imidazole overnight at
4°C and additional purification was performed using superdex 200 10/300 GL (GE Healthcare, Piscataway, NJ)
gel filtration column in TBS buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM TCEP). The purity of all proteins
was confirmed by SDS-PAGE.

Syntaxin molecules containing intra-molecular FRET labeling sites, i.e., double cysteine mutations, were
stochastically labeled with Alexa 555 C, and Alexa 647 C, maleimide (Thermo Fisher Scientific, Waltham, MA)
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fluorescent dyes at 10 x molar excess of the protein concentration in TBS overnight on a rotating platform at 4°C.
The labeled proteins were separated from the free dyes on a homemade Sephadex G50 resin (GE Healthcare,
Piscataway, NJ) column in TBS buffer.

Single-molecule FRET measurements. To achieve single-molecule resolution, fluorescently labeled
protein molecules were surface-tethered within a well-separated diffraction limited spot through biotin-strepta-
vidin linkage as described previously®'. To prevent non-specific binding, the surface of the microscope slide
was coated by polyethylene glycol (PEG) containing 0.1% (w/v) biotinylated-PEG. 0.1 mg/ml streptavidin was
incubated for 5 min and rinsed with TBS buffer to allow surface-tethering of fluorescently labeled syntaxin mol-
ecules via the C-terminal biotinylation. Data was collected using the imaging buffer (1% (w/v) glucose, 20 mM
Tris pH 7.5, 150 mM NaCl) in the presence of oxygen scavenger (20 units/mL glucose oxidase, 1000 units/mL
catalase) and triplet-state quencher (100 uM cyclooctatetraene) to prevent rapid photobleaching and blinking
of fluorophores.

Details on instrumental setup have been described elsewhere*'~?. Briefly, a custom-built prism-based total
internal reflection fluorescence (TIRF) microscope was used to conduct smFRET measurements at 10 Hz frame
rate for about 200 s until most of the dyes photobleached. The movies were collected using smCamera software
kindly provided by Professor Taekjip Ha (Johns Hopkins University, Baltimore, MD). The data was processed
using homemade scripts written in MATLAB (Mathworks, Natick, MA) and Igor Pro (WaveMetrics, Portland,
OR). The FRET efficiency was calculated by E=1,/(I, + Ip), where I, and I, are leakage corrected fluorescent
intensities of acceptor and donor emissions, respectively.

21,52

Fluorescence anisotropy binding assays. For the fluorescence anisotropy binding experiments
described in Fig. 1F and 2F, syntaxin molecules were labeled at the N-terminal primary amino group (-NH,) of
the proteins using fluorescent dye Alexa 488 N-hydroxysuccinimide (NHS) (ThermoFisher Scientific, Waltham,
MA) in PBS at pH 6.5 overnight at 4 °C. The reaction was quenched and free biotins were separated using a
homemade Sephadex G50 resin (GE Healthcare, Piscataway, NJ) column in TBS buffer (20 mM Tris pH 7.5,
150 mM NaCl, 0.5 mM TCEP). Anisotropy was measured with a Synergy H4 Hybrid Microplate Reader (BioTek,
Winooski, VT) with xenon flash system at an excitation wavelength of 460 +40 nm and the emission wavelength
of 528 +28 nm at room temperature. Alexa 488 labeled samples were diluted to a final concentration of about
0.5 uM in TBS for optimal signal to noise ratio. The labeled samples were mixed with unlabeled SNAP-25A at
different concentrations and incubated at room temperature for about 15 min in a 96 well plate prior to data
collection.

Biotin-Neutravidin affinity pulldown assay. The pulldown assay was performed using neutravidin
coated agarose resin (ThermoFisher Scientific, Waltham, MA). 100 uL bead volume (BV) of beads were equili-
brated in TBS buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM TCEP) before adding about 500 pg of bait
proteins labeled with biotin. Biotin molecules were labeled at the N-terminal primary amino group (-NH,) of
the bait proteins using N-hydroxysuccinimide (NHS)-biotin (ThermoFisher Scientific, Waltham, MA) in PBS
at pH 6.5. Biotinylation was quenched and free biotins were separated using a homemade Sephadex G50 resin
(GE Healthcare, Piscataway, NJ) column in TBS buffer. Neutravidin beads coated with biotinylated proteins
were transferred to 0.5 cm diameter disposable columns. The beads were washed with 10 x BV of TBS to remove
biotin-free proteins. 500 ug of SNAP-25A was incubated with syntaxin coated beads for 1 h at room temperature
to test the efficiency of binary t-SNARE complex formation. For pulldown assays in the presence of Muncl8-
1, syntaxin coated beads were incubated with about 300 pg of Munc18-1 for 1 h following a 10 x TBS washing
step prior to SNAP-25A incubation (Fig. 4F). The beads were washed with 10x BV of TBS to ensure specific
protein-protein interactions. The bead samples were transferred to a microcentrifuge tube and boiled at 95 °C
for 15 min with 2 x SDS loading buffer to promote protein denaturation. Proteins were separated via SDS-PAGE
electrophoresis and visualized by homemade Coomassie Blue staining. The gels were destained and scanned for
analysis using ImageJ software (NIH, Bethesda, MD).
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