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SUMMARY

Unc18 and SNARE proteins form the core of themembrane fusion complex at syn-
apses. To understand the functional interactions within the core machinery, we
adopted an ‘‘interspecies complementation’’ approach in Caenorhabditis ele-
gans. Substitutions of individual SNAREs and Unc18 proteins with those from
yeast fail to rescue fusion. However, synaptic transmission could be restored in
worm-yeast chimeras when two key interfaces were present: an Habc-Unc18 con-
tact site and an Unc18-SNARE motif contact site. A constitutively open form of
Unc18 bypasses the requirement for the Habc-Unc18 interface. These data sug-
gest that the Habc domain of syntaxin is required for Unc18 to adopt an open
conformation; open Unc18 then templates SNARE complex formation. Finally,
we demonstrate that the SNARE and Unc18 machinery in the nematode
C. elegans can be replaced by yeast proteins and still carry out synaptic transmis-
sion, pointing to the deep evolutionary conservation of these two interfaces.

INTRODUCTION

In all eukaryotic cells, the fusion of transport vesicles to target membranes requires SNARE and SM (Sec1/

Munc18) proteins (Rothman, 2014; Südhof, 2014). For each membrane target, a distinct set of SNARE and

SM proteins is used. Fusion at the plasma membrane is mediated by as specific subset of these proteins: In

the case of synapses, the SNARE protein on the vesicle is synaptobrevin, the SNAREs on the plasma mem-

brane are syntaxin and SNAP25, and the SM protein is Unc18. The SNARE domains interact at their

N-termini and zipper into a four-helix bundle that drives membrane fusion (Gao et al., 2012; Hanson

et al., 1997; Min et al., 2013; Pobbati et al., 2006; Sørensen et al., 2006; Sutton et al., 1998; Xu et al.,

1999; Zorman et al., 2014).

Syntaxin is composed of five domains: an N-terminal peptide, a three-helix bundle called the Habc domain,

a linker domain, an SNARE domain, and a transmembrane domain (Figure S1A). To facilitate trafficking, the

synaptic SM protein Unc18 (UNC-18/Munc18) binds syntaxin in the closed conformation with the Habc

domain folded over the SNARE motif (Arunachalam et al., 2008; Han et al., 2009; Hata et al., 1993; Medine

et al., 2007; Misura et al., 2000; Rickman et al., 2007; Rowe et al., 2001). At the synapse, SNARE assembly

requires syntaxin to be in the open conformation. This transition is thought to be mediated by Unc13 pro-

teins (UNC-13/Munc13) (Gong et al., 2021; Hammarlund et al., 2007; Ma et al., 2011; Magdziarek et al., 2020;

Richmond et al., 2001; Yang et al., 2015). Unc18 is required at the final stages to chaperone the SNAREs

through their assembly (André et al., 2020; Baker et al., 2015; Gong et al., 2021; Jiao et al., 2018; Lai

et al., 2017; Rodkey et al., 2008; Shu et al., 2020; Sitarska et al., 2017). The activation steps between

open syntaxin and SNARE complex formation are not fully understood.

To understand the role of the domains of syntaxin in vesicle fusion, we adopted an ‘‘interspecies comple-

mentation’’ strategy in the nematode Caenorhabditis elegans. Instead of studying mutations generated in

syntaxin by random mutagenesis, we substituted entire domains with homologous regions from syntaxins

of distant species. In most cases, domain substitutions severely disrupted syntaxin function. The expression

of interacting UNC-18 orthologs from the cognate species was then used to restore function. Chimeric ver-

sions of UNC-18 further refined interfaces between binding targets.

Notably, replacing the worm Habc domain of syntaxin with the yeast Habc domain severely disrupted

neurotransmission. Further replacement of UNC-18 with the yeast homolog Sec1 improved function mini-

mally. Synaptic function was only restored when a chimeric Sec1 could simultaneously interact with both the
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Habc domain and the SNARE domains. The physiological phenotypes were mirrored by defects in synaptic

vesicle docking, demonstrating that morphological docking is a manifestation of SNARE pairing (Imig

et al., 2014). Finally, an ‘‘open’’ form of worm Unc18 protein (UNC-18) could partially bypass the require-

ment for its interaction with its cognate Habc.

Together, the genetic data suggest a model in which UNC-13 signals the presence of a tethered synaptic

vesicle and ‘‘opens’’ syntaxin. In the ‘‘open’’ form, the Habc domain of syntaxin no longer occludes the

SNARE domain. The Habc domain is further required for the transition of UNC-18 from an inactive closed

state to an active ‘‘open’’ configuration. UNC-18 in the open conformation binds the SNARE domains of

synaptobrevin and syntaxin to template SNARE assembly.

Surprisingly, we also found that substituting the entire yeast SNARE complex along with Sec1 also provided

significant rescue—the synapse still functions with yeast proteins— underscoring the conserved functions

of these proteins in very different molecular contexts and cellular environments.
RESULTS

Syntaxin Habc domain is required for neurotransmission

As a first step toward understanding the function of the domains of syntaxin, we engineered chimeric mol-

ecules with the yeast homolog Sso1p. We swapped the N-peptide, the Habc domain, the linker domain,

and the SNARE motif (Figure S1A), and assayed rescue as single-copy transgenes in the null mutant of syn-

taxin. In C. elegans, syntaxin null animals (referred to using the alternative name, syx-1, rather than unc-64,

for clarity) are lethal (Saifee et al., 1998). To study syntaxin null mutants, we rescued animals to adulthood by

expressing syntaxin in acetylcholine and glutamate head neurons (Hammarlund et al., 2007). This mosaic

approach was used in all instances where the syntaxin transgene did not rescue lethality.

The functions of the chimeric proteins were determined by locomotion assays (Figures 1A and 1B) and

sensitivity to the acetylcholine—esterase inhibitor aldicarb (Figure 1C)—resistance to the drug implies

a reduced level of acetylcholine release (Mahoney et al., 2006). The N-peptide swap only exhibited subtle

changes to locomotion, consistent with some previous experiments (Meijer et al., 2012; Park et al., 2016;

Vardar et al., 2021), but not all (Hu et al., 2007; Shen et al., 2007, 2010; Zhou et al., 2013). The replacement

of the linker domain resulted in significant defects in locomotion and aldicarb sensitivity. The replace-

ment of the SNARE motif with the yeast Sso1p sequence eliminated syntaxin function in both locomotion

and aldicarb sensitivity assays. This is not surprising, given its role in the formation of the SNARE com-

plex. The SNARE motif swap also exhibited reduced syntaxin in axons (Figure S2A), which is expected

since the closed conformation is required for trafficking and the closed conformation requires extensive

interactions between the SNARE motif and the Habc domain (Arunachalam et al., 2008; Fan et al., 2007;

Han et al., 2009; McEwen and Kaplan, 2008; Medine et al., 2007; Rickman et al., 2007; Rowe et al., 1999,

2001).

Themost intriguing result was that the replacement of the syntaxin Habc domain with the yeast Sso1p Habc

domain (yeast-Habc chimera) reduced aldicarb sensitivity and resulted in as severe a defect in locomotion

as the SNAREmotif swap. The yeast-Habc chimera behaves identically to a full deletion of the Habc domain

(Rathore et al., 2010) and to the syntaxin null animals (Figures 1B and 1C), demonstrating the importance of

this domain. The Habc domain is a conserved, autonomously folding, three-helix bundle (Fernandez et al.,

1998), which occludes the SNARE domain, thus preventing the interaction with other SNARE proteins

(Dulubova et al., 1999; Misura et al., 2000). This architecture suggests an inhibitory function for the Habc

domain. In agreement, the deletion of the Habc domain from Sso1 increases SNARE complex assembly

over 2000-fold (Nicholson et al., 1998). However, the deletion of the yeast Vam3 Habc domain (Lürick

et al., 2015), the mouse syntaxin Habc domain (Vardar et al., 2021; Zhou et al., 2013), and the worm syntaxin

Habc domain (Rathore et al., 2010) all decreased fusion. The decrease in fusion could be attributed to poor

trafficking (Fan et al., 2007; Medine et al., 2007; Yang et al., 2006) or poor expression (Vardar et al., 2021;

Zhou et al., 2013). We observed some reduced trafficking of syntaxin to axons in our yeast-Habc chimera

(Figure S2A). Again, the Habc-SNARE mismatch should cause syntaxin to adopt the open state. Consistent

with this expectation, a constitutively open form of syntaxin (Dulubova et al., 1999) exhibited a similar traf-

ficking defect as the Habc-SNARE mismatch present in the yeast-SNARE chimera and the yeast-Habc

chimera (Figure S2A). However, 70% of syntaxin was properly trafficked and localized to axons in the

yeast-Habc chimera.
2 iScience 25, 104506, July 15, 2022
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Figure 1. Syntaxin domains differentially contribute to neurotransmission

(A) (Top) Cartoons depicting syntaxin domains and the chimeras generated by swapping in the corresponding domains from

yeast Ssop1. All the chimeras and the rescuing wild-type control (‘worm SYX-1’) are GFP-tagged and integrated into the

syntaxin null background, syx-1. (Bottom) Representative locomotion trajectories collected for 1 min. Scale bar represent 1mm.

(B) Average locomotion rates (speed) of 20 animals are compared for the same four strains. Data are displayed as scatter

dot plots with mean and SEM; each point represents an animal.

(C) Average paralysis time courses after aldicarb exposure (n = 3 independent experiments on 20 worms per experiment).

Error bars represent SEM n.s. > 0.05; *** <0.001 (Student’s two-tailed t-test).
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To determine at what point in evolution the Habc domain acquired characteristics to support synaptic

transmission, we swapped in the Habc domains from placozoa, choanoflagellates, and yeast (sequence

identities 46%, 38%, and 23% respectively; Figure S1B). The placozoan, Trichoplax adhaerens, is a basal

multicellular metazoan that possesses the molecular machinery for synapses but lacks neurons and

synapses at an anatomical and ultrastructural level (Smith et al., 2014). The choanoflagellate,Monosiga bre-

vicollis, is a flagellated eukaryote, which can assume single-celled or colonial forms, and represent a stage

prior to the advent of multicellularity (Brunet and King, 2017). By definition, the communication in choano-

flagellates takes place between organisms rather than between cells within an organism. The yeast,

Saccharomyces cerevisiae, is a single-celled organism that communicates to neighbors by the exocytosis

of diffusible pheromones (Merlini et al., 2013).

Defects in neurotransmission in nematodes expressing syntaxin Habc chimeras were ascertained by loco-

motion (Figures 2A and 2B), aldicarb sensitivity (Figure 2C), and electrophysiology (Figures 2D and 2E).

Trafficking was assayed by fluorescence microscopy (Figure S2B). All of the syntaxin Habc chimeras were

tagged with GFP at the N-terminus. Tagging syntaxin at the N-terminus resulted in amild reduction in mini-

ature postsynaptic currents (minis/s: wild type: 48.5 G 7.0; GFP-tagged syntaxin: 33.0 G 2.7). Surprisingly,

both the placozoan and the choanoflagellate chimeras provided a substantial rescue despite a sizable

sequence divergence (Figure S1B). In Trichoplax, the rescue was indistinguishable from worm syntaxin

(minis/s: worm: 33.0 G 2.7; Tricho Habc chimera: 29.9 G 3.3). The choanoflagellate chimera provided an
iScience 25, 104506, July 15, 2022 3
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Figure 2. The syntaxin Habc is required for neurotransmission

(A) (top) Cartoons depicting syntaxin with the Habc domain swapped in from the placozoan Trichoplax adhaerens, the

choanoflagellate Monosiga brevicollis, and yeast Saccharomyces cerevisiae. All the chimeras and the wild-type control

(worm SYX-1) are GFP-tagged and expressed in the syx-1 null strain. The GFP tag mildly decreases function compared

to the true wild-type (WT) control. (bottom) Representative locomotion trajectories collected for 1 min. Scale bar

represent 1mm.

(B) Average locomotion speed of 20 animals compared for the same four strains.

(C) Average paralysis time courses after aldicarb exposure (n = 3 independent experiments on 20 worms per experiment).

(D) Representative traces of endogenous miniature postsynaptic currents (minis) recorded from the body muscle of

syntaxin chimeras.

(E) Quantification of the mini frequency. Neuronal expression of GFP-tagged worm syntaxin-rescued mini frequency of

syntaxin null animals, but not to wild-type levels (WT, 48.5 G 7.0 minis/second; n = 6 vs. worm SYX-1, 33 G 2.7 minis/

second; n = 11 vs. syx-1 null, 0.03 G 0.019 minis/second; n = 6). Mini frequency in Trichoplax Habc chimeras (29.9 G

3.2 minis/second; n = 9) was not different from rescued worm syntaxin. The average rate of fusion measured from

choanoflagellate Habc chimeras (12.9G 1.9 minis/second; n = 12) and yeast-Habc chimeras (0.1G 0.06 minis/second; n =

8) was significantly lower than that measured from the syntaxin-rescued strain. Speed andmini frequency are displayed as

scatterplots with mean and SEM; each point represents a single animal. n.s. > 0.05; * <0.05; *** <0.001 (Student’s two-

tailed t-test). Error bars in aldicarb curves represent the SEM.
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intermediate rescue (minis/s: choano Habc chimera: 12.9G 2.0). Only the yeast chimera was unable to pro-

vide any rescue and was indistinguishable from animals with a full deletion of the Habc domains (Rathore

et al., 2010) and from syntaxin null animals (minis/s: syx-1 null: 0.03 G 0.02; yeast-Habc chimera: 0.10 G

0.06). These results argue that the function of the Habc domain must predate synaptic transmission and,

to a large extent, even metazoans.
Habc-Unc18 interactions required for SNARE assembly

The Habc domain in the closed conformation of syntaxin is known to bind Unc18 proteins (Misura et al.,

2000). The yeast Unc18 and syntaxin orthologs, Sec1p and Sso1p, bind one another and function in yeast

exocytosis (Aalto et al., 1993; Carr et al., 1999; Novick and Schekman, 1979). We reasoned that matching the

yeast Habc domain with the cognate Sec1p protein might provide rescue by restoring an interaction inter-

face between these two proteins. In the presence of the yeast-Habc chimera, expression of Sec1p provided

a small, but significant, improvement of locomotory function and miniature postsynaptic currents

(Figures 3A–3C, minis/s: yeast-Habc chimera + Sec1p: 0.13 G 0.02; yeast-Habc chimera + UNC-18:

0.02 G 0.00). Similarly, pairing the choanoflagellate Habc chimera with the choanoflagellate SM protein

provided significant rescue for locomotion and neurotransmitter release (Figures S3A and S3B).

Unc18and syntaxin havebothbeen reported toplaya role in synaptic vesicledocking (Hammarlundet al., 2007;

Toonen et al., 2006; Voets et al., 2001; Weimer et al., 2003; deWit et al., 2006). We assayed docked vesicles by

reconstructing synaptic regions from serial electron micrographs. The yeast-Habc chimera exhibited 91% and

95% reduction in docking at acetylcholine and GABA synapses, respectively (Figures 3D and 3E, docked ves-

icles: ACh,wild type: 3.9G 2.2; yeast-Habc chimera: 0.35G 0.14; Figures S4B and S4C,docked vesicles: GABA,

wild type: 13G 3.5; yeast-Habc chimera: 0.7G 0.5), similar to syx-1 unc-18doublemutants (Figures 3D and 3E)

and syx-1 null animals (Hammarlund et al., 2007). Consistent with the electrophysiological recordings, docking

was not restored by matching the yeast-Habc chimera with the yeast conspecific Sec1p (Figures 3D and 3E,

docked vesicles: ACh, yeast-Habc chimera + Sec1p: 1.9 G 1.2; Figures S4B and S4C, docked vesicles:

GABA, yeast-Habc chimera+Sec1p: 1.4G 0.9). Importantly, thedockingdefectswerenot a result of decreased

synaptic vesicle numbers (Figure S4A).We conclude that the binding of Unc18 and theHabc domain is not suf-

ficient to restore synaptic functions: other interactions must be required.

The SM family proteins, which include Unc18, are known to interact with SNARE domains, potentially to

template SNARE pairing (Jiao et al., 2018; Lee et al., 2020; Ma et al., 2015; Wang et al., 2019). The crystal

structure of the yeast SM protein Vps33 with its cognate SNAREs indicates that the Qa-SNARE and the

R-SNARE are bound in what may be a half-zippered SNARE complex (Baker et al., 2015). This structure

is likely to have captured an SM protein in the middle of templating the SNAREs. The lack of templating

of the synaptic SNAREs by Sec1p could explain the lack of rescue in our Habc-SMmatch. To test this model,

we restored templating to our chimeric proteins. Although yeast Vps33 is only 16% identical to either yeast

Sec1p or worm UNC-18, structure predictions and sequence alignments generated by the SWISS-MODEL

and Clustal Omega Webservers, respectively (Higgins and Sharp, 1988; Schwede et al., 2003), identified

potential residues in worm UNC-18 that would interact with SNARE domains (Figure S5). We narrowed

the list of residues to those that were not conserved between the yeast Sec1p and the worm UNC-18.

We replaced these potential SNARE-interacting residues on the yeast Sec1p with the corresponding

worm residues to generate a ‘‘Sec1p chimera’’ (Figure S5). Co-expressing the yeast-Habc chimera with

the Sec1p chimera yielded a dramatic rescue of synaptic transmission (Figures 4A–4C, minis/s yeast-

Habc chimera: 0.10G 0.06; yeast-Habc chimera + Sec1p chimera: 9.62G 1.64). Locomotion and mini rates

were improved 60-fold compared to the strain matching only the yeast Habc domain with yeast Sec1p.

Thus, when the Unc18 protein is able to interact conspecifically with both the Habc and SNARE motifs, syn-

aptic function is restored (in this case, the yeast Habc domain with yeast Sec1p, and the worm UNC-18

SNARE-interacting residues with worm SNARE motifs).

The dramatic rescue observed with the Sec1p chimera was not due to gain-of-function activity. In the pres-

ence of the worm Habc domain, the Sec1p chimera did not confer rescue and was no different than an unc-

18 null mutant (Figure S6). Note that the C. elegans genome encodes a paralog of unc-18, T07A9.10, which

is expressed ubiquitously, and likely explains the unusually high level of synaptic transmission in unc-18 null

mutants compared to equivalent deletions in other organisms (Cao et al., 2017; Taylor et al., 2021). Thus,

the absence of rescue of unc-18 null mutants indicates that the Sec1p chimera can only function when it can

interact with both the Habc domain and the SNARE motifs.
iScience 25, 104506, July 15, 2022 5
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(A) Average locomotion rates (speed) in, from left to right: syntaxin null animals; syx-1 unc-18 double mutants; the yeast-

Habc chimera; the yeast-Habc chimera overexpressing worm UNC-18; and the yeast-Habc chimera overexpressing Sec1p

(yeast Unc18).

(B) Quantification of the mini frequency in the same five strains, all were similarly defective in synaptic transmission: syx-1

null: 0.03 G 0.019 minis/second, n = 6; syx-1 unc-18 null: 0.08 G 0.017 minis/second, n = 10; yeast-Habc chimera: 0.10 G

0.057 minis/second, n = 8; yeast-Habc chimera overexpressing worm UNC-18: 0.02 G 0.005 minis/second, n = 17; yeast-

Habc chimera overexpressing Sec1p: 0.13G 0.021 minis/second, n = 22. Note, syx-1 null and yeast-Habc are reproduced

from Figure 2.

(C) Representative traces of endogenous miniature postsynaptic currents (minis) recorded from the body muscle.

(D) Quantification of docked synaptic vesicles at acetylcholine synapses in the syx-1 unc-18 double mutants, the yeast-Habc

chimera, the yeast-Habc chimera overexpressing worm UNC-18, and the yeast-Habc chimera overexpressing Sec1p (yeast

UNC-18). All had similarly reduceddocking compared towild-type animals (docked SVs/per ACh synapse: thewild type, 3.9G

0.48, n= 21; syx-1 unc-18, 0.95G 0.15dockedSV/synapse, n =20; yeast-Habc chimera, 0.35G 0.14, n= 31; yeast-Habc chimera

overexpressing UNC-18: 1.3G 0.21, n = 19; yeast-Habc chimera overexpressing Sec1p: 1.9 G 0.31, n = 15).

(E) Representative electron micrographs of the neuromuscular junctions in the ventral nerve cord in the respective strains.

Arrows indicate docked vesicles. All micrographs are displayed at the same magnification. Scale bar represents 100 nm.

Grouped data are displayed as scatterplots with mean and SEM. In locomotion assays and physiological assays, each

point represents one animal; in EM, each point represents a synapse. n.s. > 0.05; *** <0.001 (Student’s two-tailed t-test for

locomotion and physiological assays; Mann-Whitney for EM).
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(A) Average locomotion speed in, from left to right: the chimeric yeast-Habc chimera overexpressing Sec1p (yeast Unc18);

the yeast-Habc chimera overexpressing the Sec1p chimera (yeast Unc18) with the SNARE interactions restored; syntaxin

mutants overexpressing the full yeast SNARE complex and Sec1p without a matching Habc interaction; syntaxin mutants

overexpressing the full yeast SNARE complex and Sec1p with a matching Habc interaction.

(B) Quantification of the mini frequency in the same four strains. When the two interaction surfaces are restored, synaptic

transmission is rescued: yeast-Habc chimera overexpressing Sec1p: 0.13 G 0.021 minis/second, n = 22; yeast-Habc

chimera overexpressing the Sec1p chimera: 9.62 G 1.636 minis/second, n = 12; overexpression of yeast SNARE complex

with wormHabc + overexpression of Sec1p: 0.09G 0.033minis/second, n = 11; overexpression of yeast Habc-SNARE with

yeast Habc + overexpression of Sec1p: 6.70G 2.095minis/second, n = 11). Note, yeast-Habc chimera + overexpression of

Sec1p are reproduced from Figure 3.

(C) Representative traces of endogenous miniature postsynaptic currents (Minis) recorded from the body wall muscle.

(D) Quantification of docked synaptic vesicles in the yeast-Habc chimera overexpressing Sec1p; the yeast-Habc chimera

overexpressing Sec1p with the SNARE interactions restored; syntaxin mutants overexpressing the full yeast SNARE

complex and yeast Sec1p without a matching Habc interaction; syntaxin mutants overexpressing the full yeast SNARE

complex and Sec1p with a matching Habc interaction; and wild-type animals. When the two interaction surfaces are

restored, synaptic vesicle docking is restored (docked SVs/per ACh synapse: yeast-Habc chimera + overexpression of
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Figure 4. Continued

Sec1p: 1.9 G 0.31, n = 15; yeast-Habc chimera + overexpression of the Sec1p chimera: 3.8 G 0.47, n = 16;

overexpression of the yeast SNARE complex with worm Habc + overexpression of Sec1p: 0.95 G 0.093, n = 19;

overexpression of the yeast SNARE complex with yeast Habc + overexpression of Sec1p: 6.9 G 0.49, n = 15; wild type,

3.9 G 0.48, n = 21). Note that the wild type, and the yeast-Habc chimera with overexpression of Sec1p, are the same

data as Figure 3D.

(E) Representative electron micrographs of the neuromuscular junctions in the ventral nerve cord in the respective strains.

Arrows indicate docked vesicles. All micrographs are displayed at the same magnification. Scale bar represents 100nm.

Grouped data are displayed as scatterplots with mean and SEM. In locomotion assays and physiological assays, each

point represents one animal; in EM, each point represents a synapse. n.s. > 0.05; ** <0.01; *** <0.001 (Student’s two-tailed

t-test for locomotion and physiological assays; Mann-Whitney for EM).
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Docking was also restored when the Sec1p chimera could interact with both the Habc domain and the

SNARE motifs (Figures 4D and 4E ACh docked vesicles, wild type: 3.9 G 2.2; yeast-Habc chimera +

Sec1p chimera: 3.8 G 1.9). Interestingly, although the rescue of docking is complete, the rescue of vesicle

fusions is only partial (29%) (minis/sec: WT, 33.0 G 2.7; yeast-Habc chimera + Sec1p chimera, 9.6 G 1.6)

(Figures 4A–4E and S4B).

In the experiments described so far, the SNARE domains were from the worm. To determine if yeast SNARE

motifs can drive fusion at worm synapses, we expressed yeast Sec1p with the entire yeast SNARE complex

including the yeast Habc domain (Figures S7 and S8). Remarkably, the yeast Sec1p and the yeast SNARE

complex provided substantial rescue—the range was similar to animals co-expressing the yeast-Habc

chimera and the Sec1p chimera (Figures 4A–4C, minis/s, yeast SNARE complex: 6.70 G 2.10; yeast-Habc

chimera + Sec1p chimera: 9.62G 1.64). Importantly, this rescue was completely lost when the Habc domain

of yeast syntaxin (Sso1p) was replacedby theHabc domain fromworm syntaxin (Figures 4A–4Cminis/s yeast

SNARE complex: 6.70 G 2.10; yeast SNARE complex with worm Habc: 0.09 G 0.03). Similarly, docking was

rescued by the yeast Sec1p-SNARE complex, but not if the Habc domain was replaced by the worm Habc

domain (Figures 4D and 4E, AChwild type: 3.9G2.2; yeast SNARE complexwith yeast Habc: 6.9G 1.9; yeast

SNARE complex with wormHabc: 1.9G 1.2). In fact, dockingwas increased almost 2-fold with yeast machin-

ery compared to the wild type, suggesting that some docked vesicles are fusion-compromised in this strain.

Fusion-incompetent vesicles could arise due to inefficient coupling of vesicles to calcium channels via UNC-

13, poor pairing with the calcium-sensing machinery, synaptotagmin and complexin, or possibly misas-

sembled SNAREs. It is also possible the yeast machinery is not interacting with the machinery that restricts

docking to the active zone of neurons, resulting in ectopically docked vesicles in this strain.

Thus, the Habc domain of syntaxin must interact with UNC-18, and UNC-18 must interact with the SNARE

domains to nucleate conspecific SNARE pairing. These experiments further suggest that templating

SNARE assembly is a deeply conserved feature in SM proteins: this SNARE-binding interface is functionally

conserved from SM proteins used in yeast lysosome fusion to synaptic Unc18 proteins in organisms with

nervous systems.

Syntaxin Habc domain is required to open Unc18

Unc18 proteins can adopt two conformations in crystal structures: a ‘‘closed’ conformation (Misura et al.,

2000) or an ‘‘open’’ conformation (Hu et al., 2011), specifically, the Unc18 domain 3a transitions from a

compact furled loop (closed state) to an extended helical structure (open state) (Hu et al., 2011). A

P335A mutation in Unc18 favors the helical extension and increases rates of synaptic vesicle fusion (Han

et al., 2014; Munch et al., 2016; Parisotto et al., 2014; Park et al., 2017).

One possible model is that the Habc domain is required to convert UNC-18 into the open state. If true, then

the constitutively open form of UNC-18 should bypass the requirement for the Habc interaction to UNC-18.

Animals expressing the yeast-Habc chimera are indistinguishable from syntaxin null animals, but expres-

sion of the constitutively open form of UNC-18 increased speed 6-fold (Figure 5A; mm/s yeast-Habc

chimera + wild-type UNC-18: 0.43 G 0.32; yeast-Habc chimera + open-UNC-18: 2.83 G 1.68). Although

the rescue was not complete, open-UNC-18 increased neurotransmitter release as assayed by aldicarb-

sensitivity (Figure 5B) and by electrophysiology (Figures 5C and 5D; minis/s yeast-Habc chimera: 0.10 G

0.06; yeast-Habc chimera + open UNC-18: 1.80 G 0.70). We also found that open-UNC-18 could bypass

the defects seen in the choanoflagellate-Habc chimera (Figures S3C and S3D). These data suggest that

open state of UNC-18 acts downstream of the Habc interaction with UNC-18.
8 iScience 25, 104506, July 15, 2022
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Figure 5. Syntaxin Habc domain opens Unc18

(A) Expression of P334A UNC-18 mutation ‘‘Open UNC-18’’ in the yeast-Habc chimera background increased the

locomotion speed 6-fold (n = 20).

(B) Locked open UNC-18 makes yeast-Habc chimeras more sensitive to aldicarb than WT UNC-18— indicating a

restoration of ACh release in the open UNC-18 background.

(C) Open UNC-18 in yeast-Habc chimera increased the frequency of the endogenous miniature postsynaptic

currents compared to yeast-Habc chimeras expressing WT UNC-18 (yeast-Habc chimera + overexpression of UNC-18:

0.02 G 0.005 minis/second, n = 17; yeast-Habc chimera + overexpression of open-UNC-18: 1.80 G 0.704 minis/second,

n = 12).

(D) Representative traces of the endogenous miniature postsynaptic currents from indicated genotypes.

(E) Open UNC-18 restores docking to the yeast-Habc chimeras. Representative electron micrographs of the

neuromuscular junctions in the ventral nerve cord in the animals expressing the yeast-Habc chimera with worm UNC-18

(left) or ‘‘open’’ worm UNC-18 (right). All micrographs are displayed at the same magnification. Scale bar represents

100 nm.

(F) Quantification of docking in the same two strains (yeast-Habc chimera + overexpression of UNC-18: 1.3G 0.21 docked

SV/synapse, n = 19; yeast-Habc chimera + overexpression of open UNC-18: 4.6G 0.36 docked SV/synapse, n = 21). Note:

yeast-Habc chimera + overexpression of UNC-18 data and sample micrograph are the same as Figure 3D. Speed, mPSC

frequency, and docking are displayed as scatterplots with mean and SEM. In locomotion assays and physiological assays,

each point represents one animal; in EM, each point represents a synapse. n.s. > 0.05; ** <0.01; *** <0.001 (Student’s two-

tailed t-test for locomotion and physiological assays; Mann-Whitney for EM). Error bars in aldicarb sensitivity curves

represent the SEM.
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To determine if ‘‘open’’ UNC-18 bypassed the requirement for the Habc domain in docking, we performed

electron microscopy on the strain expressing open-UNC-18 with the yeast Habc-chimera. The ‘‘open’’ form

of UNC-18 bypasses the requirement for the UNC-18-Habc interaction in docking (Figures 5E and 5F). Un-

like locomotion and physiology, the rescue of docking is complete.
iScience 25, 104506, July 15, 2022 9



Figure 6. Model of syntaxin Habc domain function

In step 1, Unc18 binds closed syntaxin during trafficking to axons. In step 2, the active zone protein Unc13 converts syntaxin to the open configuration. In step

3, the Habc domain then converts Unc18 to an open conformation. In step 4, open Unc18 binds the SNARE domains of syntaxin and synaptobrevin, to align

and nucleate SNARE complex assembly. In step 5, SNAP-25, complexin, and synaptotagmin are recruited by unknown mechanisms to form an SNARE

complex fully ‘‘primed’’ for fusion. Our results do not explicitly exclude an alternative sequence of steps; for example, the ‘‘opening’’ of UNC-18 could

precede the ‘‘opening’’ of syntaxin.
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Together, these data suggest a model in which the Habc domain is required to transform UNC-18 from the

closed state to the open state, which allows UNC-18 to bind to the SNARE domains and nucleate the

SNARE complex formation (Figure 6).

DISCUSSION

To identify evolutionarily conserved protein interactions in synaptic vesicle fusion, we used an ‘‘interspe-

cies complementation’’ approach to determine the function of the Habc domain in the nematode

C. elegans. To be most effective, interspecies complementation starts from ‘‘zero output’’, that is, the

replacement of a single component from another species resembles a null mutation. We found the

worm syntaxin Habc domain could be functionally replaced with those from the placozoan Trichoplax

or the choanoflagellate Monosiga. Thus, the conservation of physical interactions between the Habc

domain and the synaptic machinery predated the evolution of synapses and, indeed, the evolution of

metazoans. Eventually, we had to rely on the highly divergent SNARE machinery in yeast to obtain

‘‘zero output’’. The yeast-Habc chimera resembles the syntaxin null mutant and a full deletion of the

Habc domain (Rathore et al., 2010).

Fusion was restored by a complex in which two interfaces were species matched: first, the Habc domain

and the SM protein, and second, the SM protein ‘‘grooves’’ and the SNARE motifs. However, an Habc to

UNC-18 mismatch could be bypassed if the UNC-18 protein was locked in the open conformation,

thereby suggesting that the Habc domain might function to convert UNC-18 from a closed to open

conformation to template SNAREs. Both of these genetic configurations rescued docking, but did not

fully rescue fusion rates. One possible reason for incomplete rescue of fusion is that the yeast-Habc syn-

taxin chimera fails to dock synaptic vesicles adjacent to calcium channels. Unc13 is required for vesicle

docking (Hammarlund et al., 2007). In addition, Unc13 couples docked vesicles to calcium channels

(Tan et al., 2022) because it binds both Habc domain of syntaxin (Betz et al., 1997) and interacts with cal-

cium channels via RIM (Brockmann et al., 2020; Kaeser et al., 2011). Syntaxin in the open state bypasses

the requirement for UNC-13 in vesicle docking, but fusion is only partially restored (Hammarlund et al.,

2007). Because of the mismatch between the Habc domain and the SNARE motif, the yeast-Habc syn-

taxin chimera is predicted to be in the ‘‘open’’ state and dock vesicles independent of Unc13. It is

possible that these promiscuously docked vesicles are not coupled to calcium channels, and therefore

are not fusion competent. Alternatively, vesicles may be docked near calcium channels but the

SNAREs may be misassembled (Lai et al., 2017). Likewise, ‘‘open’’ UNC-18 may bypass crucial steps

needed in localizing the fusion machinery near calcium channels or in proofreading SNARE assembly,

leading to docked but fusion-compromised vesicles.

Two recent structures suggest that the core function of SM proteins is to template SNARE assembly. First,

we used the structure of the yeast lysosomal SM protein, Vps33, to map residues in Sec1 that could poten-

tially be modified to interact with worm SNAREs (Baker et al., 2015). Vps33 only has very weak homology
10 iScience 25, 104506, July 15, 2022
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with UNC-18, and yet the engineered Sec1 provided significant rescue. The rescue we observed provides

the strongest evidence yet for the physiological importance of the templating functions of the SM proteins,

which thus far have only beenminimally explored in vivo (André et al., 2020). Second, the recent structure of

the yeast Golgi SNARE Tlg2 bound to Vps45 indicates that SM proteins can interact with the Habc domain

and the SNARE domain in an open conformation (Eisemann et al., 2020). Although similar structural data

are not available for Sec1 or Unc18 proteins, binding experiments indicate Unc18 is able to interact with

open syntaxin (Christie et al., 2012; Colbert et al., 2013; Rickman et al., 2007; Shen et al., 2007). Finally,

our interspecies complementation underscores the universal nature of the interactions between SM pro-

teins and SNAREs that nucleate SNARE assembly.

Taken together, our findings suggest a model for the regulatory interactions leading to the SNARE pairing

at the synapse (Figure 6). The active zone protein UNC-13 is thought to convert syntaxin from a closed to an

open state (Hammarlund et al., 2007; Ma et al., 2011; Magdziarek et al., 2020; Richmond et al., 2001; Yang

et al., 2015), although this role has been disputed (McEwen et al., 2006; Tien et al., 2020). Templating is a

late step and requires the open conformation of UNC-18.We therefore speculate that in the open state, the

Habc domain of syntaxin converts UNC-18 to an open conformation. Based on the crystal structure of

Vps33, the open form of UNC-18 binds the SNARE domains of synaptobrevin and syntaxin to nucleate

SNARE assembly (Baker et al., 2015; Sitarska et al., 2017). SNAP-25 is thought to be the last SNARE to enter

the complex (Jiao et al., 2018; Kalyana Sundaram et al., 2021; Wang et al., 2019), although the order is still in

dispute (Lee et al., 2020).

Perhaps, themost remarkable result is that the core fusionmachinery from yeast can function in neurotrans-

mission. We do not yet understand how or indeed whether the yeast SNAREs and SM protein are able to

couple with the specialized calcium-sensingmachinery used in synaptic vesicle fusion. However, the rescue

confirms that the functional interactions provided by the SNAREs and their partner SM proteins have re-

mained largely constant from yeast to man, even within very different molecular contexts and cellular

environments.
Limitations of the study

Our study identifies two interfaces between syntaxin and Unc18 that are required for their functional inter-

actions. Chimeric yeast-worm proteins provide functional rescue at the C. elegans neuromuscular junction

only when these interfaces are species matched. The interface between the syntaxin Habc domain and

UNC-18 can be partially bypassed by an open form of UNC-18. The identification of these interfaces

and the bypass by UNC-18 relies solely on genetic studies, and conclusions would be strengthened by bio-

physical or structural studies, for instance, data demonstrating that Habc binding directly promotes the

open state of UNC-18. However, the results are consistent with published structural studies of yeast

SNARE homologs bound to SM proteins.
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Rosenmund, C. (2020). A trio of active zone
proteins comprised of RIM-BPs, RIMs, and
Munc13s governs neurotransmitter release. Cell
Rep. 32, 107960. https://doi.org/10.1016/j.celrep.
2020.107960.

Brunet, T., and King, N. (2017). The origin of
animal multicellularity and cell differentiation.
Dev. Cell 43, 124–140. https://doi.org/10.1016/j.
devcel.2017.09.016.

Cao, J., Packer, J.S., Ramani, V., Cusanovich,
D.A., Huynh, C., Daza, R., Qiu, X., Lee, C.,
Furlan, S.N., Steemers, F.J., et al. (2017).
Comprehensive single-cell transcriptional
profiling of a multicellular organism. Science
357, 661–667. https://doi.org/10.1126/science.
aam8940.

Carr, C.M., Grote, E., Munson,M., Hughson, F.M.,
and Novick, P.J. (1999). Sec1p binds to SNARE
complexes and concentrates at sites of secretion.
J. Cell Biol. 146, 333–344. https://doi.org/10.
1083/jcb.146.2.333.

Christie, M.P., Whitten, A.E., King, G.J., Hu,
S.-H., Jarrott, R.J., Chen, K.-E., Duff, A.P.,
Callow, P., Collins, B.M., James, D.E., et al.
(2012). Low-resolution solution structures of
Munc18:Syntaxin protein complexes indicate
an open binding mode driven by the Syntaxin
N-peptide. Proc. Natl. Acad. Sci. USA 109,
9816–9821. https://doi.org/10.1073/pnas.
1116975109.
Colbert, K.N., Hattendorf, D.A., Weiss, T.M.,
Burkhardt, P., Fasshauer, D., and Weis, W.I.
(2013). Syntaxin1a variants lacking an N-peptide
or bearing the LE mutation bind to Munc18a in a
closed conformation. Proc. Natl. Acad. Sci. USA
110, 12637–12642. https://doi.org/10.1073/pnas.
1303753110.

Davis, M.W., and Jorgensen, E.M. (2022). ApE, A
Plasmid Editor: A Freely Available DNA
Manipulation and Visualization Program.
Frontiers in Bioinformatics 2:818619. https://doi.
org/10.3389/fbinf.2022.818619.

de Wit, H., Cornelisse, L.N., Toonen, R.F.G., and
Verhage, M. (2006). Docking of secretory vesicles
is syntaxin dependent. PLoS One 1, e126. https://
doi.org/10.1371/journal.pone.0000126.

Dulubova, I., Sugita, S., Hill, S., Hosaka, M.,
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T.H. (2014). An extended helical conformation in
domain 3a of Munc18-1 provides a template for
SNARE (soluble N-Ethylmaleimidesensitive factor
attachment protein receptor) complex assembly.
J. Biol. Chem. 289, 9639–9650. https://doi.org/10.
1074/jbc.m113.514273.
iScience 25, 104506, July 15, 2022 13

https://doi.org/10.1016/s0092-8674(00)81742-0
https://doi.org/10.1016/s0092-8674(00)81742-0
https://doi.org/10.1038/ng.248
https://doi.org/10.1126/science.1224492
https://doi.org/10.1126/science.1224492
https://doi.org/10.3389/fnmol.2021.785696
https://doi.org/10.3389/fnmol.2021.785696
https://doi.org/10.1371/journal.pbio.0050198
https://doi.org/10.1371/journal.pbio.0050198
https://doi.org/10.1074/jbc.m114.584805
https://doi.org/10.1074/jbc.m114.584805
https://doi.org/10.1091/mbc.e09-08-0712
https://doi.org/10.1091/mbc.e09-08-0712
https://doi.org/10.1016/s0092-8674(00)80512-7
https://doi.org/10.1016/s0092-8674(00)80512-7
https://doi.org/10.1038/366347a0
https://doi.org/10.1038/366347a0
https://doi.org/10.1016/0378-1119(88)90330-7
https://doi.org/10.1016/0378-1119(88)90330-7
https://doi.org/10.1073/pnas.0701124104
https://doi.org/10.1073/pnas.0701124104
https://doi.org/10.1073/pnas.0914906108
https://doi.org/10.1073/pnas.0914906108
https://doi.org/10.1016/j.neuron.2014.11.003
https://doi.org/10.1016/j.neuron.2014.11.003
https://doi.org/10.7554/elife.41771
https://doi.org/10.7554/elife.41771
https://doi.org/10.1016/j.cell.2010.12.029
https://doi.org/10.1016/j.cell.2010.12.029
https://doi.org/10.1002/1873-3468.14006
https://doi.org/10.1002/1873-3468.14006
https://doi.org/10.1016/j.neuron.2017.07.004
https://doi.org/10.1016/j.neuron.2017.07.004
https://doi.org/10.1038/s41598-020-68476-3
https://doi.org/10.1038/s41598-020-68476-3
https://doi.org/10.1074/jbc.m114.631465
https://doi.org/10.1074/jbc.m114.631465
https://doi.org/10.1038/nsmb.2047
https://doi.org/10.1038/nsmb.2047
https://doi.org/10.7554/elife.09580
https://doi.org/10.7554/elife.09580
https://doi.org/10.1002/pro.3844
https://doi.org/10.1002/pro.3844
https://doi.org/10.1038/nprot.2006.281
https://doi.org/10.1091/mbc.e08-02-0160
https://doi.org/10.1091/mbc.e08-02-0160
https://doi.org/10.1016/j.neuron.2006.06.025
https://doi.org/10.1016/j.neuron.2006.06.025
https://doi.org/10.1242/jcs.020230
https://doi.org/10.1242/jcs.020230
https://doi.org/10.1038/emboj.2012.72
https://doi.org/10.1038/emboj.2012.72
https://doi.org/10.1098/rsob.130008
https://doi.org/10.1098/rsob.130008
https://doi.org/10.1038/ncomms2692
https://doi.org/10.1038/ncomms2692
https://doi.org/10.1038/35006120
https://doi.org/10.1038/35006120
https://doi.org/10.1523/jneurosci.0007-16.2016
https://doi.org/10.1523/jneurosci.0007-16.2016
https://doi.org/10.1038/1834
https://doi.org/10.1038/1834
https://doi.org/10.1073/pnas.76.4.1858
https://doi.org/10.1073/pnas.76.4.1858
https://doi.org/10.1074/jbc.m113.514273
https://doi.org/10.1074/jbc.m113.514273


ll
OPEN ACCESS

iScience
Article
Park, S., Bin, N.R., Michael Rajah, M., Kim, B.,
Chou, T.C., Kang, S.Y.A., Sugita, K., Parsaud, L.,
Smith, M., Monnier, P.P., et al. (2016).
Conformational states of syntaxin-1 govern the
necessity of N-peptide binding in exocytosis of
PC12 cells andCaenorhabditis elegans. Mol. Biol.
Cell 27, 669–685. https://doi.org/10.1091/mbc.
e15-09-0638.

Park, S., Bin, N.R., Yu, B., Wong, R., Sitarska, E.,
Sugita, K., Ma, K., Xu, J., Tien, C.W., Algouneh,
A., et al. (2017). UNC-18 and tomosyn
antagonistically control synaptic vesicle
priming downstream of UNC-13 in
Caenorhabditis elegans. J. Neurosci. 37, 8797–
8815. https://doi.org/10.1523/jneurosci.0338-
17.2017.

Pettersen, E.F., Goddard, T.D., Huang, C.C.,
Couch, G.S., Greenblatt, D.M., Meng, E.C., and
Ferrin, T.E. (2004). UCSF Chimera–a visualization
system for exploratory research and analysis.
J. Comput. Chem. 25, 1605–1612. https://doi.
org/10.1002/jcc.20084.

Pettersen, E.F., Goddard, T.D., Huang, C.C.,
Meng, E.C., Couch, G.S., Croll, T.I., Morris, J.H.,
and Ferrin, T.E. (2021). UCSF ChimeraX: structure
visualization for researchers, educators, and
developers. Protein Sci. 30, 70–82. https://doi.
org/10.1002/pro.3943.

Pobbati, A.V., Stein, A., and Fasshauer, D. (2006).
N- to C-terminal SNARE complex assembly pro-
motes rapid membrane fusion. Science 313,
673–676. https://doi.org/10.1126/science.
1129486.

Rathore, S.S., Bend, E.G., Yu, H., Hammarlund,
M., Jorgensen, E.M., and Shen, J. (2010). Syntaxin
N-terminal peptide motif is an initiation factor for
the assembly of the SNARE-Sec1/Munc18 mem-
brane fusion complex. Proc. Natl. Acad. Sci. USA
107, 22399–22406. https://doi.org/10.1073/pnas.
1012997108.

Richmond, J.E., and Jorgensen, E.M. (1999). One
GABA and two acetylcholine receptors function
at the C. elegans neuromuscular junction. Nat.
Neurosci. 2, 791–797. https://doi.org/10.1038/
12160.

Richmond, J.E., Davis, W.S., and Jorgensen, E.M.
(1999). UNC-13 is required for synaptic vesicle
fusion in C. elegans. Nat. Neurosci. 2, 959–964.
https://doi.org/10.1038/14755.

Richmond, J.E., Weimer, R.M., and Jorgensen,
E.M. (2001). An open form of syntaxin bypasses
the requirement for UNC-13 in vesicle priming.
Nature 412, 338–341. https://doi.org/10.1038/
35085583.

Rickman, C., Medine, C.N., Bergmann, A., and
Duncan, R.R. (2007). Functionally and spatially
distinct modes of munc18-syntaxin 1 interaction.
J. Biol. Chem. 282, 12097–12103. https://doi.org/
10.1074/jbc.m700227200.

Rodkey, T.L., Liu, S., Barry, M., and McNew, J.A.
(2008). Munc18a scaffolds SNARE assembly to
promote membrane fusion. Mol. Biol. Cell 19,
5422–5434. https://doi.org/10.1091/mbc.e08-05-
0538.

Rothman, J.E. (2014). The principle of membrane
fusion in the cell (Nobel lecture). Angew. Chem.
Int. Ed. Engl. 53, 12676–12694. https://doi.org/10.
1002/anie.201402380.
14 iScience 25, 104506, July 15, 2022
Rowe, J., Corradi, N., Malosio, M.L., Taverna, E.,
Halban, P., Meldolesi, J., and Rosa, P. (1999).
Blockade of membrane transport and
disassembly of the Golgi complex by expression
of syntaxin 1A in neurosecretion-incompetent
cells: prevention by rbSEC1. J. Cell Sci. 112,
1865–1877. https://doi.org/10.1242/jcs.112.12.
1865.

Rowe, J., Calegari, F., Taverna, E., Longhi, R., and
Rosa, P. (2001). Syntaxin 1A is delivered to the
apical and basolateral domains of epithelial cells:
the role of munc-18 proteins. J. Cell Sci. 114,
3323–3332. https://doi.org/10.1242/jcs.114.18.
3323.

Saifee, O., Wei, L., and Nonet, M.L. (1998).
The Caenorhabditis elegans unc-64 locus
encodes a syntaxin that interacts genetically
with synaptobrevin. Mol. Biol. Cell 9, 1235–
1252. https://doi.org/10.1091/mbc.9.6.1235.

Schneider, C.A., Rasband, W.S., and Eliceiri, K.W.
(2012). NIH Image to ImageJ: 25 years of image
analysis. Nat. Methods 9, 671–675. https://doi.
org/10.1038/nmeth.2089.

Schwede, T., Kopp, J., Guex, N., and Peitsch,
M.C. (2003). SWISS-MODEL: an automated
protein homology-modeling server. Nucleic
Acids Res. 31, 3381–3385. https://doi.org/10.
1093/nar/gkg520.

Shen, J., Tareste, D.C., Paumet, F., Rothman, J.E.,
and Melia, T.J. (2007). Selective activation of
cognate SNAREpins by Sec1/Munc18 proteins.
Cell 128, 183–195. https://doi.org/10.1016/j.cell.
2006.12.016.

Shen, J., Rathore, S.S., Khandan, L., and Rothman,
J.E. (2010). SNARE bundle and syntaxin
N-peptide constitute a minimal complement for
Munc18-1 activation of membrane fusion. J. Cell
Biol. 190, 55–63. https://doi.org/10.1083/jcb.
201003148.

Shu, T., Jin, H., Rothman, J.E., and Zhang, Y.
(2020). Munc13-1 MUN domain and Munc18-1
cooperatively chaperone SNARE assembly
through a tetrameric complex. Proc. Natl. Acad.
Sci. U S A. 117, 1036–1041. https://doi.org/10.
1073/pnas.1914361117.

Sitarska, E., Xu, J., Park, S., Liu, X., Quade, B.,
Stepien, K., Sugita, K., Brautigam, C.A., Sugita, S.,
and Rizo, J. (2017). Autoinhibition of Munc18-1
modulates synaptobrevin binding and helps to
enable Munc13-dependent regulation of mem-
brane fusion. Elife 6, e24278. https://doi.org/10.
7554/elife.24278.

Smith, C.L., Varoqueaux, F., Kittelmann, M.,
Azzam, R.N., Cooper, B., Winters, C.A., Eitel, M.,
Fasshauer, D., and Reese, T.S. (2014). Novel cell
types, neurosecretory cells, and body plan of the
early-diverging metazoan Trichoplax adhaerens.
Curr. Biol. 24, 1565–1572. https://doi.org/10.
1016/j.cub.2014.05.046.

Sørensen, J.B., Wiederhold, K., Müller, E.M.,
Milosevic, I., Nagy, G., de Groot, B.L.,
Grubmüller, H., and Fasshauer, D. (2006).
Sequential N- to C-terminal SNARE complex as-
sembly drives priming and fusion of secretory
vesicles. EMBO J. 25, 955–966. https://doi.org/
10.1038/sj.emboj.7601003.
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(2013). Syntaxin-1 N-peptide and Habc-domain
perform distinct essential functions in synaptic
vesicle fusion. EMBO J. 32, 159–171. https://doi.
org/10.1038/emboj.2012.307.

Zorman, S., Rebane, A.A.,Ma, L., Yang,G.,Molski,
M.A., Coleman, J., Pincet, F., Rothman, J.E., and
Zhang, Y. (2014). Common intermediates and
kinetics, but different energetics, in the assembly
of SNARE proteins. Elife 3, e03348. https://doi.
org/10.7554/elife.03348.
iScience 25, 104506, July 15, 2022 15

https://doi.org/10.1098/rstb.1986.0056
https://doi.org/10.1098/rstb.1986.0056
https://doi.org/10.1016/s0092-8674(00)81669-4
https://doi.org/10.1016/s0092-8674(00)81669-4
https://doi.org/10.1074/jbc.m513246200
https://doi.org/10.1074/jbc.m513246200
https://doi.org/10.1038/nsmb.3038
https://doi.org/10.1038/emboj.2012.307
https://doi.org/10.1038/emboj.2012.307
https://doi.org/10.7554/elife.03348
https://doi.org/10.7554/elife.03348


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Escherichia coli OP50 Caenorhabditis Genetics Center (CGC) OP50

TOP10 Lab stock N/A

Chemicals, peptides, and recombinant proteins

Aldicarb ChemService Cat# N-11044

Cyanoacrylate Glue Aesculap Histoacryl; BBraun Inc. https://www.bbraun.com/en/

products/b/histoacryl.html

Collagenase Sigma-Aldrich Cat #C5138

Osmium tetroxide EMS Cat # 19110

Acetone, glass-distilled, electron

microscopy grade

EMS Cat # 10015

Glutaraldehyde EMS Cat # 111-30-8

Uranyl acetate EMS Cat # 22400

Sodium Azide Thermo Fisher Scientific Cat # 190385000

Critical commercial assays

Gibson assembly New England Biolabs Cat # E2611S

Gateway cloning method Invitrogen N/A

Experimental models: Organisms/strains

C. elegans: Bristol N2 (adult stage,

hermaphrodite

Caenorhabditis Genetics Center (CGC) N2

See Table S1 for all C. elegans strains

used in this study

This paper N/A

Recombinant DNA

pBSK(+)Sec1p cDNA Biomatik https://www.biomatik.com/services/

gene-synthesis.html

Software and algorithms

SWISS-MODEL Webserver Schwede et al., 2003 https://swissmodel.expasy.org

Clustal Omega Higgins and Sharp, 1988 http://www.clustal.org/omega

ImageJ Schneider et al., 2012 https://imagej.nih.gov/ij/

WormLab https://www.mbfbioscience.com/wormlab

Prism GraphPad Version 8.3

ApE Davis and Jorgensen, 2022 https://jorgensen.biology.utah.edu/wayned/ape/

Patchmaster HEKA Elektronik https://www.heka.com

IGOR Pro WaveMetrics IGOR Pro 8

MiniAnalysis Synaptosoft N/A

Jalview Waterhouse et al., 2009 https://www.jalview.org/

Chimera and Chimera X Pettersen et al., 2004, 2021 https://www.cgl.ucsf.edu/chimerax/
RESOURCE AVAILABILITY

Lead contact

Requests for reagents, resources and information should be directed to Erik Jorgensen (jorgensen@

biology.utah.edu).
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Material availability

All C. elegans strains and plasmids generated in this study are available upon request from the lead

contact.

Data and code availability

d All data reported in the paper will be shared by the lead contact upon request.

d This paper does not report any original code.

d Additional information needed to reanalyze the data in this paper is available from the lead contact.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Caenorhabditis elegans strains used in this study were maintained on E. coliOP50- seeded NGM plates

at 20�C (for experiments) or 15�C (for longer term storage). All experiments were conducted on adult her-

maphrodites. A list of strains used in this paper can be found in the key resources table below.
METHOD DETAILS

Strains

All strains were maintained on E. coliOP50- seeded NGM plates according to standard methods. Syntaxin

null worms are paralyzed and arrest at the first larval stage (L1), which leads to lethality (Saifee et al., 1998).

Some of the interspecies chimeras used in our study were unable to rescue unc-64(js115) syntaxin null

phenotype (referred to using the alternative name syx-1 in text). To bypass the lethality, we used mosaic

animals expressing wild-type syntaxin (Hammarlund et al., 2007) in the acetylcholine neurons of the

head; this expression is sufficient to rescue syntaxin null mutants to adulthood. The null allele unc-

18(md299) is a complete deletion of the locus; the strain is uncoordinated by viable (Weimer et al.,

2003). For the syx-1 unc-18 double mutant we expressed both syntaxin and UNC-18 in the acetylcholine

head neurons. These mosaic animals were used in all cases where the syntaxin chimera was unable to

rescue lethality (see Table S1 for a complete list of strains used in this work).
Molecular biology

All plasmids were made using the Invitrogen multisite Gateway cloning technique. To build the rescuing

construct for unc-64(js115) (syntaxin null animals), the neuronal UNC-64A cDNA was amplified from a

worm cDNA library and cloned into Gateway entry vectors. This parental construct was used to engineer

all syntaxin chimeras in this study. Domain replacement was performed by insertion of the corresponding

synthetic gene fragments (Integrated DNA Technologies (IDT)) and assembled by Gibson cloning. The re-

sulting [1–2] entry clones were recombined with a [4–1] entry vector containing the synaptotagmin pro-

moter and a GFP tag (pEGB348); a [2–3] entry vector with the let-858 3ʹUTR; and the [4–3] destination vector

(pCFJ201) using LR clonase (Invitrogen). Plasmids were inserted into the worm genome as a single copy

using the MosSCI technique (Frøkjaer-Jensen et al., 2008) or expressed as extrachromosomal arrays for

overexpression experiments. Similarly, UNC-18 rescuing constructs were obtained by cloning the UNC-

18 cDNA or the synthetic Sec1p cDNA (from Biomatik) into the Gateway entry vectors. These plasmids

were also used to generate the open UNC-18 mutant and the Sec1p chimera. In both cases, synthetic

gene fragments with the desired nucleotide modification were cloned using Gibson assembly. The open

UNC-18 mutant was obtained by mutation of the ‘‘hinge’’ proline (P334A) in UNC-18 domain 3a. To build

the Sec1p chimera we introduced worm residues in the groove and cleft domains of Sec1p. To identify

these substitutions we used the crystal structure of the yeast SM protein Vps33 with its cognate SNAREs

(Baker et al., 2015). Residues from the Vps33 predicted to binds Nyv1 and Vam3 (PDB code 5BV0 and

PDB code 5BUZ, respectively) were mapped into Sec1p based on secondary structure predictions

generated by the SWISS-MODEL Webserver (Schwede et al., 2003) and sequence alignments obtained

with Clustal Omega (Higgins and Sharp, 1988) (S5). Using a pymol script we identified potential contact

residues in Sec1p within 4 Angstrom that are not conserved between yeast and worm.
Imaging

Nematodes were immobilized using 25 mM sodium azide (NaN3) and mounted on 3% agarose pads on

glass slides. All images were acquired as Z-stacks using a Pascal LSM5 confocal microscope (Carl Zeiss)

with a 6331.4NA oil objective. Ventral cord images were taken with the cord facing toward the objective.
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Fluorescent intensity was quantified using ImageJ software. Axon intensity was obtained by drawing a re-

gion of interest around the ventral nerve cord including the soma (total intensity) and subtracting the soma

intensity. Data was analyzed using one-way ANOVA followed by Bonferroni’s post-test and reported as

mean G SEM.

Worm tracking and speed analysis

To compare worm tracks, a single young adult worm was placed on a NGM plate seeded with OP50. After

1 minute, the animal was removed and a track picture was taken with a Stingray camera (Allied Vision Tech-

nologies model). Worm tracks were then drawn on a WACOM touchscreen monitor, x,y coordinates, and

length measurements were determined using an ImageJ macro. ImageJ x,y coordinates were transformed

into a scalable vector graphics file (svg) using a Matlab script developed in the Jorgensen lab. In Figure S8,

we allowed the animals to move for 5 minutes, instead of the customary 1 minute, to better distinguish

between animals with severe locomotion defects.

Tomeasure the speed, 20 animals for each strain were filmed for 2minutes. Animals with severe locomotion

defects were filmed for 30 minutes. Videos were generated using Wormtracker system (MBF Bioscience).

Videos were then analyzed and average speed computed using WormLab software built in with the tracker

system.

Aldicarb assays

Aldicarb sensitivity was assessed using 20 young adult worms on NMG plates containing 2 mM aldicarb.

Worms were scored for paralysis at 10 minutes intervals for 6 hours. Worms were considered paralyzed

when there was no movement in response to three taps to the head and tail with a platinum wire. Once

paralyzed, worms were removed from the plate. Each genotype was tested blind three times and paralysis

curves were generated by averaging paralysis time courses for each plate.

Electrophysiology

Electrophysiological recordings were performed as follows (Richmond and Jorgensen, 1999; Richmond

et al., 1999). Briefly, worms were immobilized with cyanoacrylate glue (Aesculap Histoacryl; BBraun Inc.)

and a lateral incision was made to expose the ventral medial body muscles. The preparation was treated

with collagenase (type IV; Sigma-Aldrich) for 15 seconds at a concentration of 0.5 mg/mL. The muscle

was voltage-clamped using the whole-cell configuration at a holding potential of �60 mV. All recordings

were performed at 21�C using an EPC-9 patch clamp amplifier (HEKA), which runs on an ITC-16 interface

(HEKA). Data were acquired using Pulse software (HEKA). Data analysis and graph preparation were per-

formed using Pulsefit (HEKA), Mini Analysis (Synaptosoft), and Igor Pro (Wavemetrics). Data are presented

scatter plots, where each point represents one animal, with the mean G standard error of the mean

overlayed.

Electron microscopy

Electron microscopy experiments were performed as follows (Watanabe et al., 2013). Briefly, ten young

adult worms were placed into a 100-um deep specimen carrier (type A and B) along with space-filling

5% bovine serum albumin in M9 buffer. Samples were frozen with a Leica EM-ICE high-pressure freezer.

Freeze substitution was performed in a Leica EM AFS2 system. Frozen samples were fixed with 1% glutar-

aldehyde, 1% osmium tetroxide, and 1% water in anhydrous acetone for 24 hours at �90 �C. The samples

were warmed to �20�C at 5�C/hour, held at �20�C for 16 hours, and subsequently brought to room

temperature (20�C, at 10�C/hour). Fixed animals were isolated from the specimen carrier and embedded

in Epon-Araldite resin. Two random animals from each genotype were sectioned.�250 ultrathin (33–40 nm)

serial sections for each animal were collected on a Leica microtome (Ultracut UC7). The sections were post-

stained with 2.5% uranyl acetate in 70%methanol for fiveminutes before imaging. Serial micrographs of the

ventral nerve cords were collected in a transmission-mode scanning electron microscope (Zeiss

GeminiSEM 300). ATLAS 5 was used to acquire images in a semi-automated fashion.

Synaptic morphometry was performed blind to genotype. Micrographs from serial sections encompassing

a single synapse were collected as an image stack. A synapse was defined as all profiles containing the pre-

synaptic dense projection plus a flanking profile from each side of the dense projection (Watanabe et al.,

2013). If more than two synaptic profiles were missing (section loss, occluding schmutz, etc.), the synaptic
18 iScience 25, 104506, July 15, 2022



ll
OPEN ACCESS

iScience
Article
series was excluded from the analysis. The stacks of serial synaptic profiles were then randomized. Stacks

were then segmented for features, such as total synaptic vesicle numbers, and docked vesicles. A synaptic

vesicle was considered docked if the vesicle membrane touches the plasmamembrane (0 nm) without ligh-

ter pixels between the vesicle and plasma membranes (Hammarlund et al., 2007). Acetylcholine and GABA

synapses were segmented based on the C. elegans the reconstruction of the connectome from serial elec-

tron micrographs (White et al., 1986). Data are presented scatter plots, where each point represents one

synapse, with the mean G standard error of the mean overlayed.
Multiple sequence alignment analysis and model interpretation

Protein sequences were retrieved fromUniprot via Jalview’s sequence fetcher (Waterhouse et al., 2009) and

aligned with the Clustal OmegaWebserver with default parameters (Higgins and Sharp, 1988). For the syn-

taxin alignment shown in S1, mouse (uniprot O35526), worm (uniprot O16000-2), Trichoplax (uniprot

B3S4L5), Monosiga (uniprot A9UTG5), and yeast (uniprot P32867) sequences were used. Alignment in S5

used the Vps33 sequence from C. thermophilum (uniprot G0SCM5) and UNC-18 sequences from mouse

(uniprot A2ARS2), worm (wormbase UNC-18a 591aa, Note: the uniprot sequence P34815 673aa, is an

anomalous sequence that appends 91 N-terminal amino acids from a region 50 of the unc-18 gene),

Trichoplax (uniprot B3RPC7), Monosiga (uniprot A9V0L3), and yeast (uniprot P30619). Alignment in S7

for synaptobrevin used sequences from worm (uniprot O02495) and yeast (uniprot P1109). Similarly,

SNAP-25 alignment used sequences from worm (uniprot A5PEW5) and yeast (uniprot P40357).

All figures containing models (S1B and S5) were prepared with Chimera and ChimeraX (Pettersen et al.,

2004, 2021).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data in scatter plot graphs present single observations (points) and are shown as mean G standard error

of the mean (SEM). Data was analyzed for significance with a Student’s two-tailed t-test for locomotion,

physiology, and imaging. For electron microscopy we used a Mann-Whitney analysis. Further details are

presented in the figure legends. All the tests were performed using GraphPad Prism 8.3. A level of

p < 0.05 was considered significant. In all grouped data analysis significance is represented as follows:

ns > 0.05; * < 0.05; ** < 0.01; *** < 0.001.
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Table	T1.	List	of	strains,	related	to	STAR	methods		
Syntaxin	is	encoded	by	unc-64	gene	in	C.	elegans,	but	is	also	known	as	syx-1.		For	clarity,	we	
refer	to	the	gene	as	‘syx-1’	in	the	text,	but	use	the	preferred	name	unc-64	in	the	strains	list.		
unc-64(js115)	is	lethal	as	a	homozygote;	the	‘syx-1	null’	strain	is	rescued	by	a	transgene	
array	expressed	in	acetylcholine	and	glutamate	neurons	in	the	head;	the	animal	remains	
paralyzed	due	to	a	lack	of	syntaxin	in	the	ventral	nerve	cord	motor	neurons.	
			

Strain	 Genotype	

EG2876	 unc-18(md299)	X	

‘syx-1	null’	
EG3278	

unc-64(js115)	III;	oxEx536	[Punc-17Δcord::unc-64(+);	Pglr-1::unc-64(+);	Punc-122::GFP;	lin-
15(+)]		

EG9279	 oxSi1008	[Psnt-1::GFP::unc-64(+)::	let-858	5605]II;	unc-64(js115)	III	

EG9285	 oxSi1014	[Psnt-1::GFP::sso1	linker	chimera]	II;	unc-64(js115)	III	

EG9291	 oxSi1021	[Psnt-1::GFP::Trichoplax	Habc	chimera]	II;	unc-64(js115)	III	

EG9294	 oxSi1022	[Psnt-1::GFP::Monosiga	Habc	chimera]	II;	unc-64(js115)	III	

‘yeast-Habc	
chimera’	
EG9331	

oxSi1010	[Psnt-1::GFP::sso1	Habc	chimera]	II;	unc-64(js115)	III;	oxEx536[Punc-17::unc-64(+);	
Pglr-1::unc-64(+);	Punc-122::GFP;	lin-15(+)]	

EG9462	 oxSi1050[Psnt-1::GFP::sso1	N-peptide	chimera]	II;	unc-64(js115)	III	

EG9637	 unc-64(js115)	III;	unc-18(md299)	X;	oxEx2108[Punc-17	Δcord::unc-64(+);	Punc-17	Δcord::unc-
18(+);	Pmyo-2::mCherry]	

EG9642	 unc-64(js115)	III;	unc-18(md299)	X;	oxEx2108[Punc-17	Δcord::	unc-64(+);	Punc-17	Δcord::unc-
18(+);	Pmyo-2::mCherry];	oxEx2109[Psnt-1::sec9	SNARE	chimera;	Psnt-1::snc1	SNARE	chimera;	
Psnt-1::sso1	SNARE	chimera	with	worm	Habc;	Psnt-1::SEC1+;	Punc-122::GFP]	

EG9718	 oxSi1104	[Psnt-1::GFP::sso1	SNARE	chimera]	II;	unc-64(js115)III;	oxEx536	[Punc-17	Δcord::unc-
64(+);	Pglr-1::unc-64(+);	Punc-122::GFP;	lin-15(+)]	

‘yeast		
synapse’	
EG9754	

unc-64(js115)	III;	unc-18(md299)	X;	oxEx2110[Psnt-1::sec9	SNARE	chimera;	Psnt-1::snc1	
SNARE	chimera;	Psnt-1::sso1	SNARE	chimera	with	yeast	Habc;	Psnt-1::SEC1+;	Punc-122::GFP]		

EG9798	 oxSi1010	[Psnt-1::GFP::sso1	Habc	chimera]	II;	unc-64(js115)	III;	unc-18(md299)	X;	oxEx536	
[Punc-17	Δcord::unc-64(+);	Pglr-1::unc-64(+);	Punc-122::GFP;	lin-15(+)]	oxEx2154[Psnt-1::unc-
18(+)]	

EG9800	 oxSi1010	[Psnt-1::GFP::sso1	Habc	chimera]	II;	unc-64(js115)	III;	unc-18(md299)	X;	oxEx536	
[Punc-17	Δcord::unc-64(+);	Pglr-1::unc-64(+);	Punc-122::GFP;	lin-15(+)];	oxEx2155	[Psnt-
1::SEC1+]	

‘open  
UNC-18’ 
EG9859	

oxSi1010	[Psnt-1::GFP::unc-64(+)	Sso1p	Habc	chimera]II;	unc-64(js115)	III;	unc-18(md299)	X;	
oxEx2169	[Punc-18::unc-18	P334A;	Pmyo2::mCherry]	

‘Sec1p	
chimera’	
EG9861	

unc-18(md299)	X;	oxEx2170	[Psnt-1::sec1-worm	mutations;	Pmyo-2::mCherry]	

EG9869	 oxSi1010 [Psnt-1::GFP::sso1 Habc chimera] II; unc-64(js115) III; unc-18(md299) X; oxEx2159 [Psnt-
1::sec1-worm mutations; Pmyo-2::mCherry] 

	 	



Supplementary	Figures		

	
Fig.	S1.	Sequence	alignment	of	syntaxin	proteins,	related	to	Figure	1.		
A, Domain architecture and homology of the syntaxin proteins. Domains are illustrated in 
blocks above the protein alignment. The black arrows indicate the breakpoints in the chimeric 
proteins. The alignment uses the default Clustal X color scheme (Larkin et al., 2007): 
hydrophobic blue, positive charge red, negative charge magenta, polar green, cysteines pink, 
glycines orange, proline yellow, aromatic cyan, unconserved white. B, Relative conservation of 
the syntaxin Habc domain is based on the species shown in S1A. Habc domain sequences from 
placozoa (Trichoplax adhaerens; Syntaxin 1.2; uniport B3S4L5, choanoflagellates (Monosiga 
brevicollis; predicted protein; uniprot A9UTG5), and yeast (Saccharomycies cerevisiae; Sso1p; 
uniprot P32867) have distinctive amino acid identities compared to the worm Habc domain 
(Caenorhabditis elegans; unc-64; uniprot O16000-2). 



	
Fig.	S2.	The	Habc	domain	and	SNARE	domain	are	important	for	syntaxin	localization,	
related	to	Figure	2.		
A,	Substitution	of	the	Habc	or	SNARE	motif	of	syntaxin	disrupts	syntaxin	localization.	A	
(top)	Representative	images	showing	the	localization	of	syntaxin	chimeras	and	open	
syntaxin.	The	yeast-Habc	chimera,	the	yeast	SNARE	chimera	and	syntaxin	in	the	open	
configuration	showed	a	reduced	axonal	localization,	indicating	defects	in	transport.	
However,	the	majority	of	syntaxin	was	properly	trafficked	and	localized	to	axons.	Chimeras	
with	the	yeast	N-peptide	and	the	yeast	syntaxin	linker	had	normal	syntaxin	localization.	All	
images	are	shown	at	the	same	magnification.	Scale	bar	=	1µm.	A,	(bottom)	Quantification	of	
the	same	five	strains	used	in	top	panel.	B,	Trichoplax	and	yeast-Habc	chimeras	are	
mislocalized.	Substitution	of	the	worm	Habc	domain	with	either	Trichoplax	or	yeast	Habc	
impaired	syntaxin	localization.	B,	(top)	Representative	images	showing	the	localization	of	
the	syntaxin	Habc	chimeras.	Worm	syntaxin	and	the	choanoflagellate	Habc	chimeras	were	
correctly	localized	to	axons	with	approximately	10%	accumulation	in	neuronal	cell	bodies.	
By	contrast,	Trichoplax	and	yeast-Habc	chimeras	exhibited	increased	localization	in	cell	
bodies	(20%	and	30%	respectively).	B,	(bottom)	Quantification	of	the	same	four	strains	
shown	in	top	panel.	Grouped	data	are	shown	as	mean	and	SEM.	n.s.	>	0.05;	**	<	0.01;	***	<	
0.001	(Student’s	two-tailed	t-test).				



	
Fig.	S3:	Matching	the	choano	Habc	chimera	with	either	its	cognate	SM	protein	or	an	
open	form	of	UNC-18	restores	neurotransmission,	related	to	Figure	3	and	5.	
A,	Average	locomotion	rates	in,	from	left	to	right:	rescued	worm	syntaxin;	the	Choano	Habc	
chimera;	the	Choano	Habc	chimera	overexpressing	worm	UNC-18;	the	Choano	Habc	
chimera	overexpressing	Choano	Unc18;	and	the	syntaxin	null	animals.	Data	are	displayed	
as	scatter	dot	plots	with	mean	and	SEM.	Each	point	represents	an	animal.	n.s.	>	0.05;	*	<	
0.05;	***	<	0.001	(Student’s	two-tailed	t-test).	B,	Matching	the	Habc	domain	with	Unc18	
from	choanoflagellates	provides	partial	rescue	in	the	aldicarb-sensitivity	assay	(n=3	
independent	experiments	on	20	worms	per	experiment).	Error	bars	represent	SEM.	C,	
Expression	of	P334A	UNC-18	mutation	‘Open	UNC-18’	in	the	Choano-Habc	chimera	
background	increased	the	locomotion	speed	1.8-fold	(n=20	for	each	genotype).	D,	Locked	
open	UNC-18	makes	Choano-Habc	chimeras	more	sensitive	to	aldicarb	than	WT	UNC-18.	
Error	bars	represent	SEM.	



	
Fig.	S4.	Synaptic	vesicle	distributions	in	chimeras,	related	to	Figures	3,4	and	5.				
A,	The	total	number	of	vesicles	at	synapses	expressing	chimeric	syntaxin	or	SM	proteins	is	
not	significantly	altered	(n.s.	>	0.05;	Mann-Whitney).	Top:	total	number	of	vesicles	at	
ventral	nerve	cord	acetylcholine	synapses	(VA	and	VB	motor	neurons);	bottom:	total	
number	of	vesicles	at	ventral	nerve	cord	GABA	synapses	(VD	motor	neurons).	Data	are	
displayed	as	scatter	dot	plots	with	mean	and	SEM.	Each	point	represents	a	synapse.	B,	
Synaptic	vesicle	docking	within	the	active	zone	is	restored	when	the	Habc	domain	of	
syntaxin,	the	SNARE	complex,	and	the	SM	protein	are	matched.	‘Open’	UNC-18	bypasses	the	
mismatch	of	Habc	domain	and	SM	protein.	Number	of	docked	vesicles	in	ventral	GABA	
synapses	(VD)	were	quantified	for	the	syx-1	unc-18	double	mutant;	yeast-Habc	chimera	
overexpressing	UNC-18;	yeast-Habc	chimera	overexpressing	Sec1p;	yeast-Habc	chimera	
overexpressing	the	Sec1p	chimera	with	‘groove’	mutations	engineered	to	restore	synaptic	
SNARE	interactions;	syntaxin	mutants	overexpressing	the	full	yeast	SNARE	complex	and	
Sec1p	without	a	matching	Habc	interaction;	syntaxin	mutants	overexpressing	the	full	yeast	
SNARE	complex	and	Sec1p	with	a	matching	Habc	interaction;	yeast-Habc	chimeras	
overexpressing	worm	‘open’	UNC-18;	and	wild-type	animals.	Data	are	displayed	as	scatter	
dot	plots	with	mean	and	SEM.	Each	point	represents	a	synapse.	n.s.	>	0.05;	***	<	0.001	
(Mann-Whitney).	C,	Representative	electron	micrographs	of	the	GABA	ventral	
neuromuscular	junctions.	Scale	bar	represents	100nm	in	all	micrographs.	



	
Fig.	S5.	Structure	of	Vps33	and	alignment	to	SM	proteins,	related	to	Figure	5.		
The	structure	of	Vps33	bound	to	its	cognate	SNAREs	served	as	the	guide	for	engineering	
residues	in	Sec1p	to	interact	with	the	worm	SNARE	proteins.	The	Vps33	structure	indicates	
that	the	Qa-SNARE	and	the	R-SNARE	are	bound	in	a	partially	zippered	SNARE	complex	
(PDB	codes	5BV0	and	5BUZ).	A	sequence	alignment	(below)	with	the	engineered	residues	
boxed	indicate	the	25	amino	acids	that	were	changed	in	Sec1p	to	promote	interactions	with	
worm	SNAREs.		



	
	
Fig.	S6:	Sec1p	chimera	is	not	a	gain	of	function	mutant,	related	to	Figure	4.	
A,	Expression	of	the	Sec1p	chimera	in	unc-18	null	animals	does	not	improve	locomotion.	
Data	are	displayed	as	scatter	dot	plots	with	mean	and	SEM.	Each	point	represents	an	
animal.	n.s.	>	0.05	(Student’s	two-tailed	t-test).	B,	The	Sec1p	chimera	does	not	rescue	the	
frequency	of	the	endogenous	miniature	postsynaptic	currents	compared	to	unc-18	null	
animals	(unc-18	null:	8.03	±	0.98	minis/second,	n	=	11;	unc-18	null	overexpressing	the	
Sec1p	chimera:	7.396	±	0.9159	minis/second,	n	=	14).	Data	are	displayed	as	scatter	dot	
plots	with	mean	and	SEM.	Each	point	represents	an	animal.	n.s.	>	0.05	(Student’s	two-tailed	
t-test).	Note	that	the	C.	elegans	genome	encodes	a	paralog	of	unc-18,	which	is	expressed	
ubiquitously,	and	likely	explains	the	unusually	high	level	of	synaptic	transmission	in	unc-18	
null	mutants	compared	to	equivalent	deletions	in	other	organisms	(Cao	et	al.,	2017;	Taylor	
et	al.,	2021).	C,	Representative	traces	of	endogenous	miniature	postsynaptic	currents	
(minis)	recorded	from	the	body	muscle.	



	
	
Fig.	S7.	C.	elegans	and	yeast	SNAREs	are	highly	divergent,	related	to	Figure	4.		
Sequence	alignments	for	synaptobrevin	and	SNAP-25	using	worm	and	yeast	sequences	are	
shown.	The	corresponding	yeast-worm	chimeras	used	in	this	study	are	shown	at	the	
bottom	of	each	alignment.	Red	dotted	boxes	indicate	the	exact	region	used	to	build	the	
yeast-worm	synaptobrevin	and	SNAP-25	chimeras.	SNARE	domains	are	indicated	with	a	
pink	box.	The	alignment	uses	the	default	Clustal	X	color	scheme	(Larkin	et	al.,	2007).	



	
Fig.	S8.	Substitution	of	the	entire	yeast	SNARE	complex	along	with	Sec1p	provides	
significant	rescue	in	C.	elegans,	related	to	Figure	4.		
Representative	locomotion	trajectories	collected	over	a	5-minute	interval,	from	left	to	
right:	syx-1	unc-18	double	null	mutants;	syntaxin	mutants	overexpressing	the	full	yeast	
SNARE	complex	and	Sec1p	(yeast	UNC-18)	without	a	matching	Habc	interaction;	syntaxin	
mutants	overexpressing	the	full	yeast	SNARE	complex	and	Sec1p	with	a	matching	Habc	
interaction.	
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