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Abstract
The exocyst is a large multisubunit tethering complex essential for targeting and fusion of
secretory vesicles in eukaryotic cells. Although the assembled exocyst complex is proposed
to tether vesicles to the plasma membrane and activate the SNARE proteins for membrane
fusion, only little is known about the key biochemical steps that exocyst stimulates in the
course of SNARE complex assembly, a critical question defining the essential molecular role
of the exocyst complex. Here, we use a combination of single molecule and bulk
fluorescence assays with purified octameric yeast exocyst complexes to examine the role of
exocyst in a reconstituted SNARE assembly and fusion system. We show that the exocyst
complex simulates multiple steps spanning from SNARE protein activation to ternary
complex assembly, rather than affecting only a specific subset of steps. We also observed
that the exocyst has important downstream roles in driving membrane fusion, up to full
content mixing of vesicle lumens. Our results suggest that the exocyst complex provides
extensive chaperoning functions for the entire process of SNARE complex assembly,
presumably using its multi-faceted structure provided by the eight subunits.
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Introduction
The delivery of vesicular cargo between intracellular compartments, and to the outside of a
cell, is an essential eukaryotic process underpinning cell growth, motility, signaling, and
homeostasis. Many regulatory mechanisms exist to ensure cargo is correctly trafficked to
predetermined destinations, preserving cellular organization and compartmentalization of
function. Membrane fusion is the last step in any vesicular trafficking pathway and the last
chance for regulatory control.
SNARE proteins are the minimal machinery for membrane fusion, and thus essential for
cellular trafficking (Weber et al., 1998). SNAREs are transmembrane proteins present on
both the vesicle (v-SNAREs) and target membrane (t-SNAREs) and provide the mechanical
force for membrane fusion by forming tight four-helix bundle complexes with each other
(Antonin et al., 2002; Strop et al., 2008; Sutton et al., 1998; Yoon and Munson, 2018). Each
SNARE contributes one or two regions called SNARE motifs to these four-helix bundles; the
N- to C-terminal zippering of these SNARE motifs together pulls the vesicle and target
membranes into close enough proximity to facilitate membrane fusion (Diao et al., 2012;
Gao et al., 2012; Ma et al., 2015; Min et al., 2013; Weber et al., 1998; Zhang, 2017). The
four-helix bundle contains a mainly hydrophobic core, except for a polar “zero-layer” in the
center, which contains one glutamine (Q) and 3 arginine (R) residues. Each SNARE motif
contributes a residue for this zero-layer and are thus named Q- or R-SNAREs (Fasshauer et
al., 1998; Yoon and Munson, 2018).
Recombinant SNAREs are capable of inducing liposome fusion in vitro, however the
observed speed of reconstituted SNARE-mediated fusion is slower than fusion occurs in vivo
(Li et al., 2016). Additionally, while each SNARE complex appears specific to a particular
trafficking step, individual SNARE proteins can interact somewhat promiscuously (Tsui and
Banfield, 2000). Therefore, for temporally and spatially accurate cargo delivery, SNARE
complex formation and fusion must be tightly controlled by a number of regulatory factors
(Brennwald et al., 1994; Fukuda et al., 2000; Gurunathan et al., 2000; Mollard et al., 1997;
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Nicholson et al., 1998; Schwartz et al., 2017). Furthermore, many of the syntaxin family of tSNAREs contain auto-inhibitory N-terminal Habc domains that can form intramolecular fourhelix bundles with the adjacent SNARE motif (Dulubova et al., 1999). The transition from
these auto-inhibitory “closed” conformations to “open” conformations, in which the SNARE
motif is released from these intramolecular interactions, is a rate-limiting step for SNARE
complex formation (MacDonald et al., 2010; Munson et al., 2000; Nicholson et al., 1998).
Many families of SNARE regulatory proteins have previously been identified to function in
different trafficking pathways and cell types. Critically, regulators such as the Sec1/Munc18
family proteins and Multi-subunit Tethering Complexes (MTCs) play essential roles, although
the mechanistic details are not well understood (Dubuke and Munson, 2016; Ma et al., 2013;
Yoon and Munson, 2018).
Exocyst is an essential hetero-octameric MTC that controls exocytosis in eukaryotes
including S. cerevisiae, and molecular details of its structure have been determined by cryoEM combined with chemical cross-linking (Ganesan et al., 2020; Heider et al., 2016; Lepore
et al., 2018; Mei et al., 2018). Its eight subunits have been shown to directly interact with all
three exocytic SNARE proteins (Dubuke et al., 2015; Shen et al., 2013; Sivaram et al., 2005;
Yue et al., 2017). The purified N-terminal region of the exocyst subunit Sec3 was shown to
bind the exocytic t-SNARE Sso2; this interaction affects the conformation of the Sso2 Habc
domain and leads to an increased rate of Sso2 binding to its partner t-SNARE Sec9, as well
as stimulates liposome fusion (Yue et al., 2017). Additionally, the purified exocyst subunit
Sec6 is able to interact with both the v-SNARE Snc2, and to Sec9 (Dubuke et al., 2015;
Shen et al., 2013; Sivaram et al., 2005), although the functional consequences of these
interactions are not well understood. In addition, how the full exocyst complex interacts with
a plethora of binding partners, and how it regulates SNARE complex assembly and
membrane fusion had not been characterized. In particular, identification of the key
biochemical step that exocyst accelerates in SNARE-mediated membrane fusion is a crucial
question that remains unanswered, which will provide insights into how exocyst regulates
this last step of membrane trafficking.
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Here, we combined our robust, reconstituted membrane fusion assay containing all three
exocytic SNAREs with purified, intact exocyst complexes, and demonstrated that exocyst
provides extensive chaperoning functions for the entire course of SNARE complex
assembly. Using the single molecule fluorescence resonance energy transfer (FRET)
analysis, we observed that exocyst triggers the “open” conformation of Sso1 to increase the
rate of initial binary SNARE assembly. We further found that independent to opening of
Sso1, exocyst stimulates ternary SNARE complex formation. Finally, we discovered that
exocyst can further stimulate membrane fusion downstream of SNARE assembly. Thus, our
results suggest that the full exocyst complex may have the potential for stimulating each of
the steps of SNARE complex assembly and the downstream membrane fusion.

Results
Exocyst facilitates formation of binary Q-SNARE complexes
Sso1 and its paralog Sso2 are yeast exocytic Q-SNARE proteins, which have N-terminal
Habc domains that associate with the intramolecular C-terminal SNARE motifs to lock the
Sso1/2 protein into a “closed conformation” that prohibits interactions with other SNAREs
(Munson, 2015; Munson and Hughson, 2002). We first examined whether the exocyst
complex is involved in opening of Sso1, which is a required first step in regulation of exocytic
SNARE-mediated membrane fusion (Nicholson et al., 1998). To probe conformational
changes of individual Sso1 proteins, we introduced two cysteine residues at a.a. 120 in the
Habc domain, and a.a. 150 in the middle of the SNARE motif, respectively. We labeled these
cysteines in the purified Sso1 proteins with Cy3 and Cy5 dyes, which make a robust reporter
pair for single-molecule fluorescence resonance energy transfer (FRET) (Fig. 1a). The
labeling positions were chosen such that when Habc folds back onto the SNARE motif,
thereby closing Sso1, the two dyes are brought into molecular proximity to induce high
efficiency single-molecule FRET.
To examine the conformation of Sso1 proteins in the absence and presence of exocyst,
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we reconstituted the FRET pair-labeled Sso1 proteins with their transmembrane domains in
vesicles and immobilized these vesicles on an imaging plane of the total internal reflection
(TIR) fluorescence microscope (Fig. 1a). We used a low protein-to-lipid ratio of 1:25000 in
our vesicle reconstitution, which resulted in most vesicles containing less than one Sso1
protein (Ryu et al., 2015). By measuring the resulting FRET efficiency (E), we determined
the conformational state (open vs. closed) of Sso1 (Fig. 1b,c). Additionally, we measured
photobleaching of both Cy3 and Cy5 dyes to ensure that we only included vesicles
containing a single, Cy3 and Cy5 labeled Sso1 protein in our final analysis (Supplementary
Fig. 1).
First, we examined the distribution of FRET efficiencies exhibited by single Sso1 proteins
alone, and found that most of the Sso1 proteins (i.e., more than 70%) showed the high
FRET efficiency values around 1 (Fig. 1c). This observation indicates that the Sso1 proteins
are mainly folded in the closed state, an expected observation given the close proximity of
the Habc domain and the SNARE motif that are connected by a short linker (Fig. 1a)
(Munson et al., 2000). We then determined the FRET efficiency distribution of the same
batch of Sso1-reconstituted vesicles after incubation with purified exocyst complex for 15
minutes, a reaction time that allows enough interactions between single Sso1 and exocyst
complexes at the exocyst concentration used (10 nM). Remarkably, the population showing
the lower FRET efficiency (E<0.3) increased at the expense of the high FRET population,
reaching 45% of the total populations, compared to ~20% without exocyst (Fig. 1c-e). We
interpreted the low FRET efficiency population as Sso1 proteins in an open conformation
(Fig. 1a). Thus, this change in the single-molecule FRET signal upon addition of exocyst
clearly indicated that exocyst induced a marked shift from closed to open Sso1, with the
Habc domain dissociated.
We next examined kinetic transitions recorded in our time-resolved single-molecule
FRET traces. For individual Sso1 proteins without exocyst, most of the FRET traces were
largely stationary, remaining in the high FRET values with very seldom transitions to lower
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FRET values (Fig. 1f). We found that the addition of exocyst resulted in many of the traces
residing in the low FRET states (thus, the open states) when we started the recording.
However, the presence of exocyst did not significantly increase the frequency of transitions
among the open and closed states, with only a small proportion of the FRET traces showing
a transition to the other FRET state (Fig. 1g, upper). Although we did not carry out detailed
kinetics analysis because of the scarcity of the transition events within our observation time
of ~300 s, these observations indicated that in the absence of exocyst or other factors, the
Habc domain mostly remains bound to the SNARE motif, thereby closing Sso1, rather than
frequently opening and closing. Our data also suggested that after exocyst induces the open
conformation Sso1, exocyst remains bound to Sso1 to maintain Sso1’s opened state.
Finally, we examined whether opening of Sso1 would facilitate binding to its partner QSNARE Sec9 (our construct contains a.a. 416–651, which are the essential residues of Sec9
in vivo) (Brennwald et al., 1994). We mixed Sso1-reconstituted vesicles (wild-type (WT),
unlabeled Sso1) with Cy3-labeled Sec9 protein (Fig. 1h, left). After incubating the binding
reaction in bulk, we quenched the reaction via dilution and immobilized the Sso1-vesicles on
the surface (Fig. 1h, right). By counting single-molecule Cy3 spots, we quantified the amount
of Sec9 pulled down with Sso1-vesicles over time (Fig. 1h,i). We observed an increase in the
number of Cy3 spots with reaction time, exclusively in the presence of exocyst during the
bulk reaction (Fig. 1i). Without either exocyst or Sso1 in the vesicle membranes, the Cy3
spot numbers remained at the background level, an indication of specificity of the
reconstituted reaction. These observations demonstrated that opening of Sso1 by exocyst
leads to enhanced formation of binary Q-SNARE complexes composed of Sso1 and Sec9.

Exocyst facilitates formation of ternary SNARE complexes
Formation of the ternary SNARE complex requires binding of the R-SNARE Snc1/2 to the
binary Sso1:Sec9 Q-SNARE complex. Because we observed that exocyst effectively
induced Sso1 opening and formation of binary Q-SNARE complexes, we asked whether
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exocyst is also involved in the later stage of ternary SNARE complex formation. Unlike the
binary Q-SNARE complexes that form via binding of soluble Sec9 to membrane-bound
Sso1, the association between R- and Q-SNAREs occurs while both of them are anchored in
the opposite membranes, forming so-called trans-SNARE complexes. Previous results
based on MD simulation suggested that apposition of two membranes into such a
nanometer proximity brings about substantial repulsion force amounting to tens of pN
(Bykhovskaia et al., 2013; Shon et al., 2018). We thus examined whether exocyst could
facilitate trans-SNARE complex formation with both the R- and Q-SNAREs reconstituted in
separate membranes.
To this end, we prepared Sso1-reconstituted vesicles with one modification—we
truncated the inhibitory Habc domain from Sso1 such that we could determine the kinetics of
binding among R- and Q-SNAREs without complications from the preceding step of Sso1
opening. After reconstitution of Habc-truncated Sso1 in vesicle membranes, we added an
excess of Sec9 protein (at 0.5 µM) to induce formation of the binary Q-SNARE complexes.
We prepared another group of vesicles reconstituted with R-SNAREs (Snc2), and introduced
these R-SNARE vesicles into the reaction tube. Finally, we selectively immobilized the QSNARE vesicles on the imaging plane of the single-molecule fluorescence microscope
because only the Q-SNARE vesicle membrane contained lipids with biotinylated
headgroups.
We labeled the R-SNARE vesicles with the lipophilic dye DiD such that the formation of
SNARE complexes between R- and Q-SNARE vesicle membranes appeared as stable,
diffraction-limited fluorescence spots in the DiD channel (Fig. 2a, note that the degree of
membrane fusion between R- and Q-SNARE vesicle membranes was not assessed in this
experiment). We first examined SNARE complex formation in the absence of exocyst and
observed an increase in the DiD spot numbers with reaction time (Fig. 2b). When we omitted
Sec9, the DiD spot number remained at the background level through the reaction time we
studied, indicating that the observed increase was specific for SNARE complex formation
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(Fig. 2b). Remarkably, when adding 10 nM exocyst in our vesicle-vesicle reaction, we
observed an increase in DiD spot numbers compared to those observed without exocyst
over the entire reaction time, suggesting that exocyst significantly facilitated assembly of
SNAREpins and concomitant vesicle-vesicle complexes on our single-molecule fluorescence
microscope (Fig. 2b). We repeated the same reaction with full-length Sso1, including the
inhibitory Habc domain, and found a similar increase in the DiD spot numbers with exocyst
(Fig. 2c). This observation indicates that independent of the role of Sso1 opening, exocyst
can stimulate ternary Sso1:Sec9:Snc2 SNARE complex assembly from pre-formed binary
Sso1:Sec9 complexes.
Collectively, our results indicate that the exocyst complex can interact with SNARE
proteins in almost every assembly state, ranging from single proteins to full ternary SNARE
complexes. For example, our single-molecule FRET data suggest that exocyst interacts with
individual Sso1 proteins to induce an Habc-domain opened state (Fig. 1). Our single-vesicle
immobilization assay suggests that exocyst also interacts with the binary Q-SNARE
complexes to facilitate formation of ternary SNARE complexes (Fig. 2a-c). To test our
hypothesis in a more quantitative fashion, we constructed an assay that directly determines
the interactions between exocyst and SNAREs in various assembly states. For these
experiments, we purified exocyst complexes tagged with enhanced green fluorescent protein
(eGFP; eGFP fused to the N-terminal end of Exo84) and immobilized these tagged exocyst
complexes on the surface using anti-eGFP antibodies (Fig. 2d). We reconstituted SNARE
proteins—in different assembly states—into vesicles and reacted these proteo-liposomes (at
40 µM, in terms of lipid concentration) with surface-immobilized exocyst complexes for 10
minutes. Because the vesicle membranes were labeled with DiD, an interaction between
SNAREs and exocyst complexes on the surface led to an appearance of single vesicle spots
as in Fig. 2a.
When individual Q- and R-SNAREs were reconstituted in vesicle membranes, we
observed rather weak but significant interactions with exocyst (Fig. 2e). The interaction
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became slightly stronger when Sso1 retained the Habc domain, indicating that the Habc
domain itself is a part of the binding interface for exocyst and thereby strengthens the
interaction (Fig. 2e, inset). Remarkably, when we assembled binary Q-SNARE complexes on
vesicle membranes (composed of Habc-truncated Sso1: Sec9), the interaction was
increased almost by an order of magnitude (Fig. 2e). This data is consistent with the
observed strong stimulatory effect of exocyst on ternary SNARE complex formation (Fig. 2b).
When we reconstituted the full ternary SNARE complexes, the exocyst also showed a
substantial level of interaction (Fig. 2e), indicating that exocyst would remain bound to the
SNARE complexes and continue to exert its effects during the last stages of membrane
fusion.

Exocyst boosts SNARE-mediated membrane fusion
We next examined whether exocyst’s stimulation of protein-protein interactions indeed leads
to functional stimulation that enhances SNARE-mediated membrane fusion. We first reconfirmed that two types of vesicles, reconstituted individually with either Snc2 or with Habctruncated Sso1 plus Sec9, showed robust lipid mixing as we previously determined (Fig.
3a,b) (Yoon et al., 2006). The extent of lipid mixing was measured by labeling each group of
vesicles with either DiI or DiD and monitoring the increase in FRET between these lipophilic
dyes. When full-length Sso1 protein was used instead in our lipid mixing assay, we observed
almost no membrane fusion (Fig. 3c). We attributed this lack of lipid mixing activity to the
closed state of Sso1; lipid mixing activity could be rescued by introducing point mutations to
Sso1 that keep Sso1 in a constitutively open state (Supplementary Fig. 2a) (Munson and
Hughson, 2002).
To examine whether exocyst stimulates this lipid mixing activity, we added exocyst to
both types of fusion reactions that were mediated by Habc-truncated or full-length SNARE
complexes, respectively. Remarkably, we found that the presence of exocyst markedly
enhanced both reactions (Fig. 3b,c). In particular, the increase was more substantial for the

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.16.476540; this version posted January 17, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

fusion reaction driven by the full-length SNARE complexes, as the amount of lipid mixing
was minimal in this case without exocyst (Fig. 3c). We further checked whether the
enhanced FRET signal between DiI and DiD resulted from genuine lipid mixing between
single vesicles. To this end, we immobilized fusion products of the reaction shown in Fig.
3b,c on the imaging plane of our single-molecule fluorescence microscope and examined
the fluorescence intensity of single vesicle-vesicle complexes (Fig. 3d). Many of the fusion
products showed FRET values centered around 0.8, a high FRET efficiency expected for
fully merged vesicles (Fig. 3e,f and Supplementary Fig. 2b,c). Importantly, we found that the
proportion of these high FRET populations were consistently larger in the presence of
exocyst for all reaction times (Fig 3g).
Finally, because several previous reports indicated that lipid mixing activities are not
always translated into corresponding activities at the content mixing level (Chanturiya et al.,
1997; Jun and Wickner, 2007), we wondered whether the exocyst stimulatory effect could be
observed in an assay measuring the mixing of contents between single vesicles. To this end,
we took advantage of 5(6)-carboxyfluorescein (CF) dequenching to monitor fusion between
two single vesicles, which would double the vesicle lumen volume and increase the
fluorescence signal in a high mM range (Fig. 4a and Supplementary Fig. 3). We
encapsulated 100 mM of CF inside Snc2-reconstituted vesicles and induced fusion reactions
of these vesicles with unlabeled Sso1 vesicles (Habc-truncated) and Sec9, for 10 minutes.
Similarly to experiments in Fig. 3d, we then immobilized the fusion products on the singlemolecule fluorescence microscope and observed CF fluorescence intensities exhibited by
individual reactions (Fig. 4a). We found the CF fluorescence intensity distribution showed a
pronounced peak in the low intensity range followed by a long tail in higher intensity regions
(Fig. 4b). When compared with negative-control samples produced via direct immobilization
of the CF-quenched Snc2-reconstituted vesicles, the products of the fusion reaction on
surface showed increased populations belonging the high-fluorescence tail, accompanied by
a decrease in the peak (Fig. 4b). We next repeated this fusion reaction in the presence of
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exocyst (Fig. 4c). Of note, a substantially higher portion of fusion products appeared in the
high-fluorescence tail when compared to the reaction without exocyst (Fig. 4c,d). These
observations indicate that exocyst also stimulated mixing between luminal contents, resulting
in complete merging of the vesicles.

Discussion
Many of the regulators of exocytosis have been identified through genetic and biochemical
analyses in budding yeast, but details of their functions are not well understood. In particular,
exocyst is a huge, hetero-octameric tethering complex of the CATCHR family. Although a
moderate resolution structure of the intact yeast exocyst was recently solved (Mei et al.,
2018), exocyst mechanisms of action remain to be determined. By building multiple assays
for careful biochemical and biophysical dissection of the pathways involved, we showed that
addition of purified yeast exocyst complexes to reconstituted exocytic SNARE-mediated
vesicle fusion assay stimulates both SNARE complex assembly and membrane fusion.
Exocyst enhances formation of the binary Sso1-Sec9 Q-SNARE complex. Purified
endogenous exocyst complexes from S. cerevisiae were tested in our reconstituted minimal
SNARE assembly assays. We showed that exocyst functions to stimulate release of the
Habc inhibitory domain of Sso1 to form an open conformation, which facilitates the rate of
binary Sso1-Sec9 Q-SNARE complexes. As had previously been observed for a small Nterminal domain of the exocyst subunit Sec3 and Sso2 (Yue et al., 2017), exocyst interacts
directly with Sso1 and catalyzes formation of an open Sso1 conformation (Fig. 1). Our single
molecule FRET assay captured the numbers of individual open vs. closed Sso1 molecules,
and showed that the number of open Sso1 molecules was greatly enhanced by exocyst. Our
data also suggests that the exocyst complex remained bound to open Sso1 and can prevent
its re-closing. This exocyst:open Sso1 complex, in turn, led to increased binding of Sso1 to
Sec9 (Fig. 1h, i). In contrast to Sec3N, which did not appear to remain bound to binary
Sso2:Sec9 complexes (Yue et al), exocyst binds stably to both binary Sso1:Sec9 and ternary
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Sso1:Sec9:Snc2 SNARE complexes (Fig 2e). In addition to Sso1 binding, exocyst can also
interact with individual Sec9 and Snc2 SNAREs, albeit with weaker affinities than it has for
SNARE complexes (Fig. 2e). These data are consistent with previous binding studies using
purified subunits of exocyst: Sec3N-Sso2 (Yue et al., 2017), and binding of Sec6 to both
Sec9 and Snc2, as well as to assembled binary and ternary SNARE complexes (Dubuke et
al., 2015; Shen et al., 2013; Sivaram et al., 2005). Curiously, previous data using purified
Sec6 and cytosolic domains of SNAREs (Dubuke et al., 2015) suggested that binding of
Sec6 to ternary SNARE complexes was tighter than to binary; our opposite result here may
more closely represent the native binding interaction, with fully assembled exocyst
complexes and membrane-anchored SNAREs.
Exocyst accelerates SNARE-mediated membrane fusion: Opening Sso1 to increase the
rate of binary SNARE complex assembly had several expected consequences—the rate of
ternary SNARE complex formation was increased (Fig. 2 b,c) and the rate of membrane
fusion was accelerated (Fig. 3). Surprisingly, however, exocyst showed an increased rate of
ternary SNARE complex assembly even when the Habc domain of Sso1 was not present
(Fig. 2b). Given the time of pre-incubation of Habc-truncated Sso1 with Sec9, prior to
addition of Snc2 R-SNARE vesicles, we expect that binary SNARE complex formation would
be complete (Nicholson et al., 1998); therefore, the exocyst appears to play a role
downstream of binary complex formation, possibly recruiting or tethering vesicles together in
vitro, analogous to tethering vesicles at the plasma membrane. In addition, or alternatively,
exocyst may align or “template” binary complexes together with Snc2 to increase their rate of
interaction, similar to the function of the lysosomal/vacuolar Vps33 protein, a Sec1/Munc18
family member and component of the HOPS multisubunit tethering complex, in positioning
its cognate SNAREs to accelerate assembly and fusion (Baker et al., 2015; Song et al.,
2020).
Following binary Q-SNARE assembly in the presence of full-length Sso1 (with Habc), the
rate of membrane fusion was nominal. Upon addition of exocyst, this rate significantly
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increased. An analogous accelerated fusion rate was also observed with Habc-truncated
Sso1, although the difference +/- exocyst was not as dramatic, presumably because binary
complexes quickly assemble in the absence of the inhibitory Habc domain (Fig. 3). In both
experiments, exocyst stimulates fusion at a step after binary Q-SNARE complex assembly.
Our controls and contents-mixing assay indicate that the observed acceleration of
membrane fusion by exocyst represents full fusion of vesicles mediated by the exocytic
SNAREs (Fig. 4). These findings are supported by data indicating that exocyst tethering of
vesicles to the plasma membrane can affect the mode of fusion in mammalian cells (An et
al., 2021).
Conclusions: Our data revealed several functions for exocyst complexes in SNAREmediated membrane fusion: a) stimulation of binary SNARE complex assembly by releasing
the inhibition of Sso1’s N-terminal Habc domain; b) stimulation of ternary SNARE complex
assembly, through an as yet undetermined mechanism; and a possible third function in c)
stimulation of fusion through exocyst interaction with ternary SNARE complexes. This last
putative function, which we are currently unable to dissect independently from ternary
SNARE complex assembly in our assays, has been proposed for several SNARE binding
proteins, such that binding of a large partner to SNARE complexes could mechanically affect
membrane curvature to stimulate fusion (D’Agostino et al., 2017). Binding of a partner to
ternary SNARE complexes could explain the stimulation of SNARE-mediated fusion
observed by addition of the yeast Sec1 protein (Scott et al., 2004), which also binds ternary
SNARE complexes (Carr et al., 1999; Togneri et al., 2006). Curiously, Sec1 also binds
exocyst (Morgera et al., 2012; Wiederkehr et al., 2004), although it is currently unclear if
Sec1 and exocyst function together or separately to regulate fusion in vivo. A complete
understanding of the yeast exocytic tethering and fusion mechanism requires future
reconstitution with many additional factors for recognition, tethering and exocyst activation,
including the Rab GTPase Sec4 (Guo et al., 1999), Rho GTPases such as Cdc42 and Rho3
(Adamo et al., 1999), the regulator Sro7/Sro77 (Lehman et al., 1999) and others. Moreover,
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mechanistic details will be elucidated through further high resolution structural and
biophysical studies of the different binding interactions and potential conformational
changes.
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Methods
Protein constructs
Full length Sso1 WT (a.a. 1-290), Habc domain-truncated Sso1(a.a. 185-290) and Snc2 WT (1-115)
were cloned into pGEX with an N-terminal GST-tag and a thrombin cleavage site. Sec9 was cloned into
pET28a with a C-terminal His-tag. For single-molecule fluorescence assay, mutated versions of Sso1
(Q120C/N215C) and Sec9 (A442C) were used. For the open form of Sso1, the Sso1-Open1 mutations
V84E/K95E/Y148A were introduced into the full-length construct (Munson and Hughson, 2002)

Expression and purification of SNARE proteins
Sso1 and Snc2 were expressed in Rosetta (DE3) pLysS competent cell (Novagen). The cells were
grown in LB medium at 37 °C until the OD600 reached ~0.7. Then, IPTG (0.5mM) was added to induce
protein expression. After 16 h at 18 °C, the cells were collected by centrifugation and resuspended in
lysis buffer (40mM Tris pH 8.0, 150mM NaCl, 0.5% Tx-100, 0.4% sarcosyl, 1x protease inhibitor cocktail
(genDEPOT)). The cells were lysed by sonication and nutated for 1 h to solubilize the protein. After
centrifugation at 17,000×g for 30 min, the supernatant was nutated with glutathione sepharose 4b resin
(GE healthcare) for 4 h. The resin was washed with wash buffer (40mM Tris pH 8.0, 150mM NaCl, 0.2%
Tx-100) and detergent-free buffer (25mM HEPES pH 7.4, 100mM KCl). Elution was done using elution
buffer (25mM pH 7.4 HEPES, 100mM KCl, 1 % N-octyl-β-D-glucoside (OG)) with thrombin for cleavage
of the GST-tag.
The same process was used for expression of Sec9. The cells were collected by centrifugation and
resuspended in lysis buffer (25mM Tris pH 8.0, 350mM NaCl, 0.5% Tx-100, 20mM imidazole, 1x
protease inhibitor cocktail). The cells were lysed by sonication. After centrifugation at 17,000×g for 30
min, the supernatant was nutated with Ni-NTA agarose resin (QIAGEN) for 1 h. The resin was washed
with wash buffer (25mM Tris pH 8.0, 300mM NaCl, 0.1% Tx-100, 20mM imidazole) and detergent free
buffer (25mM Tris pH 7.4, 300mM NaCl, 20mM imidazole). Elution was done using high imidazole buffer
(50mM HEPES pH 7.4, 150mM NaCl, 500mM imidazole). For size exclusion chromatography, the elute
was loaded onto Superdex 200 16/600 column (GE healthcare) equilibrated with 50mM HEPES pH 7.4,
150mM NaCl, 5% glycerol. All purification processes were done at 4 °C. The concentration of proteins
was determined by Bradford assay.

Purification of endogenous yeast exocyst complexes
Exocyst complexes were purified using a genomically incorporated Protein-A tag on the C-terminus of
the exocyst subunit Sec15 (MMY1075). For experiments with eGFP labeled exocyst, an eGFP was
incorporated on the N-terminus of Exo84 (MMY1643). Yeast cells expressing endogenous exocyst
subunits (both with and without protein tags) were grown in YPD media to an OD600 of 1.0-1.5. Cells
were harvested by centrifugation at 3,000 x g for 5 minutes and cell pellets washed with sterile water.
After washing, and a final centrifugation spin for 15 minutes at 3000 x g to remove excess liquid, cell
pellets were pushed through a syringe into liquid nitrogen to create frozen yeast noodles. Noodles were
cryo-milled with a planetary ball mill grinder at liquid nitrogen temperatures as previously described
(Heider et al., 2016).
Cryo-lysed cells were resuspended in lysis buffer (40mM Tris pH 8.0, 200mM sodium citrate) with 1×
complete Mini EDTA-free protease-inhibitor solution (Roche Life Science). After centrifugation at
14,000×g for 10 min at 4 °C, rabbit IgG-conjugated magnetic beads (Dynabeads M-270 epoxy
(Invitrogen), rabbit IgG (Merck), (Domanski et al., 2012)) were added to the supernatant and the mixture
was incubated for 1 h at 4 °C. The beads were collected on a magnetic rack and washed with lysis
buffer. The beads were then resuspended in lysis buffer with Pre-Scission protease and incubated for
1.5 h at 4 °C for elution (Supplementary Fig. 5).
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Reconstitution of vesicle with purified SNAREs
All lipids were purchased from Avanti Polar Lipids. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1,2dioleoyl-sn-glycero-3-phosphoethanoleamine
(DOPE),
1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(cap biotinyl) (Biotinyl CapDPPE) and ergosterol (Sigma Aldrich) were used
and ‘%’ in this method section means molar ratio of lipid. For fluorescent labelling, 1,1'-Dioctadecyl3,3,3',3'-Tetramethylindocarbocyanine
Perchlorate
(DiI)
and
1,1'-Dioctadecyl-3,3,3',3'Tetramethylindodicarbocyanine (DiD) were used as fluorescent lipophilic tracers (Invitrogen). Lipids and
reagents were mixed and dried to make the lipid film by desiccating with vacuum pump for at least 3 h.
For single-molecule fluorescence assays and single vesicle fusion assays, a lipid composition of 84.3%
POPC, 15% DOPS, 0.7% Biotinyl CapDPPE was used for Q-SNARE vesicle and 84.8% POPC, 15%
DOPS, 0.2% DiD for R-SNARE vesicle. For vesicle fusion and content mixing assays, Q-SNARE
vesicles and R-SNARE vesicles had different lipid compositions: 44.3% POPC, 15% DOPS, 20% DOPE,
18% ergosterol, 0.7% Biotinyl CapDPPE, 2% DiI for Q-SNARE vesicles and 55% POPC, 15% DOPS,
20% DOPE, 8% ergosterol, 2% DiD for R-SNARE vesicles. POPC replaced DiI when fluorescent
labelling was not necessary. The mixed lipid film was rehydrated in fusion buffer (25mM HEPES pH 7.4,
100mM KCl) with 3% OG to make a solution with a lipid concentration of 15mM. This solution and
purified SNARE (Sso1 or Snc2) were mixed at the desired protein to lipid ratio (1:25000 for the singlemolecule FRET experiments,1:1000 for the single DiD-labeled vesicle experiment and 1:250 for fusion
assay ). For the reconstitution of proteo-liposomes, the protein and lipid mixtures were diluted threefold with fusion buffer to lower the concentration of OG below the critical micelle concentration. Also,
the concentration of lipid is determined as 1mM. The concentration of protein is also determined based
on protein to lipid ratio (1uM for ratio of 1:1000). The residual OG in the mixture was removed by dialysis
overnight in fusion buffer with SM2 bio-beads (Bio-Rad). The size of the vesicles was measured by
dynamic light scattering (DLS), and the homogeneity of vesicles was also confirmed by checking size
distribution using DLS (Supplementary Fig. 5).

Single-molecule fluorescence assays
A quartz slide was cleaned by piranha solution (H2SO4:H2O2 = 2:1 in volume ratio) and 1M KOH
(Chandradoss et al., 2014). Then, we coated the quartz slide with mPEG and biotin-PEG (LaySan Bio)
in a 40:1 molar ratio, and assembled the slide with a coverslip as microfluidic chamber for total internal
reflection (TIR) fluorescence microscopy. For all single molecule experiments, the quartz slides were
washed with fusion buffer after every incubation to remove unbound reagents. To pulldown biotinylated
vesicles, 0.1mg/ml Neutravidin (Thermo Fisher Scientific) was incubated on the quartz slide for 5 min
and then proteo-liposomes were incubated for 5 min. For single-molecule FRET experiment
characterizing the state of Sso1 opening, double labelled (Cy3, Cy5) Sso1 (Q120C/N215C) was
embedded in the vesicles. For experiment to check Sec9 binding, Cy3-labeled Sec9 was incubated on
the slide for the indicated times. To count fluorescent spots, TIR fluorescence images were recorded
with an EM-CCD camera (iXON DU897D, Andor) under illumination with 532-nm laser (SpectraPhysics). Exposure time for the camera is 0.1s and this time is same for other single fluorescence
imaging asaays.
For FRET experiment, fluorescence images were recorded for ~ 6min and data were collected. FRET
efficiency E was calculated as follows.
𝐸𝐸 =

𝐼𝐼𝐴𝐴 − 𝑙𝑙 × 𝐼𝐼𝐷𝐷
𝐼𝐼𝐴𝐴 + 𝛾𝛾 × 𝐼𝐼𝐷𝐷

𝐼𝐼𝐴𝐴 and 𝐼𝐼𝐷𝐷 are donor and acceptor intensities corrected with background signal. 𝑙𝑙 is leakage and 𝛾𝛾 is
gamma factor. Also, to ensure labeling of a single pair of Cy3 and Cy5, photobleaching was done for
both Cy3 and Cy5 after the data was recorded. Using 532nm and 640nm laser with enhanced power,
labeled Cy3 and Cy5 was bleached one by one. The alternating cycle of illumination with 532nm and
640nm laser is described in Supplementary Figure 1.
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After we collected FRET values for all the recorded times, a histogram of FRET values was determined
(the number of molecules analyzed was 43 for the experiment without exocyst and 33 with exocyst).

Single vesicle docking and fusion assays
To detect the number of R-SNARE vesicles (DiD-labeled) pulled-down by binary Q-SNARE vesicles on
the quartz slide via SNARE complex formation, we first mixed Sso1 Q-SNARE vesicles with Sec9 for 1
h at 30 °C to form the binary Sso1-Sec9 Q-SNARE complex. Then, R-SNARE vesicles were added to
this solution, with or without exocyst. After incubation for certain amount of time (0, 15, 30, 60, 140 min),
the mixture was incubated on the quartz slide. Finally, we recorded TIR fluorescence images with an
EM-CCD camera under illumination with 640-nm laser.
To determine the extent of fusion of Q-SNARE vesicles and R-SNARE vesicles, PEG coated quartz
slides were also prepared. The sample incubation process was the same as before except the
incubation times and use of DiI-labelled Q-SNARE vesicles. The incubation times were 3, 7.5,
15,30,60,120 min. TIR fluorescence images were recorded with an EM-CCD camera under illumination
with 532-nm laser and the calculations for FRET efficiency were the same as above.

Experiments for single vesicle docking with exocyst
PEG coated quartz slides were also used for these experiments. After incubation of 0.1mg/ml
Neutravidin, 0.01mg/ml biotinylated anti-eGFP antibody (Abcam) was incubated for 5 min. Then, the
chamber was washed with BSA (Sigma-Aldrich) for reducing nonspecific interactions of vesicles to the
quartz slide surface. eGFP-labeled exocyst complex was incubated for 10 min. Finally, DiD-labeled
vesicles with individual SNAREs or SNARE complexes were incubated and there were no further
washes. To check even distribution of biotinylated eGFP antibody for each set of experiments,
fluorescence images of eGFP were recorded first under illumination with 488-nm laser. Then, we
detected the fluorescence spot of DiD-labeled vesicles under illumination with 640nm laser. For analysis,
we used two sample t-test. Five independent values were used for each set of experiment.

Bulk vesicle fusion assays
The sample preparation process was the same as single vesicle fusion assays. Sso1 Q-SNARE
vesicles (DiI-labeled) and Snc2 R-SNARE vesicles (DiD-labeled) were mixed to a final lipid
concentration of 50µM. To measure the activity of vesicle lipid mixing, we measured acceptor
fluorescence intensity by FRET using a plate reader (HIDEX Sense). The temperature was maintained
at 30 ˚C during the experiment. We illuminated the mixture with a wavelength of 543nm for excitation of
the donor (DiI) and detected the fluorescence signal at a wavelength of 680nm, for emission of the
acceptor (DiD). Background intensity was measured separately and subtracted from the intensity of
mixed vesicles.

Content mixing assays
To make carboxy-fluorescein containing Snc2 R-SNARE vesicles, we added 100mM carboxyfluorescein to protein-lipid mixture used for reconstitution of vesicles. This final mixture was dialyzed in
fusion buffer with SM2 bio-beads and carboxy-fluorescein. After preparation of these vesicles, we
prepared the quartz slides and pulldown Q-SNARE vesicles as described above. Then, we incubated
carboxy-fluorescein contained Snc2 R-SNARE vesicles on the slide for 5 min. After washing away
unbound vesicles and free carboxy-fluorescein, TIR fluorescence images were recorded with an EMCCD camera under illumination with 488-nm laser (Supplementary Fig. 3).
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Dynamic light scattering (DLS)
To characterize sizes of the vesicles, a dynamic light scattering apparatus (Otsuka electronics ELSZ1000) was used. 2mL of vesicle (0.2% (w/v)) in a glass-clear polystyrene cuvette (Ratiolab) was placed
on the sample stage of the apparatus. Data were analyzed using the associated software (Otsuka
electronics Photal).
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Figure

Fig 1. Exocyst enhances formation of the binary Sso1-Sec9 Q-SNARE complex
a, Schematics of the single-molecule FRET experiment with Sso1 embedded in vesicles. b,
Representative images of dual channels under 532nm excitation. Panels with blue and red
borders indicate donor (Cy3) and acceptor (Cy5) channels, respectively. Right panels show
co-localized areas in each channel marked by yellow circles. The details for confirmation of
Cy3 and Cy5 double labeling are in the methods. c, d, FRET histogram of double-labeled
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Sso1 without exocyst (c) or with exocyst (d). e, Low FRET population (E < 0.3) of doublelabeled Sso1. Error bars show the standard deviation (n = 3). f, g, Representative traces of
donor and acceptor intensity without (f) or with (g) exocyst. Under 532nm excitation, the
acceptor intensity (red) is higher when Cy3 and Cy5 are close and FRET efficiency is high.
Donor intensity (blue) is higher when Cy3 and Cy5 are farther away and FRET efficiency is
low. Two replicates are shown for each condition. h, Schematic diagram of single-molecule
binding experiment of Cy3-labeled Sec9 to Sso1-embedded vesicles, with and without
exocyst. i, Quantification of Cy3-labeled Sec9 bound to Sso1-embedded vesicles, with and
without exocyst, over the indicated incubation times. Error bars show the standard deviation
(n = 5).
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Fig 2. Exocyst stimulates ternary SNARE complex assembly independent of Sso1
opening
a, Schematic diagram shows the preparation of mixtures and immobilized vesicles. Preformed Q-SNARE complexes were obtained by mixing Sso1 with Sec9 for 1hr at 30 °C
before incubation with exocyst and DiD-labeled R-SNARE vesicles in the tube reaction.
Biotinylated binary Q- SNARE vesicles were immobilized on the surface. Right panel shows
a snapshot of DiD-labeled R-SNARE vesicles. The fluorescence signal (white spot) is
generated if the R-SNARE vesicle is immobilized by SNARE complex formation. b, c, The
number of R-SNARE vesicle over incubation time after being pull-down of Q-SNARE vesicle
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onto the PEG-coated surface. Habc domain-truncated Sso1 was used for (b) and full-length
Sso1 was used for (c). Error bars show the standard deviation (n = 3). d, Schematic diagram
of experiments for measuring interactions between exocyst and SNARE proteins. Exocyst
complexes and DiD-labeled vesicles were injected into the chamber e, Quantification of the
number of DiD-labeled vesicles containing SNARE constructs as indicated, which interact
with immobilized exocyst complexes. Asterisks represent the level of significance based on
two sample t-test. Based on P-value (P), asterisks mean the following. * for P≤0.05, ** for
P≤0.01, *** for P≤0.001 and **** for P≤0.0001. Inset shows the magnified view of first four
SNARE constructs. Error bars represent the standard deviation (n = 5).
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Fig 3. Exocyst accelerates SNARE-mediated membrane fusion
a, Schematic diagram of mixture used for lipid mixing experiment. The binary Q-SNARE
complex is pre-formed by incubating vesicles containing Sso1 with Sec9. Then, vesicles with
Snc2 and exocyst were both added to the pre-mixture. b, c, DiI-DiD bulk FRET signals
generated by lipid mixing of Q-SNARE and R-SNARE vesicle. Habc domain-truncated Sso1
was used for (b) and full-length Sso1 was used for (c). The lines represent the mean and
shaded area shows the standard deviation from three independent experiments. d,
Schematics of two cases illustrating low and high FRET signals. e, f, FRET histogram of
single-molecule vesicle fusion experiment without (e) or with (f) exocyst after incubation for
60 minutes. g, Ratio of vesicles with high FRET (0.75 < E) to the total vesicles immobilized
on the surface over time. Error bars show the standard deviation (n = 3).
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Fig 4. Effect of exocyst on full fusion
a, Schematic diagram of the content mixing experiment using 5(6)-carboxyfluorescein (CF)
dequenching. Fluorescence emission of self-quenched CF is enhanced when its
concentration decreases due to full fusion with an unlabeled vesicle. The Habc domaintruncated Sso1:Sec9 binary Q-SNARE complexes were embedded in unlabeled vesicles
and the R-SNARE Snc2 was embedded in the quenched vesicles. b, c, Intensity histograms
of quenched vesicles after incubation for 10 minutes without (b) or with (c) exocyst in the
presence of bound unlabeled vesicles. The data labeled ‘quenched vesicle only’ means that
the data was obtained without mixing with unlabeled vesicles. d, Ratio of dequenched
vesicles due to full fusion to the total CF-containing vesicles immobilized on the surface.
Error bars show the standard deviation (n = 3).

