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Sec3 promotes the initial binary t-SNARE
complex assembly and membrane fusion
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The soluble N-ethylmaleimide-sensitive factor-attachment protein receptors (SNAREs)
constitute the core machinery for membrane fusion during eukaryotic cell vesicular
trafficking. However, how the assembly of the SNARE complex is initiated is unknown. Here
we report that Sec3, a component of the exocyst complex that mediates vesicle tethering
during exocytosis, directly interacts with the t-SNARE protein Sso2. This interaction promotes
the formation of an Ss02-Sec9 ‘binary’ t-SNARE complex, the early rate-limiting step in
SNARE complex assembly, and stimulates membrane fusion. The crystal structure of the
Sec3-Sso02 complex suggests that Sec3 binding induces conformational changes of Sso2
that are crucial for the relief of its auto-inhibition. Interestingly, specific disruption of the
Sec3-Sso2 interaction in cells blocks exocytosis without affecting the function of Sec3 in
vesicle tethering. Our study reveals an activation mechanism for SNARE complex assembly,
and uncovers a role of the exocyst in promoting membrane fusion in addition to vesicle
tethering.
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ntracellular membrane fusion in eukaryotic cells is mediated

by the soluble N-ethylmaleimide-sensitive factor-attachment

protein receptor (SNARE) proteins'. The SNARE proteins
reside on the targeting membrane (t-SNAREs) and vesicles
(v-SNARESs), respectively. They interact with each other to form a
complex of four-helix bundle through their membrane-proximal
‘SNARE motifs'”2. The SNARE complex brings the vesicle and the
target membrane to close apposition for fusion.

For exocytosis, the t-SNAREs include two sets of proteins,
syntaxins and SNAP-23 homologues. Most syntaxin proteins
contain an N-terminal region that autonomously folds into a
three-helix bundle (the ‘Habc domain’) that interacts intra-
molecularly with their SNARE motif to generate a ‘closed’
conformation, which, in many cases, blocks its assembly into the
SNARE complex®10. One of the best-documented examples is
the yeast exocytic SNAREs, which include Ssol/2 (syntaxin
homologues), Sec9 (SNAP-23 homologue) and Sncl/2
(the v-SNARE)*%8. Previous studies demonstrated that their
assembly into a full complex consists of two steps: (1) binary
interaction between the two t-SNAREs, Sso and Sec9; (2) the
ternary interaction between the Sso/Sec9 t-SNARE complex
and the v-SNARE protein Snc*®. The rate-limiting step is the
interaction between Sso and Sec9, which is hindered by the
auto-inhibition of Sso. Removal of the Habc domain of Sso
or mutating the linker region between Habc and the SNARE
motif significantly accelerates SNARE assembly®S. Previous
studies also suggest that a similar auto-inhibition exists in
mammalian and worm syntaxins, and it has been speculated
that an activation mechanism exists to relieve their auto-
inhibition®>711,

Elucidating the molecular mechanisms that control SNARE
assembly is fundamental to our understanding of exocytosis. Over
the years, regulators of membrane fusion have been intensively
studied in the exocytosis field. However, most of these studies
investigate fusion at a stage when the binary t-SNARE complexes
are already assembled, a situation that is adapted for fast modes of
secretion. The mechanisms that control the initial assembly of the
binary t-SNARE complex, which applies to membrane fusion in
most eukaryotic cells, remain elusive.

While the SNAREs drive fusion, the initial contact between
the vesicles and their target membranes is mediated by proteins
called ‘tethers'12~!%, The exocyst is an evolutionarily conserved
octameric protein complex that mediates the tethering of
post-Golgi secretory vesicles to the plasma membrane!>~7. The
exocyst consists of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and
Ex084. Work in budding yeast showed that mutations in the
exocyst led to an accumulation of secretory vesicles and a block in
secretion'8. The exocyst is specifically localized to the growing
end of daughter cell (the ‘bud tip’) or mother-daughter cell
junction (the ‘bud neck’), site of active exocytosis and surface
expansion!®. This pattern of localization stands in contrast to that
of the t-SNARE proteins Ssol/2 and Sec9, which are distributed
throughout the plasma membrane?”. It is thought that the exocyst
tethers the vesicles at specific regions of the plasma membrane
before SNARE-mediated fusion.

Here we report that the exocyst subunit Sec3 directly interacts
with Sso1/2, and promotes the initial assembly of the Sso-Sec9
t-SNARE complex and stimulates membrane fusion. We have
obtained the crystal structure of the Sec3-Sso2 complex under
two different crystallization conditions, both of which
demonstrate that the binding of Sec3 leads to conformational
changes on Sso that is crucial for the relief of its auto-inhibition.
In cells, specific disruption of the Sec3-Sso interaction blocks
exocytosis without affecting vesicle tethering. Our study reveals
a novel mechanism for the early rate-limiting step of
SNARE complex assembly and membrane fusion. Furthermore,
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it identifies a new role for the exocyst during exocytosis that is
different from vesicle tethering.

Results

Sec3 binds to the t-SNARE protein Sso2. Using the yeast
2-hybrid assay, we performed a pair-wise testing of all eight yeast
exocyst subunits with the yeast t-SNARE protein Sso2. A positive
interaction was found between Sec3 and Sso2, and the binding
site was mapped to amino acid 1-320 of Sec3 (‘Sec3N’)
(Supplementary Fig. 1a). Biochemical binding assay shows that
in vitro translated Sec3 binds to Sso2 but not the endosomal
SNARE protein Pep12 (Fig. 1a). Sso2 also co-immunoprecipitated
with Sec3 from cell lysates, suggesting their interaction in cells
(Fig. 1b). Recombinant Sec3N bound to both Sso2 (Fig. 1c) and
Ssol, a close paralog of Sso2 in yeast (Supplementary Fig. 1b).
As a negative control, glutathione S-transferase (GST)-tagged
Ex070 fragment (a.a. 358-623), which is of similar molecular
weight to GST-Sec3N, did not bind to Sso2 (Fig. 1c). We have
also examined the Sec3N-Sso2 interaction using size exclusion
chromatography (SEC). The two purified proteins were applied to
a Superdex-200 16/60 column either individually or in mixture.
As shown in Fig. 1d, Sec3N and Sso2 formed a stable complex,
which was later used for crystallization (see below).

Sec3 promotes the interaction between Sso2 and Sec9. Given
that Sec3N directly interacts with Sso2, we tested whether Sec3
affects the formation of the binary Sso2-Sec9 t-SNARE complex.
GST-tagged Sec9 C-terminal SNARE domain (a.a. 414-651)
(‘Sec9C’) was mixed with either His6-Sso2 alone or His6-Sso2
that was pre-incubated with Sec3N. The binding of Sso2 to
Sec9C was analysed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). Sec9C and Sso2 alone were found to form a
complex slowly (Fig. 2a, top panel). Addition of Sec3 significantly
accelerated this interaction (Fig. 2a,b). The rate constant for the
Sec9C-Ss02 interaction is 15.2+0.6 M ~'s~ 1. The rate constant
for the reaction with Sec3N pre-incubation is 200.3 +90M ~ s~ 1,
We noticed that Sec3N dissociated from the assembled t-SNARE
complex (Fig. 2a, bottom panel). To further examine the
relationship among these proteins, we immobilized GST-Sec3N
on glutathione Sepharose, and tested its binding to Sso2 in the
absence or presence of Sec9C. GST-Sec3N bound directly to Sso2,
but not to Sec9C (Fig. 2¢). Sec3N binding to Sso2 was lost
when Sec9C was added in the binding reaction in different
orders tested. Our results suggest that while SecBN promotes
Ss02-Sec9C interaction; Sec9C later displaces Sec3N from Sso2.
The result also suggests that Sec3 does not directly affect later
v-SNARE interaction as it is no longer in the Sso2-Sec9 binary
complex.

Sec3 stimulates SNARE-mediated liposome fusion. As Sec3
directly interacts with Sso2 and promotes the Sso2-Sec9 binary
complex formation, we speculate that Sec3 stimulates SNARE-
mediated membrane fusion. We tested this hypothesis using
in vitro fusion assays. The experiment was first carried out
using liposomes, into which both Sso2 and Sec9C had been
incorporated. Fusion was monitored as the de-quenching of NBD
(N-7-nitro-2,1,3-benzoxadiazole) fluorescence from rhodamine-
conjugated phospholipids as previously described?!. Under this
condition, Sec3N had no effect on the rate of fusion (Fig. 3a,
compare red and blue lines). As a control, addition of the
dominant-negative cytoplasmic domain of the Snc2 inhibited the
fusion reaction (Fig. 3a, green line). Next, we performed
the fusion assay using liposomes containing Sso2 alone. The
liposomes were incubated with either Sec3N or GST before the
addition of Sec9C and liposomes containing Snc2. The fusion
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Figure 1| Sec3 interacts with Sso2. (a) Full-length Sec3 was synthesized by in vitro translation in the presence of [3°S] methionine in rabbit reticulate
lysates, and was used in a binding reaction with GST-tagged cytosolic domains of Sso2 or Pep12. In all, 2.5% of the total input and the bound Sec3 were
analysed by SDS-PAGE and autoradiography. (b) Cell lysates were prepared from a yeast strain with myc-tagged Sec3 expressed under the endogenous
SEC3 promoter. The untagged strain was used as a control. The lysates were incubated with anti-myc antibodies. Sso2 co-immunoprecipitated with
Sec3-myc was detected by the anti-Sso2 antibody. (¢) His6-tagged cytosolic domains of Sso2 or Pep12 was incubated with GST-Sec3N or GST-Exo70C
conjugated to glutathione Sepharose 4B. The bound proteins were analysed by SDS-PAGE and detected by Coomassie blue staining. (d) Size-exclusion
chromatography elution profiles of Sso2 (a.a. 1-270), Sec3(a.a. 75-320), and a mixture of Sso2 with excess Sec3N. An SDS-PAGE gel showing proteins in
the mixture (‘Load’) and subsequent SEC peak fractions is shown in the lower panel. Lanes marked with a grey bar are fractions containing the stably
formed complex. Excess Sec3N (white bar) was eluted in a later peak corresponding to unbound Sec3N.

reaction was slower than that with liposomes already
incorporated with both Sso2 and Sec9C (Fig. 3b, blue line).
Pre-incubation with Sec3 significantly accelerated membrane
fusion (Fig. 3b, red line). This is consistent with the finding that
Sec3 promotes Sec9-Sso2 interaction. The effect of Sec3 was not
caused by liposome leakage as verified using the content-mixing
assay with sulforhodamine B?? (Supplementary Fig. 2).

We have also performed fusion assays using an Sso2 fragment
(‘Ss02CT’, a.a.186-295), where the N-terminal inhibitory Habc
domain is removed. The fusion rate was comparable to the
full-length Sso2 pre-assembled with Sec9CT. Sec3N has
no further stimulatory effect on Sso2CT-mediated fusion
(Supplementary Fig. 3). These data is consistent with the model
that Sec3 promotes fusion through relieving the auto-inhibition
of Sso2.

We tested whether Sec3 promoted Sso2-Sec9C interaction on
liposomes. Addition of Sec3N led to increased association
between Sso2 and Sec9C (Fig. 3c, lane 2 and 3). On the other
hand, we noted that less Sec3N remained on the liposomes when
Sec9C associated with Sso2-liposomes (Fig. 3¢, lane 3). This is
consistent with the observation that Sec9C displaced Sec3 upon
binding to Sso2 (Fig. 2). Altogether, the results are consistent with
the hypothesis that Sec3 functions at the binary t-SNARE
assembly stage.

Crystal structure of the Sec3N-Sso2 complex. To further
understand the role of Sec3 in t-SNARE assembly, we crystallized
Sec3N (a.a. 75-320) in complex with Sso2 (a.a. 36-227)

(Fig. 4a,b). The structure was solved by molecular replacement
using Sec3 (PDB code: 3A58) and Ssol (PDB code: 1FIO) as
searching models and refined to 2.20-A resolution (Protein Data
Bank code 5M4Y.pdb. Supplementary Table 1). Consistent with
previously reports of Sec3 lipid-binding domain?*24, the core of
Sec3N folds into a PH domain that contains a B-barrel formed by
two sets of B-sheet with a helix capping one end (Fig. 4b,c). Sso2
is ordered as an anti-parallel four-helix bundle, with the region
(a.a. 156-176) between its Habc domain (a.a. 36-155) and part of
the SNARE motif (a.k.a. H3 domain) (a.a. 189-223) protruding
aside (Fig. 4b). Part of the linker region (a.a. 177-186) and the
C-terminus (a.a. 224-227) of Sso2 are not built due to poor
electron density. The interface between Sec3N and Sso2 is
~700 A2, which is mediated primarily by 13 hydrogen bonds and
10 salt bridges (Fig. 4c and Supplementary Fig. 4). The seven
main interface residues on Sec3 consist of K149, Q219, E222,
H224, Y237, R241 and R245, which together describe a
horseshoe-like shape on a relatively flat surface of the Sec3 PH
domain (Fig. 4c). These residues provide a platform to make
extensive contacts with Hc of Sso2, and some contacts with the
SNARE motif of Sso2 (Supplementary Fig. 4). Additionally, side
chains of residues R241 and R245 of Sec3 form a finger-like
structure that cradles around Hc and reach to the Ha motif of
Sso2 (Fig. 4d).

Previous studies have shown that Ssol adopts a ‘closed’
conformation when in isolation, with its SNARE motif packed
against the N-terminal inhibitory Habc domain®3, Sso2 and Ssol
are close paralogs in yeast that share a very high-degree of
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Figure 2 | Sec3 promotes the Sso2-Sec9 interaction. (a) His6-Sso2, either alone (upper panel) or pre-incubated with Sec3N (lower panel), was incubated
with GST-tagged C-terminal SNARE domain of Sec9 (‘GST-Sec9C") conjugated to glutathione Sepharose 4B at 25°C. Samples were taken at indicated
time points and analysed by SDS-PAGE and Coomassie blue staining. (b) The bound Sso2 at different time points was quantified, with bound Sso2 at
240 min without Sec3N normalized as 100%. The percentage of binding in the presence ("' + Sec3N") or absence (*-Sec3N’) of Sec3N was plotted. The
points in the graph represent the average of three experiments. Error bars: s.e. (¢) Sec3N does not form a ternary complex with Sso2 and Sec9C.
GST-Sec3N was incubated with His6-Sso2 or His6-Sec9C for binding reaction. The binding was also performed with GST-Sec3N, His6-Sec9C and
His6-Sso2 under three different conditions: a: Sec3N, Sso2 and Sec9C were incubated with each other simultaneously; b: Sec3N and Sso2 were
pre-incubated for 30 min at the room temperature before mixed with Sec9C; c: Sso2 and Sec9C were pre-incubated at room temperature for 2 h and then
mixed with Sec3N. Proteins bound to GST-Sec3N were resolved by SDS-PAGE and detected by Coomassie blue staining.

sequence identity (Supplementary Fig. 5), with many features
shared structurally and conserved in mammalian syntaxins
(see below)>32°, Significant structural differences between
Sec3-bound Sso2 and isolated Ssol are observed. In the
Ss02-Sec3 crystal structure, the N terminus of the H3 domain
bends approximately 22° away from its original position, and is
tilted towards the Ha domain (Fig. 5a). There is a linker region
between the N terminus of the SNARE motif and Hc (Fig. 5b).
This region in isolated Ssol consists of two helices, named HL1
(a.a. 156-164) and HL2 (a.a. 165-178), and is stabilized by a
hydrophobic core formed by residues from HL1 and HL2 and the
C terminus of the Hc®. In the Sso2-Sec3N complex, however,
HLI(a.a. 160-168) is dislocated and HL2 turns into a mostly
disordered loop (Fig. 5b,c). The crystal structure suggests that
Sec3 interaction causes the bending of the SNARE motif, which
then led to the disruption of the hydrophobic interactions in the
core of Sso2 involving HL2. Such changes could facilitate the
release of the SNARE motif of Sso2 from its Habc domain when
Sec9 is available. Superimposition of the SNARE motifs from free
Ssol and SNARE complex shows that HL2 occludes a portion of
the Sec9-binding interface®?® (Fig. 5d).

Besides the C222, crystal form described above, we have also
obtained another crystal form that belongs to space group P452,2
and contains one Sec3/Sso2 dimer per asymmetric unit under a
very different crystallization condition (Protein Data Bank code
5LG4.pdb. Supplementary Table 1, and see Methods). The four
Sec3/Sso2 dimers in the two crystal forms are essentially identical
(Supplementary Fig. 6a). Both the bending of the SNARE motif
N-terminus and the relaxation of HL2 of Sso2 described above are
found in all four copies of the Sec3/Sso2 complex present in the
two different crystal forms (Supplementary Fig. 6b). These data
strongly suggest that the structural changes around the linker
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region of Sso2 are induced upon Sec3 binding rather than from
crystallization artifacts.

Sso2 HL2 mutation promotes liposome fusion without Sec3.
To test whether disrupting the folding of HL2 facilitates Sso2-
Sec9 interaction, we generated an Sso2 mutant (‘sso2-mutHL2:
170DVNGQI7* to 179GSSGG7#) so that the HL2 region cannot
form a stable a-helix structure. Our in vitro binding assay shows
that Sso2-mutHL2 assemblies with Sec9 much faster than the
wild-type Sso2 (Fig. 6a). We next performed fusion assays using
liposomes incorporated with Sso2-mutHL2. The fusion rate of
Sso2-mutHL2 liposomes (Fig. 6b, blue line) was comparable to
that with the wild type Sso2 pre-incubated with Sec3 (Fig. 6b,
yellow line). Pre-incubation of Sso2-mutHL2 with Sec3 did not
further accelerate liposome fusion (Fig. 6b, red line). Taken
together, the data suggest that the dissolving of HL2 facilitates
t-SNARE assembly and membrane fusion.

Sec3-Ss02 complex disruption leads to defective exocytosis. To
examine the functional significance of the Sec3-Sso2 interaction,
we mutated seven (‘sec3-mutSI’: K149E, Q219K, E222K, H224D,
Y237D, R241E, R245E) or four (‘sec3-mutS2: K149E, E222K,
H224D, Y237D) residues in the Sso2 contact region of Sec3. The
mutagenesis did not cause overall structure changes of Sec3N as
confirmed by our biophysical experiments including analytical
SEC, thermofluor assay and circular dichroism (Supplementary
Fig. 7). Both mutants have much reduced interaction with Sso2
compared with the wild-type Sec3 (Fig. 7a). Sec3 is involved in
targeting vesicles to the plasma membrane through its interaction
with PI(4,5)P, and GTP-Cdc42 (refs 23,27-29). Our binding
assay shows that mutations in sec3-mutSI do not affect the
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Figure 3 | Sec3 stimulates SNARE-mediated liposome fusion. (a) The t-SNARE liposomes reconstituted with pre-assembled Sso2-Sec9C complex

were incubated with Sec3N or GST (as a control) for 30 min. The v-SNARE liposomes incorporated with Snc2 were then added for the fusion reaction.
Addition of Snc2 cytoplasmic domain (‘Snc2CD") inhibited fusion. The graphs represent the results of three experiments. Student's t-test was used for
statistical analyses at 30, 60 and 90 min points. No statistical difference was found comparing pre-incubations with Sec3N and with GST. Error bars, s.d.
(b) The t-SNARE liposomes reconstituted with Sso2 were pre-incubated with Sec3N or GST for 30 min. Sec9C and the v-SNARE liposomes incorporated
with Snc2 were then added for the fusion reaction. Addition of Snc2CD inhibited the fusion reaction. The graphs represent the results of three experiments.
Student's t-test was used for statistical analyses between pre-incubations with Sec3N and with GST at 30, 60 and 90 min points. P<0.01 for all these
points. Error bars, s.d. (¢) Liposomes containing Sso2 were incubated with Sec9C in the presence or absence of Sec3N at 25 °C for 30 min. The liposomes
were collected by sedimentation. Proteins on the liposomes were separated by SDS-PAGE and detected by Coomassie blue staining. Addition of Sec3N led
to increased association of Sec9C on Sso2 liposomes (comparing the second and third lanes). Also, less Sec3N remained on the Sso2 liposomes when Sec9
was added (comparing the third and fourth lanes). As a negative control, the association of Sec3N or Sec9C with Sso2-free liposomes was not detectable
by Coomassie blue staining (the last two lanes). (d) Quantification of the amount of Sec9C bound to Sso2 liposomes in the presence or absence of Sec3N.

The amount of Sec9 bound to Sso2 liposome in the absence of Sec3N was normalized to 1. Student's t-test was used for statistical analyses (n=3).

Error bar, s.e.; *'P<0.01).

interactions of Sec3 with either PI(4,5)P, or Cdc42
(Supplementary Fig. 8). Also, the mutant Sec3 protein remains
polarized to the daughter cells as determined by fluorescence
microscopy (Supplementary Fig. 9). These results are consistent
with our combinatorial structure analysis, which shows that
Sec3N binding to Sso2 is separate from its interactions with
PI(4,5)P, and Rhol (another member of the Rho family of small
GTPases that share almost identical Sec3-binding motif as Cdc42)
(Supplementary Fig. 10). All of these data suggest that the Sec3-
Sso binding interface is separated from the Sec3 membrane-tar-
geting domain.

Next, we examine the effect of Sec3 mutations on exocytosis.
sec3-mutS1, sec3-mutS2 and Sec3 with its N-terminal 320 amino
acids deleted (‘sec3AN’) were expressed under the control of the
SEC3 promoter to replace the endogenous SEC3 in yeast. The
growth of these mutants was examined on synthetic complete
plates. sec3A and sec3AN strains were viable at 25 °C, but barely
survived at 37°C (Fig. 7b), consistent with the previous
observations?>0, Similarly, sec3-mutS1 and sec3-mutS2 showed
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poor growth at 37°C (Fig. 7b). To examine exocytosis, sec3
mutant cells were grown at 25 °C, and then shifted to 37 °C for
2h. The sec3-mutS1, sec3-mutS2 and sec3AN cells accumulated
Bgl2, a cell wall modification enzyme, inside the cells (Fig. 7c
and Supplementary Fig. 1la). In addition, the secretion of
the periplasmic enzyme invertase was also affected (Fig. 7d).
Thin-section electron microscopy shows that the sec3-mutSI,
sec3-mutS2 cells accumulate electron-dense vesicles of 80-100 nm
in diameter, the characteristic size of post-Golgi secretory vesicles
(Fig. 7e). Finally, Sec3N-mutS1 failed to stimulate liposome
fusion (Supplementary Fig. 11b). Taken together, the data suggest
that disruption of the Sec3-Sso2 interaction inhibits exocytosis.

Separate Sec3 functions in fusion and vesicle tethering. The
exocytosis block in Sec3 mutants could also result from a defect in
vesicle tethering. To test this possibility, we adopted an ectopic
targeting strategy recently developed in the field*!=33. It was
shown previously that Sec3, when tagged with Tom20, could be
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docking of Hc of Sso2 onto a cradle-like surface of Sec3, which consists of a relatively flat platform and a finger-like extension (dotted oval) to curve around

the Hc motif.

targeted to mitochondria clusters in yeast cells; the ectopically
localized Sec3 then recruited the other exocyst subunits and
tethered secretory vesicles to these mitochondria clusters®?. Here
we targeted sec3-mutS1 in yeast cells using the same strategy.
Similar to the wild-type Sec3, sec3-mutSI was targeted to
mitochondria clusters (Fig. 8a). Following Sec3 or sec3-mutSl,
Sec6 and Sec8, two components of the exocyst, and Sec4, the
exocytic Rab protein and a marker for post-Golgi secretory
vesicles, were ectopically recruited to mitochondria (Fig. 8b-d).
Cells expressing Sec3 and sec3-mutS1 show similar levels of
mitochondria-exocyst  colocalization or mitochondria-Sec4
co-localization (Fig. 8e). This result suggests that sec3-mutS1
retains its ability to tether secretory vesicles, and is in agreement
with our previous study that Sec3 interacts with and recruits other
exocyst subunits through its C terminus®>*2, Our result also
suggests that the role of Sec3 in promoting SNARE-mediated
fusion is separable from its previously demonstrated role in
vesicle tethering.

Discussion

To date, a number of studies, especially those from the field of
neurotransmission, have contributed tremendously to the under-
standing of SNARE assembly®*3>, However, mechanisms that
control the initial binary t-SNARE formation remain elusive. In
many cell types the t-SNAREs are not pre-assembled. For
example, in yeast, the majority of the t-SNARE proteins Sso
and Sec9 are not in a complex with each other?’. In mammals,

syntaxins and SNAP-25 only partially co-localize at the plasma
membrane®®’.  Factors promoting the initial t-SNARE
interaction are clearly needed in cells.

Here we find that Sec3 promotes the assembly of the Sso2
and Sec9 binary t-SNARE complex, the first rate-limiting
step in SNARE assembly during exocytosis*®. Our liposome
reconstitution assay demonstrates that Sec3 promotes fusion at a
step before the Sec9-Sso2 interaction. Crystal structure shows
that Sec3 binds to the Hc and SNARE motif of Sso2, and causes
22° bending of the N terminus of the SNARE motif. The bending
renders significant conformational changes at a region that links
these two domains. This region, consisting of HL1 and HL2, form
a hydrophobic core that stabilizes the closed conformation of
isolated Sso2. In fact, HL2 occludes a significant portion of
Sec9/SNAP-23-binding site on H3 for both yeast and mammalian
SNAREs®. The relaxation of the HL2 helical structure upon Sec3
binding disrupts the stability of the closed conformation of Sso2,
and poises Sso2 for subsequent Sec9 binding. Supporting this
model, our in vitro binding experiment shows that Sso2 with
mutations that disrupt helix formation in HL2 has faster rate of
assembly with Sec9 than the wild-type Sso2. Liposomes
incorporated with the Sso2 HL2 mutant are faster than those
with wild-type Sso2 in fusion. Interestingly, it was previously
shown that mutations in Ssol in the hydrophobic region,
including 1172A located in the HL2 of Ssol, destabilized the
hydrophobic core and markedly accelerated the interaction
between Ssol and Sec9 (ref. 38). In mammals, the L165A/
E166A mutations in the linker region of syntaxin-la promoted its
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Figure 5 | Structural changes of Sso2 induced by Sec3N. (a) Structural comparison of free Ssol and Sso2 in complex with Sec3. Three orthogonal

views are displayed to show the structural changes at the SNARE motif and Hc region. Boxed parts are enlarged under the images for a clear view of the
structural changes. In comparison to Ssol, the N terminus of SNARE motif (‘H3’) in Sso2 bends towards Ha by 22°. (b) Conformational transition of Helix 2
("HL2") in the linker region. 'HL2' of Sso02 is mostly disordered when bound to Sec3N. (¢) A close-up view of the conformational changes in the linker region.
Residues forming the hydrophobic core are shown as sticks. (d) Superposition of Sec3-bound Sso2 (blue), free Ssol (pink) and the Ssol1-Sec9-Sncl complex
(green, cyan and orange; PDB code: 3B5N). The alignment was centered on the SNARE motif of Sso. Note that HL2 (dotted oval in orange) appears in a

position that hinders Sec9 binding to Sso.

transition from the ‘closed’ to ‘open’ state®. It is noteworthy that
the bending of the SNARE motif was not observed in either free
Ssol or the assembled SNARE complex>®26. It is possible that
Sec3 binding renders Sso2 to an intermediate state between the
free and assembled SNARE, in which the SNARE motif is poised
to dissociate from the inhibitory Habc domain when Sec9 is
available. After Sec9 binding, Sec3 is displaced from the t-SNARE
complex so that the final v- and t-SNARE complex can assemble.
Based on the crystal structure, Sec3N has a PH-domain like
structure that is well conserved from vyeast to plants and
human®>?%, It will be interesting to test whether the
Sec3-SNARE interaction is conserved in other eukaryotic cells.
The exocyst belongs to the CATCHR family of multi-subunit
tethering proteins!?. These proteins may promote fusion by
physically bringing the vesicles and the target membrane together
before the action of the SNAREs, a function consistent with the

concept of ‘tethering’. For example, the Dsll complex forms a
long ‘tower’-like structure that interacts with the t-SNAREs at the
ER and the COPI vesicles’**%; Dsll may promote v- and
t-SNARE assembly by capturing the vesicles. During homotypic
vacuolar fusion in yeast, the HOPS complex may promote fusion
by tethering vacuoles and by the recruitment of the soluble
SNARE Vam?7 to the vacuolar membrane*'*2, Similarly, the
exocyst may also contribute to fusion by ‘tethering’. Sec6 has been
found to interact with both Sec9 and the v-SNARE protein Sncl/2
(refs 43,44). However, Sec6 does not have any stimulatory effect
on SNARE assembly or membrane fusion?>#, A recent study
showed that Sec6 binds to fully assembled SNAREs*. Here we
propose a different model, in which Sec3 affects fusion by
catalysing the binary t-SNARE interaction. This function is
mediated by the N terminus of Sec3, which is separate from the
C-terminal domain that mediates exocyst complex assembly and
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Figure 6 | Mutation in Sso2 HL2 leads to faster t-SNARE assembly and liposome fusion. (a) His6-tagged Sso2 or Sso2-mutHL2 was incubated with

GST-Sec9C conjugated to glutathione Sepharose 4B for the binding assay. Samples were taken at indicated time points and analysed by SDS-PAGE and
Coomassie blue staining. The bound Sso2 at different time points was quantified, with bound Sso2 at 240 min without Sec3N normalized as 100%. The
percentage of binding was plotted. The points in the graph represent the average of three experiments. Student's t-test was used for statistical analyses.
Error bars: s.e. *'P<0.05. (b) The t-SNARE liposomes reconstituted with the wild-type Sso2 or Sso2-mutHL2 were pre-incubated with Sec3N or GST for
30 min. Sec9CT and the v-SNARE liposomes incorporated with Snc2 were then added for the fusion reaction. Addition of Snc2CD inhibited the fusion

reaction. The graph represents the results of three experiments. Student's t-test was used for statistical analyses. No statistical significance was found
comparing the fusion rates of Sso2-mutHL2 liposomes (no Snc2CD) and that of the wild-type Sso2 liposomes pre-incubated with Sec3N. Error bars, s.d.

vesicle tethering?>*2. Furthermore, disruption of the Sec3-Sso2
interaction does not affect its ability to interact with Cdc42 and
PI(4,5)P,, and its polarized localization to the bud tip. Ectopic
tethering assay using mitochondria as a surrogate target organelle
demonstrates that the Sso-binding-deficient sec3 mutant retains
its ability to recruit other exocyst subunits as well as the secretory
vesicles. Our data suggest that the function of Sec3 in promoting
fusion is distinct from its role in vesicle tethering. In Golgi, it was
previously regorted the tethering protein p115 promotes SNARE
assembly*®~4%_ It would be interesting to examine whether such a
‘catalytic’ role in membrane fusion exist for tethers in other stages
of vesicular trafficking.

Besides the exocyst, the Sec1/Muncl8 (SM) family of proteins
also has important roles in SNARE-mediated fusion, although
different models have been proposed, depending on the cell type
and stage of membrane trafficking*>?. A recent study showed
that SM protein Slyl accelerates the ER-Golgi SNARE assembly!°.
During homotypic fusion of yeast vacuoles, Vps33, the SM
protein and a member of the HOPS tethering complex, binds to
SNARE proteins in each vacuole, and registers them in the correct
orientation for subsequent SNARE complex assembly>!. Secl in
yeast binds to the fully assembled SNARE complex®? genetics
analyses suggest that Secl functions both before and after SNARE
assembly”. Genetic analyses also place Secl at a step after
the exocyst®* %, and it was shown that Secl binds to the
exocyst>’. It is, therefore, possible that Sec3 first acts on Sso2 on
its auto-inhibitory state and promotes the SNARE assembly
before the action of Secl.

Beside the SM family, proteins with the MUN domain were
also shown to regulate SNARE assembly during synaptic
transmission®®>®, Tt was proposed that, during neuronal
exocytosis, Muncl3 relieves the inhibition of syntaxin-1
imposed by the SM protein Muncl8 (ref. 60). In yeast, Sec3
does not work through a similar mechanism as observed in
neurotransmission because Secl binds to Sso2 only when it is in
the later fully assembled ternary SNARE complex?’. However,
some members of the exocyst contain regions that are structurally
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similar to the MUN domain®"2, It is, therefore, possible that, in
addition to Sec3, other members of the exocyst also contribute to
SNARE assembly during exocytosis. In support of this possibility,
sec3AN displays defects in exocytosis at 37 °C, but the defects is
not clear at 25 °C (ref. 29 and this study), and sec34N is synthetic
lethal with a number of mutants including exo70 (refs 28,63,64).
It will be interesting to examine the role of other exocyst subunits
in SNARE assembly and membrane fusion.

Methods

Plasmids and yeast strains. All mutagenesis experiments were carried out using a
multi-mutagenesis kit (Agilent Technologies). All plasmids used in this paper are
listed in Supplementary Table 2. Sec3 mutants were made from CEN-LUE2 plasmid
(pG1273), which contains full-length Sec3 and its promoter and terminator
sequences. The Sec3 N-terminal (a.a. 1-320) region was sub-cloned into a GST
fusion protein vector (pGET-4T-1). His6-Sso2 (aa.1-270) (pG707) and His6-Sec9C
(a.a. 414-651) (pG1509) were subcloned from GST-Sso2 (a.a. 1-270) (pG638) and
GST-Sec9C (a.a. 414-651) (pG1067). Mutant Sec3-GFP plasmid (pG1926) was
derived from a Sec3-GFP plasmid (pNB810) (ref. 65). His6-Sso2-mutHL2
(pG1971) was directly mutated from pG707. pG1973 and pG1974 were derived
from pG707 and pG1971. SNAREs used in liposome mixing assay were kindly
provided by Dr James McNew (Rice University). To generate expression constructs
for structural studies, sequences encoding the Habc and the SNARE motif of Sso2
(a.a. 36-227) and the Sec3 N-terminal domain (a.a 75-320) were cloned into
pET15b (Novagen) and the custom vector MalpET, respectively. Vector pET15b
provides a thrombin-cleavable N-terminal His6 tag, whereas MalpET supplies an
N-terminal tobacco etch virus protease-cleavable MBP-His10 tag. All yeast strains
used in this project are listed in Supplementary Table 3. Yeast growth and genetic
manipulations were carried out using standard procedures.

Yeast cell extract preparation. Yeast cells were grown to an ODggg of 1.0 and
collected by centrifugation. The pellet was washed and then resuspended in
ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA,

1% Triton X-100, 5mM NaF, 1 mM sodium pyrophosphate, 1 mM dithiothreitol,
and protease inhibitor cocktail; Roche). Glass beads (0.4-0.6 mm in diameter) were
added to the resuspended cells. Cells were broken by vigorous vortexing. The beads
and cell debris were removed by centrifugation at 13,000¢ for 30 min at 4 °C.

Protein expression and purification. The E. coli BL21(DE3) cells harbouring the
expressing plasmids were cultured in Luria broth medium containing ampicillin or
kanamycin at 37 °C to an ODgg of 0.6-1.0. Protein expression was induced with
0.5mM isopropylthio-B-d-galactoside at 18 °C overnight. The cells were then
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Figure 7 | Disruption of the Sec3-Sso interaction in yeast leads to exocytosis defects. (a) His6-Sso2 was incubated with GST-tagged wild-type or
mutant Sec3N for binding assay. The sec3N-mutST and sec3N-mutS2 mutants showed much reduced binding to Sso2. (b) SEC3, sec3AN, sec3-mutST and
sec3-mutS2 were expressed under the endogenous SEC3 promoter in the sec3A background. The yeast cells were grown on synthetic complete plates at
25 and 37 °C. The sec3 mutants show growth defects at 37 °C. (¢) Analysis of Bgl2 secretion for the above yeast strains. Yeast cells were grown at 25°C
before being transferred to 37 °C for 2 h. Internal and external Bgl2 was detected by western blotting. Alcohol dehydrogenase-1 (Adh1) was used as a
loading control. (d) Invertase secretion from yeast cells of the above strains at 25 and 37 °C. The percentage of invertase secretion was plotted.

The values in the graph represent the average of three experiments. Student's t-test was used for statistical analyses. Error bars: s.e. "*'P<0.05.

(e) Thin-section electron microscopy analysis of cells expressing SEC3, sec3AN, sec3-mutST and sec3-mutS2. Cells were fixed with permanganate, and the
vesicles were shown in dark staining. An accumulation of secretory vesicles was detected in cells expressing Sec3 mutants. Scale bar, 0.5 um.

harvested by centrifugation and lysed by sonication. After removal of cellular
debris by centrifugation at 13,000 r.p.m. at 4 °C for 30 min, the supernatant fraction
was extracted with 2% (for proteins with trans-membrane domains) or 0.5%

(all other proteins) Triton X-100 for 1h at 4 °C. Glutathione Sepharose 4B or Metal
Affinity Resin (Clonetech) were added to bind GST-tagged or His6-tagged proteins
for 2h at 4°C. After washing three times, bound proteins were eluted by 10 mM
glutathione or gradient imidazole (25-200 mM) and dialysed in PBS buffer.

To carry out protein expression for structure studies, E. coli BL21(DE3) cells
were transformed with plasmid DNA and grown in Luria broth medium at 37 °C to
an ODygg of 0.6-0.8. Recombinant protein expression was induced by addition of
0.5 mM isopropylthio-B-d-galactoside followed by an incubation for 14 h at 18 °C.
Cells were harvested by centrifugation (6,000 ¢, 15min) and pellets were
resuspended in cold lysis buffer (20 mM Tris-HCI pH 8.0, 250 mM NaCl,

20 mM imidazole, 5% (v/v) glycerol, 5mM B-mercaptoethanol) supplemented with
1 mM PMSF and 20 ugml ~! DNase I. Resuspended cells were lysed using an
EmulsiFlex-C3 homogenizer (Avestin) and cell debris were removed by
centrifugation (16,000g, 40 min). Supernatants were filtered through a 0.45-um
filter and applied onto a 5-ml Ni-HiTrap column (GE Healthcare) pre-equilibrated
in the same lysis buffer. Bound proteins were eluted with a linear concentration
gradient of 20-600 mM imidazole in the lysis buffer.

The MBP-10 X His tag of Sec3 was cleaved off by tobacco etch virus protease
and then removed using an anion exchange column (HiTrap-Q HP, GE
Healthcare). The Q column was pre-equilibrated with a buffer containing 20 mM
Tris-HCI pH 8.0, 50 mM NaCl, 5% (v/v) glycerol, and 2 mM dithiothreitol. The
His6 tag of Sso2 was removed by thrombin and then purified on the HiTrap-Q HP
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column. Both proteins were purified to homogeneity using a Superdex-200 16/60
column (GE Healthcare) pre-equilibrated with a buffer containing 20 mM Tris-HCl
pH 8.0, 100mM NaCl, 5% (v/v) glycerol, and 2mM dithiothreitol.

To prepare the Sec3/Sso2 complex, purified Sso2 were mixed with Sec3N in
excess and then left at 4 °C overnight. The reconstituted complex was purified
using a Superdex-200 16/60 column (GE Healthcare). Elution fractions were
examined by SDS-PAGE and those containing the protein complex were pooled
and concentrated to 15 mgml L. Portions of the protein sample was used directly
for crystallization.

Binding assays. Sec3 N-terminus (pG1860, a.a. 1-320, Sec3N) and Exo70
C-terminus (pG276, a.a. 358-623, Ex070C) were expressed as GST fusion proteins.
The cytosolic domains of Sso2 (a.a. 1-270, His6-Sso02) and Pepl2 (a.a. 1-263,
His6-Pep12) were expressed as His6-tagged fusion proteins. Purified Sec3NT and
Ex070CT (12 pg) were coupled to glutathione Sepharose 4B. His6-Sso2 (2 pM final
concentration) and His6-Pep12 (4 uM final concentration) were then added for
incubation at 25 °C for 2h. After three washes in PBS buffer, fractions of the
protein samples bound to the Sepharose were analysed by SDS-PAGE and
detected by Coomassie blue staining. The binding of sec3-mutS1 and Sso2 was
performed the same as described above. To test full-length Sec3 interaction,

Sec3 was inserted into the pcDNA3 expression vector (Invitrogen) for in vitro
transcription/translation in the presence of [35S] methionine in rabbit reticulate
lysates (Promega). Twenty microlitres of lysates was used in a binding reaction
with final concentration 2 uM GST-tagged cytosolic domains of Sso2 (a.a. 1-270)
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Figure 8 | The Sec3 Sso2-binding mutant is capable of tethering vesicles.
(a) Co-localization of Tom20-mCherry-SEC3 or Tom20-mCherry-sec3-
mutST with Cit1-GFP, a marker for yeast mitochondria. Scale bar, Tum.

(b) Ectopically targeted Tom20-mCherry-SEC3 and Tom20-mCherry-sec3-
mutST were both able to recruit Sec6-GFP to mitochondria clusters.

(c) Ectopically targeted Tom20-mCherry-SEC3 and Tom20-mCherry-sec3-
mutST were both able to recruit Sec8-GFP to mitochondria clusters.

(d) Yeast cells were fixed and spheroplasted for immunofluorescence
staining of the Rab protein Sec4, a marker for post-Golgi secretory vesicles.
Sec4 vesicles were recruited to mitochondria. (e) Quantification of

yeast cells expressing Sec3 or sec3-mutST with mitochondria-exocyst
co-localization and mitochondria-Sec4 co-localization. Three independent
experiments were performed. In each experiment, 50 cells were counted.
The percentage of cells with co-localization was plotted. Student’s t-test
was used for statistical analyses. Error bars: s.e. No statistical significance
was found comparing Sec3 and sec3-mutST.

or Pepl2 (a.a. 1-265). In all, 2.5% of the total input and the bound Sec3 were
analysed by SDS-PAGE and autoradiography.

To test the effect of Sec3 on the Sso2-Sec9 interaction, Sec9 C terminus
(pG1067, a.a. 414-651, ‘Sec9CT’) was expressed as a GST fusion protein. Cytosolic
domains of Sso2 (a.a. 1-270) and Sec3N were expressed as His6-tagged fusion
proteins. His6-Sso2 (2 uM final concentration) was incubated with His6-Sec3N
(2 uM final concentration) or an equal amount of buffer for 30 min at 25 °C to
allow the formation of the Sso2-Sec3 complex, and then added to GST-Sec9C
fusion protein (20 pig) conjugated to glutathione Sepharose 4B at a final volume of
100 pl. Fractions of the reaction mixture were taken at indicated time points to
analyse the interactions. To test the displacement of Sec3 from Sso2, 5 g of
His6-tagged Sec9C was used.

Quantification of Coomassie blue-stained gel. Quantification of Coomassie
blue-stained gels was performed with the Image] software. The bands of interest
were manually circled. The area and average intensity of the circled bands were
calculated by the software. Similar circles in the adjacent area without bands were
selected as control. Its average intensity was also measured, and later subtracted.
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Each binding point in the graph represents the average of three experiments.
Student’s t-test was used for statistical analyses.

Kinetics analysis. The method to calculate rate constant, k, for the formation
of t-SNARE complex was previously described*. Briefly, the equation

0(t) =00+ (0, — 00)(Aokt)/(Agkt + 1) is used to fit the curve. 0(t) is normalized
value of bound Sso2 band intensity at time ¢, 8 is zero here as no Sso2 was bound
at t=0, 0, is the band intensity at t = 00 and is subjected to fitting together with
apparent rate constant k, A, is the initial concentration of Sso2 in molar units (M),
k is the rate constant in M~ s~ 1, and ¢ is the time in seconds since the start of
mixing.

Crystallography and structure determination. Initial crystallization screenings
were carried out at 22 °C by the sitting drop vapor diffusion method using the
Phoenix HT liquid handling robot (Rigaku) to set-up dual droplets for each
condition with drop volume of 0.2 and 0.3 ul (1:1 and 2:1, protein vs reservoir
solution, respectively) on the 96-well sitting drop crystallization plate (Molecular
Dimensions). Final crystals used for data collections were grown from manually set
up drops containing I il of protein and 1l of reservoir solution. Plate-like crystals
of ~10 % 100 x 100 um (crystal form 1, space group C222,) were obtained in a
condition containing 0.1 M HEPES (pH 7.0), 0.2 M NaCl, and 25% (w/v) PEG
3350, whereas rod-like crystals of ~20 x 20 x 100 pm (crystal form 2, space group
P432,2) were obtained in a condition containing 0.1 M Tris-HCI (pH 8.5) and 2M
(NH4),S0, (all chemicals were from Sigma Aldrich). Both crystals appeared after
2-3 days and reached maximal size after approximately 2 weeks. The crystals
were harvested with 20 micron diameter nylon loops (Hampton Research) by
flash-cooling in liquid nitrogen using the same reservoir solutions containing 20%
(v/v) glycerol as the cryo-protectant. Shutterless data collections for both crystal
forms were carried out by a continuous rotation around the Phi axis with a fast
readout Pilatus 6M pixel detector (Dectris LTD), following the strategies suggested
by the EDNA program implemented in mxCuBE at the beamline ID29 of the
European Synchrotron Radiation Facility in Grenoble, France, with a selected beam
size of 30 um in diameter.

Data reduction was carried out using the XDS program®. For structure
determination, the maximum-likelihood molecular replacement with PHASER®’
was carried out using the previously determined structures of Sec3 (PDB code:
3A58) and Ssol (PDB code: 1IFO) as the searching models®?*. The resulting
models were checked and manually rebuilt using the program COOT®S.
Refinement was carried out by Phenix.refine®® using data of 20-2.20 A (crystal
form 1) and 20-2.90 A (crystal form 2), but using NCS restraints in the refinement
only for the former. All subsequent structure analyses and figure generations were
carried out by Pymol (http://www.pymol.org). The details of data collection and
refinement statistics are summarized in Supplementary Table 1.

Thermofluor assays. The assay was carried out based on a previously published
protocol’?. 5,000 x stock solution of Sypro Orange dye (Molecular Probes) was
diluted by 300-fold in water. Solutions of 12 pl of protein buffer (20 mM Tris-HCI,
pH 8.0, 100 mM NaCl), 8 pl of Sec3 or Sec3-mutSI (2.5mgml ™~ 1y and different
amounts of Sypro Orange dye (1, 2, 3, 4 or 5 pl adjusted with water to 5l in total)
were added onto a 96-well thin-wall PCR plate (Bio-Rad). The plate was then
sealed with optical-quality sealing tape (Bio-Rad) and heated in an iCycler iQ real-
time PCR detection system (Bio-Rad) from 15 to 95 °C with increments of 0.5°C
per 10s.

Circular dichroism. Circular dichroism measurements were carried out on a
Chirascan-plus unit (Applied Photophysics) with a 0.5-mm path-length cuvette at
25 °C. Protein samples of 0.2 mgml™ were dissolved in 20 mM Na,HPO,/NH,PO,
pH 8.0. Spectra from three consecutive scans (260-180 nm, 0.5s averaging time,
0.5 nm steps) were averaged. Data points were exported and curves were generated
using Windows Excel-2013 (Microsoft).

Proteoliposome fusion assays. The SNARE proteins (Sso2, Sec9, Snc2) used in
this study were described previously?!. For t-SNARE proteoliposomes 100 ul of
Ss02 (10mgml ~ 1y with Sec9CT (10 mgml~ 1y or an equal amount of buffer
were mixed at 4 °C overnight in 1% n-octyl-B-d-glucopyranoside. Lipids of
POPC/DOPS (85%:15%) were then mixed with Sso2 or Ss02/Sec9CT. For
v-SNARE proteoliposomes, 50 ul of Snc2 (1 mgml ~1, cleaved from GST-Snc2)
with 1% octyl-B-d-glucopyranoside was used to prepare a donor lipid mix with
82% POPC, 15% DOPS, 1.5% NBD-DPPE and 1.5% Rohdamine-DPPE. The
octyl-B-d-glucopyranoside in lipid-protein mixture was adjusted to 1%. After
vigorous vortexing, proteoliposomes were formed by diluting the lipids-protein
mixture to final octyl-B-d-glucopyranoside concentration 0.33%. Then the
detergent was removed by dialysis overnight. Proteoliposomes were isolated by
flotation in a discontinuous Nycodenz gradient. To prepare sulforhodamine-loaded
liposomes, SNARE liposomes were reconstituted by the same procedure above. In
addition, buffer with 75 mM sulforhodamine B (Sigma, Inc.) was used to dilute
SNARE-lipids mix to form liposomes. Free sulforhodamine B was removed by
overnight dialysis. To perform the fusion assay, GST-Sec3N (5 uM) or GST (5 uM)
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was incubated with Sso2 incorporated or Ss02/Sec9CT incorporated t-SNARE at
25°C, 30 min. Forty-five microlitre protein treated t-SNARE, Snc2 (5 pM) and
Sec9CT (5uM) were incubated at 37 °C for 2 min. The fluorescence signals were
monitored by a Gemini EM Fluorescence Microplate Reader (Molecular Devices).
Each point in the graph represents the average of three experiments.

LUV sedimentation assay. The LUV sedimentation assay was performed as
previously described®. The binding of Sec3N and Sec3N mutants to LUVs was
determined by sedimentation assays conducted in 200 pl of total volume in an
ultracentrifuge rotor (TLA-100; Beckman Coulter). The tubes were pre-incubated
for 1h in a 50- uM solution of PC in the HNal00 buffer to prevent nonspecific
binding of Sec3 to polycarbonate centrifuge tubes. Sucrose-loaded LUVs were
precipitated at 150,000g at 25 °C for 30 min. The pellets were subjected to 12%
SDS-PAGE and stained with Coomassie blue. ImageJ software was used for protein
quantification as described above.

Bgl2 assay. SEC3, sec3A, sec3-mutS and sec3AN yeast cells were grown at 25 °C to
early log phase and shifted for 2h at 37 °C. After the shift, NaN; and NaF were
added to a final concentration of 20 mM. A total of 25 O.D.s of cells were collected,
washed with a Tris/NaN3/NaF buffer and spheroplasted. The amount of external
and internal Bgl2 was determined by western blotting with an anti-Bgl2 antibody.
As a control for loading, the amount of Adh1 from total cell lysates was determined
by western blotting. Image] software was used for protein quantification as
described above. Student’s ¢-test was used for statistical analyses.

Invertase assay. Cells were grown to early log phase in synthetic complete
medium overnight at 25 °C. 2.0 ODgg units of cells were collected for each sample.
Half of the sample was immediately pelleted, resuspended in 1 ml of ice-cold

10 mM NaN3; solution, and stored on ice. The other half was incubated in YP
(1% yeast extract+ 2% peptone) medium plus 0.1% glucose for 2h at 25°C for
invertase induction. Measurement of internal and external invertase activity was
performed on all samples as described previously®®. Student’s t-test was used for
statistical analyses.

Electronic microscopy. Electronic Microscopy was performed as previously
described®?. In brief, yeast cells were spun down and resuspended in 1ml of 3%
glutaraldehyde, 0.1 M cacodylate containing 5mM CaCl, and 5mM MgCl, for 1h.
Cells were dispersed and subsequently embedded in 2% low melting point agarose
(1:1), cooled, and cut into small pieces (about 1 mm?). Blocks are post-fixed in 4%
KMnO, for 1h and treated with 0.5% sodium metaperiodate for 15 min at room
temperature. Blocks were washed twice in ddH,O, and placed into filtered 2%
uranyl acetate overnight. Blocks were dehydrated through a graded series of
ethanol (50-100%) overnight, washed with propylene oxide, and placed into 50:50
mixture of propylene oxide and Spurr resin and then 100% Spurr resin for
embedding. Cells were observed using a Model 1010 JEOL transmission
microscopy at 100,000 X magnification.

Fluorescence microscopy. Fluorescence microscopy was performed with a Leica
CTR6000 fluorescence microscope equipped with a Plan-Apochromat 100 x , 1.40
NA oil immersion objective lens. Images were taken using LAS AF 1.5.1 acquisition
software (Leica). Cells were grown to early log phase (0.6 ODgq) in synthetic
complete media and fixed by methanol/acetone before microscopy. Images were
captured with a digital camera (DFC350FX; Leica) at room temperature.

Ectopic recruitment of secretory vesicles to mitochondria. The ectopic
targeting assay was performed as previously described®2. Briefly, SEC3 and
sec3mutS were subcloned into the Tom20-mCherry vector (pGV373)

using the Sall/Sall restriction sites. Tom20-mCherry-SEC3 (pG1872) and
Tom20-mCherry-sec3mutS1 (pG1942) were used to transform yeast strain
NY1490. The mitochondria marker Citl-GFP was co-expressed with
Tom20-mCherry-tagged Sec3 variants to confirm their mitochondria localization.
Sec6-GFP and Sec8-GFP were generated by chromosomal integration in strains
expressing Tom20-mCherry-tagged Sec3 variants, and observed directly in yeast
cells. Sec4 was detected by immunostaining with a rabbit polyclonal antibody
after yeast cell spheroplasting. Mitochondria clustered in yeast cells expressing
Tom?20-tagged Sec3 as previously explained®?. The number of co-localized cells
were counted (50 cells, three times) and plotted. Student’s ¢-test was used for
statistical analyses.

Data availability. Coordinates and structure factors for the C222; and P4;2,2
crystal forms of the Sec3N-Sso2 complex have been deposited in the Protein Data
Bank with accession numbers 5M4Y and 5LG4, respectively. All other data that
support the conclusions of the study are available from the corresponding author.
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