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ABSTRACT Membrane trafficking during cytokinesis is essential for the delivery of mem-
brane lipids and cargoes to the division site. However, the molecular mechanisms are still in-
completely understood. In this study, we demonstrate the importance of uncharacterized
fission yeast proteins Mso1 and Sec1 in membrane trafficking during cytokinesis. Fission
yeast Mso1 shares homology with budding yeast Mso1 and human Mint1, proteins that inter-
act with Sec1/Munc18 family proteins during vesicle fusion. Sec1/Munc18 proteins and their
interactors are important regulators of SNARE complex formation during vesicle fusion. The
roles of these proteins in vesicle trafficking during cytokinesis have been barely studied.
Here, we show that fission yeast Mso1 is also a Sec1-binding protein and Mso1 and Sec1 lo-
calize to the division site interdependently during cytokinesis. The loss of Sec1 localization in
mso1A cells results in a decrease in vesicle fusion and cytokinesis defects such as slow ring
constriction, defective ring disassembly, and delayed plasma membrane closure. We also find
that Mso1 and Sec1 may have functions independent of the exocyst tethering complex on
the plasma membrane at the division site. Together, Mso1 and Sec1 play essential roles in
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regulating vesicle fusion and cargo delivery at the division site during cytokinesis.

INTRODUCTION

Cytokinesis is the final stage of the cell division cycle, which is re-
quired for a cell to separate after mitosis and well conserved from
yeast to animal cells (Balasubramanian et al., 2004; Pollard and Wu,
2010; Meitinger and Palani, 2016; Gerien and Wu, 2018). Cytokine-
sis begins with the selection of the division site followed by the for-
mation of an actomyosin ring. The ring then constricts, which is
coupled with plasma membrane deposition and extracellular matrix
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formation or remodeling. Finally, the daughter cells separate to
form two new cells. During fission yeast cytokinesis, cells select the
cell equator as the division site to assemble the ring (Barr and
Gruneberg, 2007; Pollard and Wu, 2010). The ring constricts as the
septum is constructed to separate the two daughter cells. Targeted
membrane deposition at the division site is important for the delivery
of machinery that drives cytokinesis, as well as the membrane itself
that is required to close the new end of the daughter cell (Albertson
et al., 2005). Thus, it is important to understand vesicle trafficking
and how vesicles are tethered and fused at the division site.

Vesicle fusion is a multi-step process (Cucu et al., 2017; Wickner
and Rizo, 2017; Gerien and Wu, 2018). First, a vesicle must ap-
proach the target membrane, either by transportation on actin ca-
bles or microtubules or by random walk (Chang and Martin, 2009;
Lo Presti and Martin, 2011; Snaith et al., 2011). Tethering occurs
next, involving interactions between the incoming vesicle and the
target membrane, and is mediated in many cases by multi-subunit
tethering complexes, or MTCs (Dubuke and Munson, 2016). MTCs
help guide the vesicle to the membrane for fusion. The following
step is docking, which takes place when SNARE proteins on the
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vesicle and target membrane interact with each other to form a
trans-SNARE complex. Finally, the vesicle fuses with the target
membrane when the two membranes merge and the now cis-
SNARE complexes are disassembled (Whyte and Munro, 2002). The
SNARE proteins are essential for the fusion process (McNew et al.,
2000), usually with three SNAREs on the target membrane
(t-SNAREs) and one on the vesicle membrane (v-SNARE). Each
SNARE contains a domain called a SNARE helix. The SNARE helixes
from the four SNARE motifs interact to form a helix bundle that
drives fusion (Sutton et al., 1998). Previous studies have shown that
while the formation of cognate SNARE complexes can be specific,
most of these complexes depend on other factors to become fuso-
genic in vivo (Furukawa and Mima, 2014).

Tethering proteins are important for the efficiency and specificity
of vesicle fusion (Yu and Hughson, 2010). The tethers interact with
the vesicle first and are believed to help guide the vesicle to the
SNAREs on the target membrane (Heider and Munson, 2012;
Dubuke and Munson, 2016). The tethers have also been shown to
increase the efficiency of vesicle fusion (Zick and Wickner, 2014). The
exocyst complex, the best known tether on the plasma membrane,
is an octameric MTC composed of subunits Sec3, Sec5, Secé, Sec8,
Sec10, Sec15, Exo70, and Exo84 (TerBush et al., 1996). The six Sec
subunits were identified in the original landmark screen for mutants
that were defective in secretion (Novick et al., 1980), while the Exo70
and Exo84 subunits were identified in later studies (TerBush et al.,
1996; Guo et al., 1999). The exocyst is required for Golgi-derived
vesicles to fuse at the plasma membrane and is used for polarized
exocytosis (He and Guo, 2009; Yu and Hughson, 2010). In fission
yeast, the exocyst localizes to the cell tips and the division site and
is essential for cell separation (Wang et al., 2002). Sec3 and Exo70
can localize the exocyst complex to the sites of polarized growth
(Bendezu et al., 2012; Jourdain et al., 2012). sec8 mutant cells are
defective in secretion, with lower acid phosphatase secretion and
vesicle accumulation near the plasma membrane (Wang et al., 2002).

Besides tethers, another set of proteins involved in vesicle fusion
is the Sec1/Munc18 (SM) family proteins. They are conserved pro-
teins that interact with SNAREs (Carr and Rizo, 2010; Jiao et al., 2018).
Both budding yeast and fission yeast contain four SM proteins: Sec1,
Vps45, Sly1, and Vps33 (Rizo and Sudhof, 2012). In budding yeast,
Sec1 is essential and involved in exocytosis and vesicle fusion at the
plasma membrane (Carr et al., 1999). It localizes to the plasma mem-
brane and is concentrated at the bud neck (Scott et al., 2004). Sec1 is
a homologue of mammalian Munc18a and has been shown to inter-
act with the fully assembled SNARE complex (Carr et al., 1999; Jiao
et al., 2018). However, Sec1 has not been studied in fission yeast.

SM binding partners have also emerged to play a role in vesicle
fusion. In mammals, the protein Mint1 interacts with Munc18-1 in
neuronal cells (Okamoto and Stdhof, 1997). Mso1 in budding yeast
is homologous to the PTB domain of Mint1 (Knop et al., 2005).
Mso1 localizes to the plasma membrane and interacts with Sec1 at
the bud tip and bud neck (Aalto et al., 1997; Castillo-Flores et al.,
2005; Weber et al., 2010). Deletion of Mso1 is not lethal, and growth
of mso1A cells on both synthetic and rich media at different tem-
peratures is not significantly affected, but vesicles were seen to ac-
cumulate in the bud in mso1A cells (Aalto et al., 1997). Mso1 has
also been shown to interact with the membrane and is suggested to
interact with both the target membrane and the vesicle membrane
(Weber-Boyvat et al., 2013). These interactions suggest that Mso1
has multiple roles in vesicle fusion, and its functions seem to lie at
crossroads between Sec1, SNARE proteins, and the exocyst com-
plex. Mso1 was shown to be essential for membrane fusion during
prospore formation (Knop et al., 2005). Although the interactions of
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Mso1 and Sec1 have been well studied, the roles of these proteins
during cytokinesis have not been studied in fungi or in animals.

In the fission yeast Schizosaccharomyces pombe, SM proteins
and the proteins that interact with them have rarely been studied
(Snaith et al., 2011). Additionally, the roles of these proteins during
cytokinesis have not been investigated. Here we show that loss of
Mso1 leads to decreased vesicle fusion at the division site and de-
fects in ring constriction and disassembly during cytokinesis. These
defects are due to loss of Sec1 localization at the division site, as
similar defects are observed in secT mutant cells. Our results also
suggest that Sec1 and Mso1 have functions in exocytosis indepen-
dent of the exocyst complex at the plasma membrane.

RESULTS

Mso1 localizes to the division site during cytokinesis

S. pombe Mso1 (SPAC1F5.05¢, 16.66 kDa) was reported to localize
to the division site and cell tips in a genome-wide protein localiza-
tion study (Matsuyama et al., 2006). Analysis of the Mso1 sequence
revealed similarity to two regions of Mso1 from Saccharomyces
cerevisiae, a Sec1 binding domain at the N-terminus and an Mso
C-terminal domain (Pfam PF14475 and PF14477; Figure 1A, top).
Sequence alignment corroborated low similarities between the two
proteins with 12% identity and 19% similarity in amino acids (Figure
1A, bottom). We created a homology model for S. pombe Mso'1
based on the human homologue, the Mint1 PTB domain (Supple-
mental Figure S1A). This model showed a core of beta sheets with
several helices. Both of the predicted domains were exposed to the
outer surface in the model.

We confirmed that Mso1 was present at cell tips during inter-
phase and at the division site during cytokinesis (Figure 1B). As the
actomyosin ring (marked by Myo2) constricted, Mso1 was added to
the leading edge of the cleavage furrow and localized across the
entire division plane by the end of ring constriction (Figure 1C). To
determine when Mso1 appears at the cell division site, we imaged
Mso1 together with spindle pole body (SPB) protein Sad1 as a cell-
cycle marker. Mso1 started to accumulate at the division site during
early anaphase when two SPBs were ~2.5 pm apart (Figure 1, D and
E). Consistently, Mso1 appeared at the division site when Rlc1 nodes
coalesced into a compact contractile ring (Supplemental Figure
S1B), which happens at the start of anaphase (Wu et al., 2003). The
localization of Mso1 was not altered by disruption of the actin or
microtubule cytoskeleton (Supplemental Figure S1, C and D). Taken
together, the timing and pattern of Mso1 localization suggest that it
plays a role in cytokinesis.

Loss of Mso1 leads to defects in late stages of cytokinesis
To determine the function of Mso1 during cytokinesis, we analyzed
the phenotype when Mso1 was deleted. When cultured on rich me-
dia at 25°C (Figure 2A), mso 1A cells grew similarly to wild-type (WT)
cells. At 36°C, however, mso 1A cells could not form colonies (Figure
2A), which is consistent with the genome-wide deletion-phenotype
study (Hayles et al., 2013). At the intermediate temperature of 32°C,
mso 1A cells could grow but were stained dark red on YE5S + phloxin
B (PB) plates, indicating more dead cells (Figure 2A). Growing
mso1A cells in liquid medium at 36°C revealed that the cells were
slow growing, sick, and vacuolated, and had more visible septa
compared with WT (Figure 2, B-D). The higher septation index indi-
cates that cells spend longer during septum formation and/or have
a delay in cell separation.

To determine the exact cytokinesis defects in msoTA cells, we
quantified ring kinetics using either tagged myosin light chain Rlc1
or myosin heavy chain Myo2. Time-lapse microscopy revealed that

[ 1571

Roles of Mso1 and Sec1 in cytokinesis



1" 47 90 142

27 70

s. pombe Mso1 = NE—E- 51 S cerevisiae Mso1 +—{ N 210

Sec1 binding
domain

Mso1 C-terminal
domain

SpMsol
ScMsol

MWSKLSISSKIN:

SpMsol
ScMsol

B C

Mso1-mECitrine

Mso1-mECitrine Sad1-mCherry

RIRDPESDNTIEDTHVARVMRKYYMDK--IGTLEEWLR
MMSQVSHSQEGSGRFWNKFKSSTRSLSTSLAHLSTKAEKDGDIVN TELVHKG LVKFYENQHPFQGFPGWLGEKEDL PNERKILDTQVKHDMKKQNSRHF SBSFSNRRKASSEDEMGTPSS 120

NAAPSNLKASYIPANPRRLSSSTSSASSBPLRRLPSVOHS TFDDLFEGVE-————-
NCNTPEYTPASKSFODIYNNHTSSSSATERRAS SRPTRPSAGOEFRASLERSKT SNSFNTS STPTPEPDAS SGVMAMKDRLKRRNNDYGE 210

‘ ; a
Mso1-mECitrine E % v

Sec1 binding
domain

-PBGWQPPVNTGPTSPVSINAS 69

SLOKSPSTIKPLSSTPSGSLLRSKFDHTRKKF-- 151

E 15

_
o
T

2.3 um

3.7 ym 8.2 ym

K ]
[ Seqe
e [ ..rr )
r @,
[ °
0
e No Mso1 at the division site

Distance between SPBs (um)
(6]
T

e Mso1 at the division site
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the actomyosin ring was defective in several stages of cytokinesis
(Figure 2, E-G). The maturation, constriction, and disassembly of
the ring were significantly delayed in mso1A compared with WT
cells (Figure 2, E-G). The last two stages took ~2x and ~3x longer
than in WT cells, respectively (Figure 2G). During ring disassembly,
we detected abnormal myosin linear structures across the division
plane that were not observed in WT cells (Figure 2F).

These ring disassembly defects suggested some problems in
contractile-ring constriction and/or plasma-membrane closure in
mso 1A cells. We observed ring constriction again using actinin Ain1-
monomeric enhanced green fluorescent protein (MEGFP), whose
concentration in the ring is constant during constriction in contrast
to the increased concentrations of Myo2 and Rlc1 (Wu and Pollard,
2005), to see whether the ring stalled during constriction. We con-
firmed that the constriction took much longer in mso1A than WT
cells, but the ring did not appear to pause or stall at any point
(Figure 2H). Then we performed fluorescence loss in photobleach-
ing (FLIP) to determine whether there was an exchange of free cyto-
plasmic GFP between the daughter cells after ring constriction, as
determined by Rlc1-tdTomato. In WT, when GFP was bleached in
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one daughter cell, no signal was lost in the paired other daughter
cell. In contrast, 53% mso 1A cells (n = 22) exchange GFP across the
division site as evidenced by the loss of GFP signal in the unbleached
daughter cell (Figure 2, | and J; Supplemental Movies 1 and 2). The
exchange of materials across the division site indicates a failure to
properly close the plasma membrane after the ring constriction.

Loss of Mso1 compromises fusion of vesicles

at the division site

We next investigated what causes the cytokinetic defects in
mso 1A cells. Previous studies found that exocytosis is essential for
cytokinesis in fission yeast (Wang et al., 2002, 2016; Zhu et al.,
2018). An acid phosphatase secretion assay was utilized to mea-
sure the amount of secretion in msoTA cells. We used exocyst
mutant sec8-1 as a control because it is known to have reduced
exocytosis and secretion (Wang et al., 2002). As expected, sec8-1
had lower secretion of acid phosphatase than WT (Figure 3A).
Similarly, msoTA cells secreted less acid phosphatase at both 25
and 36°C (Figure 3A). This suggests that exocytosis may be com-
promised in mso1A cells.

Molecular Biology of the Cell
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We next used electron microscopy and electron tomography
to examine the exocytic vesicles in WT and mso1A cells. Secre-
tory vesicles (examples marked by arrows) accumulated near the
ingressing septa and cell tips in mso1A cells (Figure 3B; Supple-
mental Figure S2, A and B; Supplemental Movies 3 and 4). While
each thin section of WT cells had on average 1 + 1 vesicle near
the division site, mso 1A cells had 8 £ 4 vesicles nearby (Figure 3,

the level of B-glucan synthase Bgs1, one of the vesicle cargoes,
was significantly reduced at the division site even though the
global Bgs1 level increased in mso1A cells (Figure 3, D and E).
We also observed an accumulation of vesicle marker v-SNARE
Syb1 at the division site and cell tips in msoTA cells grown at
36°C (Figure 3F). Both Syb1 and t-SNARE Psy1 protein levels
were significantly increased in mso 1A cells when quantified using

B and C). In comparison, sec8-1 cells had 16 + 7 vesicles at the
division site (Figure 3, B and C). The accumulation of vesicles
suggested that vesicles are delivered to the division site but can-
not fuse with the plasma membrane in mso7A cells. Consistently,
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fluorescence intensity (Supplemental Figure S3, A and B). Taken
together, mso1A cells have reduced vesicle fusion, which com-
promises the delivery of membrane and cargoes to the plasma
membrane.
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Mso1 interacts with the SM protein Sec1 and is important
for Sec1 localization

Next we investigated how Mso1 affects vesicle fusion. Budding
yeast Mso1 interacts with the SM protein Sec? for SNARE complex
assembly during exocytosis (Carr et al., 1999; Weber et al., 2010).
We therefore tested whether fission yeast Mso1 is also an SM pro-
tein interactor. Mso1 and Sec1 colocalized at the division site and
cell tips (Figure 4A). To determine whether the two proteins interact,
Mso1-mEGFP was ectopically targeted to mitochondria using
Tom20-GFP-binding protein (GBP) (Rothbauer et al., 2008; Luo
etal., 2014; Wang et al., 2016). The ectopically targeted Mso1 was
able to recruit Sec1-tdTomato to the mitochondria efficiently (Figure
4B). Mso1 did not recruit all Sec1, as some Sec1 still localized to the
division site and cell tips, possibly due to the higher cellular level of
Sec1. As controls, we confirmed that Tom20-GBP could not recruit
tdTomato-tagged Sec1 to mitochondria and no signals bled through
between the red and green channels (Supplemental Figure S4A).
The mistargeting of Sec1 by Mso1 suggests that the two proteins
physically interact directly or in a complex in vivo. Indeed, Sec1-
13Myc coimmunoprecipitated with Mso1-mEGFP from fission yeast
cell lysate (Figure 4C). To verify whether the Sec1 binding occurs via
the N-terminal portion of Mso1 (Figure 1A), we purified recombi-
nant fragments of Mso1 comprising the N-terminal residues 1-70
and C-terminal residues 71-151. We found that the full-length Mso'1
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and the Mso1(1-70), but not Mso1(71-151), were pulled down by
MBP-Sec1 in in vitro binding assays (Figure 4D). This further sup-
ports the physical interaction between Sec1 and Mso1 and the loca-
tion of the Sec1 binding region in Mso1.

To determine the functional importance of the Mso1-Sec1 inter-
action, we analyzed the effect of loss of Mso1 on the localization of
Secl. While Sec still localized to the cell tips and division site in
mso1A cells at 25°C, its intensity was significantly reduced (Figure 4,
E and F). Moreover, Sec? was abolished from the plasma membrane
and aggregated into cytoplasmic puncta when msoTA cells were
shifted to the restrictive temperature of 36°C for 2 h (Figure 4E).
These puncta did not colocalize with Syb1 marked secretory vesicles
or Atg8 marked autophagosomes (Supplemental Figure S4B). Thus,
Mso1 is crucial for Sec1 localization, especially at 36°C.

Sec1 is crucial for Mso1 localization and cytokinesis

To further investigate the relationship between Mso1 and Sec1, we
created a sec’ temperature-sensitive mutant, sec1-M2, using the
marker (his5*) reconstitution mutagenesis method (Tang et al., 2011,
Lee et al., 2014; Zhu et al., 2018). sec1-M2 contains two mutations
in the ORF: 1183N and L268M. We performed homology modeling
for Sec1 using the human Munc18 crystal structure (PDB: 4cca) as a
template (Hackmann et al., 2013). The mutated residues in sec1-M2
(highlighted green) are on the surface of Sec1 (Figure 5A) and may
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be important for its interactions with other proteins. sec1-M2 cells
grew slowly and showed increased cell death at 36°C (Figure 5B).
Sec1-M2-mEGFP was lost from the plasma membrane and gradu-
ally accumulated into aggregates at the restrictive temperature of
36°C, similar to Sec1 observed in mso1A cells (Figure 5C). This loss
of Sec1 localization also resulted in a loss of Mso1 localization from
the plasma membrane and Mso1 accumulation in the cytoplasmic
puncta at the restrictive temperature (Figure 5D). However, these
Mso1 puncta were distinct from those formed by Sec1-M2-mEGFP
(Figure 5E). Therefore, Sec1 and Mso1 are interdependent for local-
ization on the plasma membrane. The Psy1 level was significantly
higher in sec1-M2 than in WT cells (Supplemental Figure S3, C and
D), similar to those in mso1A cells (Supplemental Figure S3, A and
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B); however, the Syb1 level was not changed (Supplemental Figure
S3, Cand D).

To test whether Sec1 and Mso1 have a similar function in cyto-
kinesis, we examined the kinetics of the contractile ring in the
secTA mutant because sec1-M2 may still retain some Sec1 func-
tions. Sec1 is an essential gene (Kim et al., 2010; Hayles et al.,
2013), so we performed tetrad fluorescence microscopy to exam-
ine the ring before cell death (Coffman et al., 2013; Lee et al.,
2014; Davidson et al., 2016a). Each dissected tetrad from the
sec1*/secA rlc1-tdTomato-natMXé/rlc1-tdTomato-natMXé diploid
strain contains two sec!® spores and two secTA spores. As ex-
pected, secT* spores germinated and grew normally. sec1A spores
germinated normally, but the cells divided only two to four times
1575
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mutant is temperature sensitive and defective in cell growth at 36°C. Cells were grown on YE5S and YESS + PB plates
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at 36°C for 2 h. (D) Mso1 loses localization on the plasma membrane in sec1-M2 cells grown at 36°C for 4 h.

(E) Cytoplasmic puncta of Sec1-M2 and Mso1 do not colocalize in sec1-M2 cells grown at 36°C for 2 h. (F, G) Time
courses (F) and quantification (G) of Rlc1-tdTomato labeled contractile ring in WT and sec7A cells grown at 25°C. The
arrows indicate the start (red) and end (white) of ring constriction and the end (yellow) of ring disassembly. Error bars

shown are SDs. Bars, 5 um.

before stopping growing and dying (Supplemental Figure S4C).
The secTA cells displayed cytokinesis defects similar to those ob-
served in mso1A cells, taking dramatically longer to complete con-
striction and to disassemble the contractile ring (Figure 5, F and G;
Supplemental Movies 5 and 6). Ring constriction took 115 £ 49 min
in secTA compared with 24 + 8 min in WT. Disassembly of the ring
took 79 £ 50 min in secTA as opposed to 19 + 19 min in WT. We
also observed abnormal myosin structures during ring disassembly,
with strand-like structures emanating from the division plane. Thus,
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loss of Mso1 or Secl has similar but not identical effects on the
contractile ring and cytokinesis.

Mso1 and Sec1 have functions independent of the exocyst
complex

Both Mso1 and Sec1 interact with the exocyst complex in budding
yeast (Knop et al., 2005; Morgera et al., 2012). Thus, it has been as-
sumed that Mso1/Sec1 and the exocyst work together for vesicle
fusion on the plasma membrane during exocytosis. However, no
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colocalization between them has been reported. After ring constric-
tion, both Sec1 and Mso1 localized across the division plane (Figure
6A). However, the exocyst complex (marked with the Sec3 subunit)
concentrated on the outer rim of the division site with little signal at
the interior (Figure 6A). Their nonoverlapping localization in fission
yeast suggests that Sec1 and Mso1 have functions independent of
the exocyst complex.

To test the importance of the interior fraction of Mso1 on the
division plane, we ectopically targeted Mso1 to the septin ring
(Figure 6B), which colocalizes with the exocyst complex at the rim of
the division plane (Martin-Cuadrado et al., 2005; Pérez et al., 2015).
One of the septin functions is acting as a scaffold to recruit other
proteins to the division site (Addi et al., 2018; Zheng et al., 2018;
Marquardt et al., 2019). Once the contractile-ring constriction be-
gins, the septins separate into two rings and stay at the rim of the
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cleavage plane. Mso1 was efficiently concentrated at the outer rim
of the division plane by septin Spn3-GBP (Figure 6B). When grown
at 36°C, cells of strain mso1-mEGFP spn3-GBP, but not other con-
trol strains, grew slowly similar to mso1A (Figure 6B). While the WT
and control strains had normal morphology, the cells of mso1-
mMEGFP spn3-GBP and mso 1A showed increased cell death and vis-
ible vacuolation in differential interference contrast (DIC) images
(Figure 6C). This suggests that the ability of Mso1 and Sec1 to help
vesicle fusion at the interior of the division plane is important for
proper cytokinesis.

To further investigate the genetic interaction between mso1 and
the exocyst complex, mso 1A was crossed to exocyst mutants sec8-1
or exo70A. These mutations were synthetic lethal as no double mu-
tant colonies could be recovered even at 25°C (Figure 6D). While
the single mutants grew well, double mutant cells often died after a
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few cell divisions (Figure 6E). The synthetic lethal interactions sug-
gest that Mso1 and the exocyst are also on parallel pathways during
exocytosis. Thus, the exocyst complex may tether vesicles for Sec
and Mso1 mediated vesicle fusion at the rim of the division site, but
another tether may cooperate with Sec1 and Mso1 at the interior of
the division plane.

DISCUSSION

Our work highlights the importance of cellular trafficking and vesicle
fusion during cytokinesis. Mso1 plays an important role in localizing
the SM protein SecT in fission yeast. Mso1 and Sec1 work together
for the proper delivery of both membranes and cargoes at the divi-
sion site. In their absence, cytokinesis becomes delayed and defec-
tive, which leads to severe defects in cell division and cell death.

The roles of Mso1 and Sec1 in vesicle fusion during
cytokinesis

The role of Mso1 in cytokinesis had not been studied previously, and
its function in regulating Sec1 is incompletely understood. Here we
observed that cytokinesis is dramatically affected by the loss of
Mso1 (at the restrictive temperature) or Sec?. Ring constriction and
ring disassembly in the mutants take significantly longer than in WT
cells, with abnormal myosin structures appearing during ring disas-
sembly. These myosin structures may be a response to the failure of
properly sealing the barrier between the two daughter cells that we
observed in FLIP experiments (Figure 2, | and J), which likely arises
from a lack of plasma membrane, but not from stalled ring constric-
tion (Figure 2H). The loss of Mso1 reduces vesicle fusion at the divi-
sion site and prevents the efficient delivery of essential cargoes,
such as B-glucan synthase Bgs1 (Figure 3). Without Mso1, Sec1 can
still localize to the plasma membrane at low temperature, although
less efficiently. When the temperature is increased, cellular traffic
speeds up and the membrane may become more fluid, putting
stress on the exocytic pathway and the plasma membrane. This
stress together with the absence of Mso1 may lead to the complete
loss of Sec1 localization and its aggregation into puncta. Without
Secl present at the plasma membrane to promote vesicle fusion,
vesicles accumulate near the plasma membrane, and cytokinesis is
impaired. These results suggest that Mso1 functions to maintain the
proper localization of Sec1 at the division site for vesicle fusion. Our
data highlight the important roles of Mso1 and Sec1 in membrane
insertion in yeast cytokinesis. While Sec1 had not been studied dur-
ing cytokinesis in animal and fungal cells, SM family protein KEULE
has been shown to stabilize the fusion competent conformation of
syntaxin KNOLLE during Arabidopsis cytokinesis (Park et al., 2012).
Our study provides another example to support the theory that tar-
geted membrane addition is the most conserved aspect of cytoki-
nesis (Hales et al., 1999).

Mso1 and Sec1 may work with vesicle tethers other than
the exocyst at the division site

Previous works in budding yeast revealed that Mso1 and Sec1 coop-
erate with the exocyst tethering complex to aid vesicle fusion at the
plasma membrane. The N-terminus of Mso1 is found in complex
with exocyst components as well as Sec1 and SNARE components
in coimmunoprecipitation (co-IP) experiments (Knop et al., 2005).
Purified Sec interacts with the exocyst subunit Secé during in vitro
binding experiments (Morgera et al., 2012). The Mso1 C-terminus,
specifically the last 22 amino acids, is required for polarized mem-
brane targeting and may aid in the targeting of Sec1 (Weber-Boyvat
etal., 2011). In mammalian cells, an N-terminal peptide sequence in
t-SNARE syntaxin interacts with the hydrophobic binding pocket of
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the SM protein Munc18 (Hu et al., 2007). The cognate SNARE for
Sec1, Sso1 in budding yeast, does not contain the N-terminal pep-
tide sequence, and Sec1 lacks the hydrophobic binding pocket,
which suggest Sec1’s interaction with the SNARE complex is differ-
ent from that of Munc18a (Togneri et al., 2006). Nevertheless, both
Sec? and Munc18a appear to promote vesicle fusion. Studies have
shown that the Sec1 C-terminal tail interacts with SNARE complexes
and promotes complex formation (Weber-Boyvat et al., 2011). Sec'
likely plays a role in fusion before and after SNARE complex forma-
tion in cooperation with the exocyst complex (Hashizume et al.,
2009).

In fission yeast, we also observe colocalization and maybe coop-
eration among Mso1, Sec1, and the exocyst at cell tips and at the
outer rim of the division site. However, our microscopy data reveal
that Mso1 and Sec1 also have a very distinct localization from the
exocyst at the interior of the division plane. This and other experi-
ments suggest that Mso1 and Sec1 may also drive the fusion of
vesicles tethered independently from the exocyst complex. Indeed,
the mislocalization of Mso1 to the rim of the division site in spn3-
GBP mso1-mEGFP cells suggests that Mso1 plays important roles at
the interior of the division site (Figure 6, B and C), although we can-
not rule out the possibility that the mistargeted Mso1 at the rim led
to the defects in the spn3-GBP mso1-mEGFP cells. Our previous
work showed that the TRAPP-II complex can tether vesicles at the
interior of the division site (Wang et al., 2016). This TRAPP-II medi-
ated exocytosis depends in part on the UNC-13/Munc13 protein
Ync13 (Zhu et al., 2018). Interestingly, plant SM protein KEULE's
phragmoplast localization has been shown to be regulated by the
TRAPP-II complex (Steiner et al., 2016). Together, these data sug-
gest that Mso1 and Sec1 may have functions independent of the
exocyst tethering complex and may cooperate with other vesicle
tethers at the division site. Such an interaction would suggest as yet
unexplored functions for Mso1 and Sec1. Further experiments are
needed to determine whether the TRAPPII complex and Mso1/Sec'
work together at the interior of the division plane for vesicle fusion.

In the future, it will be important to understand how Sec1 and
Mso1 coordinate exocytosis and endocytosis, as both are essential
for successful cytokinesis (Gerald et al., 2001; Feng et al., 2002;
Montagnac et al., 2008; Giansanti et al., 2015). Ync13 has been
shown to play roles in the regulation of both exocytosis and endo-
cytosis in fission yeast (Zhu et al., 2018), and Munc13 has been
shown to cooperate with the SM protein Munc18 to regulate SNARE
protein conformation (Ma et al., 2011; Yang et al., 2015). Thus,
Ync13 is a candidate for additional regulation of the fusion complex
containing SNAREs, Sec1, Mso1, Rab GTPase Sec4, and tethering
proteins.

As the role of fission yeast Mso1 in exocytosis appears to be very
similar to that of Mso1 in budding yeast and Mint1 in humans, we
expect these homologues and the SM proteins to play roles during
cytokinesis similar to those we have observed here. Thus, it will be
interesting to investigate the roles of Mso1, Mint1, and the SM pro-
teins in cytokinesis to confirm whether these functions are con-
served in future studies.

MATERIALS AND METHODS

Strain construction and genetic and molecular methods

The strains used in this study are listed in Table 1. Genes were de-
leted or tagged at the C-terminal or N-terminal end at the endog-
enous locations using PCR-based gene targeting methods (Béhler
et al., 1998). All tagged proteins use their native promotors except
the free GFP. To observe secTA cells, we deleted one copy of sec
in a diploid strain rlc1-tdTomato-natMXé/rlc1-tdTomato-natMXé
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Strain Genotype Figure/Movie/Reference
JW5663  h~ msol1-mECitrine-kanMXé ade6é-210 ura4-D18 leu1-32 Figures 1, B and C, and 6A; Supplemental Figure S1, C and D
JW1109  h* kanMX6-Pmyo2-mEGFP-myo2 ade6-M210 leu1-32 Figures 1C and 2, Fand G
ura4-D18
JW5813  h* mso1-mECitrine-kanMXé sad1-mCherry-natMXé adeé- Figure 1, D and E
M210 leu1-32 ura4-D18
JW5665  h~ msolA::kanMXé ade6-210 ura4-D18 leu1-32 Figures 2, A, B, C,and D, 3, A, B, and C, and 6, B, C, D,
and E; Supplemental Figure S2B; Supplemental Movie 4
JW81 h~ ade6-210 ura4-D18 leu1-32 Figures 2, A, B, C,and D, 3, A, B, and C, 5B, and 4, B and
C; Supplemental Figure S2A; Supplemental Movie 3
JW5673  h* msoT1A::kanMXé rlc1-tdTomato-natMXé sad1-mEGFP- Figure 2, Eand G
kanMX6 ade6-210 ura4-D18 leu1-32
JW2178  h* rlc1-tdTomato-natMXé sad1-mEGFP-kanMXé ade6- Figures 2, E and G, and 6A
M210 ura4-D18 leu1-32
JW6802  msol1A::kanMX6 kanMX6-Pmyo2-mEGFP-myo2 ade6-210 Figure 2, F and G
ura4-D18 leu1-32
JW1144  hain1-mEGFP-kanMX6 ade6-M210 leu1-32 ura4-D18 Figure 2H
JW9555  msol1A::kanMX6 ain1-mEGFP-kanMX6 ade6-M210 leu1-32  Figure 2H
ura4-D18
JW3313  h™ kanMXé-3nmt1-mEGFP rlc1-tdTomato-natMXé adeé- Figure 2, | and J; Supplemental Movie 1
M210 leu1-32 ura4-D18
JW6158  mso1A::kanMX6 kanMX6-3nmt1-mEGFP rlc1-tdTomato- Figure 2, | and J; Supplemental Movie 2
natMXé adeé-210 leu1-32 ura4-D18
MBY887  h* sec8-1 ura4-D18 leu1-32 Figures 3, A, B, and C, and 6, D and E; Wang et al., 2002
JW5249  GFP-bgsi-leul* bgs1A::ura4* rlc1-tdTomato-natMXé adeé-  Figure 3, D and E
M210 leu1-32 ura4-D18
JW5840  msoTA::kanMXé GFP-bgs1-leuT* bgs1A::ura4* rlc1-tdToma- Figure 3, D and E
to-natMXé ade6-M210 leu1-32 ura4-D18
1J253 h= GFP-syb1-kanMXé adeé leuT ura* Figure 3F; Supplemental Figure S3, A, B, C, and D;
Jourdain et al., 2012
JW6199  msolA::kanMX6 GFP-syb1-kanMX6 adeé leul ura4-D18 Figure 3F; Supplemental Figure S3, A and B
JW7361  secl-tdTomato-natMX6 mso1-mEGFP-kanMXé adeé-210 Figure 4A
leu1-32 ura4-D18
JW7068  secl-tdTomato-natMXé mso1-mEGFP-kanMXé tom20- Figure 4B
GBP-hphMX6 ade6-210 leu1-32 ura4-D18
JW7628  secl-13Myc-kanMX6é mso1-mEGFP-kanMXé adeé6-M210 Figure 4C
leu1-32 ura4-D18
JW5723  h~ mso1-mEGFP-kanMXé adeé-210 leu1-32 ura4-D18 Figures 4C and 6C
JW7614  h™secl-13Myc-kanMX6 ade6-210 leu1-32 ura4-D18 Figure 4C
JW6115  h™ secT-tdTomato-natMXé ade6-210 leu1-32 ura4-D18 Figure 4, E and F
JW6631  secl-tdTomato-natMXé mso1A::kanMX6é adeb6-210 leu1-32  Figure 4, E and F
ura4-D18
JW9103  hsec1-M2-his5*-kanMX6 his5A ade6-210 leu1-32 urad Figure 5B
JW7021  h™ secT-mEGFP-kanMXé ade6-210 leu1-32 ura4-D18 Figure 5C
JW9105  h* sec1-M2-mEGFP-hphMX6-his5*-kanMX6 his5A? adeé- Figure 5C
210 leu1-32 ura4
JW5724  h~ msol-tdTomato-natMXé ade6-210 leu1-32 ura4-D18 Figure 5D
JW9109  sec1-M2-his5t-kanMXé mso1-tdTomato-natMXé his5A? Figure 5D

ade6-210 leu1-32 ura4

TABLE 1: S. pombe strains used in this study.
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Strain Genotype Figure/Movie/Reference

JW9169  msoT1-mEGFP-kanMXé sec1-M2-mScarlet-I-hphMX6é-his5*-  Figure 5E
kanMXé his5A? ade6-210 leu1-32 ura4-D18

JW6114  h*/h~ sec1A::kanMX6/secT rlc1-tdTomato-natMXé/rlc1- Figure 5, F and G; Supplemental Figure S4C; Supplemental
tdTomato-natMX6 ade6-M210/ade6-M216 leu1-32/leu1-32  Movies 5 and 6
ura4-D18/ura4-D18

JW7568  h™ secT-mNeonGreen-kanMXé ade6-M210 leu1-32 ura4- Figure 6A
D18

JW7580  h™ sec3-mNeonGreen-kanMXé ade6-M210 leu1-32 ura4- Figure 6A
D18

JW7392  spn3-GBP-RFP-hphMXé mso1-mEGFP-kanMX6 ade6-210 Figure 6B
leu1-32 ura4-D18

JW7230 h~ spn3-GBP-hphMXé ade6-M210 leu1-32 ura4-D18 Figure 6, B and C

JW7393  spn3-GBP-hphMXé mso1-mEGFP-kanMX6 ade6-210 leu1-  Figure 6, B and C
32 ura4-D18

JW2716  h* exo70A::kanMX4 adeé leu1-32 ura4-D18 Figure 6D

JW7575  msoT1-mNeonGreen-kanMXé rlc1-tdTomato-natMXé adeé-  Supplemental Figure S1B
M210 leu1-32 ura4-D18

JW2180  psyTA::kanMXé leuT*::GFP-psy1 ade6-M210 ura4 Supplemental Figure S3, A, B, C, and D

JW7605  mso1A:kanMX6 psy1A::kanMX6 leuT*::GFP-psy1 ade6- Supplemental Figure S3, A and B
M210 ura4

JW9554  sec1-M2-his5*-kanMXé psy1A::kanMXé leu1*::GFP-psy1 Supplemental Figure S3, C and D
his5A? ade6-M210 ura4

JW9553  sec1-M2-his5*-kanMXé GFP-syb1-kanMXé his5A? adeé Supplemental Figure S3, C and D
leut ura*

JW6957  h™ mso1-mEGFP-kanMXé tom20-GBP-hphMX6 ade6-210 Supplemental Figure S4A
leu1-32 ura4-D18

JW7075  secl-tdTomato-natMX6 tom20-GBP-hphMX6 ade6-210 Supplemental Figure S4A
leu1-32 ura4-D18

JW9570  kanMXé-Patg8-mEGFP-atg8 sec1-tdTomato-natMX6 Supplemental Figure S4B
mso1A::kanMXé ade6-M210 leu1-32 ura4-D18

JW9558  secl-tdTomato-natMX6 mso1A::kanMX6 GFP-syb1-kanMX6 Supplemental Figure S4B

ade6-M210 leu1-32 ura4-D18

TABLE 1: S. pombe strains used in this study. Continued

adeb-M210/adeb6-M216  leul-32/leut-32 ura4-D18/ura4-D18 to
obtain the strain secT*/seclA. The diploid cells were then sporu-
lated on a SPASS plate, and the spores were dissected on rich
medium YESS (yeast extract plus five supplements) plate. Cells from
the germinated spores were grown at 25°C and imaged using
tetrad fluorescence microscopy (Coffman et al., 2013; Lee et al.,
2014; Davidson et al., 2016a).

Mso1(1-70) and Mso1(71-151) were cloned into pET21a vector
between the T7 tag and the 6His tag by Gibson assembly (Gibson
etal., 2009). Full-length Mso1 was cloned into the pCOLADuet vec-
tor using BamHI and Sall restriction sites after 6His. Sec1 was cloned
into the pMAL-c5x vector after MBP and a 6His tag was added to
the C-terminal of Sec1 by Gibson assembly. pMAL-c5x was modi-
fied by adding the TEV site and éHis tag to the C-terminal of MBP
to express MBP-6His. The constructs were confirmed by
sequencing.

The temperature-sensitive secT-M2 mutant was created using
marker reconstitution mutagenesis (Tang et al., 2011; Lee et al.,
2014). Briefly, sec? was cloned into a pHis5C plasmid with the C-
terminal portion of his5 after the 3'UTR of sec1. Error prone PCR was
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performed using a mutagenic cocktail (8 mM dTTP, 8 mM dCTP,
48 mM MgCl,, and 5 mM MnCly) in addition to the normal PCR mix
containing 0.2 mM dNTPs, NEB Taq polymerase, and Taq Pol buffer.
The PCR product was then transformed into strain JW7670 (h™ sec1-
his5AC-kanMX6 his5A ade6-210 leu1-32 ura4) and positive transfor-
mants were selected on medium without histidine. The positive
colonies were then grown on YE5S + PB plates at a range of tem-
peratures from 25°C to 36°C and screened by temperature sensitiv-
ity. Finally, we sequenced the mutants to identify mutations located
in the ORF but not in the UTRs.

For latrunculin A (Lat-A) treatment, 1 ml of cells was concen-
trated to 100 pl and incubated with 100 pM Lat-A or equal volume
of dimethyl sulfoxide (DMSO) for 10 min. Cells were then imaged on
bare slides (Wu et al., 2001; Zhu et al., 2018). For methyl benzimid-
azole-2-yl carbamate (MBC) treatment, 1 ml for cells were incubated
with 5 pl 5 mg/ml MBC or DMSO for 15 min. Cells were imaged on
gelatin pads containing the same concentration of MBC or DMSO
(Wu et al., 2011; Zhu et al., 2018).

For the acid phosphatase secretion assay (Wang et al., 2002),
cells were grown in EMMS5S (Edinburgh minimal medium plus five
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supplements) to log phase at 25°C or shifted to 36°C from 25°C at
time zero. To measure acid phosphatase secretion, cell cultures
(1.5 ml) were centrifuged and 500 pl of the supernatant was mixed
with 500 pl of substrate (2 mM p-nitrophenyl phosphate, 0.1 M so-
dium acetate, pH 4.0). The reaction was incubated at 25°C for
10 min before quenching with 500 pl of 1 M sodium hydroxide and
measuring the absorbance at 405 nm. The secretion and cell density
(OD at 595 nm) were measured for each sample every hour. The
405 nm absorbance at time zero was subtracted for each culture.

Microscopy

Strains stored at -80°C were streaked onto YE5S and grown for 2 d.
Fresh cells were inoculated into YE5S liquid cultures and grown in
exponential phase for~2 d at 25°C. Cells were collected at 3000 rpm
for 30 s and then washed with EMMS5S to reduce autofluorescence.
n-Propyl gallate was added to a final concentration of 50 nM from a
10X stock solution (in EMM5S) during the second wash to reduce
phototoxicity and photobleaching. Cells were then imaged on glass
slides with a gelatin pad (20% gelatin in EMM5S + 50 nM n-propyl
gallate) at ~23°C. For cells imaged at 36°C, the cells were grown in
liquid culture for ~2 d and then shifted to 36°C and grown for the
time indicated before imaging. These cells were then collected at
3000 rpm for 30 s and placed on a prewarmed coverglass-bottom
dish (0420041500C; Bioptechs, Butler, PA). The cells were then cov-
ered with a piece of prewarmed YE5S agar and imaged on a tem-
perature-controlled stage (Stage Top Incubator INUB-PPZI2-F1 with
UNIV2-D35 dish holder; Tokai Hit, Shizuoka-ken, Japan) set to 36°C.

Microscopy was performed as previously described (Davidson
et al., 2016a). We used a spinning-disk confocal system (UltraVIEW
Vox CSUX1 system; PerkinElmer, Waltham, MA) with 440-, 488-,
515-, and 561-nm solid-state lasers and back thinned electron-multi-
plying charge-coupled device (EMCCD) cameras (C9100-13 or
C9100-23B; Hamamatsu Photonics, Bridgewater, NJ) on a Nikon Ti-E
microscope with a 100x/1.4 numerical aperture (NA) Plan-Apo objec-
tive lens (Nikon, Melville, NY). DIC images for septation quantifica-
tion were taken on a Nikon Eclipse Ti inverted microscopy equipped
with a DS-QI1 Nikon cooled digital camera (Nikon, Melville, NY).

Images were analyzed using Volocity (PerkinElmer) and ImageJ
(National Institutes of Health, Bethesda, MD). Fluorescence images
shown are maximum-intensity projections of image stacks with 0.4-
0.6 pm spacing except where noted.

For quantification of the kinetics of the contractile ring, stages
were defined as follows: ring formation lasted from the appearance
of myosin nodes until the appearance of a single, compact, and
cohesive ring; maturation lasted from the end of node condensation
until before the ring could be seen constricting at the fast phase
(Ramos et al., 2019); constriction lasted from the end of maturation
until the myosin (Myo2 or Rlc1) reached peak pixel intensity when
the ring constricted to a spot; and disassembly lasted from the end
of constriction until the myosin signal disappeared from the division
site. Two tailed Student’s t test was used to determine whether val-
ues were significantly different in this study.

FLIP assay

FLIP was performed on the Photokinesis unit of the Ultraview Vox
CSUX1 system using cells expressing Rlc1-tdTomato and diffusible
cytoplasmic GFP. A single image was taken to identify appropriate
cells to bleach. We did FLIP on cells that had finished ring constric-
tion (Rlc1 had reached peak pixel intensity when the ring constricted
to a spot or during ring disassembly). Then movies were captured
by taking a single image at the central focal plane, immediately
bleaching selected regions of interest, and then taking another
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image. After a 30 s delay, this process was repeated. To analyze the
data, the mean intensity of each daughter cell was measured and
corrected for background fluorescence (from regions without cells)
and photobleaching from imaging. These values were then normal-
ized to the starting intensity of the unbleached daughter cell.

Electron microscopy

Electron microscopy and electron tomography were performed at
the Boulder Electron Microscopy Services at the University of Colo-
rado at Boulder. Cells were grown in YE5S at 25°C for ~48 h and
then shifted to 36°C for 2 h. Cells were then harvested and frozen
using a Wohlwend Compact 02 High Pressure Freezer, freeze-sub-
stituted in the presence of 2% osmium tetroxide and 0.1% uranyl
acetate in acetone, and embedded in Epon-Araldite epoxy resin.
These frozen pellets were then sectioned and stained with uranyl
acetate and lead citrate and imaged on a Philips CM100 transmis-
sion electron microscope (FEI, Hillsboro, OR) (Giddings et al., 2001;
Lee et al., 2014; Davidson et al., 2016b; Liu et al., 2016; Zhu et al.,
2018). To quantify the number of vesicles at the division site, we
drew a rectangle approximately 500 nm wide (along the cell long
axis) centered on the septum and counted vesicles inside that area
in a single thin section. For electron tomography, multiple serial sec-
tions were imaged using tilt series and then aligned using gold fidu-
cial markers. The aligned projections were then reconstructed to
show depth in the cell.

IP and Western blotting

IP and Western blotting assays were carried out as described previ-
ously (Lee and Wu, 2012; Liu et al., 2016). Using S. pombe cell ex-
tracts, Mso1-mEGFP was pulled down with protein G covalently
coupled magnetic Dynabeads (100.04D; Invitrogen, Carlsbad, CA)
using polyclonal anti-GFP antibodies (NB600-308; Novis Biologi-
cals, Littleton, CO). These beads were washed five times before the
proteins were eluted by boiling in sample buffer. The samples were
then run on SDS-PAGE gels and transferred to nitrocellulose mem-
brane. Proteins were detected with monoclonal anti-GFP antibody
(1:2000 dilution; 11814460001; Roche, Mannheim, Germany) or
monoclonal anti-Myc antibody (1:5000 dilution; 9E10; Santa Cruz
Biotechnology, Dallas, TX). Secondary antibody was anti-mouse IR-
Dye 680RD (1:10,000; 925-68070; LiCOR, Lincoln, NE). Blots were
imaged on a LICOR Odyssey (LICOR).

Protein purification and in vitro binding assays
We purified recombinant proteins by transforming the plasmids into
Rosetta (DE3) plysS Escherichia coli cells (Novagen). Mso1-6His,
Mso1(1-70)-6His, and Mso1(71-151)-6His were induced with 0.5 mM
isopropyl B-b-1-thiogalactopyranoside (IPTG) at 37°C for 4 h. MBP-
Sec1-6His and MBP-6His were expressed with 0.5 mM IPTG at 25°C
for 15 h. Purifications of éHis-tagged proteins were carried out as
previously described (Zhu et al., 2013). The proteins were purified
with Talon metal affinity resin (635501; Clontech, Mountain View,
CA) in extraction buffer (50 mM sodium phosphate, pH 8.0, 400 mM
NaCl, 10 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl fluo-
ride [PMSF], and 20 mM imidazole) with EDTA-free protease inhibi-
tor tablet (Roche) and eluted with elution buffer (50 mM sodium
phosphate, pH 8.0, 400 mM NaCl, 10 mM PB-mercaptoethanol,
1 mM PMSF, and 300 mM imidazole). The purified proteins were
then dialyzed into the binding buffer (137 mM NaCl, 2 mM KCl,
10 mM Na,HPO,, 2 mM KH,PO,, 0.5 mM dithiothreitol, and 10%
glycerol, pH 7.4).

For in vitro binding assays between MBP-Sec1-6His and 6éHis-
Mso1, Mso1(1-70)-6His, and Mso1(71-151)-6His, purified proteins
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were dialyzed into the binding buffer. We incubated 1 ml MBP-
Sec1-6His (5 uM) or 90 pl MBP-6His (27 uM) control with 500 pl Amy-
lose beads for 1 h at 4°C and washed the beads eight times with
1 ml of the binding buffer each time to remove unbound proteins.
Then 1 ml 6His-Mso1, Mso1(1-70)-6His, or Mso1(71-151)-6His
(10 uM) was incubated with the 100 pl beads with MBP-Sec1-6His or
MBP-6His for 1 h at 4°C. After eight washes with 1 ml of the binding
buffer each time, the beads were boiled with sample buffer for
5 min. Then the samples were run on SDS-PAGE gel and detected
with Coomassie Blue staining.

Homology modeling

Homology modeling was performed using Modeller 9.14 (Sali and
Blundell, 1993). The structure of human Munc18-2 (Protein Data
Bank (PDB): 4cca [Hackmann et al., 2013]) was used to build the
model for Sec1. S. pombe Sec1 and the Munc18-2 sequences were
aligned. A model was then built based on this alignment using
Modellers’ automodel. The best one out of the five models gener-
ated was selected to use. A model of Mso1 was constructed in a
similar manner, using the structure of human Mint1 (PDB: 4DBB
[Matos et al., 2012]) as template.
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