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protein Ync13 in late stages of cytokinesis

Yi-Hua Zhu?, Joanne Hyun?, Yun-Zu Panb<9, James E. Hopper®®T, Josep Rizob<1,

and Jian-Qiu Wuaf*

3Department of Molecular Genetics, °Department of Chemistry and Biochemistry, and ‘Department of Biological

Chemistry and Pharmacology, The Ohio State University, Columbus, OH 43210; bDepartment of Biophysics,

ARTICLE

“Department of Biochemistry, and “Department of Pharmacology, University of Texas Southwestern Medical Center,

Dallas, TX 75390

ABSTRACT Cytokinesis is a complicated yet conserved step of the cell-division cycle that
requires the coordination of multiple proteins and cellular processes. Here we describe a
previously uncharacterized protein, Ync13, and its roles during fission yeast cytokinesis.
Ync13 is a member of the UNC-13/Munc13 protein family, whose animal homologues are es-
sential priming factors for soluble N-ethylmaleimide-sensitive factor attachment protein
receptor complex assembly during exocytosis in various cell types, but no roles in cytokinesis
have been reported. We find that Ync13 binds to lipids in vitro and dynamically localizes to
the plasma membrane at cell tips during interphase and at the division site during cytokine-
sis. Deletion of Ync13 leads to defective septation and exocytosis, uneven distribution of
cell-wall enzymes and components of cell-wall integrity pathway along the division site and
massive cell lysis during cell separation. Interestingly, loss of Ync13 compromises endocytic
site selection at the division plane. Collectively, we find that Ync13 has a novel function as an
UNC-13/Munc13 protein in coordinating exocytosis, endocytosis, and cell-wall integrity dur-
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ing fission yeast cytokinesis.

INTRODUCTION

Cytokinesis partitions a mother cell into two daughter cells. From
yeast to humans, cytokinesis starts with the assembly of an actomyo-
sin contractile ring. The ring then constricts and guides plasma
membrane invagination and extracellular matrix formation/remod-
eling (Pollard and Wu, 2010; Lee et al., 2012; D'Avino et al., 2015;
Meitinger and Palani, 2016; Rincon and Paoletti, 2016). To ensure
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proper cell separation and integrity, cytokinesis requires the coordi-
nation of multiple pathways, including actomyosin ring constriction,
the Rho GTPase-dependent cell integrity pathway (CIP), exocytosis,
and endocytosis (Arellano et al., 1999; Albertson et al., 2005; Martin-
Cuadrado et al., 2005; Wu et al., 2010; Sanchez-Mir et al., 2014).
However, the mechanisms and coordination of these events remain
poorly understood.

Membrane trafficking during cytokinesis relies on the balance
between exocytosis and endocytosis to expand the plasma mem-
brane and remodel the extracellular matrix at the division site. Exo-
cytosis delivers and fuses secretory vesicles to the plasma mem-
brane (Albertson et al., 2005; Echard, 2008). It starts with the
budding of secretory vesicles from late Golgi or endosomes. Once
vesicles are delivered to the target site, they are kept in close prox-
imity to the plasma membrane by tethering complexes (Guo et al.,
1999b; Donovan and Bretscher, 2012; James and Martin, 2013). It
was thought that most vesicles are tethered at or within a narrow
zone adjacent to the leading edge of the cleavage furrow via the
exocyst, an octomeric tethering complex, during cytokinesis
(TerBush et al., 1996; Guo et al., 1999b; Shuster and Burgess, 2002;
Danilchik et al., 2003; VerPlank and Li, 2005; He and Guo, 2009;
Neto et al., 2013). Surprisingly, we recently found that the exocytic
vesicles are delivered all over the division plane in the fission yeast
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S. pombe, and the Transport Particle Protein Il (TRAPP-II) complex
and the exocyst work together to tether the vesicles (Wang et al.,
2016). In synaptic vesicle exocytosis, syntaxin-1, the soluble
N-ethylmaleimide-sensitive factor (NSF) attachment protein recep-
tor (SNARE) protein from the plasma membrane that binds tightly to
SM protein Munc18-1, is converted to an open conformation during
the "priming” stage by UNC-13/Munc13 proteins (Hata et al., 1993;
Garcia et al., 1994; Pevsner et al., 1994; Ma, Li, et al., 2011; Yang,
Wang, Sheng, et al., 2015). Then the tight SNARE complex assem-
bles to provide energy and to bring the membrane layers close
enough to trigger fusion of tethered vesicles to the plasma mem-
brane (James and Martin, 2013; Feyder et al., 2015; Martin, 2015).
Blockage of vesicle secretion impairs cytokinesis from yeast to hu-
man cells (Skop et al., 2001; Liu et al., 2002; Gromley et al., 2005;
Giansanti et al., 2015). However, roles of UNC-13/Munc13 proteins
in cytokinesis have not been reported.

Endocytosis is also essential for cytokinesis (McCollum et al.,
1996; Wienke et al., 1999; Gerald et al., 2001; Feng et al., 2002;
Schweitzer et al., 2005; Baluska et al., 2006; Wu et al., 2006; Boucrot
and Kirchhausen, 2007; Montagnac et al., 2008; de Leon et al.,
2013). Clathrin-mediated endocytosis (CME) is the best character-
ized and main endocytic pathway, which occurs in a stepwise manner
(Kaksonen et al., 2005; Berro et al., 2010; Sirotkin et al., 2010; Feyder
et al., 2015). The early (Ede1, F-BAR protein Syp1, AP-2, and clath-
rin), middle (Sla2, Epsins, and YAP1801), and late (Sla1, Pan1, End3,
and WASP) coat complexes are recruited to the endocytic site se-
quentially. They trigger branched actin filament assembly, mem-
brane invagination, and vesicle scission (Berro et al., 2010; Sirotkin
et al., 2010; Weinberg and Drubin, 2012; Idrissi and Geli, 2014;
Goode et al., 2015). The internalized vesicles are released from the
clathrin coats and are sorted to vacuoles/lysosomes for degradation
or recycled back to the plasma membrane with the help of Rab11
GTPase (Grant and Donaldson, 2009; Neto et al., 2013; Feyder et al.,
2015). In addition to CME, clathrin independent endocytosis (CIE)
mediated by Rho GTPases has also been found in yeast and animal
cells (Lamaze et al., 2001; Prosser et al., 2011; Prosser and Wend-
land, 2012). The exact role of endocytosis during cytokinesis remains
poorly understood. Nevertheless, the temporal and spatial coordina-
tion between endocytosis and exocytosis is critical for proper cellular
functions (Wu et al., 2014). In budding yeast, Sec4 Rab GTPase cou-
ples exocytosis with endocytosis to maintain the polarized Cdc42
GTPase for bud growth (Layton et al., 2011; McCusker et al., 2012;
Johansen et al., 2016). During mating, focused pheromone secretion
and shmoo formation can be explained in a mathematical model
with exocytosis corralled by endocytosis (Chou, Moore, et al., 2012).
In neuronal cells, inhibition of exocytosis abolishes endocytosis (Xie
etal., 2017). In reverse, the compensatory endocytosis after synaptic
vesicle exocytosis is essential for maintaining synaptic structures and
restoring membrane tension (Lou, 2018; Maritzen and Haucke,
2018). In fission yeast, the balanced membrane trafficking is vital for
regulating the antibiotic tolerance and the number of antibiotic-sen-
sitive sterol-rich domains on the plasma membrane (Nishimura et al.,
2014). We recently found that endocytosis happens preferentially at
the rim of the division plane while exocytic vesicles are deposited
evenly along the cleavage furrow during fission yeast cytokinesis,
raising the question of how the temporal and spatial regulation of
membrane trafficking affects cytokinesis (Wang et al., 2016).

In this study, we explored the roles of Ync13, an uncharacterized
fission yeast protein from the UNC-13/Munc13 protein family, in cyto-
kinesis. The UNC-13/Munc13 proteins often have a characteristic
minimal Munc13 region (MUN domain) and various C1 and C2
domains (Pei et al., 2009; Li, Ma, et al., 2011). The MUN domain
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contains four subdomains (A, B, C, and D) and forms an elongated
o-helix structure. The C-D region resembles some vesicle tethering
factors such as the exocyst subunit Secé both in structure and se-
quence (Pei et al., 2009; Li, Ma, et al., 2011). The full-length (FL) MUN
domain opens the closed conformation of the syntaxin-Munc18 com-
plex and promotes SNARE complex formation in a Ca?-dependent
manner during the priming stage of fast neurotransmitter release
(Guan et al., 2008; Ma, Li, et al., 2011; Yang, Wang, Sheng, et al.,
2015; Wang, Choi, Gong, et al., 2017). C1 and C2 domains interact
with lipids, Ca?*, or other binding partners to facilitate MUN domain
functions by tethering vesicles to the plasma membrane (Shen et al.,
2005; Lu et al., 2006; Dimova et al., 2009; Shin, Lu, Rhee, et al., 2010;
Herbst et al., 2014; Liu, Seven, et al., 2016a; Xu, Camacho, et al.,
2017). Additionally, Munc13 helps the proper syntaxin/synaptosomal
associated protein (SNAP)-25 subconfiguration during SNARE as-
sembly (Lai, Choi, et al., 2017). The Caenorhabditis elegans UNC-13,
the founding member of the family, is recruited by RHO-1 to the pre-
synaptic active zone and is crucial for the priming of both fast and
slow transmitter release in neuronal cells (Maruyama et al., 2001;
Madison et al., 2005; McMullan et al., 2006; Hu et al., 2013; Zhou
et al., 2013). Besides their vital roles in neuronal cells, the mammalian
Munc13s also contribute to exocytosis in other cell types (Brose et al.,
1995; Betz et al., 1996, Ma, Li, et al., 2011; Yang, Wang, Sheng, et al.,
2015). Munc13-1 mediates the priming for secretory amyloid precur-
sor protein processing in brain and insulin secretion in pancreatic cells
(Sheu, Pasyk, Ji, Haung, et al., 2003; Rossner et al., 2004; Kwan, Xie,
etal., 2007; Hartlage-Rubsamen et al., 2013). Munc13-3 is expressed
in the visual cortex for neuronal plasticity besides its function in the
cerebellum (Yang et al., 2002; Yang, Kiser, et al., 2007; Netrakanti
et al., 2015). Munc13-4, an effector of Rab27 GTPase, promotes the
exocytosis of lytic granules in cytotoxic T-cells and neutrophils, secre-
tory lysosomes in hematopoietic cells, and dense granules in plate-
lets and mast cells (Brzezinska et al., 2008; Chang, Jaffray, et al., 2011,
Elstak et al., 2011; Johnson et al., 2011; Dudenhoffer-Pfeifer et al.,
2013; Chicka et al., 2016; Hiejima, Shibata, et al., 2018; Rodarte
et al., 2018). Recently, Munc13-4 has been found to affect late endo-
some maturation and interact with Rab11 for recycling endosome
delivery (He et al., 2016; Johnson et al., 2016). However, UNC-13/
Munc13 proteins have no reported functions in cytokinesis. The fun-
gal members of the protein family are rarely studied. Intriguingly, the
MUN domains in fungi are separated into two Munc13 homology
domains (MHD1 and MHD2) by a C2 domain (Pei et al., 2009). Schizo-
saccharomyces pombe has two UNC-13/Munc13 homologues, Git1
and Ync13. Git1 is a critical component in the cAMP signaling path-
way for glucose sensing (Kao et al., 2006). However, Ync13 does not
share the function of Git1 in this signaling pathway (Kao et al., 2006).
Thus, despite the homology, Ync13 may play a different role from
Git1 in fission yeast.

Here we find that Ync13 is essential for late stages of cytokinesis
in fission yeast. Ync13 localizes to the expanding plasma membrane
including the division site. Deletion of Ync13 causes massive cell lysis
during cell division due to defective septation. Ync13 plays overlap-
ping roles with the vesicle tethers exocyst and the TRAPP-Il complex
during cytokinesis. Unexpectedly, Ync13 is important for endocytic
site selection to ensure the normal localization and dynamics of cell-
wall enzymes. Collectively, our study reveals an essential and novel
function of an UNC-13/Munc13 protein in cytokinesis.

RESULTS

Ync13 localizes to the division site during cytokinesis

We identified Ync13 (yeast UNC-13/Munc13; SPACT1E3.02¢) as
a novel candidate for cytokinesis from previous genomewide

Molecular Biology of the Cell



Ync13-mECitrine

805 1014

[C2 —ImHp2 2

712 921 1130

|

D
Ync13-mECitrine Rlc1-mCherry
Middle focal plane

mECitrine

C Distance between SPBs (um)

Ync13-mECitrine Sad1-mCherry

o-

® Ync13 at division site

Ync13-mECitrine

F 0O No Ync13 signal
Ync13 (single focal plane)
mECitrine mMaple3

DIC for mECitrine

& III p 80
2 =
2 2%
(&)
2
E 240 Gl i
Q i
s Ring (n = 8)
ing (n =
® & 20} t12=21+05s
o> Septum (n = 6)
) t12=3.0+1.2s
= 0 10 20 30 40 50
Time (s)

FIGURE 1: Ync13 localizes to the division site.
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A) The schematics of Ync13. (B) Localization of Ync13. Top, mECitrine

and DIC images of cells expressing Ync13- mEC|tr|ne Bottom, vertical views of division-site localization of Ync13 at
different stages of cytokinesis. (C) Timing of Ync13 appearance at the division site (marked by the vertical line) relative
to the distance between two spindle pole bodies (SPBs). Representative cells with (filled circles) or without (empty
circles) Ync13 at division site are shown with Sad1-mCherry as the SPB marker. (D) Micrographs (middle focal plane) of
Ync13 (green) localization relative to the contractile ring marked with Rlc1 (magenta) during cytokinesis. (E) Dynamics of
Ync13 at the contractile ring (red) and septum (blue) in FRAP assays. (F) Comparison of Ync13 localization in confocal
microscopy (middle) and superresolution PALM (right) at the division site during ring constriction (top) and septum
maturation (between the end of ring constriction and initiation of cell separation, during which the primary septum is
closed and the secondary septa are still being built) stages (middle and bottom panels). DIC (left) is used to judge the

stages of septum. Bars, 5 pm.

localization and deletion-phenotype studies (Matsuyama, Arai, Yas-
hiroda, et al., 2006; Hayles, Wood, Jeffery, Hoe, Kim, Park, et al.,
2013). Most members of the UNC-13/Munc13 family in animals con-
tain several C2 domains and a characteristic MUN domain (Pei et al.,
2009) (Supplemental Figure S1A). As a fungal member, Ync13 has
only one C2 domain, which separates the MUN domain into MHD11
and MHD2 (Figure 1A).

We first examined the cellular localization of Ync13 expressed
at the endogenous level. Ync13-mECitrine localized to the cell tips
during interphase and to the cell-division site at early anaphase B,
when the spindle pole bodies were ~2.6 pm apart (Figure 1, B and
C). Ync13 partially colocalized with the myosin-II light chain Ric1
labeled contractile ring and followed ring constriction before dis-
tributing along the division plane (Figure 1, B and D). It was highly
dynamic at the division site as it recovered with halftimes of 2.1 +
0.5 s and 3.0 £ 1.2 s at the contractile ring and septation site, re-
spectively, in fluorescence recovery after photobleaching (FRAP)
assays (Figure 1E).

To dissect Ync13 localization with higher spatial resolution,
we tagged it with mMaple3 for photoactivated localization mi-
croscopy (PALM). Ync13-mMaple3 localized all over the cleav-
age furrow with higher concentration at the leading edge during
ring constriction and displayed double layer structures during
septum maturation (from the end of ring constriction to the
initiation of daughter-cell separation; Figure 1F). These data
suggested that Ync13 localizes to the plasma membrane and
concentrates at the leading edge of the cleavage furrow during
cytokinesis.
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Ync13 depends on the cues from the contractile ring

for localization to the division site and interacts with
membrane lipids

To figure out how Ync13 localizes to the division site, we examined
its localization in various mutants or under drug treatments. Ync13
did not require actin filaments, microtubules, or membrane traffick-
ing for localization or maintenance of the localization (Supplemental
Figure S1, B-E). We next tested whether the contractile ring pro-
vides the cues for Ync13 localization by examining Ync13 localization
in mutants of key ring components Cdc15, Myo2, and Cdc12. F-BAR
protein Cdc15 binds to the plasma membrane using its F-BAR do-
main and is one of the key components that bridge the contractile
ring and the plasma membrane (Fankhauser et al., 1995; Takeda
et al., 2004; McDonald et al., 2015; Ren et al., 2015). In cdc15-140
mutant, cells can still assemble contractile rings at the elevated tem-
peratures. However, the rings are unstable and cause cytokinesis
failure (Wachtler et al., 2006; Arasada and Pollard, 2014). At 36°C,
Ync13-mECitrine appeared in additional cytoplasmic puncta (maybe
some of the fluorescent proteins aggregated) besides normal local-
ization to cell tips and the division site as in wt cells at 25°C (Supple-
mental Figure S1F). Because no morphological defects were found
in Ync13-mECitrine—expressing cells, it is suggested that Ync13-
mECitrine was still functional at 36°C. However, Ync13 failed to local-
ize to the division site in cdc15-140 cells during anaphase B (inferred
from the positions of nucleus; Supplemental Figure S1F, arrows). In
contrast, Ync13 still localized to the division site as aberrant strings in
myosin-Il mutant myo2-E1 or foci in formin mutants cdc12-112 and
cdc12-299 at the restrictive temperatures (unpublished data). Thus,
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Cdc15 is important for Ync13 localization. The fission yeast Its3 en-
codes a PI(4)P-5-kinase, which produces PI(4,5)P,, an essential lipid
component at the division site with important biological functions
(Zhang et al., 2000; Deng et al., 2005). We found that Ync13 localiza-
tion to the plasma membrane was significantly reduced in its3-1 mu-
tant, suggesting that Ync13 may require lipid binding for its division
site localization (Supplemental Figure S1G, arrows).

We used truncation analysis to dissect Ync13 domains required
for localization (Supplemental Figure S2). Unexpectedly, cells with
any of the four truncations we made were inviable on rich medium
YE5S but viable on YE5S + sorbitol or minimal medium EMM5S
(Supplemental Figure S2A). Interestingly, Ync13 N terminal
(Ync13[591-1237]) or C terminal (Ync13[1-1013], [1-804], and [1-590])
truncations still localized to the division site, although with varied
intensity (Supplemental Figure S2, B-E). Moreover, after ring con-
striction, the truncated Ync13 was more concentrated at the center
of the division plane compared with the FL Ync13 (Supplemental
Figure S2B). The MHD2 domain (and aa 1131-1237) was critical for
Ync13 stability or expression level as all C terminal truncations led to
significant reduction in Ync13 global level (Supplemental Figure S2,
C and D). The C2 domain was important for Ync13 localization as we
found only ~50 Ync13(1-804) molecules at the division site com-
pared with ~140 Ync13(1-1013) although their global levels were
similar (Supplemental Figure S2, C and E). While truncating the N
terminus of Ync13 had no strong effect on its global level (Supple-
mental Figure S2, C and D), only ~50 Ync13(591-1237) molecules
were at division site (Supplemental Figure S2E). Thus, these data
suggest that the MHD2 domain contributes to Ync13 stability or
expression level, while the C2 domain and the N terminal 1-590 aa
are important for Ync13 localization to the division site.

The C2 domains in UNC-13/Munc13 proteins interact with lipids
or protein partners (Lu et al., 2006; Shin, Lu, Rhee, et al., 2010). Con-
sistently, purified Ync13 C, and MHD;C,MHD, (Supplemental
Figure S3A) interacted with lipids. In lipid cofloatation assays, both
fragments cofloated with liposomes that mimicked plasma mem-
brane composition after density gradient centrifugations (Supple-
mental Figure S3B). Specifically, Ync13 interacted with PS and PIP,
(Ky of ~82 pM and ~3 pM, respectively) but not with PC and PE in
liposome copelleting and protein-lipid overlay assays (Supplemen-
tal Figure S3, C and D). Thus, the C, domain may contribute to
Ync13 localization by its interaction with membrane lipids.

The major function of the UNC-13/Munc13 proteins is to help
SNARE complex assembly and promote vesicle fusion (Rizo and Xu,
2015; Yang, Wang, Sheng, et al., 2015; Liu, Seven, et al., 2016a; Xu,
Camacho, et al., 2017). We thus tested whether Ync13 promotes lipid
and content mixing in reconstitution assays using the proteins in-
volved in synaptic vesicle exocytosis, including the Sec1/Munc18
(SM) protein Munc18-1, the v-SNARE synaptobrevin, the t-SNAREs
syntaxin-1 and SNAP-25, and the SNARE complex disassembly fac-
tors NSF and o-SNAP (Liu et al., 2017). As a positive control, a frag-
ment spanning the C1, C2B, MUN, and C2C domains of Munc13-1
(C1C28MUNCy¢, Supplemental Figure S1A; simplified as Munc13-1
in Supplemental Figure S3, E and F) promoted efficient lipid and con-
tent mixing between T- and V-proteoliposomes on calcium stimula-
tion. In contrast, neither C; nor MHD1C,MHD;, (simplified as MHDC,
in Supplemental Figure S3, E-G) of Ync13 supported lipid or content
mixing, even without NSF, o-SNAP, and Munc18-1. We next tested
whether Ync13 can tether the liposomes. Although the Ync13 C, and
MHDC, fragments interacted with T-liposomes (Supplemental Figure
S3B), neither of them promoted liposome clustering to increase the
particle size in dynamic light scattering (DLS) assays (Supplemental
Figure S3G). These results contrast with those obtained for Munc13-1,
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which efficiently clusters T-liposomes (Liu, Seven, et al., 2016a). This
activity is critical for Munc13-1 to stimulate liposome fusion (Yang,
Wang, Sheng, et al., 2015). Although our results need to be inter-
preted with caution because the fusion assays were performed with
neuronal proteins and Ync13 fragments, the finding that Ync13 C,
and MHDC; cannot cluster liposomes suggests that Ync13 may not
be involved in promoting membrane fusion, at least through a mem-
brane bridging activity similar to that of Munc13-1.

Ync13 is essential for cell integrity

To explore Ync13 function in vivo, we examined the ync13A pheno-
type. ync13 is an essential gene (Hayles, Wood, Jeffery, Hoe, Kim,
Park, et al., 2013), so we deleted one copy of ync13 gene from a
diploid strain. Germinating spores on YE5S medium confirmed that
ync13 is indeed essential for cell survival (Figure 2A, left). ync13A
cells could grow and divide for ~7 cell cycles (n = 37) before most, if
not all, cells lysed (Figure 2A). Interestingly, sorbitol rescued ync13A
cells for growth and colony formation with drastically reduced cell
lysis (Figure 2B). Moreover, ync13A cells were also viable on EMM5S
with ~33% cell lysis (n > 500 cells; Supplemental Figure S2A). De-
spite cell lysis, the morphology (including cell shape, length, and
width) of ync13A cells was similar to wt cells in both rich and minimal
medium. Thus, we cultured ync13A cells using YE5S medium with
sorbitol or EMM5S for the rest of the experiments.

To elucidate how ync13A causes cell death, we examined the
contractile ring and cell separation in wt and ync13A cells. It took a
similar amount of time for the contractile ring to assemble, mature,
constrict, disappear, and for the daughter cells to initiate cell separa-
tion (Figure 2C and Supplemental Figure S4A). We also found no or
weak synthetic interactions between mutations in ync13 and con-
tractile ring components (Table 1), suggesting that the contractile
ring machinery is not affected. However, ~50% of ync13A cells lysed
during cell separation under these growth conditions (Figure 2C and
Supplemental Movie 1), which could result from defects in mem-
brane closure or septation.

We first investigated whether ync13A cells are defective in mem-
brane closure. Fluorescence loss in photobleaching (FLIP) assays
were performed in wt and ync13A cells expressing free monomeric
enhanced green fluorescent protein (MEGFP) driven by the strong
promoter P3nmt1 (Maundrell, 1990; Moreno et al., 2000). We chose
cells close to the end of ring constriction as is indicated by Rlc1
marker for photobleaching. As we bleached the mEGFP signal
(every 30 s) in one daughter cell (Figure 2D, dashed boxes), we
monitored the decrease of MEGFP intensity in the other daughter
cell due to diffusion of MEGFP between them. It took both wt and
ync13A cells ~4 min to close the plasma membrane (yellow arrows)
and stop mMEGFP exchange after the end of contractile ring constric-
tion (Figure 2, D and E). Thus, membrane closure appears normal,
which is confirmed using t-SNARE Psy1 to label the plasma mem-
brane in time-lapse microscopy (Supplemental Figure S4B and Sup-
plemental Movie 2).

We next compared the primary septum in wt and ync13A cells by
Calcofluor staining (Figure 2F and Supplemental Movie 3). Interest-
ingly, while cell-wall materials from the primary septum disappeared
quickly after cell separation in wt (Figure 2F, left), Calcofluor signal
accumulated at the division site in ync13A cells (Figure 2F, mon-
tage). Itis possible that the two daughter cells remained connected
to each other by undigested primary septum after cell separation
(Supplemental Movie 3). Under electron microscopy (EM), although
we found no significant differences in septum thickness during early
and late septation stages in ync13A cells compared with wt cells
(Figure 2H), cell-wall breakage at or near the center of the septum
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ync13-4 +++b -+ < +d
Contractile ring
myo2-E1 ++ ++ + i
myo2-E1 ync13-4 ++ + _e _
cdc15-140 . _ _
cdc15-140 ync13-4 -+ + - _
imp2A + / / /
imp2A ync13-4 - / / /
fic1A +++ +++ ++ ++
fic1A ync13-4 -+ -+ ++ +
pxI1A ot et et ++
pxI1A ync13-4 ++ + + +
Glucan synthases and glucanases
bgs1-191 +++ +++ ++ -
bgs1-191 ync13-4 ++ ++ - -
cwgl-2 + - ++ +
cwg1-2 ync13-4 ++ ++ _
mok1-664 ++ ++ -
mok1-664 ync13-4 4 T+ _ _
engTA +++ et ot i
eng 1A ync13-4 +++ +++ +++ ++
agnTA et ot o+ +++
agn1A ync13-4 ++ -+ ++ +
Rho GTPase-dependent CIP
rho1-596 +++ / / /
rho1-596 ync13-4 - / / /
rho2A +++ 4 o -+
rho2A ync13-4 +H+ ++ ++ +
art1A —+ / / /
art1A ync13-4 - / / /
rga’A ++ / / /
rga’7A ync13-4 - / / /
pek1A e - - +
pck1A ync13-4 + - - -
pck2A +++ +++ ++ ++
pck2A ync13-4 -+ ++ + +
Exocytosis
sec8-1 +++ ++ ++ -
ync13-19 +++ - -
sec8-1 ync13-4 ++ - -
sec8-1ync13-19 ++ - _
exo/0A -+ e+ -+ 4t
exo70A ync13-4 ++ -+ ++ -
sec3-913 et - ++ +
sec3-213 ync13-4 ++ Tt + _
sec3-916 4+ -+ ++ -
TABLE 1: Genetic interactions between mutations in ync13 and others affecting cytokinesis and membrane trafficking.? Continues
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Mutations 25°C 30°C 32°C 36°C
sec3-216 ync13-4 + - _ _
myo52A +++ ++ —+ n
myo52A ync13-4 A+ ++ + +
cdc42-1625 -+ / / /
cdc42-1625 ync13-4 - / / /
rho3A +++ +++ +++ -+
rho3A ync13-4 4+ +++ + +
for3A ++ ++ ++ ++
for3A ync13-19 ++ + - -
trs120-ts1 +++ +++ S+ _
trs120-ts1 ync13-4 +++ +4++ ++ -
Endocytosis

end4A + - - -
end4A ync13-4 - - _
pan1AACV -+ ++ ++ +++
pan1AACV ync13-4 +++ +++ ++ +
fim1A +++ +++ +++ ++
fim1A ync13-4 +++ +++ ++ +
arp2-1 +HH+ +H ++ +
arp2-1ync13-4 -+ ++ ++ +
acpZA -t -+ ++ o+
acp2A ync13-4 -+ +++ ++ +
wsp 1A +++ +++ -+ -+
wsp1A ync13-4 -+ ++ ++ ++
Other mutants

its3-1 -+ ++ _
its3-1 ync13-4 ++ ++ _
rho4A ++ ++ ++ ++
rho4A ync13-4 - +H+ +++ ++
Grown on EMM5S

ync13A ++ ++ ++ ++
lad1-1(rgf3) +++ -+ ++ ++
lad1-1(rgf3) ync13A ++ + — _
Grown on YE5S

ync13A - / / /
eng1A ++ / / /
eng 1A ync13A ++ / / /
agniA -+ / / /
agn1A ync13A - / / /

*Growth and color of colonies on YE5S + phloxin B plates except where noted at various temperatures.

byt similar to wt.

“++, some cell lysis or cytokinesis defects.
4+, massive cell lysis, severe cytokinesis defects with reduced growth.

e—, inviable.
f/, not tested.

TABLE 1: Genetic interactions between mutations in ync13 and others affecting cytokinesis and membrane trafficking.? Continued
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FIGURE 3: Ync13 coordinates with Rho1 GTPase-dependent CIP during cytokinesis. (A) Synthetic lethality between
ync13-4 and rho1-596. The four spores from each tetrad were dissected to the same column on YES5S plate and grown
at 25°C. The genotype of each colony except wt cells is indicated. (B) Rho1 overexpression rescues cell lysis in ync13A
cells. ync13A cells with pUR19-Rho1 or pUR19 empty vector were grown in EMMS5S-uracil and then washed into YE5S
for 4 h before imaging. (C, D) Rgf3 and Pck2 localization in ync13A cells. The dashed lines mark cell boundary and
arrows mark the accumulated Rgf3 or Pck2. (C) Montages of wt and ync13A cells with time O as the start of ring
constriction. (E) Localization and level (at the division site during septum maturation) of the Rho1 biosensor in ync13A
cells. Cells were grown in YE5S + 1.2 M sorbitol and washed into YES5S for 2 h before imaging. (F) Ync13 localization in
rho1-596 after shifting to 36°C for 1 h. Right, quantifications of Ync13 levels at the division site during septum

maturation. Bars, 5 pm.

was often observed (Figure 2G and Supplemental Figure S5, A and
C). Intriguingly, we saw a bulge at the center of the septum in EM
thin sections in some images (Figure 2G, arrows), which could cor-
respond to the strongly Calcofluor stained materials (Figure 2F). To
further examine the central septum structure, we attempted serial
EM thin sections (100-nm spacing) to capture the “middle plane” of
septum. Of 11 ync13A cells with closed septa, we observed similar
bulge structures in five cells (Supplemental Figure S5A). This could
still be an underestimation as we are not sure whether the sepal
center was captured in the serial thin sections in the other six cells.
Thus, ync13A causes uneven distribution of cell-wall materials,
which may lead to cell lysis during cell separation. These data sup-
ported that Ync13 is essential for cell integrity.

The CIP in yeasts regulates cell-wall formation and integrity
(Levin et al., 1994; Garcia et al., 2006; Levin, 2011; Sanchez-Mir
et al., 2014). Rho1 GTPase and its downstream effector, protein
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kinase C (PKC), activate cell-wall synthases for septum synthesis
(Levin et al., 1994; Nonaka et al., 1995; Tajadura et al., 2004;
Sanchez-Mir et al., 2014). To explore the relationship between
Ync13 and Rhol-dependent CIP, we generated ync13 tempera-
ture-sensitive mutants, ync13-4 and ync13-19, by marker reconsti-
tution mutagenesis (Tang et al., 2011). ync13-4 caused ~2% at
25°C but ~55% cell lysis at 36°C for 6 h (Supplemental Figure S4C),
while the ync13-19 could not survive above 32°C (Table 1). We
found that ync13-4 was synthetic lethal with the Rho1 tempera-
ture-sensitive mutant, rho1-596 (Viana, Pinar, et al., 2013) at 25°C
(Figure 3A). In addition, ync13-4 had strong or lethal interactions
with mutations in other putative components of the CIP including
arrestin Art1 (Davidson et al., 2015), PKC Pck1 (Arellano et al,,
1999), and GTPase activating protein Rga7 (Martin-Garcia et al.,
2014) (Table 1). In reverse, Rho1 overexpression dramatically re-
duced cell lysis in ync13A cells (Figure 3B).
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To test how Ync13 affects the CIP, we examined the localizations
of the pathway components in ync13A cells. Interestingly, both the
Rho1 activator Rho GEF Rgf3 and the effector PKC Pck2 were more
concentrated at the center of the division site in ync13A cells (Figure
3, C and D). In addition, the active Rho1 level in ync13A cells as vi-
sualized by the Rho1 biosensor (budding yeast Pkc1[HR1-C2] do-
main; Denis and Cyert, 2005; Davidson et al., 2015) was elevated
(Figure 3E). In contrast, Ync13 localization and level at the division
site was not obviously affected in rho1 mutant (Figure 3F). Thus, loss
of Ync13 likely activates CIP. Together, our data suggest that Ync13
coordinates with CIP for cell integrity during cytokinesis.

Roles of Ync13 in localization of the cell-wall enzymes
glucan synthases and glucanase

Because ync13A cells have septum defects and Ync13 is important
for cell integrity, we studied how Ync13 affected septum formation
and degradation. The septum is a three-layer structure composed
of mainly B- and a-glucan synthesized by the glucan synthases
Bgs1(Cps1), Bgs4(Cwg1), and Ags1(Mok1) during cytokinesis (Ribas
et al., 1991, Ishiguro et al., 1997, Katayama et al., 1999; Liu et al.,
1999; Cortés et al., 2005, 2016; Perez et al., 2016). We first tested
the genetic interactions between ync13 and cell-wall synthase mu-
tants (Table 1). ync13-4 showed moderate synthetic interactions
with B-glucan synthase mutants bgs1-197 and cwgl(bgs4)-2 but
strong interactions with o-glucan synthase agsT mutant mok1-664
(Supplemental Figure S4D). These data suggest that Ync13 works
together with glucan synthases for cell-wall synthesis.

We next examined the expression and localization of the glucan
synthases in ync13A cells. Bgs4 and Ags1 had higher global protein
levels in ync13A cells while the Bgs1 level was similar to wt (Supple-
mental Figure S4E). In wt cells, all three enzymes distributed almost
evenly along the division plane during (except Bgs1) and after ring
constriction (Figure 4, A-D and Supplemental Movie 4). In ync13A
cells, however, they were more concentrated at the leading edge of
the invaginating septa during ring constriction and continued to ac-
cumulate at the center of the division site during septum matura-
tion, forming a flattened bubblelike structure in cells labeled with
Bgs4 and Ags1 (Figure 4, A-D, and Supplemental Movie 4). These
abnormal accumulations persisted even after cell separation (Figure
4D, green arrows). Together, these data suggest that ync13A leads
to mislocalization of glucan synthases at the division plane.

The glucanases Eng1 and Agn1 digest primary septum and
some adjacent cell wall on cell sides to trigger cell separation
(Martin-Cuadrado et al., 2003; Dekker et al., 2004; Cortes et al.,
2016, Perez et al., 2016). Deletion of B-glucanase engl rescued
ync13A cells (Table 1). The ync13A eng1A cells survived in YE5S me-
dium with only 6% cell lysis compared with 54% in ync13A cells
(Supplemental Figure S4F). By contrast, deletion of o-glucanase
agn1 failed to rescue ync13A cells (Table 1). We previously found
that Eng1 localizes to a nonconstricting ring at the rim and a dot at
the center of the division plane (Wang et al., 2015, 2016). In ync13A
cells, Eng1 was abolished from the central dot and formed dis-
persed spots along the division plane, while the rim localization ap-
peared normal but with higher intensity during septum maturation
(Figure 4E). Together, these results indicate that Ync13 plays a role
in the normal distribution of cell-wall enzymes glucan synthases and
glucanase along the division plane.

Ync13 collaborates with the exocyst complex to mediate
exocytosis at the division site

Exocytosis delivers cell-wall enzymes to the division site for septum
formation and cell separation (Albertson et al., 2005; Wang et al.,
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2016). The exocyst is an octameric complex that tethers vesicles to
the plasma membrane at the division site during cytokinesis (He
and Guo, 2009; Giansanti et al., 2015). Failure in late stages of exo-
cytosis or a defective exocyst causes significant vesicle accumula-
tion and delayed cytokinesis (Wang, Tang, et al., 2002; Wang et al.,
2016). We asked whether Ync13 regulates septum and cell-wall
integrity through exocyst-mediated exocytosis. Unlike exocyst mu-
tants and Ync13 animal homologues (Richmond et al., 1999),
ync13A did not cause vesicle accumulation or delay in cytokinesis
(Supplemental Figures S4A and S5, B and C), which is consistent
with our in vitro reconstitution experiments that the Ync13 frag-
ments could not support vesicle fusion and clustering (Supplemen-
tal Figure S3, E-G). However, ync13-4 had strong synthetic interac-
tions with mutations in exocyst subunits Sec8, Sec3, and Exo70
(Figure 5A, Supplemental Figure S6A, and Table 1). At 36°C, sec8-
1 cells were elongated and multiseptated while ync13-4 cells lysed.
In contrast, ync13-4 sec8-1 cells seemed to halt the cell division or
growth and appeared vacuolated, as 41% of cells had one septa
and <1% cells were multiseptated (Figure 5A). Consistently, the
contractile ring constricted significantly slower in ync13-4 sec8-1
cells while the ring assembly and maturation were similar to sec8-1
cells (Figure 5B).

Normal ring constriction and plasma membrane invagination
depend on exocytosis (Wang et al, 2016). We investigated
whether the defects in ync13 sec8-1 cells are due to impaired
exocytosis. We tracked vesicle delivery using the v-SNARE syn-
aptobrevin Syb1 as marker in temperature-sensitive mutant
ync13-19, which had similar synthetic interactions with sec8-1 but
had fewer mutations than ync13-4 (Table 1). ync13-19 sec8-1
cells resembled ync13-4 sec8-1 in morphology (Figure 5, A and
C). Syb1 accumulated close to the division site and cell tips in
both sec8-1 and ync13-19 sec8-1 cells (Figure 5C, arrows). In ad-
dition, trackable exocytic vesicles delivered to the division site
decreased in ync13-19 and ync13-19 sec8-1 cells compared with
wt (Figure 5D and Supplemental Movie 5). Thus, exocytosis was
impaired during cytokinesis in ync13-19 and ync13-19 sec8-1
cells, indicating a role of Ync13 in vesicle delivery to the division
site. However, Ync13 did not affect the exocyst localization (Sup-
plemental Figure S6B), suggesting that Ync13 and the exocyst
complex function in parallel pathways to mediate exocytosis dur-
ing cytokinesis.

Does Ync13 regulate exocytosis mediated by the

TRAPP-II complex?

We recently reported that the TRAPP-Il complex and the exocyst
tether vesicles to different locations at the division site during fission
yeast cytokinesis. The exocyst predominantly tethers vesicles at the
rim and the TRAPP-II at the interior of the division site (Wang et al.,
2016). We thus investigated how Ync13 affects TRAPP-ll-mediated
exocytosis. As reported (Wang et al., 2016), the TRAPP-II subunit
Trs120 dynamically localizes to the division site during and after ring
constriction (Figure 6A). In ync13A cells, however, Trs120 concen-
trated at the center of the division plane after ring constriction (Figure
6A). Syb1 and Rab11 GTPase Ypt3, two proteins that work with the
TRAPP-II complex (Wang et al., 2016), had similar accumulation in
ync13A and ync13-19 cells during septum maturation (Figures 5C
and 6, B-D).

We thus used Ypt3 as a marker to track the delivery and dock-
ing of vesicles to the division plane (Supplemental Movie 6). In wt
cells, Ypt3 was highly dynamic both during and after ring constric-
tion at the division site (Figure 6E, cells 1 and 3). In ync13A cells,
however, Ypt3 signal was stable at the leading edge of the cleavage
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FIGURE 4: Ync13 regulates the distribution of cell-wall enzymes on the division plane. (A-C) Glucan synthases Bgs1 (A),
Bgs4 (B), and Ags1 (C) are mislocalized in ync13A cells. Top, the middle focal plane of merged images; middle, enlarged
images of localization of glucan synthases during septum maturation from representative cells in top panels (dashed
boxes); bottom, area scans of Bgs1, Bgs4, and Ags1 intensity along the septum in five wt or ync13A cells during septum
maturation. (D) Montages of glucan synthase distribution along the division plane (vertical) during late cytokinesis.
Magenta arrows, the end of ring constriction; Green arrows, the initiation of cell separation. (E) Localization and
distribution of glucanase Eng1 in ync13A cells. Top, time courses with time 0 as Eng1 ring appearance. Bottom right,
vertical views of the cell from late stage of septation to just before cell separation (red box). Arrows mark the signal
from the central spot in wt cells, which is missing in ync13A cells. Bottom left, quantification of Eng1 level across the

division plane during septum maturation. Bars, 5 pm.

furrow (Figure 6E, cell 2) or at the center of division site after ring
constriction (Figure 6E, cell 4). Consistently, the docking/tethering
time of Ypt3 vesicles was significantly longer at the center, but not
at the rim, of the division plane in ync13A than in wt cells (Figure
6F). The uneven distribution of Trs120 and Ypt3 at the division site
suggested that ync13A affected TRAPP-ll-mediated exocytosis at
the interior of the division site. However, the delivery or docking
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sites of Ypt3 vesicles were not dramatically affected in ync13A cells
during ring constriction and septum maturation and likely slightly
biased toward the center and rim of the division site during sep-
tum maturation (Figure 6G and Supplemental Figure S6C). To-
gether, these results suggest the Ync13 coordinates with the exo-
cyst and TRAPP-Il complexes in regulating exocytosis in S. pombe,
although the mechanism is unknown.

Molecular Biology of the Cell
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septum maturation. (C) Micrographs and (D) vesicle deposition sites along the septum (x-axis) in color-coded cells. the
division plane for this and other vesicle tracking graphs is y = 0. Bars, 5 pm.

Ync13 is important for sites of endocytosis during

cell division

The balance between exocytosis and endocytosis is critical for
plasma membrane dynamics (Johansen et al., 2016; Xie et al., 2017).
The CME is the major pathway for retrieving lipids and proteins from
the plasma membrane (Schweitzer et al., 2005; Weinberg and
Drubin, 2012; Goode et al., 2015). We previously reported that en-
docytosis occurs along the division site albeit with a preference at
the rim (Wang et al., 2016). Our data presented so far indicate that
Ync13 plays a role in protein distribution at the division site, but the
defects in exocytosis cannot provide an obvious mechanism. We
speculated that Ync13 may also affect protein distribution at the
division site by regulating endocytosis. Thus, we asked whether en-
docytic sites are altered in ync13A cells.

We tracked the initiation sites of endocytic patches using the
actin cross-linker fimbrin Fim1 (Figure 7, A-D, and Supplemental
Movie 7). As reported (Wang et al., 2016), endocytic patches formed
predominantly on the plasma membrane at the rim of the division
site and adjacent cortex, with some patches along the division plane
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in wt cells. In contrast, patches at the center of the division site re-
duced significantly in ync13A cells although the number of patches
across the entire division site and patch lifetimes were similar (Figure
7, A-D). Then we asked whether the locations of proteins involved
in endocytic site selection are affected. The Eps15 protein Ede1 is
one of the first coat proteins localized to the endocytic sites in the
CME pathway (Kaksonen et al., 2005; Lu and Drubin, 2017). As ex-
pected, Ede localized to active growth sites such as the cell tips,
division site, and its adjacent cortex in wt cells (Figure 7E). During
cytokinesis, Edel followed the constricting ring and distributed
evenly across the division plane during septum maturation (Figure
7F). However, Ede1 barely localized to the center of the division site
after ring constriction in ync13A cells (Figure 7, E and F, arrowheads),
suggesting that Ync13 plays a role in endocytic site selection. Con-
sistently, the middle coat protein End4 and the late coat protein
Pan1 displayed the same defects in ync13A cells (Supplemental
Figure S6D). Thus, Ync13 plays a role in selection of endocytic sites
and therefore regulates protein distribution at the division site
during cytokinesis.
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FIGURE 6: Deletion of ync13 affects localization and dynamics of TRAPP-Il complex and Rab11 GTPase Ypt3 at the
division site during cytokinesis. (A) Trs120 accumulates at the center of division site in ync13A cells. The middle focal
planes are shown with the sum projection (GFP channel) of a 2-min continuous movie and DIC. (B) Syb1 accumulates at
the center of division plane in ync13A cells. (C-F) ync13A affects Ypt3 distribution (C, D), dynamics (E), and tethering/
docking time (F). (C) The sum projection in GFP channel is from a 2-min continuous movie. (D) Area scans of Ypt3
distribution in the sum projection during septum maturation. (E) Kymographs of the division site (vertical) of the
numbered cells in C during ring constriction (cells 1 and 2) or septum maturation (cells 3 and 4). The arrows mark stable
Ypt3 at the leading edge (cell 2) or the center of septum (cell 4). (F) Ypt3 tethering/docking time at the center of division
plane is lengthened in ync13A cells. The division plane was divided to the center half and rim half. (G) The final
deposition site of Ypt3 along the division site during septum maturation. Bars, 5 pm.

DISCUSSION

In this study, we identified the UNC-13/Munc13 protein Ync13 as a
novel regulator of membrane trafficking during cytokinesis
(Figure 8). Ync13 coordinates with exocytosis and guides distribu-
tion of endocytic events at the division site, which regulates the
localization and dynamics of cell-wall enzymes and CIP to ensure
normal cell division.

A novel role of UNC-13/Munc13 protein family in cytokinesis
A main function of UNC-13/Munc13 proteins is to facilitate SNARE
complex assembly by opening the closed syntaxin-1 conformation
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through their MUN domains during vesicle priming (Betz et al., 1996;
Aravamudan et al., 1999; Yang, Wang, Sheng, et al., 2015). How-
ever, recent in vitro reconstitution and crystal structure have sug-
gested that Munc13-1 can also bridge T and V liposomes (Liu,
Seven, et al., 2016a; Xu, Camacho, et al., 2017). Such tethering
brings vesicles and the target membrane in close proximity and
helps MUN domain function. Despite the well-studied function of
UNC-13/Munc13 proteins in vesicle fusion, no roles of this protein
family in cytokinesis have been reported.

The fungi subfamily is distinguished from the rest of UNC-13/
Munc13 proteins by its unique domain organization where the MUN

Molecular Biology of the Cell
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domain is separated into MHD1 and MHD2 domains by a C2 domain
(Pei et al., 2009). The MHD,C,MHD, of Ync13 cannot promote
membrane fusion in assays performed with neuronal SNAREs or lipo-
some bridging in vitro (Supplemental Figure S3). However, whether
the FL Ync13 assists SNARE complex assembly with the cognate
yeast proteins is unknown. Nevertheless, ync13A cells do not accu-
mulate vesicles at the division site during cytokinesis (Supplemental
Figure S5, B and C), a phenotype commonly seen in exocyst or
TRAPP-II mutants in yeasts or Munc13 deficient neurons (TerBush
et al., 1996; Aravamudan et al., 1999; Guo et al., 199%9a; Zhou et al.,
2013; Wang et al., 2016). What is the exact role of Ync13 in mem-
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brane trafficking in fission yeast? In mammalian cells, SNARE pro-
teins are usually restricted to specific cellular locations to fulfill their
functions, as predicted by the SNARE hypothesis (Chen and Scheller,
2001). In S. pombe, SNARE proteins are only known to be involved
in forespore formation during meiosis (Nakamura et al., 2005; Maeda
et al., 2009; Yamaoka, Imada, et al., 2013). The plasma membrane
targeting syntaxin, Psy1, localizes all over the cell cortex during veg-
etative growth (Maeda et al., 2009; Kashiwazaki et al., 2011), and the
other t-SNARE Sec9 is not studied in detail. To direct vesicle delivery
to active growth sites like the cell tips and division site, additional
proteins like Ync13 may serve as receptors or landmarks. Future work
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FIGURE 8: Models for roles of Ync13 in cytokinesis. Ync13 ensures
proper distribution of cell-wall enzymes at the division site. In ync13A
cells, the TRAPP-Il-mediated exocytosis is defective. More
importantly, the endocytosis at the center of the division site is
drastically reduced without Ync13. As a result, the vesicle cargoes,
glucan synthases and glucanase, are mislocalized. These lead to
impaired septum synthesis, cell separation, and cell lysis.

is needed to explore the relationship between Ync13 and the SNARE
complex in fission yeast. In addition, we found that Ync13 affects the
localization and dynamics of Rab11 Ypt3 (Figure 6). The animal
Munc13-4 binds to Rab11 and Rab27 GTPases to regulate vesicle
trafficking and docking in neutrophil cells and lysosome secretion in
hematopoietic cells (Neeft, Wieffer, de Jong, et al., 2005; Johnson
et al., 2016). It is possible that Ync13 serves as an effector of Rab
GTPases to spatially regulate membrane trafficking during cytokine-
sis. Alternatively, the main role of Ync13 may be in endocytosis (see
below). Nevertheless, Ync13 is essential for fission yeast cytokinesis
by regulating the localization and dynamics of key proteins during
septum formation and daughter-cell separation.

Ync13 domains for its localization and functions

We found that Ync13 depends on F-BAR protein Cdc15 but not
actin filaments in the contractile ring to localize to and maintain its
localization at the division site (Supplemental Figure S1). Cdc15 is
an important scaffold for late stage of cytokinesis and serves as a
linker between the contractile ring and plasma membrane (Takeda
et al., 2004; Arasada and Pollard, 2014; McDonald et al., 2015;
Ren et al., 2015). Whether Ync13 localization depends on Cdc15 or
any downstream targets of Cdc15 remains to be tested. The PI(4)P-
5-kinase Its3 produces PI(4,5)P,, a plasma membrane component
that played essential biological roles (Zhang et al., 2000; Echard,
2012). The Its3 temperature-sensitive mutant its3-1 cannot localize
to the division site, and causes reduction in PI(4,5)P, level and
increase in septation index and defects in actin patch polarization
(Zhang et al., 2000). We showed that Ync13 interacts strongly with
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PI(4,5)P; in vitro, and its3-1 mutant greatly reduces Ync13 division
site localization (Supplemental Figures S1G and S3). Since Ync13
does not depend on actin in the contractile ring for localization
(Supplemental Figure S1, B and C), we conclude that Cdc15 and
PI(4,5)P; are important for Ync13 localization.

The MHD2 domain and the rest of C terminal sequence of Ync13
are vital for its functions (Supplemental Figure S2). This domain cor-
responds to MUN-CD region in Munc13-1, which contains multiple
helix structures that share structural homology with the exocyst
complex subunit Secé (Pei et al., 2009; Li, Ma, et al., 2011). MUN-
CD, together with C1, C2B, and MUN-AB, form an elongated rod
domain composed of mostly a-helical bundles, which interacts with
both SNARE complex and lipids (Xu, Camacho, et al., 2017). Solving
the structures of MHD domains will be helpful in understanding
Ync13 functions.

We showed that the Ync13 C2 domain interacts with lipids and is
important for Ync13 localization (Supplemental Figures S2 and S3).
The N-terminal residues 1-590 of Ync13 are also critical for Ync13
localization and function. The N termini of UNC-13/Munc13 family
proteins interact with various binding partners for localization (Lu
et al., 2006; Kawabe et al., 2017). Munc13-1 interacts with itself
through its C2A domain at its N terminus in an autoinhibitory status
(Lu et al., 2006). Despite no predicted domain in Ync13(1-590), it still
weakly localizes to the division site (Supplemental Figure S2, B and
E). It is of great interest to identify the binding partners of Ync13
besides lipids, especially through its N terminus.

Roles of Ync13 in spatial regulation of cell-wall enzymes,
CIP, and membrane trafficking during cytokinesis

Exocytosis and endocytosis are essential for cytokinesis as disrup-
tion of membrane trafficking by mutants or inhibitory drugs such as
brefeldin A (BFA) causes slowed furrow ingression, furrow regres-
sion, and cytokinesis failure (Wu et al., 2006; Neto et al., 2013;
Giansanti et al., 2015; Wang et al., 2016). By studying Ync13, we
show, from another aspect, that how the spatial regulation of mem-
brane trafficking affects cytokinesis.

In ync13 mutant cells, we observed abnormal accumulation of
CIP components and cell-wall synthases Bgs1, Bgs4, and AgsT,
which leads to defective septum formation and frequent bulge ap-
pearance at the septal center (Figures 2-4). However, the glucanase
Eng1 becomes dispersed and absent from the center of division site
while retaining a slightly higher concentration at the rim of division
plane during septum maturation (Figure 4E). It is possible that the
cell lysis in ync13 mutant cells results from a combination of mal-
formed septum and the aberrant digestion of septum by Eng1. Be-
cause the septum thickness and the initiation timing of daughter-cell
separation are normal, it is less likely that cell lysis in ync13 mutant
cells is caused by premature cell separation.

The strong genetic interactions between ync13 and CIP mutants
suggest that they both contribute to cell-wall integrity. Yet the rela-
tionship between the two is not fully established. Although Ync13
affects the localization of CIP and Rho1 activity at the division site
(Figure 3), we failed to detect any interaction between Ync13 and
CIP components. Thus, Ync13 could indirectly regulate CIP, possibly
through its effect on membrane trafficking. Alternatively, CIP is up-
regulated at the division site due to the defects in Ync13 cells. There
are several possible reasons to explain the rescue of ync13A by
Rho1 overexpression. The Rho GTPase-dependent CIP activates
cell-wall synthases, and the extra activity may compensate for the
loss of cell-wall synthases in the Rho1 overexpression cells (Figure 3B)
(Arellano et al., 1996, 1999). In addition, Rho1/RhoA also coordi-
nates actin filament nucleation, vesicle trafficking by exocyst
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complex, and CIE in budding yeast and animals (Imamura et al.,
1997: Guo et al., 2001; Prosser et al., 2011; Prosser and Wendland,
2012; Jordan and Canman, 2012). All these processes can regulate
membrane dynamics and make up for the loss of membrane dy-
namics at the division site, although these Rho1 functions have not
yet been validated in fission yeast.

We previously proposed that the TRAPP-Il complex and exocyst
complex mediate vesicle delivery in independent pathways (Wang
et al., 2016). Our study on Ync13 supported this idea. The deletion
of Ync13 affects the localization of TRAPP-Il components but not
exocyst (Figure 6A and Supplemental Figure S6B). The TRAPP-I|
complex and Rab GTPase Ypt3 stably accumulate at the leading
edge of the septum during the ring constriction and subsequently at
the center of the division site during septum maturation in ync13A
cells (Figure 6). We suggest that the absence of endocytosis at the
leading edge/center of the septum disrupts, or at least slows down,
the recycle of TRAPP-II complex and its regulators and cargoes. To
test this idea, future experiments could be done by ectopically tar-
geting endocytosis coat protein such as Ede1 to the center of divi-
sion site in ync13A cells and examining whether the mislocalization
and lysis phenotype are rescued.

The reduced endocytosis at the division site in ync13 mutant
cells is intriguing. CME and CIE in fission yeast are not as systemati-
cally studied as their counterparts in budding yeast (Goode et al.,
2015). Moreover, endocytosis during cytokinesis is rarely studied in
either yeasts. It was reported that the deletion of clathrin light chain
Clc1 blocks Bgs1 delivery to the cortex in S. pombe, which provides
a direct link between endocytosis and cell-wall synthesis (de Leon
et al., 2013). Why are endocytic sites mislocalized in ync13A? Ync13
may not directly recruit CME as we did not detect interactions be-
tween Ync13 and the early coat protein Ede1 in immunoprecipita-
tion (IP) assays or ectopic targeting assays using GFP binding pro-
tein (GBP). Exocytosis and endocytosis are often tightly linked. In
neuronal cells, the coupled exo/endocytosis can be visualized by
pH-sensitive GFP-tagged vesicular proteins (Hua et al., 2011). Inhi-
bition of exocytosis by neurotoxin botulinum also blocks endocyto-
sis (Yamashita et al., 2005). In budding yeast, the polarized exocyto-
sis and endocytosis are coupled by Rab GTPase Sec4 (Johansen
et al., 2016). Thus, the defects in endocytosis could instead be a
response to the reduced exocytosis in ync13A cells. However, it is
hard to explain why endocytic defects and excess accumulation of
glucan synthases occur at the center of division site. Thus, we favor
a model that Ync13 plays an active role in endocytosis. Further stud-
ies, especially identification of Ync13 binding partners, are needed
to elucidate the exact roles of Ync13 in endocytosis.

In conclusion, we identified the fission yeast UNC-13/Munc13
protein Ync13 as an essential regulator of cytokinesis. Ync13 regu-
lates exocytosis and endocytosis to ensure proper distribution of
cell-wall enzymes and other regulators at the division site for suc-
cessful cytokinesis. It will be interesting to explore whether other
UNC-13/Munc13 proteins are also involved in endocytosis and
cytokinesis.

MATERIALS AND METHODS

Strains and genetic, molecular, and cellular methods

Strains used in this study are listed in Supplemental Table S1. We
constructed strains using PCR-based gene targeting and standard
yeast genetic methods (Moreno et al., 1991; Bahler, Wu, et al.,
1998). All tagged or truncated Ync13 are expressed from native
chromosomal loci and regulated under endogenous promoters.
The strains with Ync13 truncations were grown and selected on me-
dium with 1.2 M sorbitol. Ync13 C-terminal truncations were con-
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structed as previously described (Béhler, Wu, et al., 1998). For N-
terminal truncations, we cloned -305 to +6 base pairs of ync13 into
pFA6a-kanMX6-P3nmt1-mECitrine at Bglll and Pacl sites to replace
the 3nmt1 promoter. The resulting plasmid (JOW745) was used as
the template for PCR amplification and gene targeting. The C termi-
nal tagged FL Ync13 was fully functional, revealed by growth tests
on YES5S + phloxin B plates at various temperatures.

To delete ync13, a diploid strain rlc1-tdTomato-natMXé/rlc1-td-
Tomato-natMXé ade6-210/ade6-216 leu1-32/leu1-32 ura4-18/ura4-
18 was made by adeé intragenic complementation (Kohli et al.,
1977; Moreno et al., 1991). One copy of ync13 was then replaced by
kanMX6 using primers immediately upstream and downstream of
ync13 ORF (Bahler, Wu, et al., 1998). The resulting diploid strain
YZ3-2  ync13A:kanMXé/ync13*  rlci1-tdTomato-natMXé/rlc1-tdTo-
mato-natMX6é adeb-210/adeé-216 leu1-32/leu1-32 ura4-18/ura4-18
was sporulated on a SPASS plate, and tetrads were dissected onto
YE5S rich medium or YE5S + 1.2 M sorbitol for spore germination or
microscopy. The colonies grown on sorbitol medium were replica
plated to selection medium YE5S + G418 + 1.2 M sorbitol to verify
the ync13A genotype. For crosses involving ync13A strains, the par-
ent strains were mixed on SPA5S + 1.2 M sorbitol, and the formed
tetrads were dissected and germinated on YE5S + 1.2 M sorbitol.

To construct ync13 temperature-sensitive alleles, we used marker
reconstitution mutagenesis method (Tang et al., 2011; Lee et al.,
2014). A his52C-kanMXé construct was inserted after the 3’"UTR of
ync13 to obtain strain JW5750 (h~ ync13-his5AC-kanMXé his5A
ade6-M210 leu1-32 urad). The ync13 FL gene with its 3’UTR was
cloned onto pHis5¢, which was then served as the template for er-
ror-prone PCR using Tag polymerase (NEB), 0.2 mM dNTPs, and
mutagenesis cocktail (8 mM dTTP, 8 mM dCTP, 48 mM MgCl,, and
5 mM MnCly). The PCR products were purified and transformed into
JW5750. The transformants were selected on an EMM5S-histidine
plate and then examined for temperature-sensitive growth (on YE5S
+ phloxin B) and phenotype at 36°C. The selected mutants were
sequenced. The mutations in ync13-4 are E365G, 1373T, K581E,
M593L, L744S,11013T, 11031V, and V1081E, and an "A” deletion 99
base pairs downstream of the stop codon; and the mutations in
ync13-19 are L916H and W1048C.

For Calcofluor staining, 1 ml cell culture was washed with 1 ml
EMMS5S and 1 ml EMMS5S + 5 uM n-propyl gallate and concentrated
to 100 pl. One microliter of 1 mg/ml Calcofluor stock solution was
added, and the samples were incubated in the dark for 1 min before
imaging. For methyl benzimidazole-2-yl carbamate (MBC) treat-
ment, 1 ml cells were incubated with 5 ul 5 mg/ml MBC or DMSO
for 15 min before mounting on the gelatin pad with the same con-
centration of MBC or DMSO for imaging (Wu et al., 2011; Wang
et al., 2016). For other drug treatments, cells were spotted on bare
slide for imaging. The treatment conditions are as follows:
latrunculin A, 100 pM for 10 min (Wu et al., 2001; Coffman et al.,
2013); BFA, 50 pg/ml for 5 min (Wang et al., 2016); CKé666, 100 uM
for 5 min (Nolen, Tomasevic, et al., 2009; Laporte et al., 2012). The
same volumes of corresponding solvents DMSO or ethanol were
used as controls.

Confocal microscopy and image analyses

We grew cells from —80°C stocks on YESS plates at 25°C for about
2 d and then grew them in YE5S liquid medium at log phase for ~48
h at 25°C before imaging except where noted. For strains with
ync13A and ync13 truncations, 1.2 M sorbitol was included in the
growth medium and was washed out with fresh medium 2 h before
imaging except where noted. Alternatively, some ync13A strains
were grown in EMMS5S without sorbitol for 48 h before imaging.
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Microscopy samples were prepared largely as described (Zhu
et al., 2013; Davidson et al., 2016). Briefly, cells (1 ml) were centri-
fuged at 3000-5000 rpm for 30 s, and washed once with 1 ml
EMMS5S and once with 1 ml EMM5S + 5 pM n-propyl gallate before
being mounted on an EMMS5S + 20% gelatin pad with 5 pM n-propyl
gallate. For long movies, cells were washed and resuspended in
50 pl YE5S + 5 pM n-propyl gallate before spotting onto a cover-
glass-bottom dish (Delta TPG Dish; Biotechs Inc., Butler, PA). Then
an agar pad cut from a YES5S plate was placed onto cells to immobi-
lize them and provide nutrients. For Tetrad Fluorescence Micros-
copy (Coffman et al., 2013; Lee et al., 2014; Davidson et al., 2016),
spores from tetrads were dissected onto a YESS plate at 2.5 mm
apart and were incubated at 25°C for 12-18 h. The YE5S agar con-
taining cells from geminated spores was then incised from the plate
and placed upside down onto a coverglass-bottom dish or a 24 x
60 mm coverglass. The top of agar piece was then covered by a
piece of coverslip to slow drying. Air bubbles were removed by gen-
tly pressing on the coverslip before microscopy.

Cells were imaged at ~23°C or at restrictive temperatures in a
climate chamber (Stage Top Incubator INUB-PPZI2-F1 equipped
with UNIV2-D35 dish holder; Tokai Hit, Shizuoka-ken, Japan) with
100x/1.4 numerical aperture (NA) Plan-Apo objectives. For ob-
serving cell morphology only, samples were imaged on a Nikon
Eclipse Ti inverted microscope (Nikon, Melville, NY) equipped with
a Nikon cooled digital camera DS-QI1. For fluorescence imaging,
cells were observed on a spinning disk confocal microscope (Ultra-
VIEW ERS; Perkin Elmer Life and Analytical Sciences, Waltham,
MA) with 440- and 568-nm solid -state lasers and 488- and 514-nm
argon ion lasers and an ORCA-AG camera (Hamamatsu, Bridgewa-
ter, NJ) with 2 x 2 binning, or on a spinning disk confocal
microscope (UltraVIEW Vox CSUX1 system; Perkin Elmer Life
and Analytical Sciences, Waltham, MA) with 440-, 488-, 515-, and
561-nm solid-state lasers and a back-thinned electron-multiplying
charge-coupled device (EMCCD) camera (Hamamatsu C9100-13,
Bridgewater, NJ) without binning.

Images and data were collected and analyzed using Volocity
(Perkin Elmer), UltraVIEW, and ImageJ software (Schneider et al.,
2012). For measuring the levels of proteins across the division plane,
the cells during septum maturation (judged by Rlc1 signal and/or
differential interference contrast [DIC]; the stage between the end of
ring constriction when Rlc1 signal reaches highest pixel intensity and
the initiation of daughter-cell separation) were chosen and rotated
so that the septa were horizontal. An 85 x 20 pixel region of interest
(ROI) was drawn to cover the whole septum area, and the plot profile
of the box was recorded. For Figure 7B, a 2x ROI of the previous ROI
(elongated along the cell’s long axis) was used for calculating and
subtracting background (Wu and Pollard, 2005; Zhu et al., 2013;
Coffman and Wu, 2014). We tracked vesicles similarly as before
(Wang et al., 2016). The movements of Syb1 or Ypt3 marked exocytic
vesicles and the initiation sites of Fim1 labeled endocytic patches
were tracked manually using ImageJ plug-in mTrackJ (Meijering
et al., 2012). To track Syb1 vesicles, the GFP-Syb1 signal at the divi-
sion site was bleached before taking a 2-min continuous movie. The
locations of endocytic patch initiation sites were recorded after Fim1
reached maximum intensity and just before its internalization (Berro
et al., 2010; Sirotkin et al., 2010). The coordinates of data were then
transformed by Matlab software so that the septa were horizontal.
The cell width was normalized to 4 um before plotting.

To count protein molecules of Ync13 and its truncations, strains
tagged with mECitrine were mixed with wt cells without fluores-
cence before imaging (Davidson et al., 2016). Cells were imaged
at 0.5-pym spacing for 13 slices. The global mean intensity from
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the sum projection was measured and subtracted by that of wt
cells as background. For local intensity, an ROl was drawn to mea-
sure the mean intensity at the division site. A 2x ROl was used to
calculate and subtract background (Wu and Pollard, 2005; Zhu
et al., 2013; Coffman and Wu, 2014). To obtain molecule num-
bers, the mean intensities of Ync13 and truncations were plotted
on the standard curve generated with proteins (Gef2, Nod1,
Rng8, and Rng?9) with known molecule numbers (Zhu et al., 2013;
Wang et al., 2014).

Micrographs shown in the figures are maximum intensity projec-
tions except where noted. The error bars in figures are £1 SD. The
statistical analyses were done using a two-tailed Student's t test.

FRAP, photobleaching for vesicle tracking, and FLIP assays
We performed FRAP assays using the Photokinesis unit on Ultra-
VIEW Vox CSUX1 confocal system as described (Coffman et al.,
2009; Laporte et al., 2011; Zhu et al., 2013). Briefly, a single focal
plane was chosen to perform FRAP. Selected ROls were bleached to
<50% of the original fluorescence intensity after four to five pre-
bleach images were collected; 100 postbleach images with 1 s
delay were collected. After correcting images for background and
photobleaching during image acquisition at nonbleached sites, we
normalized the prebleach intensity of the ROl to 100% and the
intensity just after bleaching to 0%. Rolling average of every three
consecutive postbleaching time points was used to plot and fit us-
ing an exponential equation y=m1 + m2 exp (-m3 * x), where m3 is
the off-rate (KaleidaGraph; Synergy Software, PA). The half-time of
recovery was calculated as ty,, = (In2)/m3.

To monitor the vesicle delivery, we bleached Syb1 signals at the
division site before taking a 2-min continuous movie with a speed of
5 frame per second (fps) on a single focal plane as described previ-
ously (Wang et al., 2016).

The FLIP experiments were also performed on the Photokinesis
unit (Liu et al., 2016b). Briefly, we selected cells expressing cytoplas-
mic mEGFP and Rlc1-tdTomato at the final stage of ring constriction
for FLIP. A 2 x 2 pixel ROl in one of the daughter cells was photo-
bleached using the 488-nm laser every 30 s. Recovery images were
taken immediately before the next round of photobleaching. Ring
closure was defined as when Rlc1 reached highest pixel intensity as
a dot at the middle of the cleavage furrow; and plasma membrane
closure was defined as when the cytoplasmic mEGFP stopped ex-
change between the two daughter cells. The time between ring clo-
sure and membrane closure was quantified.

Superresolution microscopy

Superresolution microscopy PALM was performed on an inverted
microscopy (IX71; Olympus, Tokyo, Japan) with a 100 x/1.49 NA
oil immersion total internal reflection fluorescence objective and
an EMCCD camera (iXon Ultra 897; AndorTechnologies, Belfast,
United Kingdom) with EM gain of 255 and exposure time of 0.02 s
(Liu et al., 2016b). We used 405- and 488-nm diode lasers (Vortran
Laser Technology, Sacramento, CA) and a 561-nm diode-pumped
solid-state laser (Crystalaser, Reno, NV) for photoactivation and
imaging. Sample preparation was the same as previously de-
scribed (Liu et al., 2016b). After we selected an ROI by GFP chan-
nel, Ync13-mMaple3 was photoactivated by the 405-nm laser with
increasing power for optimization of fluorophore activation effi-
ciency, and images were taken using the 561-nm laser with a 593-
/40-nm emission filter. DIC images were taken to monitor focus
drift. Usually we took 4500-8000 images for each field. Superreso-
lution images were reconstructed using Memp-STORM (Huang,
Sun, et al., 2015).
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Electron microscopy

EM was performed at the Campus Microscopy and Imaging facility at
The Ohio State University (OSU) or the Boulder Electron Microscopy
Services at the University of Colorado (Davidson et al., 2015; Liu et al.,
2016b; Wang et al., 2016). For Figure 2G, we grew wt and ync13A
cells in YE5S with 1.2 M sorbitol at log phase for 48 h. Cells were
washed into YE5S for 2 h before fixation with 2.5% glutaraldehyde
and 0.1 M sucrose in 0.1 M sodium phosphate, pH 7.4. The samples
were then submitted to the imaging facility at OSU for further pro-
cessing and imaging. For EM in Supplemental Figure S5 performed
at Boulder, wt (strain JW81), sec8-1, and ync13A cells were grown in
EMMSS at log phase for 48 h. Cells were then prepared and imaged
as described previously (Giddings et al., 2001; Lee et al., 2014).

To quantify the septum thickness in EM images, cells with closed
septa were chosen. For each cell, the thickness of the septum was
averaged from three measurements at both the edge and the center
of the septum. For ync13A cells, the bulged area was avoided. The
data in Figure 2G were further categorized based on the visibility of
the three-layer primary and secondary septum structure (early, no
three-layer structure; late, with three-layer structure). To quantify the
number of vesicles, we defined secretory vesicles as membrane en-
closed circular structures with a diameter of 60-90 nm. Only vesicles
within 500 nm from the septum were counted for each section.

Plasmid construction and protein purification

Ync13 FL cDNA amplified from a cDNA library or corresponding frag-
ments were cloned into pQE8OL vector at the BamHI and Sall restric-
tion sites. The plasmids were then transformed into BL21 (DE3) pLysS
cells. Protein expression was induced with 1 mM IPTG at 25°C for 6 h.

To purify FL Ync13, frozen cells from 1 | cell culture were homog-
enized in 50 ml Tris extraction buffer (20 mM Tris, 150 mM NaCl,
10% glycerol, 0.5% NP-40, 10 mM imidazole, T mM phenylmethane
sulfonyl fluoride [PMSF], 10 mM B-ME, and protease inhibitor tablet
[Roche], pH 9) and sonicated for 4x at output 9, 50% duty cycle, and
20 pulses. The cell lysate was then centrifuged at 25,000 rpm for 15
min and 38,000 rpm for 30 min, before incubaion with Talon Metal
Affinity Resin (635501; Clontech, Mountain View, CA) at 4°C for 1 h.
The mixture was then packed onto a column and washed with 50 ml
washing buffer (20 mM Tris, 150 mM NaCl, 10% glycerol, 0.5% NP-
40, 20 mM imidazole, T mM PMSF, and 10 mM B-ME, pH 9) per liter
cell culture, and eluted with elution buffer (20 mM Tris, 150 mM
NaCl, 10% glycerol, 0.1% NP-40, 200 mM imidazole, 1 mM PMSF,
and 10 mM B-ME, pH 9). The eluted protein was dialyzed against
HEPES (25 mM HEPES, 150 mM NaCl or KCl, 10% glycerol, 1 mM
dithiothreitol [DTT], and 0.01% NaN3, pH 7.4) or TBS buffer (20 mM
Tris-HCI, 150 mM NaCl, pH 7.5) for imidazole removal and future
experiments.

Purification of Ync13 MHD1C,MHD; (2a591-1130) and C, (aa805-
921) fragments were similar to those described before (Zhu et al.,
2013). The phosphate buffer (50 mM sodium phosphate, 300 mM
NaCl, 1T mM PMSF, 10 mM B-ME, and protease inhibitor tablet
[Roche], pH 8) with various concentrations of imidazole (10 mM for
extraction, 20 mM for washing, and 200 mM for elution) was used for
purification. After purification, the C, domain fragment was dialyzed
into low salt buffer (50 mM sodium phosphate, 25 mM NaCl, 1 mM
DTT, and 0.01% NaNj3, pH 6.4) and further purified through MonoS
5/50 GL cation exchange column on AKTA Explorer 10 system (GE
Healthcare). MHD,C,;MHD, domain was dialyzed into low salt buffer
(50 mM sodium phosphate, 100 mM NaCl, 1 mM DTT, and 0.01%
NaN3, pH 7.5) and loaded onto a MonoQ 5/50 GL anion exchange
column on the same AKTA system. Both Ync13 fragments were then
dialyzed against the TBS or HEPES buffer for experiments.
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Protein-lipid overlay assays

Protein-lipid overlay assays were performed as described previously
(Lee and Wu, 2012). Briefly, the PIP. membrane strips (Invitrogen,
Cat. no. P23751) were first blocked using TBS (20 mM Tris-HCl,
150 mM NaCl, pH 7.5) with 3% fatty-acid-free BSA (Sigma, cat. no.
A7030) at 23°C for 1 h with shaking. Purified proteins were incu-
bated with the membrane at a final concentration of 50 nM for 1 h
at 23°C or overnight at 4°C. The membrane was then washed with
TBST (20 mM Tris-HCI, 150 mM NaCl, 0.1% Tween 20, pH 7.5) to
remove the unbound protein. Lipid bindings were examined by
immunoblot with anti-His antibody (Clontech, cat. no. 631212;
1:20,000 dilution) as primary antibody and anti-mouse IgG as sec-
ondary antibody (1:5000 dilution) in TBS + 3% fatty-acid-free BSA.

Liposome cofloatation, clustering, and copelleting assays
Lipids from Avanti Lipids (Alabaster, AL) were used to make lipo-
somes of single lipids, or to make T liposomes by mixing POPC
38%, DOPS 18%, POPE 20%, PIP, 2%, DAG 2%, and cholesterol
20% (Liu, Seven, et al., 2016a). We used rhodamine-PE to visualize
the lipids. We dried the lipids in glass tubes by nitrogen gas and
vacuum and resuspended lipids in HEPES buffer (25 mM HEPES,
150 mM NaCl or KCI, 10% glycerol, pH 7.4) to make a final lipid
concentration of 5 mM. The suspension was then frozen/thawed in
liquid nitrogen and a 42°C water bath 5x and extruded through a
0.1 pm filter 19x. All protein samples were dialyzed into the HEPES
buffer before experiments.

For cofloatation assays, 1T mM T liposomes, and 1 pM final
concentration of Munc13-1 C{C;gMUNCy¢, Ync13 Cy, or Yncl3
MHDC,;MHD, were mixed in HEPES buffer to a total volume of
165 pl and incubated at 23°C for 1 h. The samples were then mixed
with an equal volume of 80% histodenz and added to the ultracen-
trifuge tube. A layer of 150 pl 35% and 150 pl 30% histodenz was
then carefully loaded to the top of the samples to from a histodenz
gradient (30%:35%:40%). HEPES buffer (50 pl) was then added to
the top of the ultracentrifuge tubes and centrifuged at 48,000 rpm
for 4 h at 4°C. The floating liposome samples were taken from the
top of the gradient after ultracentrifuge and used to run SDS-PAGE
gel with 1 pg of protein samples as reference.

For clustering assays, 1 pl of T liposomes or T liposomes mixed
with 0.5 pM of Ync13 C2 or MHDC,;MHD, fragments were loaded
to a DynaPro instrument to measure dynamic light scattering (DLS)
at 30°C (Liu, Seven, et al., 2016a).

For copelleting assays, 5 uM of Ync13 C2 fragment was mixed
and incubated with a range of concentrations of PS, PIP,, or PC
80%/PE 20% liposomes in a total volume of 100 pl at 23°C for 1 h
before centrifugation at 90,000 rpm for 30 min or 1 h at 4°C (Sun,
Guan, et al., 2015). For PS and PIP,, supernatants (S) were carefully
removed, and the pellets (P) were resuspended with the HEPES buf-
fer with the same reaction volume. For PC/PE, the sample below the
floating lipid layer was taken as soluble fraction (S), and the lipid (L)
layer was resuspended. Samples from lipid and non-lipid fractions
were run on SDS-PAGE gel and compared with the total input pro-
tein. The intensities of the C2 protein in supernatant (S) samples
were used to calculate bound C2 and generate the curves for deter-
mining the Ky using the Michaelis-Menton equation y = m1 * x/
(m2 + x), where Ky is m2.

Simultaneous lipid mixing and content mixing assays

The assays were performed similarly as previously described (Liu,
Seven, et al., 2016a; Liu et al., 2017). Briefly, lipid mixtures for T lipo-
somes (38% PC/18% PS/20% PE/20% Cholesterol/2% PIP,/2% DAG)
and V liposomes (39% PC/19% PS/19% PE/20% Cholesterol/1.5%
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NBD-PE/1.5% MB-DHPE) were resuspended in the HEPES buffer by
vortex and sonication. Purified syntaxin and SNAP25 proteins were
mixed with the T liposome lipids, and synaptobrevin with the V lipo-
some lipids in the presence of 1% octyl-B-glucoside (B-OG) to make
T and V proteoliposomes. The detergent was then removed by dialy-
sis in HEPES buffer, and the proteoliposomes were purified by lipid
floatation using a histodenz gradient (0%:25%:35%).

For lipid mixing and content mixing assays, 100 pl T proteolip-
somes (0.25 mM total lipid concentration) that had been incubated
with Munc18-1, o-SNAP, and NSF (unless otherwise indicated)
were mixed with 100 pl V proteoliposomes (0.125 mM total lipid
concentration). Munc13-1 C{C;sMUNCy¢, Ync13 C2, or Ync13
MHD;C,;MHD; was added to examine their ability to promote lipid
mixing and content mixing. The experiments were performed at
30°C, and 0.5 mM final concentration of CaCl, was added 5 min
after the experiment started. We measured lipid mixing by the de-
quenching of Marina Blue labeled V liposomes (excitation 370 nm
and emission 465 nm), and content mixing by the FRET between the
PhycoE-Biotin wrapped in T liposomes and Cy5-Streptavidin
wrapped in V liposomes (excitation 565 nm and emission 670 nm).
Octyl-B-glucoside (1% wt/vol) was added to solubilize all liposomes
and obtain the maximum lipid mixing signal as reference.
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