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Cell cycle-dependent phosphorylation of Sec4p
controls membrane deposition during cytokinesis

Dante Lepore,'® Olya Spassibojko,? Gabrielle Pinto,2 and Ruth N. Collins?

'Field of Biochemisiry, Molecular and Cellular Biclogy, 2Cornell Undergraduate Biology, and *Department of Molecular Medicine, Cornell University, lthaca, NY 14853

Intracellular trafficking is an essential and conserved eukaryotic process. Rab GTPases are a family of proteins that
regulate and provide specificity for discrete membrane trafficking steps by harnessing a nucleotide-bound cycle. Global
proteomic screens have revealed many Rab GTPases as phosphoproteins, but the effects of this modification are not well
understood. Using the Saccharomyces cerevisiae Rab GTPase Sec4p as a model, we have found that phosphorylation
negatively regulates Sec4p function by disrupting the interaction with the exocyst complex via Sec15p. We demonstrate
that phosphorylation of Sec4p is a cell cycle-dependent process associated with cytokinesis. Through a genomic kinase
screen, we have also identified the polo-like kinase Cdc5p as a positive regulator of Secdp phosphorylation. Sec4p
spatially and temporally localizes with Cde5p exclusively when Sec4p phosphorylation levels peak during the cell cycle,
indicating Sec4p is a direct Cdc5p substrate. Our data suggest the physiological relevance of Sec4p phosphorylation is

to facilitate the coordination of membrane-trafficking events during cytokinesis.

Introduction

Membrane trafficking is a conserved and essential eukaryotic
process in which vesicle-enclosed cargo is transported from
one cellular destination to another. Vesicles are loaded with
specific materials for their predetermined destination; there-
fore, trafficking must be tightly regulated to prevent deleterious
effects, such as diseases including, but not limited to, Alzhei-
mer’s disease, cystic fibrosis, I-cell disease, Griscelli syndrome,
and Huntington’s disease (Ben-Yoseph et al., 1987; Ménasché
et al., 2000; Heda et al., 2001; Gauthier et al., 2004; Uemura et
al., 2004; Howell et al., 2006). Members of the Ras superfam-
ily of small GTPases, Rab GTPases (Rabs), help to coordinate
vesicular transport throughout the cell, with at least one Rab
controlling each discrete membrane-trafficking step.

Rabs perform their function of regulating membrane
trafficking by acting as molecular switches, able to cycle be-
tween two different nucleotide-bound conformations (GTP/
GDP). Rabs exchange GDP for GTP with the help of guanine-
nucleotide exchange factors, usually in association with a distinct
membrane location where they engage with effector proteins.
Rabs hydrolyze GTP to GDP through the help of GTPase-
activating proteins. Rab proteins can cycle on and off of mem-
branes through a dual geranylgeranyl modification at the
C terminus (Rossi et al., 1991; Alory and Balch, 2000; Barr
and Lambright, 2010) and are recycled from the membrane to
a cytosolic pool of protein through interaction with guanine-
nucleotide dissociation inhibitor proteins (Ullrich et al.,
1993; Pan et al., 2006).
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Phosphorylation is a known modification of Rabs, with 55
of the ~60 human Rabs containing at least one phosphorylated
residue (Hornbeck et al., 2015); however, very little is known
about the kinases and cellular pathways involved in regulat-
ing phosphorylation and how these modifications may affect
function. Previous work using Saccharomyces cerevisiae Rab
Sec4p as a model found that Sec4p is a multisite phosphopro-
tein with four serine phosphorylation sites situated within two
stretches close to the N and C termini, “TVpSASpSGNGK'> and
SEGNIpSINpSGSGNS?® (Ficarro et al., 2002), and a negative
regulatory role for Sec4p modification (Heger et al., 2011). In
addition, global kinase screens have revealed kinase regulation
of membrane-trafficking pathways may occur at multiple stages
of the endomembrane system (Pelkmans et al., 2005). In this
study, we have investigated the kinase/kinases involved in mod-
ifying Sec4p to elucidate the cellular pathway(s) that control
Sec4p phosphorylation.

Secdp is encoded by an essential gene and is a critical
mediator for the pathway that delivers budding yeast post-Golgi
vesicles to the plasma membrane (Goud et al., 1988). This traf-
ficking step is spatially and temporally regulated to the sites
of active growth reflected in Sec4p localization at the tip of
newly growing cells and at the neck region between dividing
cells (Novick and Brennwald, 1993). The closest mammalian
orthologues of Sec4p are Rab3A, Rab8, and Rab13 (Collins,
2005), and these proteins also regulate post-Golgi trafficking
pathways. The consequences of Rab GTPase activation are
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Figure 1. Detecting phosphorylation in the N terminus of
the Rab GTPase Secdp. (A) Schematic of the Rab GTPase
Sec4p showing relative positions of the GTPase domain and
phosphorylation sites. N- and C+erminal phosphorylation
sites highlighted in red were targeted for antibody produc-
tion. (B) Dot blot of phosphate-modified peptides (sequence
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shown and site of phosphate modifications highlighted in
red) representing Sec4p3-'4 probed with a custom antibody
raised against phosphorylated Sec4p peptide sequences. (C)
Western blot of S. cerevisiae—purified MBP-Sec4p (with and
without alkaline phosphatase treatment) and MBP-Sec4p”'
(S8, 10, 11, 201, and 204A) using pS8 antibody and pan-
Secdp antibody. Calf intestinal alkaline phosphatase (CIP)
was incubated with purifed Sec4p for 30 min at 30°C to
remove phosphorylation. MBP-Sec4p is expressed from an
exogenous plasmid (pRS315 backbone) as the only cellular
copy of Secdp. (D) Regulatory control of Sec4p phosphoryla-
tion in response to nutrient depravation. Carbon and nitrogen
starvation of wildtype cells. Cells were split and incubated at
25°C for 3 hiin YPD, YP + 2% glycerol, YP + 2% sucrose, and
SD-N medium before lysis. (E) Effects of TORCT inhibition on
Secdp phosphorylation. Cells were split into media contain-
ing different concentrations of the TORC1 inhibitor rapamycin
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and incubated for 3 h at 25°C before lysis. WT, wild-type.
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transmitted to downstream effectors, proteins, or protein com-
plexes that bind to the nucleotide-activated or GTP-bound con-
formation (Grosshans et al., 2006). Several effectors have been
identified for Sec4p, including the octameric exocyst complex
(Guo et al., 1999). The exocyst complex is also an effector for
other Ras-related small GTPases and is known to be a central
player that serves as an intersection point for multiple signal
transduction pathways (Chang et al., 2004; Gromley et al.,
2005; Chien et al., 2006; Blankenship et al., 2007; Goehring
et al., 2007; He et al., 2007; Jiang et al., 2007; Nejsum and
Nelson, 2007; Stuart et al., 2007; Bao et al., 2008). The results
of our study suggest that Sec4p phosphorylation acts to control
exocyst function during cytokinesis via the polo-kinase Cdc5p.

Results

Identification of phosphorylated

Secdp in vivo

To investigate and measure the phosphorylation status of Sec4p,
antibodies were raised against modified Sec4p (Fig. 1). The
results are shown for an antibody specifically raised to detect
phosphorylation at the N terminus of Sec4p. Characterization of
this custom antibody using chemically modified Sec4p peptides
(residues 3—14 of Sec4p) reveals specific detection of serine 8
phosphorylation (pS8), and this detection is independent of the
phosphorylation status of nearby serine residues (Fig. 1 A). Fur-
thermore, affinity-tagged, purified Sec4p protein was found to
produce a robust pS8 signal; however, this signal was lost upon
serine 8 to alanine mutation, in additional to alkaline phospha-
tase treatment of the purified wild-type protein (Fig. 1 C). These
data demonstrate a pool of phosphorylated Sec4p exists in vivo;
however, the dynamics of this modification and sensitivity to
signaling pathways remained unknown.
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Secdp phosphorylation is sensitive to
nutrient availability

Considering that Sec4p is directly responsible for cellular
growth by delivering membrane to the site of polarized exo-
cytosis on the plasma membrane, we reasoned that phosphor-
ylation may be sensitive to signaling pathways activated or
inhibited under different nutrient availability conditions. To test
this hypothesis, cells were grown under carbon- and nitrogen-
starvation conditions for 3 h, and then the phosphorylation status
of Sec4p was accessed via Western blot (Fig. 1 D). Phosphoryla-
tion was significantly reduced upon both starvation conditions.
No significant change in phosphorylation was observed when
sucrose was the only carbon source. Additionally, the nitrogen
starvation conditions contained ample glucose, but still showed
a significant decrease in Sec4p phosphorylation, suggesting
that glucose repression was not responsible for the changes ob-
served (Gancedo, 1998). Nutrient availability typically signals
through the target of rapamycin (TOR) pathway, leading to the
regulation cell growth, translation initiation, cell cycle progres-
sion from G,, and autophagy (Barbet et al., 1996; Cardenas et
al., 1999; Kamada et al., 2000). Inhibition of TOR complex 1
(TORC1) using rapamycin shows a dose-dependent ablation
of Secdp phosphorylation (Fig. 1 E). Collectively, the status of
Sec4p phosphorylation is altered in response to general nutrient
availability and downstream of the TORC1 signaling pathway.

Secdp phosphorylation accumulates on
membrane-bound Secdp and interrupts the
interaction with effector protein Sec15p
Sec4p phosphorylation has previously been shown to negatively
regulate Sec4p function (Heger et al., 2011). Sec4p mutants that
replace phosphorylated serine residues with aspartic acid res-
idues to mimic the constitutively phosphorylated state of the
protein (phosphomimetic mutants) failed to functionally replace
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Figure 2. Secdp phosphorylation accumulates on mem-
brane-bound Sec4p and interrupts the interaction with ef-
fector protein Sec15p. (A) Phosphorylation status of GTP
hydrolysis—deficient (Q79L) and GDP exchange-deficient
(S29V) Sec4p mutants. (B) Membrane fractionation of MBP-
Sec4p and MBP-Sec4p”e as the only copy of Secdp and
subsequent Western blot. 100,000 g centrifugation was used
to separate the cytosolic (Cyto.) and membrane (Mem.) frac-
tions. (C) Localization of GFP-Sec4p and temperature-sensi-
tive phosphomimetic GFP-Sec4pPASP DIND (S8 11, 201, and
204D) at permissive (25°C) and restrictive (37°C) tempera-
tures. Cells were split, incubated at designated temperature
for 2 h, and then fixed in 4% PFA before microscopy. (D) Pull-

c down of Sec15p-MBP that was coexpressed with GFP-Sec4p,
GFP-Sec4pe, or GFP-Sec4p*s and subsequent Western blot
analysis using GFP antibody to determine Sec15p interaction
with Sec4p. WT, wild type.
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the wild-type protein, whereas the complementary serine-to-
alanine mutations (Sec4pA'?) were able to functionally replace
wild-type Sec4p. However, the molecular mechanism by which
phosphorylation negatively affects function is not understood.
Using the pS8 antibody, we began to investigate how phos-
phorylation affects function. First, we investigated whether the
nucleotide-bound state of the protein affected phosphorylation.
Previous work had shown that nucleotide hydrolysis and ex-
change rates of phosphomimetic Sec4p were indistinguishable
from wild-type protein in the presence of the GTPase-activating
protein and guanine-nucleotide exchange factor, respectively
(Hegeret al., 2011). However, the effect of the nucleotide-bound
state of Sec4p on phosphorylation was not investigated. Using
GTP-hydrolysis (Q79L) and GDP exchange—deficient (S29V)
(Rinaldi et al., 2015) mutants of Sec4p as the sole copy, prob-
ing Western blots with the Sec4p phospho-specific antibody re-
vealed no significant change in Sec4p phosphorylation levels
(Fig. 2 A). However, membrane-fractionation experiments to
separate the soluble and membrane-bound Sec4p protein pools
indicated that phosphorylation was enriched on the membrane-
bound fraction of Secdp (Fig. 2 B). Furthermore, using a GFP-
tagged, temperature-sensitive phosphomimetic mutant of Sec4p
previously characterized (Heger et al., 2011), we found the

Sec4p mutant accumulated on vesicles in the cytosol at the re-
strictive (but not permissive) temperature (Fig. 2 C).

Because it appeared that Sec4p phosphorylation was nega-
tively affecting the function of Sec4p on membranes, but before
vesicle fusion, we decided to investigate the effector-binding
capacity of the phosphomimetic protein. Yeast two-hybrid anal-
ysis had previously implicated interactions with the exocyst
component and Secdp effector protein Secl5p were disrupted
by Sec4p phosphorylation (Heger et al., 2011). To investigate
this suggestion biochemically, affinity-tagged Sec15p was af-
finity purified from cells ectopically expressing GFP-tagged
SecdpWT, Sec4p?’?, and phosphomimetic Secdp (Fig. 2 D). The
results of this experiment show phosphomimetic Sec4p, but
not Sec4p”?, has a diminished affinity for Sec15p. Failure of
Sec4p to effectively engage with Secl5p is known to result in
severe membrane-trafficking defects leading to cell death and
could explain why the phosphomimetic Sec4p is a nonfunc-
tional replacement of Sec4p.

Kinase overexpression screen to identify
Secdp kinases

Our data indicate that effector binding, which is already known
to be under the control of the nucleotide-bound state of Sec4p,
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can also be controlled by the phosphorylation status of Sec4p.
This suggests that additional cellular pathways may impinge
upon membrane trafficking through Sec4p effector protein re-
cruitment, independent of its nucleotide-bound state. Indeed,
the nutrient-starvation phenotype and sensitivity to rapamycin
suggests a pathway downstream of TORCI, of which there are
many, could be involved. To elucidate the particular cellular
pathways/processes responsible for controlling Sec4p phosphor-
ylation, we sought to identify the kinases directly responsible for
modifying Sec4p. To accomplish this, a kinase overexpression
library was constructed and a screen performed to measure the
phosphorylation status of Sec4p in each overexpression strain.
Because of the redundancy of many S. cerevisiae kinases, an
overexpression screen was favored as opposed to a deletion
screen in which paralogous kinases have the potential to mod-
erate the effects of individual kinase deletions. Additionally, all
essential kinases can be included in an overexpression screen,
which is not the case for a deletion library. 127 kinases and pre-
dicted kinases were cloned onto multicopy plasmids with their
endogenous promoters for the overexpression library (Fig. 3 A).
For each kinase overexpression strain, the levels of Sec4p pS8
and total Sec4p protein were measured in duplicate via Western
blot and normalized to a vector-only control (Fig. 3 B). Addi-
tionally, the data from the screen were processed to compare
an increase in pS8 levels to a vector-only control in case kinase

JCB » VOLUME 214 « NUMBER B » 2016

Cell Division/
Regulation of Cell Cycle

overexpression leads to aberration in Sec4p expression without
disrupting the pool of phosphorylated Sec4p (Fig. S1). Several
kinases were found to significantly increase Sec4p phosphoryla-
tion, making them prime candidates for bona fide Sec4p kinases
(a significant increase was defined as a doubling of Sec4p phos-
phorylation per total Sec4p protein, relative to a vector-only con-
trol). Gene ontology of these kinases together with kinases that
significantly lowered Sec4p phosphorylation was conducted,
and cellular processes like growth and mitotic cell cycle were
enriched (Fig. 3 C), consistent with previous observations of the
impact of nutrient availability on Sec4p phosphorylation status.

Identification of the polo-like kinase CdcS5p

To better understand the relationship between kinase overex-
pression and Sec4p phosphorylation, we sought to reduce the
activity of each candidate kinase and look for a subsequent
reduction of Sec4p phosphorylation. Of the subsets of kinases
for which overexpression significantly increased Sec4p phos-
phorylation, all but one were nonessential. Using the Resgen
haploid deletion collection, pS8 levels were measured for each
kinase deletion strain. Surprisingly, most kinase deletions did
not significantly reduce Sec4p phosphorylation, with the excep-
tion of Vps15p and, to a lesser extent, Sch9p, but neither kinase
deletion strain completely abolished Sec4p phosphorylation
(Fig. 4 A). Vps15p is a vacuolar membrane—associated kinase
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permissive and restrictive temperature. The histogram
shows the mean from three independent replicates
quantified from Western blots and error bars show
the SD. (C, left) Western blot of cells overexpressing
Cdc5p under the GAL4 promoter with galactose (Gal)
as the sole carbon source compared with vector-only
control. (C, right) Bar graph showing the mean pS8
values from three independent replicates of both WT
and Cdc5p overexpression quantified from Western
blots, and error bars show the SD. (D, left) Disrup-
tion of hypothetical polo-box binding motif on Sec4p
(S10,11A) and subsequent Western blot analysis to
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for which deletion results in membrane-trafficking defects
(Herman et al., 1991). General membrane-trafficking defects
have been shown to attenuate pS8 levels in a similar fashion
(Fig. S2); thus, we believe this to be a secondary effect. Addi-
tionally, Sec4p is not known to be associated with vacuolar traf-
fic under conditions of normal cell growth. Sch9A only causes
a minor reduction in phosphorylation; thus, we also believe this
to be a secondary affect, although overexpression does increase
Sec4p phosphorylation. Sch9p is a direct substrate of TORC1,
and TORCI activity was shown to be required for Sec4p phos-
phorylation, thus potentially explaining the overexpression phe-
notype (Urban et al., 2007).

The only remaining kinase that significantly increased
Sec4p phosphorylation upon overexpression was the essential
polo-like kinase CdcS5p. Cdc5p, as the ninth-ranked kinase in
the overexpression screen, was not an obvious candidate. We
reasoned that as Cdc5p is normally present at very low levels as
a result of being targeted for degradation in G, and that Cdc5p
overexpression is toxic to cells, the results from lysates of cells
overexpressing CdcSp on episomal plasmids may not reflect the
potential of Cdc5Sp to phosphorylate Sec4p. To address this de-
ficiency, we used a regulatable promoter to selectively induce

€dc5®

measure changes in Sec4p phosphorylation. (D, right)
Quantification of three separate experiments mea-
suring phosphorylation status relative to total Secdp
protein as in B and C. (E) In vitro kinase assay with
purified Cdc5p and peptides representing Sec4p3'4
as substrates. Samples were incubated at 30°C for
1 h and then analyzed via dot blot of products probed
with Sec4p pS8 antibody.

Cdc5p overexpression and found that the increase in Secdp
phosphorylation was significantly increased relative to episo-
mal plasmid expression (Fig. 4 C).

Cdc5p is responsible for regulating a variety of cellular
processes including, but not limited to, progression of cytokine-
sis via recruitment of Rhol, timely mitotic exit, nuclear shape
during mitosis, and Cdc14 release during anaphase (Yoshida et
al., 2006; Botchkarev et al., 2014; Walters et al., 2014). Cdc5p
was also identified in the landmark cell division cycle screen;
thus, a temperature-sensitive allele is available for further study
(Hartwell et al., 1973). Using the cdc5ts allele, we sought to
determine if Cdc5p activity was required for Sec4p phosphor-
ylation. Indeed, at the restrictive temperature, Sec4p phos-
phorylation was almost completely ablated in the cdc5ts strain
(Fig. 4 B). Additionally, there does appear to be a slight de-
crease in Sec4p pS8 levels even at the permissive temperature,
consistent with a partially impaired Cdc5p protein.

The activity of Cdc5p is regulated by its spatial and
temporal subcellular localization throughout cell cycle pro-
gression (Cheng et al., 1998; Park et al., 2004). Cdc5p protein
levels are controlled in an antigen-presenting cell-dependent
way, peaking in S/G, and being actively degraded in G,

Secdp Rab phosphorylation regulated by Cdcb ¢ Lepore et al.
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Figure 5. Secdp phosphorylation peaks during co-
localization of Sec4p and Cdc5p during cytokinesis.
(A) Microscopy of GFP-Sec4p and Cdc5p-3xmCherry
at various stages of cell cycle based on bud size and
Sec4p localization. (B, top) Nocodazole synchrony
and release of GFP-Sec4p-expressing cells, in which
Sec4p localization was monitored and categorized.
(bottom) Nocodazole synchrony and release for wild-
type cells, in which cells were pelleted and frozen in
liquid nitrogen for each time point. (C) a-Factor syn-
chrony and release of barla cells. At each indicated
time point, cells were pelleted and frozen in liquid
nitrogen for Western blot. (top) Analysis of Secdp
localization imaged by immunofluorescence at the
indicated time points after afactor release. (bottom)
Cells were taken from the same culture and time
points as for Western blot analysis, but fixed in 2%
PFA for each time point.
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(Visintin et al., 2008). Furthermore, Cdc5p is targeted to its
substrates via a polo-box domain (PBD) through recogni-
tion of a core S—pS/pT-P/X phosphopeptide motif (Song et
al., 2000; Elia et al., 2003). Examination of the mass spec-
trometry—confirmed phosphorylation sites on Sec4p reveals
a hypothetical core PBD recognition site on Sec4p amino
acids 10-12 (Fig. 1 A). Disruption of this hypothetical PBD
recognition motif via alanine mutagenesis (S10,11A) shows
a dramatic decrease in Sec4p phosphorylation (Fig. 4 D). Ad-
ditionally, based on the characterization of the pS8 antibody,
we are confident that mutagenesis of S10 and S11 does af-
fect substrate recognition.

To show that Cdc5p can directly modify Sec4p, Cdc5p
was purified from S. cerevisiae and used for in vitro kinase as-
says with Sec4p’'* peptides as substrates. Peptides were ana-
lyzed for modifications via a dot blot and subsequent probing
with the pS8 antibody. Cdc5p was able to directly modify Sec4p
peptide substrates (Fig. 4 E). The addition of a phosphate on
S11 to mimic the hypothetical polo-box binding phosphopep-
tide did not affect the final total of phosphorylated Sec4p as
compared with unmodified Sec4p peptide; however, the rates of
phosphorylation were not addressed in this study.

To determine the physiological relevance of phosphorylation
of Secd4p by Cdc5p, we examined the spatial and temporal lo-
calization of Cdc5p and Sec4p. Both Cdc5p and Sec4p change
subcellular localization throughout the cell cycle, with Sec4p
localizing to the bud tip, the periphery of the growing bud, and
the bud neck for cytokinesis and Cdc5p localizing to the nu-
cleus, spindle-pole bodies, and site of cytokinesis (Song et al.,
2000). Using a GFP-tagged Sec4p and a 3x-mCherry—tagged
Cdc5p, we examined the localization of both proteins at var-
ious stages of the cell cycle (Fig. 5 A). Early budded cells in
G, show Sec4p at the tip of the growing bud, whereas Cdc5p
is either not visible or appears to be in the vacuole, consistent
with Cdc5p being actively degraded. In S/G,, Cdc5p becomes
localized to the nucleus or spindle pole bodies, whereas Sec4p
is more distributed throughout the daughter cell for isotropic
growth. During late M-phase or cytokinesis, we find that Sec4p
and Cdc5p colocalize at the bud neck. Not only does this show
that Cdc5p is in a position to phosphorylate Sec4p in vivo, but
it also suggests that Sec4p is phosphorylated at a specific time
point in the mitotic cell cycle.
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To determine if Sec4p phosphorylation is a cell cycle—
dependent modification, we performed cell synchrony and re-
lease experiments via two independent methods: the mating
pheromone o-factor to halt cells in G, and the microtubule-
depolymerizing agent nocodazole to halt cells in metaphase. In
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Figure 6. Secdp phosphorylation is up-reg-
ulated upon cytokinetic stress and is required
for proper cell size maintenance. (A) Secdp
phosphorylation status in myolA strain com-
pared with wild type (WT). Total Sec4p and
Pgk1p were also probed for loading controls.
Quantification of three independent measures
is presented in a bar graph. (B) Sec4p phos-
phorylation status in hoflA strain compared
with WT. Total Sec4p and Pgklp were also
probed for loading controls. Quantification of
three independent measures is presented in a
bar graph. (C) Microscopy of GFP-Sec4p in
a hof1A background. (D) DIC microscopy of
hof1A cells expressing wildtype Sec4p and
Sec4p’A. (E) Quantification of cell size. Cell
size was measured using Image) (National In-
stitutes of Health) to take the area of the mother
cell exclusively, as the size of the bud is more
indicative of position within the cell cycle as
opposed to overall cell size. Error bars are SD,
and the significance was calculated using a
two-ailed Student's t test. (**) The confidence
level was >99%. Measurements from 150 cells
were made for each strain.

both cases, Sec4p phosphorylation was found to be a highly
dynamic process and only showing pS8 phosphorylation for
~30 min per each cell cycle (Fig. 5, B and C). The localiza-
tion of Sec4p during synchrony and release experiments was
monitored by GFP-tagged Sec4p (nocodazole release) and

Figure 7. Cartoon model for Sec4p phosphorylation by
Cdc5p during cytokinesis. As the cell prepares for cytokinesis
at the end of mitosis, Cdc5p kinase phosphorylates Sec4p
on secretory vesicles at the site of future cell division. This
phosphorylation event will block interaction with Sec15p, the
downstream effector, and halt the addition of new plasma
membrane at this location. Plasma membrane traffic is not
halted at other locations so the cells can continue to enlarge
during this period. As cytokinesis progresses, Sec4p dephos-
phorylation will facilitate exocyst function and allow the cells
to form the new plasma membrane at the site of cytokinesis.
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immunofluorescence (a-factor release), and, in both cases, the
rise and fall of bud neck localization of Sec4p corresponds with
pS8 phosphorylation (Fig. 5, B and C). These data show that
phosphorylation of Sec4p occurs in a cell cycle-dependent
manner and specifically when Sec4p is at the bud neck, where
it colocalizes with Cdc5p. Collectively, Cdc5p phosphorylates
Secdp in a cell cycle-dependent manner at the bud neck of
late-budded cells during cytokinesis.

Secdp phosphorylation is sensitive to
cytokinetic defects and impacts cell size

Our data indicated Sec4p phosphorylation is a cell cycle mod-
ification that is spatially and temporally restricted to cytokine-
sis. To further investigate the physiological relevance of Sec4p
phosphorylation in relation to cytokinesis, we examined the
impact of cytokinetic defects on Sec4p phosphorylation. We
hypothesized that Sec4p phosphorylation may provide a mech-
anism to link plasma membrane trafficking at the site of cell
division with other events of cytokinesis. To induce cytokinetic
defects, we used myolA and hofIA cell lines, which are dis-
tinct mutants shown to be defective in cell separation, but still
viable (Watts et al., 1987; Lippincott and Li, 1998; Korinek et
al., 2000). Hof1p acts just before and during cytokinesis in reg-
ulation of the actin cytoskeleton and formins (Oh et al., 2013).
Myolp is a type II myosin heavy chain, that acts downstream
of Hoflp and localizes to the actomyosin ring for cell separa-
tion after cytokinesis is initiated. hof1A cells also have enlarged
cell size and defects in apical growth (Graziano et al., 2014).
Interestingly, Hoflp is also a reported substrate for Cdc5p
(Meitinger et al., 2011). We found that in hofIA cells, but not
myolA cells, there is a very large increase in Sec4p phosphor-
ylation (Fig. 6, A and B). Furthermore, Sec4p localization in a
hof1A cell line is in agreement with Graziano et al. (2014), and
bud neck localization can be seen in groups of cells that have
not completed budding (Fig. 6 C). This observation suggests
that the increased Sec4p phosphorylation of hofIA cells reflects
the fact that the hofIA cells spend a longer time in cytokine-
sis just before cell separation than do wild-type cells. Because
phosphorylation was increased in the hoflIA background, we
next investigated the impact of removing Sec4p phosphoryla-
tion. For this experiment, we created a Secdp allele in which
each reported position of phosphorylation has been mutated to
alanine (Hornbeck et al., 2015). This allele contains Sec4p with
positions S2, 8, 10, 11, 201, 204, and T6 all converted to alanine
residues; we refer to this mutant as Sec4pA”. When Sec4p?” was
expressed as the sole copy of Secdp in hoflA, we saw that cells
were significantly smaller, thus partially rescuing the hofIA
phenotype although the cytokinetic defects remain (Fig. 6 D).
This significant reversal of phenotype could be explained if the
lack of phosphorylated Sec4p allows hof1A cells to bypass the
period of waiting to physically separate, which is the major de-
fect of these cells. The significant reversal of phenotype in the
hof1A cells prompted us to further examine the impact of a non-
phosphorylatable version of Sec4p in wild-type cells. If Secdp
phosphorylation is used to link growth with cytokinesis, then a
cell unable to make use of this mechanism would be expected
to have an associated cell size phenotype due to reduced coordi-
nation of plasma membrane growth with cell cycle division. We
examined this in a wild-type genetic background, expressing
Secdp”7 as the sole copy, and observed that cells were reproduc-
ibly smaller (Fig. 6 E). These results suggest that Sec4p phos-
phorylation at the neck of dividing cells alters the timing of the
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membrane-trafficking events responsible for plasma membrane
closure during cytokinesis. Phosphorylation blocks exocytosis
in this region, and so wild-type cells grow slightly larger before
cell division. In cells in which Sec4p cannot be phosphorylated,
there is no such block at the neck, and cytokinesis progresses
more rapidly, resulting in a slightly smaller cell size phenotype.

Discussion

Sec4p phosphorylation had previously been characterized to
negatively regulate function; however, the signaling pathways
involved, the molecular mechanism by which function is dis-
rupted, the dynamics of these modifications, and the kinases
involved were unclear (Heger et al., 2011). In this study, we
demonstrate that Sec4p phosphorylation is a dynamic modifi-
cation and observed the phosphorylation status changes accord-
ing to nutrient availability. Nutrient starvation elicits numerous
cellular responses, including halting cells in G, (Barbet et al.,
1996; Rohde et al., 2001), and further investigation revealed
that Sec4p phosphorylation is a cell cycle-dependent modifi-
cation that peaks during late M phase, specifically cytokinesis,
and is removed during G, suggesting that our data showing
lack of phosphorylation during nutrient starvation were primar-
ily reflective of cell cycle arrest. A previous genetic study exam-
ining interactions between cdc mutants and genes involved in
polarized cell traffic had suggested a connection between path-
ways involved in cell cycle and polarity establishment (Finger
and Novick, 2000), and in this study, we show that a genomic
kinase screen for Sec4p phosphorylation reveals an enrichment
for mitotic cell cycle kinases, further supporting the idea that
changes in phosphorylation controlled by cell cycle progression
are influential for membrane traffic.

The molecular mechanism by which phosphorylation
negatively affects function appears to be via a disruption of the
interaction between Sec4p and the exocyst component Sec15p.
Indeed, phosphorylation is enriched on the membrane-bound
pool of Sec4p relative to the cytosolic fraction and is in a phys-
iologically relevant location to modulate the interaction be-
tween Sec4p and the exocyst complex. Temperature-sensitive
phosphomimetic Sec4p is associated on the surface of accumu-
lated vesicles, which is a phenotype similar to that observed in
Secl5p temperature-sensitive mutants (Salminen and Novick,
1989). Furthermore, biochemical analysis of a full phosphomi-
metic shows reduced affinity for Sec15p relative to the wild-
type and the complimentary alanine mutant. It is important to
note that detection of phosphorylated Sec4p in this study was
measured using pS8 as a marker; however, there are a total of
seven phosphorylation sites that have been identified (Sadowski
et al., 2013). It is possible that additional intermediate species
of phosphorylated Sec4p exist and have distinct or overlapping
functions. However, in this study, we were unable to distinguish
potential differentially phosphorylated isoforms. The precise
structure by which Sec4p associates with Sec15p is not currently
known; however, it is known to include the regions on Sec4p
that are modified by phosphorylation (Guo et al., 1999), and the
structure of the human orthologue Rab3A with its effector Rab-
philin includes the analogous N-terminal region that extends
from the core GTPase domain (Stroupe and Brunger, 2000).

We also identified the polo-like kinase Cdc5p as a poten-
tial Secdp kinase from a kinase overexpression screen and fur-
ther demonstrated that Cdc5p activity is responsible for Sec4p



phosphorylation, and CdcSp is capable of directly modifying
Secdp in vitro. Cdc5 temperature-sensitive alleles show syn-
thetic negative interaction with sec4-8 and secl5-1 (Fig. S4).
Additionally, the spatial and temporal colocalization of CdcSp
and Secdp corresponds to the rise of Sec4p phosphorylation
during cytokinesis, and loss of phosphorylation correlates with
the degradation of Cdc5p and Sec4p localization changes from
the site of cytokinesis to the newly forming bud tip.

The pathway required to dephosphorylate Sec4p remains
to be definitively identified. Previous work suggests that PP2A
in complex with Cdc55p is a Secdp phosphatase (Heger et al.,
2011), and cdc55A cells have elongated buds as a result of ex-
cessive polarized exocytosis (Healy et al., 1991). We found that
cdc55A cells do not have significant changes in Sec4p phos-
phorylation levels (Fig. S3). However, this result is difficult
to interpret, as cdc55A cells show decreased Sec4p bud neck
localization that could offset any expected rise in Sec4p phos-
phorylation caused by a lack of Cdc55p. Multiple phosphatases
are known to regulate mitotic exit; diversity in this pathway and
coordination with other cellular processes may also influence
cell size and shape in other systems (Cundell et al., 2013).

Several interesting possibilities suggest themselves to
explain the physiological role of Sec4p phosphorylation at the
neck during cytokinesis. In animal cells, there is a specific re-
quirement for the exocyst complex during cytokinesis (Neto
et al., 2013), and this complex also participates in membrane
delivery at the site of division in S. cerevisiae (Novick et al.,
2006; Heider and Munson, 2012). Because the exocyst provides
a link between cell-surface delivery and division, it represents
an ideal nexus for the integration of different physiological sig-
nals (Lipschutz et al., 2000; Wiederkehr et al., 2003; Bodemann
et al., 2011), some of which are already known to be subject
to phosphorylation control (Macé et al., 2005). We show that

Table 1. Strain list

cell cycle-dependent phosphorylation of Sec4p reduces the
affinity for the exocyst component Secl15p and thus provides
an intervention point for the integration of post-Golgi vesicle
traffic and membrane tethering with cytokinesis (Fig. 7). Ad-
ditionally, Cdc42p, which (like Sec4p) preferentially interacts
with the exocyst complex in its GTP-bound state (Wu et al.,
2010), is inhibited in a CdcSp-dependent mechanism during
mitotic exit (Atkins et al., 2013). Cdc42p interacts with exocyst
subunit Exo70p when Cdc42p is directly associated with the
plasma membrane. The Cdc5p-dependent inhibition of Cdc42p
has also been shown to be important for proper cytokinesis
and would affect the ability of the exocyst to tether vesicles
to the plasma membrane.

General disruptions to membrane trafficking, particularly
endocytosis, have been noted to occur during mitosis (Warren
et al., 1984; Fielding et al., 2012). Phosphorylation of the exo-
cyst component Exo84 by Cdc28p has been shown to cause
dissociation of the exocyst complex (Luo et al., 2013). Exo84
phosphorylation occurs as early as metaphase, whereas Sec4p
phosphorylation was found to occur after release from meta-
phase, suggesting that Exo84 phosphorylation to inhibit cell
growth happens slightly before Sec4p phosphorylation. Further-
more, Cdc28p, which phosphorylates Exo84p, also phosphory-
lates Cdc5p, leading to its activation, and may link Sec4p and
Ex084p phosphorylation (Simpson-Lavy and Brandeis, 2011).

Rab phosphorylation in general may provide a convenient
mechanism to coordinate membrane trafficking with cell cycle
changes. Indeed, Rabl and Rab4 have previously been shown
to be preferentially phosphorylated during mitosis (Bailly et al.,
1991). Further work to characterize the phosphorylation status
of other Rab proteins is needed to address the true functional sig-
nificance of Rab phosphorylation during mitosis and to demon-
strate such modifications represent a regulatory mechanism

Strain Genotype Source
NY605 MATa ura3-52 lev2-3,112 Novick laboratory®
RCY1507 MATa ura3-52 leu2-3,112 his34200 SEC4AHIS3 [YCP50 SEC4) Calero et al., 2003
CuY318 MATa adel ade2 lys2 tyr1 gall his7 cdc5s Huffaker laboratory®
RCY3343 MATa ura3-52 leu2-3,112 his340 Collins laboratorye
RCY3350 MATa ura3A0 leu2-3,112 cdc550KANR Heger et al., 2011
RCY5066 MATa ura3-52 leu2-3,112 his3A0 BAR1AHIS3 This study
RCY5009 MATa ura3-52 leu2-3,112 his34200 SEC4AHIS3 [pRS315 MBP-SEC4) This study
RCY5010 MATa ura3-52 leu2-3,112 his34200 SEC4AHIS3 [pRS315 MBP-SEC4 S$8,10,11,201,204A] This study
RCY5085A MATa ura3-52 leu2-3,112 his340 sch9AHIS3 This study
RCY5090 MATa his340 leu240 ura340 env7AKANR Resgend
RCY5091 MATa his3A0 leu2A0 ura340 sky 1TAKANR Resgen
RCY5092 MATa his3A0 leu2A0 ura340 pkh3AKANR Resgen
RCY5081 MATa his3A0 leu2A0 ura340 sakTAKANR Resgen
RCY5093 MATa his3A0 leu2A0 ura340 slt2A KANR Resgen
RCY5094 MATu his340 leu240 ura3A0 psk2AKANR Resgen
RCY5095 MATa his3A0 leu2A0 ura340 stel TAKANR Resgen
RCY5096 MATa his3A0 leu2A0 ura340 vps 1 5AKANR Resgen
RCY4607 MATa his3A0 leu2A0 ura340 kcc4KANR Resgen
RCY5097 MATq his3A0 leu2A0 ura3A0 bub 1AKANR Resgen
RCY5130 MATa ura3-52 leu2-3,112 his34200 hof TAKANR SECAAHIS3 [YCP50 SECA) This study
RCY5126 MATa ura3-52 ade2-101 his34200 myolALEU2 SECAAHIS3 [YCP50 SECA) This study
RCY5120 MATa ura3-52 leu2-3,112 his34200 SEC4AHIS3 [pRS315 SEC4 52, 8, 10, 11, 201, 204A; T6A] This study

9Novick Laboratory, University of California, San Diego, San Diego, CA.
bHuffaker Laboratory, Cornell University, Ithaca, NY.
Collins Laboratory, Cornell University, Ithaca, NY.

dResgen haploid delete collection: http://www-sequence.stanford.edu/group/yeast_deletion_project/.
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by which cell cycle signaling pathways can impinge upon criti-
cal membrane-trafficking pathways that remodel both organelle
shape and distribution inside of cells and the surface that regu-
lates the shape and size that cells present to the exterior.

Materials and methods

Yeast strains, media, and reagents

The S. cerevisiae strains and plasmids used in this study are listed
in Tables 1 and 2, respectively, and were created using standard
manipulations. For Western blot analysis, gels were transferred to
polyvinylidene difluoride Immobilon membrane (EMD Millipore)
before probing with antibodies including anti-GFP antibody (ab6556;
Abcam), pS8 antibody (21st Century Biochemicals), and anti-Sec4p
(this study). Blots were subsequently incubated with the appropriate
secondary antibody coupled to alkaline phosphatase, imaged using
CDP-Star chemiluminescence reagent (PerkinElmer), and recorded
with an LAS3000 (Fujifilm).

Antibody testing

For characterization of pS8 antibody, 100 ug of synthetic peptides was
loaded onto a nitrocellulose membrane using a dot blot apparatus (cat-
alog no. 170-6545; Bio-Dot; Bio-Rad Laboratories). The membrane
was probed with the pS8 antibody at a 1:1,000 dilution and a 1:2,500
goat anti-rabbit [g HRP secondary before ECL detection and imaging.

Nutrient starvation and rapamycin treatments

For nutrient-starvation assays, one culture of cells (RCY3651) was
grown overnight, split into four different media conditions with a start-
ing ODyy, of 0.3, then allowed to grow for 3 h at 25°C. Yeast extract
peptone (YP) medium with 2% glucose, 2% sucrose, or 2% glycerol
was used to compare different carbon sources. SD-N (0.17% yeast
nitrogen base without amino acids and 2% glucose) was used to ob-
serve the effects of nitrogen starvation. Rapamycin was obtained from
EMD Millipore (553210).

Protein purification

The protocol for Cdc5p purification was adapted from previous pub-
lished studies (St-Pierre et al., 2009). In brief, 6X-His-SUMO-tagged
Cdc5p under a GALI/10 promoter (pRC5463A) was expressed in 2
liters of yeast culture, pelleted at 3,000 g for 10 min, resuspended in
30 mM KPO,, 0.5 M NaCl, 10 mM Tris, pH 8, 5% glycerol, | mM

Table 2. Plasmid list

PMSF, and 5 mM -glycerol phosphate, and lysed using glass beads.
Cdc5p was purified using PrepEASE agarose-conjugated Ni resin
(Affymetrix) and eluting with 250 mM imidazole. MBP-Sec4p (both
wild-type and Ala mutants) for pS8 antibody characterization was pu-
rified from 50 ml RCY5009 and RCY5010. Cells were harvested by
glass-bead lysis into 10 mM Tris, pH 7.5, 10 mM NaN;, | mM PMSF,
1 mM benzamidine, 0.2 mM DTT, and 1 mM MgCl,. MBP-Sec4p was
purified using amylose resin (E8021L; New England Biolabs, Inc.) and
eluted into 10 mM maltose, 100 mM NaCl, 50 mM Tris, pH 9.5, 1 mM
MgCl,, and 0.2 mM DTT. Phosphatase treatment was performed by
adding 20 units of Calf Intestinal Alkaline Phosphatase (M0290S; New
England Biolabs, Inc.) and incubating samples for 1 h at 37°C.

Membrane fractionation

MBP-Sec4p wild-type and alanine mutants were grown to mid-log
phase OD, and 15 OD units of cells were lysed using glass beads into
10 mM Tris, pH 7.5, 10 mM NaNj;, 200 mM sorbitol, 1 mM PMSF,
1 mM benzamidine, 0.2 mM DTT, 5 mM p-glycerol phosphate, 50 mM
NaF, and 2 mM EDTA. Samples were clarified for 10 min at 4°C and
10,000 g. The supernatant was then centrifuged for 1 h at 100,000 g to
separate the insoluble membrane fraction from the cytosolic fraction.
The supernatant was removed, and the membrane was resuspended in
the original lysis buffer before preparation for Western blot.

Fluorescence microscopy

An Eclipse E600 microscope (Nikon) was used for fluorescence and
differential interference contrast (DIC) microscopy equipped with 1x
optivar (0.08 pm/pixel), 60x Oil objective (1.4 numerical aperture), and
10x/25 eye piece (CFI UW; Nikon), and imaged with a Clara CCD
camera (DR-328G-C01-SIL; Andor Technology). A C-FL GFP HC
HISN zero shift filter set and C-FL Texas Red HC HISN zero shift
filter set were used for GFP and mCherry image acquisition, respec-
tively. Images were taken as a series of z-stacks in 0.6-um increments
over 8 um using NIS-Elements Advanced Research imaging software.
Images were deconvolved using AutoQuant X software. For heat-
shock experiments and cell-synchrony and release experiments, cells
were fixed in 4% PFA for 30 min before washes and resuspension in
PBS for imaging. Cdc5p and Secdp colocalization experiments were
performed on live cells.

Kinase overexpression library preparation and screen
127 yeast kinases were individually cloned into a pRS426 multi-copy 2u
plasmid using homologous recombination. The endogenous promoter

Plasmid identification no. Description Source
pRC5316 MBP-Sec4p/pRS315 This study
pRC5313D MBP-Sec4p $8,10,11,201,204A/pRS315 This study
pRC1820 Sec4p/pRS315 Collins laboratory
pRC3423 Sec4p Q79L/pRS315 Heger et al., 2011
pRC5475 Sec4p S29V/pRS315 This study
pRC5464A Sec4p S10,11A/pRS315 This study
pRC5463A ppSUMO Cdc5p/pRS426 This study
pRC651 GFP-Secdp/pRS315 Collins laboratory
pRC3000 GFP-Sec4p $8,11,201,204D/pRS315 Heger et al., 2011
pRC5473 GFP-Secdp $8,10,11,201,204D/pRS315 This study
pRC5472 GFP-Sec4p $8,10,11,201,204A/pRS315 This study
pRC5474 Sec15p-MBP/pRS426 This study
pRC5460 Cdc5p-3xmCherry/pRS316 This study
pRC5468 SEC452,8,10,11,201,204A T6A/pRS315 This study
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and terminator were included for all kinases (except KNS/ and PBS2).
A full list of library kinases can be found in Table S1. Plasmids were
transformed into the yeast strain NY605, and then single colonies were
picked and grown up in SCD-Ura growth medium overnight (Table 2).
Samples were harvested in mid-log phase, and 10 OD units of cells were
spun down, washed in TAZ buffer, 10 mM Tris, pH 7.5, and 10 mM
NaNj;, and then resuspended in 10 mM Tris, pH 7.5, 10 mM NaN;,
200 mM sorbitol, ] mM PMSF, 1 mM benzamidine, 0.2 mM DTT, 5 mM
B-glycerol phosphate, 50 mM NaF, and 2 mM EDTA for glass-bead lysis.

Pulldown assay

Sec15-MBP and GFP-Sec4p wild-type and alleles (all Sec4p mutants
expressed ectopically) were expressed in RCY3651 cells and grown in
yeast peptone dextrose (YPD) to mid-log phase. 200 ml of culture was
harvested, lysed with glass beads in 10 mM Tris, pH 7.5, 10 mM NaNj,
1 mM PMSF, 1 mM benzamidine, 0.2 mM DTT, and 1 mM MgCl,,
5 mM f-glycerol phosphate, and 50 mM NaF lysis buffer. Triton X-100
was added to a final concentration of 1% to solubilize membranes. Cell
lysate was clarified at 2,000 g for 30 min, and then Sec15-MBP was
purified using amylose resin (E8021L; New England Biolabs, Inc.)
and eluted directly from resin with SDS-PAGE sample buffer contain-
ing DTT. GFP-Sec4p was probed for via Western blot with anti-GFP
antibody (Ab6556; Abcam).

In vitro kinase assay

For each reaction, samples were incubated in 15 mM KPO,, 5 mM
Tris, pH 8, 250 mM NaCl, 2.5% glycerol, 10 mM MgCl,, and 200 uM
ATP. 2 pg of substrate peptides and 100 pl CdcSp purification prep
were added, and reactions were brought to a final volume of 200 ul.
Reactions were started with the addition of Cdc5p and incubated for
1 h at 30°C. Aliquots were then assayed on nitrocellulose using Dot-
Blot apparatus (catalog no. 170-6545; Bio-Dot; Bio-Rad Laboratories)
and pS8 antibody analysis.

Cell cycle synchrony and release

To achieve cell synchrony, cells were treated with either 10 ug/ml noco-
dazole (Cayman Chemical) or 1 ug/ml a-factor (4003514; Bachem) and
grown at 30°C for 2 h. Cells were imaged with DIC microscopy and
checked to ensure >95% synchrony (large-budded cells or shmoo forma-
tion for nocodazole and a-factor, respectively). Cells were washed and
resuspended in prewarmed 30°C YPD to initiate the release. Cells were
grown in a 30°C shaker, and 3 ODy, units of cells were taken every 10
min, pelleted, washed in 10 mM Tris, pH 7.5, and 10 mM NaNj, pelleted
once again, and snap frozen in liquid nitrogen (for each sample, it took
~3 min to take cells from incubator until the pellet was snap frozen in lig-
uid nitrogen). For immunofluorescence preparation, aliquots were taken
every 10 min and mixed with 2x fixative (8% PFA). a-Factor synchrony
experiments were performed in barlA cells (RCY5066) for efficient
synchrony and release. Endogenous Sec4p was monitored for phosphor-
ylation via Western blot in both synchrony experiments, but nocodazole
release localization experiments used GFP-Sec4p as the sole copy of
Secdp. a-Factor release experiments monitored endogenous Sec4p lo-
calization via immunofluorescence. For immunofluorescence experi-
ments, cells were spheroblasted in 100 mM KPi, pH 7.5, 1.2 M sorbitol,
zymolyase, and 0.2% 2-mercaptoethanol for 30 min, permeabilized with
0.1% SDS, and blocked in 10% goat serum PBS (30 min). Sec4p was
detected using 1:500 mouse anti-Sec4p (generated in collaboration with
Whittaker laboratory) and a goat anti-mouse Alexa Fluor 488 secondary.

Online supplemental material
Fig. S1 shows a summary of the kinase overexpression screen with
each point representing the mean relative deviation of two independent

measurements of pS8 levels in a specific kinase overexpression
background from a vector-only control. Fig. S2 shows a Western
blot analysis of pS8 and Sec4p levels in the membrane-trafficking
temperature-sensitive strains after 1-h shift to 37°C. Fig. S3 shows
a quantitative Western blot analysis of pS8 and Sec4p levels in
wild-type and cdc55A cells from three independent samples, with
error bars showing SD. Fig. S4 shows tetrad dissection and genetic
analysis of haploid spores from a cdc5" strain crossed with sec4-8 or
secl5-1. Table S1 provides an analysis of the pS8/Sec4p ratio for kinase
overexpression screen. Each number represents the relative deviation
of the ratio pS8/Secdp levels from a vector-only control as measured
by quantification of Western blot data. Online supplemental material
is available at http://www.jcb.org/cgi/content/full/jcb.201602038/DC1.

Acknowledgments

We thank the Whittaker laboratory for help in designing and isolating
pan Sec4p antibodies, as well as the Huffaker laboratory for provid-
ing yeast strains.

This work was supported by National Institutes of Health Predoctoral
Training in Cellular and Molecular Biology (5T32GM007273) and by a
grant from the National Institutes of Health (5RO1GM069596)
to R.N. Collins.

The authors declare no competing financial interests.

Submitted: 17 February 2016
Accepted: 4 August 2016

References

Alory, C., and W.E. Balch. 2000. Molecular basis for Rab prenylation. J. Cell
Biol. 150:89-103. http://dx.doi.org/10.1083/jcb.150.1.89

Atkins, B.D., S. Yoshida, K. Saito, C.F. Wu, D.J. Lew, and D. Pellman. 2013.
Inhibition of Cdc42 during mitotic exit is required for cytokinesis. J. Cell
Biol. 202:231-240. http://dx.doi.org/10.1083/jcb.201301090

Bailly, E., M. McCaffrey, N. Touchot, A. Zahraoui, B. Goud, and M. Bornens.
1991. Phosphorylation of two small GTP-binding proteins of the Rab
family by p34cdc2. Nature. 350:715-718. http://dx.doi.org/10.1038
/35071520

Bao, Y., J.A. Lopez, D.E. James, and W. Hunziker. 2008. Snapin interacts with
the Exo70 subunit of the exocyst and modulates GLUT4 trafficking.
J. Biol. Chem. 283:324-331. http://dx.doi.org/10.1074/jbc.M706873200

Barbet, N.C., U. Schneider, S.B. Helliwell, 1. Stansfield, M.F. Tuite, and
M.N. Hall. 1996. TOR controls translation initiation and early Gl
progression in yeast. Mol. Biol. Cell. 7:25-42. http://dx.doi.org/10.1091
/mbc.7.1.25

Barr, F,, and D.G. Lambright. 2010. Rab GEFs and GAPs. Curr. Opin. Cell Biol.
22:461-470. http://dx.doi.org/10.1016/j.ceb.2010.04.007

Ben-Yoseph, Y., M. Potier, D.A. Mitchell, B.A. Pack, S.B. Melancon, and
H.L. Nadler. 1987. Altered molecular size of N-acetylglucosamine
1-phosphotransferase in I-cell disease and pseudo-Hurler polydystrophy.
Biochem. J. 248:697-701. http://dx.doi.org/10.1042/bj2480697

Blankenship, J.T., M.T. Fuller, and J.A. Zallen. 2007. The Drosophila homolog
of the Exo84 exocyst subunit promotes apical epithelial identity. J. Cell
Sci. 120:3099-3110. http://dx.doi.org/10.1242/jcs.004770

Bodemann, B.O., A. Orvedahl, T. Cheng, R.R. Ram, Y.H. Ou, E. Formstecher,
M. Maiti, C.C. Hazelett, EEM. Wauson, M. Balakireva, et al. 2011.
RalB and the exocyst mediate the cellular starvation response by direct
activation of autophagosome assembly. Cell. 144:253-267. http://dx.doi
.org/10.1016/j.cell.2010.12.018

Botchkarev, V.V. Jr., V. Rossio, and S. Yoshida. 2014. The budding yeast Polo-
like kinase Cdc5 is released from the nucleus during anaphase for
timely mitotic exit. Cell Cycle. 13:3260-3270. http://dx.doi.org/10.4161
/15384101.2014.953882

Calero, M., C.Z. Chen, W. Zhu, N. Winand, K.A. Havas, PM. Gilbert, C.G. Burd,
and R.N. Collins. 2003. Dual prenylation is required for Rab protein

Secdp Rab phosphorylation regulated by Cdcb ¢ Lepore et al.

701


http://www.jcb.org/cgi/content/full/jcb.201602038/DC1
http://www.jcb.org/cgi/content/full/jcb.201602038/DC1
http://dx.doi.org/10.1083/jcb.150.1.89
http://dx.doi.org/10.1083/jcb.201301090
http://dx.doi.org/10.1038/350715a0
http://dx.doi.org/10.1038/350715a0
http://dx.doi.org/10.1074/jbc.M706873200
http://dx.doi.org/10.1091/mbc.7.1.25
http://dx.doi.org/10.1091/mbc.7.1.25
http://dx.doi.org/10.1016/j.ceb.2010.04.007
http://dx.doi.org/10.1042/bj2480697
http://dx.doi.org/10.1242/jcs.004770
http://dx.doi.org/10.1016/j.cell.2010.12.018
http://dx.doi.org/10.1016/j.cell.2010.12.018
http://dx.doi.org/10.4161/15384101.2014.953882
http://dx.doi.org/10.4161/15384101.2014.953882

702

localization and function. Mol. Biol. Cell. 14:1852-1867. http://dx.doi
.org/10.1091/mbc.E02-11-0707

Cardenas, M.E., N.S. Cutler, M.C. Lorenz, C.J. Di Como, and J. Heitman. 1999.
The TOR signaling cascade regulates gene expression in response to
nutrients. Genes Dev. 13:3271-3279. http://dx.doi.org/10.1101/gad.13
.24.3271

Chang, L., S.H. Chiang, and A.R. Saltiel. 2004. Insulin signaling and the
regulation of glucose transport. Mol. Med. 10:65-71. http://dx.doi.org/10
.2119/2005-00029.Saltiel

Cheng, L., L. Hunke, and C.F. Hardy. 1998. Cell cycle regulation of the
Saccharomyces cerevisiae polo-like kinase cdc5p. Mol. Cell. Biol.
18:7360-7370. http://dx.doi.org/10.1128/MCB.18.12.7360

Chien, Y., S. Kim, R. Bumeister, YM. Loo, S.W. Kwon, C.L. Johnson,
M.G. Balakireva, Y. Romeo, L. Kopelovich, M. Gale Jr., et al. 2006. RalB
GTPase-mediated activation of the IkappaB family kinase TBK1 couples
innate immune signaling to tumor cell survival. Cell. 127:157-170. http
://dx.doi.org/10.1016/j.cell.2006.08.034

Collins, R.N. 2005. Application of phylogenetic algorithms to assess Rab
functional relationships. Methods Enzymol. 403:19-28. http://dx.doi.org
/10.1016/S0076-6879(05)03003-X

Cundell, M.J., R.N. Bastos, T. Zhang, J. Holder, U. Gruneberg, B. Novak,
and F.A. Barr. 2013. The BEG (PP2A-B55/ENSA/Greatwall) pathway
ensures cytokinesis follows chromosome separation. Mol. Cell. 52:393—
405. http://dx.doi.org/10.1016/j.molcel.2013.09.005

Elia, A.E., L.C. Cantley, and M.B. Yaffe. 2003. Proteomic screen finds pSer/
pThr-binding domain localizing Plkl to mitotic substrates. Science.
299:1228-1231. http://dx.doi.org/10.1126/science.1079079

Ficarro, S.B., M.L. McCleland, PT. Stukenberg, D.J. Burke, M.M. Ross,
J. Shabanowitz, D.F. Hunt, and FM. White. 2002. Phosphoproteome
analysis by mass spectrometry and its application to Saccharomyces
cerevisiae. Nat. Biotechnol. 20:301-305. http://dx.doi.org/10.1038/
nbt0302-301

Fielding, A.B., A.K. Willox, E. Okeke, and S.J. Royle. 2012. Clathrin-mediated
endocytosis is inhibited during mitosis. Proc. Natl. Acad. Sci. USA.
109:6572—6577. http://dx.doi.org/10.1073/pnas.1117401109

Finger, EP.,, and P. Novick. 2000. Synthetic interactions of the post-Golgi sec
mutations of Saccharomyces cerevisiae. Genetics. 156:943-951.

Gancedo, J.M. 1998. Yeast carbon catabolite repression. Microbiol. Mol. Biol.
Rev. 62:334-361.

Gauthier, L.R., B.C. Charrin, M. Borrell-Pages, J.P. Dompierre, H. Rangone,
EP. Cordelieres, J. De Mey, M.E. MacDonald, V. Lessmann, S. Humbert,
and F. Saudou. 2004. Huntingtin controls neurotrophic support and
survival of neurons by enhancing BDNF vesicular transport along
microtubules. Cell. 118:127-138. http://dx.doi.org/10.1016/j.cell.2004
.06.018

Goehring, A.S., B.S. Pedroja, S.A. Hinke, L.K. Langeberg, and J.D. Scott. 2007.
MyRIP anchors protein kinase A to the exocyst complex. J. Biol. Chem.
282:33155-33167. http://dx.doi.org/10.1074/jbc.M705167200

Goud, B., A. Salminen, N.C. Walworth, and P.J. Novick. 1988. A GTP-binding
protein required for secretion rapidly associates with secretory vesicles
and the plasma membrane in yeast. Cell. 53:753-768. http://dx.doi.org
/10.1016/0092-8674(88)90093-1

Graziano, B.R., H.Y. Yu, S.L. Alioto, J.A. Eskin, C.A. Ydenberg, D.P. Waterman,
M. Garabedian, and B.L. Goode. 2014. The F-BAR protein Hof1 tunes
formin activity to sculpt actin cables during polarized growth. Mol. Biol.
Cell. 25:1730-1743. http://dx.doi.org/10.1091/mbc.E14-03-0850

Gromley, A., C. Yeaman, J. Rosa, S. Redick, C.T. Chen, S. Mirabelle, M. Guha,
J. Sillibourne, and S.J. Doxsey. 2005. Centriolin anchoring of exocyst
and SNARE complexes at the midbody is required for secretory-vesicle-
mediated abscission. Cell. 123:75-87. http://dx.doi.org/10.1016/j.cell
.2005.07.027

Grosshans, B.L., D. Ortiz, and P. Novick. 2006. Rabs and their effectors:
achieving specificity in membrane traffic. Proc. Natl. Acad. Sci. USA.
103:11821-11827. http://dx.doi.org/10.1073/pnas.0601617103

Guo, W., D. Roth, C. Walch-Solimena, and P. Novick. 1999. The exocyst is an
effector for Secdp, targeting secretory vesicles to sites of exocytosis.
EMBO J. 18:1071-1080. http://dx.doi.org/10.1093/emboj/18.4.1071

Hartwell, L.H., R.K. Mortimer, J. Culotti, and M. Culotti. 1973. Genetic control
of the cell division cycle in yeast: V. genetic analysis of cdc mutants.
Genetics. 74:267-286.

He, B., E Xi, X. Zhang, J. Zhang, and W. Guo. 2007. Exo70 interacts with
phospholipids and mediates the targeting of the exocyst to the plasma
membrane. EMBO J. 26:4053-4065. http://dx.doi.org/10.1038/sj.emboj
7601834

Healy, A.M., S. Zolnierowicz, A.E. Stapleton, M. Goebl, A.A. DePaoli-Roach,
and J.R. Pringle. 1991. CDC55, a Saccharomyces cerevisiae gene
involved in cellular morphogenesis: identification, characterization, and

JCB » VOLUME 214 « NUMBER B » 2016

homology to the B subunit of mammalian type 2A protein phosphatase.
Mol. Cell. Biol. 11:5767-5780. http://dx.doi.org/10.1128/MCB.11.11
5767

Heda, G.D., M. Tanwani, and C.R. Marino. 2001. The Delta F508 mutation
shortens the biochemical half-life of plasma membrane CFTR in polar-
ized epithelial cells. Am. J. Physiol. Cell Physiol. 280:C166—-C174.

Heger, C.D., C.D. Wrann, and R.N. Collins. 2011. Phosphorylation provides a
negative mode of regulation for the yeast Rab GTPase Secdp. PLoS One.
6:€24332. http://dx.doi.org/10.1371/journal.pone.0024332

Heider, M.R., and M. Munson. 2012. Exorcising the exocyst complex. Traffic.
13:898-907. http://dx.doi.org/10.1111/j.1600-0854.2012.01353.x

Herman, P.K., J.H. Stack, J.A. DeModena, and S.D. Emr. 1991. A novel protein
kinase homolog essential for protein sorting to the yeast lysosome-
like vacuole. Cell. 64:425-437. http://dx.doi.org/10.1016/0092
-8674(91)90650-N

Hornbeck, P.V., B. Zhang, B. Murray, J.M. Kornhauser, V. Latham, and
E. Skrzypek. 2015. PhosphoSitePlus, 2014: mutations, PTMs and
recalibrations. Nucleic Acids Res. 43:D512-D520. http://dx.doi.org/10
.1093/nar/gku1267

Howell, G.J., Z.G. Holloway, C. Cobbold, A.P. Monaco, and S. Ponnambalam.
2006. Cell biology of membrane trafficking in human disease. Int. Rev.
Cytol. 252:1-69. http://dx.doi.org/10.1016/S0074-7696(06)52005-4

Jiang, L., S.L. Rogers, and S.T. Crews. 2007. The Drosophila Dead end Arf-
like3 GTPase controls vesicle trafficking during tracheal fusion cell
morphogenesis. Dev. Biol. 311:487-499. http://dx.doi.org/10.1016/j
.ydbio.2007.08.049

Kamada, Y., T. Funakoshi, T. Shintani, K. Nagano, M. Ohsumi, and Y. Ohsumi.
2000. Tor-mediated induction of autophagy via an Apgl protein kinase
complex. J. Cell Biol. 150:1507-1513. http://dx.doi.org/10.1083/jcb.150
.6.1507

Korinek, W.S., E. Bi, J.LA. Epp, L. Wang, J. Ho, and J. Chant. 2000. Cyk3, a novel
SH3-domain protein, affects cytokinesis in yeast. Curr. Biol. 10:947-950.
http://dx.doi.org/10.1016/S0960-9822(00)00626-6

Lippincott, J., and R. Li. 1998. Dual function of Cyk2, a cdc15/PSTPIP family
protein, in regulating actomyosin ring dynamics and septin distribution.
J. Cell Biol. 143:1947-1960. http://dx.doi.org/10.1083/jcb.143.7.1947

Lipschutz, J.H., W. Guo, L.E. O’Brien, Y.H. Nguyen, P. Novick, and K.E. Mostov.
2000. Exocyst is involved in cystogenesis and tubulogenesis and acts by
modulating synthesis and delivery of basolateral plasma membrane and
secretory proteins. Mol. Biol. Cell. 11:4259-4275. http://dx.doi.org/10
.1091/mbc.11.12.4259

Luo, G., J. Zhang, F.C. Luca, and W. Guo. 2013. Mitotic phosphorylation of
Exo84 disrupts exocyst assembly and arrests cell growth. J. Cell Biol.
202:97-111. http://dx.doi.org/10.1083/jcb.201211093

Macé, G., M. Miaczynska, M. Zerial, and A.R. Nebreda. 2005. Phosphorylation
of EEA1 by p38 MAP kinase regulates mu opioid receptor endocytosis.
EMBO J. 24:3235-3246. http://dx.doi.org/10.1038/sj.emboj.7600799

Meitinger, F., M.E. Boehm, A. Hofmann, B. Hub, H. Zentgraf, W.D. Lehmann,
and G. Pereira. 2011. Phosphorylation-dependent regulation of the
F-BAR protein Hof1 during cytokinesis. Genes Dev. 25:875-888. http://
dx.doi.org/10.1101/gad.622411

Ménasché, G., E. Pastural, J. Feldmann, S. Certain, F. Ersoy, S. Dupuis,
N. Wulffraat, D. Bianchi, A. Fischer, F. Le Deist, and G. de Saint Basile.
2000. Mutations in RAB27A cause Griscelli syndrome associated with
haemophagocytic syndrome. Nat. Genet. 25:173-176. http://dx.doi.org
/10.1038/76024

Nejsum, L.N., and W.J. Nelson. 2007. A molecular mechanism directly linking
E-cadherin adhesion to initiation of epithelial cell surface polarity. J. Cell
Biol. 178:323-335. http://dx.doi.org/10.1083/jcb.200705094

Neto, H., G. Balmer, and G. Gould. 2013. Exocyst proteins in cytokinesis:
Regulation by Rabl1. Commun. Integr. Biol. 6:e27635. http://dx.doi.org
/10.4161/cib.27635

Novick, P, and P. Brennwald. 1993. Friends and family: the role of the Rab
GTPases in vesicular traffic. Cell. 75:597-601. http://dx.doi.org/10.1016
/0092-8674(93)90478-9

Novick, P., M. Medkova, G. Dong, A. Hutagalung, K. Reinisch, and B. Grosshans.
2006. Interactions between Rabs, tethers, SNAREs and their regulators in
exocytosis. Biochem. Soc. Trans. 34:683-686. http://dx.doi.org/10.1042/
BST0340683

Oh, Y., J. Schreiter, R. Nishihama, C. Wloka, and E. Bi. 2013. Targeting and
functional mechanisms of the cytokinesis-related F-BAR protein Hof1
during the cell cycle. Mol. Biol. Cell. 24:1305-1320. http://dx.doi.org/10
.1091/mbc.E12-11-0804

Pan, X., S. Eathiraj, M. Munson, and D.G. Lambright. 2006. TBC-domain GAPs
for Rab GTPases accelerate GTP hydrolysis by a dual-finger mechanism.
Nature. 442:303-306. http://dx.doi.org/10.1038/nature04847


http://dx.doi.org/10.1091/mbc.E02-11-0707
http://dx.doi.org/10.1091/mbc.E02-11-0707
http://dx.doi.org/10.1101/gad.13.24.3271
http://dx.doi.org/10.1101/gad.13.24.3271
http://dx.doi.org/10.2119/2005-00029.Saltiel
http://dx.doi.org/10.2119/2005-00029.Saltiel
http://dx.doi.org/10.1128/MCB.18.12.7360
http://dx.doi.org/10.1016/j.cell.2006.08.034
http://dx.doi.org/10.1016/j.cell.2006.08.034
http://dx.doi.org/10.1016/S0076-6879(05)03003-X
http://dx.doi.org/10.1016/S0076-6879(05)03003-X
http://dx.doi.org/10.1016/j.molcel.2013.09.005
http://dx.doi.org/10.1126/science.1079079
http://dx.doi.org/10.1038/nbt0302-301
http://dx.doi.org/10.1038/nbt0302-301
http://dx.doi.org/10.1073/pnas.1117401109
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1016/j.cell.2004.06.018
http://dx.doi.org/10.1074/jbc.M705167200
http://dx.doi.org/10.1016/0092-8674(88)90093-1
http://dx.doi.org/10.1016/0092-8674(88)90093-1
http://dx.doi.org/10.1091/mbc.E14-03-0850
http://dx.doi.org/10.1016/j.cell.2005.07.027
http://dx.doi.org/10.1016/j.cell.2005.07.027
http://dx.doi.org/10.1073/pnas.0601617103
http://dx.doi.org/10.1093/emboj/18.4.1071
http://dx.doi.org/10.1038/sj.emboj.7601834
http://dx.doi.org/10.1038/sj.emboj.7601834
http://dx.doi.org/10.1128/MCB.11.11.5767
http://dx.doi.org/10.1128/MCB.11.11.5767
http://dx.doi.org/10.1371/journal.pone.0024332
http://dx.doi.org/10.1111/j.1600-0854.2012.01353.x
http://dx.doi.org/10.1016/0092-8674(91)90650-N
http://dx.doi.org/10.1016/0092-8674(91)90650-N
http://dx.doi.org/10.1093/nar/gku1267
http://dx.doi.org/10.1093/nar/gku1267
http://dx.doi.org/10.1016/S0074-7696(06)52005-4
http://dx.doi.org/10.1016/j.ydbio.2007.08.049
http://dx.doi.org/10.1016/j.ydbio.2007.08.049
http://dx.doi.org/10.1083/jcb.150.6.1507
http://dx.doi.org/10.1083/jcb.150.6.1507
http://dx.doi.org/10.1016/S0960-9822(00)00626-6
http://dx.doi.org/10.1083/jcb.143.7.1947
http://dx.doi.org/10.1091/mbc.11.12.4259
http://dx.doi.org/10.1091/mbc.11.12.4259
http://dx.doi.org/10.1083/jcb.201211093
http://dx.doi.org/10.1038/sj.emboj.7600799
http://dx.doi.org/10.1101/gad.622411
http://dx.doi.org/10.1101/gad.622411
http://dx.doi.org/10.1038/76024
http://dx.doi.org/10.1038/76024
http://dx.doi.org/10.1083/jcb.200705094
http://dx.doi.org/10.4161/cib.27635
http://dx.doi.org/10.4161/cib.27635
http://dx.doi.org/10.1016/0092-8674(93)90478-9
http://dx.doi.org/10.1016/0092-8674(93)90478-9
http://dx.doi.org/10.1042/BST0340683
http://dx.doi.org/10.1042/BST0340683
http://dx.doi.org/10.1091/mbc.E12-11-0804
http://dx.doi.org/10.1091/mbc.E12-11-0804
http://dx.doi.org/10.1038/nature04847

Park, J.E., C.J. Park, K. Sakchaisri, T. Karpova, S. Asano, J. McNally,
Y. Sunwoo, S.H. Leem, and K.S. Lee. 2004. Novel functional dissection
of the localization-specific roles of budding yeast polo kinase Cdc5p.
Mol. Cell. Biol. 24:9873-9886. http://dx.doi.org/10.1128/MCB.24.22
.9873-9886.2004

Pelkmans, L., E. Fava, H. Grabner, M. Hannus, B. Habermann, E. Krausz, and
M. Zerial. 2005. Genome-wide analysis of human kinases in clathrin- and
caveolae/raft-mediated endocytosis. Nature. 436:78-86. http://dx.doi.org
/10.1038/nature03571

Rinaldi, F.C., M. Packer, and R. Collins. 2015. New insights into the molecular
mechanism of the Rab GTPase Secd4p activation. BMC Struct. Biol.
15:14. http://dx.doi.org/10.1186/s12900-015-0041-5

Rohde, J., J. Heitman, and M.E. Cardenas. 2001. The TOR kinases link nutrient
sensing to cell growth. J. Biol. Chem. 276:9583-9586. http://dx.doi.org
/10.1074/jbc.R000034200

Rossi, G., J.A. Yu, A.P. Newman, and S. Ferro-Novick. 1991. Dependence of
Yptl and Sec4 membrane attachment on Bet2. Nature. 351:158-161.
http://dx.doi.org/10.1038/351158a0

Sadowski, I., B.J. Breitkreutz, C. Stark, T.C. Su, M. Dahabieh, S. Raithatha,
W. Bernhard, R. Oughtred, K. Dolinski, K. Barreto, and M. Tyers. 2013.
The PhosphoGRID Saccharomyces cerevisiae protein phosphorylation
site database: version 2.0 update. Database (Oxford). 2013:bat026.
http://dx.doi.org/10.1093/database/bat026

Salminen, A., and P.J. Novick. 1989. The Sec15 protein responds to the function
of the GTP binding protein, Sec4, to control vesicular traffic in yeast.
J. Cell Biol. 109:1023-1036. http://dx.doi.org/10.1083/jcb.109.3.1023

Simpson-Lavy, K.J., and M. Brandeis. 2011. Phosphorylation of Cdc5 regulates
its accumulation. Cell Div. 6:23. http://dx.doi.org/10.1186/1747-1028-6-23

Song, S., T.Z. Grenfell, S. Garfield, R.L. Erikson, and K.S. Lee. 2000. Essential
function of the polo box of Cdc5 in subcellular localization and induction
of cytokinetic structures. Mol. Cell. Biol. 20:286-298. http://dx.doi.org
/10.1128/MCB.20.1.286-298.2000

St-Pierre, J., M. Douziech, F. Bazile, M. Pascariu, E. Bonneil, V. Sauvé,
H. Ratsima, and D. D’Amours. 2009. Polo kinase regulates mitotic
chromosome condensation by hyperactivation of condensin DNA
supercoiling activity. Mol. Cell. 34:416-426. http://dx.doi.org/10.1016/j
.molcel.2009.04.013

Stroupe, C., and A.T. Brunger. 2000. Crystal structures of a Rab protein in its
inactive and active conformations. J. Mol. Biol. 304:585-598. http://dx
.doi.org/10.1006/jmbi.2000.4236

Stuart, L.M., J. Boulais, G.M. Charriere, E.J. Hennessy, S. Brunet, I. Jutras,
G. Goyette, C. Rondeau, S. Letarte, H. Huang, et al. 2007. A systems
biology analysis of the Drosophila phagosome. Nature. 445:95-101.
http://dx.doi.org/10.1038/nature05380

Uemura, K., A. Kuzuya, and S. Shimohama. 2004. Protein trafficking and
Alzheimer’s disease. Curr. Alzheimer Res. 1:1-10. http://dx.doi.org/10
.2174/1567205043480528

Ullrich, O., H. Stenmark, K. Alexandrov, L.A. Huber, K. Kaibuchi, T. Sasaki,
Y. Takai, and M. Zerial. 1993. Rab GDP dissociation inhibitor as a gen-
eral regulator for the membrane association of rab proteins. J. Biol. Chem.
268:18143-18150.

Urban, J., A. Soulard, A. Huber, S. Lippman, D. Mukhopadhyay, O. Deloche,
V. Wanke, D. Anrather, G. Ammerer, H. Riezman, et al. 2007. Sch9 is a
major target of TORC1 in Saccharomyces cerevisiae. Mol. Cell. 26:663—
674. http://dx.doi.org/10.1016/j.molcel.2007.04.020

Visintin, C., B.N. Tomson, R. Rahal, J. Paulson, M. Cohen, J. Taunton, A. Amon,
and R. Visintin. 2008. APC/C-Cdhl-mediated degradation of the Polo
kinase Cdc5 promotes the return of Cdc14 into the nucleolus. Genes Dev.
22:79-90. http://dx.doi.org/10.1101/gad.1601308

Walters, A.D., C.K. May, E.S. Dauster, B.P. Cinquin, E.A. Smith, X. Robellet,
D. D’Amours, C.A. Larabell, and O. Cohen-Fix. 2014. The yeast polo
kinase Cdc5 regulates the shape of the mitotic nucleus. Curr. Biol.
24:2861-2867. http://dx.doi.org/10.1016/j.cub.2014.10.029

Warren, G., J. Davoust, and A. Cockcroft. 1984. Recycling of transferrin recep-
tors in A431 cells is inhibited during mitosis. EMBO J. 3:2217-2225.

Watts, F.Z., G. Shiels, and E. Orr. 1987. The yeast MYOI gene encoding a myo-
sin-like protein required for cell division. EMBO J. 6:3499-3505.

Wiederkehr, A., Y. Du, M. Pypaert, S. Ferro-Novick, and P. Novick. 2003. Sec3p
is needed for the spatial regulation of secretion and for the inheritance
of the cortical endoplasmic reticulum. Mol. Biol. Cell. 14:4770-4782.
http://dx.doi.org/10.1091/mbc.E03-04-0229

Wu, H., C. Turner, J. Gardner, B. Temple, and P. Brennwald. 2010. The Exo70
subunit of the exocyst is an effector for both Cdc42 and Rho3 function
in polarized exocytosis. Mol. Biol. Cell. 21:430-442. http://dx.doi.org/10
.1091/mbc.E09-06-0501

Yoshida, S., K. Kono, D.M. Lowery, S. Bartolini, M.B. Yaffe, Y. Ohya, and
D. Pellman. 2006. Polo-like kinase Cdc5 controls the local activation of
Rhol to promote cytokinesis. Science. 313:108—111. http://dx.doi.org/10
.1126/science.1126747

Secdp Rab phosphorylation regulated by Cdcb ¢ Lepore et al.

703


http://dx.doi.org/10.1128/MCB.24.22.9873-9886.2004
http://dx.doi.org/10.1128/MCB.24.22.9873-9886.2004
http://dx.doi.org/10.1038/nature03571
http://dx.doi.org/10.1038/nature03571
http://dx.doi.org/10.1186/s12900-015-0041-5
http://dx.doi.org/10.1074/jbc.R000034200
http://dx.doi.org/10.1074/jbc.R000034200
http://dx.doi.org/10.1038/351158a0
http://dx.doi.org/10.1093/database/bat026
http://dx.doi.org/10.1083/jcb.109.3.1023
http://dx.doi.org/10.1186/1747-1028-6-23
http://dx.doi.org/10.1128/MCB.20.1.286-298.2000
http://dx.doi.org/10.1128/MCB.20.1.286-298.2000
http://dx.doi.org/10.1016/j.molcel.2009.04.013
http://dx.doi.org/10.1016/j.molcel.2009.04.013
http://dx.doi.org/10.1006/jmbi.2000.4236
http://dx.doi.org/10.1006/jmbi.2000.4236
http://dx.doi.org/10.1038/nature05380
http://dx.doi.org/10.2174/1567205043480528
http://dx.doi.org/10.2174/1567205043480528
http://dx.doi.org/10.1016/j.molcel.2007.04.020
http://dx.doi.org/10.1101/gad.1601308
http://dx.doi.org/10.1016/j.cub.2014.10.029
http://dx.doi.org/10.1091/mbc.E03-04-0229
http://dx.doi.org/10.1091/mbc.E09-06-0501
http://dx.doi.org/10.1091/mbc.E09-06-0501
http://dx.doi.org/10.1126/science.1126747
http://dx.doi.org/10.1126/science.1126747

