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Cyclin-dependent kinase-mediated phosphorylation of the
exocyst subunit Exo84 in late G, phase suppresses exocytic
secretion and cell growth in yeast
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In eukaryotic cells, the growth rate is strictly regulated for
proper progression of the cell cycle. In the budding yeast Sac-
charomyces cerevisiae, it was previously shown that cell growth
dramatically slows down when the cells start budding at the
G, /S transition. However, the molecular mechanism for this
G,/S-associated growth arrest is unclear. In this study, using
exocytic secretion, cyclin-dependent kinase (CDK) assay, immu-
noprecipitation, and microscopy, we demonstrate that the exo-
cyst subunit Exo84, which is known to be phosphorylated in
mitosis, can also be phosphorylated directly by Cdk1 in the late
G, phase. Ofnote, we found that the Cdk1-mediated Exo84 phos-
phorylation impairs exocytic secretion in the late G, phase.
Using conditional cdc mutants and phosphodeficient and phos-
phomimetic exo84 mutants, we further observed that Cdkl-
phosphoryated Exo84 inhibits the exocyst complex assembly,
exocytic secretion, and cell growth, which may be important for
proper execution of the G,/S-phase transition before commit-
ment to a complete cell cycle. Our results suggest that the direct
Cdkl-mediated regulation of the exocyst complex critically
contributes to the coordination of cell growth and cell cycle
progression.

The growth rate of eukaryotic cells is tightly controlled at
each stage of the cell cycle for accurate reproduction and size
homeostasis (1-4). A reduction of growth speed at the late G,
phase was seen in mammalian cells (5), which is thought to help
cells adapt to the increased energy demands for subsequent cell
cycle processes (6). Similarly, cell growth of fission yeast also
decreases during late G, (7-9). In budding yeast, cell polarity is
established by G, cyclin/cyclin-dependent kinase (CDK)?® com-
plexes, and the cell growth rate is drastically reduced at late G,
phase (10-13).

It was reported that exocytosis is involved in cell growth dur-
ing cell cycle progression (14, 15), and cell surface expansion is
completed through polarized exocytosis in which post-Golgi
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secretory vesicles carrying proteins and membranes are docked
to the growth site of plasma membrane and then fused with
each other (16). The exocyst complex, consisting of Sec3, Sec5,
Sec6, Sec8, Secl0, Secl5, Exo70, and Exo84, is essential for
polarized exocytic secretion and cell surface expansion in
eukaryotic cells (17-22). The dynamic assembly and disassem-
bly of the octameric protein complex link the post-Golgi secre-
tory vesicles to the plasma membrane in a process called “teth-
ering” in the late stage of the exocytosis process (17, 21, 23-27).
The exocyst subunits have been shown to be direct targets of
small GTPases and protein kinases that spatially or temporally
regulate exocytosis for many physiological processes such
as polarized cell growth, epithelium formation, neuronal
branching, and cell migration (17, 18, 20, 28 -31). However,
little is known about how exocytosis is coordinated with cell
growth arrest during cell cycle progression.

The CDKs are master regulators of the cell cycle and play
central roles in growth control during cell cycle progression (2,
6, 32). Goranov et al. (11) showed that cells arrested at the time
of late G, phase or in metaphase exhibited lower growth rates,
and Cdkl activity negatively regulated cell growth. We have
shown that Exo84 is phosphorylated by Clb2—Cdk1, which dis-
rupts exocyst assembly, inhibits exocytic secretion, and arrests
cell growth at metaphase (33). However, whether Exo84 is also
phosphorylated by Cdkl in late G, and contributes to cell
growth arrest is unknown. In this study, we demonstrate that
Cdk1 is a regulator of exocytosis at late G; phase during cell
cycle progression in the budding yeast Saccharomyces cerevi-
siae. When bound to the late G; cyclin Cln2, Cdkl inhibits
exocytosis before the G, /S transition by direct phosphorylation
of the exocyst component Exo84. Cdkl-mediated phosphory-
lation of Exo84 disrupts the assembly of the exocyst complex in
late G, phase, thereby blocking exocytosis. Our study provides
a molecular mechanism by which exocytosis and cell growth
are controlled during cell cycle progression.

Results
Exocytic secretion is inhibited at late G, phase

We have reported that cell growth and exocytic secretion are
reduced at metaphase (33). To examine whether exocytosis is
also regulated in late G, phase, we monitored the secretion of
an endo-B-1,3-glucanase, Bgl2, a cell wall-remodeling enzyme
and a commonly used exocytosis marker, in cdc34-2 and
cdc53-1 mutants. Cdc34 and Cdc53 are two catalytic subunits
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Figure 1. Exocytosis is inhibited in late G, phase. A, conditional cdc34-2 mutants exhibit Bgl2 secretion defects at the restrictive temperature. Internal (“/n”)
and external (“Ex") pools of Bgl2 in WT, cdc34-2 (late G, phase), and cdc53-1 (late G, phase) cells were examined by Western blot analysis. Cells were grown at
25 °C or shifted to 37 °C for 2 h. Alcohol dehydrogenase (AdhT) levels were probed as a protein loading control. The conditional mutants and cell cycle arrest
points are listed to the right. B, quantification of Bgl2 accumulation in A. n = 3. *, p < 0.01. C, Cdk1 is required for the reduction in Bgl2 secretion in
metaphase-arrested cdc34-2 cells. cdc34-2 and cdc34-2 cdk1-as1 cells were grown to early log phase at 25 °C and shifted to 37 °C for 1.5 h. Cells were then
treated with DMSO (mock) or 15 um TNM-PP1 for 30 min. Internal and external pools of Bgl2 in cdc34-2 and cdc34-2 cdk1-as1 cells were examined by Western
blotting. Corresponding immunoblots of alcohol dehydrogenase serve as a protein loading control. D, quantification of Bgl2 accumulationin C.n = 3;*,p <
0.01. E, invertase secretion was not changed in cdc34-2 and cdc28-4 mutants. Cells were grown at 25 °C or shifted to 37 °C for 1.5 h, and secretion of invertase

was examined. The percentage of external invertase (secreted) versus total invertase was measured. Error bars represent S.D. (n = 3). AU, arbitrary unit.

of Skp1/Cull/F-box (SCF) ubiquitin-protein ligase complex
that regulates cell cycle progression by targeting key substrates
for degradation and is required for the G,/S transition (34).
When transferred to restrictive temperature (37 °C), cdc34-2
and cdc53-1 cells arrest in late G, phase with high CIn1/2-Cdk1
activity (35-37). As shown in Fig. 1, A and B, the internal Bgl2
levels were elevated in cdc34-2 and cdc53-1 mutant cells but not
in WT cells, indicating that Bgl2 secretion was inhibited in
these two mutants. This result is consistent with the observa-
tion that cell growth is largely reduced in late G, phase (11). In
addition to the Bgl2 secretion assay, we also examined the
secretion of the cdc mutants using invertase, which marks a
smaller branch of the exocytic routes (38). As expected, neither
cdc34-2 nor cdc53-1 mutant cells had invertase secretion block
(Fig. 1C). This result is consistent with previous observation
that exocytic secretion of invertase is not compromised during
cell cycle progression (33, 39).
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Because Cdk1 plays a central role in cell cycle progression, we
speculated that Cdkl may regulate the reduction of exocytic
secretion in late G, cells. To test this prediction, we assayed
Bgl2 secretion in cdc34-2 cells that contain an analog-sensitive
cdkl allele (cdkl-asl), which encodes a mutant kinase that is
specifically inhibited by INM-PP1 (40). We arrested cdc34-2
cdkl-asl double-mutant cells in late G, phase by shifting to
37 °C for 90 min and then added INM-PP1 to inhibit Cdkl.
Within 15 min of INM-PP1 addition, the intracellular fraction
of Bgl2 decreased significantly compared with DMSO-treated
cells (Fig. 1, D and E). These data suggest that Cdk1 activity is
critical for blocking exocytosis at late G, phase. Alternatively, it
is possible that Cdk1 inhibition alleviates the secretion defect
by allowing late G,—arrested cdc34-2 cells to enter S phase.

Secretory vesicles often accumulate in cells defective in exo-
cytic secretion. Thus, we examined cdc34-2 cells via thin-sec-
tion electron microscopy (EM) for secretory vesicle accumula-
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Figure 2. Secretory vesicles accumulated in cdc34-2 mutant. A, cdc34-2 cells accumulate post-Golgi secretory vesicles at the restrictive temperature. WT and
cdc34-2 cells were grown to early log phase at 25 °C and then shifted to 37 °Cfor 1.5 h and processed for thin-section EM. Post-Golgi secretory vesicles (typically
80-100 nm in diameter) accumulate in metaphase-arrested cdc34-2 cells. “SV” and the arrow indicate one of the many vesicles. Scale bar, 2.5 um. B, quantifi-
cation of vesicle number per EM section of WT and cdc34-2 cells. Error bars represent S.E. (n = 15). %, p < 0.01.

tion. Cells were grown at 25 °C to early log phase and then
shifted to 37 °C for 90 min. Secretory vesicles were barely
detectable in WT cells (Fig. 2, A and B). In contrast, there was
clear accumulation of vesicles (179 = 28 vesicles per section) in
late G, —arrested cdc34-2 cells. The size of the accumulated ves-
icles (80100 nm in diameter) was characteristic of post-Golgi
secretory vesicles (41). These data suggest that exocytosis is
blocked in late G, —arrested cells and are consistent with previ-
ous findings that yeast cell growth is inhibited when cells start
to bud (11).

Exo84 is phosphorylated directly by Cdk1 in late G, phase

It has been shown that the exocyst subunit Exo84 can be
phosphorylated by ClIb2—-Cdk1 at mitosis during cell cycle pro-
gression (33). However, previous data also indicate that
Exo084 may also be a direct substrate of CIn2—Cdkl1 in late G,
(33, 42). To confirm this result in vivo, we immunoprecipi-
tated Exo84 from yeast and probed for Cdkl phosphoryla-
tion using an antibody specific for Cdkl-phosphorylated
peptides (Cell Signaling Technology, catalog number 2325)
in cdc34-2 mutant arrested at late G, phase at 37 °C. As
shown in Fig. 3, A and B, phosphorylation of Exo084 in
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cdc34-2 mutant was similar to that in WT cells at 25 °C. At
37 °C, however, phosphorylation of Exo84 in cdc34-2 mutant
was about 3 times more than that in WT cells. To confirm
that Exo84 is a direct substrate of Cdkl in late G, phase,
GST-tagged Exo84 was expressed and purified from Esche-
richia coli and incubated with Cln2—-Cdk1 or Clb5-Cdk1 in
the presence of [y-**P]ATP. As shown in Fig. 3C, purified GST
was not phosphorylated by any Cdk1 complexes, whereas GST-
Exo084 was phosphorylated by Cln2—-Cdk1 but not Clb5-Cdk1.
This is consistent with previous reports (33, 42).

To confirm that in vitro phosphorylation occurs on Cdkl
consensus sites, we mutated the five confirmed phosphoryla-
tion sites of Exo84 (Thr?®, Ser®!, Ser***, Ser*®?, and Ser”*°) to
nonphosphorylatable alanine residues and used the resultant
“Exo084-A” protein as substrate for in vitro Cdkl kinase assays.
Exo84 Thr?®, Ser®!, Ser*!, Ser*®?, and Ser”'® were selected
because previous MS analysis established that those residues
were phosphorylated in vivo (43-45). As expected, Cln2—Cdk
phosphorylation of Exo84-A was greatly diminished compared
with unmutated Exo84 (Fig. 3D). Collectively, these data indi-
cate that Exo84 is a substrate of Cln—Cdk1 and are consistent

J. Biol. Chem. (2019) 294(29) 11323-11332 11325
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Figure 3.Exo84 is phosphorylated by Cdk1 at late G, phase. A, Exo84-myc was immunoprecipitated from the WT and cdc34-2 mutant cells at the permissive
or restrictive temperature and then probed for Cdk1 phosphorylation by immunoblotting. B, quantification of Exo84 phosphorylation level in A. Error bars
represent S.D. (n = 3). %, p < 0.01. C, Exo84 is phosphorylated by Cdk1 in vitro. GST and GST-Exo084 were purified from E. coli and incubated with CIn2-Cdk1 or
Clb5-Cdk1 in the presence of [y->2P]ATP. Exo84 phosphorylation was detected by autoradiography (top). Corresponding Coomassie Blue-stained gels are
shown on the bottom. D, in vitro CIn2-Cdk1 kinase assays with recombinant Exo84-A, which lacks the five Cdk1 phosphorylation sites. The phosphorylation of

Exo84-A by CIn2-Cdk1 is barely detectable. AU, arbitrary unit.

with the emerging model that Cdk1 inhibits exocytosis in late
G, phase.

Exocyst assembly is inhibited in late G, phase

Cdk1 activity has been reported to inhibit exocyst assembly,
leading to reduction of exocytic secretion (15, 33). To deter-
mine whether the assembly of the exocyst complex is inhibited
in late G, phase, in which the Cdk1-Cln2 is most active, we
immunoprecipitated Exo84 from WT cells and cdc34-2 mutant
cells arrested in late G, phase at 37 °C and probed for associated
exocyst components by Western blotting. As shown in Fig. 4, A
and B, Exo84 bound less to Sec6, Secl0, and Secl5 in late G;
phase—arrested cells than those in WT cells, suggesting that
exocyst assembly is blocked in late G, phase. Our previous data
also showed that the treatment of the cdkI-as cells with INM-
PP1 led to an increase of Exo84 binding to other exocyst sub-
units (33). Taken together, these data suggest that Cdk1 activity
in late G, phase blocks exocyst assembly.

Exo84 phosphorylation is required for secretion reduction in
cdc34-2 mutant cells

To more closely examine the effect of nonphosphorylatable
Exo084 (Exo84-A) on exocytic secretion, we generated strains in
which the Exo84 phosphomutant was expressed in the cdc34-2
mutant background. As shown in Fig. 5, A and B, the Bgl2 secre-
tion defect was significantly reduced in cdc34-2 exo84-A dou-
ble-mutant cells compared with the cdc34-2 single mutant,
indicating that phosphorylation-deficient Exo84-A expression
partially rescues the cdc34-2 secretion defect. These results
suggest that Exo84 phosphorylation by Cdkl is required for
secretion reduction in late G; phase.
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Exo84 phosphorylation inhibits cell growth and polarization
of Sec4 in sec3 mutant cells

Exocytic secretion defects often lead to inhibition of cell
growth. However, our previous data showed that the growth of
ex084-A and ex084-E mutant cells were only slightly changed
compared with WT cells (33). To determine whether phosphor-
ylation of Exo84 by Cdk1 affects cell growth, we examined the
growth rate of the sec3A strain carrying either exo84-A or
exo84-E mutant. Sec3 is the only nonessential gene among exo-
cyst subunits, and it was reported that the sec3A strain is defi-
cient in apical growth at the beginning of the cell cycle and is
unable to generate pointed projections when cells were arrested
in late G, phase (46). To explore the role of Exo84 phosphory-
lation in cell growth and cell cycle progression, the original
copy of Exo84 in sec3A strain was replaced with a plasmid car-
rying either exo84-A or exo84-E mutant gene, and the cell
growth of these mutant cells was examined using serial dilution
experiments. As shown in Fig. 64, exo84-A can rescue the
growth of sec3A mutant at 25 °C, whereas exo84-E was synthet-
ically lethal with sec3A mutant. A similar result was also
observed for the sec3-2 temperature-sensitive mutant strain at
restrictive temperature. We found that exo84-A can rescue the
growth of sec3-2 at 37 °C, whereas ex084-E was synthetically
lethal with sec3-2 (Fig. 6B). These results indicate that phos-
phorylation of Exo84 inhibits cell growth.

Sec4 is a marker protein of post-Golgi secretory vesicles (26,
46). Using Sec4 as a marker, we next examined whether phos-
phorylation of Exo84 regulates targeting of secretory vesicles to
the bud tip in cells lacking SEC3. Sec4 is normally concentrated
in a small spot at the bud tip (46, 47). As shown in Fig. 7, sec3A

SASBMB
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Figure 4. Exocyst assembly is inhibited in late G, phase. A, the cdc34-2 mutant exhibits exocyst assembly defects at the restrictive temperature. The WT and
cdc34-2 mutant cells were grown at 25 °C and shifted to 37 °C for 2 h. Exo84-myc immunoprecipitation was performed using these cells. The levels of binding
of Sec6, Sec10, and Sec15 decreased in the cdc34-2 mutant. B, quantification of the amounts of the exocyst coimmunoprecipitated with Exo84-myc. The levels
of binding for Sec6, Sec10, and Sec15 decreased in the cdc34-2 mutant. Error bars represent S.D. *, p < 0.01; n = 3.

cells showed a much broader distribution of Sec4 than WT cells
as expected (46), whereas the distribution area of Sec4 in sec3A
was reduced by ex084-A. Our finding demonstrates that phos-
phorylation of Exo84 negatively regulates the spatial regulation
of secretion in sec3A strains. Considering that Sec3 is required
for apical growth at the beginning of the cell cycle (46), these
data suggest that phosphorylation of Exo84 by Cdkl plays an
important role in G, /S transition during cell cycle progression.

Discussion

Membrane growth and surface expansion of eukaryotic cells
are tightly controlled during cell cycle progression and mainly
rely on the tight regulation of polarized exocytic secretion, by
which proteins and lipids from post-Golgi are incorporated
into the plasma membrane. Although several aspects of the cell
cycle such as DNA replication and chromosomal segregation
have been intensively studied, the molecular mechanisms con-
trolling cell membrane growth are still unclear (3, 6). An impor-
tant feature of late G, phase before the G, /S transition of bud-
ding yeast cells is growth reduction, which is critical to control
the cell size and to help dividing cells adapt to the energy
demands required for cell cycle progression (6, 7, 9, 11, 16,
48-53).

Cell growth and morphogenesis have been carefully investi-
gated in budding yeast for each stage of the cell cycle, providing
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solid evidence for the coordination of the cell cycle and mem-
brane growth mechanisms by Cdk1 (11, 54). It has been shown
that budding yeast cells arrested in early G, phase grow faster
than those in other stages, whereas cells arrested in late G,
phase right before G,/S transition and metaphase grow slower
than those in other stages (11, 55). Although we have shown
that phosphorylation of Exo84 by Cdkl is required for growth
reduction and secretion at metaphase (33), whether it is
involved in the growth inhibition in late G, phase is unknown.
In this study, we confirmed that Exo84 is a direct substrate of
Cln-Cdkl in late G; phase, and phosphorylation of Exo84
inhibits exocyst assembly and exocytic secretion, which may
contribute to G, /S transition during cell cycle progression.

It has been reported that cell membrane growth depends on
exocytic secretion (11, 55). But how exocytic secretion is coor-
dinated with cell cycle progression is unclear. We have found
that the exocyst complex subunit Exo84 is a direct substrate of
Clb2-Cdk1 in mitosis stage (33). Phosphorylation of Exo84 dis-
rupts exocyst assembly, which leads to a secretion defect and
cell growth arrest at metaphase. Previous data suggest that
Exo084 can be phosphorylated by CIn2—-Cdk1 and Clb2-Cdk1 in
vitro at late G, phase and mitosis phase, respectively (33, 42),
which coincides with the cell growth reduction when cells start
budding or entering mitosis stage. Because phosphorylation of

J. Biol. Chem. (2019) 294(29) 1132311332 11327
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Figure 5. Phosphorylation of Exo84 negatively regulates exocytic secretion in cdc34-2 mutant. A, the phosphodeficient exo84-A mutant rescued the Bgl2
secretion defect of the cdc34-2 cells. The cdc34-2 and cdc34-2 exo84-A mutants were grown at 25 °C and then shifted to 37 °Cfor 1.5 h. Internal (/n) and external
(Ex) pools of Bgl2 were examined by Western blot analysis. Alcohol dehydrogenase (Adh1) was probed as a protein loading control. B, quantification of Bgl2
accumulation in the cdc34-2 and cdc34-2 exo84-A mutants at 37 °C. Error bars represent S.D. *, p < 0.01; n = 3. C, cells were fixed with permanganate and
processed for thin-section EM. The cdc34-2 cells accumulated a large amount of post-Golgi secretory vesicles at the restrictive temperature, whereas cdc34-2
ex084-A double mutant did not. SV and the arrow indicate one of the vesicles. Scale bar, 2.5 um. D, quantification of accumulated vesicles in the cdc34-2 and
cdc34-2 exo84-A mutants at 37 °C. Error bars represent S.E. *, p < 0.01; n = 15. AU, arbitrary unit.

Exo084 plays a critical role in cell growth arrest at metaphase, we
hypothesized that it may also be involved in cell growth reduc-
tion when cells start to bud, that is the late G, phase before G,/S
transition. We showed that Cln—Cdk1 phosphorylates Exo84 in
vivo and in vitro, and phosphorylation site—mutated exo84
mutant cannot be phosphorylated by Cln2—-Cdk1 in vitro, con-
firming the prediction that Exo84 is a direct substrate of Cdk1
in late G, phase.

It would be very interesting to determine which CDK con-
sensus site(s) play a critical role for Exo84 phosphorylation.
However, we found that mutation of any one of these five sites
(TP, S*'PAK, S*°'P, S*®2PNK, and S”'°P) did not affect the
phosphorylation of Exo84 in vitro (Fig. S1). In our study, we
tested five consensus Cdkl sites in Exo84, but it also contains
three additional putative full-consensus Cdkl sites (T**PAK,
T*”*PGR, and T**°PGR), although these sites were not con-
firmed by MS. These three putative full-consensus sites may
compensate the phosphorylation of Exo84 when one of the
five sites tested in this study is mutated. In addition, previous
studies have shown that CDKs can phosphorylate proteins at
sites lacking the proline +1 of consensus CDK target sites

11328 J Biol Chem. (2019) 294(29) 1132311332

(56-58), and mutating all or most of the consensus CDK
phosphorylation sites on a single substrate such as Swel (58),
SIk19 (59), Cdc24 (12), Boil (54), and Rga2 (60) had no sig-
nificant consequences. Taken together, it seems that other
consensus Cdk1 sites or nonconsensus Cdk1 sites can com-
pensate the Exo84 phosphorylation by Cdk1 when one Cdkl
site is mutated.

Similar to the phosphorylation at metaphase, phosphoryla-
tion of Exo84 in late G, phase disrupts exocyst assembly (Fig. 4),
which further leads to the reduction of exocytic secretion and
cell growth (Figs. 5-7). To investigate whether phosphorylation
of Ex084 is involved in cell growth arrest in late G; phase and
affects G, /S transition, we compared the distribution of Sec4,
the exocytic vesicle marker protein, in the bud tip of WT, sec34,
and sec3A ex084-A cells arrested at late G; and found that dis-
tribution area of Sec4 in sec3A bud tip was reduced by exo84-A
(Fig. 7), indicating that phosphorylation of Exo84 negatively
regulates the spatial secretion in the sec3A strain.

Atpresent, Exo84 is the only protein in the exocytic secretory
pathway found to be regulated directly by Cdk1. Although Sec3
was able to be phosphorylated by Cdk1 in vitro (61), we found
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that Sec3 cannot be phosphorylated by Cdkl in vivo.* The
result that Exo84 phosphorylation by Cdk1 in late G, and meta-
phase negatively regulates exocytic secretion correlates with
the fact that cell growth are arrested in these two stages (6).
These data support a model in which phosphorylation of Exo84
by Cdk1 negatively regulates cell membrane growth in late G,
and early mitosis during cell cycle progression in budding yeast.
As the exocyst complex is evolutionarily conserved in eukary-
otic cells, we speculate that this mechanism also operates in
other eukaryotes, and it would be interesting to investigate
whether Exo84 is phosphorylated in mammalian cells arrested
in late G, and metaphase and whether Exo84 dephosphoryla-
tion and subsequent exocyst assembly/activation contribute to
the plasma membrane expansion that has been observed during
cell cycle progression (9, 16). Our study demonstrates how cell
cycle progression and membrane trafficking are coordinated
and provides a molecular mechanism for cell growth inhibition
in late G, phase.

Materials and methods
Yeast strains, plasmids, and procedures

Standard methods were used for yeast growth and genetic
manipulations as described previously (62). All strains used in
this study are listed in Tables S1. Yeast transformation was
performed based on the lithium acetate method (63).

Yeast strains containing mutations of the CDK consensus
sites (as described in Table S1) were constructed as follows. The
balancer plasmid pG279, which contains Exo84 ORF in
p416TEF (URA3, CEN) plasmid (64), was transformed into the
parental yeast strain, and chromosomal Exo84 was then
replaced by KanMX6 according to the procedure described
previously (65) and confirmed by PCR. The CEN plasmid con-
taining WT EXO84, exo84-A, or exo84-E under control of the
endogenous EXO84 promoter and terminator was transformed
into this strain. The yeast transformants were counterselected
for pG279 in medium containing 1 mg/ml 5-fluoroorotic acid.
All plasmids used in this study are listed in Tables S2. The CDK
sites in Exo84 were mutated using a multimutagenesis kit
(Stratagene).

Whole-cell extract preparation

Yeast extracts were prepared by using glass beads and vor-
texing as described previously (66). The hot-SDS protein
extraction protocol was used with slight modification (67). 50
Agoo units of yeast cells were collected by centrifugation,
washed once with water, and then suspended in 1000 ul of cold
distilled water followed by the addition of 1000 ul of 0.2 M
NaOH. Samples were mixed and incubated for 5 min at room
temperature. Cells were collected by centrifugation, resus-
pended in 1000 ul of SDS sample buffer (0.06 m Tris-HCI, pH
8.6, 5% glycerol, 1% SDS, and 10 mm B-mercaptoethanol), and
boiled for 5 min. Samples were centrifuged, and protein con-
centrations were determined using the DC protein assay kit
(Bio-Rad).

*Y. Duan, Q. Guo, T. Zhang, Y. Meng, D. Sun, G. Luo, and Y. Liu, unpublished
data.
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Secretion assays

Analyses of the secretion of Bgl2 and invertase were carried
out as described previously (68). 20 ml of yeast cells were grown
to early log phase (A4, 0f0.6 —1.0) at 25 °C. NaN, and NaF were
added directly to the culture at a final concentration of 10 mm
each. 10 A, units of cells were collected and washed with cell
wash buffer (20 mm Tris-HCI, pH 7.5, 10 mM NaNj, and 10 mm
NaF). The cells were resuspended in 300 ul of spheroplast solu-
tion buffer (50 mm Tris-HCI, pH 7.5, 1.4 M sorbitol, 10 mm
NaNj;, 10 mm NaF, 30 mm 2-mercaptoethanol, and 0.2 mg/ml
Zymolyase) and incubated at 37 °C in a water bath for 30 min.
The spheroplasts were pelleted gently by centrifugation at 2000
rpm for 5 min at 4 °C. 100 pl of supernatant were carefully
transferred to a new tube and mixed with 20 ul of 6X SDS
loading buffer (300 mm Tris-HCI, pH 6.8, 600 mm DTT, 12%
SDS, 0.6% bromphenol blue, and 60% glycerol). This is the
external pool. The remaining supernatant was removed, and
the pellet (spheroplasts) was washed once with 1 ml of sphero-
plast wash buffer (50 mm Tris-HCI, pH 7.5, 1.4 M sorbitol, 10
mM NaNj, and 10 mMm NaF) to remove residue external pool.
The spheroplasts were dissolved in 300 ul of lysate buffer (20
mM Tris-HCI, pH 7.5, 100 mm NaCl, 2 mm MgCl,, 0.5% Triton
X-100, and 1 X protease inhibitor mixture (Roche Applied Sci-
ence)) by leaving on ice for 10 min. The cell debris was removed
after the sample was centrifuged at 13,000 rpm for 5 min at4 °C.
100 wl of supernatant (lysates) were transferred to a new tube
and mixed with 20 ul of 6X SDS loading buffer. This is the
internal pool. The internal pool and external pool samples were
boiled at 95 °C for 5 min and loaded for 12% SDS-PAGE. Bgl2
was detected by Western blotting with an anti-Bgl2 rabbit poly-
clonal antibody (1:2000). For temperature-sensitive mutants,
the cells were grown at 25 °C or shifted to 37 °C for 90 min
before being processed for the Bgl2 assay.

Invertase secretion was examined as described previously
(41). 20 ml of yeast cells were grown to early log phase (A4, of
0.6-1.0) at 25 °C. 1 A, unit if cells was transferred to a new
tube and washed with 1 ml of ice-cold 1 mm NaN,. The cells
were then resuspended in 1 ml of YP plus glucose medium (1%
Bacto yeast extract, 2% Bacto peptone, and 0.1% glucose) and
incubated at 25 °C for 1 h to induce invertase expression. After
1 h of incubation, the cells were collected and washed once with
1 ml of 10 mm NaNj. The cells were resuspended in 1 ml of 10
mM NaNj; and kept on ice. The external invertase was measured
directly on the whole intact cells, whereas the internal invertase
was measured after preparation of lysates. 0.5 ml of cells was
removed and mixed with 0.5 ml of 2X spheroplast mixture (2.8
M sorbitol, 0.1 m Tris-HCl, pH 7.5, 10 mm NaNj, 0.4% 2-mer-
captoethanol, and 10 pg/ml Zymolyase-100T). The cells were
incubated in a water bath at 37 °C for 45 min. The spheroplasts
were collected, and the supernatant was removed carefully
without disturbing the pellet. The spheroplasts were dissolved
at 4 °C in 0.5 ml of 0.5% Triton X-100. The invertase assay was
performed in 13 X 100-mm test tubes. 20 ul of sample were
placed in the tube, and 80 wl of 50 mm sodium acetate, pH 5.1,
were added. Then 25 ul of 0.5 M sucrose were added, and the
tube was incubated at 37 °C for 30 min. 150 ul of 0.2 M K,HPO,,
were added, and the tube was placed on ice to stop the reaction.
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The sample was boiled for 3 min and put on ice. 1 ml of assay
mixture was added (0.1 m KP; buffer, pH 7.0, 10 units/ml glu-
cose oxidase, 2.5 ug/ml peroxidase, 150 ug/ml o-dianisidine,
and 20 uM N-ethylmaleimide), and the sample was incubated at
37 °C for 30 min. 1 ml of 6 N HCI was added into the tube, and
the value of A, , was measured by a spectrophotometer (Smart-
Spec 3000, Bio-Rad). For temperature-sensitive mutants, the
cells were grown at 25 °C or shifted to 37 °C for 90 min and then
grown in low-glucose medium (0.1% glucose) at the same tem-
perature for 1 h.

Immunoprecipitation and detection of Exo84 phosphorylation

For immunoprecipitation of Exo84-myc and Exo84, total
proteins were extracted by using a glass-bead method (66). A
mouse anti-myc antibody (9E10) or rabbit anti-Exo84 antibody
was used for immunoprecipitation as described below. Typi-
cally, 50 A, units of a mid-log-phase yeast culture were har-
vested, and total protein was extracted using the NaOH-SDS
method (67). Cell lysates were used for immunoprecipitation
using protein G beads and anti-myc antibody (9E10) in immu-
noprecipitation buffer (50 mm Tris-HCL, pH 7.5, 150 mm NaCl,
1 mm EDTA, 1 mm EGTA, 10% glycerol, 1X protease inhibitor
(Roche Applied Science), and 1X phosphatase inhibitor I
(Roche Applied Science)) at 4 °C for 4 h with rotation. Beads
were washed with washing buffer (50 mm Tris-HCI, pH 7.5, 150
mMm NaCl, 1 mm EDTA, 1 mm EGTA, and 10% glycerol) three
times. The beads were mixed with 30 ul of 1X SDS loading
buffer and incubated at 95 °C for 5 min. Protein samples were
then cooled on ice for several minutes and separated by 10%
SDS-PAGE. Western blotting was performed using the phos-
pho-CDK substrate antibody (catalog number 2325, Cell Sig-
naling Technology) and anti-Exo84 antibody as described pre-
viously (33).

In vitro Cdk1 kinase assays

50-ul reactions were prepared in kinase assay buffer (50 mm
HEPES, pH 7.5, 2 mm MgCl,, 0.05% Tween 20, 2.5% glycerol, 1
mMm DTT, and 1 mm ATP) containing 7 nm Cln2-Cdkl or
Clb5-Cdkl, 1 ug of GST or 2 ug of GST-Ex084 fusion protein,
and 10 uCi of [y-**P]ATP. Reactions were incubated at room
temperature for 60 min and terminated by the addition of 10 ul
of 6X sample buffer. Samples were boiled for 5 min and
resolved by 10% SDS-PAGE. The gel was stained with Coomas-
sie Blue and dried on a filter paper, and *?P radioactive signal
was analyzed by a phosphorimaging system (Storm 860 molec-
ular imager).

Microscopy

Fluorescence microscopy was conducted with a Leica
CTR6000 fluorescence microscope equipped with a Plan Apo
100X, 1.40 oil immersion objective. Images were taken using
LAS AF 1.5.1 acquisition software. For EM, cells were collected
by vacuum filtration using a 0.45-um nitrocellulose membrane
and fixed for 1 h at room temperature in 0.1 M cacodylate, pH
7.4, 3% formaldehyde, 1 mm MgCl,, and 1 mm CaCl,. The cells
were spheroplasted and fixed with 1% glutaraldehyde (in PBS,
pH 7.4) at 4 °C overnight. The spheroplasts were washed in
0.1 M cacodylate buffer and postfixed twice with ice-cold 0.5%
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050, and 0.8% potassium for 10 min each. After dehydration
and embedding in Spurr’s epoxy resin (Polysciences, Inc.), thin
sections were cut and transferred onto 600 mesh uncoated cop-
per grids (Ernest F. Fullam, Inc.) and poststained with uranyl
acetate and lead citrate. Cells were observed on a transmission
electron microscope (Model 1010, JEOL) at 100,000X
magnification.

Author contributions—Y. D., Q. G., T. Z., Y. M., and D. S. investiga-
tion; Y. D. writing-original draft; G. L. and Y. L. supervision; G. L.
and Y. L. writing-review and editing; Y. L. resources; Y. L. funding
acquisition; Y. L. project administration.
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