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Many cell cycle regulatory proteins catalyze cell cycle pro-
gression in a concentration-dependent manner. In the fission
yeast Schizosaccharomyces pombe, the protein kinase Cdr2
promotes mitotic entry by organizing cortical oligomeric nodes
that lead to inhibition of Weel, which itself inhibits the cyclin-
dependent kinase Cdkl. cdr2A cells lack nodes and divide at
increased size due to overactive Weel, but it has not been
known how increased Cdr2 levels might impact Weel and cell
size. It also has not been clear if and how Cdr2 might regulate
Weel in the absence of the related kinase Cdr1/Niml. Using a
tetracycline-inducible expression system, we found that a 6x
increase in Cdr2 expression caused hyperphosphorylation of
Weel and reduction in cell size even in the absence of
Cdr1/Niml. This overexpressed Cdr2 formed clusters that
sequestered Weel adjacent to the nuclear envelope. Cdr2
mutants that disrupt either kinase activity or clustering ability
failed to sequester Weel and to reduce cell size. We propose
that Cdr2 acts as a dosage-dependent regulator of cell size by
sequestering its substrate Weel in cytoplasmic clusters, away
from Cdk1 in the nucleus. This mechanism has implications for
other clustered kinases, which may act similarly by seques-
tering substrates.

The core elements of the eukaryotic cell cycle include a
regulatory network that promotes switch-like entry into
mitosis at the G2/M transition. Activated cyclin-dependent
kinase Cdkl bound to its cyclin subunit phosphorylates
diverse substrates to drive mitotic entry (1, 2). In G2, the
Cdkl-cyclin complex is kept inactive by Weel kinase, which
inhibits Cdk1 by phosphorylating a conserved tyrosine residue
(3, 4). At the G2/M transition, Cdk1 inhibition is reversed by
the phosphatase Cdc25, which removes the inhibitory tyrosine
phosphorylation from Cdk1 (3, 5). Activated Cdk1-cyclin then
inhibits Weel and activates Cdc25, resulting in dual feedback
loops for switch-like mitotic entry (2). In the fission yeast
Schizosaccharomyces pombe, a long-standing model organism
for cell cycle research, regulation of these conserved cell cycle
proteins establishes cell size at division. More specifically,
fission yeast cells enter mitosis at a reproducible size due to
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size-dependent activation of Cdkl regulated in part by Weel
and Cdc25 (6).

Many of these proteins act as dosage-dependent regulators
of fission yeast cell size at division, consistent with their known
activities and mechanisms. For example, loss-of-function
mutations in weel+ cause cells to divide at a small size due
to over-active Cdk1, while weel+ overexpression increases cell
size at division (7). Conversely, mutations in c¢dc25+ increase
cell size, while cdc25+ overexpression reduces cell size (8).
Weel activity in cells is regulated in a size-dependent manner
by the protein kinases Cdrl and Cdr2 (9), which are conserved
SAD family kinases. Cdrl (also called Nim1) directly phos-
phorylates Weel to inhibit its kinase activity (10-13). Cdrl
acts in a dosage-dependent manner: loss-of-function causes
elongated cells due to over-active Weel, while cdri+ over-
expression reduces cell size at division (14). These results are

consistent with Cdc25, Weel, and Cdrl acting as
concentration-dependent  catalytic regulators of their
substrates.

Cdr2 also promotes Weel inhibition in cells but does not
appear to inhibit Weel kinase activity directly (15). Rather,
Cdr2 forms oligomeric “nodes” at the plasma membrane and
recruits both Cdrl and Weel to these structures (9, 16—18).
Consistent with this mechanism, loss-of-function mutations in
cdr2+ increase cell size (15, 19, 20). Our work in this study
addresses two open questions regarding Cdr2, a central
regulator of cell size. First, it has been unclear if and how Cdr2
acts on cell size in a dosage-dependent manner. Strong cdr2+
overexpression with the P3,,,,; promoter is lethal, and cells
exhibit pleiotropic defects including multiseptation and
branching (20). P3,,,,;-cdr2+ overexpression causes a shift in
the migration of Weel by Western blot (13), but the lethality
of this strong overexpression system prevented further
mechanistic and functional studies. Lower levels of cdr2+
overexpression with the weakened P81,,,,; reduce cell size
(21, 22), but the underlying mechanism has not been studied.

A second open question addressed in our work is whether
Cdr2 regulates Weel and cell size independently of Cdrl/
Nim1. Recent work has led to the model that Cdr2 nodes act as
scaffolds to promote inhibitory phosphorylation of Weel by
Cdr1 (9, 13). In this model, the function of Cdr2 on Weel and
cell size requires Cdrl. However, it has long been noted that
cdr2A mutants have a more severe cell size defect than cdriA
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mutants (17-19), suggesting additional roles beyond promot-
ing inhibitory phosphorylation. One possibility is that Cdr2
spatially sequesters Weel away from the nucleus, which sep-
arates Weel from its nuclear target Cdkl. However, this
possibility has not been tested with orthogonal approaches to
loss-of-function mutations in Cdr2. Spatial regulation of Weel
by Cdr2 in combination with catalytic inhibition by Cdrl
would provide a robust, two-pronged mechanism for cell size
control. Such spatial mechanisms have been observed in other
kinase signaling pathways (23-26) as well as for Cdc25 (27),
the protein phosphatase that counteracts Weel activity on
Cdkl and cell size.

Here, we increased cdr2+ expression with a tetracycline-
regulated promoter recently adapted for controlled expres-
sion in S. pombe (28). We discovered that increased expression
of c¢dr2+ induces Weel hyperphosphorylation and sequestra-
tion at cytoplasmic clusters, leading to premature mitotic entry
and reduced cell size at division. These findings establish Cdr2
as a dosage-dependent regulator of cell size through a
localization-based mechanism.

Results

We used the tetracycline-induced expression system to
control levels of Cdr2. In the presence of anhydrotetracycline

(Tet), Pr,-GST-cdr2 (hereafter Pr,-cdr2) integrated at the
leul+ locus slowed the migration of Weel-FLAG by SDS-
PAGE, but catalytically inactive mutants Pr.,-cdr2(E177A)
and Pr,-cdr2(T166A) did not affect Weel-FLAG (Figs. 14 and
S1A). We confirmed that Pr,,-cdr2 induced a similar shift for
untagged Weel (Fig. S1B). This band shift was due to hyper-
phosphorylation because it was reversed by treatment with
A-phosphatase (Fig. 1B). To determine the level of over-
expression responsible for this effect, we generated a Pr,,-cdr2-
SFLAG construct for comparison with cdr2-5FLAG expressed
by the endogenous promoter at the endogenous chromosomal
locus. By quantitative Western blot of whole cell lysates, the
level of Pr,-cdr2-5FLAG was six times higher than endoge-
nously expressed cdr2-5FLAG (Fig. 1C). We considered that
hyperphosphorylation of Weel might involve the presence of
endogenously expressed Cdrl and Cdr2 in this system, so we
repeated this experiment in cdriA cdr2A cells. Interestingly,
Pr,-cdr2 still induced hyperphosphorylation of Weel in cdriA
cdr2A cells (Figs. 1D and S1C), showing that this modification
is not mediated by Cdr1.

Next, we tested the effects of Pr,,-cdr2 on cell size. Addition
of Tet to Pr.-cdr2 cells caused a marked and significant
decrease in cell length at division (Fig. 2, A and B). In contrast,
Tet-based overexpression of cdr2(E177A) increased the size of
dividing cells, consistent with dominant-negative effects for
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Figure 1. Tet-regulated Cdr2 overexpression induces hyperphosphorylation of Wee1. A, whole-cell extracts were separated by SDS-PAGE and Western
blotted to detect Wee1-FLAG after induction of wildtype Cdr2 or kinase-dead Cdr2(E177A). B, gel shift induced by Cdr2 overexpression is reversed by
A-phosphatase. C, Western blot quantification of cellular Cdr2-FLAG protein overexpression. Graph shows data points normalized to the average signal for
P ar-cdr2-FLAG samples. Error bars indicate standard deviation. See Experimental procedures for more details. D, hyperphosphorylation of Wee1 does not
require endogenous Cdr1 or Cdr2. Cdc2 was probed as a loading control. Tet, anhydrotetracycline.

2 J Biol. Chem. (2023) 299(2) 102831

SASBMB



Regulation of cell size and Wee1 by elevated levels of Cdr2

A TetR cdr2+ cdr1+
Pr.-cdr2 P;..-cdr2(E177A)
£ -~
3
o
f
4 .o
3 -
=
< /
~
C TetR cdr2A cdriA
Py.-cdr2 Pr.-cdr2(E177A)
. S -~
v
3 \ N
= '
s \ b *
‘
— & >
~
N
g A ~
o
=
© ~

o

1 kkkk kkkok

ﬁﬂ%%

-
[3,]
1

Cell Length at Division (um)

10 -
I I I I
0 6 0 6 hrs+Tet
Prcdr2  Prcdr2
(E177A)
D
Kkokokk ns
’g 20-_ 0 I |
‘:’ J
<)
pas
Z 15-
- 4
£ ] e %
=3 i
g .
- 104
= i
o I I I I
0 6 0 6  hrs+Tet
P;-cdr2 Pre-cdr2
(E177A)

E P;..-cdr2 weel-50

_ ns

E ] | 1

= 10- . °

G °

o ®

2 °

R

®

s ] .

s

c .

Q

-

S o . .
DMSO Tet

36°C

Figure 2. Pr.-cdr2 reduces cell size at division. A, Blankophor-stained images of cells before and after Tet treatment. Scale bar, 10 um. B, cell length at
division for the indicated strains and treatments. n > 50 cells each. C, Blankophor-stained images of cdr1A cdr2A cells before and after Tet treatment. Scale
bar, 10 um. D, cell length at division for the indicated strains and treatments. n > 50 cells each. E, cell length at division for Pr.-cdr2 weel-50 cells grown at
the nonpermissive temperature of 36 C for 4 h. ns, not significant (p > 0.05). ****p < 0.0001 determined by ANOVA (panels B and D) or Welch's t test (panel

E). Tet, anhydrotetracycline.

this inactive mutant. Cdr2 controls cell size by recruiting
Weel to cortical nodes where it is inhibited by Cdr1 (9, 13), so
we considered that Pr.-cdr2 effects on cell size might require
Cdrl. However, induction of Pr.-cdr2 in cdrlA cdr2A cells
still reduced cell size, whereas Pr.,-cdr2(E177A) had no effect
(Fig. 2, C and D). These results indicate that Pr,-cdr2 induces
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Weel hyperphosphorylation and reduces cell size by a mech-
anism that is independent of Cdrl.

We used genetic epistasis to investigate the underlying
pathway. If Pr.,-cdr2 regulates cell size through Weel, then it
should have no effect in the absence of Weel activity.
Consistent with this prediction, Pr.-cdr2 did not reduce cell
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size in the temperature-sensitive weel-50 mutant grown at
36 C (Fig. 2E). We conclude that increased levels of Cdr2 cause
hyperphosphorylation of Weel leading to reduced cell size at
division.

To determine the mechanism for Pr.-cdr2 regulation of
Weel, we examined the localization of mEGFP-Cdr2 induced
by Pre. Previous studies have shown that Cdr2 exerts spatial
control over the Weel regulatory pathway. In addition to
cortical nodes along cell sides, which are seen for endoge-
nously expressed mEGFP-Cdr2, we observed bright
cytoplasmic puncta for both mEGFP-Cdr2 and mEGFP-
Cdr2(E177A) expressed by the Prg, promoter (Fig. 3A).
Interestingly, induction of Pr.-cdr2 caused recruitment of
Weel-mNG to similar cytoplasmic clusters (Fig. 3B). This
redistribution of Weel required Cdr2 kinase activity because it
was lost in the Pr.-cdr2(E177A) mutant (Fig. 3B).

Next, we performed a series of colocalization experiments
on these Pr,-mEGFP-cdr2 cytoplasmic clusters. Upon induc-
tion, Pr,-mEGFP-cdr2 recruited endogenously expressed
Cdr2-mCherry to cytoplasmic clusters (Fig. 3C), and this effect
was independent of Cdr2 kinase activity (Fig. S24). Using
endogenously expressed Cdr2-mCherry as a marker for clus-
ters, we found that Weel-mNG and Cdr2-mCherry colo-
calized in the same cytoplasmic clusters when expression of
Pr.cdr2 was induced from the leul+ locus (Fig. 3D). In
contrast, the inactive mutant Pr,,-cdr2(E177A) did not drive
colocalization of Weel-mNG and Cdr2(E177A)-mCherry at
cytoplasmic clusters (Fig. S2B).

Together, our results show that both active Cdr2 and
inactive Cdr2(E177A) localize to cytoplasmic clusters upon
expression with Pr,,. However, only active Cdr2 clusters can
recruit Weel, induce Weel hyperphosphorylation, and reduce
cell size at division. These results lead to a simple model in
which Cdr2 clusters sequester Weel away from its nuclear
target Cdkl, causing premature entry into mitosis.

Based on this working model, we sought additional infor-
mation about these Cdr2 cytoplasmic clusters. Cdr2 recruits
Cdrl kinase, Arf6 GTPase, and anillin-like Midl to cortical
nodes (17, 18, 29, 30). We did not observe strong recruitment
of either Cdr1 or Arf6 to cytoplasmic clusters in Pr,,-cdr2 cells
(Fig. 4, A and B). However, Mid1 localized to cytoplasmic
clusters in Pp,-cdr2 cells but not in Pr,-cdr2(E177A) cells,
where it localized in the typical distribution of the nucleus and
cortical nodes (Fig. 4C). We conclude that Cdr2, Weel,
and Mid1 might be the primary components of these clusters,
and Cdr2 kinase activity is required for recruitment of both
Weel and Midl to these structures.

To probe the nature of Cdr2 interactions within clusters, we
treated cells with 1,6-hexanediol, which disrupts weak, hy-
drophobic molecular interactions (31-33) and also can impair
the activity of some protein kinases and phosphatases (34).
Cdr2 cytoplasmic clusters disappeared after 10 min of treat-
ment with 5% hexanediol (Fig. 54). This result indicates that
Cdr2 clusters are held together by weak interactions and are
not irreversibly aggregated, although we cannot rule out
contributions from 1,6-hexanediol effects on the activity of
cellular kinases and phosphatases (34). Interestingly,
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endogenous Cdr2 nodes also were dispersed by the same 1,6-
hexanediol treatment (Fig. 5B). This result suggests that Cdr2
cytoplasmic clusters and endogenous Cdr2 nodes are held
together by similar biophysical properties.

mEGFP-Cdr2 clusters can be found throughout the
cytoplasm, but we noted that Weel-mNG clusters in Pr,,-
cdr2 cells are restricted to the cell middle and absent from
cell ends. Using the ER marker Sur4-mCherry and the nu-
clear envelope marker Cutll-mCherry, we found that
Weel-mNG clusters in Prp,,-cdr2 cells are restricted to the
nuclear periphery and/or nuclear ER (Fig. 6, A and B). We
considered the possibility that these clusters might be the
spindle pole body, which is embedded in the nuclear en-
velope, but Weel-mNG clusters did not colocalize with the
spindle pole body marker Sadl-mCherry (Fig. 6C; no
colocalization in 20 of 22 cells examined). These results
show that Cdr2 clusters can be found throughout the
cytoplasm, but only clusters associated with the nucleus can
capture and sequester Weel.

Finally, we used the Pr,, system to define the domains of
Cdr2 required for cluster formation and effects on both Weel
and cell size. The Cdr2 N terminus contains a kinase domain
and a ubiquitin-associated domain, which is thought to be
necessary for kinase activity (35) (Fig. 7A). The Cdr2 C ter-
minus contains a KA1l domain (kinase associated-1) and a
basic patch, both of which promote binding to membranes
(36). Between the N terminus and C terminus is a linker
domain that is predicted to be unstructured. Using Pr,, to
drive expression, neither Cdr2(1-330) nor Cdr2(1-590)
truncations reduced cell size or formed cytoplasmic clusters
(Fig. 7, B-D) despite expression of all constructs to similar
levels (Fig. S3A). In fact, expression of catalytically active
versions of both truncations increased cell size (Fig. 7, B and
C), demonstrating a dominant negative effect. This result
suggests that clustering mediated by the KAl domain is
required for reduction of cell size, and expression of non-
clustering mutants inhibits the endogenous cell size regulatory
system. Interestingly, Pr.,-cdr2(1-590) was capable of inducing
Weel hyperphosphorylation despite a lack of clustering. Pr,,-
¢dr2(1-330) did not induce Weel hyperphosphorylation, but
stronger overexpression with the thiamine repressible P3,,,,;
promoter led to Weel hyperphosphorylation by both
Cdr2(1-330) and Cdr2(1-590) (Fig. S3). For both Cdr2 trun-
cation constructs, the catalytically inactive E177A mutant
prevented hyperphosphorylation of Weel (Figs. 7E and S3).
We conclude that hyperphosphorylation of Weel is not suf-
ficient to induce premature mitotic entry when Cdr2 levels
increase. This result emphasizes the functional importance of
Weel sequestration in driving early mitosis. Put together, our
results show that both kinase activity and clustering are
required for elevated levels of Cdr2 to induce premature
mitotic entry.

Discussion

We have shown that increased expression of Cdr2 causes
early mitotic entry through a mechanism based on
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Figure 3. Cdr2 and Wee1 localize to cytoplasmic puncta in Pr.-cdr2-induced conditions. A, left, images of the indicated strains after incubation with
Tet for 6 h. Right, image of endogenously expressed mEGFP-Cdr2 for comparison. Maximum intensity projections of 0.5 pm-spaced focal planes covering
2 um in cell middle. B, Wee1-mNG in the indicated strains after incubation with Tet for 6 h. Single focal plane. Cell boundaries are outlined. C, colocalization
of Prei-mEGFP-Cdr2 and P 4,»-Cdr2-mCherry after incubation with Tet for 6 h. Maximum intensity projections of 0.5 um-spaced focal planes covering 1 um in
cell middle. D, colocalization of P.q4,,-Cdr2-mCherry and Wee1-mNG after Tet-induced expression of Pr-cdr2. Maximum intensity projections of 0.5 pm-

spaced focal planes covering 1 um in cell middle. All scale bars, 10 pm. Boxed regions are zoomed in lower corner panels. Single channel images are shown
with inverted LUT. Tet, anhydrotetracycline.

hyperphosphorylation and sequestration of Weel (Fig. 8). This overexpression causes premature mitotic entry leading to
phenotype means that Cdr2 overexpression versus Cdr2 loss- small cells.

of-function mutations have opposite effects: cdr24 mutants The mechanism that we have uncovered for upregulated
delay mitotic entry leading to enlarged cells, while c¢dr2+ Cdr2 expands current models for regulation of cell size
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through Weel. At endogenous expression levels, Cdr2 forms
nodes that bring together Cdrl and Weel to stimulate
inhibitory phosphorylation of Weel. Past studies have focused
on inhibitory phosphorylation of Weel by Cdrl as the sole
inhibitory mechanism in this system. However, such a model
does not explain the stronger cell size defect of cdr2A mutant
cells when compared to cdriA cells. Our work with the
tetracycline-regulated expression system shows that upregu-
lated Cdr2 can sequester Weel away from the nucleus, leading
to changes in cell size even in the absence of Cdrl. Concen-
tration of Weel at these Cdr2 clusters likely prevents its in-
teractions with Cdk1 in the nucleus. An important next step to
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understand this mechanism will be the identification and
characterization of Cdr2-dependent phosphorylation sites on
Weel.

Based on our current findings, we propose that Cdr2 plays
two roles in regulating cell size through Weel. The first role
is the previously described scaffolding mechanism to pro-
mote inhibitory phosphorylation of Weel by Cdrl, which
leads to inhibition of Weel catalytic activity. This first role is
dependent on Cdrl. The second role is to sequester Weel
away from the nucleus, as demonstrated in our current
study. This second role regulates the localization but not
catalytic activity of Weel and is independent of Cdrl as

B

5% 1,6 Hexanediol
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2

Figure 5. Cdr2 structures are disrupted by 1,6-hexanediol. A, induced Pr,-mEGFP-cdr2 cells were treated with 5% 1,6-hexanediol. B, treatment of
endogenously expressed mEGFP-cdr2 cells with 5% 1,6-hexanediol disrupts cortical nodes. Middle focal plane images; scale bar is 10 um.
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Figure 6. Localization of Wee1 puncta in Pr.-cdr2. A, Weel-mNG and Sur4-mCherry after Pr-cdr2 induction. B, localization of Wee1-mNG and Cut11-
mCherry after Pro-GST-Cdr2 induction. C, Wee1-mNG and Sad1-mCherry after Pr.-cdr2 induction. All scale bars are 10 um. All images are maximum in-
tensity projections from 0.5 pm-spaced focal planes spanning 1 pm in cell middle. Single channel images are shown with inverted LUT.

shown by our experiments in cdrlA cdr2A cells. This second
role is supported by localization of Weel to endogenous
Cdr2 cortical nodes in cdriA cells (9). By identifying this
Cdrl-independent mechanism for regulation of Weel and
cell size by Cdr2, we show that the Cdr2-Cdrl-Weel
pathway has two, interconnected mechanism that inhibit
Weel for cell size control. Cdrl-independent regulation of
Weel localization by Cdr2 also provides an explanation for
the stronger cell size defect of cdr2A cells as compared to
cdrlA cells.

SASBMB

Our results also have implications for signaling pathways
beyond Cdr2 and fission yeast. Spatial sequestration has the
capacity to turn signaling pathways on and off, particularly
when transitioning between nuclear and cytoplasmic com-
partments. Our work demonstrates a role for sequestration of
Weel away from its nuclear target Cdkl. Interestingly, Cdc25,
the phosphatase that counteracts Weel activity on Cdkl, is
also regulated by nuclear accumulation, and Cdc25 seques-
tration in the cytoplasm is a mechanism to delay entry into
mitosis during DNA damage (27). Therefore, sequestration
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Figure 7. Analysis of Cdr2 truncation mutants. A, domain layout of Cdr2 constructs. B, cell size at division for wildtype and E177A mutant versions of Pre-
cdr2(1-330). n = 50 cells. C, cell size at division for wildtype and E177A mutant versions of Pr.-cdr2(1-590). n = 50 cells. ns, not significant (p > 0.05). ****p <
0.0001 determined by ANOVA. D, localization of the indicated constructs after 6-h Tet incubation. Scale bar 10 um. E, Western blot for Wee1-FLAG before
and after induction of Pr.-mEGFP-cdr2 truncations. +, basic patch; KA1, Kinase associated-1; UBA, ubiquitin-associated.

away from the nucleus is a common regulatory mechanism for
both the inhibitory kinase (Weel) and the activating phos-
phatase (Cdc25) for Cdkl.

We have shown that sequestration of Weel in the cyto-
plasm can be driven by oligomeric clusters formed by Cdr2. A
growing number of protein kinases function in oligomeric

clusters that contribute to their activity and regulation.
Examples from multiple animal cell polarity and receptor-
associated tyrosine kinase systems have revealed that
clustering can promote kinase signaling (37-39). Similarly,
regulated clustering of bacterial kinases such as C. crescentus
Div] can activate downstream signals (40). Recent work has
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Figure 8. Working model for mechanism of Wee1 inhibition by overexpressed Cdr2.
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identified aspects of condensed-phase signaling within multi-
protein clusters that promote signal transduction in phos-
phorylation pathways (41). This widespread phenomenon
makes kinase clustering an attractive candidate for synthetic
biology approaches that seek to control signaling networks
(42). In our system, we anticipate that Cdr2 itself is the direct
binding ligand of Weel based on previous protein—protein
interaction assays (9), which means that the clusters could
directly recruit and sequester their target. Our work adds a
new layer to this theme by showing how kinase clusters can
sequester substrates to control downstream signaling, which
could represent a new mechanism for these and other
signaling systems.

Experimental procedures
Yeast strains and growth

Standard S. pombe media and methods were used (43).
Strains in this study are listed in Table S1, and plasmids used
are listed in Table S2. All Pz, plasmids were generated using
Gibson reactions (NEB HiFi Assembly Mix) from PCR prod-
ucts. These plasmids contain the strong enol01 promoter with
tet operons (28) A linearized version of this plasmid was
generated by PCR and then transformed into strains contain-
ing TetR. Transformants were selected by hygromycin resis-
tance and leucine auxotrophy. In Figures 3B and 6, cells were
cultured in YE4S (rich) media overnight and then switched to
EMM4S (minimal) media for at least 24 h prior to induction
and imaging. All other imaging was performed in YE4S.

Overexpression of Cdr2

Strains confirmed for Pr,,-GST-cdr2 were grown in YE4S
at 32 C for cell size measurements and Western blot sample
collection or alternatively at 25 C for live-cell fluorescent
microscopy. With the exception of mEGFP-tagged constructs,
all other Pr.-cdr2 constructs in our study contained an
N-terminal GST tag that was used to verify expression by
Western blot. Cells were maintained in logarithmic phase
growth at least 24 h prior to induction. Overexpression was
induced using a final concentration of 5 pg/ml Tet (Sigma),
from a 10 mg/ml stock in DMSO (stored at =20 C). Unin-
duced cells in log phase were imaged for timepoint zero, and
cells that were induced were seeded at Agyy = 0.05 and left to
grow in the presence of Tet for 6 h before imaging. For ex-
periments with weel-50 strains, cells were treated with
DMSO or Tet for 2 h at 25 C and then were left at 25 C or
shifted to 36 C for the remaining 4 h. In Fig. S3, pREP3x
overexpression of Cdr2, cells containing pREP3x-6His-Cdr2
plasmid were grown in EMMA4S lacking leucine and con-
taining thiamine at 32 C. Cultures were washed into media
lacking thiamine to induce expression, and then samples were
collected at the indicated times.

Western blots

To make whole cell lysates, two Aggo units of cells were
harvested at timepoint zero (prior to Tet addition) and at
subsequent timepoints as indicated. Cells were pelleted,
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washed once with water, and pellets were flash frozen in liquid
nitrogen. Samples were lysed by bead beating with Mini-
beadbeater-16 in SDS-PAGE sample buffer including prote-
ase and phosphatase inhibitors (15% glycerol, 4.5% SDS,
975 mM Tris pH6.8, 10% 2-mercaptoethanol, 50 mM
B-glycerophosphate, 50 mM sodium fluoride, 5 mM sodium
orthovanadate, 1x EDTA-free protease inhibitor cocktail
(Sigma Aldrich)) and then incubated at 99 C for 5 min.
Following brief centrifugation, clarified lysate was separated by
SDS-PAGE and transferred to nitrocellulose using Trans-blot
Turbo Transfer System (Bio-Rad). Proteins were probed with
antibodies against FLAG M2 (Sigma), Cdc2 (Santa Cruz Bio-
technologies SC-53217), and Weel (9). Blots were imaged on a
LiCor Odyssey CLx.

For quantification in Figure 1C, three independently grown
biological replicate cultures were prepared for each condition
and analyzed from the presented Western blot. Samples were
prepared in parallel as described above, and 10 pl of each
sample was loaded per lane. Background-subtracted band in-
tensities were measured with ImageStudioLite software. The
average band intensity of the three endogenously expressed
Cdr2-9gly-5xFLAG samples was set to 1. The bar graph shows
each individual data point normalized to this average. The
Pre-cdr2-9Gly-5xFLAG strain in this experiment was a second
copy expressed in addition to with the untagged, endogenous
Cdr2. Data were graphed using Prism9 GraphPad.

Lambda phosphatase

The protocol was adapted from previous work (44) using
phosphatase buffer prepared to 1x and containing 1 mM
MnCl,. In brief: two Agoo units of cells were pelleted, flash
frozen in nitrogen, lysed by bead beating in 200 pl phosphatase
buffer with glass beads for 1 min, placed on ice for 1 min, and
then centrifuged at 15,000¢ for 1 min. For each reaction, 20 pl
of this lysate was mixed with 800U lambda phosphatase (New
England Biolabs) or untreated. These reactions were incubated
for 30 min at 30 C. Reactions were stopped by addition of 2x
SDS-PAGE sample buffer (30% glycerol, 9% SDS, 195 mM Tris
pH 6.8, 15% 2-mercaptoethanol) and boiled for 5 min before
analyzing by SDS-PAGE as described above.

Widefield microscopy

Images for cell length measurements (Figs. 2 and 7, B and C)
were captured at room temperature on a DeltaVision imaging
system comprised of an Olympus IX-71 inverted wide-field
microscope, a Photometrics Cool-SNAP HQ2 camera, an
Insight solid-state illumination unit, and a 1.42 NA Plan Apo
60x oil objective. Cells were grown as specified above and
imaged after addition of Blankophor cell wall stain to identify
dividing, septated cells.

Spinning-disc confocal microscopy

Fluorescent live-cell microscopy (Figs. 3—6, 7D, and S2) was
performed at room temperature on a Yokogawa CSU-WI
imaging system, which was equipped with a Nikon Eclipse
Ti2 inverted microscope, a 100 x 145 NA CFI Plan
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Apochromat Lambda objective lens (Nikon); 405-, 488-, and
561-nm laser lines; and a photometrics Prime BSI camera. Due
to fluorescence of Tet, imaging of fluorescently tagged proteins
was performed on cells that had been washed into fresh Tet-
free media for 20 min prior to imaging. 1,6-hexanediol-
treated cells were also imaged on this system (Fig. 5). These
cells were grown and induced with Tet in YE4S as described,
washed for 20 min into fresh YE4S, then incubated another
10 min in the presence or absence of 5% (w/v) 1,6-hexanediol
dissolved in media.

Cell length measurements and statistics

Cell length measurements were made using Line Tool in
FIJI Image J (45) on images of cells stained with the cell wall
dye Blankophor. The resulting data were graphed and statis-
tically analyzed in Prism9 GraphPad. Cell length measure-
ments in Figure 2E were compared by Welch’s ¢ test. All other
cell length measurements were compared by one-way ANOVA
followed by Tukey’s multiple comparison test, which compares
each mean within an experiment to each other.

Data availability

All data are contained within the manuscript.

Supporting article  contains

information.
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