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Environmental conditions modulate cell cycle progression in
many cell types. A key component of the eukaryotic cell cycle is
the protein kinase Weel, which inhibits the cyclin-dependent
kinase Cdk1 in yeast through human cells. In the fission yeast
Schizosaccharomyces pombe, the protein kinase Cdrl is a
mitotic inducer that promotes mitotic entry by phosphorylating
and inhibiting Weel. Cdrl and Weel both localize to punctate
structures, termed nodes, on the medial cortex, but it has been
unknown whether node localization can be altered by physio-
logical signals. Here we investigated how environmental condi-
tions regulate Cdrl signaling for cell division. Osmotic stress
induced hyperphosphorylation of the mitotic inducer Cdr1 for
several hours, and cells delayed division for the same time
period. This stress-induced hyperphosphorylation required
both Cdr1 autophosphorylation and the stress-activated protein
kinase Styl. During osmotic stress, Cdrl exited cortical nodes
and localized in the cytoplasm. Using a series of truncation
mutants, we mapped a C-terminal domain that is necessary and
sufficient for Cdrl node localization and found that Styl
directly phosphorylates this domain in vitro. Styl was not
required for Cdrl exit from nodes, indicating the existence of
additional regulatory signals. Both Cdrl phosphorylation and
node localization returned to basal levels when cells adapted to
osmotic conditions and resumed cell cycle progression. In sum-
mary, we identified a mechanism that prevents Cdr1 colocaliza-
tion with its inhibitory target Weel during osmotic stress.
Dynamic regulation of protein localization to cortical nodes
might represent a strategy to modulate entry into mitosis under
differing environmental conditions.

Events of the cell cycle occur in an ordered progression that
ensures proper cell division even in the face of a rapidly chang-
ing environment. Checkpoints ensure the order of cell cycle
events and also modify the timing of cell cycle progression
according to intracellular or extracellular cues. For example,
environmental changes can alter cell cycle timing to ensure
faithful division under all conditions. A commonly encoun-
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tered environmental shock for many cell types is hyperosmotic
stress. Upon hyperosmotic stress, a wide range of cell types,
including yeast and human cells, delay entry into mitosis by
triggering a G,/M checkpoint (1-3). At the molecular level,
entry into mitosis at G,/M is regulated by the phosphorylation
status of the cyclin-dependent kinase Cdk1. The inhibitory pro-
tein kinase Weel phosphorylates and inhibits Cdk1 to prevent
mitotic entry during interphase. Prior to mitotic entry, the pro-
tein phosphatase Cdc25 reverses this inhibitory phosphoryla-
tion to activate Cdkl and promote entry into mitosis. Because
the potential for mitotic entry reflects the balanced activities of
Weel versus Cdc25, pathways that target either regulator can
alter cell cycle timing.

The signaling pathways that link osmotic stress to mitotic
entry through Cdk1 have been examined in many different cell
types. In human cells, osmotic stress triggers a G,/M check-
point by activating the p38 stress-activated protein kinase
(SAPK)? pathway (2-7). This checkpoint prevents cells from
entering error-prone mitosis before they adapt to the new
osmotic environment (2). SAPK prevents mitotic entry by
inhibiting Cdc25 (4). This inhibition may be catalyzed by the
p38 substrate MAPKAP kinase 2, which directly phosphory-
lates Cdc25 (8). In fission yeast cells, a similar pathway has been
proposed to act downstream of the p38-related SAPK Sty1 dur-
ing osmotic stress (9, 10). Activated Styl phosphorylates the
protein kinase Srk1, which is related to MAPKAP kinase 2. Srk1
then phosphorylates Cdc25 to inhibit its nuclear localization
(11-13). Thus, SAPK can regulate mitotic entry through Cdc25
in fission yeast, but the possibility that osmotic stress also reg-
ulates Weel pathways has not been examined.

A different mechanism has been proposed in budding yeast,
where SAPK pathways prevent mitotic entry during osmotic
stress by acting through Weel. Activation of the p38-related
SAPK Hogl leads to stabilization of Swel (budding yeast
Weel), resulting in G,/M arrest (1, 14). In this pathway, acti-
vated Hogl phosphorylates the checkpoint kinase Hsll, a
known regulator of Swel (14). This Hogl—Hsl1-Swel pathway
has been proposed to act through Hsl7, which interacts with
both Hsll and Swel. An opposing model has questioned the
role of Hsl7 and instead proposed that Swel stabilization is
driven by feedback from Cdk1 but not Hsl7 (15). These studies
indicate that SAPK can act through Weel to prevent mitotic

2 The abbreviations used are: SAPK, stress-activated protein kinase; ER, essen-
tial region; SISA, stress-independent Sty1 activation.
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entry during osmotic stress, but the molecular mechanisms
remain unclear.

A similar connection between SAPK and Weel signaling in
fission yeast has not been examined. Two Hsll-like protein
kinases, Cdrl and Cdr2, act to inhibit Weel in fission yeast cells
(16-18). Cdr1 directly phosphorylates and inhibits the kinase
domain of Weel (19-21). Cdr2 assembles a series of mem-
brane-bound multiprotein structures, termed “nodes,” at the
cell middle (22). Cdr2 then recruits both Cdrl and Weel to
nodes, meaning that Cdrl overlaps with its inhibitory target
Weel at nodes (23, 24). Here we focused on Cdr1 because it acts
directly on Weel. We hypothesized that Cdr1 might be a target
of stress-activated signaling pathways to link environmental
changes with cell cycle progression. By screening a range of
conditions, we identified osmotic stress as an environmental
cue that induces hyperphosphorylation and relocalization
of Cdr1 involving the SAPK Styl. This mechanism likely con-
tributes to the delay in cell division we observed when fission
yeast cells were exposed to osmotic stress.

Results

Osmotic stress induces hyperphosphorylation of Cdr1 and
mitotic delay

We sought to identify mechanisms that might regulate the
protein kinase Cdrl according to different environmental and
growth conditions. Cdrl controls the timing of mitotic entry
and has been reported to autophosphorylate in vitro (19-21).
To investigate Cdrl phosphorylation in fission yeast cells, we
integrated a 5XFLAG epitope tag at the carboxyl terminus of
endogenous Cdrl; this tag included a nine-glycine linker and
did not interfere with Cdr1 function, as tested by cell length at
division. In SDS-PAGE and Western blotting, immunoprecipi-
tated Cdrl migrated as a smeared band. This band collapsed
into a single, faster-migrating species upon treatment with A
phosphatase (Fig. 14). This confirms that Cdr1 is a phospho-
protein in cells. We next screened Cdrl phosphorylation by
SDS-PAGE band shift in a panel of environmental conditions
that change cell cycle progression and/or cell size at division.
The migration of Cdr1-FLAG shifted dramatically by 15-min
exposure to multiple conditions, particularly osmotic stress,
low glucose, and heat stress (Fig. 1B).

We investigated osmotic stress in more detail because this
condition induced a strong band shift in Cdr1-FLAG. In addi-
tion, osmotic stress has been shown to alter cell cycle progres-
sion in budding yeast (1). To test whether this shift was due to
phosphorylation, we immunoprecipitated Cdr1-FLAG from
cells treated with 1 M KCl and from an untreated control. Incu-
bation with A phosphatase collapsed both bands to the faster-
migrating, unphosphorylated state (Fig. 1C). Thus, the KCI-
induced band shift in Cdr1 is due to phosphorylation. We refer
to this state as hyperphosphorylated because it exceeds the level
of phosphorylation observed for Cdr1 under basal growth con-
ditions. This hyperphosphorylation is due to osmotic stress and
not salt stress because we observed a similar band shift for cells
treated with sorbitol (Fig. 1D).

The osmotic stress response has two phases: an initial, tran-
sient phase that alters many signaling and transcriptional path-
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ways, followed by a sustained phase when cells have adapted to
growth in the new osmotic environment (25). Our initial exper-
iments revealed hyperphosphorylation 15 min after osmotic
stress. To examine the kinetics of this regulation, we collected
samples at time intervals following osmotic stress for analysis
by SDS-PAGE and Western blotting. We found that Cdrl was
hyperphosphorylated within 15 min of osmotic stress but
returns to a basal phosphorylated state within several hours.
The species of Cdrl that migrates fastest by SDS-PAGE, and
thus represent the less phosphorylated form, reappeared after
240 min under osmotic stress (Fig. 1E).

To determine how these kinetics relate to cell growth and
division, we used centrifugal elutriation to generate a popula-
tion of small wild-type cells that were synchronized in the cell
cycle. The culture was then split, and released into medium
containing KCl or into control medium. In control medium, the
first cell cycle culminated with a septation peak at 80 min, fol-
lowed by a second septation peak at 220 min (Fig. 1F). In
contrast, the cells released into KCl medium delayed septa-
tion until they exhibited a broad peak between 240 —320 min
(Fig. 1F). Thus, the hyperphosphorylation of Cdrl and the
delay in septation that are induced by osmotic stress follow
similar kinetics.

Similar results were obtained using a different method to
synchronize cell cycle progression. Specifically, we performed
block-and-release experiments with the temperature-sensitive
mutant cdc25-22, which arrests cells in G, phase at high tem-
perature. Following arrest for 4 h, cdc25-22 cells were shifted to
the permissive temperature and split into medium containing
KCl or control medium. Similar to our elutriation experiment,
cells released into KCI medium delayed septation compared
with cells released into control medium (Fig. 1G). We directly
monitored phosphorylation of Cdrl in this assay (Fig. 1H).
Cdrl was hyperphosphorylated when cells were released into
KCl medium and remained hyperphosphorylated during the
delay in septation. Cdr1 returned to the basal phosphorylated
state before proceeding to septation. We conclude that Cdrl
hyperphosphorylation correlates with delayed entry into mito-
sis during osmotic stress, and reversal of Cdr1 hyperphosphor-
ylation correlates with entry into cell division.

We tested whether Cdr1 is required for delayed septation in
KCl by performing elutriation experiments on cdrlA mutants.
Upon release of cdrlA mutant cells into medium lacking KCI,
the initial septation peak was slightly delayed compared with
wild-type cells (Fig. 1/), consistent with loss of the mitotic
inducer Cdrl. When released into medium containing KCl,
cdr1A mutant cells exhibited a long delay in septation similar to
wild-type cells (Fig. 1). This result could reflect additional
mechanisms that act redundantly with Cdr1 to delay cell divi-
sion during osmotic stress. Alternatively, hyperphosphoryla-
tion could inhibit Cdrl function during osmotic stress, and
such an inhibitory mechanism would not be perturbed in cells
lacking Cdrl. We explored this possibility next by examining
the consequences of Cdrl hyperphosphorylation in cells.

Cdr1 exits cortical nodes when hyperphosphorylated

To determine how hyperphosphorylation impacts Cdrl
behavior in cells, we tested Cdrl localization during osmotic
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Figure 1. Hyperphosphorylation of Cdr1 during osmotic stress response. A, Cdr1 is a phosphoprotein in vivo. Immunoprecipitated Cdr1-FLAG was treated
with A phosphatase or mock-treated and then analyzed by SDS-PAGE and Western blotting. B, modification of Cdr1 by different environmental stresses. Cells
were exposed to the indicated conditions for 15 min, and then whole-cell extracts were analyzed by SDS-PAGE and Western blotting. C, the change in Cdr1
mobility is due to phosphorylation. Cells were exposed to EMM4S alone or to EMM4S + 1 m KCl for 15 min. Immunoprecipitated (/P) Cdr1 was treated with A
phosphatase and analyzed by SDS-PAGE and Western blotting. Note that slower-migrating bands collapse into a single band when dephosphorylated. D,
hyperphosphorylation of Cdr1 during sorbitol treatment. Cells were exposed to the indicated condition for 15 min, and then whole-cell extracts were analyzed
by SDS-PAGE and Western blotting. E, time course of asynchronous cells exposed to 1 m KCl. Whole-cell extracts were blotted with anti-FLAG. F, timing of
septation delay by osmotic stress of wild-type cells. Cell cycle progression was synchronized by centrifugal elutriation, and then cells were released into YE4S
or YE4S + 1 mKCl. Percent septation was used to monitor cell cycle progression; n > 100 cells for each time point. G, timing of septation delay by osmotic stress
in cdc25-22 cdr1-FLAG cells, which were arrested in G, phase by incubation at 37 °C and then released into synchronized cell cycle progression by switching to
25°Cin YE4S or YE4S + 1 m KCl. H, change in Cdr1 phosphorylation during mitotic arrest induced by osmotic stress. Shown is a Western blot of samples from
G; Cdr1 mobility was analyzed by SDS-PAGE at the indicated time points. /, timing of septation delay by osmotic stress of cdr1A cells, analyzed using centrifugal
elutriation asin F.

stress. We used genomic integration to tag the C terminus of size than wild-type cells, indicating that this tag increases Cdr1
Cdrl with GFPv, a variant of GFP with improved brightness activity. This effect is similar to previous results with other flu-
and photostability (26, 27). cdr1-GFPvy cells divided at a smaller ~ orescent tags on Cdrl (23, 24). During interphase, Cdr1 local-
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Figure 2. Cdr1 exits nodes during osmotic stress. A, inverted contrast single focal plane images of Cdr1-GFP+y grown in EMM4S to mid-log phase and then
splitinto medium containing 1 m KCl or into control medium (EMMA4S). Insets are enlarged images of the medial cortex; yellow boxes indicate the enlarged area.
Scale bar = 5 um. B, quantification of cells containing Cdr1 localization to nodes (n > 100 cells for each time point; error bars represent standard deviation).

izes to a series of membrane-bound cortical nodes. These nodes
are organized by the related protein kinase Cdr2, which is
required for Cdrl node localization and acts upstream of Cdrl
in genetic pathways (23, 24). We found that Cdrl-GFPy
remained at cortical nodes when cells were switched to control
medium lacking KCl (Fig. 2). In contrast, Cdr1-GFPy was
absent from the cell cortex within 15 min of osmotic stress,
induced by switching to medium containing 1 m KCl (Fig. 2).
The loss of Cdr1-GFP+y from nodes was seen in virtually all cells
during osmotic stress (Fig. 2). Cdr1-GFPy began returning to
nodes 120 min after switching to medium containing 1 m KCl
and fully relocalized to nodes after 240 min. This timing mir-
rors the hyperphosphorylation of Cdrl, as well as the delay in
cell division, upon osmotic stress.

Cortical nodes are multiprotein structures assembled by
Cdr2, which then recruits additional proteins, including Cdr1.
Two models could explain the change in Cdr1 localization dur-
ing osmotic stress. First, nodes could disassemble, causing all
node proteins, including Cdr1, to change localization. Alterna-
tively, nodes could remain intact during osmotic stress, with
specific proteins such as Cdrl changing localization through
targeted regulation. To distinguish between these models, we
tested the localization of Cdr2 during osmotic stress as well as
its role in Cdrl hyperphosphorylation. In contrast to Cdrl,
Cdr2-mEGFP remained localized to cortical nodes during
osmotic stress (Fig. 3, A and B), indicating that nodes remain at
the plasma membrane and that Cdrl exits these structures.
Further, Cdrl was still hyperphosphorylated during osmotic
stress in both cdr2A and kinase-dead cdr2(E177A) mutant cells
(Fig. 3C), meaning that Cdr2is not required for Cdr1 hyperphos-
phorylation. Additionally, because nodes are absent in cdr2A
cells, this result raises the possibility that node localization is
not required for Cdrl hyperphosphorylation during osmotic
stress.

Identification of the node localization domain in Cdr1

Our results led us to ask how Cdrl localizes to nodes and
whether node localization is important for Cdr1 function in cell

18460 J Biol Chem. (2017) 292(45) 18457-18468

size control. Cdrl is a 593-amino acid protein that contains an
N-terminal protein kinase domain, followed by a short domain
termed the essential region (ER) and an uncharacterized C ter-
minus. The ER domain is necessary for Cdr1 kinase activity (18,
21, 28). Based on overexpression experiments, previous studies
concluded that the C terminus is not required for Cdr1 function in
vivo (18, 28). To gain insight into the requirements for endogenous
Cdr1 localization and function, we integrated a series of truncation
mutants tagged with GFP+yinto the cdrl+ locus under control of
the endogenous promoter (Fig. 4, A and B).

Cdr1 was detected at nodes along the sides of cells in middle
focal planes and also at the medial cell cortex in the top focal
plane of cells. Cdr1(1-460), which contains both the kinase
domain and the ER domain, did not localize to nodes, indicating
that the C terminus is required for node localization. In con-
trast, the much smaller Cdr1(460 —593) localized to nodes, sug-
gesting that this region contains a node-binding domain. We
further truncated this region and identified a 41-amino acid
construct Cdr1(460-500) that localized to medial nodes. In
contrast, an internal deletion mutant Cdr1(A460 —482) did not
localize to medial nodes but weakly associated with the cell
cortex. Together, these results demonstrate that amino acids
460-500 in the C terminus are both necessary and sufficient for
Cdr1 localization to medial cortical nodes.

To confirm our conclusion that the Cdrl C terminus targets
cortical nodes, we tested the localization of each construct in
cdr2A cells (Fig. 4B). Cdr2 forms these cortical nodes and is
required for Cdrl localization to these sites. Thus, constructs
that localize to nodes should lose this localization in cdr2A
mutants. We found that Cdr1(460-593), Cdr1(460-500), and
full-length Cdrl, all of which localized to nodes in wild-type
cells, failed to localize to medial cortical nodes in cdr2A cells. In
contrast, cdr2A did not affect the localization of Cdr1(1-460)
and Cdr1(A460-482). We conclude that the Cdrl C terminus
targets medial cortical nodes in a Cdr2-dependent manner.

We used these constructs to test whether node localization is
required for Cdr1 function. We integrated untagged versions of
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Figure 3. Cdr2 nodes remain intact during osmotic stress. A, single focal plane inverted images of a time course with or without exposure to 1 m KCl. Scale
bar = 5 um. DIC, differential interference microscopy. B, quantification of cells containing Cdr2 nodes (n > 100 cells for each time point, error bars represent
standard deviation). C, phosphorylation of Cdr1 is independent of Cdr2 nodes and Cdr2 kinase activity. cdr2(E177A) is a catalytically inactive mutation. Shown
is a Western blot of whole-cell extracts after 15-min exposure to 1 m KCl. Note the presence of hyperphosphorylated Cdr1 in Cdr2 mutants.

each construct and measured cell length at division. Similar to
cdrlA, the mutant cdri1(460-593) lacking the kinase domain
was elongated at division, consistent with loss of the mitotic
inducer function. The mutants cdr1(1-460) and cdrl(A460—
482), which contain the kinase and ER domains but do not
localize to nodes, were also elongated at division, indicating a
loss-of-function phenotype (Fig. 5A4). Formally, these 23 amino
acids could contribute to Cdrl function beyond localization,
but we consider it most likely that this small truncation mutant
exhibits the loss-of-function phenotype because of localization
defects. We also note that several mutants, notably cdri(1-
460), cdr1(460-593), and cdr1(460—-500), appear to be highly
vacuolated for unknown reasons (Fig. 4B). By careful examina-
tion of these different mutants expressed under the endoge-
nous control system, we can make two important conclusions.
First, the kinase domain and ER domain are not sufficient for
the function of Cdrl. Second, node localization appears to be
essential for Cdrl function in cell size control.

We also tested whether key Cdr1 truncation mutants can be
hyperphosphorylated upon osmotic stress. We found that
Cdr1(1-460) and Cdr1(A460-482), both of which do not
localize to nodes, can still be phosphorylated upon osmotic
stress (Fig. 5B). The phosphorylation level of these mutants
appears to be reduced compared with full-length Cdr1, poten-
tiallybecauseofanincreasedlevelof proteinthatremainsunphos-
phorylated (or basally phosphorylated). This result, combined
with hyperphosphorylation of full-length Cdrl in cdr2A cells,
indicates that node localization is not required for hyperphos-
phorylation of Cdr1 during osmotic stress.

SASBMB

Cdr1 catalytic activity is required for hyperphosphorylation

Cdr1 has been shown to autophosphorylate in vitro, and we
confirmed that the kinase-dead mutant Cdr1(K41A) (20, 21)
migrates as a collapsed band by SDS-PAGE (Fig. 6A4). To test
whetherCdrlautophosphorylationcontributestoitshyperphos-
phorylation during osmotic stress, we monitored Cdr1(K41A)-
FLAG expressed at the endogenous locus. Unlike wild-type
Cdr1-FLAG, the kinase-dead mutant Cdr1(K41A)-FLAG was
not hyperphosphorylated during exposure to 1 M KCI (Fig. 6A).
We next tested whether Cdrl kinase activity is required for
exit from nodes during osmotic stress. Cdrl(K41A)-GFPy
remained at nodes upon osmotic stress, in stark contrast to the
wild-type protein (Fig. 6, B and C). We conclude that Cdrl
kinase activity is required for its own hyperphosphorylation
and exit from nodes during osmotic stress.

Two models could explain the requirement of Cdrl kinase
activity for regulation under osmotic stress. First, Cdr1 hyper-
phosphorylation could be independent of its ability to autophos-
phorylate; for example, through feedback from proteins that act
downstream of Cdr1. Alternatively, Cdrl autophosphorylation
could be required for dissociation, and this autophosphoryla-
tion could occur either in cis (i.e. intramolecularly) or in trans
(i.e. intermolecularly). To distinguish between these different
possibilities, we modified Cdr1(K41A)-FLAG cells by introduc-
ing a second, catalytically active copy of Cdrl at the lenl+
locus. This co-expression of active Cdr1 was unable to restore
either basal phosphorylation or KCl-induced hyperphosphory-
lation to kinase-dead Cdr1(K41A)-FLAG (Fig. 7). In addition,

J. Biol. Chem. (2017) 292(45) 18457-18468 18461
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Figure 7. Intramolecular autophosphorylation by Cdr1. A, Western blots of whole-cell extracts from strains expressing the indicated combinations of
wild-type and kinase-dead (K41A) alleles of Cdr1. Strains were treated with 1 m KCI for 15 min. Note that expression of wild-type Cdr1 does not induce
hyperphosphorylation of kinase-dead Cdr1(K41A). B, middle focal plan images of Cdr1(K41A)-GFP+y leu1:[6his-2HA-cdr1] in control EMMA4S media or in EMM4S
+ 1 mKCl. Insets are enlarged images of the medial cortex. Scale bar, 5 um.

co-expression of active Cdr1 did not induce Cdr1(K41A)-GFPy transcriptional networks for cellular adaptation to stress. In fis-
to exit nodes during osmotic stress (Fig. 7B). These results are  sion yeast cells, osmotic stress stimulates activation of the
inconsistent with both the indirect feedback model and the in  SAPK Styl. During osmotic stress, Styl has been shown to pre-
trans autophosphorylation model. Rather, these results indi- vent mitotic entry by phosphorylating and inhibiting Cdc25,
cate that Cdr1 autophosphorylates in cis, and this intramolec-  which is also phosphorylated and regulated by the Styl-associ-
ular modification is required for hyperphosphorylation and ated kinase Srkl (9-13). We tested the role of these stress-
node exit during osmotic stress. A small band shift was also  activated kinases in hyperphosphorylation of Cdr1 by Western
observed for kinase-dead Cdr1(K41A)-FLAG during osmotic  blotting. We found that Cdrl hyperphosphorylation during
stress, suggesting that additional kinases might contribute to  osmotic stress was impaired in sty/A mutants cells but not in

Cdr1 regulation during this process. srk1A mutant cells (Fig. 84). To test whether this effect requires

Styl kinase activity, we employed the analog-sensitive allele
Sty1 activation is necessary and sufficient for Cdr1 styl(T97A), which is selectively inhibited by the analog inhibi-
hyperphosphorylation tor 3-BrB-PP1. Inhibition of Sty kinase activity by addition of

Environmental stress commonly elicits a physiological 3-BrB-PP1 to styl(T97A) cells prevented full hyperphosphory-
response through SAPK pathways that regulate signaling and lation of Cdrl during osmotic stress (Fig. 8B). Styl activity is
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Figure 8. Activated SAPK Sty1 is necessary and sufficient for Cdr1 hyperphosphorylation. A, tests for hyperphosphorylation of Cdr1 upon 15-min osmotic
stress in srk1A and sty1A mutants. B, Sty1 kinase activity is necessary for full hyperphosphorylation of Cdr1. Analog-sensitive sty 1(T97A) cells were treated with
BrB-PP1 inhibitor or with a methanol control as indicated and then exposed to 1 m KCl for 15 min. C, time course of Sty1 activation during 1 m KCl treatment.
Activation was monitored by phosphorylation of Thr-171/Tyr-173 in the activation loop; total Sty1 protein was detected with a-FLAG. D, Cdr1 hyperphosphor-
ylation by SISA. Sty1 was activated by removal of 3-BrB-PP1 inhibitor, and whole-cell extracts were analyzed by SDS-PAGE and Western blotting. E, quantifi-
cation of Cdr1-GFPy localization in wild-type or analog-sensitive sty1(T97A) mutant cells. Cells were treated as in B (n > 100 cells for each condition; error bars
represent standard deviation). F, inverted contrast single focal plane images of Cdr1-GFP+y localization in the indicated strain before or after 30 min of osmotic stress.
See E for quantification and controls. Insets are enlarged images of the medial cortex; yellow boxes indicate the enlarged area. Scale bar = 5 um. G, localization of
Cdr1-GFPyin sty1A cells after osmotic stress. Insets are enlarged images of the medial cortex; yellow boxes indicate the enlarged area. Scale bar = 5 um.

transiently activated by osmotic stress through dual phosphor-
ylation at Thr-171 and Tyr-173 (29). We monitored pThr-171/
pTyr-173 activation in our experiments and confirmed that the
kinetics of Styl activation and inactivation mirrored the timing
of Cdrl hyperphosphorylation (Fig. 8C). We conclude that
kinasesignalingthroughStyl SAPKisrequiredforfullhyperphos-
phorylation of Cdr1 during osmotic stress.

To determine whether Styl activation is sufficient for Cdrl
hyperphosphorylation, we employed a recently generated
stress-independent Styl activation (SISA) strain (30, 31). In
SISA cells, the upstream molecular signals that activate Styl are
engaged, but Styl kinase activity can be reversibly inhibited
because of the analog-sensitive styl(T97A) mutation. Thus,
Styl is maintained in an inactive state by the analog inhibitor
3-BrB-PP1 and then activated by removal of this inhibitor inde-
pendently of environmental stress. We monitored Cdr1-FLAG
phosphorylation in SISA cells grown in the absence of osmotic
stress. Upon removal of the inhibitor 3-BrB-PP1, we detected
sustained hyperphosphorylation of Cdrl-FLAG (Fig. 8D),
showing that Sty1 activation induces Cdrl hyperphosphoryla-
tion independently of osmotic stress. These combined results
indicate that Styl activation is both necessary and sufficient for
Cdr1 hyperphosphorylation.
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Next we tested Cdr1-GFPvy localization in analog-sensitive
styl(T97A) mutant cells. Surprisingly, Cdr1-GFPy still exited
nodes during osmotic stress in sty1(T97A) cells treated with the
analog inhibitor 3-BrB-PP1 (Fig. 8, E and F). Control experi-
ments confirmed that Cdr1l regulation also was unaffected by
addition of 3-BrB-PP1 to wild-type cells, or by the sty1(T97A)
mutant in the absence of inhibitor (Fig. 8E). To ensure complete
loss of Sty1 signaling, we tested styIA cells and observed exit of
Cdr1-GFPy from nodes during osmotic stress (Fig. 8G). We
were unable to quantify this effect because many styIA cells
appeared to be dead or dying even after short exposure to
osmotic stress. Thus, although Styl promotes full hyperphos-
phorylation of Cdr1 during osmotic stress, it is not required for
Cdr1 to exit nodes.

Finally, we used in vitro thiophosphate assays to test whether
Styl directly phosphorylates Cdrl. These assays exploit the
ability of analog-sensitive kinase alleles, such as sty1(T97A), to
use a bio-orthogonal ATP+yS molecule in which a thiophos-
phate moiety replaces the y-phosphate. The analog-sensitive
kinase thiophosphorylates its direct substrates, which can then
be alkylated for detection by a specific anti-thiophosphate ester
antibody. Thus, only direct substrates of the analog-sensitive
kinase become thiophosphorylated, eliminating concerns
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Figure 9. Sty1 directly phosphorylates Cdr1 in vitro. Shown is an in vitro
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Figure 10. Working model for the regulation of Cdr1 during osmotic
stress response. See the text for discussion.

about phosphorylation by contaminating kinases in vitro. We
immunoprecipitated both Styl-FLAG and Styl1(T97A)-FLAG
that had been activated by stressing cells with KCL. We also puri-
fied from bacteria the constructs GST-Cdr1(341-593) and GST
alone. Sty1(T97A)-FLAG thiophosphorylated Cdr1(341-593) but
not GST alone, and Styl-FLAG had no effect in this assay (Fig. 9).
We conclude that Cdrl is a direct substrate of Styl.

Discussion

Our work has revealed a mechanism linking osmotic stress
with regulation of the cell cycle kinase Cdr1. Our results suggest
a working model for the factors involved in this process (Fig.
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10). In unstressed cells, Cdrl can phosphorylate and inhibit
Weel at cortical nodes, where both proteins localize. Osmotic
stress induces transient hyperphosphorylation of Cdrl; this
modification requires Cdrl autophosphorylation as well as
activated Styl. During osmotic stress and hyperphosphoryla-
tion, Cdr1 exits nodes and is displaced from its inhibitory target
Weel. Thus, hyperphosphorylation amounts to inhibition of
Cdrl. This regulatory change is predicted to increase Weel
activity, resulting in delayed mitotic entry. Consistent with this
prediction, we showed that fission yeast cells delay mitotic
entry when encountering osmotic stress, similar to budding
yeast cells (1, 14, 15).

Our work suggests that hyperphosphorylation of Cdrl con-
tributes to mitotic delay, and a key future goal will be to test the
precise role of Cdrl in this process. cdriA mutants have no
defect in the mitotic delay, which is consistent with a mecha-
nism that inhibits Cdr1 function. However, if the mitotic delay
during osmotic stress were caused primarily by inhibition of
Cdrl, then cdrl mutant cells should exhibit an equivalent delay
under unstressed conditions. Loss of the mitotic inducer Cdr1
is known to delay mitotic entry, leading to increased cell size at
division, and we observed delayed division under unstressed
conditions, but the delay experienced by wild-type cells under
osmotic stress is far more extreme. Thus, the contribution of
Cdr1 regulation to mitotic delay during osmotic stress remains
open and will be a focus of future work. We anticipate that
gain-of-function Cdrl mutants, which cannot be inhibited, will
be needed to clarify how Cdrl acts within a larger cell cycle
regulatory network that delays mitotic entry during osmotic
stress.

A critical step in regulation of Cdrl during osmotic stress in
fission yeast cells is a change in protein localization. Our work
reveals that fission yeast employs a regulatory mechanism that
is different from either of the models proposed in budding
yeast. Rather, it appears that environmental stresses can act
through Cdr1 in fission yeast by modulating the composition of
membrane-bound cortical nodes. This means that nodes are
not static structures but, rather, exhibit dynamic properties
that can be targeted by physiological signals to alter cell cycle
timing.

Regulated localization of Cdrl to cortical nodes led us to
define the requirements for Cdr1 node localization. We identi-
fied a 41-amino acid domain that was both required and suffi-
cient for node localization. This node localization domain
resides in the Cdr1 C terminus, a region proposed previously to
be dispensable for Cdr1 function based on overexpression stud-
ies (18, 28). We showed that this domain is required for node
localization and for Cdr1 function. This result strongly suggests
that nodes are the sites of Weel inhibition by Cdrl. Osmotic
stress is likely to regulate the function of this localization
domain, so one might predict that sites for hyperphosphoryla-
tion reside within this domain. A fragment containing this
domain was directly phosphorylated by Styl in vitro. However,
we also found that Cdr1(A460—482), which lacks the localiza-
tion domain, is still phosphorylated during osmotic stress,
although perhaps to a lesser degree. Further, Styl was not
required for changes in Cdr1 localization during osmotic stress,
indicating that it might regulate other aspects of Cdr1 function
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in cells. Thus, at least some phosphorylation sites are likely to
reside outside of the localization domain. Indeed, the Cdr1 pro-
tein sequence contains nine minimal motifs for phosphoryla-
tion by MAPK/SAPK, such as Styl (pSer/pThr-Pro), but only
three of these motifs are found within the localization domain.
A critical step for the future will be mapping the sites of Cdrl
hyperphosphorylation during osmotic stress. Our model pre-
dicts that mutating these sites to prevent phosphorylation will
generate a gain-of-function Cdrl mutant. These sites are likely
tobeacombination of autophosphorylation sites and Sty1 phos-
phorylation sites and have the potential to reveal mechanisms
for regulating the activity of the novel C-terminal localization
domain.

More broadly, cell cycle progression is altered in response to
heat, glucose, and nitrogen stress, although many of the mech-
anisms remain to be defined. We discovered that a range of
environmental stresses cause varied modifications to Cdrl. We
focused on uncovering the mechanism for regulation during
osmotic stress, and it will be interesting to compare and con-
trast this mechanism with regulation under other conditions.
For example, heat stress and low glucose induced clear modifi-
cation of Cdrl. Heat stress leads to activation of Styl (32-34),
raising the possibility for a Styl-dependent mechanism related
to osmotic stress. Low glucose was recently connected to Styl-
independent signaling through the Cdr2—Cdr1-Weel pathway
(35). Beyond these conditions, Cdrl and Cdr2 were initially
identified in genetic screens for defective cell cycle response
during nitrogen starvation (36). It will be interesting to com-
pare and contrast the role of Cdrl regulation under these con-
ditions. Through such future studies, we will be positioned to
understand whether cells use different pathways for different
stresses or, alternatively, whether cells use the same pathways
redundantly under changing environmental conditions.

An open question that remains is why cells from yeast
through humans delay mitotic entry during osmotic stress. The
answer remains unclear for yeast cells, but human cells are pro-
posed to encounter mutagenic mitosis in the absence of this
checkpoint. Specifically, human cells acquire double-strand
DNA breaks during osmotic shock, and these breaks require a
G,/M checkpoint for proper repair (2). The evolutionary con-
servation of a mitotic checkpoint under osmotic stress suggests
a critical role in cell survival. Our work provides mechanistic
insight into a signaling pathway that contributes to this process.
Further studies on these pathways will lead to a broader under-
standing of the connection between environmental conditions
and cell division control.

Experimental procedures
Yeast strains and growth

Standard Schizosaccharomyces pombe medium and methods
were used (37). The strains used in this study are listed in sup-
plemental Table S1. The plasmids used in this study are listed in
supplemental Table S2. PCR-based homologous recombina-
tion was used for chromosomal tagging (38). Mutant Cdrl
alleles were created by PCR-amplifying Pcdrl-cdri-GFPy:
hph-Tcdrl or Pcdrl-cdr-Tcedrl for untagged mutants from
genomic DNA of JM3733 or JM366, respectively. These con-
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structs were then ligated into a pQE30 plasmid. Mutations were
created using site-directed mutagenesis by QuikChange II kit
(Stratagene) according to the protocol of the manufacturer. To
construct the Cdrl kinase-dead mutant, lysine at position 41
was converted to alanine and integrated into cdriA:ura4+
(JM2102) mutants at the endogenous locus through 5-fluoro-
orotic acid (Sigma) counterselection and verified by colony
PCR. Site-directed mutagenesis was performed to create in-
ternal truncations that were then integrated into the
cdrlA:ura4d+ strain at the endogenous locus through hygro-
mycin selection for GFPy and verified using 5-fluoroorotic
acid. The truncation allele (1-460) was created by chromo-
somal tagging. The cdrI-GFPvy cells shown in Fig. 2 have the
cdc25-degron-DAmP mutation, which elongates cells closer to
wild-type length. Cdrl is present in very low abundance, and
the number of nodes scales with cells size (39, 40). Therefore,
cell elongation with cdc25-degron-DAmP made node imaging
more reliable; similar results were obtained without this
mutation.

The SISA strain was always grown on plates containing 5 um
3-BrB-PP1 or 30 um 3-BrB-PP1 when first streaking from a
glycerol stock. To monitor Cdrl phosphorylation in a SISA
background, cells were grown at 25 °C in YE4S with a final con-
centration of 5 uM 3-BrB-PP1 to inhibit Styl activity. To acti-
vate Styl independently of stress, the culture was centrifuged at
4400 rpm for 2 min and then divided so that one half of the
culture was resuspended in YE4S with 5 um 3-BrB-PP1 and the
other half was washed in a culture volume of YE4S (twice) and
resuspended in YE4S lacking inhibitor (31). To test Cdr1 hyper-
phosphorylation in the sty1(T97A) mutant, sty1(T97A)-9gly-
SFLAG cdr1-9gly-5FLAG cells were grown in EMM4S at 25 °C.
Cells were treated with either 5 um 3-BrB-PP1 (dissolved in
methanol) or methanol control for 6 h. Cells were then split to
either EMM4S + 1 m KCl, or EMMA4S control. Samples were
then harvested for Western blot analysis.

Immunoprecipitation and Western blotting

For immunoprecipitations, J]M3057 was grown in EMM4S
until log phase. 100 ml of logarithic phase cells were harvested
and then lysed in 200 ul of lysis buffer (20 mm HEPES (pH 7.4),
1 mMm EDTA, 300 mm NacCl, 0.2% Triton X-100, 1 mm PMSEF,
complete EDTA-free protease inhibitor tablets (Roche), 50 mm
NaF, 50 mm B-glycerophosphate, and 1 mm sodium orthovana-
date) with 200 ul of glass beads using a Mini-beadbeater-16
(Biospec) at 4 °C for 1 min twice. Cell extracts were clarified at
14,000 rpm for 5 min at 4 °C. Lysates were then incubated at
4 °Cfor 1 h with FLAG M2 magnetic beads (Sigma). Beads were
washed vigorously with lysis buffer lacking phosphatase inhib-
itors (20 mm HEPES (pH 7.4), 1 mm EDTA, and 300 mMm NaCl).
Immunoprecipitates were treated with 400 units of A phospha-
tase or mock-treated (New England Biolabs Inc.) at 30 °C for 30
min while shaking. For A phosphatase treatment of KCI-
stressed cells, samples were treated as above after splitting cells
into EMM4S or EMM4S + 1 m KCl for 15 min.

For Western blotting, whole-cell extracts were lysed in 150
ul of sample buffer (65 mwm Tris (pH 6.8), 3% SDS, 10% glycerol,
10% 2-mercaptoethanol, 50 mm NaF, 50 mm B-glycerophos-
phate, and 1 mm sodium orthovanadate) in a Mini-bead-
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beater-16 for 2 min. Gels were run at 20 mA until the 75-kDa
marker was at the bottom of the gel. Blots were probed with
anti-FLAG M2 (Sigma). Styl activation was observed using
phospho-p38 (Thr-180/Tyr-182) (Cell Signaling Technology,
9211S). HA was probed using HA.11 clone 16B12 monoclonal
antibody from Covance (MMS-101R).

Elutriation

Cells were grown in YE4S medium until log phase at 32 °C. A
total of 350 OD cells were subjected to centrifugal elutriation
using a Beckman JE5.0 rotor with a 4-ml elutriation chamber.
Cells were loaded at 4100 rpm and 30 ml/min. Early G, cells
were eluted by reducing the rotor speed in 50-rpm decrements
and fractionated. Fractions containing a homogenous popula-
tion of small cells were combined into YE4S with/without 1 m
KCL. The collected cells were grown at 32 °C, and cultures were
sampled every 20 min for imaging and Western blotting. Sam-
ples for the septation index were fixed with 70% ethanol and
stained with Blankophor. The septation index was calculated
(n > 100 for each time point).

Production of GST-Cdr1 antibody

A C-terminal fragment of Cdrl (341-593) was subcloned
into the pGEX6P1 vector and expressed as a GST fusion protein
in Escherichia coli strain BL21(DE3). Expression was induced
by addition of isopropyl 1-thio-B-p-galactopyranoside, fol-
lowed by growth for an additional 4 h at 25 °C. Cells were har-
vested by centrifugation and lysed using a French press in lysis
buffer (1X PBS, 300 mMm NaCl, 2 mm EDTA, 1 mm DTT, and
complete EDTA-free protease inhibitor tablets (Roche)). Tri-
ton X-100 was then added to a final concentration of 1%.
Extracts were clarified by centrifuging at 15,000 rpm at 4 °C
using a SS-34 rotor for 20 min. Lysates were then incubated
with glutathione-agarose (Sigma) for 2 h at 4 °C. 20 mm gluta-
thione (pH 8.0) was used to elute purified protein. Following
dialysis into PBS, the purified protein was then used to immu-
nize a rabbit for antibody production (Thermo Fisher Scien-
tific). For affinity purification, the same fragment was then
coupled to CNBr-activated Sepharose 4B (GE Healthcare,
17-0430-01) according to the protocol of the manufacturer, and
affinity purification was performed as described previously (41)

In vitro kinase assay

The C-terminal fragment of Cdrl (341-593) was purified
from E. coli as described above. Styl-FLAG and analog-
sensitive Styl(T97A)-FLAG were immunoprecipitated from
S. pombe after activating Styl with 1 m KCI for 10 min. After
washing «-FLAG-M2 beads extensively, immunoprecipitated
Styl was resuspended in 20 mm Tris (pH 8), 100 mm NaCl, 50
mMm NaF, 50 mm B-glycerophosphate, and 1 mM sodium
orthovanadate. Styl constructs and substrates were incubated
together in 20 mm Tris (pH 8), 10 mm MgCl,, and 20 um ATP~yS
at 30 °C for 30 min. The kinase reaction was stopped by adding
20 mm EDTA and alkylated by adding 2.5 mM p-nitrobenzyl
mesylate and incubating at room temperature for 1 h. Styl-
FLAG beads were removed, and the remaining sample (con-
taining substrate) was resuspended in SDS-PAGE sample
buffer and boiled. Phosphorylation was detected using an anti-
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body against thiophosphate ester (Abcam, 92570). The Cdrl
fragment and GST were detected with an antibody raised
against a GST-Cdr1(341-593) fusion.

Microscopy

Microscopy was performed at room temperature with a
Delta Vision imaging system (Applied Precision), an Olympus
IX-71 inverted wide-field microscope, a Photometrics Cool-
SNAP HQ2 camera, and an Insight solid-state illumination
unit. For Fig. 4, images were taken as a Z series of the top half of
the cell with a 0.4-wm step size and subjected to iterative decon-
volution in SoftWorRX (GE/Applied Precision). For all time
courses, cells were grown in EMMA4S to mid-log phase; the cul-
ture was then split and resuspended in EMM4S (control) or
EMMA4S +1 M KCL. styl(T97A)-9gly-SFLAG cdr1-GFPy was
grown in EMMA4S. Cells were treated as described above to
monitor phosphorylation. A sample of each culture was then
pelleted by centrifugation and resuspended in either EMM4S or
EMM4S + 1 m KCI (with methanol or BrB-PP1) for 30 min.
Similarly, styIA cdri-GFPy was grown in EMM4S and then
split to EMM4S or EMMA4S + 1 m KCI, and imaged 30 min after
this stress. The quantification was done in triplicate using >100
cells. Cell size measurements were performed in EMM4S at
32 °C (n > 50/strain).
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