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c15 in vivo. (A) Fic1-GFP in wildtype, pom12sl, cdc151%*, and cdc159C backgrounds treated with
P localization at the cell tips. (B) Quantification of Fic1-GFP tip localization as in A (n > 10 cells and
tips). (C) Fic1-GFP in pom1ast cdg25-22 cgh€arrested in G2 at 36°C for 4 h and treated with methanol (left) or 3MB-PP1 (right) for 10 min. Arrows indi-
cate medial localization of Fic1-GRp. xI1-GFP in wild+ype, cdc15, and cdc152C cells. (E) meGFP-Cdc15 FRAP halftimes (left) and mobile fractions
(right) in wild-type, pxl1A< and c1A during interphase, ring formation, and constriction. SPB marker Sid4-mRFP was used to determine cytokinesis stage
(n'=15). (F) Quantification of the duration of the cytokinetic ring constriction in wildtype, pxi14< and pom1ast pxi14 cells (n > 10) treated with 3MB-PP1
for 4h. (G) Cells of indicated genotypes treated with 1 pM 3MB-PP1 for 2 h at 25°C, and stained with calcofluor. Arrowheads indicate cells with tip septa.
(H) Quantification of tip septa in septated cells as in E (n > 100). Bars, 5 pm.

(Fig. 6 F). This is consistent with the idea that the fast constriction
time in pomI mutants is due to increased Pxl1 binding to hypo-
phosphorylated Cdc15. Together, these data further support the
notion that phosphorylation of Cdc15 by Pom1 antagonizes Ficl
and Pxl1 binding, thus keeping Cdc15 in a dynamic state, favor-
ing ring sliding and increasing the duration of ring constriction.

Loss of Bgs1 function restores

tip occlusion

The underlying cause of ring sliding upon Poml-mediated
Cdc15 phosphorylation may be a delay in septum assembly. The
septum is thought to anchor the cytokinetic ring by depositing
new cell wall material (Pardo and Nurse, 2003; Mufoz et al.,
2013), and Cdc15 participates in the activation and recruitment
of the B-glucan synthase Bgsl for septum assembly (Arasada
and Pollard, 2014; Ren et al., 2015). Indeed, the hypomorphic
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Bgsl mutation cpsl-191 prevented the formation of tip septa
in pomI%! midlA cells, suggesting that compromising septum
formation allows the ring to slide away from cell tips (Fig. 6, G
and H). Additionally, we observed that septa were orthogonal
to cell length in the midI1A cpsi-191 double mutant, contrasting
with the tilted septum phenotype of midIA cells (Fig. 6 G).

Discussion

The DYRK-family kinase Pom1 plays a critical role in cell di-
vision positioning. Pom1 inhibits the anillin-like protein Mid1l
from localizing to cell tips (Celton-Morizur et al., 2006; Padte
et al., 2006). It also prevents septation at cell tips independently
of Midl (Huang et al., 2007). In this study, we dissected the
mechanism by which Pom1 prevents tip septation. We show



that Pom1 inhibits the F-BAR protein Cdc15 by phosphorylat-
ing it on multiple sites, thus blocking its binding to the cytoki-
netic ring components Ficl and Px11 and possibly antagonizing
its membrane binding (Roberts-Galbraith et al., 2010). This
promotes Cdcl5 dynamic turnover, extends ring constriction,
and delays septation. This also allows sliding of the ring away
from the cell pole. Thus, Pom1 guards against septum assembly
at cell poles by inhibiting Cdc15 function.

The F-BAR protein Cdc15, a new
Pom1 target

The pleiotropic phenotypes observed in pomi* and pomlA
cells (Bidhler and Pringle, 1998; Bihler and Nurse, 2001) in-
dicate that Pom1 has multiple substrates. The phosphorylation
of the SAD-like kinase Cdr2 by Pom1 has been well charac-
terized and plays a role in both delaying mitotic commitment
and positioning the septum via the Midl-dependent pathway
(Celton-Morizur et al., 2006; Padte et al., 2006; Almonacid et
al., 2009; Martin and Berthelot-Grosjean, 2009; Moseley et al.,
2009; Bhatia et al., 2014; Rincon et al., 2014). We now provide
strong evidence that the F-BAR protein Cdc15, essential for cy-
tokinesis (Fankhauser et al., 1995), is another important Pom1
substrate. Our biochemical analysis shows that Pom1 directly
binds and phosphorylates Cdc15.

A previous study on the specificity of DYRK-family ki-
nases defined a preferred phosphorylation sequence, RxxSP
(Himpel et al., 2000). However, there is substantial variation,
the actual substrate phosphorylation sites for several ma

gesting that this direct by
ificity after conventional ki

Pom1 converts Cdc15
dynamic conformation
Phosphorylation has long been implicated in regulating Cdc15
function, with dephosphorylation promoting its function in cyto-
kinesis (Fankhauser et al., 1995; Roberts-Galbraith et al., 2010).
Cdcl5 is likely phosphorylated by multiple kinases, but none
had so far been identified. The evidence that Pom1 is a genuine
Cdcl15 kinase is strong: Most sites phosphorylated by Pom1 in
vitro were previously identified as phosphorylated in vivo (Rob-
erts-Galbraith et al., 2010). The cdcl5"°4 mutant, lacking all
Pom1-dependent sites, largely mimics the phenotypes observed
in the absence of Pom1 activity. However, cdc15"% mutant cells
display a stronger phenotype than poml mutants, suggesting
that these sites are likely to be targets of additional kinases.
Other identified phosphorylation sites on Cdc15 are not Pom1
targets (Roberts-Galbraith et al., 2010). Thus, Pom1 is the first
characterized, but not the sole, kinase phosphorylating Cdc15.
We propose that phosphorylation of Cdc15 by Pom1 con-
verts Cdc15 to its closed, more dynamic conformation. Previous
work showed that the phosphorylation status of Cdcl15 deter-
mines its conformation: hypophosphorylated Cdc15 forms an

b6 its closed,

elongated filamentous shape that binds several partners, whereas
the hyperphosphorylated form adopts a globular conformation
that fails to bind membrane and contractile ring components
(Roberts-Galbraith et al., 2010). Consistent with the idea that
Pom1 converts Cdc15 to its closed form, Pom1 phosphorylation
and the Cdc15 phosphomimetic allele Cdc15'P inhibit Cdc15-
Pxl11 and Cdc15-Ficl interactions in vitro. We note that Pom1
phosphorylates Cdc15 outside the SH3 domain, which is suf-
ficient to bind Ficl and Pxl1 (Roberts-Galbraith et al., 2009;
Bohnert and Gould, 2012). This suggests that Cdc15 phosphor-
ylation leads to masking of the SH3 fragment, rather than to a
direct block of Ficl and PxI1 binding sites.

In vivo, the lack of Pxl11 recruitment at the ring of cdc15"°P
mutant cells is consistent with inhibition of its interaction with
Cdc15. The double-ring phenotypes observed in cdc15/°P mu-
tants are also reminiscent of the phenotype observed in px//A
cells (Ge and Balasubramanian, 2008). We note that the phe-
notypes of cdcl5'°? mutant cells may be the result of both
phospho-mimetic effects and reduced Cdcl15 levels. However,
mild (less than threefold, as
ion) compared with the 60-

(Arasada and
exhibit_paft]
sim#a

are expressed at levels
aith et al., 2010) also

*s of interphase cdcl15'%4
the idea that the hypophos-

phorylated
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or in the cdc15' mutant. Thus, our data on Cdc15 localization,
turnover, and binding to Ficl and PxI1 all concur in showing
that phosphorylation by Pom1 promotes a closed Cdc15 state.

Pom1 provides an error-correction
mechanism for division site positioning

How does the Pom1-induced closed Cdcl5 state prevent sep-
tation at cell poles? The key factor appears to be that the acto-
myosin rings assembled at cell tips in midIA can slide toward
the cell middle, leading to the tilted septa predominantly seen
in these cells (Huang et al., 2007). This sliding was completely
abolished in absence of Pom1-dependent Cdcl5 phosphoryla-
tion, leading to tip septation, but was restored in Cdc15 phos-
pho-mimetic mutants. Similarly, deletion of fic/ or pxl1, but not
of actin patch components (wspl, end4, dipl), or mutations in
a host of other ring components (cdci2, ricl, fiml, ainl, myp2,
and rng2; Huang et al., 2007) prevented tip septation. Although
Poml is detected at the division site, it is present prominently
at cell poles, from where it forms concentration gradients. The
enrichment of Pom1 at the cell poles is likely to be critical for
its role in tip occlusion. Indeed, Pom1 activity is critical when
rings are assembled at cell poles, but it affects cell division only
mildly at the medial location. In addition, previous data showed
that both Teal and Tea4, required for Pom1 localization (Padte
et al., 2006), are necessary to prevent tip septation (Huang et
al., 2007). Together, these data indicate that the graded activity
of Pom1 from the cell poles preferentially prevents the binding
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of Ficl and Pxl1 to Cdcl5 and the formation of stable Cdcl5
complexes at cell poles, thus destabilizing the ring and allowing
it to slide toward the cell middle.

The role of Poml1 likely extends beyond Cdc15 phosphory-
lation. Indeed, Cyk3, Rga7, and Imp2, three proteins involved in
cytokinesis, are phosphorylated in a Pom1-dependent manner in
vivo and at least Rga7 is a Pom1 substrate in vitro (Kettenbach et
al., 2015). Rga7 and Imp2 associate in vivo and, like Cdc15, form
complexes with Ficl and Px11 to promote ring stability (Roberts-
Galbraith et al., 2009; Martin-Garcia et al., 2014). Cyk3 also associ-
ates with Ficl (Bohnertand Gould, 2012). We have also observed that
Pom1 can phosphorylate Ficl and Pxl11 in vitro (unpublished data).
Indeed, the role of Pom1 in prolonging ring constriction may rely on
its ability to phosphorylate Pxl1, in addition to Cdc15. Thus, Pom1-
dependent destabilization of the ring may rely on it regulating a
global Cdc15-centered network.

We suggest that this Pom1-dependent regulation eventu-
ally impinges on septum synthesis because partial inactivation
of the p-glucan synthase Bgsl efficiently prevented tip septa-
tion in midlA poml1®! cells. This is in agreement with several
previous studies showing physical and functional links between
Cdc15 and septum synthesis (Vjestica et al., 2008; Arasada and
Pollard, 2014; Ren et al., 2015), which is required for stable
division site placement (Pardo and Nurse, 2003; Muiioz et al.,
2013). Septum synthesis also contributes force for ingression
(Proctor et al., 2012) Thus, our observatlon that ring constn

destabilizing Cdcl15 at cell
the role of bacterial MinCDE\prGtein gradients in destabilizing
FtsZ assembly at cell poles (Lutkenhaus, 2007; Gregory et al.,
2008), suggesting that at a more conceptual level, the destabi-
lization of core components of the division apparatus may be a
fundamental strategy to restrict the position of division.

Materials and methods

Yeast strains, media, and genetic methods

Standard methods for S. pombe media and genetic manipulations were
used throughout. Generally, for imaging, cells were grown in synthetic
Edinburgh minimal medium (EMM) with appropriate supplements,
whereas for biochemistry experiments, cells were grown in rich yeast
extract medium. All strains used in this study are listed in Table S1.
Tagged and deletion strains were constructed by using a PCR-based
approach (Béhler et al., 1998) and confirmed by PCR. Strain construc-
tion and tetrad analysis were accomplished through standard methods.
For observation of septa and tip septation, strains were grown at 25°C
to exponential phase before treatment with vehicle (methanol) or inhib-
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ab tory, V:
EcoRI al

and MBRacdcl
synthegiz€
@ 2 gith#fe A and D mutations noted on Fig. 3 A. PCR stitch-

itor (3MB-PP1 at 1 uM final concentration unless indicated otherwise).
cdc25-22 arrests for imaging purposes were at 36°C for 4 h.

The cdc15'° and cdc15'°P phospho mutant alleles were created
using the pIRT2-cdc 1 58%%S134 and pIRT2-cdc 1 5R¥¥S13P integration vector,
containing cdcl5 open reading frame and 5" and 3’ noncoding regions
(Roberts-Galbraith et al., 2010). A multisite-directed mutagenesis kit
(Affymetrix) was used to obtain the correct set of mutations after multi-
ple rounds of site-directed mutagenesis. Integration of pIRT2-cdc15'%
and pIRT2-cdcl5"P at the endogenous locus was done as described
previously (Roberts-Galbraith et al., 2009). In brief, pIRT2 cdc15/° or
cdc15"P were transformed and integrated at the endogenous locus in a
cdcl5A: :ura4+ heterozygous diploid strain. Transformed diploids were
then sporulated and integrants were recovered on the basis of replace-
ment of urad+, generating resistance to S-fluorourotic acid, and correct
integration was verified by PCR. The integrations were then sequenced
to ensure that no additional mutations were present. The mutants
were subsequently tagged at their N terminus with meGFP using the
pFA6a-kanMX6-Pcdcl5-meGFP plasmid provided to us by T. Pollard
(Yale University, New Haven, CT; Wu and Pollard, 2005). Design of
the chimeric protein of thes¥Mydgin V Myo52 motor and coiled-coil

e the recombinant MBP-cdc15C'9A

S. To i
stfucts, gene synthesis (Eurofins Genomics)
CdclS gene fragments coding for amino acids

(pripaefs available on request) was then used to stitch this frag-
eat’with a fragment coding for amino acids 733-928 amplified from
PIRT2-cdc15F¥XS134 or pIRT2-cdc15R¥XS13P (Roberts-Galbraith et al.,
2010). The final product was then cloned into pMAL2c with flank-
ing EcoRI and Pstl sites. Multisite-directed mutagenesis (Affymetrix)
was used to mutate the remaining sites, S813, S821, S831, and S836.
Recombinant Ficl-HIS and PxI1-GST constructs are described previ-
ously (Roberts-Galbraith et al., 2009). GST-Pom1 and GST-Pom1*
were also described previously (Hachet et al., 2011). To make Poml
truncations, GST-Pom1 fragments of appropriate length were amplified
from the GST-Pom1 plasmid and cloned into the pGEX-4T-1 vector
using EcoRI and Notl sites. Details of primers and restriction sites used
are available on request.

Protein methods
For Western blot analysis of Cdcl5, extracts from yeast grown in
100 ml yeast extract medium were prepared in CXS buffer (50 mM
Hepes, pH 7.0, 20 mM KCI, 1 mM MgCl,, 2 mM EDTA, pH 7.5, and
protease inhibitor cocktail) by grinding in liquid nitrogen with a mortar
and pestle. After thawing, NaCl and Triton X-100 were added to final
concentrations of 150 mM and 0.1%, respectively. For phosphatase
treatments, 3.7 SU of PP1 phosphatase and 1x protein metallophos-
phatase buffer (New England BioLabs) were added protein extracts
prepared as above for 40 min at 30°C. For Fig. S2 B, protein lysates
were prepared by denatured lysis of cell pellets in NP-40 lysis buffer
and SDS lysis buffer as in (Gould et al., 1991). Lysates were run on
an 8% polyacrylamide gel.

For coimmunoprecipitations, cell pellets were frozen in a dry
ice/ethanol bath and lysed by bead disruption in NP-40 lysis buffer as



previously described (Roberts-Galbraith et al., 2010). Pom1-GFP pro-
teins were immunoprecipitated with an anti-GFP antibody.

Standard protocols were used for SDS-PAGE and Western blot
analysis, except for phospho-shift assays, where the samples were run
at a low voltage (90 V) for 3 h to see a good shift. Antibodies used on
Western blots were anti-Cdc15(1-405) polyclonal antibody (VU326;
Cocalico Biologicals; Roberts-Galbraith et al., 2009), anti-PSTAIR an-
tibody (Sigma-Aldrich) for CDK detection, DM 1a for a-tubulin detec-
tion, anti—V5-HRP (Invitrogen), mouse monoclonal anti-GFP (Roche),
anti-MBP (Cell Signaling), and anti-GST (Sigma-Aldrich).

Recombinant proteins were produced in BL21 cells and purified
on GST-Sepharose (GE Healthcare), amylose beads (New England Bi-
oLabs), or HisP™ cobalt resin (Pierce Biotechnology) according to the
manufacturers' protocols.

Radioactive hot kinase assays, were performed in 30 mM Tris,
100 mM NaCl, 10 mM MgCl,, 1 mM EGTA, 10% glycerol, 20 mM
ATP, and 2 mCi [*>P] ATP (PerkinElmer BLU502A250UC) with equiv-
alent amounts of GST-Pom1 and GST-Pom1*¢ in a 1-pl final volume re-
action. After a 30-min incubation at 30°C, the reaction was stopped by
boiling in sample buffer and analyzed by SDS-PAGE. *?P-incorporation
was detected in a Phosphorimager (Molecular Dynamics, Inc.). Cold
assays for the identification of phosphorylation sites were performed
the same way except without hot ATP and with 40 mM ATP. A second
dose of GST-Pom! was added after 45 min and the reaction arrested
after 90 min. Samples were resolved by SDS-PAGE for Coomassie
staining and autoradiography.

For hot kinase assays using Pom1 from cell extracts, pomd?

-bound

O

incubated at 30°C for 40 min. Sapmples were regef¥ed by SDS-PAGE
for Coomassie staining and autoradipgraph

For in vitro binding assays, recqafbinant proteins were first incu-
bated and immobilized on the respective resin for 2 h at 4°C, washed
and incubated with the binding partner for 2 h at 4°C. In the case of the
Pom1-Cdc15 binding experiments shown, the incubation was overnight,
but binding was similarly observed after 2-h incubation at 4°C. The bind-
ing buffers were as follows: for MBP assays, 50 mM Tris-Cl, pH 8.0,
1 mM EDTA, 100 mM KCI, 10 mM maltose; for GST assays, 1x PBS;
and for HIS assays, 6 M guanidine-HCL, 50 mM sodium phosphate,
300 mM sodium chloride, 10 mM imidazole, pH 7.4. The wash buffers
were in all cases the same as the binding buffer but supplemented with
150 mM NaCl and 0.1% Triton X-100. For the experiments in Fig. 5,
MBP-Cdc15C was first incubated with GST-Pom1-FL or GST-Pom1*d
in cold kinase buffer (AB buffer with 10 uM cold ATP) for 90 min. The
reaction was then added to immobilized Pxll or Ficl. The beads were
washed three times for 10 min, and proteins were resolved by SDS-
PAGE for Coomassie staining or Western blot analysis.

Phosphorylation site identification by mass spectrometry

TCA-precipitated proteins were digested and analyzed by two-dimen-
sional liquid chromatography/tandem mass spectrometry as described
previously (Chen et al., 2013), except that the following modifications

were made. Proteins were digested by trypsin, chymotrypsin, and elas-
tase. The number of salt elution steps was reduced to 6 (i.e., 0, 25,
50, 100, 600, 1,000, and 5,000 mM ammonium acetate). Peptide iden-
tifications were filtered and assembled using Scaffold (version 3.6.5;
Proteome Software) and phosphorylation sites were analyzed using
Scaffold PTM (version 2.1.3) using the following filters: minimum of
99.9% protein identification probability, minimum of five unique pep-
tides, minimum of 95% peptide identification probability.

Microscopy and image analysis

A DeltaVision epifluorescence system (Bendezi and Martin, 2013)
and/or a spinning disk confocal microscope (Bendezd et al., 2012) were
used to acquire images of cells in mid log growth at 25°C. The DeltaVi-
sion platform (Applied Precision) composed of a customized Olympus
IX-71 inverted microscope and a UPlan Apo 60x/1.42 NA oil objective,
a CoolSNAP HQ?2 camera (Photometrics), and an Insight SSI 7 color
combined unit illuminator was used for visualizing septa after staining
with Calcofluor White (Sigma-Aldrich). Images were acquired with
softWoRx software (Applied Precisign). Spinning disk microscopy was
performed using a Leica DMJAO0OR inverted microscope equipped

abat cell poles. Cells that showed septa as shown in Fig. S1 C were
counted as tip septated cells.

For nuclear displacement cells were grown for 16-24 h at 30°C
in EMM-AL to induce expression of the Myo52-Nupl46 construct.
They were then treated with MBC (Sigma-Aldrich), which was used
at final concentration of 25 pg/ml from a stock of 2.5 mg/ml in DMSO
and/or 1 uM 3MB-PP1 for 4 h.

Timing of cytokinetic events was measured using the SPB as
reference. Splitting of the SPB was marked as T0. Ring formation and
constriction timing were measured in strains expressing tagged myosin
light-chain protein Rlc1-GFP. To time ring constriction, the time point
at which the diameter of the ring started decreasing was used to mark
the start of constriction, and the end of constriction was marked by
the disappearance of Rlcl.

For measuring Cdcl5 dot stability, images were taken
every 4 min for 12 min. Cells that showed stable dots over this pe-
riod of time were counted.

FRAP was performed with the photokinesis unit of the spinning
disk system (Bendezi and Martin, 2011). A circular zone of 1-um di-
ameter was used for the ring, and the polygon tool was used to draw
a line by hand around the cell tip. Images were recorded before photo
bleaching and immediately after, every second for 90 s. For FRAP anal-
ysis, the mean fluorescence intensities were measured over time in three
regions: (1) the photobleached region, (2) the background outside the
cell, and (3) another nonbleached cell. The background fluorescence
was subtracted from the fluorescence intensities of the photobleached
and the nonbleached cell. The loss of signal as a result of imaging was
corrected by dividing the adjusted bleached regions intensity by the
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adjusted intensity of the nonbleached cell. All values were normalized
so that the prephotobleaching value equals 1. Mobile fractions (F,,) and
half-time (¢,,) values were calculated from the best-fit curve equation:
y=a(l —e™®), where a=F,, and In0.5/b = t,,,, using CurveExpertPro
software. A ¢ test was used to evaluate whether results were signifi-
cantly different for F,, and 7,,.

Fluorescence intensity at cell tips, cytokinetic ring, and whole
cell (Figs. 3, E and F and 6 B) was measured on a sum projection of
spinning disk confocal z-stacks of an individual cell. For measurement
of fluorescence intensity, the polygon tool in ImageJ was used to draw
a line by hand around the cell tip, cytokinetic ring, or whole cell and
the mean fluorescence intensity within this area was obtained using the
Analyze < Measure tool. The fluorescence intensity measured was cor-
rected for the background fluorescence intensity (measured just outside
the cell examined) and the fluorescence intensity of an untagged cell
(acquired and measured for fluorescence intensity in the same way ).

Online supplemental materials

Fig. S1 shows further characterization of Poml kinase activity in
preventing septum formation at cell tips. Fig. S2 shows further
biochemical characterization of Cdcl5 phosphorylation by Pom1 and
binding with Pom1. Fig. S3 shows the in vivo characterization of Cdc15
phospho mutants. Fig. S4 shows the mass spectra of a representative
phosphopeptide from each of the identified Pom1 phosphorylation sites on
Cdc15 in vitro. Fig. S5 shows the localization of Pom1 to the actomyosin
ring in wild type and midlA background, Cdcl15 dynamics at cell tip
in different mutant backgrounds, quantification of tip septation ya#actin
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