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Cdk1 phosphorylation of fission yeast paxillin 
inhibits its cytokinetic ring localization

ABSTRACT Divisions of the genetic material and cytoplasm are coordinated spatially and 
temporally to ensure genome integrity. This coordination is mediated in part by the major cell 
cycle regulator cyclin-dependent kinase (Cdk1). Cdk1 activity peaks during mitosis, but dur-
ing mitotic exit/cytokinesis Cdk1 activity is reduced, and phosphorylation of its substrates is 
reversed by various phosphatases including Cdc14, PP1, PP2A, and PP2B. Cdk1 is known to 
phosphorylate several components of the actin- and myosin-based cytokinetic ring (CR) that 
mediates division of yeast and animal cells. Here we show that Cdk1 also phosphorylates the 
Schizosaccharomyces pombe CR component paxillin Pxl1. We determined that both the 
Cdc14 phosphatase Clp1 and the PP1 phosphatase Dis2 contribute to Pxl1 dephosphoryla-
tion at mitotic exit, but PP2B/calcineurin does not. Preventing Pxl1 phosphorylation by Cdk1 
results in increased Pxl1 levels, precocious Pxl1 recruitment to the division site, and increased 
duration of CR constriction. In vitro Cdk1-mediated phosphorylation of Pxl1 inhibits its inter-
action with the F-BAR domain of the cytokinetic scaffold Cdc15, thereby disrupting a major 
mechanism of Pxl1 recruitment. Thus, Pxl1 is a novel substrate through which S. pombe Cdk1 
and opposing phosphatases coordinate mitosis and cytokinesis.

INTRODUCTION
Cytokinesis is the final stage of the cell cycle during which daughter 
cells physically separate. Yeast and animal cells divide using a con-
served actin- and myosin-based contractile apparatus called the 
cytokinetic ring (CR) (Glotzer, 2017; Mangione and Gould, 2019). 
Studies of model organisms such as Schizosaccharomyces pombe 
have provided substantial insight into this process (Bathe and 
Chang, 2010; Pollard, 2010; Willet et al., 2015b). Forward genetic 
screens identified the proteins involved in cytokinesis, which include 
both CR structural components and regulators (Nurse et al., 1976; 
Minet et al., 1979; Chang et al., 1996; Balasubramanian et al., 1998; 
Kim et al., 2010; Hayles et al., 2013; Chen et al., 2015, 2016), many 
of which are conserved in the budding yeast Saccharomyces cerevi-
siae and metazoan cells (reviewed in Pollard and Wu, 2010). Subse-

quent fluorescence imaging studies determined the timing of cyto-
kinesis events relative to mitosis in S. pombe (Wu et al., 2003, 2006; 
Wu and Pollard, 2005). The CR assembles during metaphase from 
clusters of early cytokinetic proteins called “cytokinesis nodes,” 
which include the F-BAR protein Cdc15 (Fankhauser et al., 1995; 
Wachtler et al., 2006) and the formin Cdc12 (Chang et al., 1997). 
Cdc12 nucleates and elongates F-actin from nodes that eventually 
coalesce into the CR (Kovar et al., 2003; Vavylonis et al., 2008; 
Laporte et al., 2011; Zimmermann et al., 2017). The CR then under-
goes a maturation period during which it accumulates more compo-
nents. Then, the CR constricts to bring together opposing mem-
branes, and a cell wall structure called the septum is coordinately 
deposited (reviewed in Willet et al., 2015b; García Cortés et al., 
2016; Perez et al., 2016).

These events are carefully regulated to protect genome integrity 
and ensure cytokinetic success. This is accomplished in part by the 
major cell cycle regulator cyclin-dependent kinase (Cdk1). High 
levels of Cdk1 activity promote mitosis while inhibiting cytokinesis 
(Wheatley et al., 1997) (reviewed in Wolf et al., 2007; Bohnert and 
Gould, 2011). Cdk1 inhibition and simultaneous reversal of Cdk1 
substrate phosphorylation by opposing phosphatases are required 
for the events of mitotic exit, which include anaphase and cytokine-
sis (Stegmeier and Amon, 2004; Clifford et al., 2008a; Wu et al., 
2009; Bloom et al., 2011; Wurzenberger and Gerlich, 2011; 
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Grallert et al., 2015; Kuilman et al., 2015). In yeasts, multiple cytoki-
netic proteins have been identified as Cdk1 substrates, including 
S. pombe formin Cdc12 (Willet et al., 2018), S. cerevisiae and 
S. pombe IQGAP proteins Iqg1 and Rng2, respectively (Holt et al., 
2009; Chen et al., 2013; Naylor and Morgan, 2014; Morita et al., 
2021), and S. cerevisiae C2 domain protein Inn1, the orthologue of 
S. pombe Fic1 (Palani et al., 2012; Kuilman et al., 2015).

The CR component Pxl1 arrives at the CR during its maturation 
(Ren et al., 2015). Pxl1 binds the F-BAR domain of the CR scaffold 
Cdc15, and this interaction is critical for Pxl1 CR localization (Snider 
et al., 2020). Pxl1 also binds another site on Cdc15 that includes the 
SH3 domain and part of the intrinsically disordered region (Roberts-
Galbraith et al., 2009; Bhattacharjee et al., 2020), and Cdc15’s SH3 
domain is important for Pxl1 assembly into the CR throughout cyto-
kinesis (Cortes et al., 2015; Martin-Garcia et al., 2018). While the 
Pxl1 N-terminus is important for CR localization (Pinar et al., 2008), 
the C-terminus comprises three tandem LIM (Lin11, Isl-1, and Mec-
3) domains that bind mechanically stressed F-actin in vitro and in 
cultured cells (Sun et al., 2020; Winkelman et al., 2020) and are im-
portant for Pxl1 function (Ge and Balasubramanian, 2008; Pinar 
et al., 2008). pxl1∆ cells have severe cytokinesis defects, displaying 
CR sliding and splitting during anaphase (Ge and Balasubramanian, 
2008; Pinar et al., 2008; Cortes et al., 2015). Additionally, in pxl1∆ 
cells the phosphatase calcineurin (CN) is not recruited to the CR 
(Martin-Garcia et al., 2018). Indeed, mutating the Pxl1 binding site 
on the Cdc15 F-BAR dramatically reduces both Pxl1 and CN local-
ization to the CR, leading to defects in CR nanoscale architecture 
and constriction (Snider et al., 2020).

Despite its key functions in cytokinesis, the mechanisms that dic-
tate the timing of Pxl1 arrival at the division site are unknown. Poten-
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FIGURE 1: Pxl1 phosphorylation changes throughout the cell cycle. Cells were grown to mid–
log phase, shifted to 36°C for 4 h, and then released to permissive temperature (25°C). Samples 
were collected at the indicated times. Denatured lysates (A) and IP-phosphatase (pptase) 
samples (B) were separated by SDS–PAGE and analyzed by immunoblot (IB) with HA and 
tubulin antibodies. Asterisks indicate background bands, and the bracket in asynchronous (asy.) 
samples indicates HA-Pxl1.

tially relevant to this question, multiple pro-
teome-scale studies determined that Pxl1 is 
phosphorylated in mitosis (Koch et al., 2011; 
Carpy et al., 2014; Kettenbach et al., 2015; 
Swaffer et al., 2016, 2018), and one has pro-
vided strong evidence that Pxl1 is a direct 
Cdk1 substrate (Swaffer et al., 2016). Here 
we confirmed that Pxl1 is a Cdk1 substrate 
and determined that Pxl1 is dephosphory-
lated by both Cdc14 and PP1 phosphatases. 
We also examined the consequence of 
Cdk1-mediated Pxl1 phosphorylation to 
Pxl1 function and to cytokinesis.

RESULTS AND DISCUSSION
Pxl1 is phosphorylated in a cell cycle–
dependent manner
As reported previously, we observed that 
HA-Pxl1 abundance fluctuated across the 
cell cycle (Figure 1A) (Ge and Balasubrama-
nian, 2008; Pinar et al., 2008). We also noted 
that HA-Pxl1 migration on SDS–PAGE 
changed during mitosis and cytokinesis, with 
a notable retardation 30 min after release 
from a G2 arrest that was reversed 60 min 
after release (Figure 1A). Treatment with 
lambda protein phosphatase collapsed im-
munoprecipitated HA-Pxl1 to a single dis-
tinct band, indicating that these changes in 
migration were due to changes in phosphor-
ylation (Figure 1B).

Pxl1 is phosphorylated by Cdk1
Previous studies (Koch et al., 2011; Carpy et al., 2014; Kettenbach 
et al., 2015; Swaffer et al., 2016, 2018) and our own analysis of 
green fluorescent protein (GFP)-Pxl1 purifications identified mul-
tiple phosphorylation sites on Pxl1, many of which matched the 
Cdk1 minimal consensus sequence of [S/T]P (Supplemental Figure 
S1). Therefore, we tested whether Cdc2-Cdc13 (active Cdk1) 
could phosphorylate recombinant MBP-Pxl1. Cdk1 phosphory-
lated both an N-terminal fragment (N) and full-length Pxl1 (FL), 
but not a C-terminal fragment (C) (Figure 2, A and B). These results 
were expected because all of the [S/T]P phosphorylation sites 
identified in Pxl1 from cell lysates or purifications reside in the N-
terminus. Phosphoamino acid analysis indicated that Cdk1 phos-
phorylates both serines and threonines in MBP-FL and MBP-N 
(Supplemental Figure S2A), and comparison of the tryptic phos-
phopeptide maps of MBP-FL and MBP-N confirmed that the vast 
majority of Cdk1 phosphorylation sites reside in the N-terminus of 
Pxl1 (Supplemental Figure S2B).

Mutating all nine potential Cdk1 sites in the N-terminus of Pxl1 
to alanine abolished Pxl1 phosphorylation by Cdk1 in vitro (Figure 
2, A and C). To determine the consequence of Pxl1 phosphoryla-
tion on these sites, we replaced pxl1+ with alleles encoding HA-
tagged pxl1 or pxl1 phosphomutants: all nine residues matching 
the [S/T]P consensus sequence were mutated to alanine (9A) or 
aspartic acid (9D) to eliminate or potentially mimic phosphoryla-
tion, respectively. Unlike HA-Pxl1, HA-Pxl1(9A) and HA-Pxl1(9D) 
migrated as single bands on SDS–PAGE. HA-Pxl1(9D) migrated 
more slowly than HA-Pxl1(9A), which comigrated with dephos-
phorylated HA-Pxl1 (Figure 2D). HA-Pxl1(9A) also appeared to be 
more abundant than HA-Pxl1 or HA-Pxl1(9D) (Figure 2, D and E), 
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which is investigated below. While phosphatase treatment of HA-
Pxl1 collapsed the multiple phospho-species to a single band, the 
SDS–PAGE mobilities of HA-Pxl1(9A) and HA-Pxl1(9D) were largely 
unaltered by the treatment. To substantiate this observation, we 
also monitored the SDS–PAGE mobilities of the phosphomutants 
throughout the cell cycle (Figure 2E) and did not observe any 
changes as the cells progressed from G2 through mitosis and cy-
tokinesis. Together these data support that we identified the major 
sites of Pxl1 phosphorylation.

Cdc14 phosphatase Clp1 and PP1 phosphatase Dis2, but 
not CN, regulate Pxl1 dephosphorylation
Pxl1 is dynamically phosphorylated as cells enter mitosis and de-
phosphorylated during anaphase (Figures 1 and 2E). Therefore, we 
asked which phosphatase(s) mediates Pxl1 dephosphorylation. Be-
cause Pxl1 recruits CN to the mature CR (Martin-Garcia et al., 2018), 
we first tested whether Pxl1 is a CN substrate. We released cells 
from a G2 arrest for 30 min to allow mitotic onset and then treated 
them with the CN inhibitor FK506 to test whether this prevented 
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Pxl1 dephosphorylation (Figure 3A). We observed no change in Pxl1 
dephosphorylation, so although CN depends on Pxl1 for its CR lo-
calization, Pxl1 is not a CN substrate.

The Cdc14 phosphatase Clp1 opposes Cdk1 activity in S. pombe 
(Clifford et al., 2008b; Chen et al., 2013), so we next tested whether 
it has a role in Pxl1 dephosphorylation. The slower-migrating bands 
corresponding to phosphorylated Pxl1 were increased in clp1∆ 
compared to clp1+ (Figure 3B), consistent with Clp1 contributing to 
Pxl1 dephosphorylation. However, not all of the rapidly migrating 
Pxl1 species was abolished, indicating that another phosphatase 

may also dephosphorylate Pxl1. We searched the Eukaryotic Linear 
Motif (ELM) database (Gouw et al., 2018) for linear motifs in Pxl1 
that could provide insight into its regulation and/or function, and we 
identified a protein phosphatase 1 (PP1) catalytic subunit interacting 
motif (Egloff et al., 1997; Aggen et al., 2000) at amino acids 78–84 
(Figure 3C). Consistent with the possibility that PP1 dephosphory-
lates Pxl1, the catalytic subunit of S. pombe PP1 Dis2 was identified 
in a purification of GFP-Pxl1 from cells blocked in prometaphase by 
a nda3-KM311 arrest (Figure 3D). Pxl1 phosphorylation was in-
creased in lysates from dis2∆ cells, similar to what was observed in 

-64 kD

FK506   -    +  -  
0 30un

ta
gg

ed min after release 
cdc25-22 pxl1::kanR leu1:HA-pxl1

  -    -    +
60

  -    +
90

  -    +
120

  -    +     +
150

-64 kDFK506   -    +  -  
0 30un

ta
gg

ed min after release 
cdc25-22 pxl1::kanR leu1:HA-pxl1

  -    -    +
60

  -    +
90

  -    +
120

  -     + 
150

% binucleate
% septated

0
0

3
0

5
1

73
43

43
38

97
88

89
87

27
25

63
62

2
3

24
32

-64 kD
anti-HA

un
tag

ge
d

HA 3
-px

l1
+

HA 3
-px

l1
+ clp

1∆
B

A

E

IP: anti-HA

anti-HA

anti-HA

IP: anti-HA

PE S

TEEVVLGLLRYWPKVNSS
33 SAVEFDHTGDYLATGDKGGRVVLFERNHSKKGCEYKFFTEF 73
360 V KEVLFLNEIEDIIEVMEPSEFL 400
461 LTKAVLTGILKYWPRINSFKELLFLNEIEDIFEVLEPSEFV 501
61 TSLK SPLSKRNPTIKQNR-VRFDLPDDELSRSNVS PEK 100

B55Pab1

B56Par1

B56Par2

Pxl1

D

Pxl1
Cdc15
Dis2

887
310
219

98.6
68.2
89.6

49.0
102.1
37.6

Protein

% 
Sequence 
Coverage

Molecular 
weight 

(kD)

Exclusive 
spectrum 

count

C

*
*

-64 kD

un
tag

ge
d

HA 3
-px

l1
+

HA 3
-px

l1
+ di

s2
∆

anti-HA

HA 3
-px

l1
+ clp

1∆

HA 3
-px

l1
+

*

*
*
*

*

*
*

*

*

**

FIGURE 3: Pxl1 is regulated by Cdc14 and PP1 phosphatases, but not by calcineurin. (A) Cells were grown to mid–log 
phase, shifted to 36°C for 4 h, and then released to permissive temperature (25°C). The CN inhibitor FK506 (10 µg/ml) 
or DMSO was added to cell cultures at 30 min after release from G2 arrest. Samples were collected at the indicated 
times. Denatured lysates (top) and IP samples (bottom) were separated by SDS–PAGE and analyzed by IB with HA 
antibody. (B) IP samples separated by SDS–PAGE and IB for the indicated proteins. (C) Alignment of PP1 docking motifs 
in S. pombe proteins. Cdk1 phosphorylation sites in Pxl1 are underlined. PP1 docking motif in Pxl1 is highlighted in gray. 
(D) Selected proteins pulled down by GFP-Pxl1 from prometaphase-arrested cells. (E) Denatured lysates separated by 
SDS–PAGE and IB for the indicated proteins. (A, B, E) Asterisks indicate background bands. Positions of molecular 
weight markers indicated on the right.



1538 | M. C. Mangione et al. Molecular Biology of the Cell

clp1∆ cells (Figure 3E), and Pxl1 phosphorylation in a double phos-
phatase deletion was similar compared with both single mutants 
(Supplemental Figure S2C). Thus, two phosphatases previously im-
plicated in mitotic exit and reversal of CDK phosphorylation (Clifford 
et al., 2008; Chen et al., 2013; Heim et al., 2015; Qian et al., 2015; 
Martín et al., 2020), Clp1/Cdc14 and Dis2/PP1, contribute to Pxl1 
dephosphorylation.

Phosphorylation regulates the timing of Pxl1 localization to 
the CR
Cdk1 phosphorylation of S. pombe formin Cdc12 (Willet et al., 2018), 
S. cerevisiae and S. pombe IQGAP Iqg1/Rng2 (Naylor and Morgan, 
2014; Morita et al., 2021), and S. cerevisiae C2 domain protein Inn1 
(Palani et al., 2012; Kuilman et al., 2015) temporally regulates their 
recruitment to the CR. Therefore, we performed time-lapse imaging 
of mNeonGreen (mNG)-Pxl1, mNG-Pxl1(9A), and mNG-Pxl1(9D) in 
cells also producing Sid4-mNG, a spindle pole body (SPB) marker for 
monitoring progression through mitosis. Relative to SPB separation, 
mNG-Pxl1(9A) arrived at the division site earlier (14.7 ± 5.2 min; 47 
cells) than either mNG-Pxl1 (19.0 ± 3.4 min; 31 cells) or mNG-Pxl1(9D) 
(19.9 ± 3.1 min; 27 cells) (Figure 4, A and B). Thus, abolishing phos-
phorylation on Pxl1 results in its early CR recruitment.

Immunoblotting suggested that HA-Pxl1(9A) protein levels were 
increased compared with those in HA-Pxl1 and HA-Pxl1(9D) (Figure 
2D). Therefore, we compared the whole cell fluorescence intensities 
of mNG-Pxl1, mNG-Pxl1(9A), and mNG-Pxl1(9D). mNG-Pxl1(9A) 
whole cell fluorescence intensity was increased approximately two-
fold compared with those of mNG-Pxl1 and mNG-Pxl1(9D), with a 
proportional increase in the fluorescence intensity of mNG-Pxl1(9A) 
in the CR (Supplemental Figure S3, A–C). There was also a trend 
toward increased mNG-Pxl1 in both clp1∆ and dis2∆ (Supplemental 
Figure S3, D–F), which could represent an intermediate phenotype 
given that some Pxl1 phosphorylation remains in clp1∆ and dis2∆ 
(Figure 3, B and E, and Supplemental Figure S2C). We hypothesized 
that increased CR Pxl1-9A would recruit more of its binding partner 
calcineurin (Martin-Garcia et al., 2018; Snider et al., 2020). To test 
this we examined the localization of Cnb1-mNG, the regulatory sub-
unit of calcineurin (Supplemental Figure S3, G–I) but did not see a 
similar twofold increase in Cnb1 localization in Pxl1-9A. The whole 
cell intensity of Cnb1-mNG was reduced in Pxl1-9A and Pxl1-9D 
compared with that of wild type (Supplemental Figure S3, G and H), 
which increased the ratio of CR:whole cell intensity in both the Pxl1-
9A and Pxl1-9D (Supplemental Figure S3I). These results suggest 
that Pxl1 localization alone is not sufficient for Cnb1 recruitment and 
that there are other factors regulating their interaction.

Loss of Pxl1 phosphorylation alters cytokinesis timing
We next asked whether early CR recruitment and an increased 
amount of Pxl1 at the CR affected cytokinesis dynamics. To deter-
mine this, we performed time-lapse imaging of cells producing 
Sid4-mNG and the CR marker Rlc1-mNG in pxl1+(wt), pxl1(9A), or 
pxl1(9D) (Figure 4C). Then, we quantified the duration of CR forma-
tion (i.e., the period from SPB separation to CR formation), matura-
tion (i.e., the period between formation and constriction), and con-
striction (Figure 4D, left). Although there was a small difference in 
CR formation between pxl1(9A) (13.6 ± 2.5; 33 cells) and pxl1(9D) 
(12.2 ± 2.3 min; 41 cells), formation was similar in pxl1(9D) and pxl1+ 
(12.4 ± 3.0; 32 cells), and there were no significant differences in the 
durations of CR maturation. Constriction took longer in pxl1(9A) 
(54.5 ± 13.0 min; 33 cells) compared with pxl1+(48.7 ± 12.2 min; 32 
cells) and pxl1(9D) (47.3 ± 7.5; 41 cells) (Figure 4D, right). These re-
sults suggest that phosphorylation delays Pxl1 CR recruitment and 

that early recruitment and/or increased levels of Pxl1 has negative 
downstream consequences on the efficiency of cytokinesis.

Cdk1-mediated phosphorylation inhibits Pxl1 binding to 
Cdc15’s N-terminus but not its C-terminus
The N-terminus of Pxl1 is the site of Cdk1 phosphorylation and con-
tains CR targeting information (Pinar et al., 2008). Pxl1 interacts di-
rectly with the F-BAR protein Cdc15 (Roberts-Galbraith et al., 2009; 
Bhattacharjee et al., 2020; Snider et al., 2020). Because Cdk1 phos-
phorylation of the formin Cdc12 inhibits its interaction with Cdc15 
(Willet et al., 2018), we tested whether Cdk1 phosphorylation inhib-
its Pxl1 binding to Cdc15 similarly. However, unlike Cdc12 (Willet 
et al., 2015a), Cdc15 has two known binding sites for Pxl1: one in 
the N-terminal F-BAR domain (Snider et al., 2020) and one made up 
of the C-terminal intrinsically disordered region and SH3 domain 
(Cdc15C) (Bhattacharjee et al., 2020). We tested whether either of 
these Pxl1-Cdc15 interactions was modulated by Pxl1 phosphostate 
using sequential in vitro phosphorylation and binding assays. Cdk1 
phosphorylation of Pxl1 reduced binding to the F-BAR domain of 
Cdc15 (Figure 5A), but not to Cdc15C (Figure 5B).

Summary
Pxl1 is an important contributor to CR stability. Here we showed that 
Pxl1 is phosphorylated by Cdk1, and we identified two phospha-
tases that regulate Pxl1 dephosphorylation: the Cdc14 phosphatase 
Clp1 and the PP1 phosphatase Dis2, supporting their function to 
reverse Cdk1 phosphorylation and promote mitotic exit (Stegmeier 
and Amon, 2004; Clifford et al., 2008a,b; De Wulf et al., 2009; Wu 
et al., 2009; Mocciaro and Schiebel, 2010; Bloom et al., 2011; 
Bouchoux and Uhlmann, 2011; Wurzenberger and Gerlich, 2011; 
Palani et al., 2012; Grallert et al., 2015; Kuilman et al., 2015; Orii 
et al., 2016). Inconveniently for these studies, we suspect that the 
pxl1(9D) is not a true phosphomimetic because Pxl1(9D) is not re-
duced at the division site and the expected cytokinetic defects from 
Pxl1 loss are not observed. The deficiencies of aspartic acid as a 
replacement for phosphorylated serine or threonine are well-known 
(Dephoure et al., 2013), and therefore other molecular manipulation 
is required to determine the effect of persistent phospho-Pxl1 and 
whether both phosphatases simultaneously, sequentially, or redun-
dantly dephosphorylate Pxl1.

Interestingly, our data showed that CN does not impact the Pxl1 
phosphostate, even though Pxl1 is necessary for CN localization to 
the CR (Martin-Garcia et al., 2018) and CN/PP2B has been impli-
cated in mitotic exit in S. pombe and metazoans (Yoshida et al., 
1994; Mochida and Hunt, 2007; Nishiyama et al., 2007; Martin-Gar-
cia et al., 2018). Combined with the finding that Pxl1 CR localization 
is not sufficient to recruit CN in a cdc15 mutant lacking a segment of 
its intrinsically disordered region (Mangione et al., 2019), it is clear 
that more investigation is necessary to understand CN recruitment 
to the CR and its downstream targets in cytokinesis.

We found that Pxl1 phosphorylation reduces its ability to bind 
the F-BAR domain of Cdc15 in vitro, and because Pxl1-Cdc15 F-
BAR domain interaction is the major mechanism of Pxl1 CR recruit-
ment (Snider et al., 2020), our results provide a mechanistic explana-
tion for the phosphorylation-mediated change we observe in Pxl1 
localization in vivo. It also seems possible, however, that phosphory-
lation regulates Pxl1 protein levels given that we observed an ap-
proximately twofold increase in the abundance of Pxl1(9A) using 
tags for Pxl1 detection. Increased levels may have allowed us to 
detect Pxl1(9A) CR arrival earlier, and the increased Pxl1 levels in the 
CR may have perturbed cytokinesis. Pxl1 abundance seems to be 
regulated at least in part by transcription, with transcript levels 



Volume 32 August 15, 2021 Cdk1 phosphorylates paxillin | 1539 

peaking during M phase (Rustici et al., 2004). 
Although the products of other genes with 
this transcriptional profile are subsequently 
eliminated by phosphorylation-directed 
ubiquitin-mediated proteolysis, it seems un-
likely that phosphorylation triggers Pxl1 deg-
radation because Pxl1 persists well after the 
peak of its phosphorylation, through cytoki-
nesis and into the next cell cycle. It is also 
present at normal levels in phosphatase mu-
tants where it remains hyperphosphorylated. 
Perhaps the binding interactions in the CR 
that accompany Pxl1 dephosphorylation 
protect it from degradation. Future studies 
to map and then perturb the Cdc15 binding 
site(s) on Pxl1 could test this hypothesis.

Ultimately, although pxl1 phosphoablat-
ing mutants had only mild effects on cytoki-
nesis, our data are consistent with the con-
cept that Cdk1 controls cytokinesis by 
phosphorylating many substrates and that 
multiple redundant mechanisms exist to reg-
ulate the timing of cytokinesis.

MATERIALS AND METHODS
Request a protocol through Bio-protocol. 

Experimental model and subject details
Supplemental Table S1 lists S. pombe strains 
used in this study. Cells were cultured in rich 
media (5 g/l yeast extract, 30 g/l glucose, 
225 mg/l adenine) with supplements (YES) or 
Edinburgh minimal medium (3 g/l potassium 
hydrogen phthalate, 20 g/l glucose, 2.2 g/l 
disodium phosphate) plus selective 
supplements.

Fusion proteins were produced in Esche-
richia coli Rosetta2(DE3) pLysS cells. Bacteria 
were grown in Terrific Broth medium (12 g/l 
tryptone, 24 g/l yeast extract, 4 ml/l glycerol) 
with antibiotics. For MBP-Pxl1, 150 µM ZnCl2 
was added to the culture media.

Strain construction
For integration of pxl1 wild type and 
phosphomutant alleles at the endogenous 
locus, pxl1::ura4+(KGY16851) was trans-
formed with linear DNA consisting of 500 
base pairs of the pxl1 5′ noncoding region, 
then sequences encoding 3xHA or mNG 
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FIGURE 4: Loss of Cdk1 phosphorylation leads to early recruitment of Pxl1 to the CR and 
increased duration of constriction. (A) Representative montages taken from time-lapse 
fluorescence imaging; deconvolved sum projections are shown. Images were acquired every 
2 min, and every other time point is shown. Time 0 is set as the first frame with two SPBs. 
(B) Average time between SPB separation to division site localization of the indicated Pxl1 
proteins. ****p < 0.0001, ordinary one-way analysis of variance (ANOVA) with Dunnett’s test for 
multiple comparisons to wild type (wt). (C) Representative fluorescence (mNG) or differential 
interference contrast (DIC) montages taken from time-lapse imaging; fluorescence images are 

deconvolved, max intensity projections, and 
DIC images are sum projections. Images were 
acquired every 2 min, and every other time 
point is shown. Time 0 is set as the first frame 
with two SPBs. (D) Average duration of the 
cytokinesis stages (left); duration of 
constriction shown alone on the right. *p < 
0.05, Welch’s one-way ANOVA with Dunnett’s 
T3 test for multiple comparisons. (A, C) Scale 
bars are 5 µm. (B, D) Error bars are SD.

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e20-12-0807
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(Roberts-Galbraith et al., 2009; Shaner et al., 2013; Willet et al., 
2015a) where indicated, followed by the desired pxl1 allele, a kanR 
cassette including the ADH1 terminator sequences, and 500 base 
pairs of the pxl1 3′ noncoding region. Integration was verified by 
growth on selective media containing 5-fluorourotic acid and G418, 
then PCR and/or microscopy, and finally sequencing. These were 
the pxl1 versions used throughout the paper except in Figure 1.

Introduction of pxl1 (and mutants thereof) into other genetic 
backgrounds was accomplished using standard S. pombe mating, 
sporulation, and tetrad dissection techniques, except for sid4, which 
was tagged at the 3′ end of its open reading frame with mNG:hygR 
using a pFA6 cassette as previously described (Bahler et al., 1998; 
Willet et al., 2015a). Integration of the tag was verified using whole 
cell PCR and/or microscopy.

Transformation of yeast with plasmid or linear DNA was accom-
plished using lithium acetate methods (Keeney and Boeke, 1994).

Molecular biology methods
Expression and integration vectors were constructed using standard 
molecular biology techniques. Mutations were made with a Qui-
kChange Multi-lightning mutagenesis kit (Agilent Technologies). All 
constructs were sequenced for verification.

cdc25-22 block-and-release and calcineurin inhibition
Cells were arrested in G2 by being shifted to the restrictive tempera-
ture (36°C) for 3.5–4 h and then released back into the cell cycle by 
shifting to the permissive temperature (25°C). Twenty-five OD cell 
pellets were collected at the time of release (0 min) and at subse-
quent time points as indicated. Additionally, cells were fixed in ice-
cold 70% ethanol for staining with 4’,6-diamidino-2-phenylindole 
(DAPI) and methyl blue to visualize nuclei and septa, respectively 
(see Microscopy and image analysis section).

For testing whether calcineurin regulates Pxl1 in Figure 3A, a cell 
culture was blocked-and-released as described. After the time 0 
pellet was collected, the culture was split into two cultures. At 
30 min after release, one culture was treated with dimethyl sulfoxide 

(DMSO) as a vehicle control and the other with FK506 at final con-
centration 10 µg/ml (LC Laboratories Cat No F-4900). Immediately 
after addition of drug or vehicle, the 30-min pellet was collected.

Denatured lysis and immunoprecipitation-phosphatase 
assays for detecting Pxl1 phosphorylation status
Twenty-five OD pellets were snap-frozen in dry ice-ethanol baths 
and then lysed by bead disruption in EDTA-free NP-40 lysis buffer (6 
mM Na2HPO4, 4 mM NaH2PO4, 1% Nonidet P-40, 150 mM NaCl, 
50 mM NaF, 0.1 mM Na3VO4) modified from Gould et al. (1991) with 
the addition of 0.5 mM diisopropyl fluorophosphate (Sigma-Al-
drich), benzamidine, and phenylmethylsulfonyl fluoride. Lysates 
were denatured by boiling at 95°C for 1 min in EDTA-free SDS lysis 
buffer (10 mM NaPO4, pH 7.0, 0.5% SDS, 1 mM dithiothreitol [DTT], 
50 mM NaF, 1 mM Na3VO4, 4 µg/ml leupeptin). Then lysates were 
cleared by spinning at 10,000 rpm for 6 min at 4°C. Cleared lysates 
were normalized by Pierce(TM) BCA protein assay kit assay. A lysate 
sample was collected at this point by adding to sample buffer and 
boiling for 1 min.

For immunoprecipitation, Pxl1 was immunoprecipitated from ly-
sates using 4 µg anti-HA antibody (12CA5) and 30 µl protein A sep-
harose (GE Healthcare; 17-5280-04) for 1 h at 4°C. Then sepharose 
was washed three times with EDTA-free NP-40 lysis buffer. If pro-
ceeding directly to immunoblotting, beads were added to sample 
buffer and boiled for 1 min.

If proceeding to phosphatase assay, the sepharose was also 
washed two times with 1× phosphatase buffer (50 mM HEPES, pH 
7.4, 150 mM NaCl). Samples were treated with lambda protein 
phosphatase (New England Biolabs; P0753) according to the manu-
facturer’s protocol, and reactions were stopped by the addition of 
sample buffer.

Immunoblot analysis was performed as previously described 
(Roberts-Galbraith et al., 2009). Briefly, to best visualize Pxl1 phos-
pho-species, proteins were resolved by SDS–PAGE using freshly 
poured (within 24 h) 6% Tris-glycine gels at 150 V for 2 h. Then, 
protein samples were transferred to polyvinylidene fluoride (PVDF) 
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membrane (Immobilon FL; EMD Millipore) at 30 V for 1.5 h. Anti-HA 
antibody (12CA5) was used as the primary antibody. Secondary an-
tibodies were conjugated to IRDye 680RD or IRDye 800CW (LI-COR 
Biosciences) and visualized using an Odyssey machine (LI-COR 
Biosciences).

In vitro kinase assays
Kinase reactions were performed in protein kinase buffer (10 mM 
Tris, pH 7.4, 10 mM MgCl2, and 1 mM DTT) with 10 µM cold ATP, 1 
µCi of [γ32P]ATP, and 100 ng of kinase-active or kinase-dead insect 
cell–produced Cdk1-Cdc13 in 20 µl reactions that were incubated at 
30°C for 30 min with shaking. MBP was used as a negative control 
substrate for Cdk1-Cdc13. Reactions were quenched by the addi-
tion of 5 µl of 5× SDS sample buffer. Proteins were separated by 
SDS–PAGE. The acrylamide gels were either stained with Coo-
massie blue and then dried or transferred to PVDF membranes (Im-
mobilon P; EMD Millipore) and stained with REVERT Total Protein 
stain (LI-COR Biosciences). Phosphorylated proteins were visualized 
by autoradiography.

In vitro phosphorylation of recombinant proteins used in in vitro 
binding assays was performed via identical kinase assays, except 
that radioactive [γ32P]ATP was eliminated, and the final concentra-
tion of unlabeled ATP in reactions was increased to 2 mM.

Phosphoamino acid analysis
PVDF pieces containing 32P-labeled Pxl1 were subjected to partial 
acid hydrolysis using boiling 6 M HCl for 1 h. Hydrolyzed amino ac-
ids were separated by two-dimensional thin-layer electrophoresis 
(Boyle et al., 1991).

Tryptic phosphopeptide mapping
Phosphopeptide mapping was performed as described previously 
(Boyle et al., 1991; McCollum et al., 1999). Pieces of PVDF mem-
brane containing 32P-labeled Pxl1 were pretreated with methanol 
for 30 s and then incubated at 37°C for 30 min with 0.1% Tween 20 
in 50 mM ammonium bicarbonate, pH 8.0. After three short 
washes with 50 mM ammonium bicarbonate, phosphopeptides 
were released from the membrane with two 3-h incubations at 
37°C in 50 mM ammonium bicarbonate, pH 8.0, with 10 µg of N-
tosyl-l-phenylalanine chloromethyl ketone-trypsin added for each 
incubation. After lyophilization, the phosphopeptides were sepa-
rated in two dimensions with electrophoresis at pH 1.9. Tryptic 
phosphopeptides were visualized by autoradiography.

Purification of GFP-Pxl1 from prometaphase-arrested cells
GFP-Pxl1 was purified using a nanobody-based immunoprecipita-
tion (IP) (Rothbauer et al., 2008) that was performed as previously 
described (Chen et al., 2016) except that EDTA was removed from 
all buffers. A 2 l culture of GFP-pxl1 nda3-KM311 (KGY18174) was 
grown in 4× YES media at 32°C to OD 0.3 and then shifted to 18°C 
for 6.5 h. Cells were pelleted and then lysed under native condi-
tions in a glass bead beater with NP-40 buffer (10 mM sodium 
phosphate, pH 7.0, 0.15 M NaCl, 1% Nonidet P40, 50 mM sodium 
fluoride, 100 µM sodium orthovanadate, 5 µg/ml leupeptin) plus 
Protease Inhibitors (Roche). The lysate was cleared at low speed 
(ca. 3000 rpm) on a tabletop centrifuge. The supernatant was 
transferred to a clean Falcon tube and GFP-TRAP magnetic aga-
rose beads (30 µl) (GFP-Trap_MA; ChromoTek) prewashed with 
NP-40 buffer were added and nutated at 4°C for 1–1.5 h. The 
beads were then washed with NP-40 buffer two times (5 ml) and 
then once with 5 ml Low-NP-40 buffer (0.02% NP-40) before elu-
tion from beads with 100 µl of 200 mM glycine twice. The eluate 

was trichloroacetic acid (TCA) precipitated (25% TCA on ice), and 
proteins were identified using LC-mass spectrometry (MS) as de-
tailed below. A control purification was also performed from un-
tagged yeast, and proteins identified by MS were subtracted from 
the list of potential interactors.

Mass spectrometry analysis
GFP-Pxl1 purification was analyzed by mass spectrometry as previ-
ously described (Elmore et al., 2014) with the following modification: 
a newer version of Scaffold (v4.8.4; Proteome Software, Portland, 
OR) was used, and the minimum peptide identification probability 
was changed to 95.0%. Phosphorylation sites were annotated using 
Scaffold PTM (v3.0.0; Proteome Software, Portland, OR).

Microscopy and image analysis
Microscope. All images were acquired using a Personal DeltaVision 
microscope system (GE Healthcare, Issaquah, WA), which includes an 
Olympus IX71 microscope, 60×/NA 1.42 PlanApo and 100×/NA 1.40 
UPlanSApo objectives, fixed- and live-cell filter wheels, a Photometrics 
CoolSnap HQ2 camera, and softWoRx imaging software.

Sample preparation. For live-cell fluorescence imaging, strains 
were grown overnight to log phase in YES media at 25°C in a shak-
ing water bath. Cells were imaged in YES media at 23–29°C.

Yeast cells were fixed by adding ice-cold 70% ethanol while vor-
texing and then incubating at 4°C for at least 15 min. Cells were 
fixed at a ratio of 0.5 OD per 1 ml 70% ethanol.

For visualizing nuclei and cell wall, approximately 0.5 OD fixed 
cells were washed once with phosphate-buffered saline, pH 7.5, and 
then resuspended in 50 µl of 1 mg/ml methyl blue (Sigma; M6900) 
and incubated at room temperature for 30 min. Then, the cells were 
pelleted and mixed 1:1 with 5 µg/ml DAPI (Sigma; D9542) before 
imaging immediately.

Time-lapse imaging. Time-lapse imaging was performed using an 
ONIX microfluidics perfusion system (CellASIC ONIX; EMD Milli-
pore). Fifty microliters of a 40 × 106 cells/ml YES suspension was 
loaded into Y04C plates for 5 s at 8 psi. YES medium flowed into the 
chamber at 5 psi throughout imaging. Time-lapse images were ob-
tained at 2-min intervals. Ten Z-series optical sections were taken at 
0.5-µm spacing. The stage temperature was maintained at 29°C. Im-
ages were deconvolved with 10 iterations using softWoRx, and maxi-
mum intensity Z-projections were generated using ImageJ (Schinde-
lin et al., 2012). Cytokinesis stages were defined as follows: formation 
is the time from SPB separation to Rlc1 coalescence into a ring; matu-
ration is the period between formation and constriction; constriction 
is the time from first decrease in Rlc1 ring diameter to a single point.

Quantifying fluorescence intensity. For all intensity measure-
ments, the background was subtracted by creating a region of inter-
est (ROI) in the same image where there were no cells. The raw in-
tensity of the background was divided by the area of the background, 
which was multiplied by the area of the ROI. This number was sub-
tracted from the raw integrated intensity of that ROI. For CR inten-
sity quantification, an ROI was drawn around the CR and measured 
for raw integrated density. Three biological replicates were per-
formed. All images for intensity analyses of the CR and whole cell 
were not deconvolved, and the z-slices were sum projected.

Recombinant protein purification
Pxl1 was expressed as an MBP fusion as previously described 
(Bhattacharjee et al., 2020) in the pMAL-c2 vector in 
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Rosetta2(DE3)pLysS cells, which were grown to log phase in Ter-
rific Broth + 150 µM ZnCl2 (to increase production), induced 
overnight at 17°C with 0.1 mM isopropyl β-d-1-thiogalactopy-
ranoside (IPTG) (Fisher Scientific; BP1755). Cells were harvested, 
flash frozen, and lysed by sonication in 20 mM Tris, pH 7.4, 
150 mM NaCl, 0.1% NP-40, and cOmplete EDTA-free protease 
inhibitor cocktail (Roche). Lysate was cleared at high speed and 
then incubated with amylose resin (New England BioLabs) for 2 h 
at 4°C. Resin was washed thoroughly in lysis buffer. After wash-
ing, buffer was added to the resin to create a 1:1 slurry of buffer 
and resin-bound protein. The concentration of MBP-Pxl1 fusion 
on resin was calculated by running a sample on SDS–PAGE 
alongside bovine serum albumin (BSA) standards and staining 
with Coomassie blue.

Cdc15 F-BAR domain (residues 19–312) was produced as previ-
ously described (Snider et al., 2020). Cdc15 F-BAR domains were 
expressed as a 6xHis fusion in E. coli Rosetta2(DE3)pLysS cells 
grown to log phase in Terrific Broth, induced overnight at 17°C 
with 0.1 mM IPTG (Fisher Scientific; BP1755). Cells were lysed by 
sonication and F-BAR domains were purified on cOmplete His-Tag 
resin (Roche) according to the manufacturer’s protocol. His tags 
were then cleaved by thrombin digestion, and F-BARs were further 
purified on a HiTrap Q SP anion exchange column (Cytiva Life Sci-
ences) and concentrated with Amicon Ultra Centrifugal Filters 
(EMD-Millipore).

GST-Cdc15C fusion proteins were produced as previously de-
scribed (Bhattacharjee et al., 2020). Bacteria were grown in Ter-
rific Broth media with antibiotics to log phase (OD595 1–1.5) at 
36°C. Then, induction was initiated by incubation for 15 min on 
ice before the addition of 0.4 mM IPTG (Fisher Scientific; BP1755). 
Protein was produced for 16–18 h at 18°C.Frozen cell pellets were 
lysed in GST buffer (4.3 mM NaHPO4, 137 mM NaCl, 2.7 mM KCl, 
1 mM DTT) with the addition of 200 µg/ml lysozyme (Sigma-Al-
drich; L6876), cOmplete EDTA-free protease inhibitor cocktail 
(Roche; Cat#05056489001), and 0.1% NP-40 (US Biologicals; 
N3500). Continuous agitation on ice for 20 min was used to sus-
pend the cell pellet. Then, lysates were sonicated three times for 
30 s, with at least a 30 s pause between sonications (Sonic Dis-
membrator Model F60; Fisher Scientific; power 15 W). Lysates 
were cleared for 15–30 min at 10,000–13,000 rpm. Cleared lysate 
was then used in a batch purification protocol by adding GST-
bind (EMD Millipore; 70541) resin for 2 h at 4°C. Then, resin was 
washed three times for 5 min at 4°C with the appropriate buffer. 
To elute proteins from beads, dry beads were resuspended in an 
equal volume of GST elution buffer (50 mM Tris-HCl, pH 8, 10 mM 
glutathione [Sigma-Aldrich; G4251]) and nutated for 30 min at 
4°C. The supernatant was separated from the resin to a fresh 
tube. NaCl (100 mM) was added to GST fusion proteins. Eluted 
fusion proteins were then aliquoted, snap frozen, and stored at 
–80°C.

Protein concentration was calculated from Coomassie Brilliant 
Blue G (Sigma-Aldrich; B0770) staining of SDS–PAGE-separated pu-
rified proteins and BSA standards (Sigma-Aldrich).

In vitro binding assays
After the kinase assay, 1 µM recombinant MBP-Pxl1 immobilized 
with amylose resin was incubated with 1 µM binding partners in a 
50-µl binding reaction. Binding buffer was 20 mM Tris, pH 7.0, 
150 mM NaCl, 0.1% NP-40. After nutating for 1 h at 4°C, beads 
were rinsed 2× with 0.5 ml binding buffer and then boiled with 30 µl 
2× sample buffer. Proteins were resolved in SDS–PAGE for Coo-
massie staining analysis.

Quantification and statistical analysis
No statistical methods were used to predetermine sample size. De-
tails of statistical tests performed are described in the relevant 
figures and legends.
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