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SUMMARY

Multiple protein kinases regulate cell-cycle progres-
sion, of which the cyclin-dependent kinases (CDKs)
are thought to act as upstream master regulators.
We have used quantitative phosphoproteomics to
analyze the fission yeast cell cycle at sufficiently
high temporal resolution to distinguish fine-grain
differences in substrate phosphorylation dynamics
on a proteome-wide scale. This dataset provides a
useful resource for investigating the regulatory
dynamics of cell-cycle kinases and their substrates.
Forexample,ouranalysis indicates that thesubstrates
of different mitotic kinases (CDK, NIMA-related, Polo-
like, and Aurora) are phosphorylated in sequential, ki-
nase-specific waves during mitosis. Phosphoproteo-
mics analysis after chemical-genetic manipulation of
CDK activity suggests that the timing of these waves
is established by the differential dependency of the
downstream kinases on upstream CDK. We have
alsoexamined the temporalorganizationofphosphor-
ylation during G1/S, as well as the coordination be-
tween the NDR-related kinase Orb6, which controls
polarized growth, and other cell-cycle kinases.

INTRODUCTION

As for many cellular processes, kinase-mediated protein phos-

phorylation plays a major role in regulating the initiation of and

progression through the major cell-cycle transitions. Across

eukaryotes, cyclin-dependent kinases (CDKs) act as master reg-

ulators: driving G1 cells into S phase, blocking re-initiation of

DNA replication, and driving G2 cells into mitosis by phosphory-

lating hundreds of proteins (Holt et al., 2009; Swaffer et al., 2016;

Ubersax et al., 2003). In fission yeast, the timing with which

different CDK substrates are first phosphorylated is primarily

specified by rising CDK activity traversing a series of sequential

substrate-specific activity thresholds (Swaffer et al., 2016),

which is consistent with experiments showing that the timing

and ordering of different cell-cycle stages can be reorganized
Cell Reports
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by manipulating the activity of a single cyclin-CDK fusion, in

the absence of all other cyclin-CDK complexes (Coudreuse

and Nurse, 2010; Gutiérrez-Escribano and Nurse, 2015).

However, CDK activity is directly responsible for only a subset

of the phosphorylation changes during the cell cycle. A number of

other protein kinases have been implicated in fission yeast,

including Dbf4-dependent kinase (DDK) at G1/S (Masai et al.,

1995); Polo-like, Aurora, and NIMA-related kinases at G2/M

(Krien et al., 1998, 2002; Ohkura et al., 1995; Petersen et al.,

2001; Tanaka et al., 2001); the septation initiation network (SIN)

kinase pathway (related to theHippopathway) during cytokinesis

(Simanis, 2015); and the morphogenesis-related (MOR) kinase

pathway (related to the Ndr1/2 pathway) for polarized interphase

growth (Verde et al., 1998). CDK is generally thought to function

upstream of these other cell-cycle kinases, although the direct-

ness and the biological significance of such dependencies are

not fully clear (Dischinger et al., 2008; Krien et al., 2002; Petersen

et al., 2001; Rachfall et al., 2014; Tanaka et al., 2001). It has been

proposed that fission yeast Polo and NIMA kinases also act

upstream of CDK as part of a positive feedback loop that boosts

their activities as cells enter mitosis (Grallert et al., 2013a, 2013b;

Grallert and Hagan, 2002; MacIver et al., 2003).

Tounderstandhow theseandother kinases function together to

bring about progression through thedifferent events of the cell cy-

cle requires a global description of substrate phosphorylation

changes in vivo. This is possible using mass spectrometry-based

phosphoproteomics,whichhasbeenused in studies ranging from

yeast to human cells. However, previous studies have lacked the

temporal resolution to evaluate the dynamics and physiological

role of protein phosphorylation as cells proceed through themajor

cell-cycle transitions (Carpy et al., 2014; Olsen et al., 2010;

Sharma et al., 2014). Here, we present a phosphoproteomics-

based analysis of phosphorylation changes during the cell cycle

at a significantly higher temporal resolution than has been previ-

ously achieved,using themodel eukaryoteSchizosaccharomyces

pombe (fission yeast). This has allowed us to delineate the

different classes of temporal dynamics with which phosphosites

aremodified during the cell cycle.We also report phosphorylation

changes after chemical genetic manipulation of CDK activity to

assess the dependencies of other kinases downstream of CDK.

As an example of the value of this dataset as a resource, we

have analyzed the substrates of the different mitotic kinases.
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Figure 1. SILAC-Based Proteomics Analysis of the Fission Yeast Cell Cycle at High Temporal Resolution

(A) Schematic of the SILAC-mass spectrometry workflow to quantify the relative difference in protein or phosphorylation levels between experimental samples

and a common reference sample (throughout our experiments, this common referencewas collected inmitosis). SILAC involves the differential metabolic labeling

of proteins with lysine and arginine isotopes and subsequent discrimination of heavy or light isotope labeled peptides by mass spectrometry, in which the relative

ratio between heavy and light peptide intensities is used as a measure of relative abundance. LC-MS/MS, liquid chromatography-tandem mass spectrometry;

m/z, mass/charge.

(B) Plot of theoretical versus observed H:L SILAC ratios. Heavy and light labeled protein extracts were mixed in ratios spanning a 250-fold range (1:50–50:1). The

mean H:L ratio (± SD), calculated from 527 proteins quantified in all 19 mixes, is plotted. SILAC quantifications are approximately linear with expected ratios

across a 64-fold range (1:8–8:1).

(C) Schematic of the cell-cycle experiment: cells were synchronized by G2 arrest and release and analyzed over the two sequential synchronous cell cycles. The

second cycle is �50% as synchronous as the first. See Figures S1A–S1C for details of the experimental design and quantification of cell-cycle progression and

synchrony. NETO, new end take off.

(D) Histogram of quantified phosphorylation ratios for the 12-min time point, where heavy and light samples were collected in the same conditions and therefore

represent an approximate null distribution. Blue dashed lines denote a 2-fold deviation from the expected H:L ratio of 1:1 (Log2[H:L] = 0). Median log2(H:L) ratio =

0.01, SD = 0.4. More than 98% of values deviate <2-fold from the theoretically expected ratio, supporting the generally high quality of the quantifications reported

here. Phosphorylation quantifications are from only singly phosphorylated peptides with a localization probability >0.9.

(E and F) Principal-component analysis (PCA) of the relative phosphorylation levels (L:H) of phosphosites after imputation to replace missing values (n = 4,460

phosphosites) (E) and the relative protein levels (L:H) after imputation to replace missing values (n = 3,326 proteins) (F). The first and second components are

plotted. Each point corresponds to a single time point during the cell-cycle experiment. Phosphorylation quantifications are from only singly phosphorylated

peptides with a localization probability >0.9. See Experimental Procedures for details of PCA and data imputation to replace missing values.
This reveals that these kinases are activated downstreamof CDK

and that the time at which each kinase is activated appears to be

determined by the directness of its dependency on upstream

CDK activity. We have also examined the temporal ordering of

G1/S phosphorylation and the coordination between the nuclear

Dbf2-related (NDR) kinase Orb6, which regulates polarized

growth, and other cell-cycle kinases. Together, these data high-

light the complex network of interactions between different cell-

cycle kinases and illustrate how they function to order protein

phosphorylation during the eukaryotic cell cycle.

RESULTS

Phosphoproteomics Analysis of the Cell Cycle at High
Temporal Resolution
Stable isotope labeling with amino acids in cell culture (SILAC)

followed bymass spectrometry allows the comparison of protein
504 Cell Reports 24, 503–514, July 10, 2018
or phosphorylation levels on a global scale with good quantita-

tive accuracy (Bicho et al., 2010; Ong et al., 2002) (Figures 1A

and 1B). We have used this approach in the fission yeast

S. pombe to analyze the phosphoproteome during the cell cycle.

Briefly, cells were released from a G2 arrest, and protein

extracts, taken at 20 time points after release, were mixed with

extracts from a common heavy labeled culture (Figures 1C and

S1A–S1C). Cells synchronized in mitosis were used as the heavy

reference to maximize the total number of detected phosphory-

lation events.

Wewere able to quantify the relative phosphorylation levels for

10,095 phosphosites but limited all subsequent analysis to 7,298

sites (on 1,578 different proteins) with a localization probability

>0.9 (Table S2). Of these phosphosites, 4,534 are on proteins

with human orthologs (Wood et al., 2012), 74% of which are on

orthologs of proteins reported as being phosphorylated in hu-

man cell lines (Olsen et al., 2010; Sharma et al., 2014). We also
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Figure 2. Cell-Cycle-Dependent Phosphorylation

(A) The number of phosphosites at each stage of analysis applied to the cell-cycle experiment dataset. The initial dataset contains all phosphosites with at least

one L:H ratio quantified (Table S2). See main text for further description.

(B) Heatmap of the relative phosphorylation levels (L:H) after release from G2 arrest, for phosphosites that change >33 during the time course (n = 1,370).

Each row corresponds to a single phosphosite and rows are ordered by hierarchical clustering, after imputation to replace missing values. Values

outside the display range are set to the closest extreme. Cell-cycle clusters with clear periodicity are annotated. See Figure S1A for experimental design and

details.

(C) The number of phosphosites in each cell-cycle cluster as defined in Figure 2B. Percentages are of the total 976 phosphosites in all cell-cycle clusters.

(legend continued on next page)
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quantified protein level changes at 10 time points during the cell

cycle across 3,356 proteins (Table S1) (N.B. S. pombe genome

has 5,064 annotated open reading frames [Wood et al., 2012]).

SILAC quantifications from three injections of each sample,

each using a different peptide activation method, show strong

agreement among one another (Figures S2 and S3A). This and

the tight distribution of ratios for the 12-min time point, where

heavy and light samples were collected under the same condi-

tions (Figure 1D), supports the high overall quality of the data

presented here.

The Phosphoproteome Is Highly Dynamic and
Synchronous during the Cell Cycle
The phosphoproteome over the cell cycle is highly dynamic, with

47.1% of phosphosites changing at least 2-fold (n = 3,439/

7,298). We restricted our subsequent analysis to values quanti-

fied from singly phosphorylated peptides (n = 6,418) to mitigate

artifacts caused by phosphorylation of adjacent sites on the

same peptide, although both sets of quantifications are provided

in Table S2. We note that it cannot be excluded that some quan-

tifications are not representative of site-level dynamics, such as

phosphosites that involve priming of or from adjacent phospho-

sites. We then applied an imputation algorithm to populate

missing values for all phosphosites with ratios calculated for at

least 10 of the 20 time points (n = 4,460) (Table S3).

If the changes that we have quantified are biologically mean-

ingful, then we would expect strong agreement between

adjacent time points, taken from similar points in the cycle. Prin-

cipal-component analysis (PCA) reveals that phosphorylation

changes between adjacent time points are indeed more similar

to one another, with the greatest differences being between

interphase and mitosis (Figure 1E). In fact, a continuous trajec-

tory through the two-component space can be drawn that

perfectly recapitulates the sequence of the time points, which

is indicative of high data quality (Figure 1E). In contrast, there

is no apparent synchrony within the protein-level quantifications

(Figure 1F), consistent with previous reports that the proteome is

largely stable during the fission yeast cell cycle (Bicho et al.,

2010; Carpy et al., 2014).

We then applied a stringent threshold of a 3-fold change dur-

ing the experiment (i.e., maximum value >33 minimum value)

and used this criterion to define approximately one-third of phos-

phosites as being very cell-cycle regulated (n = 1,370/4,460)

(Figure 2A). These phosphosites are enriched for a wide range

of cell-cycle-related Gene Ontology (GO) terms (Table S8), and

64.4% (n = 882/1,370) are on proteins with annotated human

orthologs, the majority of which are on orthologs of human pro-

teins reported as being phosphorylated in a cell-cycle-depen-

dent manner (n = 537/882; Table S6) (Olsen et al., 2010; Sharma

et al., 2014). By contrast, stable phosphosites (<1.5-fold change)

(26.3%, n = 1,869/4,460), are enriched for GO categories related

to ribosome biology, target of rapamycin (TOR) signaling, intra-
(D–J) The median phosphorylation (L:H) of sites in each cell-cycle cluster defined

interphase. Median values were normalized to the smallest (set to 0.0) and the la

(K) The relative frequency of the autocorrelation (ACF) for all phosphosites in a c

show a high ACF at short lag intervals and a low ACF at higher lag intervals. Dashe

for every phosphosite in Table S3 (see Experimental Procedures for details).
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cellular pH homeostasis, RNA splicing, and various small mole-

cule metabolic processes (Table S7).

Phosphorylation Dynamics during the Cell Cycle
Clear waves of coordinated phosphorylation and dephosphory-

lation can be observed among these cell-cycle-regulated phos-

phosites. We used hierarchical clustering to classify different

subsets of sites that showed consistent changes in phosphory-

lation localized to specific cell-cycle transitions (n = 976/1,370)

(Figures 2C–2J; Table S3). If the changes in phosphorylation

that we have quantified are truly cell-cycle dependent, then the

measurements of relative phosphorylation at adjacent time

points should be highly related. We calculated the autocorrela-

tion (ACF) for all phosphosites to assess the significance of their

phosphorylation changes, based on agreement between quanti-

fications from proximal time points (Table S3). There is a signifi-

cant positive autocorrelation between adjacent time points (i.e.,

lag = 1) for the vastmajority of the 976 sites we classified (Figures

2K and S3B). Furthermore, at higher lag intervals there is a

modest negative autocorrelation, as would be expected for sites

that are phosphorylated and then dephosphorylated at a subse-

quent stage of the cycle (Figure 2K).

The majority of these cell-cycle-regulated phosphosites fall

within the mitotic cluster, although the use of a mitotic reference

means the exact proportion of mitotic phosphosites may be an

overestimate. As expected, these mitotic sites are enriched for

a wide range of GO categories related to mitosis and cell divi-

sion. A number of unanticipated cellular processes are also

enriched, including large ribosomal subunit biogenesis, nuclear

pore biology, and RNA transport (Figure S4A). A subset of the

sites phosphorylated in mitosis continued to be phosphorylated

into G1 (M/G1 clusters), when cytokinesis is also initiated in

fission yeast (Figures 1C and 2E). Consistent with this, the

M/G1 phosphosites are enriched for proteins localized to the

site of cell division and for proteins involved in rearrangement

of the actin cytoskeleton and cytokinetic contractile ring assem-

bly. G1 phosphosites are enriched for proteins localized to the

septum, as well as kinesin subunits and regulators of protein

guanosine triphosphatase (GTPase) activity (Figure S4A).

Progression from G1 into S phase was marked by the phos-

phorylation of G1/S phosphosites that were then dephosphory-

lated as cells completed DNA replication, and by the S/G2/M

phosphosites, which increased in phosphorylation until the

end of the cycle (Figures 2G and 2H). S/G2/M phosphosites

are enriched for proteins in the replication pre-initiation complex

and the replication fork, while G1/S phosphosites are enriched

for proteins implicated in the intra-S DNA damage checkpoint

and DNA secondary structure binding (Figure S4A). The inter-

phase phosphosites, which increased in phosphorylation as

mitosis is completed and became dephosphorylated as cells

progressed fromG2 intomitosis (Figure 2J), are enriched on pro-

teins related to mRNA processing, including the CCR4-NOT
in Figure 2B: (D) mitotic, (E) M/G1, (F) G1, (G) G1/S, (H) S/G2/M, (I) G2, and (J)

rgest (set to 1.0) values. Spline connects points.

ell-cycle cluster at different lag intervals. Cell-cycle-dependent phosphosites

d blue lines represent 95% confidence intervals. ACF (lag = 1) values are listed



complex. G2 phosphosites (Figure 2I) are enriched for proteins

involved in cell polarity and lipid biology (Figure S4A), which is

consistent with the initiation of polarized growth in early G2

(Figure 1C).

The high temporal resolution to these experiments has

allowed us to delineate different categories of phosphosites,

with different patterns of phosphorylation during the cell cycle,

in proteins involved in a wide range of biological processes

(Table S3 lists phosphosites in each cluster). We next used this

dataset to consider how the repertoire of different cell-cycle

kinases establishes these different patterns of phosphorylation

during the cell cycle.

Kinase-Specific Waves of Phosphorylation during
Mitosis
Mitotic phosphosites are heavily enriched for the CDK

consensus sequence (Figure S4B), and we have previously

reported that hundreds of ‘‘late’’ Cdc2 substrates are directly

phosphorylated byCdc2 as its activity surpasses a series of sub-

strate-specific thresholds in mitosis (Swaffer et al., 2016). How-

ever, 40% of mitotic or M/G1 phosphosites do not occur at the

minimal CDK consensus sequence (S/TP) and are therefore

likely brought about by other mitotic kinases such as the

NIMA-related, Polo-like, and Aurora kinases (Archambault and

Glover, 2009; Carmena et al., 2012; O’regan et al., 2007; Vader

and Lens, 2008). Fission yeast has a single version of each of

these kinases: Fin1, Plo1, and Ark1, respectively (Krien et al.,

1998; Ohkura et al., 1995; Petersen et al., 2001; Wood et al.,

2002). We identified 22 Aurora kinase (Ark1), 80 Polo-like kinase

(Plo1), and 28 NIMA-related kinase (Fin1) substrate consensus

sites in the mitotic or M/G1 clusters. The Aurora kinase

consensus sites are also enriched for previously defined Ark1-

dependent phosphosites (p = 1.13E�7) (Koch et al., 2011). We

then used these criteria to define putative substrates of the

respective kinase (Figure 3A; see Experimental Procedures for

details). While not all of these will be true substrates, their

average behavior can be used to assess the global changes in

substrate phosphorylation for each kinase. We note that non-

S/TP mitotic phosphosites are enriched for the Polo-like kinase

consensus, which is consistent with the larger number of puta-

tive Plo1 substrates identified (Figure S4B).

To investigate how these different kinases contribute to

mitotic phosphorylation dynamics, we compared the phosphor-

ylation of their substrates with Cdc2 substrates (Swaffer et al.,

2016). Figures 3B–3D show the average phosphorylation of

Cdc2, Fin1, Plo1, and Ark1 substrates during mitotic entry and

mitotic exit. This reveals that the phosphorylation of the sub-

strates of different mitotic kinases peak at different times during

mitosis as sequential, overlapping waves. Cdc2 substrates were

phosphorylated first, followed by Fin1 substrates and then Plo1

substrates. Ark1 substrate phosphorylation peaked last, about

10 min later in mitosis than Cdc2 substrates (Figures 3B and

3C) (10min�10%of the cell cycle [Figures S1A–S1C]). At mitotic

exit, the dephosphorylation of these sites followed the same

pattern: Cdc2 substrates are dephosphorylated first, followed

almost immediately by Fin1 substrates and then Plo1 substrates.

Finally, Ark1 substrates begin to be dephosphorylated about

10 min after Cdc2 substrates (Figure 3D).
These data suggest that the differences in the timing of sub-

strate phosphoregulation during mitosis are brought about, at

least in part, by differences in the activity profile of the respective

kinases. Importantly, these substrates are not phosphorylated

when Cdc2 is inhibited during the initial G2 arrest (Figure 2),

and previous measurements of purified Fin1, Plo1, and Ark1

activity show that the activation of these kinases is blocked

when temperature-sensitive alleles are used to inhibit Cdc2

and arrest cells in G2 (Krien et al., 2002; Petersen et al., 2001;

Tanaka et al., 2001). Taken together, this suggests that these

kinases act either directly or indirectly downstream of Cdc2.

Differential Dependency of Mitotic Kinases on CDK
(Cdc2)
To investigate the dependency of Fin1, Plo1, and Ark1 on Cdc2

activity, we analyzed the phosphoproteome after cells were

exposed to short pulses of different Cdc2 activity levels: cells

expressing an ATP analog-sensitive cdc2 allele were arrested

with low Cdc2 activity and then released into a range of different

1-NmPP1 concentrations (Figure S1D). When cells are exposed

to lower 1-NmPP1 concentrations (i.e., higher Cdc2 activity

levels), Cdc2 substrate site phosphorylation increases and a

sigmoidal function can be fitted to these data (Figure 3E) (Swaffer

et al., 2016). Plo1 and Fin1 substrate phosphorylation showed a

similar dose response to different levels of CDK activity but were

phosphorylated at lower 1-NmPP1 concentrations (i.e., higher

Cdc2 activity levels) than direct Cdc2 substrates (Figures 3E

and 3F). The median 1-NmPP1 half maximal inhibitory concen-

tration (IC50) values are 222, 97, and 79 nM for Cdc2, Fin1, and

Plo1 substrate sites, respectively (Figure 3F). These data support

the notion that Plo1 and Fin1 activity is regulated directly down-

stream of Cdc2. By contrast, Ark1 substrate phosphorylation

was only partially stimulated at very high Cdc2 activity levels

and could not be fitted to a sigmoidal function, consistent with

a more indirect downstream dependency. The phosphorylation

of Plo1 and Fin1 substrate sites also appeared somewhat

more abrupt than direct Cdc2 substrates, as shown by their

more negative Hill slopes, with median values of �1.2, �1.5,

and�1.6 for Cdc2, Fin1, and Plo1, respectively. This may reflect

the possibility that Plo1 and Fin1 activation occurs in a non-linear

switch-like manner in response to upstream Cdc2 activity,

perhaps ensuring a more stepwise increase in substrate phos-

phorylation during G2/M.

To further examine these dependencies, we analyzed the

phosphoproteome after acute chemical inhibition (10 mM

1-NmPP1) of Cdc2 when Fin1, Plo1, and Ark1 substrates have

already become phosphorylated in mitosis (Figure S1E). Fig-

ure 3G shows the average phosphorylation of the substrates of

each kinase after Cdc2 inhibition. Cdc2 substrates were dephos-

phorylated instantaneously after 1-NmPP1 addition, whereas

Fin1 substrates showed a small delay of 1–3 min before they

began to be dephosphorylated. Plo1 substrates were stable up

to �5 min, after which the majority began to be dephosphory-

lated. By fitting a plateau followed by exponential decay function

to the data for individual phosphosites, we calculated the delay

interval (X0) between Cdc2 inhibition (0 min) and the time that

each site begins to be dephosphorylated. The majority of

Cdc2, Fin1, and Plo1 sites could be fitted (see Experimental
Cell Reports 24, 503–514, July 10, 2018 507
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Figure 3. The Dynamics of Kinase-Specific Phosphorylation during Mitosis

(A) The criteria used to define Cdc2 (CDK) and putative Fin1 (NIMA-related kinase), Plo1 (Polo-like kinase), and Ark1 (Aurora kinase) substrate sites during mitosis

(see Experimental Procedures for details). Cdc2 substrates presented in this figure are only for those phosphorylated in mitosis defined as late substrates by

Swaffer et al. (2016).

(B–D) The normalized mean (± SEM) phosphorylation (L:H) of Cdc2, Fin1, Plo1, and Ark1 substrate sites during mitotic entry (B and C) and mitotic exit (D).

Mean (± SEM) values between 0 and 60 min (B and D) or 50 and 130 min (C) were normalized to the smallest (set to 0.0) and the largest (set to 1.0) values. Spline

connects points. See Figures 1C and S1A for experimental design and details.

(E) The normalized mean (± SEM) phosphorylation (L:H) of Cdc2, Fin1, Plo1, and Ark1 substrate sites at different 1-NmPP1 concentrations. For Cdc2, Fin1, and

Plo1, means (± SEMs) were calculated from phosphosites that could be fitted to a four-parameter logistic function (see Experimental Procedures for details). No

Ark1 substrate sites could be fitted to the model. Means (± SEMs) were normalized to the largest mean during the cell cycle (set to 1.0). Curves are a four-

parameter logistic function fit to the means. See Figure S1D for experimental design.

(F) The cumulative frequency of 1-NmPP1 IC50 values for individual Cdc2, Fin1, and Plo1 substrate sites, calculated from a four-parameter logistic function fit to

the data. 1-NmPP1 IC50 values are plotted only for phosphosites that could be fitted to the function (see Experimental Procedures for details). No Ark1 substrate

sites could be fitted to the function. Median IC50 values are 222, 97, and 79 nM for Cdc2, Fin1, and Plo1 substrate sites, respectively.

(G) The normalized mean (± SEM) phosphorylation (H:L) of Cdc2, Fin1, Plo1, and Ark1 substrate sites after Cdc2 inactivation in mitosis. For Cdc2, Fin1, and Plo1

substrates, means (± SEMs) were calculated from phosphosites that could be fitted to a plateau followed by one-phase decay function (see Experimental

Procedures for details). No Ark1 substrate sites could be fitted to the function. Means (± SEMs) were normalized so that H:L [0 min] = 1.0. A plateau followed by

one-phase decay fit to the data is shown. See Figure S1E for experimental design.

(H) The cumulative frequency of X0 values for individual Cdc2, Fin1, and Plo1 phosphosites. X0 is the delay interval between Cdc2 inactivation and the start of

phosphosite dephosphorylation, calculated by fitting a plateau followed by one-phase decay function to the data. X0 values are plotted only for phosphosites

fitted to the model (see Experimental Procedures for details). No Ark1 substrate sites could be fitted to the function. Median X0 values are 0.1, 2.4, and 5.0 min for

Cdc2, Fin1, and Plo1 substrate sites, respectively.

(I) Schematic of the proposed model for the ordering of mitotic phosphorylation. Different mitotic kinases phosphorylate their substrates at different times during

mitosis. The activation and inactivation timing is orchestrated, at least in part, by the differential dependence of mitotic kinases on upstream CDK activity.
Procedures for details). Figure 3H shows the cumulative fre-

quency of X0 values and illustrates the differential responses of

these kinases: the median delay interval values are 0.1, 2.4,

and 5.0 min for Cdc2 substrates, Fin1 substrates, and Plo1 sub-

strates, respectively. In contrast, Ark1 substrate phosphorylation

was refractory to Cdc2 inhibition and even continued to increase
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after Cdc2 inhibition (Figure 3G). No Ark1 substrate sites could

be fitted to the plateau followed by exponential decay function,

indicating that Ark1 activity is independent of sustained Cdc2

activity, once cells have entered mitosis.

Taken together, these data indicate that the mitotic kinases

have differing dependencies on upstream Cdc2, the strength
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Figure 4. Phosphoregulation during G1/S

(A) The criteria used to define Cdc2 (CDK) and putative Hsk1 (DDK) substrate

sites during the G1-to-S transition (see Experimental Procedures for details).

Cdc2 substrate sites presented in this figure are only for those in the S/G2/M

cluster defined as early substrates by Swaffer et al. (2016).

(B) The normalized mean (± SEM) phosphorylation (L:H) of G1 phosphosites,

G1/S phosphosites, and Cdc2 and Hsk1 substrate sites during the G1-to-S

transition. Mean and SEM values during G1/S (20 and 50min) were normalized

to the smallest (set to 0.0) and the largest (set to 1.0) mean value. Spline

connects points. See Figures 1C and S1A for experimental design and details.

(C) The mean (± SEM) phosphorylation (L:H) of G1 phosphosites, G1/S

phosphosites, and Cdc2 substrate sites at different 1-NmPP1 concentrations.

Mean (±SEM) valueswere calculated from phosphosites that could be fitted to

a four-parameter logistic function. Means (± SEMs) were normalized to the

largest (set to 1.0) mean during the cell cycle. Curves are a four-parameter

logistic function fit to the means. See Figure S1D for experimental design.

(D) Schematic representing the proposed temporal organization of phos-

phorylation during theG1/S transition: Cdc2 substrate phosphorylation occurs

last among the G1/S phosphorylation events rising as at the onset of S phase.
of which is correlated with the timing of their substrate phosphor-

ylation and dephosphorylation during mitosis. Fin1 substrate

phosphorylation is more responsive to Cdc2 than Plo1, which

in turn is more responsive than Ark1 (Figure 3I). We propose
that these differential dependencies are responsible at least in

part for the temporal ordering of substrate phosphorylation

duringmitotic progression.We also quantified a number of phos-

phosites on these kinases and their regulators, which may act as

part of the signaling architecture that brings about this hierarchy

of dependencies (Figures S5A–S5E).

Temporal Organization of G1/S Phosphorylation
We next turned to the phosphosites that are regulated during G1

and S phase (G1, G1/S, and S/G2/M clusters, defined in Fig-

ure 2). In G1, CDK (Cdc2) is inactive before rising to a low level

in S phase, resulting in the phosphorylation of a subset of ‘‘early’’

Cdc2 substrates, which are first phosphorylated at a significantly

lower Cdc2 activity threshold than the ‘‘late’’ mitotic substrates

(Swaffer et al., 2016). S/G2/M phosphorylation is dominated by

the Cdc2 consensus site and includes these early Cdc2 sub-

strates (Figure S4B; Table S3). G1 and G1/S phosphorylation

occur in two sequential waves that precede Cdc2 substrate

phosphorylation (Figure 4B). This suggests that Cdc2 activation

is the final step in the progression from G1 into S phase, in

contrast to G2/M where Cdc2 activation precedes that of the

other mitotic kinases (Figure 3). We then asked whether G1

and G1/S phosphorylation showed a dose-dependent response

to different levels of Cdc2 activity by analyzing their phosphory-

lation after arrested cells were exposed to short pulses of

different Cdc2 inhibitor (1-NmPP1) concentrations. G1/S phos-

phosites showed no response to acute Cdc2 activation, consis-

tent with their phosphorylation being a Cdc2-independent event

that precedes Cdc2 activation (Figure 4C). Similarly, G1 phos-

phorylation is not stimulated by Cdc2 activation, but it does in-

crease at very high 1-NmPP1 concentrations, when Cdc2 is

completely inactivated (Figure 4C). This suggests that the phos-

phorylation timing of these G1 phosphosites is brought about

downstream of Cdc2 inactivation during G1, although the ki-

nases responsible for this phosphorylation are unknown.

The Dbf4-dependent kinase (Hsk1 in fission yeast) operates

alongside CDK at G1/S (Gómez-Escoda and Wu, 2017; Labib,

2010), and although multiple Hsk1 substrates have been identi-

fied, howHsk1 activity changes during the fission yeast cell cycle

has not been carefully examined. We identified three sites on

previously described Hsk1 substrate proteins in the G1/S cluster

(Figures 4A and 4B). This is consistent with the notion that Hsk1

is activated independently of Cdc2 during G1/S and is support-

ive of in vitro data from budding yeast, which suggests that effi-

cient DNA replication requires DDK activation to occur before

CDK activation (Heller et al., 2011).

Temporal Dynamics of Growth Control-MOR Pathway
Regulation during the Cell Cycle
Finally, we turned to the regulation of cellular growth during the

cell cycle. Polarized growth in fission yeast is temporally in-

hibited during mitosis and cytokinesis, and then resumes as

new daughter cells are born in early G2 (Figure 1C) (Mitchison

and Nurse, 1985). The NDR-related kinase Orb6 is part of the

MOR kinase pathway that promotes polarized growth in G2 by

organizing the polarization of actin patches and regulating the

spatial activity of Cdc42 (Das et al., 2009; Verde et al., 1998).

Very few Orb6 substrates have been reported (Das et al.,
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Figure 5. Crosstalk between SIN and MOR

Kinases

(A) The criteria used to define putative Sid2 and

Orb6 substrate sites (see Experimental Proced-

ures for details).

(B and C) The normalized relative phosphorylation

(L:H) of individual Orb6 substrate sites (B) and Sid2

substrate sites (C) during the cell cycle. Data

imputation and smoothing were applied before

values were normalized to the smallest (set to 0.0)

and the largest (set to 1.0) values. Spline connects

points. See Figures 1C and S1A for experimental

design and details.

(D) The normalized mean (± SEM) phosphorylation

(L:H) of Sid2 and Orb6 substrates during the cell

cycle. Mean (± SEM) values were normalized to

the minimum (set to 0.0) and maximum (set to 1.0)

values. Spline connects points. See Figures 1C

and S1A for experimental design and details.

(E) Plot of SIN pathway signaling against MOR

pathways signaling (i.e., normalized mean phos-

phorylation values for Sid2 and Orb6 substrate in

Figure 5D). Each point corresponds to an individ-

ual time point. Time points from early mitosis are

the dark gray values and labeled with their time

after release (min).

(F) Schematic representing the proposed cross-

talk between different kinase pathways for the

control of Orb6 activity (MOR pathway). Mitotic

kinases (e.g., Cdc2) directly or indirectly inactivate

Orb6 in early mitosis before Sid2 (SIN pathway)-

mediated inhibition during late mitosis and cyto-

kinesis.
2015), and the different mechanisms linking Orb6 kinase activity

to the pattern of polarized growth during the cell cycle are not

fully clear. We noticed that the G2 cluster of phosphosites is

heavily enriched for the NDR kinase consensus sequence (Fig-

ure S4B), indicating that these proteins, which are phosphory-

lated when Orb6 function is required, may represent direct

Orb6 substrates (Figures 5A and 5B) (Hao et al., 2008). Consis-

tent with the function of Orb6, these phosphoproteins include

the polarity factors Tea3 and Tea5; GTPase regulatory proteins

such as Rga3, Rga6, and Rgf3; and a number of proteins

involved in lipid transport and membrane deposition (Table S3).

The SIN, which is activated in late mitosis and promotes cyto-

kinesis (Bohnert et al., 2013; Chen et al., 2008; Feoktistova et al.,

2012;Mana-Capelli et al., 2012), interacts with theMORpathway

because the major SIN kinase Sid2 phosphorylates Nak1 and

thereby inactivates Orb6 (Gupta et al., 2013; Ray et al., 2010).

It has been proposed that this crosstalk between the SIN and

MOR pathways ensures that Orb6-dependent polarized growth

occurs at the appropriate time. To test this, we identified phos-
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phosites on Sid2 substrates in our data-

set (Figure 5A) and compared their phos-

phorylation dynamics to those of the

Orb6 substrates. The phosphorylation of

Orb6 substrate sites increased after cyto-

kinesis and was maximal throughout G2,

when Orb6 activity is required. By
contrast, the phosphorylation pattern for Sid2 substrate sites

peaked late in mitosis and became dephosphorylated as cells

completed cytokinesis (Figures 5B–5D). There is a clear negative

correlation between Sid2 and Orb6 activity, but they are not

perfectly anticorrelated: early in mitosis SIN pathway activation

was still low, while the MOR pathway was already off (Figure 5E).

This suggests that while SIN-mediated inactivation of Orb6 is

important, there are additional mechanisms to inhibit Orb6

earlier inmitosis. A number ofMORpathway proteinswere phos-

phorylated early in mitosis, including on sites modified by Cdc2,

such as Rga4 and Sog2 (Figures S5I and S5J). We also quanti-

fied a number of phosphosites on SIN pathway proteins that

may function to regulate the timing of SIN activation in late

mitosis (Figures S5F–S5H) (Dischinger et al., 2008; Rachfall

et al., 2014).

Together, these data suggest that Cdc2 and/or other mitotic

kinases crosstalk with the MOR pathway in early mitosis to pro-

mote the inhibition of polarized growth, and then as the mitotic

kinases are switched off around anaphase, the SIN-mediated



inhibition of the MOR pathway takes over (Figure 5F). This repre-

sents another example of how crosstalk between different ki-

nase pathways is used to generate coordinated waves of sub-

strate phosphorylation and dephosphorylation during the cell

cycle.

DISCUSSION

Here, we present a global phosphoproteomics analysis during

the eukaryote cell cycle. We have analyzed the fission yeast

cell cycle at high temporal resolution, allowing us to delineate

the different categories of phosphosites, with different temporal

patterns of phosphorylation changes (Figures 1 and 2). As an

example of how this dataset may be used to investigate different

models of cell-cycle control, we have used kinase target

consensus sequences to consider the coordination of different

cell-cycle kinases (Figures 3, 4, and 5).

At G1/S, multiple sequential waves of phosphorylation occur,

with CDK substrates being phosphorylated last, acting as the

final phosphorylation event driving G1 cells into S phase. Other

G1/S substrates are phosphorylated before CDK activation at

G1/S, including possible DDK targets (Figure 4D). After cells

complete S phase, CDK activity increases abruptly in late G2,

phosphorylating a wider range of substrates to initiate mitotic

onset (Swaffer et al., 2016). In contrast to G1/S, CDK activation

at G2/M precedes the activation of other mitotic kinases. This

appears to occur at different times for each kinase, resulting in

a series of temporally ordered kinase-specific waves in phos-

phorylation during mitosis: first CDK, then NIMA-related kinase,

then Polo-like kinase, and finally Aurora kinase (Figure 3I). We

then used chemical genetic manipulations of CDK to examine

the dependencies of these kinases on CDK activity. These

experiments indicate that earlier waves aremore directly respon-

sive to CDK than later ones.We propose that the timing ofmitotic

phosphorylation is, at least in part, ordered by the differential

dependencies of the different mitotic kinase on upstream CDK

activity (Figure 3I).

Our analysis also suggests that as early mitotic kinases are

activated, the MOR pathway kinase Orb6, which is required for

polarized growth during interphase, is switched off. A number

of phosphorylation events on MOR pathway proteins suggest

that this is caused by CDK and/or other early mitotic kinase(s),

thus explaining how polarized growth is shut down at mitotic

onset (Mitchison and Nurse, 1985). At the end of mitosis, as

the mitotic kinases are inactivated, Orb6 is maintained off by

the now-active SIN pathway kinase Sid2, which also promotes

cytokinesis (Gupta et al., 2013; Ray et al., 2010). We propose

that these two regulatory pathways account for how polarized

growth is shut down in mitosis and is then reinitiated only as

new daughter cells are born, but not before (Mitchison and

Nurse, 1985) (Figure 5F). We note that the MOR and SIN path-

ways are conserved in higher eukaryotes with the Ndr1/2 and

Hippo pathways (Gupta and McCollum, 2011).

Together, the analyses we present here illustrate how the

repertoire of different cell-cycle kinases are coordinated to bring

about the timely ordering of substrate phosphorylation during

the fission yeast cell cycle, highlighting the role of kinase cross-

talk. We anticipate that the extensive dataset of high-temporally
resolved phosphorylation dynamics, which we report in Tables

S2 and S3, will be of value in investigating different aspects of

eukaryotic cell-cycle control more generally, including the

possible substrate specificity and temporal regulation of

different phosphatases during the cell cycle (Grallert et al., 2015).

A significant proportion of the cell-cycle-dependent phospho-

sites, which we have characterized, are on the orthologs of

proteins reported as undergoing changes in phosphorylation

during the cell cycle in human cell lines (Table S6). For example,

fission yeast mitotic phosphosites are enriched on the orthologs

of human proteins reported as being phosphorylated in mitosis

by Olsen et al. (2010) (p = 2.58E�5) and Sharma et al. (2014)

(p = 1.35E�4). This and the extensive evolutionary conservation

of the major eukaryotic cell-cycle regulators in fission yeast

(Wood et al., 2002) suggest that the conclusions and dataset

we present here should be directly applicable to investigating

cell-cycle phosphoregulation across eukaryotic systems,

including Metazoa.

EXPERIMENTAL PROCEDURES

Data Acquisition

The experiments, raw mass spectrometry data, and MaxQuant output files

analyzed in this study were first reported by Swaffer et al. (2016). All of the

experiments were performed using SILAC-compatible strains (Bicho et al.,

2010) in SILAC-adjusted media (Edinburgh minimal medium [EMM] [6 mM

ammonium chloride] + 0.25 mg/mL leucine, 0.15 mg/mL uridine,

0.04mg/mL arginine, and 0.03mg/mL lysine). Heavy labeled cultures were first

grown for >8 generations in SILAC media with heavy arginine (L-arginine:HCl

[U13C6, 99%]) and heavy lysine (L-lysine:2 HCl [U13C6, 99%]) isotopes

(Cambridge Isotope Laboratories). Protein extracts from light labeled experi-

mental samples are mixed with protein extract from heavy labeled cells

collected in mitosis and vice versa. The design of each experiment is detailed

in Figure S1.

Sample preparation, data acquisition, and processing of the rawmass spec-

trometry data in MaxQuant (version 1.3.0.5) (Cox andMann, 2008) are detailed

by Swaffer et al. (2016). Briefly, heavy and light labeled samples were mixed in

an �1:1 ratio, digested with trypsin and Lys-C, and enriched for phosphopep-

tides using titanium dioxide. Flowthrough fractions were retained for analysis

of non-phosphorylated peptides and separated into 12 fractions using strong

cation exchange (SCX) liquid chromatography. A linear trap quadropole (LTQ)-

Orbitrap Velos was used for data acquisition of phosphopeptides, and an

LTQ-Orbitrap Velos Pro (Thermo Scientific) was used for data acquisition of

non-phosphorylated peptides. Both instruments were coupled to UltiMate

3000 high-performance liquid chromatography (HPLC) systems (Thermo

Scientific) for online liquid chromatographic separation. Phosphopeptide mix-

tures were injected three times, with one activation method per run: collision-

induced dissociation (CID), multistage activation (MSA), and higher-energy

collision dissociation (HCD). Non-phosphopeptide mixtures were injected

three times, with CID used as the activation method.

Data Structure and Processing

Datasets from four experiments were analyzed in this study. All raw data and

MaxQuant output files can be accessed via the PRIDE partner repository

(http://www.ebi.ac.uk/pride/archive/) with the accession number PRIDE:

PXD003598. The following experiment identification numbers can be used to

retrieve the associated data from each experiment:

1. Cell-cycle proteome (experiment ID: CCC6442 [part of the CCC6442

CCC6608 upload], see also Table S1; see Figure S1A for experimental

design)

2. Cell-cycle phosphoproteome (experiment ID: CCC6254 [part of the

CCC6061 CCC6254 CCC6758 upload], see also Tables S2 and S3;

see Figure S1A for experimental design)
Cell Reports 24, 503–514, July 10, 2018 511

http://www.ebi.ac.uk/pride/archive/


3. 1-NmPP1 dose-response phosphoproteome (experiment ID: CCC7380

[part of the CCC6879 CCC7380 upload], see also Table S4; see Fig-

ure S1D for experimental design).

4. CDK inactivation in mitosis phosphoproteome (experiment ID:

CCC5978 [part of the CCC5977 CCC5978 upload], see also Table S5;

see Figure S1E for experimental design).

For all of the analyses presented here, MaxQuant output files were imported

into Perseus (version 1.4.0.2), and normalized heavy-to-light (H:L) ratios were

used. Other statistical values (e.g., posterior error probability, localization

probability) were also imported directly fromMaxQuant output files. For phos-

phopeptides, reverse and contaminant peptides were removed, and phospho-

sites with >0 valid values quantified were retained. All analyses described

below used data exclusively from the quantification of only singly phosphory-

lated peptides with a localization probability >0.9, although quantifications

from both all phosphopeptides and only singly phosphorylated peptides are

provided in Tables S2, S4, and S5.

Imputation to Replace Missing Values and Data Smoothing

Imputation was applied to replace missing values (NaN) using the R package

DMwR (R Foundation) (Torgo, 2010). Missing values were replaced by a

weighted average of the corresponding time point values of 10 nearest

neighbors (weights given by the calculated Euclidean distance) using default

parameters of the ‘knnImputation’ function (10 nearest neighbors, k-nearest

neighbors algorithm for selecting the neighbors). Only phosphosites or protein

groups with SILAC ratios calculated for at least half of the time points were

retained and processed for imputation. Imputation was applied only to quan-

tifications from the cell-cycle experiment (CCC6254 and CCC6442); 10.6% of

the ratios in the CCC6254 (9,471/89,200) dataset and 0.94% of the CCC6442

dataset (529/33,260) constituted imputed values after imputation was applied.

Data smoothing was applied after data imputation using a custom R script to

substitute every value with the mean value of the five nearest neighbors iden-

tified by Euclidian distance. Smoothed and imputed data for the cell-cycle

experiment are listed in Table S3 alongside the number of values imputed

for each site. Imputed or smoothed data are presented or analyzed only where

stated. All splines were calculated in Prism 6 using default settings.

PCA and Hierarchical Clustering

PCA (Figures 1E and 1F) and hierarchical clustering (Figure 2B) were per-

formed in Perseus version 1.4.0.2 after imputation to replace missing values

(see above for details on imputation). The PCA settings were default. The clus-

tering settings were cluster rows, Euclidian distance, and do not presuppose

K-means.

ACF Calculation

The ACF was calculated using the base R function acf. (default settings) for

each phosphosite after imputation was applied to replace missing values

(see above for details on imputation). The 95% confidence interval in Figures

2K and S3B is Bartlett’s formula on an uncorrelated series and is taken from

the R function plot.acf. ACF values with lag = 1 are listed for each site in Table

S3. We note that autocorrelation analysis is not adjusted for the variation in

time intervals between time points in our experiments.

Definition of (Putative) Kinase Substrate Sites

The sites defined as putative substrates of each respective kinase are listed in

Table S3. Phosphosites in theMitotic or M/G1 cluster that conform to the Plo1,

Fin1, or Ark1 target consensus sequence (defined in Figure 3A) were classified

as putative substrates of the respective kinase (Alexander et al., 2011;

Cheeseman et al., 2002; Kettenbach et al., 2011; Koch et al., 2011; Lizcano

et al., 2002; Nakajima et al., 2003; Songyang et al., 1994). Ark1 substrates

were additionally filtered for sites previously described as being phosphory-

lated in an Ark1-dependent manner (Koch et al., 2011) (denoted Ark1* in Table

S3). For the analyses presented in Figure 3, Cdc2 substrates were defined as

sites in the mitotic cluster previously described as late Cdc2 targets (Swaffer

et al., 2016). For the analyses presented in Figure 4, Cdc2 substrates were

defined as sites in the S/G2/M cluster previously described as early Cdc2

targets (Swaffer et al., 2016). Putative Hsk1 substrates were defined as phos-
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phosites in the G1/S cluster on proteins previously described as being Hsk1

targets (Figure 4A) (Matsumoto et al., 2010; Takayama et al., 2010). Putative

Sid2 substrates were defined as phosphosites that conform to the Sid2 target

consensus sequence on previously described Sid2 substrates (Figure 5A)

(Bohnert et al., 2013; Chen et al., 2008; Feoktistova et al., 2012; Gupta et al.,

2013; Mana-Capelli et al., 2012). Putative Orb6 substrates were defined as

phosphosites in the G2 cluster that conform to the NDR kinase target

consensus sequence (Figure 5A) (Hao et al., 2008).

Phosphosite Consensus Sequences

The amino acid distribution surrounding the phosphosites was analyzed

using iceLogo (p = 0.01) (Colaert et al., 2009) with sequence windows exported

from Perseus version 1.4.0.2. Each cluster of cell-cycle phosphosites was

compared to the background dataset of the 4,460 phosphosites listed in

Table S3.

GO and Annotation Enrichment Analysis

Annotation enrichment was performed in Perseus version 1.4.0.2. GO annota-

tions are as per the default settings in Perseus version 1.4.0.2. For all other

annotations, custom annotation files were created and imported into Perseus

version 1.4.0.2. For details of the enrichment analysis for orthologs of human

mitotic phosphoproteins, see below. Annotation categories enriched in cell-

cycle-dependent phosphosites, stable phosphosites, and each cell-cycle

cluster were determined by Fisher’s exact test (false discovery rate

[FDR] <0.02) using a background dataset of the 4,460 phosphosites listed in

Table S3. Annotation categories enrichment for non-S/TP phosphosites was

determined as above but using a background dataset of non-S/TP phospho-

sites (n = 2,954). All significantly enriched GO categories are listed in Tables S7

and S8. Enrichment analysis of putative Plo1 and Fin1 substrate sites on

previously identified CDK substrate proteins (Swaffer et al., 2016) and the

enrichment of putative Ark1 substrate sites on previously defined Ark1-depen-

dent phosphorylation sites (Koch et al., 2011) were performed as described

above using a background dataset of all non-S/TP phosphosites (n = 2,954).

Comparison with Human Phosphoproteomics Datasets

Published data from two previous studies were used for comparison with

human cell-cycle-dependent phosphoproteins (Olsen et al., 2010; Sharma

et al., 2014). Phosphosites in human proteins that peak in phosphorylation

at G1, G1/S, early S, late S, G2/M, or mitosis identified by Olsen et al. (2010)

and phosphosites that increase in mitosis and have R50% phosphosites

stoichiometry identified by Sharma et al. (2014) were used to define human

proteins that are phosphorylated in a cell-cycle-dependent manner. The

curated S. pombe protein human ortholog list was downloaded fromPomBase

(https://www.pombase.org) (Wood et al., 2012) and used to generate an anno-

tation list of S. pombe proteins with human orthologs that are phosphorylated

in a cell-cycle-dependent manner. Table S6 lists all S. pombe phosphosites

that are cell-cycle dependent and have a human ortholog with a reported

cell-cycle-dependent phosphosite or phosphosites.

Custom Perseus annotation files were built of S. pombe proteins with ortho-

logs that contain a phosphosite or phosphosites that peak in mitosis and has

R50% phosphosites stoichiometry identified by Olsen et al., (2010) and

S. pombe proteins with orthologs that contain a phosphosite or phosphosites

that increase 3-fold in mitosis and has R50% phosphosites stoichiometry

identified by Sharma et al., (2014). Annotation enrichment analysis was then

performed as above (see GO and annotation enrichment analysis) to deter-

mine the enrichment of S. pombe mitotic phosphosites on the orthologs of

human mitotic phosphoproteins.

1-NmPP1 Dose-Response Calculation

The relative phosphorylation (L:H) of Cdc2, Ark1, Plo1, or Fin1 substrate sites

were fitted to a four-parameter logistic function (Prism 6). The curve was con-

strained such that the Hill slope was <0 and Bottom was >0. Outlier detection

was used (Q = 10%). Initial values were chosen automatically and all other set-

tings were default. IC50 and Hill slope were calculated for those phosphosites

that could be adequately fitted to the function (i.e., R2 >0.9, Bottom <0.5,

Top <2, and Top/Bottom >2). (Experiment ID: CCC7380, see also Table S4;

see Figure S1D for experimental design.)

https://www.pombase.org


Dephosphorylation Kinetics Calculations

The relative phosphorylation (L:H) of Cdc2, Ark1, Plo1, and Fin1 substrate sites

after Cdc2 inhibition in mitosis was fitted to the plateau followed by one-phase

decay function (Prism 6). The curve was constrained such that the X0 > 0 and

Y0 > 0.5, plateau > 0 and K > 0. Outlier detection was used (Q = 10%). Initial

values were chosen automatically, except for X0 (X0[initial] = 0.1). All other

settings were default. X0 values were calculated for those phosphosites that

could be adequately fitted to the function (i.e., R2 > 0.7, plateau > Y0). (Exper-

iment ID: CCC5978, see also Table S5; see Figure S1E for experimental

design.)
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archive/) with the accession number PRIDE: PXD003598.
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