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In brief

Cyclin-dependent kinase (CDK) substrate
phosphorylation varies in a cell-cycle-
dependent manner. al-Rawi et al. develop
a fixed cell kinase assay to study CDK1
kinase substrate choice proteome-wide
in human cells. This reveals an alternative,
non-proline-directed consensus
sequence for CDK1, [S/T][ P]XK, that is
regulated by CDK1 complex
composition.
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SUMMARY

Ordered protein phosphorylation by CDKs is a key mechanism for regulating the cell cycle. How temporal or-
der is enforced in mammalian cells remains unclear. Using a fixed cell kinase assay and phosphoproteomics,
we show how CDK1 activity and non-catalytic CDK1 subunits contribute to the choice of substrate and site of
phosphorylation. Increases in CDK1 activity alter substrate choice, with intermediate- and low-sensitivity
CDK1 substrates enriched in DNA replication and mitotic functions, respectively. This activity dependence
is shared between Cyclin A- and Cyclin B-CDK1. Cks1 has a proteome-wide role as an enhancer of multisite
CDK1 phosphorylation. Contrary to the model of CDK1 as an exclusively proline-directed kinase, we show
that Cyclin A and Cks1 enhance non-proline-directed phosphorylation, preferably on sites with a +3 lysine
residue. Indeed, 70% of cell-cycle-regulated phosphorylations, where the kinase carrying out this modifica-
tion has not been identified, are non-proline-directed CDK1 sites.

INTRODUCTION

Ordered phosphorylation by cyclin-dependent kinases (CDKs)
controls the timing and progression of the cell division cycle.
Temporal regulation of CDK phosphorylation is critical, ensuring
that DNA replication origin licensing, DNA replication, and chro-
mosome segregation occur in sequential order.'® CDK1 is
essential to embryonic cell division and supports cell division
in the absence of interphase CDKs (CDK2/4/6).* In S. pombe,
a single cyclin-CDK fusion can drive a relatively unperturbed
cell cycle in optimal growth conditions.® How temporal ordering
of CDK1 phosphorylation is controlled in mammalian cells re-
mains a major open question.

Complex formation with a cognate cyclin is requisite to CDK
activation. Mouse knockout studies have shown the differential
requirements of cyclins and CDKs in embryogenesis and devel-
opment.*® However, understanding how CDK phosphorylation
is controlled in mammalian cells is challenging because of redun-
dancy in the cyclin-CDK family and kinase-phosphatase feed-
back loops (e.g., Wee1/Cdc25, Greatwall/PP2A-B55) that can
be acutely sensitive to changes in CDK activity in cells.”"

Cks is a third subunit found in active cyclin-CDK complexes
that is conserved from yeast (Suc1 in S. pombe) to human.
Cks1 acts as a phosphoadaptor protein with selectivity for phos-
phothreonine.’> Mammalian genomes encode two Cks proteins
(CKS1B and CKS2), and deletion of both results in embryonic

uuuuuu

lethality.'® Cks1 (encoded by CKS1B), but not Cks2, promotes
the ubiquitination and degradation of the CDK inhibitor protein
p27XP and promotes cell-cycle entry.'*'® In S. cerevisiae,
Cks1 facilitates multisite phosphorylation of the CDK substrate
protein Sic1.'® Docking of Cks1 onto priming sites is thought
to promote the phosphorylation of low-affinity sites by cdc28
(CDK1 in human)."” It is unclear how many CDK substrates
require Cks1 for high-occupancy phosphorylation.

InS. pombe, a quantitative model of CDK1 substrate choice was
proposed whereby substrates with functions in DNA replication
have lower thresholds for CDK1 phosphorylation than substrates
with functions in mitosis.'®'® Thus, temporal ordering is achieved
by a progressive increase in CDK1 activity. In S. cerevisiae, quali-
tative differences, for example in the cyclin subunit, confer
substrate specificity to CDK1.2°?? Cyclins E, A, and D have a hy-
drophobic patch ~35 Afromthe catalytic site that has been shown
to be important in substrate recognition by binding to a Cy motif
(RXL, where X is any amino acid) in disordered regions.”*® Muta-
tion of the hydrophobic patch significantly reduces phosphoryla-
tion occupancy for a subset of substrates. The hydrophobic patch
is not completely degenerate between cyclins because identical
mutations have differential effects on substrate phosphorylation
dependent on the cyclin subunit.”® Additionally, cyclins are tar-
geted to distinct subcellular compartments.?”~2° This targeting is
encoded in nuclear localization and export sequences that differ
between cyclins. Consistent with these results, cyclins have
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Figure 1. Cyclin A2 promotes non-proline-directed CDK1 phosphorylation and modulates substrate specificity in vitro
(A) Scheme of the in vitro kinase assay on fixed cells. Cyclin B1-CDK1 (BC), Cyclin B1-CDK1-Cks1 (BCC), Cyclin A2-CDK1 (AC), and a kinase-dead mutant of

CDK1, Cyclin B1-CDK1P'#éN_Cks1 (KD), were compared.

(B) Western blot of lysates from fixed cells phosphorylated using the assay described in (A) with anti-phospho-SPX[KR] motif antibody, which also crossreacts

with phosphorylated MAPK motifs, i.e., PXpSP.

(C) Motif enrichment analysis of fixed G2/M cells phosphorylated by either BC or BCC CDK1 complexes. Amino acids shown on top and bottom are enriched and

under-represented, respectively, in kinase phosphorylated sites, compared with background.
(D) Motif enrichment analysis of fixed G2/M cells phosphorylated by Aurora B.
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overlapping and complementary interaction partnersin cells.*>° Cy-
clins also have non-redundant functions. Cyclin A2 is essential for
mitotic entry and prevents hyperstable kinetochore-microtubule
attachments in early mitosis.'%"*? In contrast, cells depleted of
Cyclin B proteins progress into mitosis but fail to complete proper
chromosome segregation.'°

CDK1 phosphorylation of individual sites on a substrate protein
is ordered to produce ultrasensitive switches in protein function.>*
However, little is known about how this order is regulated. Phos-
phorylation site choice within a substrate is determined by molec-
ular interfaces proximal to the catalytic site. A structure for Cyclin
A-CDK2 in complex with a peptide substrate shows that a sub-
strate binding cleft formed on one side by the activation loop
imposes a preference for a proline in the +1 position and a basic
residue in the +3 position,>*>° which is consistent with data from
peptide arrays.’® Compared with CDK2, the activation loop of
CDK1 is more flexible, possibly allowing for a relaxed consensus
requirement.34 By contrast, under the same reaction conditions,
CDK?2 is unable to phosphorylate these “non-canonical” CDK
sites. Non-canonical CDK1 sites have been described for individ-
ual protein substrates and for substrates in mouse embryonic stem
cells (MESCs).""*"*%39 However, it is unknown what proportion of
the CDK substrate phosphorylations are on non-canonical sites
and if and how non-canonical phosphorylations are regulated.

Recent advances in mass spectrometry (MS)-based prote-
omics have enabled quantitative and comprehensive analysis
of cellular protein phosphorylation.*®*? These approaches
have produced an extensive catalog of phosphorylation sites in
human cells that are cell-cycle regulated, recently with high tem-
poral resolution.** Many cell-cycle-regulated phosphorylation
sites do not match any known kinase consensus sequence,”’
leading to speculation that there are unknown kinases that drive
a significant fraction of cell-cycle-regulated phosphorylations.

In this study, we developed an in vitro approach to investigate
how quantitative and qualitative characteristics of the CDK1
complex contribute to substrate choice and phosphorylation.
Fixed and permeabilized cells are subjected to kinase reactions
with recombinant CDK1 in complex either with Cyclin B, Cyclin
A, or Cyclin B-Cks1. We show that both Cyclin A2 and Cks1 pro-
mote the phosphorylation of non-proline sites by CDK1 in vitro.
Cyclin A2-CDK1 non-proline-directed sites are enriched in a
lysine in the +3 position (+3K) in a motif defined by [ST]['P]X
[KR], where ['P] indicates any residue except for proline. CDK1
sites detected in vitro are cell-cycle regulated in vivo, including
non-proline-directed sites and sites containing the +3K motif.
By combining sequential enzymatic reactions on fixed cells,
we demonstrate that the majority of Cks1-promoted sites are
primed by CDK1 itself. Based on our data, we propose a model
whereby the non-catalytic CDK1 subunits determine substrate
specificity and phosphoacceptor residue choice, while the role
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of Cks1 is an enhancer of cyclin-CDK1 activity by promoting
multisite phosphorylation.

RESULTS

A fixed cell kinase assay to investigate substrate
phosphorylation proteome-wide in vitro

To investigate the role of the Cks1 and the cyclin subunits in
CDK1 substrate phosphorylation, we designed an in vitro kinase
assay in which formaldehyde-fixed and methanol-permeabilized
TK6 cells are incubated with purified CDK1 in complex with
either Cyclin B1 (BC), Cyclin B1 and Cks1 (BCC), or Cyclin A2
(AC) (Figure 1A). CDK1 was shown to be sufficient to drive cell-
cycle progression in the absence of the interphase CDKs in vivo.*
Therefore, we used centrifugal elutriation to enrich for cells in the
G2/mitotic (M) phases of the cell cycle (fractions 11 and 12 in Fig-
ure S1A). In these cells, targets of interphase CDKs (CDK2/4/6)
will be phosphorylated, and protein substrates critical to the
essential role of CDK1 in mitotic entry are expressed. Increased
phosphorylation on SPX[KR] motifs was observed after reaction
with complexes containing active CDK1, but not a kinase-dead
CDK1 mutant (CDK1P'éN KD) (Figure 1B). Phosphorylation is
a readout for two molecular events: an interaction between the
recombinant CDK1 added and the substrate and catalytic phos-
photransfer. Because cells are fixed and phosphatase/kinase
activities are largely suppressed (Figures S1B-S1D), phosphor-
ylation detected in our assays is direct and not subject to feed-
back (e.g., via Greatwall-Arpp19/ENSA***°). We then prepared
peptide digests from the phosphorylated cells using an in-cell
digest.”® Peptide digests were labeled with 16-plex tandem
mass tags (TMTs), enriched for phosphorylated peptides, frac-
tionated offline by high-performance liquid chromatography
(HPLC) prior to LC coupled tandem MS (LC-MS/MS) analysis
(Figure 1A). 8,377 phosphorylation sites, representing 2,493 pro-
teins, were increased by 2-fold or more compared with KD. Motif
enrichment analysis of significantly changing phosphorylation
sites revealed a known consensus sequence for CDK1 (TPXK)
(Figure 1C). In contrast, sites significantly increased after treat-
ment with Aurora B are enriched in an RRX[ST] motif (Figure 1D).
Our results recapitulate consensus motifs obtained using cell-
based assays,*”*® indicating that sites identified in fixed cell as-
says are specific to the kinase added.

AC shifts the substrate specificity of CDK1 and
promotes the phosphorylation of non-proline sites

in vitro

To investigate how the quality and quantity of CDK1 affect sub-
strate choice, we used the fixed cell assays described above to
measure CDK1 substrate phosphorylation proteome-wide
comparing AC and BC titrated from 2.5 to 100 nM recombinant

(E) Fixed G2/M cells were titrated with increasing concentration of either AC or BC and subjected to phosphoproteomic analysis. Color indicates the scaled fold

change relative to KD.

(F and G) The mean fold change plotted against the concentration of AC and BC for cluster 1 (F) or 3 (G). Error bars represent the standard deviation.
(H) Heatmap showing fold enrichment for selected Gene Ontology (GO) terms and UniProt keywords comparing Cyclin A- versus Cyclin B-dependent phos-

phorylation sites.

(I and J) Motif enrichment analysis of sites from cluster 1 (I) or 3 (J). Proportion of sites matching +1 proline (proline directed, black) or [ST]['PIX[KR] (blue) motifs,

where "P denotes any amino acid besides proline and X is any amino acid.
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kinase. An upper limit of 100 nM was chosen based on estimated
copies of BC and CDK1 detected in G2/M-phase leukemic
cells.*®*° 27,084 phosphorylation sites were detected, of which
5,113 sites changed by 2-fold or more compared with KD-
treated cells (Table S1). This dataset allowed us to investigate
how increasing CDK1 activity quantity affects substrate choice
by measuring concentration-dependent changes in substrate
phosphorylation. On the other hand, with the same dataset, we
can investigate how the quality of CDK1 activity (i.e., the different
cyclin subunit) impacts substrate choice.

To assess the relative differences between Cyclin A and Cyclin
B phosphorylation for the same site, fold changes were scaled
(see STAR Methods) and normalized for differences in kinase
activity between recombinant kinase preparations (Figures S1E
and S1F) using histone H1 as the prototypical substrate (e.g.,
Loog and Morgan®°). Next, we investigated the subcellular local-
ization of the added recombinant kinases. Kinase-treated cells
were fixed again with formaldehyde and immunostained for
CDK1. No significant differences between AC, BC, and BCC
were observed in the ratio of nuclear-to-cytoplasmic CDK1
signal, suggesting that the localizations of recombinant com-
plexes added were similar (Figure S1G). In contrast, in vivo,
active nucleocytoplasmic transport restricts BC to the cyto-
plasm and AC to the nucleus prior to nuclear envelope break-
down.®" Thus, any differences in substrate phosphorylation by
AC and BC observed in the subsequent analysis are not due to
variation in kinase activity or subcellular localization of the added
kinase and instead are due to qualitative differences conferred
by the cyclin subunit.

Hierarchal clustering was used to identify groups of phosphor-
ylation sites that exhibited similar patterns of phosphorylation.
This clustering identified six major clusters of phosphorylation
sites (Figure 1E). Sites in cluster 1 were phosphorylated to a
higher extent with AC compared with BC and therefore are Cy-
clin A dependent (Figure 1F). Vice versa, sites in cluster 3 were
Cyclin B dependent (Figure 1G).

Are there characteristics that distinguish Cyclin A- versus Cy-
clin B-dependent phosphorylation sites and substrate proteins?
To address this question, we compared clusters 1 and 3
because they show the most extreme differences in cyclin
dependence and assessed functional annotations (Figure 1H).
Cyclin A-dependent protein substrates were differentially en-
riched in proteins with functions in DNA replication, protein
translation, and proteins localized to the nuclear matrix. In
contrast, Cyclin B-dependent protein substrates were enriched
in proteins localized to the mitotic spindle and centrosomes. Cy-
clin A- and Cyclin B-dependent substrates were equally
enriched in proteins with functions in mitosis and cell division
(Figure 1H, bottom). No significant difference was observed be-
tween Cyclin A- versus Cyclin B-dependent substrates in
whether they contain 1 or more RXL motifs in the same disor-
dered region as the phosphorylation site (Fisher's exact
test, p > 0.05).

Cyclin A-dependent sites show a remarkable depletion of pro-
line in the +1 position, with only 12% of sites being proline
directed (Figure 1l). In contrast, Cyclin B-dependent sites show
a strong +1 proline (+1P) preference, with 74% sites being pro-
line directed (Figure 1J). Cyclin A-dependent sites contain a
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prominent enrichment of lysine at the +3K (Figure 11). 64% of Cy-
clin A-dependent sites meet the [ST]["P]X[KR] motif (Figure 11). In
contrast, 14% of Cyclin B-dependent sites meet this [ST]['P]X
[KR] motif (Figure 1J).

We conclude that the cyclin subunit has a major role in sub-
strate targeting. Cyclin A increases the frequency of non-pro-
line-directed CDK1 phosphorylation compared with Cyclin B,
and these sites are enriched in the [ST]["P]X[KR] motif.

Quantitative increases in CDK1 activity alter substrate
specificity in vitro

Phosphorylation does not saturate in the range of kinase concen-
trations tested (Figure 1E), which may contribute to the lack of
obvious clusters of phosphorylation sites that differ in concentra-
tion dependence (Figure 1E). For many sites, phosphorylation is
not detected in KD-treated cells, therefore making exact fold
changes challenging to accurately estimate. Therefore, to facilitate
comparison of concentration dependence between sites, an arbi-
trary fold change cap was used to enforce phosphorylation satura-
tionin silico. A cap of 6.5 was chosen because this was the median
fold change for phosphorylation sites increased in M versus G2
cells. This approach enables us to determine if, and at what con-
centration, the phosphorylation effectively reaches the median
fold change observed in the G2-to-M transition in cells.

Using this strategy, we identified seven clusters of phosphor-
ylation sites that differed in BC concentration dependence
(Figures 2A and 2B; Table S2). Cluster 1 shows fold changes of
6.5 or more at 2.5 nM, the lowest concentration tested. At the
other extreme, sites in cluster 7 do not reach fold changes of
6.5 ormore at 100 nM and follow a linear response to kinase con-
centration. Proteins in these clusters were then subjected to
functional gene annotation enrichment analysis. Figure 2C
shows selected functional Gene Ontology (GO) annotations
that show a significant (false discovery rate [FDR] < 0.01) in
one or more clusters. Cluster 1 shows no major differential
enrichment. Interestingly, cluster 2 shows an enrichment in pro-
teins associated with protein translation, including ribosomal
proteins. Sites with moderate sensitivity to CDK1 activity (cluster
4) are significantly enriched in proteins involved in DNA repair
and DNA replication. Sites with lower CDK1 sensitivity (cluster
6) are enriched in proteins involved in the organization of the
mitotic spindle, chromosome segregation, and nuclear envelope
disassembly. For example, proteins in cluster 6 show a 7.6-fold
enrichment in mitotic spindle assembly proteins, which is three
times higher than cluster 1. Similar trends in clustering and func-
tional enrichment are observed with AC (Figures S2A-S2C). Indi-
vidual CDK1 substrate proteins may have sites belonging to
multiple clusters. Indeed, 943 out of 2,550 CDK1 substrate pro-
teins have phosphorylation sites with differing sensitivities to
CDK1 phosphorylation. CDK1 phosphorylation sites on these
substrates represent the majority of the phosphorylation sites
(64%, 3,288/5,113). We conclude that quantitative changes in
the activities of Cyclin A-CDK1 and Cyclin B-CDK1 alter sub-
strate specificity in a similar concentration-dependent manner,
with many substrates having multiple CDK1 sites with differing
sensitivities to kinase activity.

We next assessed if clusters differed in amino acid
sequence proximal to the phosphoacceptor residue. Low- and
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Figure 2. Quantitative increases in CDK1 activity alter substrate specificity in vitro
(A) G2/M cells were titrated with increasing concentrations of KD or BC and subjected to phosphoproteomic analysis. Heatmap showing the capped fold changes

against KD. Hierarchal clustering identified seven clusters.

(B) Mean capped fold change versus CDK1 concentration for each cluster.
(C) Scaled fold enrichment for selected enriched GO terms.

(D and E) Motif analysis of sites in clusters 1 (D) and 6 (E).

(F) Proportion of serine and threonine phosphoacceptor residues per cluster.
(

G) Model for the readout of phosphorylation in fixed cells (kinase sensitivity) versus in viable cells (steady-state levels, which are subject to kinase-phosphatase

antagonism).

(H) Normalized phosphopeptide intensities detected in KD-treated G2/M cells (i.e., the endogenous phosphorylation in cells) per cluster. Bars indicate medians.
(1) Fold-change comparing mitotic (STLC-arrested) versus G2/M-phase cells per cluster. Bars indicate medians, and box and whiskers show 75"/25™ and 90"/

10" percentiles, respectively.

high-CDK1-sensitivity clusters showed a similar preference
for +1P (Figures 2D and 2E). Similar results were obtained using
Cyclin A-CDK1 (Figure S2B). Interestingly, high-CDK1-sensitivity
sites in cluster 1 have a high proportion of threonine phosphoac-
ceptor sites (~50%, Figure 2F). In contrast, the proportion of thre-
onine sites (over serine) is 36% and 23% for CDK1 sites and all de-
tected sites, respectively. Indeed, the proportion of threonine
phosphoacceptor residues is negatively correlated with CDK1
concentration dependence (Figure 2F).

In the fixed cell assay, substrate phosphorylation will be deter-
mined solely by the forward kinase reaction. However, in living
cells, substrate phosphorylation will be subject to antagonism
by cellular protein phosphatases, including PP2A:B55 and
PP1, as illustrated in Figure 2G. PP2A:B55 has been shown to
prefer dephosphorylating phosphothreonine residues with
a +1P and is active in interphase.®>** Could targeted dephos-
phorylation by PP2A:B55 in vivo lead to lower occupancy of TP
sites in fixed G2 cells? To address this question, we examined

Cell Reports 42, 112139, March 28, 2023 5
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(B and C) Line graphs showing mean fold change for clusters 2 (B) and 4 (C). Error bars represent the standard deviation.

(D) Heatmap showing fold enrichment for selected GO terms and UniProt keywords comparing Cks1-enhanced versus Cks1-inhibited phosphorylation sites.
(E and F) Motif analysis of the sites in clusters 2 (E) and 4 (F) using WebLogo. Pie charts show the proportions of sites in the cluster with the indicated motif,
e.g., +1P (black) or [ST]['PIX[KR] (blue), where "P denotes any amino acid besides proline and X is any amino acid.

the endogenous abundance of phosphorylation in G2/M cells,
grouped into phosphorylation sites determined by CDK1 sensi-
tivity in vitro (Figure 2H). Cluster 1 has the highest proportion of
threonine sites and the lowest level of endogenous phosphoryla-
tion. Indeed, there is a negative correlation between CDK1 sensi-
tivity in vitro and the median level of endogenous phosphoryla-
tion (Figure 2H). Within a cluster, however, individual sites
range widely in levels of endogenous phosphorylation (Fig-
ure 2H), suggesting that the sensitivity toward CDK1 in vitro is
unlikely to be driven exclusively by endogenous occupancy.
Consistent with this idea, differences in CDK1 sensitivity
in vitro persist in reactions of fixed cells pre-treated with lambda
phosphatase (Figure S2D) while showing no significant differ-
ence in serine versus threonine phosphoacceptor frequency
(Figure S2E). Is CDK1 sensitivity in vitro reflected in vivo? To
test this, we plotted endogenous phosphorylation fold changes
comparing M and G2 cells because, in mitosis, PP2A:B55 is in-
activated, and CDK1 activity is high. Indeed, sites showing the
highest sensitivity to CDK1 in vitro show the highest fold changes
in mitosis (Figure 21). These data support a model whereby phos-
phatase inactivation is a crucial determinant of CDK1 substrate
phosphorylation,**45:55:56
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Cks1 promotes the phosphorylation of non-proline sites
by CDK1 in vitro
To assess the role of Cks1 in BC-CDK1 interaction with cellular
substrates, we titrated fixed G2/M-enriched TK6 cells with
increasing concentrations of either BC or BCC, performed in bio-
logical duplicate. Out of 24,139 sites identified (Table S3), 3,377
sites showed a 2-fold or more increase in phosphorylation upon
addition of active CDK1. Note that the data for BC are identical
to that shown in Figure 1. Fold changes were normalized for differ-
ences in CDK1 activity, as above (Figure S3A). Individual sites
differed in CDK1-concentration dependence (Figure 3A), and
some sites were phosphorylated to higher extent with BCC
compared with BC, and vice versa. Phosphorylation sites were
separated into four clusters by hierarchal clustering. Phosphoryla-
tion sites in cluster 2 show strong enhancement by the Cks1 sub-
unit (Figure 3B). The remaining sites were either phosphorylated to
a greater extent by BC (cluster 4; Figure 3C; “Cks1-inhibited clus-
ter”) or equally phosphorylated by BC and BCC (cluster 1). Inter-
estingly, there is a small set of phosphorylation sites that are highly
phosphorylated by BCC at 100 nM kinase (cluster 3).

How do Cks1-enhanced sites differ from Cks1-inhibited ones?
A functional enrichment analysis was performed comparing
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clusters 2 and 4. In general, the differences seen between Cks1-
enhanced and Cks1-inhibited substrates (Figure 3D) are less
than those observed between Cyclin A-CDK1 and Cyclin
B-CDK1. Splicing factors, however, are a striking exception, be-
ing highly enriched in Cks1-enhanced substrates. Enrichment is
also slightly higher in Cks1-enhanced substrates for proteins
localized to the nuclear matrix and with functions in DNA replica-
tion. These results support a model whereby BCC increases
phosphorylation of a subset of BC substrates.

We next tested if the local amino acid sequence around the
phosphoacceptor site in the Cks1-enhanced cluster (cluster 2)
is significantly different from a Cks1-inhibited cluster (cluster
4). As shown in Figure 3E, Cks1-enhanced sites are depleted
of +1P. Strikingly, only 29% of Cks1-enhanced sites had
a +1P, in contrast to Cks1-inhibited sites, in which 75% were
proline directed (Figure 3F). There is a slight preference
for +3K but less than Cyclin A-dependent sites (Figure 11). 49%
of Cks1-enhanced sites are within a [ST]['P]X[KR] motif. In
contrast, only 15% of Cks1-inhibited sites meet this consensus
(Figure 3F). We conclude that Cks1 has a proteome-wide role
in promoting CDK1 phosphorylation of non-proline-directed
sites in vitro.

Cks1 enhances CDK1-primed multisite phosphorylation
of substrate proteins in vitro

Cks1 enhances multisite phosphorylation of S. cerevisiae Sic1
by phosphodependent docking to a priming site."®"” It was pro-
posed that Cks1 acts as a molecular ruler by promoting the
phosphorylation of a second-site 12-15 amino acid C-terminal
to the priming site (Figure 4A). To what extent does phosphate
docking play a role in CDK1 phosphorylation in human cells?
And is this role of Cks1 proteome-wide?

We reasoned that if Cks1 promoted multisite phosphorylation,
then Cks1-enhanced protein substrates should show, on
average, a higher number of sites phosphorylated by CDK
in vitro than Cks1-inhibited substrates. Indeed, Cks1-enhanced
substrates had on average two CDK1 phosphorylation sites per
protein (median) compared with one site per protein for Cks1-in-
hibited substrates (Figure 4B). Many proteins had multiple sites,
some that were Cks1 enhanced and others that were Cks1 in-
hibited. For example, on the protein Ki-67, 49 sites are phos-
phorylated by CDK1 in total, of which 24 are Cks1 enhanced.
Unlike Cks1, the cyclin subunit does not alter multisite substrate
phosphorylation (Figure S3B).

Next, we examined the distribution of secondary phosphoryla-
tion sites surrounding a Cks1-dependent phosphoacceptor site,
reasoning that if Cks1 acts as a molecular ruler, we should
observe “hot spot” of secondary phosphorylation. In support
of this model, secondary phosphorylation sites are enhanced
at positions —15 and +12 for BCC-dependent non-proline sites
(Figure 4C). Interestingly, proline-directed CDK1 sites overall
do not show this behavior (Figure 4D). The enhancement is
seen for both serine and threonine phosphoacceptor residues,
and there is no difference in pattern if the secondary is restricted
to either serine or threonine. Interestingly, there is a depletion of
secondary phosphorylation sites from positions —8 to +6 for
BCC-dependent non-proline sites compared with proline-
directed sites. These results support a model whereby Cks1
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docks onto a proximal priming site to facilitate multisite phos-
phorylation, frequently at non-proline-directed sites.

The identity of the major priming kinase for Cks1 is unknown.
In S. cerevisiae, CDK-Cks complexes can self-prime to
phosphorylate a substrate in a processive manner.'” To investi-
gate the Cks1 priming kinase, we designed an experiment
combining sequential phosphatase and kinase reactions on
fixed cells. We reasoned that removal of all endogenous phos-
phorylation in G2 cells would eliminate priming by all kinases
except for the one added (CDK1). By using a proteome-wide
approach, we can identify which Cks1-dependent sites are
dependent on priming by CDK1 or by other kinases (Figure 4E).

TK6 cells were treated with A phosphatase, followed by BCC.
Phosphatase pre-treatment eliminated endogenous SPX[KR]
phosphorylation (Figure 4F, lanes 1 and 6), and SPX[KR] phos-
phorylation is increased after treatment with BC or BCC
(Figure 4F, e.g., compare lanes 2 and 3). Reactions were then
analyzed by LC-MS/MS as shown in Figure 1A. 23,911 sites
were identified, of which 5,819 sites were phosphorylated by
CDK1 (G2/M cells; Table S4). Sites phosphorylated by CDK1 in
mock-treated cells were clustered (Figure 4G) to identify Cks1-
enhanced sites (Figures 4G, arrow, and 4H). We then asked if
these sites were phosphorylated by CDK1 in A phosphatase-
treated cells. Of the 1,013 Cks1-enhanced sites phosphorylated
in mock-treated cells, 873 sites showed a 2-fold or higher change
after addition of BCC to A phosphatase-treated cells compared
with KD (Figure 4l). This result demonstrates that CDK1 has prim-
ing activity for most Cks1-dependent sites (86%). The remaining
140 Cks1-dependent sites cannot be primed by the CDK1 com-
plexes tested and are likely to be primed by other kinases or
else mediated by phosphorylation-independent docking interac-
tions. Interestingly, these experiments, which were carried in bio-
logical duplicate separately from those shown in Figure 3E, also
show that Cks1-dependent sites are depleted of the +1P and
are instead enriched for a +3K (Figure 4J).

Taken together, our results here have shown that a subset
of CDK1 phosphorylation sites lack the +1P consensus and
that phosphorylation of these non-proline-directed sites by
BCC is enhanced by the phosphoadaptor protein, Cks1.
In vitro, Cks1-dependent phosphorylation is, in most cases,
primed by CDK1 itself and promotes the multisite substrate
phosphorylation.

Cks1- and Cyclin A-dependent phosphorylation sites are
cell-cycle regulated

A crucial question is whether CDK1 phosphorylation observed
in vitro is observed in living cells. The primary function of CDK
activity is to drive cell-cycle progression via ordered phosphory-
lation of substrates, leading to increasing phosphorylation occu-
pancy across the cell cycle with maximal occupancies observed
in mitosis." Therefore, we hypothesized that if in vitro sites are
physiologically relevant, they should also be cell-cycle regulated
(CCR) in vivo. We designed an experiment where cells enriched
in different cell-cycle stages were directly compared against
fixed cells phosphorylated in vitro by CDK1 (Figure 5A). These
samples were analyzed together in a single quantitative TMT
phosphoproteomics batch, which minimizes missing values.
This internally controlled, relative quantitation approach enables
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Figure 4. Cks1 promotes multisite phosphorylation of CDK1 substrates

(A) Model for Cks1 function in CDK1 substrate phosphorylation.

(B) Dot plot representing the number of sites (y axis) phosphorylated on each protein substrate (dot). Only proteins unique to each cluster are shown.
***p < 0.0001 from a Student’s t test; dotted lines represent the median.

(C and D) The frequency of additional phosphorylation sites detected by phosphoproteomics within 15 residues of the phosphoacceptor for Cks1-dependent
sites lacking the +1P (C) and CDK1 sites with a +1P (D).

(E) Experimental design to investigate priming kinases for Cks1.

(F) Western blot with anti-phospho-SPX[KR] motif antibody of lysates from fixed cells phosphorylated in vitro pre-treated either with A phosphatase or mock. This
antibody crossreacts with phosphorylated MAPK motifs, i.e., PXpSP.

(G and H) Heatmap and line graph showing the identification of Cks1-dependent phosphorylation sites in mock-treated cells.

(I) Overlap between sites that show Cks1 dependence in mock- versus A phosphatase-treated cells.

(J) Motif enrichment analysis of overlapping sites. Pie charts show the proportions of sites in the cluster with the indicated motif, e.g., +1P (black) or [ST]['P]X[KR]
(blue), where “P denotes any amino acid besides proline and X is any amino acid. Reproducible sites from two biological repeats are shown.

straightforward and comprehensive comparison betweeninvitro  be mitotic CCR (Figure 5A). In total, there were 5,102 sites either
and in vivo phosphorylation. mitotic or interphase CCR. 6,924 sites showed 2-fold or more

G1- and G2/M populations were collected using centrifugal phosphorylation in vitro after incubation with one of the three
elutriation (Figure S4A). 9% of cells in the G2/M-enriched fraction  active CDK1 complexes compared with samples treated with
were mitotic, judging by histone H3 S10 phosphorylation KD. Of these, 3,912 sites overlapped with either interphase or
(H3pS10). In parallel, cells were arrested in prometaphase using  mitotic CCR sites (Figure 5B). SPX[KR] phosphorylation in
STLC. Fixed G1- and G2/M-enriched cells were subjected to ki- STLC-arrested mitotic cells is more intense than G2/M-enriched
nase assays using AC, BC, BCC, and KD, as above. 23,911 sites  cells subjected to phosphorylation by CDK1 in vitro, demon-
were detected in total (Tables S5 and S6), representing 5,242  strating that the phosphorylation occupancy achieved in vitro
protein substrates. 1,514 sites showed 2-fold or more phosphor- is at levels below the maximum achieved in cells arrested in
ylation in the G2/M-enriched sample compared with G1 cells. mitosis (Figure S4B). These data demonstrate the fixed cell ki-
These sites were deemed interphase CCR (Figure 5A). Similarly, nase assays phosphorylate sites to physiologically relevant
4,198 sites showed 2-fold or more phosphorylation in STLC-ar-  levels and that a majority of in vitro CDK1 sites (56%) are phos-
rested cells compared with the G2/M population and deemed to  phorylated in a CCR manner.
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Figure 5. Non-proline-directed CDK phosphorylation sites in vitro are cell-cycle regulated in viable cells
(A) Design of experiment to identify both cell-cycle-regulated phosphorylation sites and in vitro CDK phosphorylated sites. All samples were combined into a

single TMT analysis to minimize missing values.

(B) Overlap between sites phosphorylated in vitro by AC, BC, or BCC and the cell-cycle-regulated phosphoproteome.

(C) Enriched motifs for mitotic CCR sites that were either not phosphorylated by CDK1 in vitro (top) or phosphorylated by CDK1 in vitro (bottom).

(D) Motif enrichment analysis of interphase CCR sites that did not overlap with CDK1 in vitro targets (top) compared with that of those that overlapped (bottom).
(E) The proportion of phosphorylation sites in the mitotic regulated phosphoproteome that can be explained by consensus and direct CDK1 phosphorylation

in vitro.

Sequence analysis of mitotic CCR sites not phosphorylated by
CDK1 in vitro show a significant enrichment in motifs consistent
with Aurora A/B and acidophilic kinases, including Polo-like ki-
nases (PIk) 1/2/3 and casein kinase 2 (CK2) (Figure 5C, top).
Interphase CCR sites not phosphorylated by CDK1 in vitro
show enrichment in acidophilic kinases but no enrichment of
Aurora A/B motifs. Non-CDK1 interphase CCR sites have a
prominent enrichment of an acidic residue in the —2 position,
consistent with a relaxed Plk1 consensus motif (Figure 5D,
top). Both interphase and mitotic sites phosphorylated by
CDK1 in vitro show an enrichment of the classic CDK consensus
sequence (Figures 5C and 5D, bottom), which is virtually iden-
tical to a similar analysis of all in vitro CDK1 sites, including
non-CCR sites (Figure 1C).

Next, we asked whether non-proline-directed sites phosphor-
ylated by CDK1 in vitro are CCR in living cells (Figure 5E). Of the
4,198 mitotic CCR sites, 2,413 sites (57%) met a +1P minimum
CDK consensus. Of these +1P CCR sites, 1,975 (82%) were
phosphorylated by CDK1 in vitro. Only 100 and 53 of the mitotic
CCR sites meet the strict consensus motifs for Plk1 and Aurora
kinases ([KR][KR]X[ST]), respectively. The remaining 1,632 non-
proline-directed mitotic CCR sites, which do not meet any of

the motifs described above, constituted 39% of the total mitotic
CCR phosphoproteome. Strikingly, 1,142 of these non-proline-
directed mitotic CCR sites, representing 70% of phosphorylation
sites with no predicted upstream cell-cycle kinase, are phos-
phorylated by CDK1 in vitro. We therefore conclude that the
majority of non-proline-directed mitotic CCR phosphorylation
sites can be directly phosphorylated by CDK1. Taken together,
our data show that 3,117 out of 4,198, or 74%, of the mitotic
CCR phosphoproteome can be phosphorylated directly by
CDK1 (proline and non-proline directed) (Figure 5E).

We then examined if there is evidence that Cks1-enhanced
and Cyclin A-dependent phosphorylation sites are CCR. Indeed,
Cks1-enhanced sites in vitro (Table S5) constitute 12.6% of the
mitotic CCR phosphoproteome, of which 58% are non-proline
directed. These Cks1-dependent, mitotic CCR sites show deple-
tion of a +1P (Figure S4C). We reasoned that because AC is
degraded during an extended prometaphase arrest (Figure S4B),
AC-dependent sites will be subject to attrition in the STLC-
arrested sample. CDK1 can phosphorylate substrates of
interphase CDKs (CDK2/4/6). Therefore, to test if Cyclin
A-dependent phosphorylation sites are also CCR, we performed
the fixed cell kinase assay on interphase cells. G1 cells were
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phosphorylated with either BC or AC in vitro. Hierarchal clus-
tering identified a group of sites that were phosphorylated
in vitro in a Cyclin A-dependent manner (Table S6). These sites
represented 9% of the interphase CCR sites, and 47% of these
sites matched the [ST]['P]X[KR] motif. Sequence motif analysis
of Cyclin A-dependent, interphase CCR sites show a depletion
of a +1P and an enrichment of a +3K (Figure S4D).

A [STI[ PIX[KR] sequence motif is enriched among non-
proline-directed CDK1 sites

Our data show that both Cks1 and Cyclin A increase the fre-
quency of non-proline-directed sites. Unlike Cyclin A, Cks1 is
not targeted for degradation by APC/C-Cdc20 in early prometa-
phase and is found in cells in complex with Cyclin B-CDK1. Inter-
estingly, a pool of Cyclin B-CDK1 is localized to the kinetochore
corona and plays a role in spindle assembly checkpoint
signaling.®” We wondered if there was overlap between Cks1-
and Cyclin A-dependent sites because phosphorylation of these
sites could be “handed over” from Cyclin A-CDK1 (with or
without Cks1) to Cyclin B-CDK1-Cks1 during prometaphase
following Cyclin A degradation. The overlap between sites repro-
ducibly dependent on Cyclin A (red, n = 2) and Cks1 (blue, n =2)
is shown in Figure 6A (Table S7). 44 sites on 41 proteins were in
common. These included sites on Ki-67, MCAK (KIF2C), and
Hec1 (NDCB80), which all have functions in regulating chromo-
some segregation. The [ST]['P]X[KR] motif that was observed
individually for Cks1- and Cyclin A-dependent sites is strongly
enriched in these overlapping sites (Figure 6B) and found in 39
out of the 44 sites.

We hypothesized that [ST]['P]X[KR] CDK1 sites would be more
susceptible to dephosphorylation by protein phosphatases
active during prometaphase. This is because PP2A phospha-
tases show a preference for basic residues C-terminal to the
phosphorylated site,”® unlike +1P sites, which are disfavored
by PP2A:B56.°4°° To test this hypothesis, we analyzed a data-
set by Holder et al. in which mitotic cells were forced into
anaphase by the addition of the Mps1 inhibitor AZ-3146
(Mps1i) and dephosphorylation was measured proteome-wide
by phosphoproteomics.®® The mean half-life (t,,) of [ST][P]X
[KR] sites is ~17 min, which is significantly shorter than pro-
line-directed sites and non-proline-directed sites in general,
which both have an average ty,, of ~28 min (Figure 6C).

We next tested if enhancement of [ST]["P]X[KR] phosphoryla-
tion by AC and BCC could be confirmed using purified protein
substrates. Non-proline-directed +3K phosphorylation sites
were detected on NDC80 (S76), PML (T473), and CDK7 (T25)
(Table S7). NDC80 and PML show strong phosphorylation by
CDK1 (Figures S5A and S5B). Interestingly, PML is hyperphos-
phorylated by BCC, but not by BC or AC (Figure S5A), consistent
with a role for Cks1 in multisite phosphorylation. CDK7, on the
other hand, shows no increase in its total phosphorylation signal
over the no-kinase sample following treatment with any of the
three CDK1 complexes tested (Figure S5C). Analysis of these re-
actions by MS, however, revealed site-specific sensitivity to
CDK1. Phosphorylation of the [SP]['P]X[KR] sites on all three
substrates were enhanced by AC and BCC compared with BC
(Figure 6D). This was not due to a difference in CDK1 activity
because proline-directed sites on NDC80 and PML were phos-

10 Cell Reports 42, 112139, March 28, 2023

Cell Reports

phorylated to similar extents by all three CDK1 complexes tested
(Figure 6E). Furthermore, the phosphorylation signal of the MAT1
subunit in CDK7 complex was more pronounced after incubation
with AC compared with the other complexes (Figure S5C). In
contrast, the overall phosphorylation of NDC80 was enhanced
in the presence of Cks1 (Figure S5B). These results highlight
the importance of site-specific detection by MS (Figures 6D
and 6E), which can show differences from the total phosphoryla-
tion (Figure S5).

DISCUSSION

Many CCR phosphorylations do not meet the reported consensus
sequences for cell-cycle kinases, indicating a major gap in our un-
derstanding. What are the missing kinases? The results presented
suggest a surprising answer: CDK1. In this study, we showed that
CDK1 can phosphorylate sites that do not match the classic CDK1
consensus sequence. Furthermore, this non-canonical CDK1
phosphorylation is widespread across the CCR phosphopro-
teome and is regulated by CDK1 subunit composition.

Using an internally controlled, quantitative phosphoproteo-
mics approach, we demonstrated the majority of the mitotic
CCR phosphoproteome (74%, out of 4,198 sites quantitated)
can be directly phosphorylated by CDK1 in vitro. To what extent
these sites are targets of direct CDK1 phosphorylation in cells is
unknown. Even if a fraction of these sites are phosphorylated
in vivo by other kinases, our data suggest that CDK1 can
compensate, or complement, the activity of these kinases to
phosphorylate these sites in mitosis. Phosphorylation handover
from mTOR kinase to CDK1 has been recently described to sup-
press autophagy in mitosis by targeting the same proline-
directed sites in ATG13, ULK1, and ATG14.°" Our data suggest
that this handover is likely not limited to mTOR and other proline-
directed kinases and likely extends to non-proline-directed
kinases. To what extent this handover occurs and how this is
regulated are open questions that will be important to address.

Cyclin-CDK complexes display different subcellular localiza-
tions in vivo.?”?8 In fixed cells, cyclin-CDK complexes have equal
access to cellular substrates (Figure S1G). Despite this, substrate
proteins preferentially phosphorylated by AC differ in annotated
functions and subcellular localization from BC. We observed no
significant difference in RXL motifs between Cyclin A- and Cyclin
B-dependent substrates, suggesting that there are additional
sequence elements within substrate proteins encoding for speci-
ficity. Because subcellular organization and protein-protein inter-
actions can be fixed in place with formaldehyde, it is possible
that substrate choice in these assays is determined by interactions
in trans instead of cis (i.e., within the same protein sequence as the
phosphoacceptor residue). For example, high-affinity or high-
avidity interactions between CDK1 complexes with a scaffolding
protein could promote phosphorylation of other substrates prox-
imal in space. Spatial determinants of substrate phosphorylation
are key, for example, in models for the regulation of kinetochore-
microtubule attachments by kinases like Aurora B and Plk1.6%5°

The fixed cell assays we have developed to understand CDK1
regulation can be extended to other cellular enzymes that pro-
duce a protein mass modification measurable by MS, e.g., ubig-
uitination. In contrast to in vitro assays on cell lysates, it is
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Figure 6. A non-proline-directed CDK consensus motif

(A) Overlap between sites reproducibly dependent on Cyclin A (red, N = 2) and Cks1 (blue, N = 2). Phosphorylation is reproducibly enhanced by Cks1 or Cyclin A
(compared with Cyclin B-CDK1) for 44 sites (in purple). Selected substrate proteins that are shown for each.

(B) Motif enrichment analysis of sites in the overlap (purple shaded area) of (A).

(C) Dephosphorylation half-lives for phosphorylation sites detected in Holder et al.°® matching the indicated sequence motifs, including proline-directed motifs
([ST]-P, [ST]-P-X-[KRY]), the non-proline-directed CDK motif identified in (B) ([ST]-['P]-X-[KR]), sites lacking a +1P ([ST]-['P]), and sites matching the Aurora
consensus ([KR]-[KR]-X-[ST]).

(D) Normalized intensities for phosphorylated [ST][PIX[KR] sites on purified, recombinant PML, NDC805°°°!i and CDK?7 subjected to in vitro kinase reactions
with CDK1 complexes.

(E) Normalized intensities for phosphorylated proline-directed sites on the same substrates as (D).
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straightforward to perform sequential enzymatic reactions on
fixed cells (Figure 4). Sequential reactions can be used to study
crosstalk between protein post-translational modifications in a
highly controlled manner that is challenging in living cells with
active negative and positive feedback mechanisms. We antici-
pate that the assay can be further improved by testing additional
fixation and permeabilization reagents, including mild detergents
to minimize disruption to protein tertiary structure.

Non-proline-directed CDK1 phosphorylation has been previ-
ously reported.®”®* Recently, it was shown that ~30% of direct
CDK1 phosphorylation sites were non-proline directed in
mESCs.*’ Interestingly, these sites showed an enrichment for
a C-terminal basic residue, consistent with previous reports on
individual substrates and the +3K motif described in our study.*®
We speculate these sites are especially important for spatial and
temporal regulation in mitosis because they likely require high-
avidity interactions for phosphorylation and are exquisitely sen-
sitive to dephosphorylation (Figure 6C), thereby providing a wide
dynamic range for rapidly tuning protein function.

In this study, we show that the qualitative nature of the CDK1
complex, namely the subunit composition, has a striking effect
on the phosphorylation consensus sequence. In living cells, Cy-
clin A is targeted for destruction in prometaphase prior to Cyclin
B destruction at anaphase onset.®®° Thus, our data provide ev-
idence for a regulated consensus sequence switch. CDK1/2
substrates are phosphorylated in both interphase and in mitotic
cells but on distinct sites that have differential impact on protein
function. Proteins in the Mcm family (Mcm1-7), which form the
replicative helicase on chromatin to support DNA replication,
are excellent examples of this. Xenopus laevis Mcm4 (x/Mcm4)
is hyperphosphorylated in mitosis when replicative helicases
are inactive. Complete dephosphorylation of xMcm4 prevents
chromatin binding, whereas pre-replicative complexes bound
to chromatin are hypo-phosphorylated, i.e., showing an interme-
diate level of phosphorylation between dephosphorylated and
hyperphosphorylated.®” In our analysis, two Mcm4 sites are de-
tected, T23 and S120, which show high and low sensitivity to
CDK1 phosphorylation in vitro. Interestingly, S120 meets the
[STI[PIX[KR] consensus sequence for non-proline-directed
CDK1 phosphorylation and is highly phosphorylated in mitosis
(~84% stoichiometry).*°

Limitations of the study

The main limitation is that most of the findings are from formalde-
hyde-fixed cells. While this creates a simplified system that can
be used to answer specific questions, like how non-catalytic
subunits of CDK1 impact substrate choice, the system does
not recapitulate the dynamic phosphorylation (and dephosphor-
ylation) occurring in living cells nor the crowded macromolecular
environment within cells that impact biochemical reaction ki-
netics. Using this simplified system, we found evidence for ki-
nase phosphorylation consensus site switching that is depen-
dent on CDK1 complex composition. It will now be important
to investigate if the consensus site switching is observed in living
cells and the functions of non-proline-directed CDK1 phosphor-
ylation. Additionally, the structural and mechanistic basis for
consensus site switching remains unclear and needs further
investigation.
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STARXxMETHODS

KEY RESOURCES TABLE

Cell Reports

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti- Phospho-SPX[KR] motif
Rabbit anti-human Cyclin A2

Mouse anti-human GAPDH

Mouse anti-human Alpha-Tubulin
Mouse anti-human H3pS10

Cell Signaling Technologies
Abcam

Santa Cruz Biotechnology
Sigma-Aldrich

Cell Signaling Technologies

2325S;RRID:AB_331820
ab32386;RRID:AB_2244193
sc-365062;RRID:AB_10847862
CP06-100UG;RRID:AB_2617116
29237S;RRID:AB_2798971

Bacterial and virus strains

E. coli DH5a. Invitrogen 18,265-017

E. coli Rosetta2 (DE3) pLYS-S Novagen 709,564
Chemicals, peptides, and recombinant proteins

Propidium lodide (PI) Sigma-Aldrich P4864-10ML
Diamidino phenylindole (DAPI) Sigma-Aldrich D9542-10MG
S-trityl-L-Cysteine (STLC) Sigma-Aldrich 164,739-5G
Adenosine triphosphate (ATP) Sigma-Aldrich A2383-5G

Tris carboxyethyl phosphine (TCEP) Thermo-Fisher Scientific PG82080
lodoacetamide Sigma-Aldrich 11149-5G
Triethylammonium bicarbonate (TEAB) Sigma-Aldrich T7408-100ML
HiPPR detergent removal columns Thermo-Fisher Scientific 88,305

Cyclin H-CDK7-MAT1 MRC-PPU DU 49574
Tandem mass tag (TMTpro) 16 plex Thermo-Fisher Scientific A44520
Hydroxyl amine Thermo-Fisher Scientific 90,115
Acetonitrile Thermo-Fisher Scientific A955-1
Methanol Fisher Scientific 11,976,961
Formic acid Thermo Fisher Scientific 28,905

Acetic acid Thermo Fisher Scientific A11350
Trifluoroacetic acid (TFA) Sigma-Aldrich 302,031
ammonium hydroxide Sigma-Aldrich 338,818-100ML
Ammonium formate Sigma-Aldrich 78,314-100ML-F
Glycolic acid Sigma-Aldrich 420,581-100ML
cOMPLETE protease inhibitor cocktail Sigma-Aldrich 11,836,170,001
Phosphatase inhibitor cocktail (PhosSTOP) Roche 4,906,837,001

A Phosphatase

Trypsin protease Thermo-Fisher Scientific 90,058
Benzonase EMD Millipore 70,664-10KUN
para-nitrophenylphosphate NEB P0O757S
MagReSyn® Ti-IMAC 2BScientific MR-TIM005
HisPur™ Ni-NTA Superflow Agarose Thermo Fisher Scientific 25,214

Deposited data

Mass spectrometry data

PRIDE

accession: PXD034098

Recombinant DNA

pVL1393 Human CDK1

pET28-a Human cyclin B1(165-433),
C167S/C238S/C350S

pET3-d Bovine cyclin A2 (170-430)
pGEX6P-1 Human CKS1 (5-79)

Brown et al., 2015°*
Petri et al., 2007°°

This paper
This paper

N/A
N/A

N/A
N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

MaxQuant v1.6.14 https://maxquant.org/ N/A
WebLogo https://weblogo.berkeley.edu/logo.cgi N/A

DAVID enrichment analysis https://david.ncifcrf.gov/ N/A

Other

Dulbecco’s Modified Eagle Medium (DMEM) Life Technologies 10,565,018
Roswell Park Memorial Institute (RPMI) Life Technologies 61,870,010
Dulbecco’s phosphate buffered saline (DPBS) Life Technologies 14,190,250
Fetal bovine serum Life Technologies 10,270,106
Insect-Xpress insect cells medium Lonza BELN12-730Q
GenedJuice® Transfection reagent Merck Millipore 70,967
Elutriation chamber Beckman-Coulter 356,943
Sep-Pak 50 mg C4g columns Waters WAT054955
NEST micro-spin C4g columns Harvard Apparatus 74-4601
HPLC 1 mm, 13 um BEH resin C4g columns Waters 186,002,346
24 mL Superdex 75 10/300 gel filtration column Cytiva 29,148,721
53 mL Sephadex G-25 HiPrep 26/10 desalting column Cytiva 10,470,505

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tony Ly,
tly@dundee.ac.uk.

Materials availability
No new materials were generated. Materials are either commercially available, were produced using published protocols, or were
obtained from collaborators.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-
tional information required to reanalyze the data reported in this paper is available from the lead contact upon request. Raw mass
spectrometry data have been deposited to ProteomeXchange partner PRIDE with identifier PXD034098.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The following cell lines were used in this study: TK6 (human lymphoblast, gift from Earnshaw group). Cells were determined to be
mycoplasma-free by a commercial ELISA-based detection kit.

METHOD DETAILS

Cell culture and centrifugal elutriation

TK6 cells were seeded at 80,000 cells/mL in 50 mL of Roswell Memorial Park Institute (RPMI) tissue culture medium supplemented
with 10% Fetal Bovine Serum (FBS) in eight 15 cm dishes. After 48 h, cells were centrifuged, pooled, washed once in Dulbecco’s
Phosphate Buffered Saline (DPBS), and resuspended in 1% formaldehyde. Cells were mixed on a rotator at room temperature for
10 min. Cells were washed in DPBS and permeabilized in 90% methanol for a minimum of 24 h at —20°C. For centrifugal elutriation,
methanol was removed, and cells were resuspended in elutriation buffer (5 mM MES, 100 mM NaCl, 1% FBS) and placed in elutriation
chamber fitted into ultra-centrifuge. Cells were trapped in the elutriation chamber at 2010 rpm and 15 mL/min flow driven by a peri-
staltic pump. Cell size fractions were collected by progressively increasing the flow rate up to 35 mL/min. The cell cycle phase dis-
tribution of each elutriation fraction was analyzed by staining cells with propidium iodide (50 ng/mL RNAse A, 50 pg/mL Propidium
lodide in DPBS) for 30 min prior to flow cytometry analysis. Fractions were combined in DPBS supplemented with 1x PhosSTOP
(Roche) to obtain pooled fractions enriched in either 2N or 4N DNA content. A sample of cells was immunostained with H3pS10 anti-
body conjugated to Phycoerythrin (PE) for 30 min. Cells were washed once and resuspended in flow buffer containing 5 ng/mL DAPI.
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To arrest cells in mitosis, TK6 cells were seeded at 800,000 cell/mL in RPMI supplemented with 10% FBS and 25 uM STLC. After 16 h,
cells were then harvested, fixed and permeabilized as described above.

To quantitate endogenous phosphatase activity post-fixation, 2 million fixed and permeabilized cells from elutration fractions with 4N
DNA content were incubated at 30°C with 50 mM para-nitrophenylphosphate in 150 pl of phosphatase master-mix (50 mM HEPES,
100 mM NaCl, 10 mM MnCly) in the presence of either microcystin, PhosSTOP or 1 U of A Phosphatase. Cells were then centrifuged,
and supernatant was collected where the amount of para-nitrophenyl was estimated by measuring the absorbance at 405 nm.

Protein expression and purification

Full-length human CDK1 was expressed in insect cells from pVL1393 as a 3C-protease cleavable GST fusion, which leaves a short
cloning artifact (GPLGS) at the N terminus. This construct was expressed, purified and phosphorylated (using GST-CAK1) as previ-
ously described®*°. T161 phosphorylated CDK1 was then purified from GST-CAK1 by size exclusion column chromatography (SEC)
on a Superdex 75 26/60 column equilibrated in 50 mM Tris pH7.5, 150 mM NaCl, 0.5 mM TCEP. Human Cyclin B1, residues 165-433
carrying the C167S/C238S/C350S mutations, was expressed in recombinant E. coli cells and purified as described exploiting the
thrombin-cleavable hexahistidine tag encoded by the pET28-a (+) vector.°® Human Cks1 was expressed from pET21ain E. coli cells
and purified as described.** Bovine Cyclin A2, residues V170-V430 was expressed in E. coli Rosetta2 (DE3) pLYS-S cells as a GST-
fusion from a modified pET3-d vector. It was purified by affinity purification followed by 3C cleavage to remove the GST tag and then a
subsequent SEC step (Superdex 200 16/60 column). The bovine Cyclin A2 has the GPLMKY sequence at the N-terminus as a cloning
artifact following 3C cleavage. As previously described,”® bovine Cyclin A2 was purified in buffer containing MgCl, (300 mM NaCl,
100 mM MgCl,, 50 mM Tris-HCI, pH 8.0, 1 mM DTT) to help prevent aggregation.

To prepare the binary Cyclin B1-T161pCDK1 (BC) and ternary Cyclin B1- T161pCDK1-Cks1 (BCC) complexes, components were
individually purified and then mixed in molar excesses of Cyclin B1 and Cks1 over CDK1 as required, and essentially as described.®*
The interaction between CDK1 and Cyclin B1 is dependent on the concentration of salt in the buffer. In each case, the final step to
assemble the complex was carried out on a Superdex 75 HR26/60 SEC column equilibrated in modified Tris-buffered saline (TBS) con-
taining 1.0 M NaCl, 50 mM Tris-HCI, pH 8.0, 1 mM DTT. Cyclin A2-T161pCDK1 (AC) was prepared by mixing purified phosphorylated
CDK1 with an excess of purified bovine Cyclin A2 and separating the complex by SEC on a Superdex 75 HR26/60 column equilibrated in
50mM Tris pH 8.0, 200mM NaCl, 1mM DTT. For each puirification, fractions containing the desired complex were pooled and concen-
trated to circa 10-12 mg mL~" by ultrafiltration and then fast frozen in aliquots in liquid nitrogen before storage at —80°C.

Purification of Aurora B-INCENP was carried out as described earlier.””

In vitro kinase assays on fixed cells

To induce protein phosphorylation in vitro, 2 million fixed and permeabilized TK6 cells from the pooled elutriation fractions above
were blocked in 40 mM Tris (supplemented with 5% BSA and 1x PhosSTOP) for 10 min. Cells were then washed by centrifugation
at 15,000 g for 30 s and placed in 400 pL of phosphorylation master-mix (40 mM Tris, pH 7.5; 0.5% BSA, 10 mM ATP, 1x PhosSTOP
and recombinant CDK1 complexes) for 40 min at room temperature. For phosphorylation with Aurora B, cells were blocked in DPBS
(Supplemented with 5% BSA and 1x PhosSTOP) for 10 min on ice then placed in a master-mix (DPBS, 0.5% BSA, 10 mM ATP, 1x
PhosSTOP and recombinant Aurora B) for 40 min at 37°C. To stop the phosphorylation reactions, cells were quenched by washing
three times with 11 mM EDTA in either 40 mM Tris (Supplemented with 0.5% BSA) for assays with CDK1 or in DPBS (Supplemented
with 0.5% BSA) for assays with Aurora B. Cells were then resuspended in 300 uL of ice-cold DPBS containing 1x PhosSTOP. To
check the in vitro phosphorylation by western blotting, 200 pL of this suspension was placed in a new tube, centrifuged and pellets
were resuspended in 70 pL cell extraction buffer (1 mM HEPES, 10 uM EDTA, 2% SDS, 1x cOMPLETE protease inhibitor cocktail and
1x PhosSTOP). Extracts were then sonicated for 30 s at 10% amplitude, and crosslinking was reversed by heating at 95°C for 50 min.
Proteins in the lysates were then reduced by adding 25 mM TCEP and mixed with 25 uL of LDS sample buffer for loading. Proteins
were separated by SDS-PAGE at 150 V in 1x NuPAGE MES Running Buffer for 2 h and transferred onto 0.2 pm nitrocellulose mem-
branes at 0.2 A in 80% NuPAGE MES buffer +20% methanol (v/v) for 2 h. Membranes were stained overnight with anti-Phospho-SPX
[KR] motif and anti-Alpha-Tubulin antibodies in TBS (Supplemented with 5% BSA) at 4°C. This was done after blocking with TBS
(Supplemented with 5% milk) for a minimum of 1 h. To remove the primary antibodies, membranes were washed three times with
TBS-T (TBS and 0.1% Tween) for 5 min each. Secondary antibodies conjugated to IRDye680 or IRDye800 in TBS (Supplemented
with 5% BSA) were then added for 1-2 h at room temperature and bands were visualized by scanning the membranes with Li-
COR Odyssey instrument.

In the expeirments where cells were subjected to sequential phosphatase then kinase reactions, 2 million cells from the elutriation
fractions above were preincubated for 16 h with 800 U of A Phosphatase in phosphatase master-mix (Supplemented with 0.5% BSA).
To stop the reactions, cells were washed three times with DPBS then heated for 40 min at 65°C. Cells were then blocked and in vitro
phosphorylations were carried out as described above.

Sample preparation for TMT phosphoproteomic analysis of fixed cells

To prepare peptide digests from fixed cells, 100 pL of cells from above were washed by centrifugation, resuspended in digestion
buffer, which consisted of: 100 mM triethyl ammonium bicarbonate (TEAB), 2 mM MgCl, and 5 U Benzonase; pH 8.5. Nucleic acids
were digested at 37°C for 30 min.“® Proteins were then digested by adding 1.25 ug Trypsin protease for 16 h at 37°C followed by
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another addition of 1.25 ug trypsin for 4 h. Peptides were then acidified by adding formic acid to a final concentration of 2% and de-
salted using NEST C4g micro-spin columns. Briefly, peptides were bound to C,g columns that were previously conditioned with 100%
acetonitrile and equilibrated with 0.5% formic acid. Columns were then washed twice with 0.5% formic acid and peptides were
eluted with 80% acetonitrile diluted in 0.5% formic acid. To remove solvent, samples were dried at 30°C until fully dry. Peptides
were resuspended in 50 uL of 100 mM TEAB and mixed with 0.25 mg of TMTpro from a set of 16 plex resuspended in 10 uL aceto-
nitrile for 1 h. The isobaric labeling reaction was then quenched by adding 2.5 pL of 5% hydroxylamine to these samples for 15 min at
37°C. Peptides from samples in the following experiments were pooled together: AC/BC titration experiment discussed in Figures 1
and 2; BCC and BC titration experiment in Figure 3. The experiment involved A Phosphatase pre-treatment of fixed cells in Figure 4
was pooled in the same TMT set with samples for CCR sites identification discussed in Figure 5 and the identification of mitotic CCR
sites that were Cks1 dependent was done with the same samples used for identifying the priming phosphorylation kinase in Figure 4.
Peptides from each pool were then dried, resuspended in 0.5% formic acid, and divided into two fractions each was desalted in a
50 mg Sep-Pak C45 column. To remove free TMT from samples, an extra wash with 0.5% acetic acid was added to the protocol and
elution was done in 80% acetonitrile, this time diluted in 0.5% acetic acid. Samples were phosphoenriched by mixing peptides with
3.2 mg of MagReSyn Ti-IMAC in load buffer, which consisted of 80% acetonitrile, 5% trifluoroacetic acid (TFA) and 5% glycolic acid,
for 20 min at 25°C. Beads were washed for 2 min with 80% acetonitrile +1% TFA. This was followed by two 2 min washes in 10%
acetonitrile +0.2% TFA. Phosphorylated peptides were eluted in 1% ammonium hydroxide for 15 min twice in elution buffer. This was
followed by a second elution for 1 h in a 50/50 mix of 1% ammonium hydroxide and acetonitrile (v/v). To increase the number of phos-
phorylated peptides identified, the flow through was dipped in a new batch of MagReSyn Ti-IMAC beads and the phospho-enrich-
ment step was repeated as described above. 5% of the pooled peptides were kept without phosphoenrichment for total proteome
analysis. To remove any residual magnetic beads, peptides were dried and desalting with NEST micro-spin C4g columns was per-
formed as described above. For deep phosphorylation analysis, peptides were fractionated using high pH reverse phase HPLC.
Briefly, peptides were passed through a 1 mm column packed with 13 um sized BEH silica resin coated with C4g and were eluted
with a gradient of 15-80% B, with the following A and B mobile phases: 10 mM ammonium formate pH 9.3, 10/90 mixture of
10 mM ammonium formate pH 9.3 and 100% acetonitrile. Peptides were eluted into 16 wells, dried and stored at —20°C until
data acquisition by mass spectrometry.

Proteomics data analysis

In the kinase assay where phosphorylation by BC was compared to BCC described in Figure 3, the TMTpro labeled and phosphoen-
riched samples were analyzed using Dionex Ultimate 3000 HPLC-Coupled Tribrid Fusion Lumos mass spectrometer. Samples were
loaded and separated using 75 um x 50 cm EASY-Spray column with 2 um sized particles, which was assembled on an EASY-Spray
source and operated constantly at 50°C. Two mobile phases were used to separate the peptides: Phase A consisting of 0.1% formic
acid in LC-MS grade water and phase B consisting of 80% acetonitrile and 0.1% formic acid. Peptides were loaded onto the column
at a flow rate of 0.3 pL/min and eluted at a flow rate of 0.25 pul/min according to the following gradient: 2 to 40% mobile phase B in
120 min and then to 95% in 11 min. Mobile phase B was retained at 95% for 5 min and returned back to 2% a minute after until the end
of the run (160 min in total for each fraction). A voltage of 2.2 kV was set when spraying this gradient of peptides into the front end of
the mass spectrometer at ion capillary temperature of 280°C with a maximum cycle time of 3 s. An MS1 scan at a resolution of
120,000 in Orbitrap detector was performed with a maximum injection time of 50 msecs and the top 10 most abundant ions within
a scan range of 380-1500 m/z based on the m/z signal with charge states of 2-6 from that scan were chosen for fragmentation in an
HCD cell at 28%. This was followed by a rapid MS2 scan on a linear ion trap for peptide identification with a maximum injection time of
50 msecs. To minimize the TMTpro reporter ion ratio distortion, 5 precursor fragments were selected for a synchronous precursor
selection (SPS) MS3 method from 3 precursor dependent scans.”” These fragments were further fragmented at 55% collision energy
in an HCD chamber and analyzed using an Orbitrap detector at a resolution of 55,000 with a 90 msecs maximum injection time. The
samples from this experiment that were not phosphoenriched were analyzed for total proteome analysis using the same method,
except that the MS2 fragmentation was performed in a CID cell at 35% energy.

In the experiment where AC and BC phosphorylation of fixed cells was compared (Figure 1), both total and phosphorylated peptides
were loaded into a trap column (100 um x 2 cm, PepMap nanoViper C4g column, 5 um, 100 A) attached to a Dionex Ultimate 3000 RS
systemin 0.1% TFA for 3 min and then separated through analytical column (75 um x 50 cm, PepMap RSLC C4g column, 2 um, 100 A) in
the following mobile phases: 0.1% formic acid (Solvent A) and 80% acetonitrile +0.1% formic acid (Solvent B). Separation was carried
out using a linear solvent gradient of 5%-35% for 130 min followed by a steep gradient to 98% up until 152 min after which the solvent
concentration was dropped back to 5%. The separation was carried out at a flow rate of 300 nL/min. Peptides were then sprayed into
the front end of a Tribrid Fusion mass spectrometer through a nanoelectrospray ionizer with a cycle time of 3 s and the MS1 data for
precursor ions were acquired in an Orbitrap detector at a resolution of 120,000. The top 10 most abundant peaks with charge states of
2-6 were then fragmented in an HCD chamber at 28% and analyzed on a linear ion trap for peptides identification in a maximum injection
time of 70 msecs. SPS MS3 was then performed on the top 5 precursor fragments from 5 precursor dependent scans following HCD
fragmentation (58%) in Orbitrap detector at a resolution of 50,000 with a maximum injection time of 110 msecs.

Finally, phosphorylated and total samples that involved sequential reactions with phosphatase and CDK1 described in Figure 4
and those used for the analysis of CDK1 CCR sites described in Figure 5 were labeled with TMTpro and pooled into the same set
and analyzed on an Orbitrap Eclipse mass spectrometer. Peptides were initially trapped in PepMap nanoViper Cqg column
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(100 um x 2 cm, 5 um, 100 /'i\) in 0.1% TFA for 5 min then fractionated with analytical PepMap RSLC C4g column (75 pm x 50 cm,
2 um, 100 ,&) on a Dionex Ultimate 3000 RS system with a 5%-35% gradient for 130 min. This was followed by a steep increase in
solvent concentration to 98% for up to 152 min then a drop to 5% for 1 min. Peptides from the gradient were injected into the front end
of a Tribrid Eclipse mass spectrometer through a nanoelectrospray ionizer in a 3 s cycle time. Precursor ions were detected in a mas-
ter scan using Orbitrap detector at a resolution of 120,000 with a maximum injection time of 50 msecs. Precursor ions with top 10
signals and charge states of 2-7 were selected for fragmentation using HCD (28%) and analyzed by a linear ion trap with a maximum
injection time of 50 msecs. SPS MS3 of 5 fragments from 5 precursor dependent runs were fragmented by HCD (55%) and analyzed
by Orbitrap at a resolution of 50,000 with a maximum injection time of 90 msecs.

Raw data from the assays on fixed cells were processed on MaxQuant version 1.6.14.”® To perform motif enrichment analysis,
sequences of each cluster were inserted into the online tool WebLogo and plots generated were used in the results section presented
here.”* For motif enrichment analysis with IceLogo, the sequences in the cluster of interest were inserted as the positive set and sites
in either the rest of the heatmap or in the rest of the phospho-proteome were inserted as the background.”® To match the CCR sites
with the in vitro data, a column containing the gene name, the phosphorylated residue, and the location of that residue in the protein
was added to the two tables. Rows with matching data in that column in both tables were considered in vitro targets of CDK1 with
CCR endogenous phosphorylation. To perform GO analysis, gene names for each dataset were inserted into DAVID Bioinformatics
(https://david.ncifcrf.gov) and fold enrichments generated by the online tool were used to plot functional annotations and subcellular
localizations of proteins within that dataset.

In vitro kinase assays on recombinant proteins

NDC80Be°! yas purified as described previously.”® Cyclin H-CDK7-MAT1 was purchased from the MRC-Protein Phosphorylation
and Ubiquitylation Unit Reagents and Services at University of Dundee (clone DU49574) and PML-IV was a generous gift from Ronald
T. Hay, Anna Plechanovova and Ania Eugui Anta at the Center for Gene Regulation and Expression, University of Dundee. For phos-
phorylation reactions, 500 nM of recombinant NDC805"°“°", PML-IV or Cyclin H-CDK7-MAT1 were incubated at 21°C with 100 nM
of AC, BC or BCC for 40 min in 40 mM Tris buffer, pH 7.5 and 10 mM ATP. Reactions were then stopped by adding 2% SDS and
samples were reduced by adding 25 mM TCEP for 10 min at 37°C then alkylated with 25 mM iodoacetamide for 1 h in the dark.
To remove SDS from the samples, proteins were precipitated by three rounds of acetone washing and pelleting at 4°C followed
by a single wash with 90% ethanol to remove residual acetone. Samples were then dried for 10 min and resuspended in 50 pL
TEAB, and tryptic digestion was carried out as described above. Peptide digests were acidified using 1% TFA then bound to stage
C4g columns before being eluted in 80% acetonitrile diluted in 0.1% TFA. To further clean up the samples, desalted peptides were
resuspended in 50 mM ammonium bicarbonate supplemented with 0.05% formic acid, pH 7 and incubated with HiPPR beads ac-
cording to manufacturer’s instructions. Eluted peptides were dried down, resuspended in 1% formic acid and injected into a Tribrid
Fusion mass spectrometer as described for samples in Figure 1, using a 47 min chromatography in C1g analytical column with a sol-
vent gradient of 5%-98% in 38 min. MS1 and MS2 scans were performed using similar acquisition methods, but with a maximum
injection time of 50 msecs for MS2 and without MSA or SPS MS3. Peptides were identified using MaxQuant and their phosphory-
lation was quantitated with Skyline.”” ppm was calculated by dividing the phosphorylation intensity of a particular peptide by that
of the entire sample and multiplying the results by 10°.

QUANTIFICATION AND STATISTICAL ANALYSIS

To normalize the mass spectrometry data, reporter intensities for histone proteins detected in all TMTpro channels in the Protein
Groups file were summed. Summed intensities were used to normalize the reporter ion intensities for sites in the corresponding
TMTpro channels in the PhosphoSTY file to adjust for mixing error. The fold change in phosphorylation intensity for each site was
then calculated by dividing the normalized reporter ion intensity of that site in the sample treated with the active recombinant kinase
by its normalized reporter ion intensity in the control sample. An arbitrary value of one was added to sites with missing values in the
control (kinase-dead) sample. Sites with at least 2-fold increase in their phosphorylation were considered in vitro phosphorylated. To
perform clustering based on the phosphorylation pattern, the fold change for each site in a particular channel was scaled, i.e. (x — x)/s,
where s is the sample standard deviation and x is the sample mean. Data were then plotted on a heatmap and sites with missing
values were eliminated. K-means clustering was then used to segregate sites with similar phosphorylation changes into clusters us-
ing the Ward agglomeration algorithm. Regular expressions were used to grep sites with certain amino acid sequences, such as
those with or without a +1 proline or those within the [ST]["P]X[KR] motif.

For multisite phosphorylation analyses, the location of phosphorylated residues was identified using the ‘Modification window’ col-
umn in the PhosphoSTY file. A value of 1 or 0 were assigned for phosphorylated and non-phosphorylated sites within that column,
respectively. Multisite phosphorylation and phosphosite proximity on the substrate were assessed by calculating the sum of residues
with 1 value and the number of sites that separated these phosphorylated residues, respectively.

Definitions of dispersion measures used, and n (biological repeats from independent cell line cultures), are provided in the figure
legends.
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