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Summary
Cyclin-dependent-kinases comprise the conserved machinery that drives progress through the cell
cycle, but how they do this in mammalian cells is still unclear. To identify the mechanisms by
which cyclin-cdks control the cell cycle, we performed a time-resolved analysis of the in vivo
interactors of cyclins E1, A2 and B1 by quantitative mass spectrometry. This global analysis of
context-dependent protein interactions reveals the temporal dynamics of cyclin function in which
networks of cyclin-cdk interactions vary according to the type of cyclin and cell cycle stage. Our
results explain the temporal specificity of the cell cycle machinery, thereby providing a
biochemical mechanism for the genetic requirement for multiple cyclins in vivo, and reveal how
the actions of specific cyclins are coordinated to control the cell cycle. Furthermore, we identify
key substrates (Wee1 and c15orf42/Sld3) that reveal how cyclin A is able to promote both DNA
replication and mitosis.

Introduction
How the cell orchestrates its precise duplication and division into two new cells is an
important, unanswered question. In eukaryotes, cyclins activate the cyclin-dependent
kinases (cdks) to control progress through DNA replication and mitosis, but how they
achieve this is unclear because insufficient human targets are known to explain all of the
cyclin/cdk-dependent events. Furthermore, cyclin-cdks must trigger these events in the
correct order: DNA replication and mitosis must occur sequentially. To understand how the
cell cycle is controlled requires the identification of the proteins that are regulated by cyclin-
cdks, and the timing of these interactions.

In fission yeast, one cyclin-cdk, cdc13p-cdc2p, can trigger both DNA replication and
mitosis: low kinase levels trigger DNA replication whereas subsequent higher levels trigger
mitosis (Fisher and Nurse, 1996). This led Stern and Nurse to propose, a ‘threshold-model’
whereby cdc13p-cdc2p phosphorylates its DNA replication substrates at lower kinase levels
than its mitotic substrates (Stern and Nurse, 1996), and Coudreuse and Nurse recently
confirmed this model in fission yeast (Coudreuse and Nurse, 2010). This model could work
in a number of ways: substrates could contain high affinity binding sites for the cyclin-cdks,
e.g. the Cy motif that binds to the ‘hydrophobic patch’ of some cyclins (Schulman et al,
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1998). Alternatively, substrates (e.g. Wee1) could have multiple sites, of which the first to
be phosphorylated have no effect, and higher levels of kinase activity are required to
phosphorylate the lower affinity sites that do have a biological effect (Kim and Ferrell,
2007). A third alternative is that substrates could bind to antagonistic phosphatases and
thereby require much higher levels of kinase to remain phosphorylated.

In contrast, budding yeast utilize multiple G1-phase Cln cyclins and mitotic B-type Clb
cyclins with a single essential cdk, Cdc28 (Bloom and Cross, 2007). Yet there is redundancy
in this machinery: overexpressing Clb5 rescues viability of cells lacking all Clns, but yeast
lacking Clb5 are also viable (Epstein and Cross, 1992). In the absence of Swe1 (the homolog
of Wee1), early expression of Clb2 alone can direct phosphorylation of all essential Clb
targets (Hu and Aparicio, 2005). Despite this overlap in abilities, in vitro Clb5/Cdk1
phosphorylates 24% of a set of 150 cdk substrates more efficiently than Clb2/Cdk1 (Loog
and Morgan, 2005). These data support a second model; that multiple cyclins evolved with
different binding affinities and thus differences in phosphorylation targets.

In animal cells, Cdk1 is the only essential cdk, whereas there are two essential cyclins, A
and B (Kalaszczynska et al., 2009; Kozar et al., 2004; Geng et al., 2003; Murphy et al.,
1997; Brandeis et al., 1998; Santamaría et al., 2007). Animal cells have evolved a division
of labour between multiple cyclins: cyclin A is required for DNA replication and cyclin B
for mitosis. (Moreover, in at least one type of somatic cell, though not in embryonic and
adult stem cells, cyclin E can compensate for cyclin A (Kalaszczynska et al., 2009)). By
contrast, neither D- nor E-type cyclins are strictly essential for cell division (Kalaszczynska
et al., 2009; Kozar et al., 2004; Geng et al., 2003; Murphy et al., 1997; Brandeis et al.,
1998). E-type cyclins are only essential in endoreplicating cells and important in cells re-
entering the cell cycle from quiescent phase (Geng et al., 2003). Thus, the second model of
cyclin function may explain the genetic data in mammals better than a threshold model.

To test the second model, a number of studies have been carried out in budding yeast
extracts or using purified animal cyclin-cdks in vitro to compare directly different cyclin/cdk
complexes, but found that different cyclin complexes show similar phosphorylation
efficiencies for the majority of substrates (Loog and Morgan, 2005; Errico et al., 2010). In
vitro studies may not fully recapitulate the in vivo affinities of cyclin-cdks for different
proteins, e.g.: some targets may only be available at specific times in the cell cycle, because
either they are only present in specific phases, or the cyclin-cdk only has access to them at a
precise time or place (Moore, Kirk and Hunt, 2003). Sub-cellular localization, however, is
unlikely to be the sole explanation because all cyclin-cdks continuously shuttle between the
nucleus and the cytoplasm (Jackman et al., 2002; Yang et al., 1998; Toyoshima et al., 1998;
Hagting et al., 1998). Moreover, in late G1 and early S phases both cyclin E and cyclin A
are predominantly nuclear but cyclin E cannot replace cyclin A. Similarly, in G2 phase there
is a significant population of cyclin A in the cytoplasm with cyclin B1, yet mouse cells
genetically null for cyclin B1 arrest in G2 phase (B. Strauss, M. Zernicka-Goetz, and JP,
unpublished results).

To understand how the human cell cycle is coordinated by cyclin-cdks we sought a means to
identify interacting proteins that preserved both potential intrinsic cyclin specificity in vivo
and the temporal dynamics of the cell cycle. Since the core cell cycle machinery of
mammalian cells requires at least one A- or E-type cyclin and one B-type cyclin
(Kalaszczynska et al., 2009; Kozar et al., 2004; Geng et al., 2003; Murphy et al., 1997;
Brandeis et al., 1998) (only specialized tissues require D-type cyclins) we focused on cyclins
E1, A2 and B1. Here, we have performed a time-resolved proteomic analysis of the core cell
cycle components, which has provided insights into the regulatory networks of animal
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cyclin-cdks and revealed unexpected aspects of the coordination between the different
cyclin-cdk modules.

Results and Discussion
Cyclins bind overlapping but distinct sets of protein complexes in vivo

To determine how the cyclin-cdks control the cell cycle in vivo, we purified specific cyclin/
cdk complexes at defined stages of the cell cycle and analysed them by quantitative mass
spectrometry using SILAC (Stable Isotope Labeling by Amino Acids in Cell Culture (Ong et
al., 2002)). This approach has substantial advantages for analyzing the mechanics of the cell
cycle because in addition to identifying cyclin/cdk regulators, many substrates bind
relatively tightly to the ‘hydrophobic patch’ of the cyclin and are recovered by
immunoprecipitation (Archambault et al., 2004; Schulman, Lindstrom and Harlow, 1998).
Moreover, some cyclins have cdk-independent roles in the cell cycle (Geng et al., 2007),
which requires identification of both substrates and other interacting proteins.

We used stable cell lines expressing human cyclin E1, cyclin A2, or cyclin B1, all tagged
with Venus-YFP to analyze their localization, and a 3xFLAG tag for immunoprecipitation to
eliminate problems inherent in using endogenous antibodies (notably differences in
immunoprecipitation efficiency and spurious interactions introduced by cross-reaction).
Tagged plant cell cycle proteins have also been used recently to identify new cyclin/cdk
complexes (Van Leene et al., 2010). In our study all tagged human cyclins exhibited their
characteristic sub-cellular localizations (Jackman et al., 2002; Draviam et al., 2001), were
correctly degraded (Supplemental Movies 1-3) and efficiently bound their kinase partners
(Supplemental Table 1). Furthermore, tagged cyclin A bound a similar set of proteins to
endogenous cyclin (Supplemental Table 2a) of which a number were confirmed in a non-
transformed cell line (Supplemental Table 2b).

Each cell line was labelled with light, intermediate, or heavy-mass isotope versions of lysine
and arginine, and used for control or cyclin immunoprecipitations from different cell cycle
phases (Figure 1A). Cyclins were immunoprecipitated from the phases in which they were
present: cyclin E from G1 and S; cyclin A from S and G2; cyclin B from G2 and mitosis.
Cells were released from a double thymidine block for one hour, six hours, twelve hours, or
seventeen hours for S, G2, M, and G1 samples, respectively (Supplemental Figure 1). The
Eg5 motor protein inhibitor, dimethylenastron, was added to the mitotic samples to
accumulate cells in mitosis. Immunoprecipitates were pooled, digested with trypsin and
analyzed by mass spectrometry to distinguish proteins arising from different cell cycle
phases (Figure 1A). Quantitative ratios were generated using MaxQuant software from at
least three biological replicates and used to identify interactors enriched in cyclin
immunoprecipitates relative to controls (Cox and Mann, 2008) (Figure 1B-D, Supplemental
Tables 1 and 5.)

A total of 295 proteins were reproducibly enriched over controls in at least two of three
replicates: 73 with cyclin E1, 227 with cyclin A2, and 192 with cyclin B1 (Figures 2-3,
Supplemental Table 1b.) Only thirty four (11%) were identified with all three cyclins,
including Cdk1, Cdk2 and known cdk regulators (e.g.SCFSkp2 components Skp1and Skp2,
and Plk1). Therefore, very few, if any proteins, bound non-specifically or via the common
tag, and, since each cyclin bound both Cdk1 and Cdk2, this showed that cyclins provided
specificity to the interaction networks.

To analyze the sensitivity of our method, we examined published cyclin interactors in six
databases: MINT, IntAct, DIP, BioGRID, HPRD, and MIPS/MPact (Wu et al., 2009). We
selected those interactions supported by more than one publication to serve as a “gold
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standard” dataset (Supplemental Figure 2). Our experiments detected 76% (31/41) of those
interactors indicating a high level of sensitivity, but the majority of our cyclin-protein
interactions had not been previously described. Our proteomic strategy also identified
known substrates at a similar rate to in vitro kinase assay strategies (Supplemental Figure 3)
(Blethrow et al., 2008; Chi et al., 2008; Errico et al., 2010).

Importantly, our experiments preserved in vivo specificity because those proteins previously
shown as specific to a particular cyclin were identified only with that cyclin, e.g. Cdc6 only
bound cyclin A (Petersen et al., 1999), separase only bound cyclin B (Holland and Taylor,
2006), Fbxw7/Cdc4 (responsible for cyclin E ubiquitylation) only bound cyclin E
(Strohmaier et al., 2001; Koepp et al., 2001) and anaphase promoting complex/cyclosome
(APC/C) components were identified with cyclins A and B, the targets and regulators of the
APC/C (Kraft et al., 2003; King et al., 1995; Sudakin et al., 1995).

To dissect the function of the cyclin interactors, we looked up the phenotype described for
cells depleted of individual interactors by siRNA treatment (Kittler et al., 2007) (Figure 2,
Supplemental Table 1b.) Proteins with a cell division defect (reduced proliferation or
accumulation in one cell cycle phase) were highly enriched (98/295) compared to all the
siRNAs tested (2155/17837; Z-test=10.8, p< 10−4), confirming the functional relevance of
the novel interactors we identified (Kittler et al., 2007). Yet only 15 of those 98 proteins
with observed cell cycle defects were previously described cyclin interactors or substrates.
Therefore, these newly identified cyclin binding partners play functional roles in human cell
cycle progression. Moreover, the siRNA screen was not saturated, therefore, the other cyclin
interactors we identified could also be important for the cell cycle.

We used two recent analyses of global protein phosphorylation across the cell cycle
(Dephoure 2008; Olsen et al., 2010) to analyze the phosphorylation of cdk sites (S/T*P)
within our cyclin interactor network (Supplemental Table 1b.) 155 of the 295 cyclin
interactors (53%) contain cdk sites that can be phosphorylated in vivo. Cyclin/cdk substrates
often contain RxL motifs that mediate binding to the ‘hydrophobic patch’ of the cyclin
(Schulman et al., 1998), and the crystal structure of a Cdc6 peptide bound to Cyclin A-Cdk2
indicates that the minimum distance between the target serine and the RxL motif is 15
residues (Cheng et al., 2006). Therefore, we looked for RxL motifs 15 to 30 or 15 to 60
amino acids distal to S/TP sites (Supplemental Table 1b). The RxL motif was present 15 to
30 residues upstream in 80 interactors (including APC/C subunits Apc1 and Apc7, separase,
Ki67, p21 and Cdc6), and 15 to 60 residues upstream in 140 interactors (140/295; 47%)
(Supplemental Table 1b).

A biochemical basis for Cyclin E redundancy
Strikingly few proteins bound specifically to cyclin E compared to cyclins A (or B),
indicating that cyclin E may have a more restricted substrate specificity in vivo, even though
it phosphorylated a similar range of substrates in vitro (Errico et al., 2010). Several
interactors were enriched in G1 (p21/Cdkn1a, p57/Cdkn1c, E2F4, Rbl2 and Ubr4) or S
phases (Ccnh) (Figure 1B). The G1 enrichment of E2F and Rb-like proteins with cyclin E
was reported previously (Lees et al., 1992), confirming the ability of our approach to
identify cell cycle changes in protein interactions. Cyclin E bound primarily to E2F4 and to
p130 of the Rb-family, components of the dREAM complex that maintains the quiescent
state (Litovchick et al., 2007), which may be relevant to cyclin E’s role in promoting re-
entry to the cell cycle.

Although cyclin E could promote entry to S phase (Lew et al., 1991; Koff et al., 1991),
genetic studies showed that cyclin E was dispensable for cell division (Geng et al., 2003).
Our analyses reconciled these observations and provided a biochemical explanation for the
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redundancy of cyclin E, because the majority of proteins identified in complex with cyclin E
also bound to cyclin A (58/72; 81%) (Figure 3.) These included proteins implicated in the
control of transcription in late G1 and S phase such as Tfdp1, E2F4, Rbl1, Rbl2/p130,
Rbbp4 and NPAT. By contrast, just nine proteins were identified as common interactors of
only cyclins E and B (Supplemental Table 1b.) Cyclin E is primarily required for
endoreplication, therefore it will be interesting to analyse the proteins it binds in these
specialized cell cycles.

Cyclin A controls DNA replication via human Sld3
The genetic requirement for cyclin A (Murphy et al., 1997) and its dual role in promoting S
phase and mitosis have been enigmatic because other cyclins are present in the phases where
cyclin A is required—cyclin E in late G1 and S phase, and cyclin B in G2 phase. Our data
shed light on this because some cyclin A targets also interacted with either cyclin E (25%;
58/228) or cyclin B (56%; 127/228), but a significant subset of proteins were specific for
cyclin A (34%; 77/228), demonstrating an intrinsic difference in the biological properties of
the cyclins. These cyclin A-specific proteins included DNA replication factors (Cdt1, Cdc6
and Orc1), chromatin remodelling enzymes (Hdac1, Hdac2 and Phf8), and a number of
uncharacterized proteins (Figure 3, Supplemental Figure 4). In G2 phase, cyclin A bound to
proteins required for DNA repair by the non-homologous end-joining pathway (NHEJ)
including Xrcc5/Ku80, Xrcc6/Ku70, Prkdc/DNA-PK and Ddb1, indicating that cyclin A/cdk
might regulate the balance between the NHEJ and homologous end-joining pathways that
varies during the cell cycle (Huertas, 2010).

Comparing the set of cyclin A interactors with an analogue-sensitive Cdk2 kinase screen
(Chi et al., 2008) corroborated several novel substrates (e.g. Thrap3, Ankrd17, Nde1), but
many known cyclin A substrates (Cdc6, Orc1, E2F1, p107/Rbl1, p21/Cdkn1a, Fzr1/Cdh1)
were identified only in our analysis (Supplemental Figure 3.) Therefore, our approach is
ideally suited to identify both regulators and substrates of cyclin/cdks.

Since we identified most of the known cdk targets required for DNA replication, it was
possible that new DNA replication factors also specifically co-immunoprecipitated with
cyclin A. Uncharacterized proteins that met those criteria included c15orf42, c14orf43,
Znf185, and MageA1. The budding yeast DNA replication factor, Sld3, is an essential cdk
target (Tanaka et al., 2007; Zegerman and Diffley, 2007) but a homologue had not been
identified in animal cells (Supplemental Table 4). We identified homology between our
c15orf42 and Sld3 by six iterations of psi-BLAST with three regions of Saccharomyces
cerevisiae Sld3 conserved among fungi (Figure 4). This homology has recently been noted
by others (Sanchez-Pulido et al., 2010). The essential cdk sites in yeast Sld3 mapped to the
C-terminus, and the C-terminus of c15orf42 and its homologs also had a large number of
potential cdk sites (Figure 4), a number of which (S441, S838, S923, T1260) were
phosphorylated when bound to cyclin A/cdk (Figure 4, Supplementary Table 3.) Moreover,
a number of these sites were sensitive to the addition of a cdk inhibitor in vivo (Table 1,
Supplemental Table 6.) Two further lines of evidence led us to conclude that c15orf42 is
human Sld3. First, depleting c15orf42 from HeLa cells reduced DNA replication and
consequently increased the proportion of S phase cells (Supplementary Figure 5.) Second,
yeast Sld3 binds TopBP1 after phosphorylation by cyclin/cdk, and the fish and frog
homologues of c15orf42, ticrr and treslin, and c15orf42 itself, were found to bind TopBP1
(Sansam et al., 2010; Kumagai et al., 2010). Moreover, depleting ticrr and treslin also
reduced DNA replication (Sansam et al., 2010; Kumagai et al., 2010). In contrast, the frog
Gemc1 protein had been proposed as the vertebrate Sld3 homolog but we did not identify a
Gemc1 homolog in any of our experiments (Balestrini et al., 2010). The Sld3 DNA
replication partner in yeast, Sld2, was identified as a Clb5 -specific target in vitro (Loog and
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Morgan, 2005), thus cyclin specificity in targeting DNA replication factors may be a
conserved aspect of cyclin function.

Roles for Cyclin A in G2
Unlike its role in DNA replication, the role of cyclin A in G2 phase is far less clear. Our
analysis both indicated potential G2 phase roles and gave insights into the temporal
specificity by which cyclin A promotes S phase and mitosis. We found a number of cyclin A
interactors exclusively, or more than two-fold more abundantly, in G2 phase (69/228; 30%).
As well as several uncharacterized proteins (Rnf219, Znf185) they included several
centrosomal proteins (Nde1, Ckap5, Ofd1, Cep97, plus Cep131 & Pcm1 detected in at least
one experiment, Figure 3, Supplemental Tables 1a and 5). Ofd1 was phosphorylated at a
potential cdk site, S789, which was sensitive to cdk inhibition (Table 1, Supplemental Table
6). These proteins could be important for the role of cyclin A-cdk in centrosome duplication.
Alternatively, they may be important to bind cyclin A to centrosomes in G2 phase
(Supplementary Movie 2 and (den Elzen and Pines, 2001)).

Notably, cyclin A co-immunoprecipated components of the protein phosphatase 2A complex
(Ppp2r1a, Ppp2ca/b, Ppp2r5a) whereas other cyclins did not (Figure 3, Supplementary Table
1a). More peptides of each PP2A component were identified with cyclin A in G2 phase than
S phase, and the Saccharomyces cerevisiae ortholog of Ppp2r5a, Rts1, is phosphorylated by
cdk in vitro (Supplemental Table 4). Since PP2A limits entry to mitosis in frog extracts
(Mochida et al., 2009), these results indicate that cyclin A/cdk may contribute to mitotic
entry by controlling PP2A.

Cyclin A may promote mitotic entry by inhibitory phosphorylation of Wee1
Given the major role for protein kinases at mitosis, we looked for those bound by cyclin A
in G2 phase, and identified Plk1, Ndr1 and Wee1. Wee1 inhibits cyclin B1/Cdk1 by
phosphorylating Cdk1 to prevent mitosis. Yet cyclin B/Cdk1 is the main regulator of Wee1
—cyclin B/Cdk1 phosphorylates Wee1 to inactivate and/or promote its degradation
(Watanabe et al., 2005; Kim and Ferrell, 2007). How an initial small pool of cyclin B/Cdk1
is activated is unclear, but recent evidence supports the hypothesis that cyclin A may
contribute because it binds and phosphorylates Wee1 (Li et al., 2010).

Our experiments showed that from S to G2 phase cyclin A interacted with an increasing
proportion of Wee1, mirroring the increase in Wee1 levels observed in G2 (Olsen et al.,
2010). Supporting the hypothesis that cyclin A/cdk-dependent phosphorylation of Wee1
promoted mitotic entry, cyclin A-associated Wee1 in G2 phase was phosphorylated at the
conserved ‘ultrasensitive’, cdk-dependent phosphosites (T187 and T190, Supplemental
Table 3) that inhibit Wee1 activity (Kim and Ferrell, 2007).

We confirmed that these sites were phosphorylated directly by cyclin A/cdk complexes by in
vitro phosphorylation assays using immunoprecipitated cyclin A/cdk and recombinant Wee1
(Supplemental Figure 6), in the presence and absence of a cdk inhibitor, and analysis by
mass spectrometry (Table 2, Supplemental Table 7a.). Four phosphosites, including T187
and T190, were sensitive to cdk inhibition (Table 2, Supplemental Table 7a). To show that
these sites were phosphorylated in vivo in a cdk-dependent manner, we immunoprecipitated
G2 phase Wee1 in the presence and absence of cdk inhibitors. We identified a number of
proline-directed phosphorylation sites on Wee1 by mass spectrometry, five of which were
sensitive to cdk inhibition (Table 2 and Supplemental Table 7b). These data, together with
those of Li and colleagues, support a model in which cyclin A contributes to mitotic entry
through inhibitory phosphorylation of Wee1 in late G2 to tip the balance of the cyclin B/
Cdk1—Wee1 feedback loop in favour of active cyclin B/Cdk1 and inactive Wee1.
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Cyclin B coordinates changes in the cell architecture at mitosis
The activation of cyclin B/Cdk1 is the direct trigger for mitotic entry (Gavet and Pines,
2010) and this kinase is likely to effect many of the changes in the cell at mitosis. Recently,
we correlated changes in cell architecture with different levels of cyclin B/cdk1 activity
(Gavet and Pines, 2010): low levels trigger cell rounding and APC/C activation, whereas
higher levels are required for nucleolar and nuclear envelope disassembly. Our analysis of
proteins binding to cyclin B1/cdk in mitosis now revealed likely substrates for these
processes (Figure 3.)

We corroborated several substrates proposed from in vitro kinase assays (Hnrnpk, Cttn,
Mki67, Ubap2l) (Errico et al., 2010; Blethrow et al., 2008) and identified as many known
substrates of cyclin B/cdk as did the in vitro assays (Supplemental Figure 3). Our data
provide candidates for cyclin B targets in each aspect of mitotic entry. For example, for cell
rounding, which involves actin cytoskeletal remodelling, changes in osmotic pressure, and
changes in intracellular trafficking (Boucrot and Kirchhausen, 2007; Kunda and Baum,
2009;Stewart et al., 2011) we identified a number of mitosis-enriched cyclin B-specific
interactors related to the control of the actin cytoskeleton (24/191; 13%), (including actinins
Actn1 and Actn4, Coro1c, Flna, Sptan1, Sptbn1, Pdlim7 and Plec1, whose Cdk-dependent
phosphorylation diminished its ability to cross-link intermediate filaments during mitosis
(Foisner et al., 1996)) and many Rab proteins involved in trafficking (Figure 3.)

Immediately upon activation, a substantial proportion of cyclin B/Cdk1 moves into the
nucleus, followed by visible signs of chromosome condensation (Gavet and Pines, 2010).
Condensins, the likely mediators of chromosome condensation, were identified as cyclin/cdk
substrates (Kimura et al., 1998; Abe et al., 2011) and we identified the condensin subunit
Ncapg specifically interacting with cyclin B1 in mitosis. Nucleolar disassembly also
followed the arrival of cyclin B/Cdk1 activity in the nucleus and we identified three
nucleolar proteins, Ncl, Npm1, and Nop2 with cyclin B, all of which were phosphorylated in
vivo at consensus cdk sites (Peter et al., 1990; Dephoure et al., 2008). Lamin A/C is also a
canonical cyclin B1/Cdk1 substrate (Ward and Kirschner, 1990; Heald and McKeon, 1990;
Peter et al., 1990), but although we identified it in cyclin B immunoprecipitates, the
enrichment over background was not high enough to meet our stringent threshold for
genuine interactors. Some bona fide interactors, particularly transiently binding proteins, can
be excluded when the cut-off ratio is set to a stringent level to eliminate non-specific
proteins (Boulon et al., 2010). Thus, other proteins identified in our analyses that fall below
this threshold may be genuine interactors or substrates (Supplemental Table 5.)
Nevertheless, phosphorylated lamin peptides were identified at a two-fold higher level in
mitotic cyclin B immunoprecipitates than in control immunoprecipitates or G2 phase cyclin
B immunoprecipitates (Supplemental Table 3), and were phosphorylated at serine 22, the
consensus cdk site required for lamin disassembly (Heald and McKeon, 1990). That the
lamins did not bind with high affinity to cyclin B1/Cdk1 agreed with our finding that a
higher level of cyclin B/Cdk1 activity was required for nuclear lamina disassembly than for
most other changes in the mitotic cell. Thus, the ‘threshold model’ could apply to the
regulation of events by a specific cyclin-cdk within a single phase of the cell cycle.

Finally, after nuclear envelope breakdown we, and others (Bentley et al., 2007), observed a
population of cyclin B1 at unattached kinetochores, and in our proteomic analyses we
detected cyclin B bound to components of the spindle assembly checkpoint (SAC),
including Mad1, Mad2, BubR1 and Bub3 (Supplemental Table 1a). This raised the
possibility that cyclin B/cdk might have a role in the SAC and indeed we find that cyclin B/
cdk is required to maintain the SAC (Jackman, M., Pardo, M., Choudhary, J.S., Pines, J.,
manuscript in preparation.)
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The genetic requirement for cyclin B1 is supported by our observation that almost one third
(55/191) of the proteins identified with cyclin B did not interact with other cyclin/cdk
complexes; 56% (31/55) of these were phosphorylated at consensus cdk sites in vivo (Olsen
et al., 2010; Dephoure et al., 2008) (Supplemental Table 1b.) During G2 phase a large pool
of inactive cyclin B/Cdk1 builds up, and it was striking that most proteins did not bind to
cyclin B1/Cdk1 until it was activated (148/191; 77%) (Figure 2.) To our knowledge, there
are no previous indications that cyclin B1/Cdk1 activation promotes binding to its
substrates.

Coordination between cyclins A and B is revealed by a ‘handover’ of interactors at mitosis
Our results provide direct evidence for the model that cyclins contribute biochemical
specificity to cyclin/cdk complexes through binding a unique subset of the proteome in vivo.
Unexpectedly we found that many interactors were shared between more than one cyclin/
cdk complex in a context-dependent manner: the same substrate was bound by different
cyclins but at different times in the cell cycle, even when the cyclins were present in the
same cell cycle phase (Figure 2). Thus, these results identify an additional aspect of cyclin
function—coordination between cyclins in targeting a common set of proteins at different
times in the cell cycle—that can explain how multiple cyclin/cdk complexes phosphorylate
common proteins in vitro. This was most clearly illustrated by the interaction networks for
cyclins A and B.

Since cyclin A drives cells through interphase, and cyclin B regulates mitosis, we were
surprised to identify the largest overlap in interactors between cyclins A and B (66%;
127/191 of cyclin B interactors, Supplementary Table 1b.) The shared interactors were
nuclear and cytoplasmic, consistent with both cyclin/cdk complexes shuttling between the
nucleus and cytoplasm (Jackman et al., 2002; Yang et al., 1998). Of proteins that interact
with both cyclins A and B, 48/93 (52%) are annotated as cytoplasmic whilst the rest are
nuclear or both nuclear and cytoplasmic (Supplemental Table 5). These shared interactions
did not take place simultaneously in G2 phase, when both cyclins A and B were at near
maximal levels. Instead the majority of shared proteins interacted first with cyclin A in
interphase and only later with cyclin B after entry into mitosis (88%; 112/127; Figure 5.)
This pattern of sequential interaction parallels both the activation of cyclin A- and B-cdks
and the degradation of the cyclins: cyclin A starts to disappear immediately upon mitotic
entry whilst cyclin B remains until chromosomes are attached to the spindle at metaphase
(Supplementary Movies 2 and 3) (Geley et al., 2001; den Elzen and Pines, 2001; Clute and
Pines, 1999).

We analyzed the relationship between cyclin interaction patterns to gain further insights into
how the temporal order of events is regulated by a progressive increase in cyclin B/Cdk1
activity (Gavet and Pines, 2010). A high threshold of cyclin B activity is required for late
events in prophase, including chromosome condensation and both nucleolar and nuclear
envelope breakdown, and most proteins corresponding to these late events were only
identified bound to cyclin B and exclusively in mitosis, e.g.: the condensin Ncapg, the lamin
interactor Lap2 and the nucleolar proteins Nop2 and Ki67. By contrast, early prophase
events, such as cell rounding and APC/C activation, require a lower threshold of cyclin B/
cdk activity, and proteins potentially involved in these processes, e.g.: spectrins (Fowler and
Adam, 1992), plectin (Foisner et al., 1996), vimentin (Yamaguchi et al., 2005), filamins
(Cukier et al., 2007), and APC/C subunits, were identified with both cyclin B in mitosis and
cyclin A in G2 phase. One interpretation of these data is that early events in mitosis can
occur at lower thresholds of cyclin B/cdk activity because they have been primed in G2 by
cyclin A/cdk.
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In conclusion, we have shown that in vivo, key human cyclins, cyclins E1, A2 and B1 act
via dual mechanisms—first, regulating a unique set of targets, and second, coordinating to
regulate a shared subset of cell cycle proteins (Figure 5, Supplemental Figure 7). Thus, the
cell cycle is controlled by both biochemical and temporal specificity in cyclin interactions
and cell cycle phase coordination between the cyclins. Until now the global role of dynamic
and context-dependent protein interactions has been difficult to analyze in biological
systems. The ability to compare protein interaction networks of other cell cycle regulators or
post-translational modifications in multiple cell cycle phases using quantitative proteomics
will lead to a more comprehensive understanding of cell cycle progression and the dynamics
of protein regulation in general.

Experimental Procedures
Cell lines

Tetracycline-inducible stable cell lines from the HeLa Flp-In system (Invitrogen) expressed
human cyclins E1, A2, or B1 tagged with Venus-YFP and 3xFLAG. Cells were cultured in
DMEM lacking lysine and arginine (Dundee Cell Products) supplemented with 1kDa
dialyzed FBS (PAA) and light (Sigma) or isotopically enriched (Cambridge Isotope
Laboratories) lysine and arginine.

Cell synchronization
Cells were synchronized by double thymidine block followed by release into normal
medium for 16.5 hours (G1), 1 hour (S), or 6 hours (G2), or release into medium containing
the Eg5 inhibitor dimethylenastron to block cells in prometaphase (M) for 12 hours.
Expression of the tagged cyclin was induced by addition of tetracycline 24 hours prior to
harvesting cells. Synchronization was confirmed by propidium iodide staining and flow
cytometry.

Immunoprecipitation and mass spectrometry
Protein extracts were prepared by lysing cells using a nitrogen cavitation chamber (Parr)
followed by ultracentrifugation. Cyclin complexes were immunoprecipitated using anti-
FLAG antibody M2 (Sigma) covalently coupled to Protein G Dynabeads (Invitrogen) and
eluted with FLAG peptide (Sigma). Immunoprecipitates were resolved on protein gels,
trypsinized and analyzed by LC-MS/MS using LTQ-FT Ultra/LTQ Orbitrap Velos mass
spectrometers (Thermo). Peptides were identified and quantified using MaxQuant software
(Cox and Mann, 2008). See Extended Experimental Procedures for more details.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Quantitative proteomic strategy reveals dynamics of cell cycle protein
interactions

• Cyclins confer biochemical specificity to cyclin/cdk interaction networks

• Cyclin A phosphorylates Sld3/c15orf42 and Wee1 to promote S phase and
mitosis

• Cyclins A and B coordinate to bind a set of proteins sequentially in G2 phase
and mitosis
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Figure 1.
Identification of the protein interaction network of human cyclins by immunoprecipitation
and quantitative mass spectrometry. A) Schematic of the experimental strategy. HeLa cells
expressing tagged cyclins were metabolically labeled with three different combinations of
isotopic lysine and arginine, synchronized and immunoprecipitated with control or anti-
FLAG antibodies. Immunoprecipitates were pooled and analyzed simultaneously by mass
spectrometry. Peptides arising from each cell population were quantified by measuring the
relative intensity of light (K0/R0), intermediate (K4/R6) and heavy (K8/R10) peaks with
MaxQuant. Example schema is for cyclin A: intermediate-labeled S phase cells, and heavy-
labeled cells G2 phase. For cyclin E, intermediate-labeled cells were G1 phase and heavy-
labeled cells were S phase. For cyclin B, intermediate-labeled cells were G2 phase and
heavy-labeled cells were M phase. B) Cyclin E complexes were isolated from G1 and S
phase cells and analysed by mass spectrometry. Identified proteins are shown. Solid colored
lines indicate the cut-off score for the ratio of FLAG to control IP for either G1 phase or S
phase (M/L: medium/light cell populations; H/L: heavy/light populations). Each point
indicates one protein identified and its color reflects the average S/G1 phase ratio (the
heavy/medium ratio) of the replicate experiments. Grey points indicate the identified protein
was nonspecific (not enriched above the control IP.) Purple points indicate the protein was
identified in both phases, yellow, red, blue, or green shading indicates the interaction was
enriched in G1, S, G2, or M phase, respectively. Note that ratios could not be calculated for
all interactors as very specific interactors appear solely as heavy or medium-weight peaks
with no light peak from the control sample. C) Cyclin A complexes were isolated from S
and G2 phase cells. D) Cyclin B complexes were isolated from G2 and M phase cells. For
complete protein identification and quantification see Supplemental Tables 1 & 5.
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Figure 2.
Different interactors bind distinct cyclins and contribute to cell cycle progression. Cyclin
interaction data was compared to phenotypic data from siRNA depletion studies. On the left,
black shading indicates that the protein in that row was identified with that cyclin (E, A, or
B) in that cell cycle phase (G1, S, G2, or M). On the right, increases or decreases in cell
number (CN) or in the proportion of cells abnormally accumulating in different cell cycle
phases (G1, S, or G2/M) after siRNA depletion is indicated by red (increase) to green
(decrease) shading, according to data from Kittler et al. (see Supplemental Table 1). A)
Interactors that bind both cyclins E and A. B) Cyclin A-specific interactors. C) Cyclin B-
specific interactors. D) Interactors that bind all three cyclins. E) Interactors that bind cyclins
A and B. F) The cyclin interactome shows the specificity of cyclin interactions. Many
interactions are temporally dynamic and enriched in one cell cycle phase, indicated by
yellow (G1), red (S), blue (G2), or green (M) connecting lines.

Pagliuca et al. Page 16

Mol Cell. Author manuscript; available in PMC 2012 April 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3.
Cyclin/cdk complexes bind proteins of varied biological function and these proteins are
enriched in specific cell cycle phase contexts and with specific cyclins. No shading indicates
that the protein was not identified with that cyclin or was not enriched above the control.
Black shading indicates identification in all phases analyzed with no enrichment in any one
phase. Phase-enriched hits (ratio <0.5 or >2) are colored according to the schema shown
(yellow G1, red S, blue G2, green M). A subset of representative interactors is shown; for
complete data refer to Supplemental Tables 1 and 5.
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Figure 4.
Cyclin A-specific interactor c15orf42 is the human homologue of DNA replication factor
Sld3. A) Comparison of cdk sites in S. cerevisiae Sld3, human c15orf42, Xenopus treslin,
and zebrafish ticrr. B) c15orf42 has homology to yeast Sld3. Black shading indicates
identical amino acid residues. C) Cyclin A-associated c15orf42 is phosphorylated at cdk
sites in vivo. A representative phosphopeptide fragmentation spectra of c15orf42 shows
phosphorylation at T1260. See also Supplemental Tables 3 and 6. D) A model of human
DNA replication including c15orf42/Sld3. All colored proteins were identified in
purifications of cyclin A protein complexes.
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Figure 5.
Cyclins A and B share many protein partners but the interactions are temporally
coordinated. A) The protein interaction networks of cyclins A and B overlap. B) Interactors
specific to cyclins A and B bind to cyclin A in interphase (red, S, and blue, G2) and cyclin B
primarily in mitosis (green). Each horizontal bar represents one protein and a representative
subset of total cyclin A and B shared interactors is shown (complete data in Supplemental
Table 1; median calculated from complete set of quantified proteins.) The width of the bar in
each color represents the relative amount of protein immunoprecipitated from each phase
(calculated from the H/M ratio). The median contributions from S (red) and G2 (blue) for
the total quantified cyclin A interactors are nearly 1 to 1 (median G2/S ratio= 1.2) whereas
the same interactors are mitotic enriched with cyclin B (median M/G2 ratio=5.4).
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Table 1

The phosphorylation of cyclin A interactors is sensitive to cdk inhibition.

Protein
Names

Positio
n

Phosphopeptide Sequence Average
ratio (+

inhibitor/−
inhibitor)

c14orf43 S923 RE(S)PSEERLEPK 0.43

c15orf42 S441
S599
S1623

HVLQTAVAD(S)PR
LNVKAQKLHPDG(S)PDVAGEK

SLSKPEPTYV(S)PPCPR

0.63
0.24
0.33

CDC20 S41
T157

KAKEAAGPAP(S)PMR
VLYSQKA(T)PGSSR

0.53
0.37

CDC6 S45
T67
S74
S419

LEPTNVQTVTC(S)PR
LGDDNLCN(T)PHLPPC(S)PPKQGKK
LGDDNLCN(T)PHLPPC(S)PPKQGKK

SQTILKPLSECK(S)PSEPLIPK

0.60
0.39
0.39
0.33

DNTTIP1 S161 QAEEECAHRG(S)PLPK 0.41

OFD1 S789 HSLSIPPVS(S)PPEQK 0.65

PHF8 T1007 ST(T)PMAPGVFLTQR 0.57

RBL1 S640
S749
S762

DMQPL(S)PISVHER
VK(S)PVSLTAHSLIGASPK

SPVSLTAHSLIGA(S)PK

0.46
0.28
0.36

THRAP3 S253 SPALK(S)PLQSVVVR 0.66

TRERF1 S491 AQPG(S)PESSGQPK 0.51

Thirty minutes prior to cell lysis, 300nM Cdk I/II inhibitor III was added to the cells used for cyclin A immunoprecipitation experiments. A
selection of inhibitor sensitive phosphopeptides are shown. See also Table S6 for the full dataset.
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Table 2

In vitro and in vivo phosphorylation of Wee1 by cyclin A/cdk in G2 phase.

Wee1 phosphorylation sites Wee1 immuno-
precipitation

Wee1 in vitro
phosphorylation

Site Phosphopeptie
Sequence

Average ratio
(+ inhibitor/−

inhibitor)

Average ratio
(+ inhibitor/−

inhibitor)

S150 CGGPGDA(S)PRGCGAR 0.57

S165 R(S)PRPDHPGTPPHKTFR 0.68

S165/T173 R(S)PRPDHPG(T)PPHKTFR 0.28 0.38

T173 SPRPDHPG(T)PPHKTFR 0.66 0.54

T187/T190 LFD(T)PH(T)PK 0.47 0.59

T187/T190 LFD(T)PH(T)PKSLLSK 0.34 0.46

T190 LFDTPH(T)PKSLLSKAR 0.11

Proline directed phosphorylation sites in Wee1 are reduced in abundance by Cdk I/II inhibitor III treatment in G2 phase Wee1 immunoprecipitates.
Wee1 was also phosphorylated in vitro using immunoprecipitated cyclin-A/cdk with and without the addition of the cdk inhibitor roscovitine. See
also Figure S6 and Table S7.
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