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uring proliferation, a eukaryotic cell must faithfully replicate
its genome and segregate the resulting genetic material
equally into two progeny cells. A host of cellular events during
this process must happen in a precisely ordered manner. Although it has been well established that cyclin-dependent kinases
(CDKs) constitute the primary driving force that order and coordinate these cell cycle events (1–3), the detailed picture of how
CDK orchestrates the myriad cellular events during cell cycle
progression remains to be fully elucidated. At different phases of
the cell cycle, the CDKs associate with specific cyclins. These
particular cyclin/CDK pairs preferentially phosphorylate sets of
largely distinct substrates (4–7). To investigate this intricate relationship among cell cycle phase, cyclin/CDKs, and their substrates, it is necessary to dissect the CDK phosphorylated
substrates in a cyclin-specific and cell cycle phase-specific manner. We report here a mass spectrometry-based native enzyme–
substrate complex kinase assay (NESKA) that was developed to
address this challenge. NESKA combines rapid isolation of native kinase–substrate complexes with on-bead phosphorylation
using heavy labeled ATP within these complexes, providing sitespecific in vivo and in vitro phosphorylation information. It
allows us to screen for specific cyclin-CDK substrates in a
hypothesis-free manner within a chosen time window during
cell cycle progression.
We applied NESKA to investigate phosphorylation substrates
of Clb5/Cdc28 during S-phase in budding yeast (Cdc28 encodes
the main CDK in budding yeast; Clb5 is the major S-phase cyclin
that specializes in the regulation of DNA synthesis; refs. 8–10). It
has been shown that CDK phosphorylation of two proteins, Sld2
and Sld3, initiates DNA replication (11–14). Here, we find that
NESKA correctly identified a crucial phosphorylation site on
Sld2 with Clb5/Cdc28. In addition, we discovered that Cdc14
is specifically phosphorylated by Clb5-Cdc28 during S phase.
Cdc14 is an essential phosphatase that antagonizes CDK activity
during mitotic exit (15–19). We demonstrate that this phosphorylation site severely inhibits Cdc14, providing a way for
modulating the balance of CDK and phosphatase activity.
www.pnas.org/cgi/doi/10.1073/pnas.1409666111

Results
Development of NESKA and Its Application to Clb5/Cdc28. We de-

veloped the present mass spectrometry-based NESKA (Fig. 1A)
based on affinity purification techniques optimized for studying
protein–protein interactions (20–24). Importantly, at a given
stage in the cell cycle, synchronized cells are rapidly injected into
liquid nitrogen to preserve their state. These frozen cells are
cryogenically ground into a fine powder to aid in rapid extraction
and isolation of cyclin/CDK–substrate complexes. Next, we
perform affinity isolation of the tagged cyclin/CDKs sufficiently
rapidly and gently to preserve at least a portion of the substrate
interactions. In this study, we coupled this affinity isolation
procedure with a subsequent on-bead kinase assay for screening
the phosphorylated substrates of a targeted kinase. To distinguish this in vitro on-bead phosphorylation from in vivo phosphorylation, we added stable isotope-labeled ATP-γ-18O4 as
a cofactor. During this reaction, the affinity-captured kinase
transfers the “heavy” phosphate group from ATP-γ-18O4 to
interacting protein substrates; this heavy phosphate group can be
readily distinguished from preexisting “light” in vivo phosphate
groups by mass spectrometry. We consider such in vitro phosphorylated proteins as putative substrates of the targeted kinase
because they meet two criteria: (i) they physically interact with
the affinity purified kinase and (ii) they are phosphorylated by
the on-bead kinase activity, which is dominated by the captured
kinase. Often the same site is phosphorylated both in vitro
(heavy) and in vivo (light) (Table 1 and SI Appendix, Table S1).
This redundancy provides an additional layer of confidence that
such sites are bona fide phosphorylation targets of the captured
kinase. However, it is worth noting that the lack of a corresponding in vivo phosphorylation does not necessarily indicate
that the in vitro version is an artifact because in vivo phosphorylation levels are generally lower than the corresponding in
vitro levels and can fall below MS detection limits and/or are not
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In eukaryotes, cell cycle progression is controlled by cyclin/cyclindependent kinase (CDK) pairs. To better understand the details of
this process, it is necessary to dissect the CDK’s substrate pool in
a cyclin- and cell cycle stage-specific way. Here, we report a mass
spectrometry-based method that couples rapid isolation of native
kinase–substrate complexes to on-bead phosphorylation with
heavy-labeled ATP (ATP-γ-18O4). This combined in vivo/in vitro
method was developed for identifying cyclin/CDK substrates together with their sites of phosphorylation. We used the method to
identify Clb5 (S-cyclin)/Cdc28 and Cln2 (G1/S-cyclin)/Cdc28 substrates
during S phase in Saccharomyces cerevisiae (Cdc28 is the master CDK
in budding yeast). During the work, we discovered that Clb5/Cdc28
specifically phosphorylates S429 in the disordered tail of Cdc14, an
essential phosphatase antagonist of Cdc28. This phosphorylation severely decreases the activity of Cdc14, providing a means for modulating the balance of CDK and phosphatase activity.
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Fig. 1. Mass spectrometric identification of cyclin-specific CDK substrates at a defined stage of the cell cycle. Scheme of the NESKA methodology (A); roles of Clb5/
Cdc28 and Cln2/Cdc28 in cell cycle regulation (B); and synchronous cell cycle progression after release from G1/S arrest was monitored by FACS analysis, bud index, and
cyclin expression (C). Pgk1 was used as a loading control for Western blotting. The 40-min time point after release was determined to be S phase. (D) Affinity isolation
of Clb5/Cdc28 and Cln2/Cdc28 complexes with binding substrates. Cln2, Clb5, and Cdc28 were the major bands except for the contaminant IgG bands on the silverstained gel. Autoradiography with ATP-γ-32P showed that cyclin-CDK retained activity on the beads. Recombinant Sic1 abolished the kinase activity of Clb5/Cdc28
beads. (E) Sld2 was phosphorylated at T84, within the Dpb11 binding region, by Clb5/Cdc28 during S phase, as determined by NESKA.

picked up for tandem MS sequencing. Indeed, taking advantage
of high resolution extracted ion chromatograms (XIC) (25), we
identified several coeluting light in vivo phosphopeptides that
were only sequenced by tandem MS in their heavy in vitro form
(SI Appendix, Fig. S1 and Table 1).
There are several other technical features that also contribute
to the capacity of the NESKA development for identifying kinase substrates and their sites of phosphorylation: (i) Reduced
phosphatase levels on beads and potent phosphatase inhibitors
enable higher levels of in vitro phosphorylation; and (ii) phosphopeptide enrichment significantly reduces the background and
facilitates MS detection (26).
Here, we applied NESKA to specifically targeted Clb5/Cdc28
substrates during S phase (Fig. 1B), providing both cyclin specificity
and cell cycle phase specificity. To achieve such specificity, we
arrested yeast cell cycle progression at the G1/S boundary with
α-factor then removed the factor to allow synchronous progression.
FACS analysis and bud index counting showed that the 40-min time
point represents the S phase because DNA is observed to be replicating from one to two copies and ∼40% of the yeast cells have
budded (Fig. 1C). This finding is also consistent with the expression
profile of Clb5, which begins to be expressed in S phase (Fig. 1C).
Cln2 was chosen as a control for studying cyclin specificity
because it plays a different role than Clb5 in cell cycle control
(3). Although Cln2 is also present during S phase, it appears
slightly earlier (Fig. 1C). To test whether our affinity-captured
Clb5/Cdc28 retains kinase activity, we carried out 32P autoradiography experiments on the affinity beads (Fig. 1D). We
observed that Clb5/Cdc28 was active toward coprecipitated
interacting proteins and introduced a different phosphorylation
pattern compared with Cln2/Cdc28 control (Fig. 1D). Importantly, after incubation with recombinant CDK inhibitor Sic1,
the on-bead kinase activity was abolished (Fig. 1D). Because Sic1
is highly specific toward Clb/Cdc28 (27), this result demonstrates
that the observed on-bead kinase activity can be fully attributed
to Clb5/Cdc28. This result further implies that heavy phosphopeptides generated on bead in vitro are produced by Clb5/Cdc28.
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As evidence of the specificity of NESKA, we identified Sld2 as
a substrate of Clb5/Cdc28 but not of the Cln2/Cdc28 control
(Fig. 1E and Table 1). It has also been reported that Sld2 is an
essential substrate of Clb5/Cdc28 and that its phosphorylation
regulates DNA replication during S phase (11, 12). In particular,
the presently identified Thr84 site has been demonstrated to play
a significant role in this phosphorylation-dependent regulation
by promoting Dpb11 binding (12). Because Sld2 is of low abundance [codon adaptation index = 0.132 (28); experimental
copy number 700 per cell (29)], its identification by NESKA
demonstrates the specificity and high sensitivity of this method.
Additional evidence for the specificity of NESKA was provided by our observation of a doubly phosphorylated Whi5
peptide isolated with Cln2/Cdc28 (SI Appendix, Fig. S2) but not
with Clb5/Cdc28. Whi5 is an inhibitor of the transcription factor
SBF that activates G1/S transition genes (30, 31). Upon phosphorylation, it is excluded from the nucleus and SBF is relieved
from inhibition (30, 31). Our identification of phosphorylated
Whi5 is in good agreement with the known role of Cln2/Cdc28
in the G1/S transition (32). Furthermore, these phosphorylated
sites lie within in the nuclear export signal region of Whi5 and
have been shown to regulate its cellular localization by Cln/
Cdc28 (33). In addition, Srl3, a Whi5 paralog, was also identified
as a Cln2-Cdc28 substrate (Table 1).
By comparing the substrate list of Clb5/Cdc28 and Cln2/Cdc28
(Table 1), we found that different substrates prefer different
cyclins, even during the same stage of the cell cycle (here S
phase), supporting the idea that cyclin specificity is an important
part of cell cycle regulation (3). Also, the diverse cellular processes
in which these substrates are involved point to the broad regulatory
function of cyclin-CDKs (3). For example, we identified Gic2, an
effector of Cdc42, as a substrate for Cln2/Cdc28. This observation is
consistent with Cln2’s role in promoting budding (34). Meanwhile,
we identified a microtubule association protein Bik1 as a substrate
for Clb5/Cdc28, which could provide a linkage from Clb5 to mitotic
spindle formation (3).
Li et al.
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Substrates with codon adaptation index <0.3 (∼20,000 copies per cell) are
shown. An extended Table S1 is included in SI Appendix. +, identified by
tandem MS; +(MS), identified through coeluted heavy/light peak pair in high
resolution extracted ion chromatogram.

Cdc14 Is Phosphorylated by Clb5/Cdc28 During S Phase at Ser429.

Among the identified Clb5/Cdc28 substrates (Table 1), we became particularly interested in Cdc14 because it is an essential
phosphatase that antagonizes CDK activity during mitotic exit
and resets the phosphorylation state of CDK substrates (15–19).
During S phase, the majority of Cdc14 is sequestered in the
nucleolus by interaction with Net1 (35, 36) (Net1 was also among
the identified substrates of Clb5-Cdc28; Table 1). It has been
reported that mislocalization of Cdc14 during S phase interferes
with DNA synthesis (37).
Our identified in vitro phosphorylation site, S429, is in the
middle of Cdc14’s disordered tail and distant from the catalytic
PTP motif in its primary sequence (Fig. 2A). Because no in vivo
phosphorylation was detected for S429 in our NESKA assay, we
infer that the in vivo phosphopeptide is present at levels below
the detection limit of the mass spectrometer. To investigate this
inference, we genomically tagged and affinity purified Cdc14
from synchronized S-phase yeast culture. The coprecipitation of
Li et al.

nucleolus components (Net1, Rpa190, and Rpa135) suggests that
Cdc14 is properly localized in the nucleolus in S phase (Fig. 2B).
In vivo phosphorylated S429 was identified from this enriched
sample and the tandem MS pattern of the corresponding phosphopeptide closely resembled the in vitro derived version (Fig.
2B). The intensity of in vivo phosphorylated peptide is ∼7% of its
unmodified counterpart (SI Appendix, Fig. S3). Moreover, timeresolved quantitative MS analysis indicates that this phosphorylation emerges in S phase, persists through M phase, and is
gradually removed thereafter (Fig. 2C and SI Appendix, Fig. S4)
(mutation of a nearby Clb5 substrate recognition “RXL” site
doesn’t appear to change the pS429 level). Taken together, these
results suggest that S429 of Cdc14 is phosphorylated by Clb5/
Cdc28 during S phase.
Phosphorylation of Cdc14 on Ser429 Inhibits Its Phosphatase Activity.

To investigate the functional role that this phosphorylation site
may play, we introduced a phosphomimetic mutation in which
S429 is replaced by two glutamic acids. It has been reported that
two glutamic acids can provide a good mimic of the phosphate
group because they also present two negative charges at physiological pH (38) (Fig. 3A). Because S429 is located in the disordered tail, we posit that one extra residue should cause little
structural distortion. In addition, phosphorylation sites in disordered regions have often been associated with local charge
effects (39).
This S429EE mutation by itself does not cause obvious effects
on growth, but it induces a significant decrease of the 1C population as measured by FACS (Fig. 3B, Lower). When combined
with sic1 deletion, the double mutant is no longer viable (Fig.
3A). In addition, we determined that the S429EE mutation has
no effect on Cdc14 abundance or its binding pattern to other
proteins (SI Appendix, Fig. S8). These findings suggest that the
phosphomimetic S429EE mutation inhibits Cdc14 activity. Such
inhibited Cdc14 activity would make the CDK inhibitor Sic1
essential for counteracting CDK activity. FACS analysis showed
that the double mutant is arrested during S phase (Fig. 3A,
Lower). Sic1 and Cdc14 both promote replication origin relicensing during mitotic exit by antagonizing Clb-Cdk activity,
which may partially account for the arrest of the CDC14-S429EE
sic1Δ double mutant in S phase (40, 41). These results suggest
that S429 phosphorylation of Cdc14 inhibits its activity. However, we did not observe a clear phenotype associated with the
nonphosphorylatable Cdc14 S429A mutation (SI Appendix, Fig.
S5), perhaps because there are redundant mechanisms that are
sufficient to control Cdc14. Net1 inhibits Cdc14 through nucleolar sequestration, and Clb5/Cdc28 phosphorylation of Cdc14
could conceivably be an additional safety mechanism in case
of failure of nucleolar sequestration. To test this hypothesis,
we combined the Cdc14 nonphosphorylatable mutation with
net1 deletion. The low percentage at which we obtained double
mutants (two of nine spores carrying net1Δ) tentatively suggests
a combinatorial effect. However, the severely compromised fitness of these double mutants, and that of the net1Δ parent strain,
prevented detailed phenotypic characterization (SI Appendix,
Fig. S5, Lower).
We also investigated the combination of Cdc14 S429EE mutation and cdh1 deletion. Cdh1 promotes mitotic cyclin degradation and inhibits CDK activity during late mitosis (3). This double
mutant showed a slower growth rate (Fig. 3B), and defects in
finishing cytokinesis correctly, indicated by the accumulation of
cells with four copies of DNA (Fig. 3B). These results are consistent with the idea that S429EE inhibits Cdc14 activity, thereby
making other CDK inhibiting mechanisms stand out. Consistent
phenotypes were observed when S429EE is combined with cdc15
temperature-sensitive mutation (SI Appendix, Fig. S6). Cdc15 is
part of the mitotic exit network and promotes the release of Cdc14
(42). It is lethal to combine S429EE mutation with a cdc15 mutation that compromises Cdc15 activity.
Next, we studied how the phosphomimetic mutation affects
the cellular localization of Cdc14. During most of the cell cycle,
PNAS Early Edition | 3 of 6
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Table 1. Identified substrates of Clb5/Cdc28 and Cln2/Cdc28
during S phase
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Fig. 2. Cdc14 is phosphorylated at S429 by Clb5/Cdc28 during S phase. (A) Cdc14-S429 was phosphorylated by Clb5/Cdc28 in the NESKA assay. S429 is located
in the disordered tail of Cdc14. *, neutral loss of phosphate and H2O molecules. #, neutral loss of two H2O molecules. (B) S429 of Cdc14 was confirmed to be
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vitro phosphorylated peptides are similar. (C) Cell-cycle regulated S429 phorsphorylation was quantified by iTRAQ (66). The error bars represent SEM of
quantified peptides from three iTRAQ experiments. S429 is phosphorylated during S phase and gradually dephosphorylated.

Cdc14 is sequestered in the nucleolus by Net1 (35, 36) and only
released upon mitotic exit to counteract CDK activity. We
monitored this dynamic release of Cdc14 through a previously
established quantitative fluorescence microscopic assay (43)
(Fig. 3C). In this assay, the release of Cdc14 is assessed through
the colocalization of Cdc14-YFP and Net1-mCherry, a nucleolus
marker. We observed prolonged Cdc14-S429EE release compared with wild type (Fig. 3D)—this finding agrees well with
a model wherein Cdc14 regulates its oscillated release autonomously through a negative feedback loop (43–45).
Finally, we developed an MS-based phosphatase assay with
stable isotope-labeled phosphopeptide substrates (Fig. 4A).
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Cdh1-pS239 (46). This assay enabled us to directly compare
the phosphatase activity of the phosphomimetic S429EE mutant
with wild type. To determine whether inserting an additional
residue will distort the Cdc14 structure, thus impact its activity,
we also included a S429AA mutant as a control (Fig. 4A). Using
purified bacterially expressed phosphatases (SI Appendix, Fig.
S7), we found that the S429EE mutant has severely inhibited
phosphatase activity, whereas the S429AA control has comparable activity to wild type (Fig. 4B). Furthermore, we determined
that in vitro phosphorylation of S429 by recombinant Clb5-Cdc28
also inhibits Cdc14 activity (SI Appendix, Fig. S9). The modest
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Discussion
Kinases are central to the regulation of many cellular pathways.
A variety of methods have been successfully coupled with MSbased proteomics to identify substrates of targeted kinases (48–
50). These methods include, for example, marking substrates
with ATP analogs that are used by a target mutant kinase but not
by the endogenous kinases (51, 52); purification of substrates by
affinity isolation with the kinase of interest as bait (53–55);
alterations in phosphorylation patterns induced by specific kinase inhibition or stimulation (39, 56–61); and in vitro kinase
assays (57, 62, 63). Here, we present a method for identifying
substrates of cyclin/CDKs that combines rapid affinity isolation
with an on-bead kinase assay, providing both in vitro and in vivo
phosphorylation-site information with high specificity and
sensitivity.
Our affinity purification-based approach (NESKA) requires
that putative substrates physically interact with the kinase, which
greatly improves the chance of identifying direct substrates
compared with the specific kinase inhibition/stimulation approach. Furthermore, carrying out the in vitro kinase assay
within native kinase–substrate complexes minimizes artifacts
associated with in vitro kinase assays on cell lysates and with
the use of excess recombinant kinase. Because NESKA uses
heavy ATP, it can identify both in vitro and in vivo phosphorylation of the same site, which significantly increases the confidence of the identification.
Our NESKA assay is suited to dissect the substrate pool of CDK,
whose function depends on the cell cycle and properties of the
cyclin components. We identified the substrate pool of Clb5/Cdc28
during S phase and compared them with the substrates of Cln2/
Cdc28 during the same S phase. In agreement with the literature
(11, 12), we discovered a phosphorylation site on Sld2 with Clb5/
Cdc28. This site is located in a region that is known to promote
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MS-based phosphatase assay. (A) The Cdc14-S429EE mutant dephosphorylates the Cdh1 phosphopeptide at a much slower rate compared with wildtype and S429AA controls. (B) The MS peak heights of the phosphopeptides
were used for quantification. Error bars represent SD of three experiments.
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Dpb11 interaction upon phosphorylation. In contrast, we did not
detect this site with Cln2/Cdc28 but found Whi5 phosphorylation
sites within its NES region. These results demonstrate that NESKA
is capable of obtaining cyclin-specific information at a defined
phase of the cell cycle. Although NESKA identifies a variety of
specific substrates (Table 1 and SI Appendix, Table S1) and a majority (∼70%; 19 of 26) of them are consistent with previous proteomic scale studies (39, 53, 64, 65) (SI Appendix, Table S2), other
authentic substrates are likely missing because the affinity purification step biases our assay toward the higher-affinity targets. We
envisage that in vivo cross-linking may further extend our coverage
of substrates to those that associate with lower affinities. Nevertheless, the low overlap between the putative substrates of Clb5/
Cdc28 versus Cln2/Cdc28 shown in Table 1 (just Def1), clearly
demonstrates differential substrate preference of these cyclin/
CDKs even within the same time within S phase (3).
One previously unknown Clb5/Cdc28 substrate within our list,
Cdc14, drew our particular interest because of its central role as
an essential cell cycle phosphatase. We also identified its binding
partner Net1 as a Clb5/Cdc28 substrate. In budding yeast, Cdc14
is sequestered in the nucleolus through binding with Net1 during
most of the cell cycle (35, 36). It is briefly released during early
anaphase and mitotic exit to antagonize CDK activity before
being sequestered again. Because a Cdc14 mutation that prevents its sequestration is synthetically lethal with clb5 deletion
(37), it was of interest to investigate the function of our identified
Cdc14-S429 phosphorylation by Clb5/Cdc28 during S phase.
The phosphomimetic S429EE mutation showed clear phenotypes, including synthetic lethality with sic1 deletion and cytokinesis defects with cdh1 deletion—consistent with inhibition of
the Cdc14 phosphatase activity. These observations reinforce the
role of Cdc14 in antagonizing CDK activity in budding yeast. In
addition, S429EE shows prolonged Cdc14 release, supporting
the idea that Cdc14 activity negatively regulates its own release
(43–45). Our MS-based phosphatase assay compared the
S429EE mutant to the wild-type enzyme, clearly demonstrating
that the mutant has severely inhibited activity.
In summary, we have described an MS-based assay (NESKA)
that should be readily implementable in many different organisms to screen substrates for a given kinase. The assay provides
combined in vitro and in vivo phosphorylation site information
in a subunit-specific and time-resolved manner. With ever-increasing
MS sensitivity, steadily improving phosphopeptide enrichment
techniques and ongoing efforts to stabilize enzyme–substrate
complex in vivo, even more complete phosphorylation information should be obtainable by NESKA in the future.
Methods
The MATa bar1Δ strains with PrA-tagged cyclins in their native loci were
arrested with α-factor. Arrested yeast cells were washed and resuspended in
fresh YPD to resume synchronous cell cycle progression. The 40-min time
point after the release was determined to be the S phase by FACS analysis
and bud index. Cells from this time point were harvested and frozen in liquid
nitrogen as droplets. These frozen droplets were cryogenically ground into
fine powder with a planetary ball mill (PM-100; Retsch) to thoroughly lyse
the cells while preserving labile protein complexes. The cell powder (typically
2–4 g) was resuspended in ice-cold solubilization buffer with brief sonication. The resulting cell lysate solution was cleared by a short 2-min centrifugation at 27,000 × g. Supernatant was further filtered through 1.6-μm GF/A
filter (Whatman). The cleared lysate was incubated with IgG magnetic beads
(1 mL/1 mg beads) for 30 min at 4 °C on a rotator. After incubation, the
beads were washed and resuspended in kinase reaction buffer [3 μL/1 mg
beads; 20 mM Hepes, 10 mM sodium chloride, 1 mM magnesium chloride,
and 1× phosphatase inhibitor mixture (Thermo) at pH 7.4] supplemented
with 1 mM ATP-γ-18O4 (heavy ATP; Cambridge Isotope Laboratories) (for P32
autoradiography, 0.5 μCi ATP-γ-32P was added). After 30-min incubation at
room temperature, the reaction solution was removed and saved. The
bound proteins were eluted, combined with the saved reaction solution, and
digested either in gel or in solution. To enrich phosphopetides, either a TiO2
or Fe-IMAC column was used.
More experimental details are available in SI Appendix, SI Methods.
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inhibitory effect (∼15%) is consistent with the in vitro phosphorylation level (∼25%) of Cdc14 and its self-dephosphorylation
(SI Appendix, Fig. S9). [The self-dephosphorylation may suggest
a positive feedback mechanism. A similar phosphoregulation has
been reported on fission yeast Cdc14/Clp1 during late mitosis
(47).] In conclusion, both our genetic and biochemical studies
demonstrate that phosphorylation of S429 on Cdc14 inhibits its
enzymatic activity.
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