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Global assessment of its network dynamics reveals that
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promote Aurora A activity
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INTRODUCTION

In mitosis, cells undergo a marked reorganization of their cytoskeleton structure and cellular content to divide into two viable daughter
cells with identical genomic content. The division of the cytoplasm,
organelles, and chromosomes is spatially and temporally coordinated
to ensure fidelity. Errors in these processes are often detrimental to
the emerging daughter cells and can lead to aberrant chromosome
numbers, a state known as aneuploidy and a hallmark of human cancers and birth defects. Dynamic protein phosphorylation by kinases
and phosphatases is one of the main regulatory mechanisms that
drives mitotic progression and ensures its fidelity (1–6).
Polo-like kinase 1 (Plk1) is an essential regulator of mitosis (7). Plk1
promotes the activation of the cyclin-dependent kinase 1 (CDK1)–
cyclin B complex and thereby mitotic entry, centrosome maturation,
and spindle assembly, removal of sister chromatid cohesion, spindle
checkpoint signaling, and microtubule-kinetochore attachment (8–10).
Plk1 contributes to mitotic exit and cytokinesis by recruiting proteins
to the central spindle and the midbody and by activating the anaphase-
promoting complex/cyclosome, which leads to the destruction of Plk1
itself (8, 9, 11).
Plk1 contains two distinct functional domains: an N-terminal
kinase domain and a C-terminal polo-box domain (PBD). Activation
of Plk1 requires phosphorylation of its activation T-loop on Thr210 by
Aurora kinase A (Aurora A) (12–14). Activation of Aurora A is regulated by autophosphorylation of its activation T-loop on Thr288 (15),
and inhibition of Aurora A results in a decrease of its own T-loop
phosphorylation and that of Plk1. Curiously, chemical inhibition of
Plk1 activity also reduces the phosphorylation of Thr288 in Aurora A,
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suggesting a connection between their activities (14, 16, 17), but the
mechanism(s) that underlie this relationship are not yet known. In
cases where persistent Plk1 substrate targeting is important, the PBD
facilitates recognition of and binding to proteins that contain phosphorylated amino acids within the PBD motif (Ser-pSer/pThr-Pro),
leading to additional phosphorylation of them (direct substrate phosphorylation) or other nearby proteins (distributive phosphorylation)
(18, 19). In the absence of a PBD-substrate interaction, the PBD forms
an autoinhibitory conformation through weak intramolecular interactions with its kinase domain; binding to a phosphorylated PBD
motif sequence liberates these inhibitory interactions and increases the
specific activity of Plk1 by about threefold (18). For many substrates,
CDK1 is the priming kinase that phosphorylates the PBD motif (non–
self-priming) (19). However, in some cases, Plk1 itself can phosphorylate
a PBD-binding motif and facilitate its own PBD-dependent target interactions (self-priming), which has been shown to contribute to its subcellular localization (20–23). In prophase, Plk1 localizes to centrosomes
and the mitotic spindle; in prometaphase and metaphase, Plk1 can also
be found at kinetochores before it translocates to the central spindle in
anaphase and the midbody during cytokinesis (7).
In alignment with diverse Plk1 regulatory functions, its activity
and substrate interactions are tightly controlled in a spatially and
temporally resolved manner. At least in part, the dynamic relocalization of Plk1 to subcellular structures during mitotic progression
depends not only on phosphorylation but also on dephosphorylation (24). However, the contribution of phosphorylation dynamics to
the regulation of Plk1 substrate interactions and signaling is unclear.
Here, we determined the extent and dynamics of phosphorylation-
dependent priming within the Plk1 interactome network and established the contribution of Plk1 self-priming to substrate targeting.
Toward these goals, we conducted global quantitative proteomic analy
ses of Plk1-interacting proteins in mitotically arrested HeLa cells in
the presence and absence of small-molecule kinase inhibitors (25–32)
and with a mutant version of Plk1 (“Pincer-Plk1”) that abolishes
phosphorylation-dependent binding through its PBD (18, 19). Among the
insight gleaned from this priming-dependent interactome, we identified
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Polo-like kinase 1 (Plk1) is an essential protein kinase that promotes faithful mitotic progression in eukaryotes.
The subcellular localization and substrate interactions of Plk1 are tightly controlled and require its binding to
phosphorylated residues. To identify phosphorylation-dependent interactions within the Plk1 network in human
mitotic cells, we performed quantitative proteomics on HeLa cells cultured with kinase inhibitors or expressing a
Plk1 mutant that was deficient in phosphorylation-dependent substrate binding. We found that many interactions were abolished upon kinase inhibition; however, a subset was protected from phosphatase opposition or was
unopposed, resulting in persistent interaction of the substrate with Plk1. This subset includes phosphoprotein
phosphatase 6 (PP6), whose activity toward Aurora kinase A (Aurora A) was inhibited by Plk1. Our data suggest
that this Plk1-PP6 interaction generates a feedback loop that coordinates and reinforces the activities of Plk1 and
Aurora A during mitotic entry and is terminated by the degradation of Plk1 during mitotic exit. Thus, we have
identified a mechanism for the previously puzzling observation of the Plk1-dependent regulation of Aurora A.
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RESULTS

The kinase activity–dependent Plk1 interactome
We clustered these high-confidence interactors based on their Plk1-
binding behavior upon kinase inhibition (Fig. 1B). Of the 437 proteins, 164 (38%) exhibited reduced interaction with Plk1 by twofold
or more upon CDK inhibition with flavopiridol, and a similar number
(and similar set) of proteins exhibited reduced Plk1 binding upon
general kinase inhibition with staurosporine (Fig. 1B). Staurosporine
inhibits many kinases, including the mitotic kinases CDK1, Aurora
A, and Aurora B, but is less specific for Plk1 (36). With this in mind,
we compared the relative changes in binding of all Plk1-interacting
proteins upon addition of flavopiridol with those upon addition of
staurosporine and found a high correlation (R2 = 0.94; fig. S2), supporting the concept that in mitosis, CDK activity is responsible for
most of the kinase-dependent substrate targeting of Plk1 (36). Inhibition of Plk1 itself regulated the second largest group of activity-
dependent interactors. Fifty-one proteins (12%; Fig. 1B) exhibited
reduced interaction with Plk1 upon inhibition of Plk1 activity using
BI2536. Of these 51 proteins, 33 also exhibited reduced Plk1 binding
upon inhibition of CDK, whereas the rest were reduced only upon
addition of the Plk1 inhibitor (table S2). Notably, whereas most proteins that differentially bound to Plk1 upon kinase inhibition exhibited
reduced binding, 3 (Bora, CDCG3, and PSMD6) and 10 (Bora, six
subunits of the proteasome, PKMYT1, FA83H, and PRC1) proteins
exhibited increased binding upon Plk1 and CDK inhibition, respectively. For at least one of these proteins, Bora (which was common
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Fig. 1. Kinase activity–dependent Plk1 interactome. (A) Experimental design to
identify kinase activity–dependent Plk1 interactors by SILAC. Heavy- and light-
labeled HeLa cells were arrested in mitosis and treated with MG132. Heavy-labeled
cells were treated with a specified kinase inhibitor or dimethyl sulfoxide (DMSO).
Heavy- and light-labeled cells were mixed and lysed, and then, Plk1 and its interacting proteins were immunoprecipitated from the lysates, resolved by gel electrophoresis, and analyzed by LC-MS/MS. (B) Hierarchical clustering of quantitative
differences in the binding of Plk1-interacting proteins in HeLa cells arrested with
Taxol (−) or treated with Plk1 inhibitor (“P”; BI2536), Cdk inhibitor (“C”; flavopiridol),
or staurosporine (“S”). (C) Comparison between quantitative MS data (heat map)
with Western blot analyses of immunoprecipitated Plk1, the two stable interacting
proteins kinesin family member 2C (KIF2C) and KIF14, the two CDK1 kinase activity–
dependent Plk1-interacting proteins Astrin and p53 binding protein 1 (53BP1),
and the two Plk1 kinase activity–dependent Plk1-interacting protein regulator
of cytokinesis (Prc1) and mitotic kinesin-like protein 2 (Mklp2) upon differential
kinase inhibitor treatment.
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Identification of kinase activity–dependent and stable Plk1
interactors by SILAC
We identified Plk1-interacting proteins in mitosis by performing
immunoprecipitations of endogenous Plk1 from mitotically arrested
HeLa cells (Fig. 1A). To distinguish kinase activity dependent from
stable interactors and identify the relative contribution of CDK1 and
Plk1 kinases to Plk1 substrate priming, we used stable isotope labeling
in cell culture (SILAC) (33) to quantitatively compare the Plk1 interactome in the presence and absence of small-molecule inhibitors
of Plk1 (25), CDK (26), or the general kinase inhibitor staurosporine (Fig. 1A) (30–32). Briefly, HeLa cells labeled with either isotopically “heavy” or “light” amino acids were arrested in mitosis using
the microtubule stabilizer Taxol (commonly known as paclitaxel).
Both heavy- and light-labeled HeLa cells were pretreated for 30 min
with the proteasome inhibitor MG132, after which 100 nM Plk1 inhibitor BI2536, 5 M CDK inhibitor flavopiridol, or 1 M staurosporine was
added to separate cultures of heavy-labeled HeLa cells for an additional
30 min. Afterward, equal counts of heavy- and light-labeled cells were
mixed and lysed, and Plk1 and its interacting proteins were then immunoprecipitated (fig. S1). To control for nonspecific binding, we conducted the same analysis on Taxol-arrested HeLa cells using beads without
Plk1 antibody (fig. S1). Plk1 and control immunoprecipitations were
analyzed by liquid chromatography–tandem mass spectrometry (LCMS/MS), and the degree of confidence for these Plk1 interactors was assessed using a statistical tool developed for this purpose [Significance
Analysis of INTeractome (SAINT) (34, 35)]. Using this approach, we
identified 437 high-confidence Plk1-interacting proteins (table S1).

to both increased-binding sets), the increase may be easily explained
by the loss of negative regulation. Bora protein stability is regulated
by Plk1-mediated phosphorylation in a CDK1-dependent manner
(37) such that inhibition of either kinase would be expected to reduce
beta-transducin repeat containing protein (-TRCP)–dependent degradation of Bora, resulting in an increased abundance of available
protein capable of interacting with Plk1.
To validate these quantitative MS data, we analyzed Plk1 immunoprecipitations under control and kinase inhibitor conditions by Western
blotting for select known Plk1 activity–dependent (“Plk1-targeted”)
or CDK1 activity–dependent (“CDK1-targeted”) interactors, as well
as stable interacting proteins (Fig. 1C and table S2). Consistent with the
MS results (Fig. 1C, atop each blot; excerpted from Fig. 1B), none of

Log2 ratio of proteins identified bound to Plk1

proteins with which Plk1 interaction is protected from phosphatase-
dependent turnover, leading to a mechanism that explains earlier observations of feedback regulation between Plk1 and Aurora A activities.
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targeted), and (iii) stable interacting pro- Fig. 2. Subcellular localization map of Plk1 interactors. Subcellular localization map of Plk1 interactors to kinetoteins (“stable”). At a threshold of twofold chores/centromeres, microtubule cytoskeleton and spindle poles, Golgi apparatus, nuclear envelope, endoplasmic
or greater difference in binding to Plk1 reticulum, actin cytoskeleton, ribonucleoprotein (RNP) complexes, and ribosomes.
upon inhibitor addition, we identified 18
proteins as Plk1-targeted, 164 proteins as CDK1-targeted, and 255 and chromosome organization (cohesin, condensin, and synaptonemal
proteins as stable interactors (table S2).
complexes) and in the regulation of protein ubiquitination (anaphase-
promoting complex, other ubiquitin ligase complexes, and the proBiological functions of Plk1 interactors
teasome; fig. S4, A and B). Unexpectedly, proteins involved in Golgi
Plk1 is essential for mitotic progression by functionally regulating a vesicle trafficking and ribosomal and transfer RNA transcription were
plethora of biological processes. Gene ontology (GO) analysis (40–43) significantly enriched in the interactome (fig. S3A), which may be
of our Plk1 interactome revealed a strong enrichment in aspects interesting to explore in the future.
of chromosome segregation, organization, condensation, and cohesion; microtubule cytoskeleton, microtubule organization center, Stable Plk1 interactors and dynamic phosphatase
and centrosome organization; spindle assembly; and cytokinesis opposition of PBD-binding motifs
(fig. S3A). A regulatory function for Plk1 in these processes is sup- We were intrigued by the observation that most of the Plk1-interacting
ported by the dynamic subcellular localization of Plk1 to kinetochores, proteins remain stably bound to Plk1 upon the addition of kinase
spindle poles, the mitotic and central spindle, and the midbody. We inhibitor(s). One caveat of this experimental strategy is that, upon
also observe a strong enrichment of Plk1 interactors at these subcel- cessation of kinase activity, the activity of an opposing protein phoslular structures (Fig. 2 and fig. S3B) resulting in highly connected and phatase is necessary to reduce phosphorylation site occupancy and,
spatially organized Plk1-interacting protein networks that are con- therefore, interaction with Plk1. In other words, in the absence of a
sistent with the regulation of biological processes essential for mitotic counteracting phosphatase, a bone fide phosphorylation-dependent
progression. We also discovered many multimeric protein complexes Plk1 interaction would not change in abundance in the presence of
in the Plk1 interactome, including proteins involved in the control of inhibitors targeting the responsible kinase, once the interaction was
the actin cytoskeleton (Arp2/3 complex), spindle (HAUS complex), already established.
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Fig. 3. Stable interactors of Plk1 include phosphorylation-dependent interactions. (A) Diagram depicting the distribution of kinase inhibitor–sensitive (yellow)
and kinase inhibitor–insensitive (blue) Plk1 interactors and, below, their relative
enrichment in candidate PBD motifs [Ser-Ser-Pro (SSP)/Ser-Thr-Pro (STP); dark gray]
or not (light gray). (B) Experimental design to identify kinase activity–dependent
Plk1 interactors using wild-type and Pincer mutant Plk1. HeLa cells expressing with
Myc- or Flag-tagged wild-type or Pincer mutant Plk1 were arrested in mitosis and
treated with MG132. Plk1 and its interacting proteins were immunoprecipitated,
resolved by gel electrophoresis, and analyzed by LC-MS/MS. (C) Diagram depicting
the distribution of kinase inhibitor–sensitive (yellow) and kinase inhibitor–insensitive
(blue) Plk1 interactors and their ability to bind (white) or not bind (black) to Pincer
mutant Plk1.

not Pincer Plk1 (Fig. 3C). We found that 34% of stable Plk1-interacting
proteins were lost with Pincer but not wild-type Plk1 (Fig. 3C), supporting our hypothesis that a subset of stable Plk1 interactors may
bind in a phosphorylation-dependent manner but that their PBD-
binding motifs could be protected from or not opposed by phosphatases; alternatively, a kinase not inhibited by any of these inhibitors,
including staurosporine, may be responsible for a phosphorylation-
priming event.
Plk1 regulatory interaction with phosphoprotein
phosphatase 6
One of the stable Plk1 interactors that showed differential binding to
wild-type and Pincer Plk1 was the phosphoprotein phosphatase 6
(PP6) holoenzyme complex. PP6 is a heterotrimeric holoenzyme
complex that consists of a catalytic subunit (PP6c), a Sit4-associated
protein (SAPS) domain–containing subunit (PP6R1-3), and an ankyrin-
repeat domain–containing subunit (ANR28, ANR44, and ANR52)
(45, 46), all of which were detected to varying degrees in the Plk1
immunoprecipitations by MS (fig. S6, A and B). To determine
whether Plk1 preferentially interacts with a specific PP6 holoenzyme,
we compared the median and average total peptide counts of the
different PP6 subunits that we identified in Plk1 pulldowns (fig. S6B
and table S1). PP6R2 and ANR28 were represented by roughly four
times as many peptides than the other two PP6R and ANR subunits, suggesting that Plk1 preferentially binds to a PP6 holoenzyme
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To assess the degree to which lack of or protection from phosphatase opposition could contribute to the observation of stable
Plk1-protein interactions, we determined the prevalence of Ser-Ser/
Thr-Pro or Ser/Thr-Pro sequences that could be phosphorylated to
generate a PBD motif (Ser-pSer/pThr-Pro) in Plk1 interactors. We
found that most of the Plk1 interactors whose binding was sensitive
to kinase inhibition contained a Ser-Ser/Thr-Pro motif (Fig. 3A). Of
the 39 proteins that did not contain a Ser-Ser/Thr-Pro motif, 10 were
only sensitive to the Plk1 but not to the CDK inhibitor (table S2),
and 25 had a least one first-degree neighbor identified in our analysis
that did contain a candidate PBD motif (fig. S5). Thus, it is plausible
that kinase activity–dependent binding of these 25 proteins is mediated indirectly through a binding partner that is phosphorylated by
CDK1. For the four proteins that lacked a PBD-binding motif and
for which we did not identify a CDK1-dependent first-degree neighbor, it is possible that they have binding partners not identified in
our analyses that are CDK1-dependent or that CDK1-mediated
phosphorylation of Ser/Thr-Pro or other sites is sufficient in rare
cases to promote Plk1 interactions. Notably, 22% of proteins that
stably interacted with Plk1 upon kinase inhibition contained a SerSer/Thr-Pro motif that has previously been observed to be phosphorylated in the PhosphoSitePlus database (Fig. 3A), an enrichment
that was significantly greater than random chance [2550 Ser-(phosSer/Thr)-Pro proteins in PhosphoSitePlus and 20,225 proteins in
UniProt (ratio: 0.126082); cumulative binomial probability, P =
0.000005], making them candidates for phosphorylation-dependent
Plk1 interactions whose phosphorylation of the PBD-binding motif
is not dynamically turned over by a protein phosphatase under our
experimental conditions (such as cell cycle phase and duration of
inhibitor treatment).
To experimentally determine whether the lack of phosphorylation
site turnover contributes to the observed stable interaction of some
candidate Plk1 substrates upon kinase inhibition, we introduced
mutations (“Pincer” mutations; H538A and K540M) into the linker
between the two polo-boxes in the PBD of Plk1, which abolishes
priming phosphorylation-dependent interactions (18, 19). We reasoned that the differential interaction behavior of stable interactors
between wild-type and Pincer mutant Plk1 would provide greater
evidence of candidate kinase activity–dependent interactors that are
protected from or unopposed by a phosphatase and help us distinguish
them from activity-independent interactors. A similar strategy was reported previously using recombinant, purified wild-type or Pincer
mutant PBDs alone as baits for assessing candidate phosphorylation-
dependent interactions of the Plk1 PBD in mitotic U2OS lysates (44).
We established HeLa cell lines stably expressing all combinations of
Myc- or Flag-tagged, wild-type or Pincer Plk1 to account for potential
epitope tag-specific interaction effects, synchronized them in mitosis,
immunoprecipitated wild-type and Pincer Plk1, and determined their
respective interactomes by LC-MS/MS (Fig. 3B). Using this approach,
we identified 426 of the aforementioned 437 Plk1-interacting proteins, including 247 of the 255 stable interactors (table S3), and conclusively sorted most of them (354 proteins) into two categories
based on their binding behavior to Pincer and wild-type Plk1: proteins
that bound to both (“Pincer bound”) and proteins that bound to
wild-type Plk1 but not Pincer Plk1 (“Pincer lost”; table S3, last column). Finally, we queried the number of kinase activity–dependent
and stable Plk1 interactors for their Pincer mutant-binding behavior.
Similar to the results of candidate PBD motif analysis, most (88%)
of the kinase activity–dependent interactors bound to wild-type but
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Fig. 4. Regulatory interaction of PP6 and Plk1. (A) Western blot (WB) analysis of
Myc-tagged PP6 subunit binding to endogenous Plk1 in immunoprecipitates (IPs)
from lysates of HeLa cells expressing the indicated Myc-tagged PP6 subunit.
(B) Immunoprecipitation of Flag-tagged wild-type and Pincer mutant Plk1 from
transfected HeLa cells and Western blot analysis of coprecipitated endogenous
PP6R2. (C) Diagram depicting PP6R2 domain structure and location of PBD motifs.
(D) Immunoprecipitations of wild-type, PBD1-mutant, and PBD2-mutant PP6R2
and Western blot analysis of coprecipitated Plk1. (E) Immunoprecipitation assessing the dependence of the PP6R2-Plk1 interaction on the activity of CDK1–cyclin B
complex. Bacterially expressed and purified PP6R2 was immobilized on activated
Sepharose and incubated with adenosine 5′-triphosphate (ATP) and CDK1–cyclin B
complex or not, followed by addition to mitotically arrested (Taxol) HeLa cell lysate,
isolation of PP6R2-containing complexes, and Western blotting for Plk1. (F) As
described in (E), except that immobilized PP6R2 was incubated directly with mitotic
HeLa cell lysates with or without additional ATP before isolation of PP6R2 complexes
and Western blotting for Plk1. Bovine serum albumin (BSA)–Sepharose was used as
a control (E and F).

PP6R2 and Plk1, we found that, whereas the amount of PP6R2 remained
constant as HeLa cells progress into later phases of mitosis, the amount
of coprecipitated Plk1 decreased (fig. S8A). This decrease in Plk1-PP6
interaction could be suggestive of reactivation of a putative PP6R2
Ser771 phosphatase; however, it was previously reported that Plk1 is
degraded in an anaphase-promoting complex/cyclosome–dependent
manner, beginning in anaphase and continuing throughout cytokinesis, to allow for proper exit from mitosis (51). To assess whether the
kinetics of Plk1 degradation mirrored the loss of Plk1-PP6 interaction, we measured total Plk1 and PP6R2 protein abundance during
nocodazole washout by Western blotting. Whereas the abundance
of total PP6R2 stayed constant, total Plk1 abundance was markedly
reduced by 60 min after nocodazole washout, suggesting that the
loss of the Plk1-PP6 interaction is likely due to protein degradation
rather than PP6R2 Ser771 dephosphorylation (fig. S8B). To directly
test this, we immunoprecipitated Plk1 from HeLa cells as they exited
mitosis, probed these precipitates for Plk1 and PP6R2, and found that
the ratio of Plk1 to PP6R2 remained constant as Plk1 is degraded
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consisting of PP6c, PP6R2, and ANR28. To validate the PP6-Plk1
interaction, we stably expressed all seven Myc-tagged PP6 subunits
in HeLa cells and performed individual immunoprecipitations from
mitotically arrested cells. Although we precipitated comparable amounts
of PP6 subunits, Plk1 coprecipitated in higher amounts with PP6c,
PP6R2, and ANR28 than the others (Fig. 4A), supporting the semiquantitative MS data that Plk1 preferentially interacts with the PP6c/
PP6R2/ANR28 holoenzyme.
PP6 protein-protein interactions can be established through the
regulatory SAPS domain–containing subunits (PP6R) (47, 48). To
support our hypothesis that the PP6 holoenzyme might interact
with Plk1 in a phosphorylation-dependent manner that could be
protected from or unopposed by phosphatases under mitotic arrest,
we performed pulldowns for wild-type and Pincer Plk1 and analyzed them by Western blotting for the presence of PP6R2 (Fig. 4B).
Whereas wild-type Plk1 readily bound PP6R2, PP6R2 binding was
not detected in Pincer-Plk1 pulldowns. PP6R2 contains two candidate PBD-binding motifs surrounding Thr724 (STP, also known as
PBD1) and Ser771 (SSP, also known as PBD2), the latter of which has
been previously observed to be phosphorylated in cells, including in
mitotic HeLa cells (www.phosphosite.org) (17) (Fig. 4C). Notably,
alignment of these two candidate PBD-binding motifs across chordates (49, 50) indicates a high degree of sequence conservation of
PBD2 but not of PBD1 (fig. S7). To determine whether either PBD
motif is required for the Plk1-PP6 interaction, we separately mutated
Thr724 and Ser771 to alanine and compared the extent to which wildtype and mutant PP6R2s could interact with Plk1 in mitotic HeLa cells.
We found that Plk1 readily bound to wild-type and PBD1-mutant
PP6R2 but that the interaction with Plk1 was abolished in PBD2-
mutant PP6R2 pulldowns (Fig. 4D). To determine whether phosphorylation is required for this interaction, PP6R2 was expressed
and purified from bacteria, followed by covalent immobilization on
Sepharose beads and incubation in vitro in the presence or absence
of CDK1–cyclin B complex and ATP. These PP6R2 beads were then
incubated with mitotic cell lysate, followed by reisolation of PP6R2
and Western blotting of the pulldowns for Plk1. Furthermore, control and in vitro phosphorylated PP6R2 were analyzed by LC-MS/
MS to identify phosphorylation sites. We confirmed that the CDK1–
cyclin B complex phosphorylates Ser771 and that this phosphopeptide
was not detectable in control reactions (table S4). Only after phosphorylation by Cdk1 was PP6R2 capable of coprecipitating Plk1 from
lysates (Fig. 4E). Finally, we incubated unphosphorylated PP6R2
covalently immobilized on Sepharose with mitotic HeLa cell lysates
treated with ATP or not, followed by isolation of PP6R2 complexes
and Western blotting for Plk1 (Fig. 4F). In this experiment, Plk1
bound to PP6R2 only when additional ATP was present in lysates.
These data demonstrate that Plk1 interacts with PP6 through the
PP6R2 subunit in a phosphorylation-dependent manner that appears
to be protected from or not opposed by a phosphatase in Taxol-arrested
HeLa cells. Many phosphatases are inhibited early in mitosis and are
reactivated at the metaphase-to-anaphase transition (2). To determine whether a phosphatase capable of dephosphorylating PP6R2
Ser771 is only active in later phases of mitosis, we investigated the
Plk1-PP6 interaction during mitotic exit. We arrested HeLa cells in
mitosis using low doses of the microtubule-depolymerizing drug
nocodazole, which can be washed out to allow for a synchronous
population of cells to exit mitosis. We collected cells at 0, 30, 60, 90,
and 180 min after nocodazole washout and performed immuno
precipitations of endogenous PP6R2. When we probed the IPs for
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Fig. 5. Regulation of PP6 phosphatase activity by Plk1 in vitro. (A and B) Western blotting (A) and quantification (B) of Aurora A (AurA) phosphorylation at Thr288
in mitotically arrested HeLa cells treated with increasing amounts of Plk1 inhibitor,
BI2536. Lamin A/C was a loading control. (C) Followed by Western blotting for total
and phosphorylated (Thr288) Aurora A after preincubation with PP6R2-PP6c and
CDK1–cyclin B, Plk1, or both in in vitro kinase/phosphatase assays, as indicated
(top). (D) Western blot analysis of wild-type (WT) and Plk1 phosphorylation site
mutants of PP6R2 holoenzymes containing PP6c, in vitro. (E) Representative Western
blots of total and phosphorylated (Thr288) Aurora A (E) under basal conditions in
vitro (−) or upon incubation with wild-type or mutant PP6R2 holoenzyme described
in (D). Blots (A to E) are representative (n = 3) of and quantified data (B, C, and E) are
means ± SD of three biological replicates. *P < 0.05 and **P < 0.01.

pThr10, one containing pSer289, and one containing a poorly localized phosphorylation site within a cluster of Ser residues spanning
Ser822 to Ser825 (table S5). Both the pThr10 and pSer289 peptides were
localized within a Plk1 consensus motif; Ser823 is also within a Plk1
consensus sequence and hence was considered the most likely Plk1
site within this cluster.
We generated multisite PP6R2 mutants that contained all three
Plk1 sites mutated to either alanine (PP6R2-3xA) or glutamic acid
(PP6R2-3xE) to ablate or mimic Plk1 phosphorylation, respectively, purified the corresponding PP6c holoenzymes, and compared
their relative activities toward Aurora A–TPX2 in in vitro dephosphorylation assays against wild-type PP6R2-PP6c holoenzymes. Whereas
all three PP6R2 holoenzymes contained comparable amounts of catalytic PP6c (Fig. 5D), PP6R2-3xE was significantly less active than either
wild-type or 3xA-mutant PP6R2 (Fig. 5E); the nonphosphorylatable
PP6R2-3xA mutant exhibited the highest activity toward Aurora
A–TPX2 pThr288 in this assay. Thus, we conclude that the effect of multisite Plk1 phosphorylation on inhibiting PP6R2-PP6c holoenzymes
toward Aurora A is by a mechanism other than regulation of catalytic
subunit binding, perhaps by negatively regulating substrate recognition and interactions.
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Downloaded from http://stke.sciencemag.org/ on April 20, 2021

Plk1-dependent activation of Aurora A through
inhibition of PP6
Although early reports demonstrated protein phosphatase 1 (PP1c)
as capable of dephosphorylating the T-loop of Aurora A in vitro
(52, 53), more recent studies support a PP6 holoenzyme as the primary T-loop phosphatase for Aurora A in cells (54, 55). As introduced
above, Aurora A is the activating kinase for Plk1 (13, 14). Notably,
we and others have observed that inhibition of Plk1 results in a reduction of Aurora A T-loop phosphorylation at Thr288 and thereby
Aurora A activity (Fig. 5, A and B) (14, 16, 17). Although this effect
is thought to be indirect because Aurora A autophosphorylates its
T-loop on a basic Aurora A consensus motif (RRXp[S/T]) that is
distinct from the Plk1 consensus motif ([D/E/N]Xp[S/T][]; , hydrophobic) (56), the precise mechanism underlying this observation
is not known. Thus, we hypothesized that Plk1 might negatively
regulate PP6 activity, thereby explaining previous observations of
the dependency of Aurora A activity on Plk1. To test this hypothesis,
we reconstituted all components of the proposed regulatory circuit
including Plk1 and the Aurora A–TPX2 (microtubule nucleation
factor), PP6R2-PP6c, and CDK1–cyclin B complexes in vitro. We
preincubated PP6R2-PP6c with buffer alone (Fig. 5C, column 2),
with the CDK1–cyclin B complex (Fig. 5C, column 3), with Plk1
(Fig. 5C, column 4), or with both the CDK1–cyclin B complex and
Plk1 (Fig. 5C, column 5) in the presence of ATP to phosphorylate
PP6R2, whereas a pool of the PP6 substrate Aurora A–TPX2 was
separately preincubated with staurosporine to inhibit Aurora A auto
phosphorylation activity (36). After the preincubation step, Aurora
A–TPX2 was added to each condition to assess PP6R2-PP6c activity
(Fig. 5C). Reactions were analyzed by Western blotting for Aurora
A Thr288 phosphorylation (pThr288) relative to total Aurora A protein
as a loading control and compared to normalized Aurora A pThr288
abundance in an untreated control sample (Fig. 5C, column 1). As
expected, incubation of Aurora A–TPX2 with PP6R2-PP6c alone
resulted in significant dephosphorylation of Thr288 compared to
control. Preincubation of PP6R2-PP6c with CDK1 alone did not
significantly affect PP6R2-PP6c activity, whereas preincubation with
Plk1 alone significantly decreased PP6R2-PP6c–mediated Aurora
A Thr288 dephosphorylation; this effect was further increased upon
preincubation with both CDK1 and Plk1. Plk1 does not strictly require priming by CDK1 for substrate recognition and phosphorylation in vitro (56); thus, incubation with Plk1 alone could be capable
of phosphorylating the PP6 holoenzyme and, thus, could result in
some inhibition of PP6R2-PP6. However, the efficiency of Plk1 phosphorylation is increased by CDK1-dependent priming, resulting in
greater inhibition of PP6R2-PP6c activity.
To identify the specific sites on PP6R2 phosphorylated by Plk1,
we performed SILAC experiments in triplicate in which mitotically
arrested HeLa cells stably expressing Myc-PP6R2 were treated with
the Plk1 inhibitor BI2536 (heavy-labeled condition) or vehicle (light-
labeled condition), followed by collecting and combining these heavy
and light cells, immunoprecipitation using antibodies against the Myc
tag, and gel electrophoresis to isolate the PP6R2 protein. Subsequent
tryptic digestion and quantitative analysis by LC-MS/MS identified
multiple phosphopeptides from PP6R2 but only three that significantly decreased in the presence of Plk1 inhibitor: one containing

A

% AurA pThr288
norm. intensity

during exit (fig. S8C). Together, these results indicate that the Plk1PP6 interaction is likely protected from or not opposed by a phosphatase and is eventually terminated by the degradation of Plk1.
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DISCUSSION

Plk1 is an essential regulator of mitotic progression from entry to
exit and of many associated cellular processes including centrosome
maturation, mitotic spindle assembly, chromosome segregation, and
cytokinesis. Plk1 conducts this diverse set of functions through phosphorylation of a diverse array of substrates. Plk1 identifies these substrates by phosphorylation-dependent targeting via its PBD (18, 19).
It was previously shown that either Plk1 itself (self-priming) (20–23)
or other kinases (non–self-priming) (18, 19) can generate the phospho-
binding motif on Plk1 substrates. Both priming-dependent behaviors
are considered essential mechanisms that regulate Plk1 subcellular
localization.
Several groups, including ours, have conducted proteomics analyses
to identify Plk1 substrates using small-molecule Plk1 kinase inhibitors, RNA interference gene silencing, ATP analog-sensitive alleles,
and interactome studies (17, 44, 57–59). Although these analyses have
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Fig. 6. Regulation of PP6 phosphatase activity by Plk1 in cells. (A and B) Representative Western blot and analysis of total and phosphorylated (Thr288) Aurora A
upon depletion of PP6c (A) or PP6R2 (B), Plk1 inhibition with BI2536, or both. Data
are means ± SD of three biological replicates. *P < 0.05 and **P < 0.01.

buttressed our knowledge of Plk1 substrates, the broader mechanisms
that underlie Plk1 substrate targeting, including regulatory inputs by
other kinases and phosphatases, have remained less well understood.
Here, we sought to address these open questions by studying the
Plk1 interactome in a kinase activity–dependent manner. Using quantitative proteomics, we identified 437 high-confidence Plk1 interactors and determined their differential Plk1 binding behavior upon
inhibition of Plk1 itself or of CDK1, as well as upon conditions of
general, unselective kinase inhibition. We found that CDK1 is indeed the primary upstream kinase responsible for PBD-binding motif
phosphorylation of Plk1 substrates, and the comparison with general kinase inhibition suggests little effects from other kinases. In
these analyses, we were also able to identify many known and new
CDK1-dependent Plk1 interactors and Plk1 self-priming substrates.
As noted previously, a previous study used recombinant wild-type
and Pincer PBD fragments of Plk1 linked to a solid support as bait to
fish out candidate phosphorylation-dependent PBD interactors from
U2OS cell lysates (44). Although the overlap between our and their
data sets is low, likely due to the unique methods and approaches used
in each study, we note that they include CDK1 activity–dependent,
Plk1 activity–dependent, and stable interactors among them. Thus,
the present work adds additional context to our still incomplete understanding of Plk1 substrate recognition and biology.
Consistent with Plk1 localization to spindle poles, kinetochores,
central spindle, and the midbody, we identified many Plk1 interactors
with known localization to these structures, but we also observed
interactions of Plk1 with proteins known to localize to the Golgi apparatus and the endoplasmic reticulum. Plk1 phosphorylation was
previously shown to inhibit golgi reassembly and stacking protein
of 65 kDa function in Golgi tethering (60, 61). Our analysis identified 25 proteins thought to localize to the Golgi apparatus, which
potentially expands the regulatory role of Plk1 for this organelle in
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To further support the physiological role of PP6 as the phosphatase responsible for Aurora A T-loop dephosphorylation in cells, we
separately incubated purified PP1c and ATP with Plk1 or not and
used these preparations to test whether Plk1 activity could reduce
the capacity for PP1c to dephosphorylate the Aurora A T-loop. Notably, PP1c was equally capable of dephosphorylating Aurora A
pThr288 in the presence or absence of Plk1 activity (fig. S9), contrary
to our and others’ observations (14–16) of the dependence of Aurora
A T-loop phosphorylation on Plk1 activity in cells or with PP6R2PP6c complexes in vitro (Fig. 5, A and C).
Next, we tested our hypothesis in mitotically arrested HeLa cells
transduced with pooled short hairpin RNA (shRNA)–containing
baculoviruses previously shown to efficiently reduce PP6c protein
abundance and increase Aurora A Thr288 phosphorylation site occupancy (55). HeLa cells were infected with either control or PP6c
shRNA baculoviruses and synchronized in mitosis using Taxol. As
previously shown (54, 55), Aurora A Thr288 phosphorylation significantly increased upon reduction of PP6c protein abundance (Fig. 6A).
Conversely, Aurora A Thr288 phosphorylation significantly decreased
upon treatment with Plk1 inhibitor BI2536 (Fig. 6A, column 3) and
was abolished in the absence of PP6c, which suggests that the effect of
Plk1 on Aurora A Thr288 phosphorylation is mediated by PP6c. To
determine whether this effect is specific to a PP6R2-containing holoenzyme, we repeated this analysis with small interfering RNA (siRNA)
to reduce PP6R2 abundance and saw similar effects on Aurora A
Thr288 phosphorylation (Fig. 6B). As with PP6c, this PP6R2-dependent
increase in Aurora A Thr288 phosphorylation was insensitive to Plk1
inhibition (Fig. 6B).
These results suggest a model in which, in premitotic cells, active
PP6R2-PP6c keeps Aurora A activity in check by T-loop dephosphorylation (Fig. 7A). As cells advance toward and into mitosis,
increased activation of the CDK1–cyclin B complex generates a Plk1
binding site on the PP6R2-PP6 complex, thereby allowing for Plk1-
mediated phosphorylation of the holoenzyme and reducing PP6
activity toward Aurora A (and potentially other substrates; Fig. 7B).
This has the effect of positively reinforcing Plk1 activity because decreased PP6 activity leads to increased Aurora A activity, the Plk1
T-loop kinase. Starting in anaphase, however, Plk1 decreases in abundance by protein degradation, which reduces the Plk1-PP6R2 interaction and resets the potential for reactivation of PP6R2-PP6c activity
in subsequent cell cycles (Fig. 7C).
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Fig. 7. Model of regulatory feedback governing Aurora A, Plk1, and PP6. (A) In G2, Aurora A and Plk1 activities are low,
three enzyme activities and their temporal
and PP6R2-PP6c activity is high, serving as a check on premature Aurora A activation. (B) As cells enter mitosis, Aurora
regulation during mitotic progression. In
A is activated, and PP6R2 is primed by the CDK1–cyclin B complex, promoting Plk1 activation and phosphorylation-
the G2 phase of the cell cycle, the activities
dependent inhibition of PP6. This results in a net increase in Aurora A phosphorylation and activity. (C) At the onset
of Aurora A and Plk1 are low and that of
of anaphase, protein turnover of cyclin B, Plk1, and Aurora A breaks this feedback loop and resets the PP6R2-PP6c
PP6R2-PP6c is high, serving as a check on
complex for the subsequent cell cycle.
premature Aurora A activation (Fig. 7A).
As cells enter mitosis, Aurora A is activated by CDK1–cyclin B complexes (62),
mitosis. Furthermore, we found proteins that are part of the nuclear increasing phosphorylation occupancy of its T-loop as the balance
pore and envelope, both of which undergo phosphorylation-dependent of Aurora A autophosphorylation and PP6-dependent dephosphordisassembly and reassembly in prophase and telophase, respective- ylation shifts. Furthermore, our findings suggest that CDK1–cyclin
ly. Finally, proteins were identified as Plk1 interactors that constitute B–mediated phosphorylation of PP6R2 primes it for Plk1-mediated
the ribosome, which could contribute to the halting of transcription phosphorylation without inhibiting its activity. In our model, inand translation in mitosis. Thus, our analyses reveal new entry points creased Aurora A activity promotes Plk1 activation through phosinto the investigation of Plk1 function(s) in organelle organization phorylation of its T-loop, which, in turn, leads to phosphorylation
and distribution in mitosis.
and inhibition of PP6 (Fig. 7B). This results in a net increase in
When we grouped Plk1-interacting proteins by their binding be- Aurora A phosphorylation and reduction in T-loop dephosphoryla
havior into kinase activity–dependent and stable interactors, we were t ion as cells enter mitosis. Finally, protein turnover of cyclin B,
surprised to find such a large complement of stable binders in the Plk1, and Aurora A at the onset of anaphase breaks this feedback
Plk1 interactome. Further bioinformatics interrogation of these pro- loop (Fig. 7C). Although beyond the scope of the present work, it is
teins revealed that these stable interactors were enriched in PBD possible that an as-yet unidentified phosphatase activated in or
sequence motifs previously reported to be phosphorylated, suggesting unique to G1 serves to further reset the PP6R2-PP6c complex for
that their Plk1 binding might be phosphorylation-dependent but not the subsequent cell cycle. Future investigations of other Plk1-
dynamically turned over by a phosphatase. When kinases are inhibited interacting proteins, their regulatory inputs by phosphatases, and
in cells, reduction in their substrate phosphorylation requires either their biological function will further enrich our understanding of
substrate protein turnover or dephosphorylation by a protein phos- Plk1 function.
phatase because cessation of kinase activity under static conditions
does not by itself change the abundance of substrate phosphorylation.
Here, in the absence of phosphatase activity, such a phosphorylation MATERIALS AND METHODS
site and, thus, its phosphorylation-dependent protein-protein inter- Small-molecule inhibitors, antibodies, and siRNAs
action would be transparent to our approach. This prompted us to BI2536 was synthesized in-house. MG132, Taxol, nocodazole, and
further dissect the stability of interactor binding using Pincer mutant staurosporine were purchased from Tocris Bioscience, and flavoPlk1. Although not conclusively demonstrative of phosphorylation- piridol was purchased from Sigma-Aldrich. Stock solutions were predependent interactions, the combined use of wild-type and conserv pared in DMSO (Sigma-Aldrich).
Antibodies to Plk1 (catalog no. P5998) and Aurora A (catalog no.
ative Pincer mutations in Plk1 suggest the potential for differential
phosphatase recognition and/or opposition of the PBD motif of Plk1 A1321) were purchased from Sigma-Aldrich; antibodies to 53BP1
substrates, which would represent an additional layer of regulation (catalog no. 4937), Prc1 (catalog no. 3639), and phosphorylated Aurora A
(Thr288) (catalog no. 3079) were purchased from Cell Signaling
of Plk1 signaling for further investigation.
One of these stable substrates is the PP6c-PP6R2-ANR28 holo- Technology; antibodies to Mklp2 (catalog no. 172620) and PP6R2
enzyme complex. PP6 was previously shown to be the T-loop phos- (catalog no. 72032) were purchased from Abcam; antibody to Myc
phatase that opposes Aurora A (54), the kinase that activates Plk1 (clone 9E10) was purchased from Bio X Cell; and antibody to KIF14
(12–14). We found that, although the Plk1-PP6 interaction requires (catalog no. GTX103196) was purchased from GeneTex. Antibodies to
CDK1 phosphorylation of a PBD motif in PP6R2, it is not dynami- KIF2C and Astrin were gifts from D. Compton (Dartmouth Medical
A

TPX2

B

TPX2

15 May 2018

C

8 of 12

Downloaded from http://stke.sciencemag.org/ on April 20, 2021

Kettenbach et al., Sci. Signal. 11, eaaq1441 (2018)

P

SCIENCE SIGNALING | RESEARCH ARTICLE
School). Antibody to lamin A/C was a gift from F. McKeon (Harvard
Medical School). Secondary antibodies were obtained from Molecular
Probes (Alexa Fluor 488/568–conjugated goat anti-rabbit/mouse,
Invitrogen) and Jackson ImmunoResearch [goat-anti rabbit/mouse–
horseradish peroxidase (HRP)].
Single siRNA against PP6R2 was obtained from GE Healthcare
Dharmacon. shRNAs against PP6c and control shRNA were previously described (55).

Cell culture
HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) with 10% fetal bovine serum (HyClone) and
penicillin-streptomycin (100 U/ml and 100 g/ml; Invitrogen) at
37°C in a humidified atmosphere with 5% CO2. For SILAC experiments, HeLa cells were grown in arginine- and lysine-free DMEM
with 10% dialyzed fetal bovine serum (HyClone) supplemented with
either 13C615N2-lysine (100 mg/liter) and 13C615N4-arginine (100 mg/liter;
Cambridge Isotope Laboratories Inc.) (heavy) or identical concentrations of isotopically normal lysine and arginine (light) for at least
six cell doublings.
Small-molecule inhibitor treatment of SILAC HeLa cells
Heavy- and light-labeled HeLa cells were synchronized by a double
thymidine block; 3 hours after washout of the second thymidine
block, 100 nM Taxol was added to the cells for 10 hours. Cells were
treated with 10 M MG132 for 30 min, followed by addition of 100 nM
BI2536, 5 M flavopiridol, or 1 M staurosporine to heavy-labeled
HeLa cells for an additional 30 min; a total of four control (no Plk1
antibody), two Taxol-only (vehicle), four BI2536, three flavopiridol,
and two staurosporine-treated SILAC samples were prepared. After
inhibitor treatment, HeLa cells were collected by mitotic shake-off
and counted. Equal counts of heavy- and light-labeled HeLa cells
were mixed, washed twice in phosphate-buffered saline (PBS), and
Kettenbach et al., Sci. Signal. 11, eaaq1441 (2018)
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SDS-PAGE and Western blotting
SDS–polyacrylamide gel electrophoresis (PAGE) was performed using
Novex (Life Technologies) precast 4 to 12% bis-tris gels. Samples were
prepared by heating to 95°C in 4× lithium dodecyl sulfate sample
buffer containing 5 mM dithiothreitol (DTT) (Life Technologies) for
5 min, followed by electrophoresis at 150 V for 90 min in Mops running buffer. Western blotting was performed using a Bio-Rad transfer
system to nitrocellulose in 20% methanol transfer buffer at 100 V for
1 hour in ice. Membranes were blocked for 1 hour in 3% milk/ tris-buffered
saline-Tween 20, followed by incubation with primary antibody overnight, washing, and incubation with secondary antibody for 1 hour.
Antibodies to Plk1 and Aurora A were used at 1:2000; antibodies to
53BP1, Prc1, anti-Myc clone 9E10, Kif14, and phosphorylated Aurora
A (Thr288) were used at 1:500; antibodies to Mklp2, Kif2c, Astrin, and
PP6R2 were used at 1:1000; and lamin A/C was used at 1:10,000. All
secondary antibodies were used at 1:3000.
Immunoprecipitation
For Plk1 immunoprecipitation, antibody to Plk1 (Sigma-Aldrich) was
loaded on protein G–agarose beads (Roche) at antibody (1 mg/ml) to
beads and cross-linked. HeLa cells were lysed in lysis buffer [50 mM tris-
HCl (pH 7.5), 150 mM NaCl, 1 mM MgCl2, 1 mM EDTA, 0.5% Triton
X-100, 1 mM -glycerophosphate, 1 mM sodium molybdate, 1 mM
sodium fluoride, 1 mM sodium tartrate, and protease inhibitors]. The
lysate was clarified by centrifugation at 12,000g for 30 min at 4°C. The
supernatant was transferred to a new tube and incubated with 15 g of
antibody for 2 hours at 4°C while rotating. Anti-Myc and anti-Flag
immunoprecipitations were carried out as described above, with the
exception that, for anti-Myc immunoprecipitations, antibody clone
9E10 was cross-linked to protein G–agarose beads (Roche) with 10 mM
dimethylpimelimidate (Sigma-Aldrich) and used at 15 g antibody
per immunoprecipitation and, for anti-Flag immunoprecipitations,
10 l of M2-Flag agarose suspension (Sigma-Aldrich) was used per
IP. Each Myc-Plk1, Myc-Pincer, Flag-Plk1 and Flag-Pincer immuno
precipitation was performed in duplicate. Afterward, beads were washed
three times with lysis buffer and three times with PBS, eluted with SDS
sample buffer at 70°C for 5 min, reduced with 5 mM DTT at 55°C for
15 min, cooled to room temperature, alkylated with 15 mM iodoacetamide (Sigma-Aldrich) in the dark for 1 hour, and resolved by SDS-PAGE.
Gel bands were excised, destained, trypsin-digested, and analyzed by
LC-MS/MS (described below).
Mass spectrometry
Plk1 immunoprecipitations were analyzed by nanoscale microcapillary LC-MS/MS on an LTQ-Orbitrap (Thermo Fisher Scientific),
as described in (17). Anti-Myc and anti-Flag immunoprecipitations
(described above) were analyzed on an Orbitrap Fusion (Thermo
Electron) or Q Exactive Plus (Thermo Fisher Scientific) equipped
with an EASY-nLC 1000 (Thermo Fisher Scientific) and a nanospray
source. Peptides were resuspended in 5% methanol/1% formic acid
and loaded onto a trap column (1-cm length, 100-m inner diameter,
Reprosil, C18 AQ 5-m 120 Å pore; from Dr. Maisch GmbH HPLC)
vented to waste via a MicroTee and eluted across a fritless analytical
resolving column (35-cm length, 100-m inner diameter, Reprosil,
C18 AQ 3-m 120 Å pore) pulled in-house (Sutter P-2000, Sutter
Instruments) with a 60-min gradient of 5 to 30% LC-MS buffer B
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Cloning, mutagenesis, and transfection
Human Plk1 was amplified from HeLa complementary DNA (cDNA)
and cloned into the p3×Flag-CMV10 (Sigma-Aldrich) or pBMN6Myc-neo vector and confirmed by DNA sequencing. Pincer (H538A
and K540M) and kinase-deficient (KD1: K82M; KD2: D176N) mutations were introduced into the Plk1-coding sequence by site-directed
mutagenesis using the QuikChange II Site-Directed Mutagenesis
kit (Stratagene) according to the manufacturer’s instructions and
were confirmed by DNA sequencing. HeLa cells were transfected
with p3×Flag-CMV10-Plk1 or p3×Flag-CMV10-Pincer-Plk1 using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions and selected with G418. pBMN-6Myc-Plk1, pBMN-6Myc-
Pincer-Plk1, pBMN-6Myc-Plk1-KD1, and pBMN-6Myc-Plk1-KD2
vectors were packaged in 293T A′ cells; viral supernatants were used
for HeLa infections; and cells were selected with G418. Human PP6R1,
PP6R2, PP2R3, ANR28, ANR44, and ANR52 were amplified from
HeLa cDNA and cloned into the pBMN-6Myc-neo vector and confirmed by DNA sequencing. PBD motif mutations T724A (PBD1)
and S771A (PBD2) and Plk1 substrate site mutations T10A or T10E,
S289A or S289E, and S823A or S823E were introduced into the PP6R2
coding sequence by site-directed mutagenesis using the QuikChange
II Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer’s instructions and were confirmed by DNA sequencing.
Vectors were packaged in 293T A′ cells, viral supernatants were used
for HeLa infections, and cells were selected with G418.

lysed under nondenaturing conditions with a mild detergent for
immunoprecipitation.
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MS data analysis
All total peptide counts were input into the computational tool SAINT
(35) using the Contaminant Repository for Affinity Purification
(CRAPome) interface (34). For a protein to be considered for further
analysis, we required the interaction to have an average probability in
individual replicates (AvgP) score in the SAINT analysis of 0.9 or above
in at least three of the six conditions. Furthermore, we required that
proteins were identified in at least one of the replicates for all conditions, were highly enriched above the control immunoprecipitations
(one peptide or 20-fold increase in peptide count compared to sample),
and have a mean peptide count of at least 2. Agglomerative hierarchical
clustering was carried out using the Euclidian distance similarity metric
and centroid linkage in Cluster 3.0 software (67). Significance of differences in binding upon kinase inhibitor treated was determined by
an unpaired, two-tailed Student’s t test. To control for multiple comparisons, Benjamini-Hochberg correction were used. Cutoffs were chosen
on the basis of known Plk1 activity–dependent interactors. The output
was visualized by Java Treeview 1.1.1 (68). Protein-protein interactions
between identified Plk1-interacting proteins were determined using the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)
database and analyzed in Cytoscape (69, 70). Edges represent protein-
protein interactions based on the STRING database. GO annotations
were performed in Cytoscape using the Biological Networks Gene Ontology (BiNGO) Java tool to test for ontology enrichment. To determine
significance of enrichment of terms, a Bonferroni-corrected P value
cutoff of 0.05 was used.
Quantitative comparisons of protein abundance by Western blot or
immunofluorescence microscopy were performed on biological replicates (n ≥ 3) using two-tailed Student’s t test in Prism 5 (GraphPad). Sequence alignment for PP6R2 was performed using the OrthoMCL-DB
for chordates, as described (49, 50).
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In vitro kinase and phosphatase reactions
Aurora A–TPX2 and Plk1 were purified from Sf9 insect cells, as previously described (17), including addition of okadaic acid (100 nM)
to Sf9 cells 2 hours before collection to maximize T-loop phospho
rylation site occupancy. Cyclin B was amplified from HeLa cDNA and
cloned into pFastBac1-GST (Gibco) vector. Cdk1 was cloned into
empty pFastBac1 (Gibco). Constructs were sequenced, confirmed,
and transformed into DH10Bac Escherichia coli (Gibco); recombinant bacmid DNA was isolated; and recombination was confirmed
by polymerase chain reaction (PCR). Bacmids were transfected into
Sf9 cells using Cellfectin (Gibco) according to the manufacturer’s instructions to generate the P1 virus stock. For insect cell protein expression, Sf9 cells were infected with virus stocks, and 72 hours after
infection, cells were harvested, lysed in glutathione S-transferase
(GST) lysis buffer containing PBS, 0.5% Triton X-100, 1 mM EDTA,
0.5 mM DTT, and protease inhibitors. Lysates were clarified at 8000g
at 4°C for 30 min, and glutathione-Sepharose was added and incubated for 1 hour with rotation at 4°C. Sepharose was washed, eluted
with reduced glutathione, and dialyzed overnight against 50 mM Hepes
(pH 7.5), 10 mM MgCl2, 5 mM MnCl2, 1 mM DTT, and 10% glycerol.
For bacterial cell protein expression, full-length SAPS2 was subcloned into pET16better vector containing a N-terminal 10-His tag
using traditional cloning methods. Plasmid was transformed into E. coli
(BL21-DE3-Rosettas), grown to an optical density of 600 nm (OD600)
of ~1.0, and induced with 0.5 mM isopropyl--d-thiogalactopyranoside (IPTG) for 18 hours at 18°C. Cells were centrifuged at 8000g at
4°C for 10 min and stored at −80C. For purification, cells were resuspended in buffer A [50 mM tris-HCl (pH 7.5), 300 mM NaCl, 5%
glycerol, 5 mM -mercaptoethanol, and a protease inhibitor tablet]
and sonicated. Lysates were then cleared at 20,000g at 4°C for 20 min
and passed through a 0.22-m filter. Purification was then performed
by passing the lysate through a nickel-NTA column and eluted with 100%
buffer B (buffer A with the addition of 500 mM imidazole). Coupling
to CNBr-Sepharose was performed per the manufacturer’s protocol.
PP6R2 was amplified from HeLa cDNA and cloned into p3×Flag-
CMV10. PP6c was amplified from HeLa cDNA and cloned into
pcDNA3.1. PP6R2 and PP6c were cotransfected into 293T cells and
purified using M2-Flag agarose (Sigma-Aldrich). For in vitro kinase
and phosphatase assays, 10 ng of PP6R2-PP6c was incubated with 5 ng
of Plk1, 5 ng of CDK1–cyclin B, or both in 20 mM Hepes (pH 7.5),
10 mM MgCl2, 5 mM MnCl2, 1 mM DTT, BSA (0.1 mg/ml), and 200 M
ATP for 30 min at 30°C. One hundred nanograms of Aurora A–TPX2
was incubated with 1 M staurosporine in 20 mM Hepes (pH 7.5),
10 mM MgCl2, 5 mM MnCl22, 1 mM DTT, and BSA (0.1 mg/ml) for
30 min at 30°C. After 30 min, 100 ng of Aurora A–TPX2 was added
to the respective PP6R2-PP6c condition and further incubated for
30 min at 30°C. Reactions were quenched by the addition of 2× SDS-
PAGE sample buffer and analyzed by Western blotting (described
below) for total and pThr288 Aurora A.
SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/11/530/eaaq1441/DC1
Fig. S1. SDS-PAGE gels of control and Plk1 IPs.
Fig. S2. Comparison of the effects of flavopiridol and staurosporine on Plk1 interactions.
Fig. S3. GO analyses.
Fig. S4. Protein complexes in the Plk1 interactome.
Fig. S5. First-degree neighbors of CDK1-targeted Plk1 interactors.
Fig. S6. Regulatory subunit interactors of PP6 and Plk1.
Fig. S7. Conservation of candidate PBD-binding motifs in PP6R2.
Fig. S8. Termination of the Plk1-PP6 interaction.
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[LC-MS buffer A: 0.0625% formic acid, 3% acetonitrile (ACN); LC-MS
buffer B: 0.0625% formic acid, 95% ACN]. The Q Exactive Plus
was set to perform an Orbitrap MS1 scan [R = 70 K; automatic gain
control (AGC) target = 3 × 106] from 350 to 1500 Thomson, followed
by high-collision energy dissociation (HCD) MS2 spectra on the 10
most abundant precursor ions detected by Orbitrap scanning (R =
17.5 K; AGC target = 1× 105; maximum ion time = 75 ms) before
repeating the cycle. Precursor ions were isolated for HCD by quadrupole isolation at a width of 0.8 Thomson and HCD fragmentation
at 26 normalized collision energy (NCE). Charge state 2, 3, and 4
ions were selected for MS2. Precursor ions were added to a dynamic
exclusion list of ±20 parts per million (ppm) for 20 s. The resulting data
files were searched using Comet software (63) against a target-decoy
(reversed) (64) version of the human proteome sequence database
(UniProt; downloaded February 2013) with a precursor mass tolerance of ±1 Da and requiring fully tryptic peptides with up to three
miscleavages. Carbamidomethylcysteine was enabled as a fixed modification. Oxidized Met and isotopically heavy-labeled Arg and Lys
were enabled as variable modifications. The resulting peptide spectral
matches were filtered to <1% false discovery rate (FDR) for peptides
based on reverse-hit counting [mass measurement accuracy cutoffs
(MMA) within ±2.5 ppm, a delta-XCorr (dCn) of greater than 0.08,
and appropriate XCorr values]. Protein ratio quantification was performed using MassChroQ (65). Log2 heavy to light ratios were medianadjusted for mixing errors. Label-free protein quantification for
Myc- and Flag-tagged Plk1 and Pincer-Plk1–interacting proteins was
carried out by intensity-based absolute quantification (iBAQ) (66).
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Fig. S9. Dependence of PP1c on Plk1 activity in dephosphorylating the Aurora A–TPX2
complex.
Table S1. SILAC-based identification of kinase inhibitor–responsive Plk1 protein-protein
interactions.
Table S2. Number of SP/TP and SSP/STP motifs in Plk1 interactors.
Table S3. Wild-type and Pincer mutant Plk1 protein-protein interactions.
Table S4. SILAC-based identification of Plk1 inhibitor–responsive phosphorylation sites on
PP6R2.
Table S5. In vitro confirmation of CDK1–cyclin B phosphorylation occupancy of PP6R2.
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Plk1 network dynamics
Mitosis, a process of cell division, is regulated by a network of kinases, including Plk1 and Aurora A. Kettenbach et
al . examined the Plk1 protein interaction network upon disruption of phosphorylation-dependent substrate targeting.
From the interactions that persisted, the authors discovered that Plk1 promotes amplification of Aurora A activity during
mitosis by binding to, phosphorylating, and inhibiting the phosphatase PP6. This explains the previously puzzling finding
that Plk1 not only is activated by Aurora A but is also critical for Aurora A activity. The wealth of network data in this study
more generally furthers our understanding of mitosis control, which may inform drug development against cancer and
other diseases.

