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ABSTRACT

Alteration of mitotic gene function has recently been discovered to play a key role in
tumor formation and cancer progression through the induction of chromosomal
aberrations and genomic instability. Polo-like-kinase-1 is a critical mitotic regulator,
overexpressed in human tumors, that functions in mitotic entry after cellular stress,
centrosome maturation, mitotic spindle control, and cytokinesis, which are all
disregulated in cancer cells. To study the role of Polo-like kinases we took advantage of
the recent discovery that the polo-box domain of Polo-like kinases is a phosphorylation-
dependent binding module that regulates targeting of Polo-like kinases to their substrates.
To identify the interactors of Polo-box domains we developed and performed a mitotic-
specific yeast two hybrid and a pulldown mass spectrometry screen. This yielded a large
number of specific interactors known to be involved in a vast variety of mitotic processes
including those previously described to be involved in tumor progression. We
demonstrate that Polo-like kinase regulation of cytokinesis-specific guanine-nucleotide
exchange factors for the small G-protein Rho is necessary for proper actomyosin ring
contraction and cytokinesis. Additionally we demonstrate that Polo-like-kinase-1 directly
regulates the activity of the Rho-effector-kinase ROCK2, and thus Polo-like kinases
modulate Rho signaling both upstream and downstream of Rho during cytokinesis. In
addition to Polo-box domains we also worked on two other phosphorylation-dependent
binding domains involved in cell cycle checkpoints that become disregulated in cancer
cells, tandem BRCT domains and WW domains. We examined the molecular basis for
phosphorylation-dependent recognition by the tandem BRCT domains of BRCA1
through oriented-peptide-library screening and determination of an X-ray crystal
structure of the domain bound to a phosphopeptide. This allowed us to rationalize why
inherited mutations within the tandem BRCT domains of BRCA1 promote breast and
ovarian cancer in humans. Secondly, we assayed WW domains that were generated from
in silico determined sequences for natural-like function to more fully understand the
folding and binding requirements of this domain class. All three domains (tandem BRCT
domains, Polo-box domains, and WW domains) are attractive targets for cancer
therapeutics as they participate in control of processes necessary for genomic stability
that become disregulated in cancer.
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Chapter One

Polo-like Kinases Control Mitotic Progression

Portions Adapted and Expanded From:

Drew M. Lowery, Dan Lim, and Michael B. Yaffe.
Structure and Function of Polo-like Kinases. Oncogene 24, 2005.

Contributions:
Dan originally wrote the sections on Polo-box structure that are expanded here and made
Figure 1.4, and Mike contributed significant input to many sections. I expanded and re-

wrote all previously written sections, wrote the new sections, and made the remaining

figures.



The primary function of the eukaryotic cell cycle is the complete and accurate
transmission of the full genetic material to the two daughter cells. In order to coordinate
the multitude of cellular events required, there has to be an over-arching regulatory
strategy to provide spatial and temporal control of each step. Part of this order is
established through separation of distinct cell cycle phases (G1, S, G2, M) by checkpoints
that ensure that the previous series of events has completed before the next series of
events begins. Particularly difficult to coordinate is M phase, or mitosis, as an
interconnected series of events, including centrosome separation, spindle assembly and
disassembly, chromosome segregation, and cytokinesis, need to play out in rapid
succession with no room for error. Errors in these processes lead to genetic instability
and chromosomal aberrations, which are a hallmark of tumor formation and cancer, that
have recently been implicated as being a potential initiating event in some cancers [1-4].
Thus, a full understanding of the mitotic control machinery will enable great insight into
the processes of tumor initiation and progression, and hopefully lead to the ability to
prevent tumors from forming [5, 6]. This thesis further describes the roles of Polo-like
kinase regulation of mitotic processes, particularly cytokinesis, in an attempt to
understand the consequences of disregulation of Polo-like kinases that are seen in human

cancers.

General Roles and Evolution of Polo-like kinases

Polo-like kinases (Plk) play key roles during multiple stages of mitosis, including
prophase, metaphase, anaphase, and cytokinesis, in addition to less well-understood roles
during G1/S and in response to DNA damage [7]. Originally named after the phenotype
in flies, polo was found to encode a protein kinase whose mutation resulted in abnormal
spindle poles [8, 9]. Flies, budding yeast, and fission yeast contain a single Plk family
member (Polo, Cdc5, and Plol1 respectively), while humans, mice, frogs, and worms have
3 PIk family members, denoted Plk1/Plx1/Plcl, P1k2/P1x2/Plc2 (originally known as Snk)
and P1k3/Pix3/Plc3 (originally known as Fnk or Prk).

Plks are defined by two conserved features — an N-terminal Ser/Thr kinase

domain and a C-terminal duplicated Polo-box region (Figure 1.1). The kinase domains
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are very highly conserved among all Plks, and most closely resemble those in Aurora
kinases and calcium/calmodulin-dependent kinases. The region that encompasses the
two C-terminal Polo-boxes is much less conserved, with only ~70 amino acids
considered to form the “core”, which constitutes less than half the full length of the C-
terminal domain. This entire region has recently been re-named the Polo-box domain
(PBD) due to the fact that it functions as a single unit, as described in detail below.

In humans, PIk1 is expressed primarily during late G2 and M phases, where it
appears to regulate much of the machinery involved in mitosis [7, 10]. Plk2 is expressed
primarily in early G1, where it may control entry into S phase [11-13]. PIk3 appears to
be expressed at constant levels throughout the cell cycle, and plays a role in several stress
response pathways, including those activated by DNA damage and spindle disruption
[14-17]. PIk2 and P1k3 may also have overlapping roles with Plk1 in several mitotic
functions, most notably Golgi fragmentation and cytokinesis [18-22]. In addition, P1k2
and P1k3 have roles in remodeling post-mitotic neurons [23, 24]. Yeast and flies
probably accomplish the same set of functions using only their single Plk family
members, though the mitotic functions of these kinases have been more extensively
studied. Similarly, there has been only limited study of worm Plks, and the data so far
suggests that these genes have only limited overlapping functions with other Plk1
orthologs and paralogs [7].

Each of the three Plks in humans, mice, and frogs appear to be orthologous
between species and paralogous within a species, since phylogenetic analysis of their
sequences reveals that each group clusters separately (Figure 1.2A). Thus, the expansion
from one to three Plks must have been an early evolutionary event. However, this
expansion appears to have occurred at least twice because the three worm Plk paralogs
cluster together separately from the Plks of other organisms. This is consistent with the
individual worm Plks having less functional overlap with the other Plk family members.
Plk genes from organisms with single family members are slightly more evolutionarily
conserved with the Plk1 class than any other, belying their conserved mitotic function
(Figure 1.2B).

There are no identified proteins with homology to Plks in bacteria, archae, or

plants. This is somewhat surprising for plants because they have cyclin dependent
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kinases and much of the same cell cycle machinery as yeast and animals. However,
plants also show many novel features of cell cycle control [25]. With several plant
genome sequencing projects complete or nearly complete, it seems increasingly unlikely
that plant Plks are still awaiting discovery.

A fourth family member has also been characterized in humans and mice, and
sequenced in frogs and flies, called Sak or Plk4. Plk4 has a C-terminus that is highly
divergent from the other Plk family members, though its kinase domain closely resembles
all other Plks. At the extreme C-terminus, Plk4 contains a single “Polo-box” instead of
the tandem “Polo-box” repeats seen in all other Plks. This single “Polo-box” is the most
divergent in sequence and has been shown to mediate Plk4 dimerization in vitro and
when overexpressed in vivo [26]. Like all other Plks, Plk4 has been implicated in
orchestrating cytokinesis [26-28], but its function remains largely unknown. The large
(>500 amino acids) region between the kinase and the single Polo-box in Plk4 is a
complete mystery as it has no obvious strong homology to any known proteins, and no

function has been assigned to it.

Function of the Polo-Box Domain

Plk activity is controlled by intracellular localization, in addition to being
regulated at the level of protein abundance. During prophase and metaphase, Plk1 and
related family members localize to centrosomes and spindle pole bodies [29-34], where
they are required for spindle assembly and centrosome maturation, presumably by
phosphorylating largely unknown centrosome-associated targets [35, 36]. Plk1 family
members then re-localize to the spindle midzone during late anaphase [10, 30, 33, 37, 38],
perhaps facilitating microtubule sliding or some aspect of kinetochore dynamics [39], and
eventually come to flank the central portion of the cytokinetic bridge (i.e. the midbody)
during telophase and cytokinesis [10, 31, 33, 39, 40]. At least for Cdc5, a portion of the
protein is localized at the future site of cytokinesis (the bud neck in budding yeast) from
late G2 onward [41] indicating that Plks may be involved in organizing the structures that

will eventually result in cytokinesis.
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The PBD is critical for both Plk localization and function, since mutations in the
conserved residues of human PIk1 result in loss of Plk1 localization to spindle poles and
the bud neck and an inability to support mitosis at the restrictive temperature in cdc5-ts
complementation experiments [29]. Overexpression of the isolated PBD causes a failure
to complete cytokinesis in budding yeast [42], and pre-anaphase arrest in mammalian
cells [43]. The molecular basis of PBD function was clarified by the recent finding that
the entire PBD, including both Polo-boxes, the region between them, and a portion of the
linker between the end of the kinase domain and the first Polo-box, function as a single
phosphoserine/threonine-binding module that bind proteins after they have been
phosphorylated by CDKs [44]. Intriguingly, the optimal sequence motif recognized by
the PBD is Ser-[pSer/pThr]-[Pro/X], suggesting that Cdks, MAP kinases, and other
mitotic kinases might generate “priming” phosphorylations on substrates or docking
proteins to localize Plks in the vicinity of their substrates. An optimal PBD-binding
phosphopeptide displaces the PBD from binding to centrosomes in experiments using
permeabilized cells [44], and mutations in the PBD that prevent phospho-peptide binding
(Fig 1A) also prevent centrosomal localization [45]. The optimal binding motif for all
Plks tested (including Plk2, P1k3, Plx1, and Cdc5) was the same as for Plk1, with very
strong selection seen for Ser in the position before the phosphorylated residue and very
little selection elsewhere [45]. Binding of the Plk1 PBD to a filter array of peptides,
based on the optimal binding peptide with one residue mutated in each spot, indicates that
the Ser in the -1 position is an absolute requirement for binding phosphopeptides in vitro
[45]. Other positions showed varying degrees of specificity, with the inability of certain
residues at certain positions to bind the PBD, the most obvious feature [45]. Thus, the
phosphopeptide-binding function of the PBD is conserved across species and among
family members, and is intricately linked to how Plks control cell cycle progression
through mitosis.

There are two alternative, though not mutually exclusive, models for how the
PBD might function to direct Plk kinase activity (Figure 1.3). In one model, which we
refer to as the “processive phosphorylation” model, the PBD first binds to a site on a
protein that has been previously phosphorylated by a mitotic priming kinase. This

positions the kinase domain of Plk to phosphorylate the same protein at another site. This
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type of processive phosphorylation is seen for the Tyr kinase Src, which contains a pTyr-
binding SH2 domain [46-48], and for the Ser/Thr kinase GSK-3, whose kinase domain
contains a separate pSer/pThr-binding pocket in the substrate binding cleft [49].

Plk1 substrates should contain both PBD-binding sites and kinase
phosphorylation motifs if the processive model is correct. Therefore, the model can be
examined by looking at known Plk substrates, of which a subset will be discussed here
cursorily and many more will be discussed in great detail in the following section (see
below and Table 1.1). Verified in vivo Plk1 substrates include Cdc25C [50], Brea2 [51],
Mytl [52], cyclin B [53-55], NudC [56], Nlp [57], TCTP [58], MKIp1 [39, 59], MKlp2
[60], Grasp65 [61, 62], and Weel [41, 63]. All of these contain potential PBD-binding
sites, but only half match the phosphorylation motif of the only known priming kinases
for PBD-binding, CDK/MAPK. Also, Cdc25C, MKlp1, MKIp2, TCTP, Grasp65, and
NudC have been definitively shown to interact with the Plk1-PBD [44, 45, 56, 58-62].
(Interactions with the other substrate proteins have either not been examined or have only
been assessed with full-length Plk1.) In addition, Cdc25C, Brca2, MKlp2, Grasp65,
Weel, and Myt are known to be phosphorylated by Cdk1, and NudC, cyclin B and
TCTP are similarly phosphorylated by mitotic kinases other than Plk1, although the
identity of these kinases and the sites and timing of phosphorylation are not known.
Taken together, these data suggest that the processive phosphorylation model may apply
to at least some of these substrates.

In vitro, however, Plkl can phosphorylate bacterially-produced (and therefore
unprimed) Cdc25C [64], TCTP [58], Myt1 [52], cyclin B [53],[53] and NudC [56],
suggesting that priming phosphorylation is not absolutely required under conditions of
high substrate and enzyme concentration. The kinetics and efficiency of phosphorylation,
before and after a priming phosphorylation, were not investigated for most of these
substrates. Phosphorylation of Cyclin B by Erk, however, was found to dramatically
enhance its subsequent phosphorylation by Plk1 [55], suggesting a potential role of PBD-
binding in Cyclin B phosphorylation by Plk1. Another protein, Emil, was recently
identified as a PIk1 substrate in vitro [65]. Emil could be phosphorylated by non-
physiological concentrations of Plk1 that were ~20-fold higher than those found in
mitotic extracts. However, if Emil was first phosphorylated by Cdk1, then the amount of
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Plk1 that was required was reduced to physiological levels. Quantification of this effect
revealed that incubation of Emil with Cdk1, prior to incubation with Plk1, increased the
phosphorylation of Emil by Plk1 by three-fold [65]. Unfortunately. the sites of Cdk1
phosphorylation on Emil, or the ability of Emil to associate with the PBD of Plk1, were
not examined. Nevertheless, this data clearly agrees with a processive phosphorylation
model. Another recent study demo nstrated that Weel phosphorylation by Plk1 was
stimulated by phosphorylation of Weel by Cdk1 [63]. The site of phosphorylation by
Cdk]1 perfectly matched a consensus site for PBD binding, again indicating a role for the
processive model, though this interaction was not directly addressed in the study. A
separate study demonstrated that these same events likely occur for the budding yeast
homolog of Weel, Swel, though the priming kinase was suggested to be Cla4 instead of
Cdk1 [41].

A novel substrate of Plx1, claspin, was recently described [66]. Claspin binds to
the PBD of PIx1 through a phospho-dependent interaction and is subsequently
phosphorylated on a nearby site [67]. The timing of these two events was clearly
delineated, and the necessity of PBD binding for the subsequent phosphorylation event
was demonstrated. Thus, claspin is the first Plk substrate to definitively use the
processive phosphorylation model, though cyclin B, Emil, and Weel are very strong
candidates for additional Plk substrates that use this process.

A second alternative model is the “distributed phosphorylation” model, in which
the ligand, to which the Polo-box domain binds, is distinct from the substrates, which the
Plk kinase domain phosphorylates (Figure 1.3). In this case, Polo-box domain-binding to
a phosphorylated scaffold or docking protein localizes the kinase domain to specific sub-
cellular structures, proximal to substrates of the kinase domain which could even be
bound to the same scaffold molecule. The movement of Plk1, from centrosomes to
kinetochores and the spindle midzone, and then to the septinring as cells progress from
G2 through mitosis, is consistent with this model. Most of the putative scaffold
molecules have yet to be defined, but there are at least two potential examples of such
Plk1 scaffolds. One of the roles of Plk1-related family members is the activation of the
Anaphase Promoting Complex (APC), and Cdc23/Cut23 is responsible for localizing
Plk/Plo1 to the APC, where additional Plk1/Plo1 substrates are found [68, 69]. The
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kinesin-like proteins Mklp1/2, which seem to carry Plkl to the central spindle during
anaphase and telophase [59, 60], may be the scaffolds for Plk1’s role in cytokinesis,
which presumably requires multiple substrates. Both of the Plk1 scaffolds, Cut23 and
Mklp1/2, are themselves substrates of Plk1, suggesting that they function as more than
simple docking sites.

Both models will surely turn out to be correct for specific Plk substrates, though
which model will predominate is an open question. In either case, the PBD appears to
function as an “AND” gate in the lingo of systems biology, by “integrating” the activity
of other mitotic kinases with that of Plks. By functioning as a pSer/pThr-binding module,
the PBD ensures that Plk-mediated progression through M-phase and sequential
activation of discrete mitotic events occurs if, and only if, a prior CDK/MAPK or other
mitotic kinase phosphorylation has occurred. In the processive phosphorylation model,
the PBD functions as an “integrator” in time — the priming phosphorylation event has to
occur at the same time that Plk kinase is present and active, or else the PBD binding site
will be lost through the rapid action of phosphatases. In the distributive phosphorylation
model, the PBD functions as an “integrator” in space — substrates must be localized in

close proximity to the phosphorylated scaffold molecule to which the PBD has bound.

Cancer Connection of Polo-like Kinases

Elevated Plk1 levels have been found in a wide variety of human tumors
including non-small-cell-lung cancer [70], esophageal carcinomas [71], breast cancer
[72], ovarian cancer [73, 74], pancreatic cancer [75, 76], head/neck squamous cell
carcinomas [77], melanomas [78], colorectal cancer [79, 80], prostate carcinomas [81],
hepatoblastoma [82], and papillary carcinomas [83]. Even more importantly, Plk1
expression levels have prognostic value in determining the course of some of the cancers
listed above, including melanoma, colorectal cancer, and hepatoblastoma [78, 82, 84]. A
subset of these studies have also demonstrated that high PIk1 expression is tightly
correlated with future metastasis [82, 85]. Thus, Plk1 clearly has a role in oncogenesis,
though there is no evidence that Plk1 is an initiating factor in of any of these tumors, and

mutations or epigenetic changes in Plk1 have not been observed in these human tumor
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samples. In transformed cell lines, Plk1 expression is also consistently elevated, and
several mutations have been found in the C-terminal region of Plk1 that disrupt its
interaction with HSP90 [86].

Data from cell culture systens further supports a role for Plk1 in oncogenic
transformation. Overexpression of Plk1 in NIH 3T3 cells produces the classic
transformed phenotype of foci formation in soft agar and tumor formation in nude mice
[87]. The opposite experiment of inhibiting Plk1 activity in transformed cells, such as
U20S cells, completely eliminates the ability of these cells to form foci [88]. Inhibition
of PIk1 in HeLa cells by antibody injection also blocked proliferation [35]. Antisense
oligonucleotides that down-regulate Plk1 cause decreased cell proliferation in MDA-MB-
435 breast cancer cells and A549 non-small cell lung cancer cells in vitro, and tumor
regression when these cells were xenografted onto nude mice [89, 90]. Interestingly, the
viability of non-transformed cells such as amniocytes, mesangial cells and skin
fibroblasts was unaffected by these types of Plk1 downregulation [89]. Depletion of
Plk1 levels through siRNA, in transformed cell lines derived from tumors, causes
apoptosis along with mitotic catastrophe [88, 90, 91]. Strikingly, in primary non-
transformed cell lines, depletion of Plk1 causes only minor cell cycle delays [90, 92].
Co-depletion of p53, however, mimics the cell death phenotypes seen in tumor-derived
cell lines [92]. In a mouse bladder cancer model, Plk1 knockdown by siRNA was able to
shrink tumor size [93].

The recent development of small molecule inhibitors of Plk1 have shed further
light on this subject. The first ATP-competitive inhibitors of Plk1 to be described were
scytonemin [94, 95] and the previously known PI3K inhibitor, wortmannin [96].
However, both these compounds have significant off-target effects that cause cell cycle
phenotypes irrespective of their ability to inhibit Plk1 [94, 96], making them useful solely
as starting points for generating Plk1-specific inhibitors. A high-throughput screening
program at Boehringer-Ingelheim led to the identification of BI 2356, which inhibits Plk1
activity with an IC50 of 0.8nm, and is at least 10,000 fold selective for Plk1 compared to
the range of kinases studied [97]. In cell culture, this inhibitor prevents the proliferation
of a Jarge number of human tumor cell lines by inducing pro-metaphase arrest and

subsequent apoptose [97]. These effects extended to mouse xenograft models where
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treatment with BI 2356 inhibited tumor growth and in some cases caused tumor
regression [97]. This drug is now in clinical trials. Another ATP-competitive inhibitor of
Plk1, LFM-A13, blocked mitosis in breast cancer and glioblastoma cells and delayed
toxicity in the MMTV/neu transgenic mouse [98]. A third inhibitor potently inhibits the
proliferation of a wide variety of tumor cell lines [99]. Overall, the reports on inhibition
of Plk1 through every achievable means point to a critical role for Plk1 in tumor cell
maintenance, if not initiation, and demonstrate that Plk1 is an excellent target for anti-
cancer therapeutics. Thus, we set out to determine more Plk substrates through
identification of PBD binding proteins in order to gain a greater understanding of Plk

function in mitosis and its cancer-promoting properties.

Generation of Polo-box Domain Binding Sites

One way to discover the pathways that Plks and the PBD contribute to is to
identify the kinases that can generate PBD binding sites. So, what kinases might these
be? Any kinase active during a time in the cell cycle when Plk is active, or is active
before Plk but has its phosphorylation sites preserved until Plk is active, and which can
phosphorylate a Ser or Thr with a Ser in the preceding residue, has the potential to
generate PBD binding sites. The initially described PBD binding site-generating kinase
is Cdk1/cyclin B [44, 45], as described for many proteins in the previous section. One
recent interesting example is that Weel phosphorylation by Plk1 was stimulated by
phosphorylation of Weel by Cdkl [63, 100]. The site of phosphorylation by Cdk1
perfectly matched a consensus site for PBD binding (Table 1.1). A separate study
demonstrated that these same events likely occur for the budding yeast homolog of Weel,
Swel, though the priming kinase for PBD binding was suggested to be Cla4 instead of
Cdk1 [41]. Thus, though the Plk-dependent regulation of Weel is conserved between
budding yeast and humans, the upstream kinase is different, suggesting that the PBD
binding is the critical event, not the mechanism of generation of the phosphorylation site.

There are other CDKs that act at various stages of mitosis. Cdkl1/cyclinA is
active during G2 and early mitosis and almost certainly generates some PBD binding

sites, as many of the known PBD binding sites that are assigned to Cdk1/cyclinB from in
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vitro evidence could just as easily be generated by Cdk1/cyclinA in vivo. As part of the
translational shutdown during mitosis, cap-independent translation is increased, and this
generates another CDK, known as p58, which is translated from an internal ribosome
entry site in Cdk11. Intriguingly, lack of p58 due to siRNA causes centrosome, spindle,
and cytokinesis defects, in part because Plk1 is no longer properly recruited to mitotic
structures [101-103]. This suggests that during late mitosis, p58 may be generating the
PBD binding sites on proteins involved in cytokinesis, when Cdk1/cyclinB activity is no
longer present. MAP (mitogen activated protein) kinase cascades have also been
implicated in mitosis at least in early development [104-107]. As MAPKs generate a
similar pSP motif to CDKs and allow for Ser in the -1 position, they could also be
responsible for generating PBD binding sites, though no current evidence for this exists.
Interestingly, Plk1 has been shown to generate its own PBD binding sites on the
cytokinesis kinesin MKLP2 [60], the cytokinesis protein PRC1 [108], and the
kinetochore scaffold PBIP1 [109] (Table 1.1). There is no strong selection for any
residue in the -1 position in the optimal phosphorylation motif of Plks [52] (Jes
Alexander — personal communication), so at random, 1 out of 20 Plk phosphorylation
sites would make a good PBD binding site. MKLP2 and PRC1 both participate in control
of cytokinesis. Thus, during late mitosis, when Cdk1 activity is eliminated through
degradation of cyclin B by the APC/C [110], it appears that Plk1 takes over the job of
generating PBD binding sites. Why PBIP1 would use a Plk1-generated PBD binding site
for its function at kinetochores is unclear, but perhaps the interaction needs to be stable
through the metaphase-to-anaphase transition. How PIk1 is recruited to these molecules
in order to generate a PBD binding site is a mystery, though the story for PRC1 may be
explained by a second kinase and PBD binding site. Two PBD binding sites were
identified in PRC1, though the Plk1-generated binding site was found to have a stronger
phenotype when mutated in vivo [108]. However, the other binding site was close by,
and mutation of it also resulted in cytokinesis defects and improper recruitment of Plk1 to
the central spindle [108]. Thus, this site, when phosphorylated by an unknown kinase
(though perhaps also Plk1), either regulates the accessibility of the Plk1-generated PBD
binding site or, more likely, serves as a signal for initial PBD recruitment to PRC1 where,

subsequently, Plk1 can generate its own stronger PBD binding site. PRCI1 is also
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phosphorylated by Cdk1 [108, 111], but this phosphorylation actually prevented
recruitment of Plk1 to PRC1.

The PBD binding ability of Emil suggests that Cdk1 and Plk1 can also
collaborate to create proteins with strong PBD binding sites. Emil is an APC/C inhibitor
that is degraded by the SCF ubiquitin ligase, causing Emil destruction and allowing
progression beyond prometaphase. B-TrCP is the targeting subunit of the SCF for Emil
and binds Emil through the classical phospho-degron motif DpSGXXpS in a Plk1
dependent process [112]. The first phosphorylated Ser in the motif is contained within a
standard Plk phosphorylation motif, but both are phosphorylated by Plk1 in vitro (Table
1.1) and respond to Plk1 overexpression in vivo [112]. Emil is also a Cdk1 target [65,
112] and interacts with the PBD [112]. Emil could be phosphorylated by non-
physiological concentrations of Plk1 that were about 20-fold higher than those found in
mitotic extracts. When Cdk1 was added to the reaction, it also phosphorylated Emil and
lowered the amount of Plk1 required for maximum phosphorylation to physiological
levels [65]. This clearly suggests that Cdk1 generates a PBD binding site on Emil, but
Emi contains no sites that look likely to be phosphorylated by Cdk1 and bind the PBD.
Instead, perhaps multiple low affinity PBD sites are generated by the Cdk1
phosphorylation of Emil, targeting Plk1 to Emil and enhancing Plk1’s activity towards
Emil. Confusingly, mutation of all of the presumed Cdk1 phosphorylation sites in Emil
did not eliminate PBD binding, as a Ser-pS motif within the phospho-degron sequence
also contributed to PBD binding [112]. Thus, it seems Emil is targeted by PIk1 after
PBD binding to Emil at multiple suboptimal Cdk1 sites and at an optimal site that may
be generated by Plk1 itself, after being weakly targeted to Emil by Cdk1. This
mechanism may be a general one, as it seems quite useful in setting a threshold of Cdk1
activity for PBD binding, but then allowing strong PBD binding after Cdk1 activity has
risen high enough for Emil to be fully phosphorylated.

Other mitotic kinases might also generate PBD binding sites. Both Aurora A
[113] and Aurora B [114] are known to crosstalk with Plk1, though currently the only
known information flow is from PIk1 to the Aurora kinases. The phosphorylation motifs
for both Aurora kinases consist of an Arg in the -2 position relative to the phosphorylated

residue, with no particular selection for the residue in the -1 position [115, 116]. Thus, it
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is possible that for certain processes, there might be information flow from Aurora
kinases to Plks. Aurora A is localized to the centrosome during G2 and early M [117] at
the same time that Plk1 is also localized there [7]. Both kinases are required for proper
centrosome maturation and separation [7, 117]. While Aurora A and Plk1 may have
distinct substrates at the centrosome, it is possible and logical that they share substrates,
though none are currently known. Requiring multiple upstream inputs to create an
activity is a common motif in cell cycle processes that can only go in one direction.
Aurora B and Plk1 have multiple points of location and functional overlap during mitosis
[7, 117] which are conserved all the way back to budding yeast [118]. The kinases co-
localize at kinetochores where both are required for proper spindle orientation, and after
satisfaction of the spindle attachment checkpoint, Plk1 modifies Aurora B behavior by
phosphorylating the Aurora B regulator INCENP [114]. Both kinases then become
“chromosome passenger proteins” and stay at the spindle midzone through anaphase and
telophase, where they have several shared substrates including vimentin [119, 120] and
MKLP1 [39, 59, 121]. Aurora B might generate a PBD binding site on MKLP1, as
discussed below. Vimentin is a peculiar case. It has been demonstrated that Cdk1
generates a PBD binding site on vimentin [120], but the Aurora B phosphorylation site in
vimentin [119] could also be a PBD binding site (Table 1.1). The Ser immediately
preceding the Ser which is phosphorylated by Aurora B, however, is a phosphorylation
target for a member of the family of Rho-activated kinases [119], which would render the
site unable to bind the PBD. Whether there is some interplay between all these
phosphorylation sites in vimentin is unexplored. In summary, further connections
between Plk1 and Aurora kinases are likely.

Beyond Aurora kinases, there are yet more mitotic kinases that might generate
PBD binding sites. Nek2 is present at the centrosome and required for centrosome
maturation [122] like Plk1 and Aurora A. One of the targets of Nek2 is Nlp (ninein-like
protein), which is a mother centriole-specific protein that is displaced from the
centrosome at the G2/M transition [57, 123]. Nlp appears to be a priming kinase for Plk1
for several reasons: the displacement of Nlp from the centrosome is dependent on both
Nek2 and Plk1 phosphorylation of Nlp, phosphorylation of Nlp by Plk1 is disrupted by
overexpression of kinase-dead Nek2, and Nlp phosphorylation by Plk1 in vitro is
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enhanced by preincubation of Nlp with Nek2 [123]. Plk1 does interact with Nlp, but this
has only been shown for full-length kinase-dead Plk1 and not the isolated PBD [57].
Identification of the Nek2-dependent phosphorylation sites on Nlp, and verification that
the PBD binds Nlp, will most likely demonstrate that Nek2 can generate PBD binding
sites. If this is the case, there will likely be other centrosome targets of Nek2 that are
bound by the PBD and phosphorylated by Plk1 to facilitate centrosome separation and
maturation. Other Nek family kinases are still being explored. Nek9, like Nek2,
localizes to centrosomes and is required for spindle assembly by binding to Ran GTPase
[124, 125] and also activates the Nek family kinases Nek6 and Nek7 [126]. Thus, many
other Nek family kinases might turn out to be involved in mitotic processes and be PBD
binding site-generating kinases.

A less well-known mitotic kinase is LATS2 which, when deleted in mice, results
in centrosome fragmentation and cytokinesis defects [127], and when knocked-down by
siRNA in human cells, results in impaired centrosomal localization of gamma-tubulin and
failure of mitotic spindle formation [128]. LATS2 is a target of Aurora A [129] at the
centrosome, where it localizes during early mitosis [128, 129] and contributes to the
Mdmz2-p53 signaling axis during mitosis [130]. LATS1 also has mitotic roles, as
knockdown causes the accumulation of multinucleate cells [131]; it interacts with and
modulates Cdk1 activity [132, 133]; and it localizes to mitotic apparatus, including
centrosomes, spindle, and the midbody [133]. Thus, both LATS1 and LATS2 could
contribute to Plk1 signaling networks. Some other Ser/Thr kinases active in mitosis
include LIMK1 [131, 134], GSK3-B [135-137], Haspin [138, 139], PBK [140, 141],
casein kinase II [142, 143], MEK1 [144-146], PAK [147-149], Kin4 in budding yeast
[150, 151]; Bubl, BubR1, and TAOLI in the spindle attachment checkpoint [152, 153];
Cdc15 and Dbf2 in the mitotic exit network in budding yeast [154]; Kicl and Cbk1 in the
regulation of Ace2 and morphogenesis network in budding yeast [155]; Rock1, Rock2,
and citron kinase in actomyosin ring contraction [156]. Some of these kinases have
highly specialized functions and perhaps only a few substrates, so it is less likely that
they generate PBD binding sites than the more generic mitotic kinases, though Plk1 and
Cdc5 are required for many of the functions that they perform [7, 154, 157, 158]. Mpsl
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is another kinase involved in centrosome function and spindle attachment [159, 160]
which generates a PBD binding site on the Bloom Syndrome helicase, Blm [161].

Plks contribute to many of the same processes in meiosis as in mitosis, but some
differences exist, and other kinases might generate PBD binding sites in meiosis that do
not play a role in mitosis. In vertebrate meiosis, unfertilized eggs are arrested in
metaphase II, and fertilization triggers a transient increase in cytosolic free Ca®*. This
activates Ca®*/calmodulin-dependent protein kinase II (CaMKII) among other proteins
and kinases. One of the targets of CaMKII is Emi2 [162], which is an APC/C inhibitor
that contributes to the metaphase arrest in these oocytes and is degraded upon metaphase
arrest release [163]. Upon Ca** influx, CaMKII phosphorylates Emi2 at two sites in
(R/K)XS(S/T) motifs which make, both, good targets of CaMKII and good binding sites
for the PBD after phosphorylation [162] (Table 1.1). At least in vitro, CaMKII
phosphorylation of these motifs did induce PBD binding, and in vivo, these motifs were
required for proper release of metaphase arrest [162]. Also, PIx1 phosphorylates Emi2 in
vitro at a site that targets Emi2 for degradation upon metaphase arrest release [163], and
prior phosphorylation of Emi2 by CaMKII makes it a better substrate for PIx1 [164].
Since PIx1 with an intact PBD was also required for proper metaphase arrest release [162,
164], this strongly argues that PIx1 phosphorylates Emi2 in a CaMKII and PBD-
dependent manner in vivo. CaMKII does not currently have a known mitotic role,
making CaMKII a meiosis-specific PBD binding site-generating kinase. Other meiotic-
specific kinases might also generate PBD binding sites

In what may seem to be a completely different process from mitosis and meiosis,
Plk1 has found a role in response to DNA damage. However, ultimately, Plk1 is
functioning in this process to promote the resolution of the DNA damage response and a
return to cell cycle progression by entering mitosis. Thus, this can be seen as the same
role which Plk1 is known to play in mitotic entry [7]. In fact, many of the proteins
involved are the same, as the DNA damage response inhibits Cdk1, Cdc25B/C, and Plk1
itself, while activating the Cdk1 inhibitory kinase Weel [165]. Outside of these
pathways already understood from the study of mitosis control by Plk1, Plk1 also plays a
role in turning off the pathways that signal the DNA damage response in the first place.
This was first discovered in budding yeast, where, after a double strand DNA break, yeast
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will arrest in the G2 phase of the cell cycle. When an unrepairable break is engineered,
the yeast cell will eventually enter mitosis with the break (so called adaptation), but yeast
cells lacking Cdc5 are never able to turn off DNA damage signaling and continue through
the cell cycle [166]. A similar phenomenon was seen in Xenopus eggs, as the presence of
DNA damage did not prevent cell cycle continuation forever [67]. Instead, cell cycle re-
entry in the presence of DNA damage was dependent on Plk1 phosphorylation of claspin,
and Plk1 was targeted to claspin through PBD binding to an SpTQ motif generated by the
DNA damage-responsive protein kinase ATR [67] (Table 1.1). Plk1 control of claspin
turned off DNA damage signaling, as claspin is required to continually produce the cell
cycle arrest signal [67, 167]. This adaptation response to DNA damage only makes sense,
from an evolutionary standpoint, in single-cell organisms and in embryos where the
parent does not spend a great deal of time nuturing its progeny. In human cells, an
apoptotic response has been commonly observed, but continuation through the cell cycle
after DNA damage can occur at prolonged timepoints [168], perhaps to allow cells to die
by mitotic catastrophe if the cells fail to apoptose. Plk1 is required for mitotic entry after
DNA damage [169], and Plk1 does control claspin [170-172], though the upstream kinase
directing PBD binding is probably Cdk1 rather than ATR [171] (Table 1.1). There is
another point of contact between DNA damage signaling and Plk1 in human cells, as
PIk1 binds Chk2, a DNA damage checkpoint kinase, in a PBD-dependent manner on an
SpTQ site generated by ATM [173-175] (Table 1.1). Thus, ATM and ATR can also
generate in vivo relevant PBD binding sites. Whether other kinases in these pathways
such as Chk1, Chk2, and MAPKAPK?2 [175, 176] can also generate PBD binding sites is
presently unknown.

There are many PBD interacting proteins with no identified or putative PBD
binding sites. One of these proteins is TCTP, translationally controlled tumor protein,
which is a Plk1 substrate and PBD binder but for which no clear PBD binding site exists
[58]. Two Plk1-dependent phosphorylation sites were identified in TCTP, one of which
is Ser® which is surrounded by a Glu and a Thr. Perhaps, this site was misidentified. and
Plk1 actually phosphorylates the Thr, which would generate a PBD binding site [44, 45]
(Table 1.1) as well as position the acidic residue two positions upstream of the

phosphorylated residue in an optimal Plk1 phosphorylation site [52]. Thus, TCTP could
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have a Plk1-generated PBD binding site like the other proteins described earlier. More
likely, since the region of TCTP required for PBD binding does not contain this site [58],
TCTP interacts with the PBD in a phospho-independent manner or indirectly.

NudC, nuclear distribution protein C, is also a Plk1 target and PBD binder with no
clear PBD binding site [56]. The two mapped Plk1-dependent phosphorylation sites on
NudC do not generate PBD binding sites [56]. However, NudC does localize to the
spindle midzone and midbody during cytokinesis [177], where PIk1 is present. Since no
other kinase has been shown to phosphorylate NudC in mitosis, this suggests that NudC
may be a Plk1 target without direct binding to the PBD as described by the distributive
phosphorylation model (Figure 1.3). The evidence against this theory is that NudC is
required for Plk1 localization to the kinetochores [178] and spindle midzone [177], but
this may be due to indirect effects of improper complex formation or mitotic progression
without NudC. Oddly, NudC mutated in its Plk1 phosphorylation sites no longer recruits
Plk1 to kinetochores despite still being capable of binding Plk1 in vitro [178], suggesting
that Plk1 phosphorylation of NudC is required for proper kinetochore formation. NudC
might also bind the PBD in a phospho-independent way, as it was identified as a PBD
binder in a phage display approach where it was unlikely to be phosphorylated [56] .

MKLP1 has been a known Plkl substrate for a long time [39], and it was more
recently demonstrated to be a direct PBD binder [59]. Since MKLP1 is involved in
cytokinesis and localized to the central spindle [39] like MKLP2, PRC1, and Cyk-4, it
seems likely that MKLP1 is also targeted by the PBD through a Plk1-dependent
phosphorylation site. This seems plausible since Plk1 can generate a Ser-phosphoserine
motif on MKLP1 [59] (Table 1.1). However, this site by sequence analysis appears to be
an Aurora-dependent site and not a Plk1-dependent site, and this was subsequently
proved [121]. However, this site is well outside the region of MKLP1 required for PBD
binding [59]. This suggests that there is a third kinase that generates the initial PBD
binding site, after which perhaps Aurora B further contributes to PBD binding to MKLP1.

Cyclin B1 also has a complicated set of phosphorylations. Four phosphorylation
sites within cyclin B1 have been known for a long time, and this phosphorylation was
thought to direct localization of cyclin B1 to the nucleus [179]. Two of these sites (S133
and S147) were found to be phosphorylated by Plk1, promoting translocation of cyclin
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B1 to the nucleus [54] (Table 1.1). Other studies refuted that the S147 site was
phosphorylated by Plk1 [53, 55] and suggested that Plk1 phosphorylation is not the
critical step that allows cyclin B1 translocation [53]. The other two mapped
phosphorylation sites (S126 and S128) were in consensus Cdk1-phosphorylation motifs,
and could be phosphorylated in vitro by both Cdk1 and the MAPK Erk2 [55]. When
cyclin B1 was pre-phosphorylated by Erk2, this increased Plk1 activity towards cyclin B1
by three to four-fold [55], suggesting that the Erk2 phosphorylation sites created a PBD
binding site. Oddly though, Plk1 could phosphorylate unknown sites, in addition to S133
(but not S147), in cyclin B1 after pre-phosphorylation with Erk2 [55], so the additional
activity seen could simply be the result of these additional accessible sites. Overall, the
issue of how PIk1 targets cyclin Bl is very much unresolved, as perhaps Cdk1 or Erk2
generate PBD binding sites, but it is more likely that cyclin B1 does not directly bind the
PBD.

In summary, as more PBD binding sites are identified, the mechanisms of PBD
recruitment are further delineated. Single strong PBD binding sites can be generated by
Cdk1 as seen with Bub1 [180], Cdc25C [44], Ect2 [181], INCENP [114], Mytl [52],
PICH [182], and TTDN1 [183] (Table 1.1). Multiple weak PBD binding sites can be
generated by Cdk1 that collaborate to recruit Pk1 as seen in Emil [65, 112] and Nir2
[184] (Table 1.1). Other kinases can generate PBD binding sites such as Nek2 on Nlp
[57, 123], CaMKII on Emi2 [162-164], MPS1 on Blm [161], ATM on Chk2 [173],
possibly Erk2, and possibly Aurora B (Table 1.1). During late mitosis, PIk1 can generate
its own PBD binding sites on PRC1 [108], MKPL2 [60], and maybe PBIP1 [109] (Table
1.1). Also, many Plk] substrates do not seem likely to directly bind the PBD, or at least
not in a phospho-dependent manner such as cohesin [185], NudC [56], and TCTP [58]
(Table 1.1). In summation, a large variety of mechanisms exist to generate PBD binding
sites and target Plks to their substrates, though most function through direct recruitment
of the PBD to a single phosphorylated residue in a target protein.
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Activation and Phosphorylation of Plks

The cell cycle dynamics of Plks has been examined primarily for Cdc5 and Plk1.
The levels of these Plks rise dramatically in the G2 phase of the cell cycle, starting from
undetectable levels during G1 and beginning their rise in mid S-phase [10, 186, 187].
With this rise in protein levels, there is a concordant increase in kinase activity, but the
activity rises much more dramatically than the levels, implicating an activation event [38,
186, 188]. Both the protein levels and the activity peak at the metaphase-anaphase
transition, before returning to the interphase baseline at the beginning of the next G1
phase, due to degradation of these Plks by the APC/C [34, 186, 188-190].

Studies of P1k1, PIx1, Polo and Cdc5 have established that activation of these
kinases requires their direct phosphorylation [32, 186, 188, 191-193]. Plk1 and Pix1
activation have been the most extensively examined in mechanistic and structural detail,
although activation of other family members is believed to occur through the same
mechanisms. Several conserved Ser and Thr residues are present within the kinase
domains of Plks. Mutation of two of these, T210 and S137 in Plk1 (or the corresponding
residues T201 and S128 in P1x1 and T197 and S124 in Plo1), to Asp, as a mimic of
phosphorylation, results in the formation of activated Plk1, PIx1, and Plo1 [33, 194-196].
Mutation of these residues results in multiple mitotic phenotypes as discussed below.

T210/201 lies within the T-loop of the Plk kinase domain and has been confirmed
to be an in vivo phosphorylation site, through phosphopeptide mapping of Plk1,
immunoprecipitated from nocodazole-arrested lysates, and Plx1, immunoprecipitated
from mitotic Xenopus egg extracts [195, 197]. Phosphorylation in T-loops is a common
mechanism of activation for many protein kinases, including Aurora A/B, PKA, Cdk1/2,
Erk1/2, Rsk1/2, Akt/PKB, and Mek1 [198]. Recent work using multiple phosphospecific
antibodies to T210 have demonstrated that this epitope is phosphorylated throughout
mitosis, in particular in nocodazole-arrested cells [199, 200]. It is generally believed that
phosphorylation at T210 is a requirement for Plk activation, because the phosphomimic
mutations mentioned earlier activate the kinase, T210V mutations prevent activation [33,
194, 195], and recognition of Plk1 by the phosphoT210 antibody correlates with Plk1
kinase activity [199, 200]. The corresponding phosphomimic mutation in human Plk2
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also activates the kinase [12], suggesting that this is a conserved mechanism of Plk
activation.

Production of a T201D mutant form of Plx1, in a Xenopus egg extract system,
resulted in acceleration of Cdc25C activation during mitotic entry and delayed Cdc25C
deactivation during mitotic exit, although T201D expression was not sufficient to induce
the first mitotic cell cycle. Additionally, there was a delay in cyclin B2 degradation
during anaphase and a corresponding delay in the loss of Cdc2 kinase activity [33]. On
the other hand, overexpression of a T210D mutant form of Plk1 in HeLa cells caused an
increased G2/M population [195], probably due to accelerated mitotic entry and
subsequent mitotic delay [191, 200]. After a prolonged mitotic phase, from nuclear
envelope breakdown to anaphase onset, Plk1-T210D expressing cells underwent
successful cytokinesis, although it was often accompanied by excessive blebbing of the
cell membrane coincident with cleavage furrow ingression [200].

There have been at least two proposals for the upstream kinase that
phosphorylates T210/201 — Xenopus Plkk1 (equivalent to human SLK or Stk10) and
PKA. xPlkkl was purified as the P1x1 T201-phosphorylating factor in Xenopus oocyte
extracts [201]. A more recent study demonstrated that xPlkk1 may actually be
downstream of PIx1, and the two kinases could function in a positive feedback loop to
phosphorylate and activate each other [202]. Immunodepletion of xPlkk1 did not prevent
activation of PIx1 or alter the kinetics of mitotic entry in Xenopus egg extracts, as
monitored by H1 kinase activity, implying that this loop is not required. Activation of
Plx1 by phosphorylation was still required, implying that there must be another kinase
that can phosphorylate PIx1 T201 in the xPlkk1 depleted extracts. Both human SIK and
Stk10 have been shown to phosphorylate human Plk1 at T210 in vitro and are able to
stimulate Plk1 activation in vivo [203, 204]. It was previously believed that Stk10 could
not be the Plk1-activating kinase because the mouse homolog, LOK, was only expressed
in lymphatic tissues. However, more complete expression profiling has shown that Stk10
is expressed in most tissues, so both SLK and Stk10 remain viable candidates or partners
for PIk1 T210 phosphorylation. PKA has also been shown to be able to phosphorylate
T201 and activate Plx1 activity in vitro [197]. In this same study, xPlkk1 was not able to
phosphorylate Plx1 T201, creating a currently unresolved discrepancy in the field.
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In contrast to T210/201, there is no mass spectrometry evidence for the in vivo
phosphorylation of S137/128. At least two studies searched directly for S137/128
phosphorylation, using tryptic phosphopeptide analysis combined with mass-
spectrometry in mitotic Xenopus extracts [197], and phosphopeptide mapping and
phosphoamino acid analysis in mammalian cells [195], but both failed to identify
phosphorylated S137. Although these and other studies did identify a number of other
phosphoserine residues [188, 197, 201, 205], none of these sites have been shown to have
functional significance. A single phosphospecific antibody made to this site has
suggested that S137 is phosphorylated during late mitosis, as it recognized Plk1 after a
nocodazole release but not in a nocodazole block [199, 200]. Oddly, the antibody only
works for immunoprecipitation, so the data really only shows that Pk1 is
immunoprecipitated with this antibody, and not that the S137 site is phosphorylated
within Plk1 [199, 200]. Furthermore, the S137A mutation failed to prevent activation of
Plk1/Plx1 and did not produce any noticeable phenotypes when overexpressed,
suggesting that phosphorylation of this site is not critical in vivo [33, 195]. Still, the
phenotypes seen with an S137D mutant form of Plk1 are striking. When overexpressed
in HeLa cells, the S137D mutant Plk1 caused the cells to arrest as a G1/S population
rather than the G2/M population seen with T210D or wild type, and the double mutant
S137D/T210D also shows the G1/S block [195]. Accelerated mitotic entry is seen in the
S137D and S137/T210D-expressing cells, despite their very slow S phase progression
[200]. The cells that entered mitosis died at high rates of around 50%, and those that did
not die failed in cytokinesis and gave rise to a single multinucleate daughter cell [200].
Mechanistically, it appears that these mutant Plk1 proteins activate the APC in an
unregulated manner, leading to the lack of a spindle checkpoint, as shown by the inability
of cells expressing these Plk1 mutants to arrest using microtubule poisons [200]. The
equivalent S128D/T201D double mutant in PIx1 caused cleavage arrest, resulting in large
cells, when injected into a Xenopus two cell embryo, and was able to induce the first
mitotic cycle in a Xenopus egg extract system, unlike wild type or single mutants of Plx1
[33]. Together, this data suggests that if S137/128 is phosphorylated in vivo, it is
probably only a transient event during late mitosis, with implications for APC activation

during anaphase.
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The systems that have been used to map phosphorylation sites in Plks have
focused primarily on metaphase-arrested or asynchronous cells, and were therefore suited
to identify stable phosphorylation sites, perhaps explaining the failure to date to observe
Ser-137/128 phosphorylation Since Plks show striking changes in subcellular
localization during late mitosis, and participate in different processes at these times than
during earlier stages of mitosis [7], the possibility for additional post-translational
modifications of Plks, such as Ser-137 phosphorylation, during the post-metaphase stages
remains promising. Demonstration that Ser-137/128 is phosphorylated in vivo, and
identifying the kinase responsible for this event, would be an advance in the field.

The data for the activation of Cdc5 and Plol is somewhat different. Activation of
Cdcs, as well as Plk1, is dependent on mitotic CDK activity. This makes sense as Plks
are mitotic kinases, and without mitotic CDK activity, there is no mitosis. However,
there is no direct evidence that CDKs directly activate Plks through phosphorylation
except for one study [193]. Four resides downstream of the Plk1 T210 site is another Thr
that is contained within a minimal CDK consensus phosphorylation site. This site is
conserved throughout Plks, and was found to be phosphorylated in vivo in Cdc5 [193],
though the T210 equivalent residue in Cdc5 (T238) was also found phosphorylated [193].
Mutation of the CDK site in Cdc5 to an Ala eliminated kinase activity of Cdc5 in vitro
[193], however, this only demonstrates that the site cannot be an Ala for proper kinase
function. The one piece of data that really suggests that Cdc28 can activate Cdc5 is that
Cdcs5 treated with a phosphatase in vitro has no activity, but after the addition of Cdc28.
the activity of CdcS is restored [193]. Plol may be activated by the same activation loop
phosphorylation as the other Plks [196], but it is also activated by a completely different
mechanism through phosphorylation of residue S402 by SRP [206], a stress response
protein kinase. Phosphorylation of Plo1 on this site promotes its interaction with the
spindle pole body [206], probably by eliminating the negative regulation between the
kinase domain of Plo1 and its PBD. Future work will clarify which sites are
phosphorylated in the various Plks at what times of the cell cycle. These phosphorylation

site potentially allow some (as yet unknown) combinatorial control of Plk activity.
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Biological Functions of Polo-like Kinases

PIk1 and Homologues

Polo-like-kinase-1, and its characterized homologs (Cdc5 in budding yeast, Plol
in fission yeast, Polo in Drosophila, and PIx1 in Xenopus), play key roles during multiple
stages of mitosis, including prophase, metaphase, anaphase, and cytokinesis [7, 158].
Plk1 and PIx1 are required for the timely activation of the Cdc25C phosphatase, that
initiates mitotic onset through dephosphorylation of cyclin-B/Cdk complexes [32, 33, 64,
207-210]. During prophase and metaphase, Plk1 and related family members localize to
centrosomes and spindle pole bodies [29-34], where they are required for proper
centrosome maturation and spindle assembly [32, 35, 36], presumably by
phosphorylating a critical set of as-yet-unknown molecular targets. Plk1l family members
then relocalize to the spindle midzone during anaphase [10, 33, 37, 38], perhaps
facilitating microtubule sliding or some aspect of kinetochore dynamics [39], and later
flank the central portion of the cytokinetic bridge (i.e. the midbody) during telophase and
cytokinesis [10, 31, 33, 39]. In Xenopus oocytes, PIx1 kinase activity facilitates the bulk
of cohesion release from chromosomes during prophase [185], while Cdc5 has been
shown to directly phosphorylate the Sccl cohesin subunit, making it a better substrate for
the protease separase that triggers sister chromatid separation in anaphase [211]. Plol is
required for formation of the actin ring and septum during cytokinesis [212], and loss of
CdcS results in cytokinetic arrest, while overexpression of the isolated Cdc5 C-terminus
causes incomplete cleavage septa and aberrant septin ring structures [42]. Data showing
a similar role for Polo-like kinases in cytokinesis in animal cells is beginning to
accumulate [39, 43, 177, 194, 213, 214]. Additionally, Plks are both regulators and
substrates of the APC, phosphorylating several APC subunits, together with Cyclin
B/Cdk1, to activate APC ubiquitin ligase activity towards cyclins, as well as towards Plks
themselves [34, 68, 69, 189, 215, 216]. This Plk-regulated destruction process is required
for mitotic exit [215], and its own auto-catalytically-trigged ubiquitin-mediated
destruction likely explains the observed variation of Plk protein levels during the cell
cycle, with maximal levels during late G2 and early M, and nearly non-existent levels
during late G1 and throughout S [10, 39].
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Activation of Cdc25C, the phosphatase that activates CDK1/CyclinB to drive
mitotic entry, results from a series of Cdc25C phosphorylation events mediated by both
CDK1/CyclinB and Plks, but the connection between these kinase phosphorylation
events has remained mysterious [33, 64, 209, 217-220]. The Plk PBD binding motif
rationalizes the synergy between these two kinase pathways, with CDK1/CyclinB
providing priming phosphorylations on PBD motifs in Cdc25C, that target Cdc25C to
Plks in a timely and efficient manner. Plk1 has also been reported to directly
phosphorylate cyclin B [53, 54], inactivating a nuclear export sequence and targeting
cyclin-B to the nucleus [54], but this is controversial, as described earlier. A new model
for this activation loop has recently been coalescing from the observation that Cdc25B
and Plk1 are required for mitotic entry after a DNA damage-mediated G2 cell cycle arrest
[169]. Initial activation of Cdc25B by the action of Plk1 and some cyclin-Cdk complex,
perhaps CDK2/CyclinA, could start the mitotic entry process. Cdc25B, in turn, would
lead to an initial activation of CDK1/CyclinB at the centrosome and translocation of
active CDK1/CyclinB into the nucleus, where it provides priming phosphorylating of
nuclear Cdc25C. Since PIk1 is both nuclear and cytoplasmic [10], nuclear Plk1 could
then provide the final activating phosphorylation events required for Cdc25C activation
in this compartment, with subsequent activation of additional CDK1/CyclinB and further
priming of additional Cdc25C. This sequence of events generates a positive feedback
loop, in which Plk acts as the “trigger kinase” [10, 33, 64] and Cdc25B acts as the “starter
motor”’[221, 222]. This fits with the observation that elimination of a single Plk PBD
binding site results inincomplete activation of Cdc25C in vivo [44]. Additional targets
of PIk1 involved in mitotic entry are the CDK1 inhibitory kinases, Weel and Myt1,
which are both targeted for inactivation by Plk1 [41, 52, 63, 100, 221, 222]. Thus, Plks
play a crucial role in nearly all known aspects of generating mitotic kinase activity.

In parallel with and subsequent to mitotic entry, centrosomes have to mature and
the mitotic spindle must form. The very first observation of Polo mutants noted a high
number of monopolar spindles or bipolar spindles with one of the poles displaying
abnormal morphology [9]. Work in other organisms including human confirms that
interference with the activity of Plks leads to severe spindle defects [8, 35, 88, 90]. These

defects are thought to result from a failure of centrosome separation and maturation, as
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Plks regulate both positive and negative regulators of this process. Nlp and OP18 are
negative regulators of microtubule nucleation, that are inhibited by Plk1 and Polo,
respectively [57, 123, 223]. Plk1 also directly binds gamma-tubulin [224] and recruits it
to centrosomes [35], where it can perform its function as the site of spindle nucleation.
The microtubule stabilizing proteins, Asp and TCTP, are also regulated by Polo and Plk1,
respectively [36, 58]. This might be the central biological role for Plks as spindle defects
have been the primary phentoype identified using several recently reported Plk inhibitors
[225-227].

Perhaps the critical point in mitosis is the metaphase-to-anaphase transition,
where the cell switches from getting chromosomes and other cellular machinery ready, in
a state of high CDK activity, to the stage where segregation of chromosomes and other
material occurs, in a state of low CDK activity. This transition is delayed, until
everything is fully prepared, by the spindle assembly checkpoint, which monitors bipolar
orientation of each chromosome through the sensing of tension [153]. The 3F3/2 epitope
at kinetochores is correlated with a lack of tension, and was recently shown to be
generated by the activity of Plks [228]. Plk activity is also required for the localization of
some proteins to the kinetochore [228], though the spindle assembly checkpoint is still
active when Plk activity is absent [185, 228, 229]. However, the ultimate target of the
spindle assembly checkpoint is the APC/C (anaphase promoting complex or cyclosome),
which is under the direct regulation of Plks both through phosphorylation of APC/C
subunits [230] and phosphorylation of APC/C inhibitors [65, 112]. Functionally, the
APC/C is poised to degrade both securin and cyclin B, which allows activation of
separase and cleavage of cohesin, resulting in sister chromosome separation [153]. Plks
also play a role in this part of the metaphase-to-anaphase transition, by regulation of
separase cleavage of cohesin [185, 211, 231] and regulation of the cohesion protecting
protein shugoshin [232].

The role of Plks in anaphase events has been most well-studied in budding yeast,
where the FEAR (cdc14 early anaphase release network) and MEN (mitotic exit network)
networks have been worked out in great detail [154, 233, 234]. Though the requirement
for Cdc5 in these networks is definitive, the exact mechanisms behind Cdc5 control of

these processes is not clear. The purpose of these networks is to activate Cdc14, the
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phosphatase that dephosphorylates many of the CDK sites generated in early mitosis
[233]. Fission yeast have an analogous pathway to MEN, termed SIN, that is also
controlled by Plol, but it has a slightly different biological role [154]. In animal cells,
very little is known about these pathways, other than that the role of Cdc14 is highly
conserved and required for turning off mitotic CDK signaling. Very recently, a
connection between Plk1 and Cdc14 was shown [235], suggesting that the role of Plks in
this process is conserved. So, as in mitotic entry, Plks mediate many events (FEAR,
MEN, and APC activation) that ultimately impinge on the control of CDK1/CyclinB
activity.

At the end of mitosis, Plks still have yet another job to do, which is control of
cytokinesis. Cytokinesis failure has been seen in weaker alleles of Polo that get past
spindle failure [214], in overexpression studies with Plk1 [191], and in Plk1 inhibition
studies, if the spindle defect is circumvented [43, 88]. As mentioned earlier, all Plks
studied localize to the spindle midzone, cleavage furrow, and midbody [10, 30, 31, 33,
37-41], where they have multiple substrates [39, 51, 59, 60, 108, 120, 181]. Disruption
of Plk signaling through Nir2 [184], NudC [56], Npm1 [236], MKLP1 [59],MKLP2 [60],
Cep55 [237], and PRC1 [108], causes cytokinesis defects and, many times, failures. Why
there needs to be so many targets of Plks to regulate cytokinesis is unclear, as is the
actual function of most of these proteins in cytokinesis. Regulation of MKLP1 by Plk1
has been suggested to modify the microtubule bundling ability of MKLP1 [39, 59], and
regulation of Ect2 by Plk1 has been suggested to modify the RhoGEF activity of Ect2
[181]. However, for the most part, the data regarding Plk regulation of cytokinesis
proteins has been solely limited to localization control, which, while critically important,
does not give any insight into the molecular underpinnings of the physical process of
cytokinesis.

Plks also have roles outside mitosis, in meiosis and in the DNA damage response.
The general role of Plks in meiosis seems to be similar to their roles in mitosis,
particularly, in regulating cohesion during the different meiotic stages, exact details of
which continue to be elaborated [238, 239]. PIk1 is itself a target of the DNA damage
checkpoint pathway, undergoing phosphorylation and inactivation by Chk2, in response
to DNA damage [240]. Furthermore, Plk1 is found in association with Chk2 at
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centrosomes, even in the absence of DNA damage, although the interaction appears to be
dependent upon ATM activity [174]. This makes sense, as many cell cycle regulators are
turned off by the DNA damage pathway. However, in the case of Plks, they are also
required to exit the DNA damage response, as detailed earlier for the Plk substrate
claspin, and described in detail for CdcS5 in a series of papers [166, 241-243]. How small
amounts of Plk activity are generated during a cell cycle arrest, to allow cell cycle re-

entry, is currently unclear.

Plk2

Plk2 was first identified as a serumr-inducible immediate-early response gene in
NIH 3T3 cells [13]. Its mRNA levels and protein levels track together across the cell
cycle, with a spike in G1/S and with minimal amounts at other times [12, 13]. In addition,
PIk2 is a stress-responsive gene, that is downstream of p53 transcriptional activation after
X-ray irradiation, UV, and other DNA damaging agents [18, 244]. However, Plk2 isa
nonessential gene that can be fully knocked out in mice [245], and whose knockdown
shows no ill effects in common human cell lines [18]. Plk2-knockout MEFs do show a
slightly reduced growth rate, and the embryos are slightly growth retarded [245],
suggesting that P1k2 does have a general cell cycle role. This cell cycle role is probably
related to centriole duplication, as overexpression and depletion of Plk2 lead to an
increase and decrease, respectively, of centrosome numbers in cell culture models, in a
functional kinase-dependent manner [246]. Oddly, silencing of Plk2 by siRNA in the
presence of mitotic inhibitors, such as nocodazole, resulted in apoptosis during mitosis
[18], suggesting a requirement for p53 induction of Plk2 in maintaining cell viability
during a spindle checkpoint arrest, though this could be a downstream effect of the
centriole duplication problem seen in a different study [246]. In adult tissues, P1k2 is
found in some non-cycling organs such as the heart, lung, and specific regions of the
brain [11, 13], where the P1k2 gene is responsive to stimuli that promote synaptic
plasticity [24]. In the brain, the Plk2 PBD has a specific interaction with SPAR (spine-
associated RapGAP) [23]. Cell culture models show that Plk2 phosphorylates SPAR,
leading to its degradation [23], which has been correlated with the depletion of mature

dendritic spines and corresponding increase in the exploratory precursors of spines [23].
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The only other known neuronal interactor of P1k2 is CIB (calcium and integrin binding
protein) [24], which was shown to inhibit P1k2 activity in a cell culture system [12].
Overall, there is still very little understood about Plk2 function, and in particular there is
nothing known about the role of the Plk2 PBD, other than that it targets P1k2 to bind
SPAR [23] and that it selects the same phosphopeptides in vitro as Plk1 [45].

PIk3

Some of the reported Plk3 data is similar to that for P1k2, as P1k3 was also first
identified as an immediate-early response gene to FGF signaling in NIH 3T3 cells [15].
All the neuronal information for PIk2 is equally true for Plk3, as Plk3 has been shown to
bind CIB [24] and SPAR [23] in neuronal cells, where its expression is also responsive to
stimuli that promote synaptic plasticity [24]. The need for two Plks to do the same thing
is unclear as well as logically baffling. Despite these similarities, Plk3 cell cycle roles
have very little functional overlap with Plk2. Instead of the protein amount tracking the
mRNA amount, Plk3 protein is nearly completely stable throughout the cell cycle [14,
247] despite the mRNA only being expressed during the G1 phase [15, 248, 249].
Explaining this continual protein level, it appears that Plk3 normally exists in an inactive
state [14] in the cytoplasm [250]. since Plk3 protein is rapidly degraded in the nucleus via
a ubiquitin-associated pathway [251]. So, what stimuli promote P1k3 activity?

Plk3 kinase activity is activated upon oxidative stress and DNA damage through
an ATM-dependent pathway, likely through direct phosphorylation of P1k3 by ATM [16,
252]. This is the exact opposite of the effect of DNA damage and other stressors on Plk1
function, as discussed earlier. The role of Plk3 during the damage response is thought to
be two-fold, as Plk3 interacts with, phosphorylates, and enhances the activity of Chk2 [14,
17] along with phosphorylating Ser-20 on p53 [252]. This site on p53 has long been
known to be important for pS3-mediated cell cycle arrest, and thought to be
phosphorylated by Chk1 and Chk2 [253-255]. However, the sequence surrounding the
site closely matches the known Plk consensus motif [52], with an acidic residue two
positions upstream of the phosphorylated serine. The sequence does not match the
known Chk consensus motif [256], which requires a basic residue three positions

upstream of the phosphorylated serine. Another P1k3 substrate during stress responses

36



has been reported to be Cdc25C [257, 258], with a phosphorylation site of Ser-216,
which is also thought to be a Chk1 and Chk2 site [259, 260]. In this case, the site
conforms to the Chk consensus motif and not the Plk consensus motif, and the belief in
the field is that this site is not actually phosphorylated by Plk3. If P1k3 did target Cdc25C
directly it should hit the same sites as Plk1, since they have similar kinase domains (see
below) and similar PBD binding motifs [45]. Overall, the cases of p5S3 Ser-20 and
Cdc25C Ser-216 suggest that P1k3 has overlapping and intertwining roles with the Chk
kinases during the DNA damage response.

Following along with P1k3’s opposite function during the DNA damage response
as Plk1, Pk3 also has shown to be oppositely correlated with cancers, as compared to
Plkl. Many studies have shown a decrease in P1k3 mRNA expression in tumor samples
compared to non-tumorigenic tissue [249, 261-263]. Also, ectopic expression of Plk3
slows cell cycle time [262] and results in cell cycle arrest along with apoptosis [19, 22],
all in a kinase activity-dependent manner. So, clearly, P1k3 has a tumor suppressor
function, as opposed to the oncogenic function of Plk1.

Further confusing the mystery of the relationship of Plk1 and PIk3 is that both
these kinases can rescue the cdc3-1 temperature sensitive allele at the restrictive
temperature in budding yeast [194], suggesting overlapping function. At the least, Plk1
and Plk3 must have some overlapping PBD binding specificities [45], and overlapping
kinase motifs (personal communication — Jes Alexander). In fact, overexpression of the
Plk3 PBD results in the same localization pattern as that seen with Plk1. with clear
localization to the centrosome, spindle poles, central spindle, and midbody [264].
Furthermore, overexpression of GFP-tagged full-length P1k3 causes cytokinesis failures,
with subsequent rounding up and cell death [19]. In cycling cells, both proteins are
present during mitosis, so the separation of Plk1 and Plk3 function must be due to
upstream regulation or components in the linker region between the kinase and PBD that
do not affect the function in budding yeast. More recently, reports have suggested that
endogenous Plk3 localizes to the nucleolus, and plays a role in the G1/S transition [265],

so the real cell cycle function of Plk3 remains controversial.
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Plk4

Plk4, as described earlier, is by far the most divergent member of the Plk family.
It contains only a single polo-box region, and is highly unlikely to bind phosphopeptides
(see below). Plk4 expression levels rise in S phase and stays fairly high through mitosis
before falling again as cells re-enter G1 [266]. The regulation of the activity of Plk4 and
its protein level changes across the cell cycle are not yet known, but it is solely expressed
in cycling tissues in adults [267]. Like Plk1, Plk4 is an essential gene, as the mouse
knockout is inviable, dying at E7.5 [28]. These embryos display large numbers of mitotic
cells with high cyclin B levels, suggesting that Plk4 is absolutely essential for passing
through some stage of mitosis [28]. Cells grown from these embryos display a large
number of cells arresting as a dumbell shape, indicative of telophase failure [28]. Thus,
Plk4 deficient cells probably are defective in mitotic exit during anaphase, but continue
cycling into telophase until the CDK activity arrests the cells. Knockdown of Plk4 in cell
culture systems gives similar results, as cells arrest [267] and apoptose [268].
Fascinatingly, cells from Plk4 mouse heterozygotes display slow growth, centrosomal
amplification, multipolar spindles, and aneuploidy [269]. This points to a
haploinsufficiency of Plk4 activity, and strikingly, these mice develop multifocal liver
tumors of high grade with prominent mitotic irregularities [269]. Overall, this suggests
that Plk4 could have tumor suppressor functions, though there have not been
comprehensive studies correlating Plk4 levels or function with tumor samples. The
actual function of Plk4 during mitosis is elusive. Plk4 localizes to the centrosomes and
midbody, much like Plk1, dependent on both its polo-box and the linker between the
polo-box and the kinase domain [28]. What Plk4 does at the midbody is unclear, but at
the centrosome, it probably functions in centriole duplication [270, 271], like P1k2.

Polo-like Kinase Structures
Structure of the Plk4 Polo Box
Structural analysis of the Polo-box first emerged from the crystal structure of the

single Polo-box of murine Plk4 (residues 845-919) [26]. The structure revealed that the

Polo-box had crystallized as an intermolecular dimer with a clam-like shape, consisting,
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in total, of two a-helices and two six-stranded antiparallel -sheets. Each B-sheet
contained four contiguous strands from one Polo-box (B-strands 6, 1, 2 and 3), with the
remaining two strands coming from the other Polo-box. The association of B-strand 3
from both Polo-boxes formed a hinge region, opposite to which was an interfacial cleft
and pocket (~17 x 8 x 12 A). The presence of 9 of 19 conserved hydrophobic residues
lining the interior of the pocket hinted at a possible ligand binding function, although
actual ligands of the Plk4 Polo-box dimer remain to be identified.

The dimeric structure of the PIk4 Polo-box seen in the crystals was also shown to
occur within cells using coimmunoprecipitation assays of differentially tagged Plk4 Polo-
box constructs [26]. Interestingly, a C-terminal construct of Plk4 containing residues 596
to 836 (Plk4,4;) but lacking the Polo-box region was also observed to dimerize, indicating
the presence of one or more dimerization domains in addition to the Polo-box within Plk4.
The subcellular localization of enhanced green fluorescence protein (EGFP) fusion
constructs of the Polo-box region alone, and of full-length Plk4 in NIH 3T3 cells,
suggested that the Polo-box may play a role in targeting Plk4 to centrosomes and the
cleavage furrow. However, in contrast to loss of localization observed for Polo-box
truncations in other members of the Plk family, subcellular localization of Plk4 was not
disrupted by deletion of the Polo-box. Significant loss of proper subcellular localization
of Plk4 was only observed if both the C-terminal region following the kinase domain, but
preceding the Polo-box (residues 596-836), and the Polo-box itself were deleted. Given
the ability of the Polo-box and Plk4,4, constructs to dimerize, it is unclear if the observed
subcellular localizations of these domains result from their interaction with components

of centrosomes and the cleavage furrow or from association with endogenous Plk4.

Structure of the Plk1 Polo-box domain

Crystal structures of the Polo-box domain (PBD) of human Plk1 [45, 272]
revealed some similarities and a number of key differences fromthe structure of the Plk4
Polo-box dimer. Each of the individual Polo-box repeats (PB1 and PB2) in Plk1 consisted
of a self-contained six-stranded (-sheet and a-helix (Figure 1.4A). This was similar to
the structure of the single o.-helix/f3-sheets seen in the Plk4 Polo-box dimer, however in
the Plk4 structure, each of the B-sheets contains contributions from two Polo-boxes. In
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contrast, no strand swapping was observed in the Plk1 PBD f-sandwich. Furthermore,
the association between the Polo-box repeats in Plk1 differed completely from that of the
Plk4 Polo-box dimer. The B-sheets in the Plk1 PBD pack together with the two a-helices
on either side of the B-sandwich, such that residues located at the interface in the Plk4
Polo-box homodimer correspond to residues on the exterior faces of the B-sandwich in
the Plk1 PBD. The PBD also contained a Polo cap (Pc) region consisting of an ¢-helix
connected via a linker (L1) to the first B-strand of PB1 and a second linker (L2)
connecting the two Polo-box repeats, helping to hold both Polo-boxes in the correct
orientation.

Peptide library screening to determine the optimal phosphopeptide motifs
recognized by the PBDs of human Plk1, Plk2 and Pik3, Xenopus Plx1 and
Saccharomyces cerevisiae Cdc5 revealed a strong selection for Ser in the pThr/pSer-1
position and a modest preference for Pro in the pThr/pSer+1 position [44, 45]. Crystal
structures of the human Plk1 PBD in complex with its optimal phosphopeptide revealed
the structural basis of the phospho-dependent binding and motif recognition. The
phosphopeptide binding site is located at one end of a shallow cleft between the two -
sheets within the only highly conserved region on the PBD surface. The phosphate group
is bound via eight hydrogen-bonding interactions, involving indirect contacts through a
lattice of ordered water molecules and direct contacts arising from the pincer-like
arrangement of the His-538 and Lys-540 side chains. The importance of His-538 and
Lys-540 in phosphospecific binding was confirmed by mutation of these residues to Ala,
which eliminated binding [45]. The strong selection for Ser at the pThr-1 position can be
accounted for by three hydrogen bond interactions of the Ser-1 side chain hydroxyl to the
main chain atoms of Trp-414 and with the backbone carbonyl of Leu 491 via a water
molecule. Van der Waals contacts between the Ser-1 C atom and the C31 of a strictly
conserved Trp-414 side chain reveal that larger hydroxyl-containing side chains such as
Thr or Tyr at the pThr/pSer-1 position would result in a steric clash. The importance of
Trp-414 is shown by the fact that a W414F mutation results in loss of centrosomal Plk1
localization and failure of this mutant to rescue the cdc5-1 allele in S. cerevisiae [194].
The pThr/pSer+1 Pro residue makes a smaller contribution to the binding surface and

likely increases binding affinity by introducing a kink via its trans peptide bond
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conformation, to direct the residues C-terminal to it back towards the binding surface,
thereby reducing the entropic penalty of binding. Structure-based sequence alignments of
the Plk1 PBD with other PBDs suggest that all coordinate phosphate in a similar manner
as the His-538, Lys-540, and Trp-414 residues and surrounding regions are completely
conserved (Figure 1.4B). Similarly, the inverted structure of the dimeric PLK4 polo-box
region suggests that it cannot possibly bind phosphopeptides in the same manner as the
other Plk family members [26], and almost definitely does not bind phosphopeptides at
all (Andy Elia — personal communication).

Another set of Plk1-PBD structures, complexed with phosphorylated and non-
phosphorylated versions of the PIk1-PBD Cdc25C target peptide, were recently published
[273]. The structures were nearly identical to each other and the previously published
structures, with the only notable exception that the loop connecting to the two polo-boxes
(residues 488-507) was unstructured when bound to the non-phosphorylated Cdc25C
peptide [273]. This region was also unstructured in the previously described apo
structure [272], but is well-structured in the presence of a phosphorylated peptide [45,
272,273]. These residues flank the bound peptide, and contribute some minor
interactions between the backbone of the Plk1-PBD and the peptide, as well as with the
ordered water molecules [45]. Whether this loop is floppy until phosphopeptide binding
has not been studied, but this crystal structure observation certainly suggests that the
stabilization of this loop could be a major contributor to the selectivity of the Plk1-PBD
towards phosphopeptides compared to non-phosphopeptides.

A mutually inhibitory interaction between the Plk1 kinase domain and Polo-box
domain results in both a ~3-fold reduction in kinase activity and a ~10-fold reduction in
phosphopeptide binding by the PBD, with significantly reduced phosphospecificity [45,
191, 194, 274]. Conversely, binding of the optimal phosphopeptide to full-length Plk1
stimulated kinase activity by ~2.6 fold, and suggests that binding of the PBD to substrates
with primed phosphorylation sites simultaneously targets PIk1 to its substrates and
activates the kinase domain. The structural basis for regulatory interaction between the
kinase and Polo-box domains remains unclear. In the Src family of protein tyrosine
kinases, intramolecular binding of the SH2 domain to a C-terminal phosphotyrosine motif

positions the N-terminal SH3 domain for binding to a linker connecting the SH2 and
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kinase domains [275, 276]. The SH3 domain and the linker interact with the kinase
domain to stabilize it in an inactive conformation. This mechanism of intramolecular
regulation does not appear to be applicable to Plk1, due to the absence of an internal
optimal PBD motif. Additionally, mutations of the His-538/Lys-540 pincer residues, that
disrupt phosphospecific binding by the PBD, do not abrogate binding of the PBD to the
isolated kinase domain in trans. These observations indicate that the sites of interaction
on the PBD with phosphopeptide ligands and with the kinase domain are distinct. Partial
overlap of these sites, such that binding at one site sterically occludes binding to the other
site, however, would provide one possible mechanism of the mutually inhibitory
interaction.

An alternative mechanism to regulate catalytic activity via an intramolecular
phosphopeptide binding domain is illustrated by the SHP family of phosphatases, in
which binding of the N-terminal SH2 domain to the phosphatase domain partially
occludes the catalytic cleft and distorts the conformation of the SH2 domain, reducing its
phospholigand affinity [277]. Conversely, phospholigand binding to the SH2 domain
results in activation by stabilizing an alternate conformation of the SH2 domain, with
reduced affinity for the phosphatase domain. A similar “molecular switch” mechanism
may be applicable to the Polo-box domain and would be consistent with its reduced
phospho-dependent binding in full-length Plk1 and the increased activity of full-length
Plk1, upon addition of optimal phosphopeptide. Crystal structures of the PBD in the apo
state and in complex with its optimal phosphopeptide reveal that phosphopeptide binding
does not induce significant conformational changes in the PBD [272], except for the
previously described observation that the linking region between the two polo-boxes is
ordered, when bound to a phosphopeptide, and unstructured, when not [273]. Thus, the
linking loop could be the location of influence by the kinase domain to control
phosphobinding affinity. Additionally it is not known if the kinase active site is simply
occluded as in the SHP phosphatases, or if the kinase domain adopts a distinct inactive
conformation when bound to the PBD. A crystal structure of full-length Plk1 or a
complex of the isolated kinase domain with the PBD will be needed to observe the kinase

domain and the PBD in their mutually inhibited states.
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Structure of the Plk1 kinase domain

Very recently, a structure of the isolated Plk1 kinase domain was published [278],
but no other structures of Plk family member kinase domains have been solved. The
structure was determined with a T210V mutation, in order to lock in an inactive
conformation, and with ATP analogs, to help order the substrate binding cleft.
Unsurprisingly, the Plk1 kinase domain adopts a typical kinase fold. with the ATP
binding cleft between an N-terminal B-sheet containing lobe and a C-terminal a-helical
containing lobe [278]. Oddly, the activation loop assumed an extended conformation
typical of active kinase structures [278], despite the attempt to generate an inactive form
by prevention of activation loop phosphorylation by mutation of the phosphorylated
residue. However, this extended activation loop conformation is stabilized by a zinc ion
not previously seen in kinase structures that is coordinated by residues from several
different molecules of kinase domain. Furthermore, the absolutely conserved interaction
between the activation loop and the catalytic lysine seen in structures of active Ser/Thr
kinases is not present [198] due to zinc ion coordination. Thus, the activation loop’s
conformation is controlled by crystal contacts, and not by its intrinsic structure, making
interpretation of this region and its impact on Plk1 activation unwarranted and prone to
artifact.

Ser-137 of PIk1 shares a similar surrounding sequence context as Thr-210 and has
been proposed to be a second site of phosphorylation [195], although this remains
controversial as discussed above. In the Plk1 kinase structure, Ser-137 is solvent-
exposed and located within the presumed peptide binding cleft, near the predicted
substrate Ser/Thr-3 position. However, gross conformational changes and/or movements
of the two lobes of the kinase domain would be required to make Ser-137 accessible to a
kinase, suggesting that it is never phosphorylated in vivo [278]. Phosphorylation of Ser-
137 would be expected to introduce a strong negative charge and increase selectivity for a
positively charged residue, such as Arg or Lys in the substrate at the -3 position.
Interestingly, the crystal structure of Akt/PKB in complex with GSK3-peptide shows a
negatively charged residue at this position (Glu 236) forming a bi-dentate salt bridge to
the -3 Arg of GSK3-peptide [279]. A similar interaction is also observed in the structure
of a PKA-peptide complex [280]. Thus, phosphorylation of Ser-137, if it occurs, might
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be expected to alter Plk substrate specificity, leading to phosphorylation of alternative
targets than those selected when Ser-137 is not phosphorylated. Intriguingly, Ser-137 of
Plk1 is conserved in PIk2 (Ser 166) and P1k3 (Ser 107) but is replaced with glutamate in
Plk4 (Glu 96).

Prospects for structure-based drug design

As discussed earlier, Plk1 is likely to be a highly effective target for anti-cancer
drug design. The Plk1 kinase domain is an obvious target for drug development, and
high-throughput screening and structure-based approaches used in the discovery and
optimization of inhibitors of other protein kinases can be applied [281-283]. The deep
cavity of the ATP binding pocket of kinases provides an excellent binding site for small
molecules, and consequently the majority of available kinase inhibitors are ATP analogs.
The lack of specificity of many such inhibitors is a significant problem, however, owing
to the highly conserved nature of the ATP-binding pocket. In some cases, selectivity can
be achieved by exploiting unique structural features. For example, deschloro-flavopiridol
utilizes an additional less-conserved pocket within the ATP-binding site of CDK2 [284].
The diaryl urea, and quinazolinone and pyridol-pyrimidine classes of p38 MAP kinase
inhibitors, also exploit novel binding sites within the ATP-binding pocket, some of which
are created by inducing subtle conformational changes [285, 286]. High specificity is
also achieved by targeting a distinct inactive conformation of a kinase, as shown by the
inhibition of Abelson tyrosine kinase by STI571/Gleevec [287]. Crystal structures of the
Plk1 kinase domain in the true active and inactive conformations will be extremely
valuable for the optimization of lead compounds.

The recent Plk1 kinase domain structure [278] allows identification of areas of the
Plk1 active site that can be exploited to generate specific inhibitors. The striking
differences of the Plk1 ATP binding pocket, compared to other kinases, are the presence
of a Cys at the roof of the pocket and a Phe at the bottom of the pocket which are much
more commonly Val and Leu. This creates a larger-than-average space at the roof and a
smaller-than-average space at the bottom of Plk1’s ATP binding pocket. There is also a
cluster of three arginines in a solvent-exposed region of the Plk1 ATP binding pocket that

contains no positively charged residues and a highly conserved glycine in most kinases.
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All these residues are well conserved in P1k2 and Plk3, but not Plk4. One potential
method of creating specificity towards Plk1, and at the expense of Plk2, is to target
binding in the site created by Leul32 in Plk1, which is a tyrosine in Plk2 and in most
other kinases. The Plk1 inhibitor BI 2536 was recently demonstrated to be highly
selective towards Plk1, though it also inhibits other Plk family members [97]. Docking
of this inhibitor into the Plk kinase domain structure suggests that it utilizes the
anomalous Cys67 and Leul32 to form its specific binding pocket [278]. Structural
models of the other recent inhibitors with the Plk1 kinase domain structure have not been
reported. Now that several Plk1 inhibitors and the kinase domain structure are known,
structures of the inhibitors bound to the kinase domain will be necessary to understand
exactly how specificity is generated by these compounds. These structures can then be
readily utilized for structure-based drug design, by modification of the current inhibitors
at appropriate places.

The Polo-box domain presents an additional unique target for the development of
novel and specific Plk inhibitors, since it is essential for normal Plk function. To date,
disruption of protein-protein interactions have been looked upon unfavourably as targets
for drug design, primarily because such interactions often involve burial of large amounts
of hydrophobic surface. However, the identification of a relatively polar, small optimal
phosphopeptide ligand for the PBD, capable of disrupting Plk-substrate interactions [44],
suggests that small molecules should be sufficient to accomplish this task. Furthermore,
the availability of Plk PBD optimal phosphopeptides should facilitate development of
high throughput assays for small molecule inhibitors that will disrupt PBD function,
while the availability of crystal structures of the PBD-phosphopeptide complex will
facilitate structure-based optimization of any lead compounds identified in these screens.
And, as there are no other proteins with structure known to be similar to the polo-box
domain, off target affects should be minimal. Specificity among the different Plk family
members would be very difficult to achieve, as they all appear to have the same
phosphopeptide selectivity [45]. There is one potential PBD inhibitor currently in the
literature, HMN-214, which has broad spectrum antitumor activity in mouse xenograft

models [288]. This drug has passed through phase I clinical trials [289], and supposedly
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inhibits Plk1 subcellular localization but not kinase activity [289]. This makes it appear
that HMN-214 is a PBD inhibitor, but as this data is all unpublished, it is hard to know.

Summary and Preview of Thesis

A role for Plk1 as an oncogene in a variety of human tumors is becoming
increasingly clear. Identifying the biological mechanisms of Plk1 function and substrates
of Plks will be critical to understanding and subsequently modulating Plk function. The
large amount of conservation between the roles of Plks in different organisms allows a
variety of systems to be used for addressing Plk function. What is known is that Plks
play critical roles during multiple stages of cell cycle, and in particular mitotic,
progression. All Plks contain an N-terminal Ser/Thr kinase catalytic domain and a C-
terminal region that contains one or two Polo-boxes. For Plks 1, 2, and 3, and their
homologs, the entire C-terminal region, including both Polo-boxes, functions as a single
modular phosphoserine/threonine-binding domain known as the Polo-box domain. In the
absence of a bound substrate, the PBD inhibits the basal activity of the kinase domain.
Phosphorylation-dependent binding of the PBD to its ligands releases the kinase domain
while simultaneously localizing Plks to specific subcellular structures. These
observations suggest that the PBD integrates signals arising from other mitotic kinases to
target the activated kinase towards distinct substrates. Thus, identification of PBD targets
is one mechanism to identify Plk substrates and to gain a greater understanding of the
roles of Plks in the regulation of mitotic processes.

In this thesis, we set out to identify the PBD interactors of Plk1 through a pull-
down mass spectrometry approach (Chapter Two) and the PBD interactors of Cdc5
through a novel mitotic-specific yeast two hybrid screen (Chapter Three). The recent X-
ray crystal structures of the PBD provided insights into the structural basis for PBD
function, and allow us to create and use optimal negative controls to identify the
phosphorylation-specific interactors of the PBD. The results from both these screens led
us to explore the role of Plk1 and Cdc5 in cytokinesis, where we demonstrate that both
Plks modulate members of the Rho signalling network during cytokinesis, including
proteins downstream of RhoA (Chapter Two) and upstream of Rhol/A (Chapter Four).

Our extensive data sets lead us to a number of hypotheses on the mitotic roles of Plks,
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and on various specific proteins that might be regulated by Plks, which are explored in
Chapter Five. In addition to the work on Plks, we describe the identification of tandem
BRCT domains as phosphorylation-dependent binding domains involved in DNA
damage-dependent signalling (Appendix One), and the functional characterization of
designed WW domains (Appendix Two), which are another class of phosphorylation-

dependent binding domains involved in cell cycle control and cancer susceptibility.
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Figure 1.1: Domain structure and key residues of Polo-like kinases.

Polo-like kinases contain an amino-terminal kinase domain and a carboxy-terminal Polo-
box domain connected by a short linker. Plks are activated by phosphorylation of a
conserved Thr residue within the T-loop (Thr-210), and bind phosphopeptides through a
pocket in the Polo-box domain containing the key residues Trp-414, His-538, and Lys-
540. Numbering is for human PlkI.
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Figure 1.2: Phylogenetic analysis of Polo-like kinase family members

(A) Full length sequences of known Plk family members were aligned using ClustalW

[290]. A rooted tree was constructed using PHYLIP [291] showing one model of

evolutionary descent.

(B) An unrooted tree shows the distance relationship between Polo-like kinases from

organisms containing only a single Plk family member (Polo, Plo1, Cdc5) from other

members of the Plk family.
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Figure 1.3: Two proposed models for Polo-box Domain-mediated substrate
targeting.

In the distributive model (upper), Plks are targeted to specific subcellular locales through
binding of the PBD to a single protein. Additional substrates of the kinase domain are
then encountered in these locations. In this model, Plks function as spatial integrators of
mitotic signalling. In the processive model (lower), PBD binding to a protein targets that
protein for subsequent phosphorylation by Plks. In this model, Plks function as temporal
integrators of mitotic phosphorylation events.
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Figure 1.4: Structures of the Plk1 Polo-box domain

(A) The structure of the Plk1 Polo-box domain (PDB accession code: IUMW) is shown.
The optimal phosphopeptide (Pro-Met-Gln-Ser-[phospho-Thr]-Pro-Leu) is shown in stick
representation with yellow carbons and with the phosphate group highlighted with
transparent spheres. The two Polo boxes (PB1 and PB2) are colored red and blue, while
the Polo cap (Pc) is colored green. Figure created with Molscript [292] and Raster3D
[293].

(B) Structure based alignment of PBDs from indicated Plks with critical residues for
phosphopeptide recognition marked with a star (Trp-414, His-538, and Lys-540 in Plk1).
Figure is adapted from Elia et al. Figure 3A [45].
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Table 1.1: Polo-like Kinase Substrate and Polo-box Domain Binders

Protein Mapped Plkl | Potential Polobox | Interacts With | Presumed Kinase | Reference
Phosphorylation | Domain Binding | Plkl Polobox | that Generates
Site(s) Site' Domain PBD binding site
Aspl® ND many (S/T)P sites ND CDK1 [36]
Bfal’ | ETSUF,NTT'L SS™p ND CDK1 [294-296)
Blm ND SS™*p, SSTZ°P + MPS1 [161]
Brca2 DMS™W, ST’P, SS™T°P, ND CDK1 [51]
DES™L ST2!%, ST*'¥%p,
SS3219P, ST3242P
Bubl ND ST°”P + CDK1 [180]
BubRl [ELT -V, EAT V] ST2°p + CDK1 1180,297] |
Cdc25C EFS"°L ST°'p + CDK1 [44,50]
Cdc27° |QDT™, If}?§‘27L, many (S/T)Psites [ Not tested CDK1 [230]
DSS*’I
Cenexin Not tested SS7°p + CDK1 [298]
Cepl70 ND ST*°P, SS°°P, ND CDK1 [299]
ST765P’ gs3%p
Cep55 NES™°L AS**P, KS"*P + CDK1, Erk2 [237]
Chk2 ND ST®Q + ATM [173,174]
Claspir’ | SDS’GQGS™Y STp ND CDK1 [171]
one or both
Cohesin ND ESS™V, VST™T, | Not tested PIk1? Indirect [185]
scci1® QST'*’s binder?
Cyclin B’ [ETS™G, AFS™'D| AS'®PS™P, ND CDK1? ERK2? [53-55]
ST*“Lp Indirect binder?
Ect2 ND ST°P + CDK1 [181]
Emil [EDS"G,YSS'"F| AS’P,YT'P, + CDK1and Pkl | [65,112]
GS**p, vS'’p,
%SISZP’
EDS'®GYSS'F
Emi2® | QDS”GYSDSL |RSST >, RLST° + CaMKII [162-164]
one or both
Grasp65 ND SS'*p + CDK1 [61, 62]
INCENP | Not tested STp + CDK1 [114]
Kizuna DLT "1 SS”P, SS¥P + CDK1 ~[300]
Mcm2 Not tested __ [SS"P, SS”'P, SS™P + CDK1 ~ [301]
MKLP!’ | RRS’"'S, RSS’°T RSS™ T + Aurora? [39, 59, 121]
MKLP2 EHS“L EHS“L + Plk1 [60]
Myt1® [DSS™L, DDS™L ST°P ND CDK1 [52,302]
DLS**D, EDT*’L
Ndd1'™T ESS™L SS™7p ND CDK1 [303]
Net!“ | ESS’'Q, DAS™L, ST’P Not tested CDK1 [304-307]
NVS®F, ERS*?F,
and many more
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Table 1.1: Continued

Protein Mapped Plk1 | Potential Polobox | Interacts With | Presumed Kinase | Reference
Phosphorylation | Domain Binding | Plk1 Polobox that Generates
Site(s) Site' Domain PBD binding site
Nir2 Not tested ST°P, + CDK1 [184]
many (S/T)P sites
Nip EDSY'S®S, |[LCSS™L, LFSS™" ND Nek2 [57,123]
EST'Y’K Several others
EKSé“Q
Npml EDS*M ST'"P + CDK1 [236]
NudC__|ENS”"K, DFS"°K|SS”°WL, SS* DP + Phosphoindependent?’ _ [56]
OP18” ND LS”P, LS*P ND CDK1 [223]
Orc2 ND Many (S/T)P sites + CDK1? [301]
PBIPI |DVS'S,HSTT'A,| HST'A + PIkl [109]
EFS®K, DTS'''G,
EAS“(’E, DDSmE,
QPS'**V, EKT**'H|
DYS**D, KET*'Y|
PICH ND ST'op + CDKI1 [182]
Pinl KHSQ NSS*™S, + Plk1? [308]
several others
PRCI NSTN __ |AST"°Y,NSTUN ¥ Plkl [108]
Ran AKS™1 none ND Indirect binder? [309]
RGC32 ND ST?P + CDK1 [310,311]
Shugoshin'* ND ST-'P + CDK1 [232]
TCTP DDSL, TES™*T none + Phosphoindependent?  [58]
TTDN1 Not tested ST P + CDK1 [1831
vimentin QDS™V SS™P + CDK1 [120]
Weel EDS"A SS™*°P + CDK1 [41, 63,100

ND = not determined but does interact with full length Plk and is a substrate of Plk.
Not tested = not tested as a Plk1 substrate
None = no clear potential PBD binding sites
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Table 1.1: Notes

! Proteins are labeled as interacting with the PBD if an interaction with full length Plk
was demonstrated to be phosphorylation dependent in addition to if an interaction is
observed with the isolated PBD. The Polo-box domain binding sites for Blm, Bubl,
Cdc25C, Chk2, Cyk4, Ect2, Emi2, INCENP, Mytl, Nir2, PICH, PRC1, TTDNI1,
vimentin, and Weel have been identified in the indicated references.

2 Asp has only been shown to be a PIk substrate and binder in drosophila.

3 All data on Bfal are from budding yeast.

* Only the subset of the in vitro mapped phosphorylation sites that were also seen in vivo
are listed [230]. The APC subunits APC1, APC4, and AP7 were also were shown to be
phosphorylated by Plk1 in vitro though none of the mapped sites were seen in vivo.

> Xenopus claspin contains an ST**Q motif instead of an STP motif at the potential PBD
binding site. This site was proven to be the PBD binding site and is generated by the
DNA damage responsive protein kinase, ATR [67]. A different site was described to be
phosphorylated by PIx1 in xenopus claspin, SSS***F [67], then in human claspin.

® Cohesin, SCC1, phosphorylation sites have been identified in budding yeast [211, 231],
but the human data suggests a slightly different mode of regulation though it is still Plk1
dependent [185].

" The S147 site in cyclin B1 is probably not phosphorylated by Plk1 [53, 55].

® Emi2 data is from xenopus oocytes, but all relevant sites are completely conserved in
human Emi2.

? The sites ascribed to PIk1 in MKLP1 are probably generated by Aurora B, and this has
been proved for the latter site [121].

' The PBD binding site in Myt1 is confirmed in the xenopus system [302], but only
suggested in the mammalian system.

' All data on Ndd1 are from budding yeast.

2 All data on Net] are from budding yeast.

" OP18 has only been demonstrated to be a Plk substrate and binder in Xenopus.

¥ Shugoshin sites are from drosophila data though the sites are conserved in human
shugoshin and the data that has been published indicates the same regulation is occurring.
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Abstract

Polo-like kinase-1 (Plk1) phosphorylates a number of mitotic substrates, but the
diversity of Plk1-dependent processes suggests the existence of additional targets. Plk1
contains a specialized phosphoserine-threonine binding domain, the Polo-box domain
(PBD), postulated to target the kinase to its substrates. Using the specialized
phosphoserine-threonine binding domain , the Polo-box domain (PBD), of Polo-like
kinase-1 (Plk1) as an affinity capture agent, we performed a screen to define the mitotic
Plk1-PBD interactome by mass spectrometry. We identified 622 proteins that showed
phosphorylation-dependent mitosis-specific interactions, including proteins involved in
well-established Plk1-regulated processes, and in processes not previously linked to Plk1
such as translational control, RNA processing, and vesicle transport. Many proteins
identified in our screen play important roles in cytokinesis, where, in mammalian cells,
the detailed mechanistic role of Plk1 remains poorly defined. We go on to characterize
the mitosis-specific interaction of the Plk1-PBD with the cytokinesis effector kinase Rho-
associated coiled-coiled domain-containing protein kinase 2 (Rock2), demonstrate that
Rock2 is a Plk1 substrate, and show that Rock2 co-localizes with Plk1 during cytokinesis.
Finally, we show that Plk1 and RhoA function together to maximally enhance Rock2
kinase activity in vitro and within cells, and implicate Plk1 as a central regulator of
multiple pathways that synergistically converge to regulate acto-myosin ring contraction

during cleavage furrow ingression.
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Introduction

In eukaryotic cells, Polo-like kinase-1 (Plk1) and related orthologues perform a
wide variety of essential functions during mitosis [1-3]. Levels of Plkl peak in late G2
and early M, accompanied by dramatic changes in subcellular localization as cells transit
through various mitotic stages [4]. During interphase and early prophase Plk1 resides
primarily at the centrosome, where it facilitates centrosome maturation, separation, and
microtubule nucleation during late prophase and prometaphase [5-7]. By metaphase, a
fraction of Plk1 has relocalized to the kinetochores, where it seems to be involved in
regulating aspects of spindle checkpoint function and the metaphase-anaphase transition
[8, 9]. During anaphase, Plk1 is concentrated in the spindle midzone, where it probably
facilitates microtubule sliding, while following chromosome segregation, Plkl remains in
the central spindle and midbody, where it participates in ingression of the cleavage
furrow [10, 11]. Particularly prominent cytokinetic phenotypes are observed in budding
and fission yeast where mutations in the respective Plk1 orthologues, Cdc5 and Plol,
result in incomplete assembly of actomyosin and septin ring structures along with
delayed and improper deposition of septal material [12, 13].

Although these and related mutational studies have provided many insights into
Cdc5/Plol function in simple model organisms, the diversity of Plk1 functions in higher
eukaryotes makes it difficult to comprehensively identify Plk1-regulated pathways or
define the bulk of the Plk1 interactome using standard molecular genetics techniques.
Separation of function alleles are hard to identify due to the presence of a single common
binding pocket and substrate phosphorylation cleft shared by most, if not all substrates
[14, 15]. Full genetic disruption of the drosophila Plk1 orthologue, polo, causes
embryonic lethality [16], while full depletion of the Xenopus Plk1 orthologue, Plx1,
prevents mitotic entry [17].

More recently, RNA interference has been used to examine the effect of Plk1
depletion in human cell lines, revealing a marked dependence of phenotype on the
particular genetic background of the cell. In tumor derived cell lines depletion of Plk1
causes apoptosis along with mitotic catastrophe, making the delineation of specific Plk1

functions difficult [18, 19]. In other immortalized cell lines, depletion of PIk1 causes a
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delay in mitotic entry with subsequent arrest at prometaphase, preventing analysis of later
phenotypes without sensitization strategies to avoid activation of various mitotic
checkpoints. If both the DNA damage and spindle checkpoints are bypassed, Plk1-
depleted cells can complete an apparently normal mitosis, however chromosome
segregation fails [20, 21]. In non-transformed cell lines, depletion of P1k1 causes only
very minor cell cycle defects, although co-depletion of p53 mimics the cell death
phenotypes seen in tumor derived cell lines [18]. The various Plk1-depletion phenotypes
are complicated by varying degrees of Plk1 knockdown, since a 90% knockdown of Plk1
in HeLa cells can allow normal mitotic processes whereas a ~100% depletion completely
blocks cell cycle progression [18, 22].

In an effort to more comprehensively elucidate the substrates and interacting
proteins of Plk1, we pursued a biochemical/proteomic approach. All Polo-like kinases
have a similar protein architecture including a N-terminal Ser/Thr kinase domain and a
conserved C-terminal Polo-box domain (PBD) (Figure 2.1A). The PBD of Plks was
previously identified in our lab as a pSer/pThr-binding module that specifically
recognizes Ser-[pSer/pThr]-Pro/X motifs on peptides with low micromolar affinity (Elia
et al., 2003a). Phospho-dependent ligand recognition by the PBD is necessary for
targeting of Plk1 to specific substrates (i.e. processive phosphorylation) as well as for the
dynamic re-localization of Plk1 to specific subcellular structures during mitosis where
other Plk1 targets reside (i.e. distributive phosphorylation) [23]. We therefore performed
affinity purification and mass spectrometry studies to identify Pkl PBD-interacting
proteins from U20S cells at different stages of the cell cycle.

Our strategy was to define all putative interacting partners, and then select one
particular sub-network to investigate in more detail at the molecular level. We identified
approximately six hundred proteins that were members of phosphorylation-dependent
Plk1 PBD interacting complexes. These proteins are known to be involved in a wide
variety of mitotic processes, including processes not previously thought to be regulated
by Plk1. We chose to focus on the roles of Plk1 in regulating cytokinesis. The
requirement for Plk1 and its orthologues for proper initiation and completion of
cytokinesis has been well established in unicellular organisms [24, 25] and drosophila

[26], and several previously described PBD-associated proteins are known to play roles

86



in this process in mammalian cells [10, 11, 27], although exactly how Plk1 fits into the
complete cytokinesis network in unclear. One of the major upstream regulators of
cytokinesis is RhoA, which, together with its downstream targets, controls the formation
and constriction of the actomyosin ring at the cleavage furrow [28]. The functions of Plk1
and Rho GTPases may be linked, since cytokinesis-specific GEFs for Rho were recently
identified as Plk targets both in mammalian cells [29] and by our recent work in budding
yeast [13].

We now report that Plk1 functions in multiple parallel overlapping pathways with
RhoA, and directly interacts with a subset of critical effectors of RhoA. We demonstrate
that Plk1 and RhoA synergize to maximally activate the cytokinetic protein kinase Rock2
in vitro and within cells, and that Plk1 and Rock2 interact directly in vivo in a
phosphorylation-dependent mitosis-specific manner, with maximal co-localization at the

midbody during cytokinesis.
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Results and Discussion

The PIk1 Polo-box domain shows mitosis-specific interactions with many proteins
involved in diverse aspects of cell division.

To identify potential targets of Plk1, we examined the ability of the isolated PBD
to bind to proteins in a cell cycle-dependent manner. Recombinant Plk1 PBD was
expressed in bacteria and purified to homogeneity (Figure 2.1C). We also purified a His-
538 Ala/Lys-540 Met double mutant form of the PBD which does not bind to
phosphorylated ligands [15] and therefore serves as an optimal negative control to reveal
sticky non-specific interactions or phospho-independent protein-PBD interactions that
might arise from high abundance. The wild type and mutant PBD proteins were cross-
linked to sepharose CN-4B beads and used as an affinity matrix. Human osteosarcoma
U208 cells were arrested at the G1/S transition by a double thymidine block or arrested
in mitosis by treatment with nocodazole. Cell cycle synchronization was verified by
FACS (Figure 2.1D). Lysates from these two cell populations were prepared and equal
amounts of total protein were applied to columns containing either the wild type or
mutant PBD column. After extensive washing with a near neutral pH medium-salt buffer
that is not expected to disrupt complexes, PBD-interacting proteins were eluted off the
columns by competition with an optimal PBD binding phospho-peptide (YMQS-pT-PK)
[30]. The recovered proteins were then separated by SDS-PAGE and visualized by
SYPRO Ruby staining (Figure 2.1B top).

Both the wild type and mutant PBD bound very weakly, and with similar affinity,
to a variety of proteins in the G1/S cell lysate. In marked contrast, the wild type PBD, but
not the mutant PBD, showed very strong binding to a large number of proteins in the
mitotic cell lysates (Figure 2.1E). The darkest band at 25kd is the PBD itself indicating
that there is some leeching of the PBD from the column. These observations suggest that
the Plk1 PBD can specifically interact with many mitotic proteins in a phospho-
dependent manner. Furthermore, because Plk1 has been reported to interact with
microtubules [31], we used nocodazole treatment to obtain the mitotically arrested cells,
as this drug depolymerizes microtubules and should therefore minimize potential indirect

interactions of the PBD with other microtubule-interacting proteins. The affinity-based
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purification assay shown in Figure 2.1E could either isolate mitotic proteins that bound
directly to the PBD, or proteins that were not themselves direct PBD-interactors but
instead were components of larger PBD-associated complexes. The specificity of PBD
binding was therefore investigated by Far-Western blotting. Many of the mitotic proteins
captured with the wild type PBD were capable of direct interaction. In contrast, none of
the proteins that were retained by the mutant PBD showed a strong detectable interaction
with the wild type PBD in this assay (Figure 2.2A).

To examine the extent to which the binding of mitotic ligands to the PBD is
dependent upon phosphorylation, nocodazole-arrested cell lysates were dephosphorylated
with A-phosphatase prior to the PBD pull down. As shown in Figure 2.2B, both the
number of recovered ligands and intensity of ligand binding was greatly reduced after
phosphatase treatment of the mitotic cell lysates. Next, to investigate if any of the Plk1
PBD-interacting proteins were also potential Plk1 substrates; the affinity purified proteins
were incubated with a constitutively active mutant of full-length Plk1, Plk1-T210D, in
the presence of *P-y-ATP. As shown in Figure 2.2C, incubation with PIk1-T210D
resulted in the direct phosphorylation of many of these PBD-interacting proteins. Taken
together, the data in Figures 2.1 and 2.2 strongly support a model where the PBD
facilitates the interaction of Plk1 with a wide range of mitotic targets that have undergone
prior priming phosphorylation during mitosis, and indicates that a subset of the
interacting proteins are themselves Plk1 substrates.

Liquid chromatography tandem mass spectrometry (LC/MS/MS) was used to
identify the mitotic PBD-interacting proteins. Each lane of the gel from the nocodazole
arrested cell lysates in Figure 2.1E was excised, cut into 12 pieces as indicated (Figure
2.1E), and subjected to in-gel digestion with trypsin. The extracted peptide mixtures were
then separated using reverse phase HPLC, which was coupled to an LTQ-FT hybrid ion
trap Fourier transform mass spectrometer for peptide identification (Figure 2.1B bottom),
and the corresponding proteins identified by database searching. For each protein, the
relative ratio of wild-type/mutant PBD-bound abundances was determined using the sum
of the extracted ion current measured for each sequenced peptide precursor ion in the
intervening MS scans of the LC/MS/MS chromatogram. Proteins were then categorized

as being wild-type specific (peptide ions only present in the wild-type PBD eluents),
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wild-type enriched (peptide ions present at >20-fold intensity in the wild-type PBD
eluents compared to the mutant PBD eluents), and non-specific (peptide ions present at
<20-fold intensity in the wild-type versus mutant PBD eluents). In total, we identified
622 distinct proteins that were at least 20-fold more abundant in the wild type PBD pull
down compared to the mutant H538 A/K540M PBD pull down and were considered to be
potential PBD interaction partners (Table 2.1). All proteins were characterized according
to GO categories defining their molecular function [32] (Figure 2.4A).

We selected a small random subset of proteins identified in the mass
spectrometry-based screen for further validation based on the availability of antibodies:
Lamin A, Cofilin, MCMs, the protein kinase CK2 alpha, myosin phosphatase targeting
subunit 1 (MYPT) and Rock2. Pull downs from mitotic lysates followed by
immunoblotting confirmed that all these proteins preferentially interacted with wild type
PBD compared to the mutant PBD (Figure 2.3A). The cell cycle-dependent interaction of
the selected proteins with the PBD was investigated by performing in vitro pulldown
assays with lysates from double thymidine blocked (G1) and nocodazole-treated (M)
cells. As shown in Figure 2.3B, interactions between the PBD and all of these proteins
were mitotic specific. To investigate the requirement for phosphorylation, mitotic lysates
were treated with A-protein phosphatase prior to PBD pull-downs and immunoblotting
for. In each case, interaction of these proteins with the PBD was either eliminated or
substantially reduced following phosphatase treatment (Figure 2.3C). Thus, all six of the
interactions tested were mitotic phosphorylation-dependent interactions.

The complete set of proteins identified in our PBD interactome included proteins
previously demonstrated to associate with Plk1 such as MCMs [33], septins [25], anillin,
(shown to be a PIkl substrate in vitro; [34]), and members of the 20S proteasome complex
[35]. Some other known endogenous PIk1 interacting proteins, such as Cdc25C, were not
identified in this screen, likely as a result of our nocodazole treatment/spindle checkpoint
arrest strategy, which appeared to enrich for late mitotic targets. Plk1 targets such as
Cdc25C and Weel are thought to play a role in entry into mitosis, and thus might not
bind to Plk1 once mitosis is underway. Additional Plk1 interactors such as Bub3 are only

expected to be engaged after the spindle checkpoint is extinguished.
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Most of the PBD interacting proteins identified in this study have not been
previously reported. Many of those proteins participate in a broad range of cellular
functions that show distinct changes during mitosis; transcription, translation, splicing
and metabolism (Figure 2.4A). Intriguingly, although protein synthesis is necessary for
mitotic entry and progression, the overall rate of protein synthesis in mitotic cells has
been reported to be markedly decreased to 25-30% of the rate seen in interphase cells
[36]. At the same time the synthesis of a number of proteins including c-myc is enhanced
during mitosis [37]. Transcription and mRNA splicing has also been shown to be
inhibited during mitosis [38]. The metabolic state of mitotic cells also undergoes
significant alterations in order to accommodate disruption and distribution of membrane
compartments and components [39]. Recently a transcriptional co-activator protein, Ndd1,
has been discovered to be a direct substrate of CdcS5, the yeast Plk1 orthologue. Cdc5
was recruited to specific promoters where it phosphorylated Ndd1 to activate
transcription of cell cycle regulated genes involved in mitotic progression [40]. Plk1 has
also been shown to regulate the nuclear translocation of the transcription factor HSF1

[41]. Thus we can anticipate further roles for Plk1 in these processes.

Bioinformatic analysis reveals that Plkl Polo-box domain ligands are enriched in
Ser-[Ser/Thr]-Pro motifs and are potential Plk1 substrates.

In order to help distinguish between indirect and direct interactors, each of the
PBD-interacting proteins identified by mass spectrometry was evaluated for the presence
of an optimal PBD recognition motif. Isolated phosphopeptides bind to the Plk1 PBD
through the optimal consensus motif S-[pS/pT]-[P/X], where the Ser residue preceding
the pSer/pThr makes 3 hydrogen bonding interactions with the PBD (one through a
bound water molecule) and contributes significantly to ligand affinity [15]. As seen in
Figure 2.4B, PBD recognition motifs were identified in 47.3% of the wild-type-specific
PBD-interacting proteins and 41.3% of the wild-type-enriched interactions. In contrast,
only 16.2% of the non-specific PBD-interacting proteins contained this motif. To
determine whether these values were statistically significant, we generated 2000 'mock’
protein datasets by randomly selecting either 622 (the total number of combined wild-
type PBD-specific or -enriched interactions: Fig 2.4B, column 1, red boxes) or 277
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proteins (the total number of non-specific interactions: Fig 2.4B, column 1, gray box)
from the current human NCBI RefSeq collection, and examined these datasets of
randomly selected proteins for the percentage of proteins containing S-[S/T]-P motifs. As
shown in Figure 2.5A and B, the distribution of the number of protein in each of the
random datasets containing S-[S/T]-P motifs was roughly normally distributed, with the
same average value of 31.4%. The percentage of PBD-specific or -enriched interacting
proteins containing S-[S/T]-P motifs that we identified in our mass spectrometry-based
screen (average value 45.3%) was over 7 standard deviations above the mean from that
expected for a similar sized collection of random proteins (Figure 2.5B). Likewise, the
percentage of PBD non-specific interacting proteins containing S-[S/T]-P motifs was
over 5 standard deviations below that expected (Figure 2.5A). Thus, our non-biased
method for identifying PBD interactors greatly enriched for proteins that contained the
optimal motifs necessary for PBD binding suggesting that the optimal PBD binding motif
for isolated phosphopeptides likely functions in an analogous way for many full-length
phosphoprotein ligands.

The wild-type PBD -specific or -enriched interacting proteins were also evaluated
for the presence of potential Plk1 phosphorylation sites [E/D]-X-[S/T]-[F/L/I/Y/W/V/M]
[42]. Among the 282 proteins that contain a PBD recognition motif, this motif was found
in 88% of the proteins. In contrast, among the 340 proteins that do not contain a PBD
recognition motif this phosphorylation motif was present in 75% of the proteins (Figure
2.4B). We performed a similar statistical analysis for putative Plk1 phosphorylation sites
in random proteins datasets containing either 282 proteins (the number of wild-type PBD
-specific or -enriched interactions containing S-[S/T]-P motifs: Figure 2.4B, blue boxes,
column 2) or 340 proteins (the number of wild-type PBD -specific or -enriched
interactions not containing S-[S/T]-P motifs: Figure 2.4B, white boxes, column 2). This
revealed a similar mean value of 74.4% (Figure 2.5C, D). The co-occurrence of a Plk1
phosphorylation motif in the S-[S/T]-P motif-containing PBD-specific or -enriched
proteins found in our mass spectrometry-based screen was nearly 5 standard deviations
greater than that expected by chance alone in a randomly selected set of proteins (Figure
2.5D). In contrast, for the PBD-specific or -enriched proteins found in our mass

spectrometry-based screen that lacked S-[S/T]-P motifs, the occurrence of a Plk1
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phosphorylation motif was the same as that expected by random chance (Figure 2.5C).
We interpret these findings as evidence that Plk1 interactors capable of binding directly
to the PBD are likely to also be Plk1 substrates, while proteins in complexes with direct
PBD interactors may be less likely to be Plk1 substrates than the PBD interactors
themselves.

The mass spectrometry analysis of the PBD interacting proteins also resulted in
the mapping of 247 phosphorylation sites (Figure 2.4C, Table 2.2), although this was not
the primary intent of our study. The majority of mapped phosphorylation sites were
derived from the gel band tryptic digests of our PBD pulldowns with a few from a TiO2
IMAC using a tryptic digest of an aliquot of the PBD pulldowns. Within the tryptic
peptides, many of the phosphorylation motifs are present in a sequence context that is not
readily amenable to binding and elution from a reversed-phase column and
ionization/fragmentation by MS/MS (i.e. too short, long, hydrophobic, hydrophilic, or
contain too many nearby basic residues). Therefore, we expect to observe only a portion
of phosphopeptides actually present. In 282 proteins that were identified as wild-type
PBD -specific or -enriched interacting proteins (Fig 2.4B, column 2, blue boxes), we
were able to map 49 phosphorylation sites in 43 proteins that exactly matched the Ser-
(pSer/pThr)-Pro PBD recognition motif (Table 2.2). An additional 4 mapped sites
contained the motif Ser-pSer, which would also be expected to bind strongly to the PBD
[15]. Amongst the entire 899 proteins identified in our study we were able to map an
additional 168 phosphorylation sites matching the minimal consensus [pS/pT]P motif for
CDKs. Thus 90% of our mapped sites match the minimal CDK motif.

A large network of proteins involved in cytokinesis is connected by Plk1 Polo-box
domain ligands.

In order to examine one part of the PBD interactome in more detail, we chose to
focus on a mitotic process in which Plk1 was thought to be involved, but where many of
the details of Plk1-dependent regulation were unclear. At the end of mitosis, the parent
cell is cleaved into two daughter cells by a mechanical process known as cytokinesis.
During early cytokinesis the cell elongates and a cleavage furrow is created under the

plasma membrane by an actomyosin-based structure known as the contractile ring. The
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spatial orientation of this ring is controlled by both the central spindle and septins. Later
in cytokinesis the two daughter cells remain connected by a cytoplasmic bridge called the
midbody, until abscission, when the two cells separate [28]. Cells lacking or
inappropriately overexpressing certain components for many of these processes fail to
complete cytokinesis, resulting in either cells arrested at the midbody stage, or as
binucleated cells. In budding and fission yeast, cytokinesis seems to be highly dependent
on the fungal homologue of Plk1 [12]. In mammalian cells, there is data implicating Plk1
in the cytokinetic process, but exactly how PIk1 is connected to the network of core
cytokinesis components is unknown. In addition to the incompletely understood role of
Plk1, regulation of cytokinesis is under the direct control of several other protein kinases
including CDK 1, AuroraB, and the Rho-regulated protein kinases; Rock1, Rock2, and
Citron kinase.

To evaluate additional roles of Plk1 in regulating cytokinesis, we examined
protein-protein interactions known to be involved in this process. First, we constructed
models of cytokinesis sub-networks for core protein-protein interactions controlling
central spindle organization, myosin activation, and actin dynamics based onrecent
summaries and reviews [28, 43] with interaction data taken from the Human Protein
Reference Database [44] (Figure 2.6B-D). We then constructed a similar model of the
subset of Plk1-interacting proteins relevant to cytokinesis by searching for proteins with
described cytokinesis phenotypes that were also known to interact with Plk1 from
published literature (Figure 2.6A) [10, 11, 27, 45-49]. As seen in Figure 2.6E, published
data allows only one direct link to be constructed between Plk1 and the core cytokinesis
processes of actin dynamics and myosin activation, through the Rho-GEF Ect2. Plk1 can
bind to and phosphorylate Ect2, and Ect2 depletion results in cytokinesis defects [29], but
the likely direct connection between Plk1 and cytokinesis through Ect2 has not yet been
definitively shown. In budding yeast, however, we recently showed that the yeast Plk1
orthologue Cdc5 directs the localization of the RhoGEFs, Tus1 and Rom2, to the bud
neck (the budding yeast equivalent of the mammalian furrow/midbody) and that Cdc5
phosphorylation of Tus] is necessary for cells to complete cytokinesis [13]. The only

other published link connecting PIk1 to core components of the cytokinesis network is
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through the intermediate filament protein vimentin, which appears to be a critical
substrate of both Rock and Plk1 [48, 50] necessary for completion of cytokinesis.

We next examined which of the core cytokinesis proteins in panels B-D showed
mitosis-dependent interactions with the Plk1 PBD in our screen (Figure 2.6F, yellow
circles). This revealed a total of 11 new putative Plk1-modulated core cytokinesis
interactions, including potential roles for Plk1 in the direct regulation of several Rho-
dependent kinases (Figure 2.6F, circled red). To identify additional links between Plk1
and these core cytokinetic sub-networks, we expanded the network to include Plk1 PBD-
interacting proteins identified in our screen that had previously been experimentally
validated to make direct protein-protein interactions with components of these core sub-
networks (Figure 2.6G, green circles). This resulted in creation of a more extended Plk1
PBD-annotated cytokinesis network that contained 27 new PBD-binding proteins that
touch the core cytokinesis components to form another 33 potential Plk1-regulated links
(Figure 2.6G, thick black lines, and Figure 2.7).

PIKk1 co-localizes with Rock2 during cytokinesis and works synergistically with
RhoA to stimulate Rock2 kinase activity.

The large set of potential Plk1-regulated cytokinesis proteins revealed by this
mass spectrometry/proteomics approach exceeded our capacity to directly investigate in
an experimentally tractable manner. We therefore focused our attention on the subset of
Rho-regulated protein kinases and phosphatases in the core cytokinesis network that
control myosin activation (Figure 2.6F, circled red). We confirmed that each of these
proteins - Rock1, Rock2, Citron kinase, and MYPT1 - bound to the Plk1 PBD in a
phospho-dependent manner (Figure 2.6H), and proceeded to investigate Rock?2 in detail.

Rock2 contains an N-terminal kinase domain and a C-terminal Rho-binding
domain and PH domain (Figure 2.8A), and phosphorylates myosin regulatory light chain
and myosin phosphatase targeting subunit in manner that is enhanced upon RhoA binding
[51]. To demonstrate an interaction between full-length Rock2 and Plk1 within cells,
myc-tagged Rock2 and Flag-tagged Plk1 containing either a wild-type or mutant PBD,
were co-expressed in U20S cells. Lysates were collected from asynchronous and

mitotically arrested cells. Immunoprecipitation of the lysates using anti-Flag M2 beads

95



revealed a strong mitosis-dependent interaction of full-length Plk1 containing a wild-type
PBD, but not a mutant PBD, with Rock2 (Figure 2.8B, C). Furthermore, this Plk1-Rock2
interaction was lost when the lysates were treated with A-phosphatase, confirming that
the interaction between the full length proteins was phospho-dependent (Figure 2.8D).
We also observed significant co-localization of the endogenous proteins during
cytokinesis, most prominently at the midbody (Figure 2.8E), consistent with previously
published localization data for each of these proteins individually [11, 52].

To investigate whether Rock2 could serve as a substrate for Plk1, full length
bovine Rock2 (Rock2-FL) as well as N-terminal kinase domain- (Rock2-CAT) and C-
terminal RBD and PH domain-containing fragments (Rock2-RBD/PH) of Rock2 were
phosphorylated by the Plk1 kinase domain in vitro in the presence of [*’P]-y-ATP (Figure
2.9). Radioactivity was incorporated into all three fragments of Rock2. When in vitro
phosphorylated full-length Rock2 was analyzed by mass spectrometry, phosphorylated
peptides from only the C-terminal part of the molecule were detected, corresponding to
residues Thr-967 (DApTI), Ser-1099 (EEpSQ), a mono-phosphorylated species
phosphorylated on one of three consecutive serines from Ser-1132 to Ser-1134 (Figs.
2.8A, 2.9 and 2.10), and Ser-1374 (NQpSI). Three of these mapped sites conform to the
general PIk1 kinase consensus motif [E/D]X[S/T] assuming that the third site is actually
Ser-1133 (DSpSSI), while the fourth site at Ser-1374 contains an N in the -2 position.
This pSer-2 Asn has been recently been reported in several mapped phosphorylation sites
targeted by Cdc5 [53], and fits with our unpublished data on the in vitro Plk1
phosphorylation consensus motif (J. Alexander and M.B. Yaffe unpublished). In addition,
Ser-1374 phosphorylation was reported in a high-throughput phospho-proteomics screen
[54] indicating that it is phosphorylated in vivo. All four of these motifs are conserved in
bovine, mouse, rat, and human Rock2. The most likely candidate P1k1 N-terminal site in
Rock2 based on consensus motif matching is Thr-489, which is contained in a very acidic
stretch of sequence, and peptides containing that site were not recovered in either a
phosphorylated or non-phosphorylated form.

To assess the functional significance of Rock2 phosphorylation by Plk1, myc-
tagged bovine Rock2 was immunoprecipitated from 293T cells and its kinase activity

assayed using a substrate peptide from its physiological substrate, myosin regulatory light
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chain (Figure 2.8F). Following phosphorylation, the myosin regulatory light chain
peptide substrate was recovered from solution by spotting onto P81 paper and the
incorporated radioactivity measured by scintillation counting. The addition of GTP-
loaded RhoA increased the basal activity of Rock2 by ~3-fold, similar to the 2-fold
increase reported previously [55]. Intriguingly, phosphorylation of Rock2 by Plk1
resulted in a similar 2-fold elevation of Rock2 kinase activity even in the absence of
RhoA-GTP, while Plk1 phosphorylation in combination with RhoA resulted in an even
more dramatic 6-fold enhancement. Control reactions containing RhoA-GTP, Plk1, and
myosin regulatory light chain substrate peptide did not result in detectable peptide
phosphorylation in the absence of Rock2, nor did additional control reactions containing
RhoA-GTP, Plk1 and Rock2 but no peptide substrate. Therefore, the data in panels 5B-F,
taken together, suggests that both Plk1 phosphorylation of Rock2 and RhoA-GTP binding
may act synergistically to maximize the kinase activity of Rock2.

To further verify that Plk1 phosphorylation directly activated Rock2, we
constructed a mutant version of Rock2 lacking all four Plk1 phosphorylation sites
(Rock2-4A). Both wild-type Rock2 and Rock2-4A had similar basal RhoA-activated
kinase activity in vitro towards myosin regulatory light chain in the absence of Plk1
(Figure 2.12A, lanes 1 and 2). Following pre-incubation of the wild-type and 4A mutant
of Rock2 with PIk1, only the wild-type Rock2, but not the Rock2-4A mutant, showed
enhanced protein kinase activity (Figure 2.12A, lanes 3 and 4).

In order to investigate the potential relevance of Plk1 phosphorylation of Rock2
within cells, it was necessary to devise an assay in which Rock?2 activity resulted in a
specific cellular phenotype. Because the pathways controlling acto-myosin ring
contraction during cytokinesis are highly redundant, with at least three kinases other than
Rock2 able to phosphorylate myosin regulatory light chain [51], simple knock-downs or
knock-outs of several of these kinases results in very mild or absent phenotypes. For
example, elimination of Rock2 alone, or even both Rock2 and Rock1 by siRNA causes
only a slight increase in the population of multinucleated cells [56] (and data not shown).
We therefore took advantage of the fact that completion of cytokinesis requires that the

activity of RhoA and Rock2 be shut off in order to allow disassembly of the acto-myosin
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ring [57]. Overexpression of Rock2 prevented this disassembly and resulted in delay or
failure of cells at the midbody stage to complete cytokinesis (Figure 2.12B).

We used siRNA to deplete endogenous Rock2 while simultaneously
overexpressing either the wild-type or 4A mutant forms of Rock2, and examined an
asynchronous population of Rock2-overexpressing cells for failure of cytokinesis exit. As
seen in Figure 2.12C, by 24 hrs after transfection over one-third of the cells that over-
expressed wild-type Rock2 and were in mitosis appeared to be in cytokinesis, compared
to ~15% of the control cells. In contrast, overexpression of the Rock2-4A mutant that
cannot undergo Plk activation reduced the percentage of mitotic cells that were in
cytokinesis by about 50% compared to the wild-type Rock2. By 72 hrs following
transfection, overexpression of wild-type Rock2 resulted in a marked increase in the
population of cells with = 4N DNA content (Figure 2.12D, E), consistent with the
emergence of binucleated cells capable of undergoing additional rounds of DNA
replication, similar to what is seen in cells with persistently active RhoA [58]. This
phenotype was significantly diminished in the cells overexpressing the Rock2-4A mutant
in which PIk1 cannot enhance Rock2 kinase activity. Together, this data suggests that
Plk1 can phosphorylate Rock2 in vivo to regulate its activity.

In summary, our study has identified over 600 new mitotic phosphorylation-
dependent PBD ligands, and suggests an additional function for Plk1 in regulating the
kinase activity of the RhoA effector kinases, Rock2, at specific subcellular mitotic
structures, in a manner that synergizes with RhoA-GTP binding as part of a novel
mechanism for Rock2 activation (Figure 2.12F). These findings suggest that Pk1 may
participate in two distinct but synergistic processes to maximally activate Rock2, first by
facilitating the localized exchange of RhoA-GTP for RhoA-GDP via Ect2 or other GTP-
exchange factors, and second, by directly activating the RhoA-GTP effector kinase itself.
The experimental analysis of the Plk1 PBD interactome places Plk1 at the center of a
large network of mitotic protein-protein interactions, and suggests that Plk1 may play a

much larger role than previously appreciated in regulating diverse aspects of mitosis.
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Experimental Procedures

Cloning, Expression and Protein Purification

Nucleotides encoding the C-terminal Polo-box domain of human Plk1 (residues
371-603) were cloned into the expression vector pET28a (Novagen). The fusion protein
contains an N-terminal Hise-tag followed by MBP and a recognition site of Tev protease
between MBP and the PBD. Point mutations of His-538 and Lys-540 to Ala and Met,
respectively were introduced using the QuickChange mutagenesis kit (Stratagene) and
verified by sequencing. Proteins were expressed in E. coli BL21(DE3) cells and purified
by Ni-NTA affinity chromatography. The PBD was further purified by affinity
chromatography on amylose beads, cleaved with Tev protease, re-passaged through Ni-
NTA to remove the cleaved His6-MBP tag, and finally purified by gel filtration on a
Superose 12 column. GST-tagged Plk1 and RhoA were expressed in bacteria and purified
by glutathione-affinity chromatography. Plasmids encoding Myc-tagged full length or the
C- and N-terminal fragment of Rock2 were kindly provided by K. Kaibuchi [59] and
point mutations were introduced as described above. The plasmids encoding Flag-tagged
Plk1 were subcloned from previously described vectors [30, 60]. A hairpin shRNA
construct based on a previously described siRNA oligonucleotide that efficiently
knocked-down Rock2 [56] was cloned into a Polll driven miR-30 based expression
vector [61]. Constructs were transfected into U20S cells using Fugene (Roche) according
to manufacture’s instructions with minor modifications. Myc-tagged protein was
immunoprecipitated as previously described [62], and Flag-tagged protein was

immunoprecipitated with M2 agarose (Sigma) according to manufacture’s instructions.

Isolation of PBD-interacting proteins.

Wild-type and mutant PBD protein was coupled to CNBr activated sepharose 4B
beads (Amersham Biosciences) according to manufacturer’s instructions. The beads were
transferred to a column and excess PBD washed away with Wash Buffer I (0.1 M Tris pH
8,0.5 M NaCl and 1 mM DTT). The column was equilibrated with Wash Buffer II (50
mM Tris pH 8, 0.2 M NaCl, 2 mM DTT and 10 mM NaF), and the beads then incubated

with U20S cell lysate overnight. Unbound proteins were washed away with ten column
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volumes Wash Buffer II. PBD interacting proteins were eluted by incubating the beads
with 2 mL of 1 mM phosphopeptide (YMQS-pT-PK) in Wash Buffer II for 1 hour at 4°C.
The beads were washed with additional 2 mL of the phosphopeptide containing buffer.

Preparation of G,/S and Mitotic Cell lysates

Human osteosarcoma U20S cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum, 100 U/mL penicillin and 100
pg/mL streptomycin at 37°C in a humidified atmosphere containing 5% CO,. Cells were
grown to 50% confluence, arrested in G,/M by treatment with 50 ng/mL nocodazole for
14 hours, and collected by a “mitotic shake-off”. U20S cells were synchronized at the
G//S transition by a double thymidine block. Cells were treated with 2.5 mM thymidine
for 16 hours and released from the thymidine block by washing twice with PBS followed
by incubation in fresh medium. Ten hours after release, thymidine was added for another
16 hours. Ten 15 cm plates were used for each pull down experiment. Cells were lysed in
lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% (v/v) NP-40, 5 mM EDTA, 2
mM DTT, 1 mM AEBSF, 1 pg/mL aprotinin, 1 pg/mL leupeptin, 10 uM E64, 1 pg/mL
pepstatin A, 1.6 ng/mL benzamidine, 2 mM Na;VO,, 10 mM NaF, 20 nM microcystin
LR, 5 nM okadaic acid, 2 uM canthardin, 0.00073% p-bromotetramisole, 0.4 nM
cypermethrin, 100 pM dephostatin, 100 nM bestatin, 100 ng/mL TPCK) at 4°C for 15
minutes. The lysates were cleared by centrifugation at 4°C at 10,000xg for 15 minutes.
Alternatively, the lysis buffer contained 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1%
(v/v) NP-40, 1 mM EDTA, 2 mM DTT, 2 mM AEBSF, 2 pg/mL aprotinin, 2 pg/mL
leupeptin, 20 uM E64, 2 pg/mL pepstantin A, 3.2 ug/mL benzamidine, 3 mM MnCl, and
6000 U A-protein phosphatase (New England Biolabs) and dephosphorylation was
obtained by incubation at 30°C for two hours.

Flow cytometry

FACS analysis was performed on U20S cells fixed in ice-cold ethanol and
incubated at 37°C for 30 minutes in PBS containing 1% BSA, 2 mg/mL RNase
(previously boiled for 5 minutes) and 125 pg/mL propidium iodide. For live cell FACS

experiments used in Figure 2.12, U20S cells were incubated with the cell permeable
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DNA dye DRAQS (Biostatus Limited ) according to manufacture’s instructions and
examined within two hours. Fluorescent signals were quantified on a FAC Star Plus
(Becton Dickinson) cell-sorting machine using Cell Quest software. Further analysis of

cell cycle distribution was performed using FlowJo software.

Far-Western analysis.

For Far-Western analysis, proteins eluted from wild type or mutant PBD columns
were separated by SDS-PAGE, and transferred onto a PVDF membrane. The membrane
was blocked in 5% skim milk in TBS-T and subsequently incubated with 6 pg/ml of PBD
at 4°C for 6 hours. After washing with TBS-T, the PBD was detected with a-Plk cocktail
(Zymed Laboratories) as above.

Phosphorylation of substrates by Plk1

Proteins that were affinity purified with the wild type PBD were eluted and
phosphorylated in vitro by full-length Plk1-T210D. Samples were first incubated in
kinase buffer containing 50 mM Tris-HCI pH 8, 200 mM NaCl, 2 mM DTT, 5 mM NaF,
200 uM ATP, 500 uM MgCl, at 30°C in the absence of radioactive ATP or PIk1 for 2 hr
to allow saturation of Plk1-independent phosphorylation sites by any kinases that were
present in the reactions. 20 pCi of [**P]-y-ATP and 7 ng/ml PIk1 was then added, and the
reaction incubated for an additional 20 min at 30°C, and products analyzed by SDS-
PAGE and autoradiography. To examine Plk1 phosphorylation of Rock2, Myc-tagged
full-length or the C- or N-terminal part of Rock2 was expressed in 293T cells by
transfection using calcium phosphate. Anti-Myc immunoprecipitates were

phosphorylated in vitro using Plk1 and analyzed as above.

Mass spectrometry

Concentrated eluates from the wild-type and mutant PBD columns were boiled in
reducing sample buffer containing f-mercaptoethanol, separated by SDS-PAGE, and
visualized by SYPRO Ruby staining (Bio-Rad). Lanes from the gel were excised, cut into
12 fields as shown in Fig 2.1E and digested overnight at 37°C with an excess of

sequencing grade trypsin. Peptides were extracted from the gel with 50% acetonitrile/
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0.1% formic acid and concentrated in a Speed- Vac. Tryptic digests were analyzed with
an automated nano LC/MS/MS system, using an 1100 series autosampler and nano pump
(Agilent Technologies, Wilmington, DE) coupled to an LTQ-FT hybrid ion trap Fourier
transform mass spectrometer (Thermo Electron, San Jose, CA) equipped with a nanoflow
ionization source (James A. Hill Instrument Services, Arlington, MA). Peptides were
eluted from a (75 pm x 10 cm) PicoFrit (New Objective, Woburn, MA) column packed
with (5 pm x 200 A) Magic C-18AQ reversed-phase beads (Michrom Bioresources, Inc.,
Auburn, CA) using a 70 min acetonitrile/0.1% formic acid gradient at a flow rate of 250
nl/min to yield ~25 sec peak widths. Data-dependent LC/MS/MS spectra were acquired
in ~3 sec cycles; each cycle was of the form: 1 full FT MS scan followed by 8 MS/MS
scans in the ion trap on the most abundant precursor ions excluding charges 1 and
unknown charge, subject to accurate-mass, dynamic exclusion for a period of 45 sec.
Some of the phosphorylation sites were established with additional LC/MS/MS
experiments performed on aliquots of the gel band digests with the instrument operated in
a targeted mode where MS/MS of 5-17 precursor m/z’s were repetitively taken in 3-9 sec
cycles throughout the acetonitrile gradient. These precursor masses were selected because
they correspond to the phosphorylated form of expected tryptic peptides containing
S[ST]P motifs derived from proteins confidently identified in aliquots of sample used for
the data-dependent experiments. For Rock2 phosphopeptide mapping both trypsin and

chymotrypsin were used to maximize coverage.

TiO2 Immobilized Metal Affinity Capture (IMAC) of phosphopeptides

An aliquot of the protein mixture eluted from the wild-type PBD column was put
through a Microcon 10kD filter to remove the eluting phosphopeptide, reduced with DTT,
alkylated with iodoacetamide, and digested with trypsin. Phosphopeptides were enriched
by TiO, IMAC essentially as described previously [63]. Briefly, 2 uL of Titansphere
material (GL Science, Japan) was placed above a plug of Empore C8 packed into a 200
uL StageTip [64]. The TiO, column was washed with 30 puL of 1% NH,OH in 10%
acetonitrile/water, equilibrated with 30 L 0.1% TFA. The peptide sample was loaded to
the TiO, StageTip and first washed with 30 pL of 10% acetonitrile/0.1% TFA followed
by 2 x 30 pL 80% acetonitrile/0.1% TFA. Phosphopeptides were eluted directly into
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autosampler vials, first with 30 pL of 1% NH,OH in 10% acetonitrile/water ( ~pH 10.5)
and followed by 30 pL of 1% NH,OH in 80% acetonitrile/water ( ~pH 10.5). The eluates
were dried in a vacuum centrifuge and analyzed by data-dependent LC/MS/MS as

described above.

Protein identification, quantitation, and phosphosite determination.

MS/MS spectra passing the quality filter by having a sequence tag length > 0 (i.e.,
minimum of two masses separated by the in-chain mass of an amino acid) were
interpreted to determine protein identities and relative abundances using the
SpectrumMill v3.03b software package (Agilent Technologies Inc.; Santa Clara, CA).
Peptide sequences were interpreted from the MS/MS spectra by searching the human
subset of the NCBI non-redundant protein database supplemented with expected
contaminant proteins (October 2005, ~125,000 entries). Initial search parameters
included f3- mercaptoethanol modification of cysteines, 30% minimum matched peak
intensity, +/- 0.05 Da and +/- 0.75 Da tolerance on precursor and product ion masses
respectively, 2 missed tryptic cleavages, ESI linear ion trap scoring parameters, and
allowed variable modifications included oxidized Met, deamidation of Asn and Gln, and
pyro-glutamic acid modification at N-terminal glutamines with a precursor MH+ shift
range of -18 to 65 Da. Identities interpreted for individual spectra were automatically
designated as valid by applying the following scoring threshold criteria to all spectra
derived from both lanes on the gel: protein details mode: protein score >25, peptide
(score, Scored Percent Intensity, delta rank1 — rank2 ) peptide charge +2: (>8, >65%, > 2)
peptide charge +3: (>9, >65%, > 2) peptide charge +4: (>9, >70%, > 2) peptide charge
+2: (>6,>90%, > 1). These threshold parameters result in 899 proteins being considered
identified only when 2 or more non-phosphorylated unique peptides are identified in
16,293 spectra of moderate quality or better. The false positive rate for automated
interpretation of the MS/MS spectra using the above criteria was estimated by searching
all spectra passing the quality filter against the same database with all of the protein
sequences reversed. After applying the above criteria to the search results from the

reversed database 22 spectra passed the thresholds yielding 7 proteins (all large, 80kDa-
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3.8MDa, with 2 or 3 unique peptides, protein scores 25-36). Thus the estimated overall
false-positive identification rates are spectra: 0.1% (22/16,293) and protein: 0.8% (7/899).
In calculating scores at the protein level and reporting the identified proteins,
redundancy is addressed in the following manner: the protein score is the sum of the
scores of unique peptides. A unique peptide is the single highest scoring instance of a
peptide detected through an MS/MS spectrum. MS/MS spectra for a particular peptide
may have been recorded multiple times, (i.e. as different precursor charge states, isolated
from adjacent gel bands, modified by deamidation at Asn or oxidation of Met) but are
still counted as a single unique peptide. When a peptide sequence >8 residues long is
contained in multiple protein entries in the sequence database, the proteins are grouped
together and the highest scoring one and its accession number are reported. In some cases
when the protein sequences are grouped in this manner there are distinct peptides which
uniquely represent a lower scoring member of the group (isoforms and family members).
In these instances more than one member of the group is reported and counted towards
the total number of proteins and in Table 2.1 they are given related protein subgroup
numbers (i.e. 7 members of the 14-3-3 proteins were identified: YWHAB, YWHAE,
YWHAG, YWHAH, YWHAQ, YWHAZ, SFN and are listed as subgroup numbers 550.1
—550.7). Overall 899 distinct proteins were identified in the samples from 784 protein
groups. In a few instances 2 distinct proteins have been found yet they currently share the
same NCBI official symbol (i.e. both shared and distinct peptides were found for the
related proteins 14286186, 34365273 which are currently both designated as ZNF185).
MS/MS spectra of phosphopeptides obtained during LC/MS/MS of the TiO2
IMAC elutions, as well as the data-dependent and targeted analysis of the gel bands, were
interpreted in a second round of searches against only the subset of proteins confidently
identified from the unphosphorylated peptides observed during the data-dependent
LC/MS/MS of the gel band tryptic digests of the PBD pulldowns. The allowed variable
modifications were expanded to include phosphoserine and phosphothreonine, with a
precursor MH+ shift range of -18 to 177 Da. The spectrum of each phosphopeptide was
manually inspected by an expert. For ~10% of phosphosites observed the MS/MS spectra
lack sufficient information to assign the site of phosphorylation to a particular Ser or Thr

residue. In those cases that ambiguity is noted in Table 2.2 and the motif chosen to list in

104



Table 2.1 and count in Figure 2.4B is preferentially chosen in the following order (the
optimal PBD-binding motif S-[pS/pT]-P, the minimal Cyclin-dependent kinase
phosphorylation motif ([pS/pT]-P), or none of the above ([pS/pT])..

Relative abundance of proteins in the wild-type and mutant PBD bound protein
pull-downs were determined using the ion current measured for each peptide precursor
ion in the intervening 100K resolution FT-MS scans of the data-dependent LC/MS/MS
analyses of the gel band tryptic digests from the PBD pulldowns. The chromatographic
peak area of each precursor ion was calculated in the region +/- 30 secs with +/- 0.04 m/z
windows around each individual member of the isotope cluster. An individual protein’s
abundance was calculated as the total ion current measured for all peptide precursor ions
with MS/MS spectra confidently assigned to that protein. The determined protein ratios
are semi-quantitative, and are generally reliable to within a factor of 2-3-fold of the actual
ratio. Numerous experimental factors contribute to the variability in the determined
abundance for a protein, including incomplete digestion of the protein; widely varying
response of individual peptides due to inherent variability in ionization efficiency as well
as interference/suppression by other components eluting at the same time as the peptide
of interest (the matrix effect); differences in instrument sensitivity over the mass range

analyzed, and inadequate sampling of the chromatographic peak between MS/MS scans.

Immunoblotting

Proteins were separated by SDS-PAGE, transferred to a PVDF membrane and
immunoblotting was performed according to standard techniques. Proteins were detected
with 0.25 pg/mL o-Cofilin (Cytoskeleton), 1 pg/mL o-Lamin A/C (Upstate), a-MCM2-7
clone ASI1.1 (diluted 1:200; generous gift from Stephen Bell, Howard Hughes Medical
Institute, M.LT.), 0.25 pg/mL a-Rock2 (BD transduction laboratories), 0.5 pg/mL o-
MYPT1 (BD transduction laboratories), 4 pg/mL a-Actinin a1 (Upstate), 10 pg/mL o-
CKlla: (Calbiochem), 2 pg/mL a-Anillin (Abcam), 0.5 pg/mL o-Citron (BD transduction
laboratories), 1 pg/mL a-Rock1 (BD transduction laboratories), 0.8 pg/mL o.-Plk1
cocktail (Zymed Laboratories), 0.5 pg/mL o-Myc-Tag (Cell Signaling), 5ug/mL M2 o~

Flag (Sigma), or a 1:5000 dilution of a-actin (Sigma). Following incubation with
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appropriate secondary antibodies, immuno-reactive proteins were visualized by enhanced

chemiluminescence (Amersham).

Rock2 kinase assays

Myec-tagged Rock2 was pre-incubated in kinase buffer (50 mM Tris pH 8, 200
mM NaCl, 2 mM DTT, 5 mM NaF, 200 uM ATP and 500 uM MgCl,) containing 1 mM
GTP with or without 5 ug RhoA and/or 7 ng/pL Plk1 kinase domain for 30 minutes at
30°C. Reactions were then supplemented with 20 uCi [*P]-y-ATP and 50 1M substrate
peptide (Myosin Light Chain Kinase Substrate; AKRPQRATSNVFS; Sigma-Aldrich),
and aliquots of the reaction spotted onto squares of Whatman P81 paper after an
additional 0, 5, 10 or 20 minutes. The P81 paper was washed with 0.5% phosphoric acid
five times, and incorporation of >?P into the substrate peptide was assessed by
scintillation counting. For comparison of wild-type and 4A mutant ROCK2, full length
myosin light chain (Sigma) was used as a substrate, and the radiolabeled phosphate

incorporation was assessed by autoradiography following SDS-PAGE.

Immunofluorescence microscopy

Rock2 and Plk1 co-localization was examined in sub-confluent U20S cells
transfected with the indicated plasmids and treated with 100 ng/ml nocodazole for 19
hours. Mitotic cells were collected and resuspended into Dulbecco’s modified Eagle
medium supplemented with 10 % fetal calf serum and penicillin-streptomycin. The cells
were then re-seeded onto 18 mm? glass coverslips and incubated for 75min at 37°C. The
cells were washed with cold phosphate-buffered saline (PBS) and fixed with 3%
paraformaldehyde/2% sucrose in PBS for 15 min at room temperature. The fixed cells
were washed with PBS and permeablized with 0.5% Triton X-100 in buffer (30 mM Tris
buffer (pH 7.8), 75 mM NaCl, 0.3 M sucrose, 3 mM MgCl,) for 15 min at room
temperature. Coverslips were blocked with 1% bovine serum albumin/1% sucrose in PBS
for 1 hour, and stained with mouse monoclonal anti-Rock2 antibody (Clontech
Laboratories) at 4°C overnight. After washing, coverslips were stained with Alexa Fluor
488-labeled anti-mouse IgG antibody (Invitrogen, Carlsbad, CA) secondary antibody for

1 hour at room temperature. The coverslips were washed and then incubated with
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Rhodamine-labeled mouse monoclonal anti-Plk1 antibody for 3 hours at room
temperature. Rhodamine-labeled mouse monoclonal anti-Plk1 antibody was made using
mouse monoclonal anti-Plk1 antibody (Zymed Laboratories) and EZ-Label Rhodamine
Protein Labeling Kit (PIERCE) according to the manufacturer's protocol. The coverslips
were then mounted onto slides with Fluoromount-G (Southern Biotechnologies)
containing 4’,6’-diamidino-2-phenylindole (DAPI) for DNA staining. Images were
collected on a Deltavision (Carl Zeiss) and the Rock2:Plk1 co-localization images were
digitally deconvolved using Softworx graphic processing software (SGI).

Mitotic phenotypes of Rock2-overexpressing cells were examined in sub-
confluent U20S cells seeded on coverslips and transfected with the indicated plasmids.
After 24-72hrs cells were fixed, washed, permeabilized blocked and stained with mouse
monoclonal anti-B—tubulin antibody (Sigma) for 1hr at room temperature, washed with
PBS, and stained with secondary antibody as above.. Transfected cells were scored by
eye for mitotic hallmarks (condensed DAPI and rounded shape) and for presence of a
tubulin bridge connecting two cell bodies each with a distinct DAPI signal. We are
grateful to the MIT CCR Microscopy and Imaging Core Facility for help with all

microscopy work.

Random Protein Dataset Generation and Analysis

The NCBI RefSeq protein collection (version 18 — released July 17, 2006) was filtered to
include only human proteins. Strictly computationally predicted proteins were then
removed from the collection. The resulting sequences (24314 proteins) were used to
generate 2000 random protein datasets of either 622, 277, 282, or 340 proteins using a
pseudo-random number generator. The proteins in these sets were then searched for the
presence of either a S-[S/T]-P motif for the sets with 622 and 277 proteins or a [E/D]-X-
[S/T]-[F/L/I/Y/W/M] motif for the sets with 282 and 340 proteins. The percent of
proteins containing the searched for motif was recorded, and a histogram generated

indicating the results for all 2000 sets.
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Figure 2.1: The Polo-box domain of Plk1 preferentially binds ligands in mitosis.
(A) Domain structure of Plk1. Residues His-538 and Lys-540 are required for
phosphopeptide binding by the Polo-box domain (PBD).

(B) Experimental strategy for identifying cell cycle-dependent PBD ligands.

(C) Purity and equivalence of recombinant wild-type and mutant PBDs used for

interaction screening. Samples were analyzed by SDS-PAGE and stained with Coomassie

blue.

(D) U20S cells were synchronized at the G1/S transition by a double thymidine block or

in M-phase by nocodazole treatment, and DNA content analyzed by flow cytometry.

(E) Wild type (WT) and mutant (MUT) PBD was used to pull down interaction partners

from double thymidine blocked or the nocodazole-arrested U20S cell lysates. Bound

proteins were separated by SDS-PAGE and visualized by SYPRO Ruby staining. Lines

on right of gel indicate where gel was cut prior to subsequent mass spectrometry analysis

with each labeled section correlated with Table 2.1.
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Figure 2.2: Mitotic proteins bind to the Polo-box domain in a phospho-dependent
manner and are substrates of Plk1.

(A) Direct binding of PBD-interacting proteins. Proteins interacting with the WT and
MUT PBD from nocodazole arrested U20S cell lysates (Figure 2.1B) were transferred to
PVDF membrane and analyzed for direct binding by Far-Western analysis using the wild-
type PBD as a probe.

(B) Phosphorylation-dependent PBD interactions. Nocodazole arrested U20S cell lysates
were incubated with (+) or without (-) A-protein phosphatase prior to WT-PBD pull down.
The bound proteins were separated by SDS-PAGE and visualized by SYPRO Ruby
staining.

(C) PIk1 phosphorylation of PBD-interacting proteins. Wild type PBD was used to pull-
down interacting proteins from nocodazole arrested U20S cell lysates. The proteins were
incubated with or without active Plk1 and *’P-y-ATP, separated by SDS-PAGE, and
visualized by autoradiography.
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Figure 2.3: Verification of mitosis-specific, phosphorylation-dependent, Polo-box
domain interacting proteins identified by mass spectrometry.

(A) WT and MUT PBD was used to affinity purify interaction partners from nocodazole
arrested U20S cell lysate. Proteins were separated by SDS-PAGE and analyzed by
immunoblotting with the indicated antibodies.

(B) U20S cells were arrested at G/S by a double thymidine block (T/T) or in M-phase
by nocodazole arrest (Noco.). Lysates were incubated with WT PBD and bound proteins
separated by SDS-PAGE and analyzed by immunoblotting with the indicated antibodies.
(C) Lysates from nocodazole-arrested U20S cells were incubated with (+) or without (-)
A-protein phosphatase at 30°C for 2 hours prior to WT-PBD pull down. Bound proteins
were separated by SDS-PAGE and analyzed by immunoblotting with the indicated

antibodies.
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Figure 2.4: The Polo-Box Domain Interactome.

(A) Only WT PBD -specific or -enriched interacting proteins that contain at least one
match to the optimal PBD binding motif (S-[S/T]-P) are shown (Figure 2.4B, blue boxes,
column 2). Proteins were categorized according to their known biological function by GO
terms. Blue text indicates those proteins in which we were able to map at least one S-
[pS/pT]-P site; dark blue indicates those that also contain an optimal Plkl phosphorylation
site, while light blue indicates those that do not. For the remaining proteins, those shown
in purple contain an optimal Plk1 (E/D)X(S/T)@ phosphorylation site while those shown
in black do not. Previously known PIk1 interactors are indicated with an asterisk.

(B) Summary statistics of proteins identified by mass spectrometry from Plk1 PBD-
pulldown assays in nocodazole -arrested U20S cells. Proteins were divided into three
categories based on specificity for the wild type versus mutant PBD. Dark red denotes
proteins that only bound to the wild-type PBD; light red, proteins with > 20-fold
enhanced binding to WT PBD; dark grey, proteins with <20-fold enhanced binding to
WT PBD. The presence of optimal PBD-binding S-[S/T]-P motifs are shown by dark and
light blue and grey filled bars in the 2nd column. White boxes in the second column
correspond to identified interacting proteins that do not contain the optimal PBD-binding
motif. Potential Plk1 (E/D)X(S/T)@ phosphorylation sites are indicated by purple and
gray wedges in pie charts.

(C) A subset of phosphorylation sites in the WT specific/enriched versus non-specific
PBD-interacting proteins were mapped by mass spectrometry. Mapped sites were
categorized into those that matched the optimal PBD-binding motif (S-[pS/pT]-P, the
minimal peptide PBD-binding motif (S-[pS/pT]), the minimal Cyclin-dependent kinase
phosphorylation motif ([pS/pT]-P), or none of the above ([pS/pT)).
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Figure 2.4 Continued
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Figure 2.5: Bioinformatic Analysis of the Polo-Box Domain Interactome.

(A, B) Distribution of (S-[S/T]-P) motif occurrence in 2000 random protein datasets. In
panel B each dataset contained 622 proteins while in panel A each dataset contained 277
proteins. The means and standard deviations of the distributions are shown. Thick vertical
arrows indicate the percentage of WT PBD-specific/enriched proteins (B) and WT PBD
non-specific proteins (A) that were observed to contain the S-[S/T]-P motif.

(C, D) Distribution of potential Plk1 phosphorylation motifs (E/D)-X-(S/T)-[] in 2000
random protein datasets. In panel D each dataset contained 282 proteins while in panel C
each dataset contained 340 proteins. Thick vertical arrow in (D) indicates the percentage
of WT PBD-specific/enriched interacting proteins containing both S-[S/T]-P motifs and
potential Plk1 phosphorylation motifs. The arrow in (C) indicates the percentage of WT
PBD-specific/enriched interacting proteins that lack S-[S/T]-P motifs but contain
potential Plk1 phosphorylation motifs.
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Figure 2.6: A data-driven Plkl-related cytokinesis network.

Circle color coding: orange, Plk1; red, myosin activation network; blue, actin dynamics
network; light purple, proteins bridging the actin and myosin networks; dark purple,
central spindle organization network; green, proteins not known to function as part of any
core cytokinesis network. Proteins are labeled using HUGO gene nomenclature except
for actin, tubulin, myosin, and myosin light chains. Myosin phosphatase is shown
generically as a node labeled MYPT (official gene symbol for the protein we identified is
PPP1R12A). Lines indicate direct protein-protein interactions, arrows indicate a kinase-
substrate relationship, and the filled circle between MYPT and myosin RLC indicates a
phosphatase-substrate relationship.

(A) The known Plk1 network of proteins that participate in cytokinesis.

(B) The core cytokinesis network of central spindle organization.

(C) The core cytokinesis network of myosin activation.

(D) The core cytokinesis network of actin dynamics.

(E) Core cytokinesis network. The networks from panels A-D are shown connected by all
of the direct, experimentally verified, protein-protein interactions. The thick line between
Ect2 and RhoA represents the only mechanistic connection between previously known
Plk1-interacting proteins and the actomyosin cytokinesis subnetworks.

(F) Plk1-centric core cytokinesis network. The network in panel E redrawn with
additional interactions between Plk1 and core network components as revealed by the
Plk1 PBD interactome screen. Core cytokinesis network components detected in the Plk1
PBD interaction screen are shaded yellow. Red circle indicates the section of the network
selected for further study.

(G) A PIk1-PBD annotated cytokinesis network. A view of the core cytokinesis network
expanded to include additional Plk1 PBD-interacting proteins that were detected in our
screen and are known to participate in protein-protein interactions with one or more of
the core cytokinesis components. Yellow shading indicates PBD-interacting proteins in
the core network; green shading indicates PBD-interacting proteins that also interact with
proteins in the core network; thick black lines denote interactions between core network
proteins and the additional Plkl PBD-interacting proteins in the expanded network.

(H) Proteins within the red circled region from panel F were investigated as in Figure 2.3.
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Figure 2.6 Continued
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Figure 2.8: PIk1 and RhoA synergistically activate Rock2.

(A) Domain structure of Rock2, with amino acid sequence indicated below. Plk1-
dependent phosphorylation sites were mapped by mass spectrometry and are indicated by
filled red circles.

(B) Plk1 and Rock2 interact in cells during mitosis. Full length myc-tagged Rock2 and
Flag-tagged Plk1 (containing WT or MUT PBD) were expressed in U20S cells. Lysates
from asynchronous cells or following mitotic arrest with nocodazole were
immunoprecipitated using M2 o-Flag beads, and immunoblotted for myc as shown. Note
that expression of the mutant Plk1 was much higher than the wild type Plk1 as expected
since overexpression of wild type Plk1 is somewhat toxic to cells [65, 66].

(C) The amount of Rock2 co-precipitating with Plk1 in panel B was quantified by
normalization relative to the level of Rock2 expression.

(D) Rock2-binding to Plk1 in mitosis is phosphorylation-dependent. Myc-tagged Rock2
and Flag-tagged Plk1 were co-expressed in U20S cells. Mitotic lysates were prepared
from nocodazole-arrested cells, treated for 2h with A protein-phosphatase or mock treated,
then immunoprecipitated using M2 o.-Flag beads and immunoblotted for myc.

(E) Rock2 and PIk1 co-localize at the midbody during cytokinesis. U20S cells were
released from a nocodazole block, and fixed and 1 hr later stained for endogenous Plk1
and Rock2. DNA was stained with DAPI. Deconvolution images are shown. Scale bars =
Spm.

(F) PIk1 and RhoA synergize to amplify Rock2 kinase activity. Myc-Rock2 was
immunoprecipitated from asynchronous cells and kinase activity against a myosin light
chain peptide assayed in the presence or absence of RhoA and/or in response to Rock2
phosphorylation by Plk1. Error bars represent the standard deviation of 3 independent

experiments.
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Figure 2.8 Continued
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Figure 2.9: PIk1 phosphorylates ROCK2 in vitro

(A) Domain structure of Rock2 constructs, with amino acid sequence boundaries shown.
Plk1-dependent phosphorylation sites were mapped by mass spectrometry as indicated.
(B) The indicated Rock2 constructs were immunoprecipitated from 293T cells. The
proteins were then incubated with or without active Plk1 and **P-[}ATP, separated by
SDS-PAGE, and visualized by autoradiography.
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Figure 2.10: Mass spectrometry spectra identifying Plk1 phosphorylation sites in
ROCK2

(A-D) MS/MS spectra of peptides containing the indicated sites are shown with b-ions in
blue and y-ions in red. Ions indicating neutral loss of phosphate from the precursor are
shown in green. The phosphorylation site in C could be any of the three consecutive

serines centered on S1133.

A ROCK2-RBD/PH MS/MS spectra containing Thr 967

(K)DAtIASLEETNR(T)
148es2q o
Taa%
Phosphorylated
v,)vn,»o » 1ML
=i
i) : Y
Mass fmir M 1205017 P03 13
& 25 .\‘o v
s A& 1 e
EA
YT N Y Unphosphorylated
wy W1 M l i o "
J ll 1 n Hl J « 1482
00 e s & 000 wor 1290
Maxe fmés) M 13908301 mh: B0 IMT » 3

B ROCK2-RBD/PH MS/MS spectra containing Ser 1099
(K)ELNEmMQAQIAEEsQIR(l)

122044
1055
Phosphorylated
"2 vy, big
013 oy i08
* ] i al
) 1408 1400 M
b 10848000 ma 2N » 2
T Dl oSy
900 %
Ty a0 Unphosphorylated
ln.y0 8.3
A ¥s s " .
wld ; L] &
y % " "n‘“z,:#"? 4 ‘ uns .as Y ,;';‘
pl st E i 1 I T S H
e = @ e ) e 100 oy 0
Mass imax) Wobe FROASETE ma BTN 22

120



Figure 2.10 Continued
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Figure 2.11: Expression of exogenous myc-tagged ROCK2.

Western blots with indicated antibodies are shown.
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Figure 2.12: PIk1 activates Rock2 in cells.

(A) Myc-Rock2 or myc-Rock2-4A was immunoprecipitated from asynchronous cells.
Each L.P. was split in half, and one-half pre-incubated with Plk1 for 60 min in the
presence of cold ATP. Following additional washing, Rock2 kinase activity against
myosin regulatory light chain was assayed in the presence of RhoA and 32py-ATP, and
analyzed by SDS-PAGE/autoradiography. A strong Rock2 autophosphorylation band is
also present. Lanes 1 and 2 in the left panel and lanes 3 and 4 in the right panel are each
from the same gel and autoradiograph allowing direct comparison.

(B) Overexpression of Rock2 causes accumulation of cells in terminal cytokinesis.
Asynchronous U20S cells were transfected with pEF-BOS (control) or pEF-BOS
expressing wild-type Rock2. Mitotic cells from the control transfections displayed a
normal rounded-up morphology, while many of the mitotic cells overexpressing Rock2
appeared to be in the terminal midbody stage of cytokinesis. Scale bars = 10um.

(C) Percentage of mitotic cells in cytokinesis 24 hrs after transfection with myc-Rock?2,
myc-Rock2-4A, or control vectors. Mean values and S.D. from n=3 experiments.

(D) FACS profiles of cells 72 hrs after transfection with myc-Rock2 or myc-Rock2-4A.
(E) Percentage of cells containing greater than 4N DNA content from FACS profiles
above. These results are representative of n=3 independent experiments.

(F) A model of PIk1 control of regulatory myosin light chain (RMLC) phosphorylation
during cytokinesis. Arrows indicate activation events and bars indicate inhibition events.
Kinases are indicated as squares, phosphatases as circles, GEFs as diamonds, and small

G-proteins as rounded squares.
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Figure 2.12 Continued
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Terms and color coding used in Table 2.1 and Table 2.2

Table 2.1 - Proteins that were Pulled-down with the Plk1 Polo-box Domain

125

Columns used to sort the tabl
Wt PBD specific proteins that contain both S[ST]P (PBD binding) and [ED]X[ST][FLIYWVM] (PLK phosphorylation) motifs.

Wt PBD specific proteins that contain an S[ST]P but not an [ED]X[ST][FLIYVWM] motif.
Wt PBD specific proteins that lack an S[ST]P motif.
Rows Non-specifically bound proteins.
[st] #) The number of phospho-Ser/Thr sites mapped in the protein.
S[st]P (#) The number of phospho-Ser/Thr sites mapped in the protein with the 3 residue motif.
S[st]*P (#) The number of phospho-Ser/Thr sites mapped in the protein with the 3 residue motif (not Pro in position 3).
AS[st]AP (#) The number of phospho-Ser/Thr sites mapped in the protein with the 3 residue motif (not Ser in position 1 & not Pro in position 3).
AS[stIP (#) The number of phospho-Ser/Thr sites mapped in the protein with the 3 residue motif (not Ser in position 1).
Primary Band The main area on the gel in Fig 1e in which the protein was identified.

Table 2.2 - Phosphorylation Sites Mapped in Proteins that were Pulled-down with the Plk1 Polo-box Domain

Columns Columns used to sort the table

WT-dd Peptide was observed in the data-dependent LC/MS/MS experiments performed on the in-gel digests of the VMt-PBD lane of Fig 1e.
Mut-dd Peptide was observed in the data-dependent LC/MS/MS experiments performed on the in-gel digests of the Mut-PBD lane of Fig 1e.
WT-Targeted Peptide was observed in the targeted LC/MS/MS experiments performed on the in-gel digests of the VWt-PBD lane of Fig 1e.
WT-IMAC Peptide was observed in thedata-dependent LC/MS/MS experiments performed on IMAC eluates from the Wt-PBD pulldown.

z Precursor charge of the peptide.

Score Score from the interpretation of the peptide's MS/MS spectrum.

SPI Scored percent intensity from the interpretation of the peptide's MS/MS spectrum.

MH+ Shift (Da) Mass shift from the modified residues in the peptide.

Site Ambiguity Possible indistinguishable positions of the phosphorylated residue(s) if the fragment ion series observed in the MS/MS spectrum are incomplete.
Sequence s: phospho Ser t: phospho Thr m: oxidized Met n: deamidated Asn q: pyro Glu from Gin

When a phosphorylated peptide was observed in multiple precursor charge states or multiple forms due to missed cleavage by the enzyme,
only the highest scoring spectrum or the one with the least ambiguity in phosphosite assignment is listed in the table.
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Table 2.2 - Phosphorylation Sites Mapped in Proteins that were Pulled-down with the Pik1 Polo-box Domain

WT-dd Mut-dd WT.Targeted WT4AMAC
2z 8cora SPl |2 Score 8Pl {2 Score SPl |z Score 8Pl
2 962 767
2 1549 709
2 1477 788
2 16256 903
3 1509 859
2 1441 911
2 2075 962
3 1206 820
3 1633 866
2 1644 909
2 784 352
2 1199 758
2 1203 790
2 1783 963
2 1602 915
2 1013 639
2 1789 968 2 1317 187
2 1661 922
2 1661 922
2 1054 771
2 1505 706|2 1191 6438
2 1421 8638
2 1582 851
3 1618 797
4 1572 729 4 1584 672
3 1589 932
2 1784 968
2 1195 640
2 1085 793
2 118% 785 2 1364 853
2 1110 824
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2 814 569
2 1226 811
2 1180 620
2 1488 897
2 1182 702
2 1606 902
2 1657 8586
2 1028 748
2 1008 685
2 1314 6639
3 1389 753
2 1487 858
2 1222 664 2 1180 709
2 829 726
2 985 767 3 1294 388
2 826 529
3 1156 695
2 996 779 2 992 463
3 1041 849 3 1143 868
3 1076 484 3 1302 682
2 897 561
2 1007 828
2 1121 852 2 768 556
2 855 489
2 1177 758
3 1987 917
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644.28
461.21
614.27
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Sequence
(R)EIESsPQYR(L) 45751604 ATXNZL
(KIEVOGLLTSEPmMGsPVSSK(T) 45751604 ATXNZL
(RIGPHHLDNSsPGPGSEAR(G) 45751604 ATXNZL
(K)LQPSSSPENSLDPFPPR(]) 456751604 ATXNZL
(K)TLSsPSNRPSGETSVPPPPAVGR(M) 45751604 ATXNZL
(K)EGVQGPLNVSLSEEGK(S) 55860306 TPR
(K)GAILSEEELAAMSPTAAAVAK()) 55960900 TPR
(R)GIASTSDPPTANIKPTPVWSIPSK(V) 56980900 TPR
(R)ILLSGTTGVAIPLHASSLDDVSLASIPK(R) 55960900 TPR
(R)TDGFAEAIHSPQVAGVPR(F) 55960000 TPR.
(KVTARAMAGNKstPR(A) 55960900 TPR
(R)AGPGSSPLFSLLPGYR(G) 12062738
(K)YGPVAVTGAStPEGTAPPPPAAPAPPK(G) 12062738
(R)GGQGDPAVPAQOPADPSIPER(Q) 14286186 ZNF185
(K)KSTGsPTQETQAPFIAK(R) 14286186 ZNF185
(R)QSsPSGSEQLVR(R) 14286186 ZNF185
(RIAQTLPTSWTITSESSPGK(R) 62988842 SPTBN1
(K)GEQVSQnGLPAEQGSPR(M) 62088842 SPTBN1
(KHEVSASTQStPASSR(A) 62088342 SPTBN1
(RIRPPSPEPSTK(V) 62088842 SPTBN1
(R)GLLYDsDEEDEERPAR(K) 434753 MCM2
(RYGNDPLTSSPGR(S) 434753 MCM2
(R)RTDALTSSPGR(D) 434753 MCMZ
(K)GVTIPYRPKPSSsPVIFAGGQDR(Y) 14141168 PCBP2
(K)LHQLAMQQSHFPMTHGNTGF SGIESSsPEVK(G) 14141168 PCBPZ

(K)EGDIPPLTGAIPPLIGHLK(L)
(RIEQYGLGPYEAVIPLTK(A)
(RIKNGSTAVAESVASPQK(T)
(RISEDPPTIPIR(G)
(RISTPFIVPSSPTEQEGR(Q)
(K)HSPIR(S)
(KIMPDEPEEPVVAVSSPAVPPPTK(V)
(RIMALAPAKESPR(K)
(RIKGAAPIPPGK(T)
(RIKLSGDQPAAR(T)
(KILDSSPSVSSTLAAK(D)
(K)LGAGEGGEASVSPEK(T)
(KYQEAKPQQAAGMLSPK(T)
(K)TSQVGAASAPAKESPRIK)
(KYTVANLLSGKsPR(K)
(KYSQRPFSPR(E)
(K)VTSSITIYPSDSSSPR(A)

(K)GSSGPSSIPAAAAAPEKPGRKIA)
(RWLLLEANRHSPGPER(D)
(RALEEGDGSVSGSSPR(S)
(RAPQTSSsPPPVR(R)
(KEKPELPEPSVK(V)
(RHRPsPPAPPPK(T)
(K)KAASPSPQSVR(R)
(K)RESPSPAPKPR(K)
{R)RLsPSASPPR(R)
(R)RQsPsPSTRPIR(R)
(RIRRtPsPPPR(R)
(R)RRIPPPPR(R)

(R)RYsPPIQR(R)
(RIRYsPSPPPK(R)

(K)SRVSVSPGR(T)

(R)TASPPPPPKR(R)
(R)EPSAPSIPTPAYQSSPAGGHAPTPPTPAPR(T)

6032189 TP53BP1
5032189 TP63BP1
5032189 TPS3BP1
5032189 TP53BP1
5032189 TP53BP1
19718731 BRD4

19718731 BRD4

83720365 LUZP1
53729365 LUZP1

14133199 CYLN2
14133199 CYLN2
20521728 FNBP4
55665385 SRRM1
55665385 SRRM1
55665385 SRRM1
55665385 SRRM1
65665385 SRRM1
55665385 SRRM1
55665385 SRRM1
565665385 SRRM1
86665385 SRRM1

56665385 SRRM1
65665385 SRRM1

55665385 SRRM1

55665385 SRRM1
22027638 PDCD6IP

-

4u9pEs BE

371
371
371
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371
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37.1
“.1



Wi-dd Mut-dd WT-Targeted WT-IMAC
2 2 Score SPI 12 Score SPl 1z 8core SPI
3
3 . ] 389,90,91 (KIKKPAPLPPSSsPGPPSQDSRIQ) A1
2 12 y y ok (KLQELASPPAGRPTPAPR(K) .
3 21 . X ok (K)SSSEPAVHAPGIPGNPVSLSTNSSLASSGELVEPR(V) X
2 1 . 1 ok 85785  (RVEQmPQASPGLAPR(T) 56202825 .
2 . . I ok S194s  (K)ISDYFEYQGGRGSsPVR(G) 6633952 TLK1 .
2 1500 824 ] ok 54865  (RLOQOAALSPTTAPAVSSVSK(Q) 21218438 GATAD2B .
2 118 655 1 z ok $338s  (RIVSSPLPsPSAMTDAANSQAAAK(L) 21218438 GATAD2B .
2 1328 787 X . ok S334s  (RIVSsPLPSPSAMTDAANSQAAAK(L) 21218438 GATAD2B .
2 781 654 . . ok 52845  (R)AmSTTSISsPQPGK(L) 14041996 DBNL :
2 1924 917 . I ok TA03t  (RICAAASIPTNATAASDANTGDR(G) 21361340 GSK3B .
2 1216 858 . S ok S106s  (RIDFSSIAVPGTSSPR(Q) 33186798 DDI2 .
2 938 751 2 1324 882 . X oi¢ 82815 (KNLYPSSSPYTR(N) 34581767 SUGT1 3
2 1175 745 2 812 618 816.92 80.0 SsP 169,70 S170s  (K)KSsPSVKPAVDPAAAK(L) 10092673 CIAPINY 102.1
2 1225 763 1260.63 8.1 SsP 169,70 S170s  (RIGLIPSSPONEPTASVPPESDVYR(M) 20379875 PDLIM3 114.1
3 1622 788 744.36 80.0 SsP 143,44 S144s (R)SLQEECSRPPTAVSSPGGPAR(A) 71043487 SLCAATIAP 85.1
2 1711 966 1166.66 8.0 KsP ok 86665  (K)TITLVKsPISVPGGSALISNLGK(V) 1708193 HCFC1 121
2 1207 626 2 1272 622 756.35 %0 SsP ok §508s  (K)VASsPVMVSNPATR(M) 1708198 HCFC1 121
2 1737 865 2 1608 75 982.96 800 SsP ok $232s  (K)SSsPAPADIAQTVQEDLR(T) 49168554 8.1
2 1301 725 1086.25 796 St 43.44.45 T45 (KIASSIPSSETQEEFVDDFR(V) 33044112 RSN 14.1
2 892 480 617.80 800 KsP ok 819715 (R)DKsPGRPLER(E) 32608688 CIT 9.1
2 1338 672 783.36 800 SsP 193940 §1940s  (RVASSPAPPEGPSHPR(E) 32698688 CIT 9.1
3 1170 658 8 53827 800 KsP ok $114s  (RIKKsPNELVDDLFK(G) 62898243 NSFL1C 991
2 1862 945 1197.50 798 SsP ok 8272s  (K)LGSTAPQVLSTSsPAQQAENEAK(A) 82888243 NSFLAC 9.2
2 1157 655 584.74 800 StP ok T200t  (KINSPSEPGSGR(G) 4758516 HDGF 119.1
2 1590 900j2 1421 912 640.80 800 DsP ok $165s (RIRAGDLLEDSPK(R) 4768516 HOGF 1191
2 1517 818 1267.60 %0 Sd 14243 $143s (R)EKVSSIDLEIDSLSSLLDDMTK(N) 58530845 2YX 774
2 1580 934|2 1474 922 798,35 800 FsP ok $281s  (KIFsPCAPGGSGSQPNQK(L) 58630846 ZYX 774
2 1281 752 83833 159.9 FsP,GsG ok $281s  (KIFsPGAPGGsGSQPNAK(L) 58530845 ZYX. KA
$288s
2 1246 768(2 1027 661 §78.77 800 SsP ok §2508  (RIGPPASsPAPAPK(F) 68530845 ZYX A
3 1297 685 3 1773 864 893.09 800 GsP 306,308 $308s  (K)LGHPEALSAGTGsPQPPSFTYAQQR(E) 58530846 ZYX 774
2 1634 63.0 2 1045 588 659.29 800 RsP ok $344s  (RISPGAPGPLTLK(E) 58530845 ZYX. 774
2 900 700 2 929 6562 €80.81 80.0 8sP ok $690s (K)IDGATQSSPAEPK(S) 4758690 LRRFIP{ §7.1
2 804 552 653.36 800 KsP ok 8675 (KIKKSPVPVETLK(D) 4758690 LRRFIP{ 57.4
3 1794 838 1160.49 800 EsE ok 81265  (KICGSGPVHISGOHLVAVEEDAESEDEEEEDVK(L) 33604244 NPM1 116.1
3 2380 932 747.67 960 GsP ok 8708 (K)DELHVEAEAMNYEGSPIK(V) 33694244 NPM1 116.1
2 1018 754 627.73 800 St 217218219  T218t (KJDSKPSStPR(S) 33694244 NPM1 116.1
2 1108 720 606.22 800 8sV ok $243s  (KYGPSSVEDIK(A) 33684244 NPM1 1164
3 1852 831 3 2128 965 111261 800 SsP ok $101s  (RIDSLGDFIEHYAQLGPSSPEQLAAGAEEGGGPR(R) 15147219 PURB 118.1
2 1156 740 795.86 800 SsP ok S4185  (RILPSSPVYEDAASFK(A) 20357562 CTTN 8.1
3 1810 782 110256 800 StP ok T56t (RIAGAPVPEPPKEEQQQALEQFAAAMAHSIPVRIR) 13544000 EPB41L3 45.1
2 1691 897 84143 800 VP ok T487t  (KIGISOTNUTTVIPEK(K) 13544000 EPB4TL3 454
2 1435 882 690.35 800 VP ok T510t  (RIKGEEVIPISAIR(H) 13544009 EPB41L3 45.1
2 1737 718 951.90 960 RslL ok $443s (R)SLDGASVNENHEIYmK(D) 13544009 EPB41L3 45.1
2 1341 79.0 773.37 800 VsP ok S740s  (KTETISFGSVSPGEVKIL) 13544009 EPB41L3 451
2 1185 814 2 1024 727 701.32 1589 LsPsP ok $390s  (RILRLsPSPTSQR(S) 27436946 LMNA 811
$392s
2 1647 808|2 1491 798 2 1388 841 720.33 800 LsP ok s22s (R)ISGAQASSTPLSPTR()) 27436946 LMNA 61.1
2 1046 704 58 760.31 1699 StPLsP ok T19t 5225 (R)SGAQASSIPLSPTR() 27436046 LMNA 61.1
3 1692 678 371390 618 £ 901.04 949 SsP  262,63.64 $284s  (RIGQSHFAMMHGGTGFAGIDSSSPEVIG) 5453854 PCBP1 110.1
2 1774 895]2 1559 B844|2 1540 872 962.94 800 sStP ok N (K)ILSLEGDHStPPSAYGSVK(A) 50845388 ANXAZ 100.1
2 984 758 639.27 799 KsA ok S1746s  (K)VSQHIKsAK(L) 6005638 UTRN 3.1
2 947 716 658.29 800 QP ok T1492t  (K)ALPQIPRPR(S) 19923466 SRRM2 4.1
2 923 728 665.29 800 PSP ok 8$2581s  (KRVPSPTPAPK(E) 19923466 SRRM2 41
2 749 601 860.26 1599 RsRtP ok T2034t  (RBRIPLLPR(K) 19923466 SRRM2 41
§2032s
3 1341 843 817. 960 EsP ok $794s  (R)AIPGOCHPESPVHTEPMGIQGR(G) 40788894 MDC1 10.1
3 1911 858 742.77 800 LsP ok $1069s  (KHLAPPPLLSPLLPSIKPTVR(K) 40788894 MDC1 10.1
2 1664 977 661.31 800 VP ok T1500t  (RINQLVIPEPTSR(A) 40788894 MDC1 10.1
2 782 494 704.30 960 DsP ok $1821s  (R)SLATmDSPPHOK(Q) 40788894 MDC1 10.1
2 1139 803 641.81 800 FP 179801 T1801t  (R)SRFPELQPK(A) 40788894 MDC1 10.1
3 1335 7638 801.75 800 KP 1564656871 T1568t  (R)SSVKIPESIVPIAPELQPSTSR(N) 40788894 MDCA 10.1
3 2077 980 1169.90 80.0 KtP 14828386 T14868t  (RISSVKIPETWPTAPELQASASTDQPVTSEPTSR(T) 40788894 MDC1 101
2 1647 806 668.79 800 QsP ok S791s  (RINTDVAQSPEAPK(Q) 14133249 RRBP1 13.1
3 2091 968 862.45 800 LP ok T217t  (KERPISLGIFPLPAGDGLLIPDAQK(G) 24460121 SPAGY 6.1
2 1A22 838 77231 150.9 QsP,RsP ok S28s (K)VEPSSQsPGRsPR(L) 20521768 RABGIP2 211
2 1263 86, 104249 800 VsP ok $2425  (RYDALGDSLQVPVSPSSTTSSR(C) 57208900 AKAP2 2.1
3 1907 831 1059.20 800 PsP ok 5868s (KVKPPPsPTTEGPSLQPDLAPEEAAGTORPK(N) 57208909 AKAP2 2.1
2 1218 72 728.84 800 SsT ok 8325  (RIRSSTSSEPTPTVK(T) 50949456 231
2 947 450 822.39 960 EsP ok S280s  (K)DmESPTKLOVTLAK(D) 20465500 MAP4 2.1
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WT-dd Mut-dd 'WT-Targeted WT-IMAC (] Sequence NCBI
Score SPl |z Score $PI {2 Score  SPl |z Scors  SPI Position
1330 859 ok (R)ASDPQsPPQVSR(H) 7243103 TACK? 1
1145 608 T258 (K)ISGDADLKIFTKPK(Q) 7243048 RAI14 1
ok
2 ok 8180s  (R)GRPDLGSAQK(G) 940536 MCM4 3
2 ok T162t (RVEGPRSGVR(G) 940536 MCM4 3
S165s
17.06 825 ok 816s (R)DKAPVQPQQsPAAAPGGTDEKPSGK(E) 14043916 PSMD2 1
1448 938 682,84 5684s (R)SVsPSPVPLLFQPDONAPPIR(L) 6754472 KIF23 1
1189 7038 ok T606t (KVQTIPPPAVQGAK(V) 29570780 AAK1 1
1192  87.0 ok 5819s (KIGPQPPTVSPIR(S) 76779860 NOL1 1
1168 718 ok 83118 (K)QEESESPVERPLK(E) 47419936 SRPK1 1
1355 55.5 ok $287s (KIERPGEGSPMVDNPmR(R) 6815261 UHRF1 1
1305 539 ok $508s (RITNTmnGSKsPVISRPK(S) 39930375 ENAH 1
1410 86.7 ok $490s (RETPHSPGVEDAPIAK(V) 12063317 LIMA1 3
1263 687 ok $362s (KISEVQOPVHPKPLSPDSR(A) 12053317 LiMA1 3
11.52 495 ok S604s  (R)SRPFTVAASFQSTSVKsPK(T) 12063317 LIMA1 3
1451 824 ok T765 (R)VLGAGGAGPAPAIPSR(T) 34536177 EML3 1
1512 822 ok S437s  (RLKFDFQAQSPK(E) 45501339 SORBS3 i
953  74.6 ok 84058  (KJPAVKPAAAPK(Q) 434765 NOLC1 4
854 54.0 . . ok 85165 (K)VAGGAAPSKPASAK(K) 434765 NOLC1 2
1653 75.7 973.92 800 EsSP ok 869s (R)ESPGAAATSSSGPOAQOHR(G) 47271406 BCDIN3 1
825 484 778.28 160.9 HsP,HsP ok 86108 (R)FnGGHePTHSPEK()) 11321634 CO2AP 2
S514s
1245 723 898.90 800 Ksv ok 8§589s  (K)SVEEPTQPGGTGLSDSR(T) 10433849 KLCZ 1
1133 728 794.86 989 KsP ok 8508s (R)TNTmnGSKsPVISR(R) 56549694 ENAH 1
1212 78.3] 756.70 80.0 At ok T447t (RIAAPSTAPAEAIPPKPGEAEAPPK(H) 6808299 BAG3 1
1153 766 804.35 159.9 PsP.QsP ok $303s (R)VKEEPPSPPQsPR(V) 5031767 HSF1 2
83078
1862 858 1083.21 800 RsP ok $178s (RANHTVILDDPFDDPPOLLIPDRSPEPTR(E) 20911035 PPIL4 1
675 642 685.83 800 LsP ok S171s  (KLsPLPGGPGAGDPR()) 5174607 NAB2 1
1232 727 894.41 960 PsP ok $183s  (R)TNPPTQKPPsPPMSGR(G) 61743942 ABI1 1
1027 699 862.42 800 WIP ok T4151 (KIADAASSLTVDWVIPPTAK(A) 14041967 GORASF2 1
800 60.1 698.84 800 AP ok T254t (K)KLPATTAPDSSK(T) 29791763 SH3IKBP1 1
943 784 806.91 800 PsP ok $197s (RIAGDSAVLVLPPSPGPR(S) 21361888 PDLIMZ 2
1083 653 1100.50 81.0 TeP 8687 887s (R)SQATSPGATnGDESLEVLATR(F) 21361888 POLIM2 2
1604 743 800.91 800 PsP ok S283s (K)GVEPSPPIKPGDIK(R) 12644464 UFD1L 1
1211 755 763.88 800 DsP ok 81223 (RIRETFVLKDSPVR(D) 73858561 PSRC1 1
1430 674 1069.86 810 HsP ok S174s (R)IRnGAAGPHsPDPLLDEQAFGDLTDLPVVPK(A) 14714627 CDCA2EPS 1
1322 764 643,30 800 HsP ok 82923  (K)GIEGHSPGNLPK(F) 7708776 C8orf70 2
1137 668 545,77 800 LsP ok 8223s  (K)LQTLsPSHK(G) 7705775 CBorf70 2
1490 7563 661.82 800 LP ok T108t (K)VLIPEEQLADK(L) 12803763 EIF3S1 1
2030 89.7 823.08 980 KsP ok 82288  (KNHPMAYQLQLOAASNFKsPVK(T) 66347780 CSNKZB 1
985 650 651.81 800 AsP ok 8201s  (RISIFASPESVTGK(V) 5032113 SMNDC1 1
13.02 614 513.23 800 LsP ok 831s (OAGGSAALSPSK(K) 5174449 HIFX 1
1676 754 966.11 960 GsP ok S30s (RIAMKPPGGESSNLFGsPEEATPSSRPNR(M) 21700763 C160rf34 1
1367 898 703.84 800 LsP ok S38s (KESVPEFPLSPPK(K) 156800684 STMN1 1
1545 871 717.85 800 VsP ok 87388 (K)SSDQPLTVPVSPK(F) 20127619 TPX2 1
1482 648 562.92 1599 FsP ok 8877 (R)GRsPRsPSGHPHVR(R) 21381588 PALLD 2
$880s
1576 87.3 788.86 %0 PsP ok S481s (K)AKPAMPQDSVPSPR(S) 38569421 ACLY 1
1634 95.0 585.80 800 AsP ok $1288s  (KAGLEPVASPAK(K) 41322923 PLECT ]
1822  85.6 931.89 800 VYsP ok $4476s  (KIGYYsPYSVSGSGSTAGSR(T) 41322023 PLECT 5
1389 894 820.77 800 LsP ok 85838 (R)SDEGQLSPATR(G) 41322923 PLECT 5
1131 5838 917.92 800 SsS 42474849 542485  (R)SsSVGSSSSYPISPAVSR(T) 41322923 PLEC1 8
1324 749 957.90 159.9 SsS,IsP 42474849 $4248s  (R)SSSVGSSSSYPISPAVSR(T) 41322923 PLECT ]
4259 ok 542538
1380 797, 876.91 800 LsE ok $39s (KYQPLLLSEDEEDTKR(V) 4503525 EIF388 1
1622 76.0] 920.46 800 KsP ok $93s (R)LPKsPPYTAFLGNLPYDVTEESIK(E) 288100 EIF48 1
1417 851 693.80 800 EsP ok $808s (RWQGEPVAGHESPK(!) 40788981 SEC3{L1 1
1569  85.0 2 806 570 647.28 800 NsP ok 5448s (RINSPGSQVASNPR(Q) 18860916 XRN2 1
1703 786 782.02 860 KsP ok 8298 {R)DKKsPLIESTANMDNNQSQK(T) 4805317 PPP1R12A 1
1280 88 960.46 800 TsP ok S31s (R)LAGGQTSQPTTPLTSPQR(E) 56960871 UBE4B 1
1369 832 764.32 9.0 NsP ok 871s (K)KAEPSEVDMNsPK(S) 50658095 DDX21 2
137 891 79037 800 ISP ok S8os (K)KKEEPSQNDIsPK(T) 50659095 DDX21 2
1106 768 508.23 800 LsP ok 874s (R)HELSPPQK(R) 13383501 1
1199 798 707.32 800 GsP ok S5731s  (KIGGVTGSPEASISGSK(G) 61743954 AHNAK 2
1317 689 787.80 800 GsD ok 85841s  (K)GHYEVTGsDDETGK(L) 61743954 AHNAK 2
1291 604 763.85 159.9 KsP,KsP ok 8302s (K)KsPAKSPNPSTPR(G) 3668141 RSL1D1 2
8396s
1229 728 648.00 800 AsP ok S182s (K)AASPPRPLLSNASATPVGR(R) 31657094 ANLN 4
1482 75, 773.83 960 AsP ok 87925  (KINKASPQSEFmPSK(G) 31657094 ANLN 4
1357 836 12 1549 878 989.94 800 LsG ok S54s (RYQPLSEASNQQPLSGGEEK(S) 31657094 ANLN 4
1079 569 820.91 800 TP ok T364t (K)STIPGGTGIKPFLER(F) 31657094 ANLN 4
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WT-dd Mut-dd WT-Targeted WT-IMAC miz MH+ Site Site [st] Sequence NCBI HUGO  [sf] S[sflP Protein B
2 Score 8P| |z Score SPI |z Score SPl |z Score SPi Obs. (Da) _Shift (Da) _ Motif Ambiguity _ Position gi Symbol # # - Group#
2 17.04 881 957.99 810 AsP ok 8182s (K)AASPPKPLL ShASATPVGR(R) 8489881 ANLN 3 252
2 1482 756 773.83 %0 AsP ok S$793s (K)NKASPQSEFmPSK(G) 8489881 ANLN 3 252
2 1079 569 820.91 8.0 TP ok T365t {K)STtPGGTGIKPFLER(F) 8489881 ANLN 3 252
3 1346 677 73571 800 TP ok T227t (K)STtPPPAEPVSLPQEPPKPR(V) 3098601 1o 88.1
2 1783 911 1081.96 1120 LsP ok S$317s (RAMTLSPQEEVAAGOMASSSR(S) 5738610 TACC2 2 §0.1
2 1985 976 1124.00 800 GsP ok 8177s  (K)VSGsPEQAVEENLSSYSLDR(R) 5738610 TACC3 2 50.1
2 1481 789|2 1374 732 756.35 800 GsP ok S$1084s  (K)AFGPGLQGGSAGSPAR(F) 57284201 FLNA 1 5.1
2 1416 880 970.48 800 EtP ok Te2t (R)LDGLVEtPTGYIESLPR(V) 21327708 NAP1LA 1. 96.1
2 1045 619 979.49 80.1  LsP ok 8752s (K)LsPPYSSPQEFAQDVGR(M) 5032179 TRIMZ8 2 56.1
2 1470 860 609.25 960 RsG ok $473s (R)sGEGEVSGLmR(K) 5032179 TRIMZ8 2 (o] 56.1
2 1347 823 & 682.29 %60 RsP ok 833s (R)sPPPGMGLNONR(G) 4826998 SFPQ 1 o 63.1
2 769 371 566.75 1699 PssR ok $440s  (K)LKERPssR(E) 13634076 TJP2 2 e 201
S441s i
2 1229 890 999.01 800 GsY ok 8357s (R)GsYGDLGGPITTQVTIPK(D) 62088704 HNRPK 2 000 87.1
2 1965 947 710.89 800 EsP ok 8194s (K)LDLISESPIK(G) 62088704 HNRPK 202 87.1
2 1452 921 481.26 800 LsP ok $38s (KIGPLGLSPK(K) 4506597 RPL12 iF 94.1
4 2025 836 926,14 1120 DsG ok 8$394s (RymLPHAPGVQMQAIPEDAVHEDsGDEDGEDPDKR(1) 55861192 HDAC2 104y 76.1
2 1183 708 611.81 800 TP ok T2305t (K)AAKPTTPEVK(A) 5174525 MAP1B 2 00 71
2 1312 762 722.90 80.0 AsP ok $2271s  (K)SKPLAASPKPAGLK(E) 5174525 MAP1B 2 < 71
2 1031 657 703.87 80.0 AsG ok 837s (R)KASGPPVSELITK(A) 4885377 HISTIHID 1:00g 126.1
2 1262 835 489.77 800 AsP ok 5139 (K)AALLKASPK(K) 62897783 RPL14 1. 0 1231
2 1073 828 579.31 800 LsP ok 51385s (RYGRLSPVPVPR(A) 8051631 RALY 1t 1171
2 1149 863|2 1049 723 482.76 800 AP ok T121t (K)ALVAIPGKK(G) 55956788 NCL 2 i 62.1
2 1277 826|2 873 659 469.26 800 VsP 6769 S67s (OKVWSPTK(K) 55956788 NCL 2 0 62.1
2 1310 889 601.80 800 NsP ok S$303s (R)SNsPLPVPPSK(A) 20127499 SFRS6 1 e 104.1
3 1688 646 113153 970 VsP ok $1685s (RIFPVPHNGSSEATLPAQMSTLHVSPPPSADPAR(G) 19923181 PDLIM4 25000 1121
2 1729 918|2 1695 866 923.42 800 GsP ok $112s (R)HIDPEIQDGSPTTSR(R) 19923181 PDLIM4 2 o 1121
2 1548 91.1|2 1461 838|2 1472 753 760.34 9.0 VsP ok $499s (RIATAPQTQHVSPMR(Q) 14043783 EEF1D 1 Q 67.1
2 1275 743 844.83 960 HsM ok $293s (R)YHGHsmSDPGVSYR(T) 4505685 POHA1 1 o 96.1
2 1624 869 1130.03 960 O ok T450t (R)FGOAATMEGIGAIGGIPPAFNR(A) 2808511 NONO 1 o 85.1
2 1861 959|2 1562 843|2 1753 931 978.92 80.0 TsP ok 8628 (RINVSSFPDDATSPLQENR(N) 45709422 KPNAZ 1 0 801
2 1311 753 921.44 80.0 VP ok T316t (K)YQYGGLNSGRPVIPPR(T) 46249376 PPP1CB 1 o 1111
2 1356 836 902,93 800 QsP ok §74s (R)RADLNQGIGEPQsPSR(R) 20149675 EFHD2 1 9 1221
2 789 515 2 1188 583 712.31 159.9 VsA.PsP ok $240s  (K)LDQPVsAPPsPR(D) 633870 CCDCB 2 o} 73.1
S244s
2 1138 64.4{2 1052 674 38 690.31 80.0 EsP ok Sés (K)SESPKEPEQLR(K) 133254 MNRPAt 1 g 1071
2 1096 708[2 1562 895 3.0 985.89 800 GsP ok 5358s (R)SSGsP YGGGYGSGEGSGGYGSR(R) 34740329 HNRPA3 1 o 1031
2.1376 8961 15 86939 800 GeA ok $21s (R)ISGGGFSSGSAGINYQR(R) 17318569 KRT1 1 2] 72.1

oo
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Abstract

Protein phosphorylation is a ubiquitous regulatory mechanism for cellular signal
propagation, and the complexity of signaling networks presents a challenge to protein
kinase substrate identification. Substrates of Polo-like kinases are largely unknown,
despite the significant role of these kinases in coordinating mitotic cell cycle progression.
Here, we combine a novel application of the yeast two hybrid system to identify mitotic-
specific interactors of the polo-box domain of the budding yeast polo-like kinase with
chemical genetic, bioinformatic, and yeast proteomic tools for Polo-like kinase substrate
identification. The results from the yeast two hybrid screen were validated through a
polo-box domain pulldown screen from the TAP-tagged collection of yeast strains. In
total, 27 proteins were validated to be phosphorylation-dependent polo-box domain
interactors, out of 112 proteins attempted. Systematically-chosen candidate Cdc5
substrates were examined for loss of phosphorylation upon cellular Cdc5 inhibition using
a mono-specific pharmacological inhibitor, revealing five novel Cdc5 substrates. We
undertook further studies on Cyk3 (identified by yeast two hybrid), Cnm67 (identified by
bioinformatics), and Spc72 (identified as a Cdc5 substrate by chemical genetics). All
three proteins are in vitro substrates of Polo-like kinases, and contain polo-box domain
binding consensus motifs that, when mutated, eliminate Cdc-PBD binding. Interaction-
defective genetic studies with these mutants to determine whether PBD binding affects
their in vivo function are in process demonstrating a role for Cdc5 in regulating septum-
dependent cytokinesis through Cyk3, and mitotic nuclear positioning through Cnm67 and
Spc72.
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Introduction

Ensuring accurate chromosome segregation is fundamental to survival of a
species. Temporally and spatially regulated signaling events are required to monitor and
direct multiple cellular events during cell division. The Polo-like family of
serine/threonine protein kinases (Plks) have emerged as an important class of cell cycle
regulators that coordinate mitotic progression, with multiple roles from mitotic entry to
cytokinesis [1]. Humans have four Plks (Plk1-4), of which Plk1 is the most thoroughly
characterized, motivated by its link to tumor development [1]. The budding yeast S.
cerevisiae has a single Plk, Cdc5, with 49% identity to Plk1 in its kinase domain [2].
Cdc5 functions in adaptation to the DNA damage checkpoint, progression through G2/M,
cohesin cleavage at anaphase entry, and cytokinesis, with an essential role in promoting
mitotic exit as part of two signaling networks called FEAR and MEN [2].

The existence of a single Plk, the availability of several comprehensive strain
libraries of epitope-tagged genes [3], and the availability of chemical genetic tools for
dissection of kinases in budding yeast [4], makes it an attractive organism for the study of
Plk signaling pathways. Despite the multiple mitotic functions of Cdc5, only a few of its
substrates have been conclusively identified [5-8]. Cdc5 substrates are difficult to
identify for several reasons. First, both CdcS and its known substrates are low
abundance proteins present at less than 1500 copies per cell [3]. Additional Cdc5
substrates are also likely to be low abundance, as this is generally true for cell-cycle
regulatory proteins [3]. Furthermore, characterized phosphorylation sites in Plk
substrates have considerable sequence variation [9] and are of limited utility in
identifying likely candidate substrates.

This variation in phosphorylation site preference suggests alternative specificity
determinants, such as temporal and spatial regulation. Cdc5 levels are tightly cell cycle-
regulated with maximal activity in mitosis [2]. CdcS’s distinct localization pattern
includes the cytoplasmic face of the spindle pole body (SPB, the functional equivalent to
the mammalian centrosome), chromosomes, and the bud neck (the future site of
cytokinesis) [7, 10-12]. Accurate chromosome segregation requires coordination

between these structures. Cytoplasmic microtubules project from the SPB projects to
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move one set of duplicated chromosomes through the predetermined cleavage plane at
the bud neck [13]. Cytokinesis initiation follows a MEN signal at the SPB, which
monitors this anaphase spindle migration [13]. Mutations in a conserved C-terminal
region of Plks called the polo box domain (PBD).disrupt this Cdc5 sub-cellular
localization pattern[11]. The PBD is a phospho-serine/threonine binding module that
can directly target Pks to their substrates after prior “priming” phosphorylation of the
substrate by an upstream kinase [9, 14].

To identify further Cdc5 substrates, we used multiple independent methods. First,
we developed a novel modification of the yeast two hybrid system to identify mitotic-
specific interactors of the Cdc5-PBD, which are likely to also be Cdc5 substrates [9].
Secondly, we utilized a bioinformatic approach to rank-order all yeast proteins as
potential CdcS5 substrates. Thirdly, we directly identified Cdc5 substrates using a mono-
specific CdcS inhibitor, providing for interruption of the kinase substrate reaction at any
point in the cell cycle with preservation of the endogenous expression levels of all the
components. Hits from these screens were further verified as phosphospecific Cdc5
binders in a Cdc5-PBD pulldown assay. We are further analyzing the in vivo role of
Cyk3, identified by yeast two hybrid, Cnm67, identified by bioinformatics, and Spc72,
identified with the Cdc5 inhibitor assay. Spc72 and Cnm67 have known roles in
anchoring cytoplasmic microtubules at the spindle pole body and function in nuclear
positioning similar to the phenotype seen with Cdc5 inhibition. Cyk3 plays a role in the
cytokinesis septum pathway. We show that all three proteins are in vitro substrates of
Polo-like kinases, and experiments are in progress to analyze the regulation of these
proteins by Cdc5 through interaction-defective genetics experiments, utilizing mutants of

these proteins that no longer bind to the Cdc5-PBD.
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Results and Discussion

A Context Dependent Yeast Two Hybrid Screen for the CdcS Polo-box Domain

To identify Cdc5-PBD interactors, we designed a novel yeast two hybrid screen.
Standard yeast two hybrid screens have been successful in identifying some Plk
interactors including six with full length Cdc5 [15-19], and a report that contained the full
results of a PBD yeast two hybrid screen only identified eight interactors [20]. The total
number of PBD interactors in yeast is likely to be much higher. Given our identification
of over 600 specific Plk1-PBD interactors by a pulldown mass spectrometry approach
(Chapter Two) [22], and a gene ratio of approximately five for human to yeast, we expect
there to be 120 interactors of the Cdc5-PBD. Thus, there is a large discrepancy between
the number of yeast two hybrid-identified PBD interactions and the actual number that
exist. The reason that standard yeast two hybrids have not been more successful in
identifying PBD interactors is because, for the most part, these interactors are context-
dependent. Interactions between the PBD and its ligands take place only during mitosis
and are dependent on phosphorylation of those ligands by CDKs or other mitotic kinases
[14, 23]. Thus, the challenge was to design a novel yeast two hybrid approach that was
sensitive to context-dependent interactions, and was able to separate these specific
interactions that occur only at specific points during the cell cylce from the noise inherent
in a yeast two hybrid assay.

One new application of the yeast two hybrid system had been designed for exactly
this purpose. Guo and colleagues designed a yeast two hybrid strain that tethered a
particular kinase or acetyltransferase to a bait protein of interest, and then performed a
standard yeast two hybrid screen [24]. This strategy was able to identify either
phosphorylation- or acetylation-dependent interactions of the particular bait proteins
employed [24]. While this is certainly a viable strategy for many molecules, it requires
the exongenous enzyme to function in yeast cells and in a cis configuration to its target.
More critically, it only functions to identify the modification dependent interactions of
one protein, and is not able to efficiently identify all the proteins that interact with a

modification-dependent binding domain, such as the PBD. Also, overexpression or
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altered activation of some enzymes, such as cell cycle kinases, will prevent normal yeast
cell growth, which is a requirement for visualization of yeast two hybrid results, as the
positive signal is a yeast colony. Thus, this strategy would not work to identify PBD
interactors, though it may work to identify the PBD as an interactor of a particular bait
protein if the upstream kinase is chosen correctly.

To overcome some of these difficulties, we chose to identify the interactors of the
PBD of the budding yeast Plk, CdcS5, rather than the human homolog. Searching for
interactions between yeast proteins within yeast cells eliminates many of the contextual
challenges, as the appropriate kinases required for the phosphorylation-dependent
interactions are expressed normally, eliminating the need to express an exogenous kinase
or to rely on yeast kinases to phosphorylate human proteins. Also, since some of the
endogenous Cdc5 is nuclear interactions between the Cdc5-PBD and its ligands can take
place in the nucleus, which is required for interactions to drive gene expression in the
yeast two hybrid system. Thus, for example, identification of growth factor signaling-
dependent interactions in this system might be challenging since the kinases responsible
for generating the binding sites are only present in the cytoplasm.

As the first step in identifying Cdc5-PBD interactions we undertook a standard
yeast two hybrid screen as outlined in Figure 3.1A top. The Cdc5-PBD fused to the Gal4
DNA binding domain was used as the bait to screen for interaction with a library of yeast
genomic DNA fused to the Gal4 activation domain. The Cdc5-PBD and library
expressing strains were of separate mating type so interactions were detected by mating,
selection of diploids that contained both genes, and growth on plates lacking adenine.
The ade2 gene is under the control of Gal4 in this strain, so only in yeast with an
interaction between the Cdc5-PBD and the library fragment would this gene be expressed
and the yeast be able to survive without adenine supplemented.in the media. As expected,
a vast number of colonies grew, indicating a large number of interactors. In order to
weed out the norrspecific interactors and the general noise in the system, a harsh
selection criteria could have been employed, which likely would have resulted in similar
results to previous studies with a few high affinity interactions being identified. Instead,
as described earlier, a more comprehensive approach that strategically identified the

mitotic-specific interactions was desired.
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In order to achieve specificity for mitotic interactions, a measurement of
interaction strength under normal conditions versus mitotic conditions was required. The
budding yeast cell cycle is ninety minutes long with thirty minutes spent in mitosis, so the
mitotic-specific interactions should be present among the more weakly interacting clones
in the standard yeast two hybrid set-up. To enrich for cells in mitosis, we employed a
strategy of growing the yeast on plates containing benomyl, which is a microtubule
poison that disrupts the mitotic spindle and slows down or stops mitosis. Diploid yeast,
of the yeast two hybrid strain used here, were tested for their ability to grow on different
levels of benomyl (Figure 3.1B). The optimal concentration of benomyl for continued
slow growth without massive death was determined to be 25ug/ml, and this was used in
all further studies. As a way to measure the interaction strength, a qualitative
colorimetric assay was employed (Figure 3.1A bottom). In addition to the commonly
known B-galactosidase, budding yeast also produce a-galactosidase under the control of
a galactose inducible promoter, which is expressed upon interaction in the yeast two
hybrid strain. This enzyme is secreted, and its activity can be monitored through the
addition of X-o-galactose to the media, which the enzyme cleaves into a blue substrate.
Thus, to measure the interaction strength of the hits from the first stage yeast two hybrid
under the mitotically-enriched condition of growth in the presence of benomyl, the yeast
clones were grown on plates containing X-c-gal with or without benomyl (Figure 3.1A
bottom). A total of around 1500 colonies were picked as hits from the first stage yeast
two hybrid and tested in the second stage mitotic enrichment screen. As this second stage
is a qualitative assay the blue color was compared by eye and 264 colonies with
significantly darker blue color on the plates containing benomyl were selected as hits
(Figure 3.1C).

This second step has the added benefit of eliminating any self-activating
sequences, because they would not have an enhanced signal with the benomyl treatment.
Normally, with a genomic library, such as the one used here, a high percentage of hits in
a yeast two hybrid are actually sequences that can act to directly activate gene
transcription without an interaction with the bait protein. This requires another time-
consuming step to independently test all hits for self-activation in the absence of the bait

protein. None of the identified hits from the second stage of the yeast two hybrid were
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found to self-activate when tested, whereas seven out of seventy-five of a random sample
of hits that passed the first step of the yeast two hybrid were found to be self-activating.
Sequencing of the hits from the second stage identified 112 ORFs (Table 3.1) that
are involved in many expected and unexpected processes. Classification of the ORFs by
GO terms (Figure 3.2A) revealed that the second most populated category, after
uncharacterized, was the expected category of cell cycle. A more specfic breakdown of
the cell cycle proteins (Figure 3.2B) revealed that these proteins participated in the
known Cdc5-regulated processes of cytokinesis, spindle control, mitotic exit, general
mitosis, meiosis, and the unexpected category of nuclear pore dynamics. The nuclear
pore is known to dramatically alter its structure and function during mitosis and
throughout the cell cycle [25-28] as suggested by the fact that these two nuclear pore
proteins, Nup170 and Nup188, are categorized by GO terms as having a cell cycle
regulatory role. Whether Cdc5 is involved in this process is presently unknown, although
the yeast two hybrid interactions between Cdc5-PBD and these nuclear pore proteins
suggest that this might be the case. The other major categories of interactors (Figure
3.2A) are similarly known to be regulated during the cell cycle, and in particular in
mitosis, but are not currently known to be regulated by Cdc5 or other Plks [2, 9, 29-32].
Despite the fact that yeast two hybrid interactions are assumed to be direct the
proteins identified as interacting with the CdcS5-PBD could be direct or could be part of
complexes that interact with the Cdc5-PBD. To partially address this, we checked for the
presence of optimal PBD binding motifs within all the identified ORFs (Table 3.1). The
optimal binding motif for the Cdc5-PBD, as determined by oriented peptide library
screening, is the same as for the Pk1-PBD, S(pS/pT)P with a minimal motif of S(pS/pT)
[23]. All but two of the 112 sequenced ORFs contains this minimal motif (much higher
than expected based on a random set of yeast proteins), suggesting that they may be
direct interactors of the Cdc5-PBD, if the proteins are phosphorylated during mitosis. In
addition 37 of the 112 (one third, significantly higher than the one quarter of a random set
of yeast proteins that contain this motif) contain an optimal binding motif (Table 3.1)
which could be generated by the budding yeast CDK Cdc28, and 11 of these 37 are
known to be Cdc28 substrates [21]. Thus, for these 37 proteins, we can hypothesize that
Cdc28 phosphorylates these proteins at their S(S/T)P motifs and generates a Cdc5-PBD
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binding site. Intriguingly, 61 of the 112 identified proteins have human homologs, based
on the identification of a human gene BLAST hit using the yeast gene with an E value

greater than 1x10°, so many of the interactions could be conserved in human cells.

Bioinformatic Screen for Additional Cdc5 Polo-box Domain Interactors

The consensus phosphorylation motif of Cdc5 has not been determined, but there
are a few pieces of information that allow us to infer Cdc5’s optimal phosphorylation
motif. Expression of both Plk1 and P1k3 can rescue a yeast strain harboring a cdc5-1
allele at the restrictive temperature [33]. Thus, the phosphorylation motif of CdcS must
overlap significantly with Plk1 and P1k3. The published phosphorylation motif of PIk1 is
(E/D)X(S/T)(aliphatic) [34], and more recently, several sites have been mapped with an
N in the -2 position consistent with our own in vitro results (Jes Alexander — personal
communication). Unfortunately, the motif of P1k3 has not been published, but it is
thought to be similar to Plk1 (Jes Alexander — personal communication). Of the mapped
Cdc5 phosphorylation sites, they all fall within this general consensus [5-7, 35], and the
N in the -2 position seems to be favored by Cdc5 [1]. A sequence alignment of the
kinase domains of Plk1, Plk3, and Cdc5 reveals that all three kinases have similar degrees
of homology with each other, with Cdc5 being slightly more similar to Plk1 (47%
identical) than P1k3 (41% identical) (Figure 3.3A,B). The only known critical residue for
regulation of Plks (T210 in Plk1) is conserved in all three kinases and the motif
surrounding it is highly conserved (Figure 3.3B). A structure of the kinase domain of
PIk1 is now available [36], and what limited information can be inferred about the
prefered phosphorylation motif fits with the prior data. Similarly, models of the kinase
domain structures of Plk1 and P1k3 [9] suggest that both kinases have the same
phosphorylation motif. Thus, we conclude that the known phosphorylation motif for
Plk1 is a good approximation of the phosphorylation motif for Cdc5.

Utilizing the approximate Cdc5 phosphorylation motif (E/D/N)X(S/T) and the
known Cdc5-PBD binding motif S(S/T)P [23] allows identification of potential Cdc5
substrates through bioinformatics (Figure 3.4A). Briefly, the roughly six thousand

predicted yeast proteins were searched with the Scansite profile scanning algorithm [37,
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38] for Cdc$ binding and phosphorylation sequence motifs, generating a “Cdc5 substrate
likelihood score” for each protein (more details are available in Methods). The
distribution of scores is represented in Figure 3.4B, with high scores representing likely
substrates. Notably, the group of best scoring-potential Cdc5 substrates was enriched in
low abundance proteins relative to the entire proteome, requiring a sensitive test of
candidate phophorylation (Figure 3.4C). Cdc$5 substrate likelihood scores, combined
with functional criteria including previous demonstration of a cell cycle role and
localization that matched that of Cdc5, led us to choose 192 total candidate substrates.
Functional criteria are a useful filter for substrate sets [39], without which this approach
would not have been possible. Among the proteins identified by this approach were the
known Cdc5 substrates; Mcdl, Bfal, and Swel[5-7], with Swel, notably, the only of the
three previously shown to directly bind the PBD, ranked 12th highest overall.

Validation of CdcS Polo-box Domain Interactors by Pull-down

The Cdc5-PBD was known to be a phosphopeptide binding domain from previous
studies [23] which identified a phosphobinding motif. However, since the Cdc5-PBD
had not been crystalized, it was not entirely clear what mutant of the Cdc5-PBD should
be made to eliminate the phosphopeptide binding. A sequence alignment of the Plk1-
PBD and the Cdc5-PBD (Figure 3.5B) revealed that the critical residues for
phosphopeptide binding, based on the Plk1-PBD structure [23, 40], were conserved in the
Cdc5-PBD. Mutation of the analogous residues to the “pincer mutant” in Plk1-PBD [23]
were generated (H641A/K643M) and tested in a phosphopeptide binding experiment.
Cdc5-PBD wild-type or the mutant were in vitro transcribed and translated in the
presence of [*°S]-methionine, and then bound to a degenerate peptide library that
matched the minimal consensus sequence of CDK phosphorylation or its non-
phosphorylated counterpart. The wild-type Cdc5-PBD bound specifically to the
phosphorylated peptide library as expected, and the mutant version bound weakly to both
libraries (Figure 3.5C left). As a positive control, the Plk1-PBD and its mutant were also
tested (Figure 3.5C right) and gave the same results as previously [23]. This confirms
that the Cdc5-PBD is functioning as a phosphobinding domain, in an analogous way to
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the PIk1-PBD, and identifies this mutant version of the Cdc5-PBD as an optimal negative
control for Cdc5-PBD binding experiments. A domain map of Cdc5 with critical
residues is shown in Figure 3.5A.

To further assess whether the proteins identified by the yeast two hybrid and the
bioinformatic method were actual ligands of the Cdc5-PBD, we designed a PBD pulldown
screen. The recently-generated TAP-tagged yeast strains were used as a source to generate
lysates with tagged yeast proteins [3]. These lysates were then incubated with beads coated
with either the wild-type CdcS-PBD or the mutant CdcS-PBD, identified earlier as not able to
bind phosphopeptides. After extensive washing, interaction was detected by a western blot
against the TAP tag using goat anti-rabbit IgG. Unfortunately, this detection procedure also
recognized the Cdc5-PBD (Figures 3.6 and 3.7), preventing the interrogation of any proteins
that run at the same size as the Cdc5-PBD. The criteria for choosing which proteins to
intenogate was as follows: a TAP-tagged strain for the gene existed; the predicted size of the
TAP-tagged protein did not overlap with the signal for the Cdc5-PBD; and a sufficient
number of molecules per cell [3] had to exist to allow visualization of the protein. After
applying these criteria all the remaining proteins identified by the yeast two hybrid method
were attempted, as well as the top hits of the bioinformatic screen, up to a total of 110 TAP-
tagged strains (Table 3.2). Of these 110 strains, 81 proteins could be seen in the lysate, 27
interacted specifically with the wild-type Cdc5-PBD (Figure 3.6), and 17 interacted non-
specifically with both the wild-type and mutant versions of the Cdc5-PBD (Figure 3.7). This
yields an approximately 75% success rate in visualizing a given TAP-tagged protein, and a
25% success rate in identifying specific Cdc5-PBD interactors. Of the proteins that bound
the Cdc5-PBD specifically, 23 were originally identified in the yeast two hybrid, out of 79
total interrogated, giving a success rate of 30% for confirming the yeast two hybrid
interaction. The success rate of the proteins originally identified by the bioinformatics screen
was only 13%, as only four proteins were identified as being specific interactors; cnmé67,
cbf5, Itel, and mem2. This suggests that the non-biased approach of the yeast two hybrid
was more useful for the identification of real Cdc5-PBD interactors.

As with the yeast two hybrid results, the hits from the pulldown validation assay
were categorized by GO terms and grouped by commonalities therein (Figures 3.6 and
3.7). Proteins involved in mitotic processes, in RNA regulation, and uncharacterized

proteins were identified among both the specific and non-specific interactors, while all
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three ribosome -associated proteins were non-specific interactors. Additionally, proteins
that play roles in known Cdc5-dependent mitotic processes, such as spindle regulation,
mitotic exit, and cytokinesis were also identified as specific Cdc5-PBD interactors. The
categories of metabolic control and protein modification, also, were represented, though
any connection between Cdc5 and these processes is currently unknown. Future work to
connect Cdc5 function with these various cellular processes should prove an interesting
and fruitful area of research. Only half of the specifically-interacting proteins contain an
optimal Cdc5-PBD binding site that could be generated by CDK, suggesting that either
other kinases also generate Cdc5-PBD binding sites, or these interactions are not direct,
but instead are identified through another member of a complex that does contain a Cdc5-
PBD binding site. Unfortunately, the minimal consensus phosphorylation site for Cdc5 is
too common among yeast proteins to make any conclusions about its representation in the
identified interactions, but all do contain a potential Cdc5 phosphorylation site.

The most obvious question from this list of Cdc5-PBD interactors is why some of
the previously known Cdc5 interactors, such as Bfal, Netl, Sccl, and Swel [5-7, 12, 35,
41, 42] are missing. These proteins may be absent for many reasons. For Sccl, it is
likely that the CdcS5-PBD does not directly bind this protein, since it does not contain an
optimal Cdc5-PBD binding site. Thus, it may have been missed in the yeast two hybrid
and it would not have selected in the bioinformatics search. This highlights a limitation
of this approach, which is that proteins in complex with direct Cdc5-PBD interactors may
be critical CdcS5 substrates, but they will not necessarily be identified by any of the
approaches used here. Bfal is supposed to be inactivated by CdcS to allow mitotic exit to
proceed [5]. This does not take place under conditions of spindle checkpoint so this may
explain why the interaction was not seen in the benomyl enriched yeast two hybrid screen.
Similarly, Swel is a ligand and substrate of Cdc5 that only interacts during the entry into
mitosis, but would not be expected to remain bound to Cdc5 during an extended mitotic
state. The norridentification of these two known Cdc5-PBD binders suggests that the
screens presented here are also limited to identifying proteins that interact with the Cdc5-
PBD during the core middle phase of mitosis, consisting of spindle and chromosome
dynamics, rather than those that transiently interact with the Cdc5-PBD at early or late

times during mitosis. By this line of reasoning, Net1 should have been identified, but it
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was not. One possibility is that Netl was not present in the library despite the library
having a five-fold genomic coverage. Overall the Cdc5-PBD pulldown verifies several

interesting Cdc5-PBD interactions, suggesting many future studies.

Generation of an Inhibitable Cdc5

We sought to engineer budding yeast Cdc5 to be selectively inhibited by a small
molecule, for identification of Plks substrates in intact cells. Our primary method for
selective kinase inhibition is the introduction of a space-creating gatekeeper residue
mutation coupled with a space-filling bulky derivative of the pyrazolopyrimidine (PP1)
kinase inhibitor scaffold [43]. We replaced CDCS5 at its endogenous locus with the cdc3-
as1 allele (analog sensitive) encoding an L158G gatekeeper mutation. This change
confers a modest 6-fold decrease in k,/K, and slight increase in doubling time,
indicating that Cdc5(L158G) is a functional kinase (data not shown). Surprisingly, we
were unable to obtain significant inhibition of cdc5-as1 using a variety of PP1 analogues,
despite the fact that a diverse collection of other protein kinases have proven amenable to
this approach (Jen Paulson — personal communication). Thus, the ATP binding site of
Cdcs differs enough from other kinases that a new inhibitor strategy is necessary.

Fortunately, the Cdc5 active site contains an uncommon cysteine, C96 (Figure
3.8A). A homologous cysteine in RSK and MSK was recently shown to be irreversibly
inactivated by a pyrrolopyrimidine-based inhibitor containing an electrophile at the C-2
position [44]. We, therefore, reasoned that this, or a similar electrophilic inhibitor, might
also bind and inactivate Cdc5(L158G) by virtue of the absence of a bulky gatekeeper
residue and the presence of a naturally occurring Cys at position 96 (Figure 3.8B). As
shown in Figure 3.8C, we observed that growth of the cdc5-as! strain, but not the wild-
type strain, was prevented by treatment with the pyrrolopyrimidine-based inhibitor CMK.
Together, the cdc3-as! strain and the CMK inhibitor provide a system for the potent and
selective inhibition of CdcS5 in vivo. More extensive study revealed that the growth arrest
upon Cdc$ inhibition is due to a spindle positioning defect such that the daughter

nucleus fails to migrate into the daughter cell (Jen Paulson — personal communication).
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CdcS Substrates Identified in Candidate Based Screen

In additon to the use of the bioinformatic analysis to choose proteins for inclusion
in the Cdc5-PBD pulldown validation assay, these proteins were also tested in a Cdc5
substrate assay. To test these candidate substrates for CdcS-dependent phosphorylation
in vivo, we also used the TAP tagged yeast strain collection. This approach is predicted
not to alter the cellular concentration of the protein, while providing an ultra-sensitive
handle for immunological detection [3]. To avoid false-positive phosphorylation effects
caused by Cdc5 overexpression, cdc5-as! expressed from the endogenous Cdc5 locus as
the sole source of Cdc5 was systematically introduced into TAP-tagged strains (Figure
3.9A). Since there is no general antibody that can detect all of the different Cdc5
phosphorylation sites, the Cdc5-dependent phosphorylation status of the TAP-tagged
candidates was monitored by gel shift, a straightforward and well-established method for
determining in vivo phosphorylation state [21]. We focused on the candidates that
exhibited a gel shift in a nocodazole induced G2/M arrest, when CdcS5 is active, but not in
a G1 arrest, when Cdc5 is not expressed [45]. These were then treated during the G2/M
arrest for 20 minutes with 10 uM CMK and compared with DMSO-treated controls.

Out of 74 proteins that shifted in G2/M, five proteins exhibited reproducible
Cdc5-dependent changes in their gel shift (Figure 3.9B). These are likely to be direct
CdcS substrates, since CMK was added for only 20 minutes. Significantly, of the three
known Cdc$5 substrates included in our screen, two, Bfal and Mcdl [5, 6], showed a
pronounced downshift upon Cdc5 inhibition. Similarly, two novel potential Cdc5 targets,
Spc72 and Ulp2, also downshift upon Cdc5 inhibition. Spc72 is a previously described
phosphoprotein, but the upstream kinase had not been identified [46]. Ulp2 isa
desumoylase with roles in centromeric cohesion and recovery from checkpoint arrest [47,
48], processes in which Cdc5 functions [2]. Intriguingly, Cdc5 inhibition resulted in an
upshift of Mih1; however, the chemical nature of the modified form of Mih1 is unclear,
since it is unusual for loss of phosphorylation to result in a slower migrating form.
However, Mihl is the budding yeast homolog of the human protein, Cdc25, which is a
known PIk1 target [14], though it is not clear that Mih1 has the same function in budding
yeast cells that Cdc25 does in human cells. Notably, each identified protein reportedly

158



exists at less than 1400 molecules/cell. Unfortunately, we were limited by the proportion
of phosphoproteins that demonstrate significant phosphorylation shifts. Further advances
in mass spectrometric approaches that quantitatively detect differences in low
stoichiometry phosphopeptides in a complex mixture are necessary to improve this

approach [49].

Regulation of Cyk3, Cnm67, and Spc72 by Cdc5

In order to further investigate the role of CdcS in controlling mitotic progression
we chose to study some of the validated interactions in more detail. We chose one
protein identified through the yeast two hybrid screen, Cyk3, one identified through
bioinformatics and validated by Cdc5-PBD pulldown, Cnm67, and one identified as a
Cdcs substrate, Spc72. All three proteins are predicted to contain a single Cdc28-
generated PBD binding site, contain multiple optimal Cdc5 phosphorylation sites, and
have known functions in mitosis [50-57]. Cyk3 is the only known Cdc28 target among
them [21]. The single predicted CdcS-PBD binding site allows easy generation of non-
binding mutants of Cyk3, Cnm67, and Spc72, which then can be used for interaction
defective genetic studies to determine the role of Cdc5-PBD binding in the regulation of
these proteins. Based on the full oriented peptide library screening data for the Cdc5-
PBD [23], we decided to mutate the serine in the single STP motif in each protein to a
valine, since this was the most disfavored residue for binding at this position. This
should completely eliminate binding as a similar mutation blocks interaction between the
Plk1-PBD and Cdc25C [14], and isothermal calorimetry data suggests that in vitro, a
peptide with a valine at the -1 position relative to the phosphorylated residue binds with
weaker than 150uM affinity to the Plk1-PBD [14].

First, we performed the Cdc5-PBD pulldown assay, as described previously, on
Spc72, and found that it does indeed bind specifically to the CdcS-PBD (Figure 3.10A),
consistent with previous reports that suggested interaction between these proteins [17, 58].
The interaction is also regulated by cell cycle stage, since Spc72 binds the PBD less well
in a G1 than in G2/M arrest (Figure 3.10B). Mutation of the predicted Cdc28-generated
Cdc5-PBD binding site on Spc72 (S232) greatly reduces binding (Figure 3.10C). Some
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residual binding was observed in this mutant and may reflect contributions from other
sites in Spc72 or Cdc5-PBD interactions with Spc72 binding partners. However, the
amount of mutant Spc72 that came down with the Cdc5-PBD is similar to the amount of
wild-type Spc72 that came down with the CdcS-PBD from G1 arrested cells. This
suggests either a background level of Spc72 in this assay that cannot be eliminated, or
that Spc72 binds the Cdc5-PBD weakly in a phospho-independent manner, in addition to
its strong phospho-dependent interaction. The mutants of Cyk3 (S350V) and Cnmé67
(S120V) have been generated, but tagged forms need to be made to allow detection in the
pull-down assay.

In addition, to demonstrate that Cyk3, Cnm67, and Spc72 could serve as
substrates for Plks in vitro, the wild-type TAP-tagged proteins were immunoprecipitated
from yeast lysates and incubated with Plk1 kinase domain and radioactive ATP.
Radioactivity was incorporated into all three proteins (Figure 3.11A, B) demonstrating
that, in vitro, they can serve as substrates of Plks. This suggests that, in vivo, they are
also substrates, since they directly interact with the Cdc5-PBD, placing them in an
optimal position to be phosphorylated by Cdc5.

With the non-binding mutants in hand, interaction-defective genetics studies can
be carried out. The deletion strain of cyk3 is viable and exhibits a clumping phenotype
when grown at 30°C or higher, that is minimized when grown at room temperature [50].
This phenotype results from the inability of mother and daughter yeast cells to
completely separate after mitosis is complete. Mitotic exit is completed in these cells,
because the cells proceed through the next round of the cell cycle thus eventually forming
clumps of cells stuck together [50]. The defect in the Acyk3 strain appears to be
improper septum deposition, as the bud neck septum is thicker than normal in the these
cells. Cyk3 probably plays a direct role in this process, as cyk3 contains a
transglutaminase domain, localizes to the bud neck [50, 59], and has synthetic lethality
phenotypes consistent with it being 2 member of the septum pathway [50]. All of these
phenotypes are rescued in the deletion strain by expression of the wild-type proteins [50].
To test whether the cyk3 Cdc5-PBD non-binding mutant rescues these phenotypes it will
be expressed in the deletion strain. In preliminary experiments, it appears that the non-

Cdc5-PBD binding mutant is similar to the deletion strain in clumping, whereas
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expression of wild-type cyk3 fully rescues this phenotype (Figure 3.12A). This places
Cdc$ as an upstream activator of both the septum and the actomyosin ring contraction
pathways (Chapter Four) in budding yeast cytokinesis. In addition to demonstrate that
the mutant cyk3 is specifically defective in the septum pathway we will test its synthetic
lethality with myol.

Unfortunately, though the systematic deletion strains of cnm67 and spc72 are
viable, they are functionally crippled due to a severe defect in chromosome segregation
caused by the inability of the daughter nucleus to migrate into the daughter cell [51, 52,
54, 56]. Thus, to examine the properties of the cnm67 and spc72 non-CdcS5-PBD
interacting mutants they were placed into a hetrozygous diploid deletion strain. This
strain will be sporulated and selected for the presence of the plasmid encoding the wild-
type or mutant gene and the genomic deletion of the gene. These strains will always be
grown at room temperature until assay, to alleviate the nuclear migration defect and avoid
the introduction of mutations into the strain. For further ease of visualization, a GFP-
tagged beta tubulin gene was inserted into the heterozygous diploid deletion strains at the
genomic locus. Spindle orientation of the various strains will then be monitored by
fluorescence microscopy. We expect that the strains harboring the mutant versions of the
genes will have nuclear positioning defects, which will suggest that Cdc5 regulation of
Cnm67 and Spc72 is required for proper mitotic spindle orientation and nuclear migration
into the daughter cell. These Cdc5-PBD non-binding mutants might not be as severe as
full deletions, but considering that Cnm67 and Spc72 have similar localizations at the
spindle pole body and similar deletion phenotypes, a combination of the two non-binding

mutants might produce a more severe effect.
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Experimental Procedures

Molecular Biology Techniques

Residues 357-705 of Cdc5 (analogous to 345-603 of Plk1) were cloned between
the BamH]1 and Sall sites in the pGBD vector. The same Cdc5 fragment was cloned
between the BamH1 and Xhol sites in the pGEX-4T1 vector and the pcDNA3.1+hisC
vector. Site-directed mutagenesis was carried out using the QuikChange Site-Directed
mutagenesis kit (Stratagene) to make a H641A/K643M version of the Cdc5-PBD. The
pGEX-Cdc5-PBD constructs were transformed into the Rosetta2 bacterial expression
strain, and GST-Cdc5PBD protein was produced by induction of ODggo= 0.7 cells with
0.4mM IPTG for 16hrs at room temperature. Bacterial pellets were spun down from the
overnight cultures, lysed by sonication in lysis buffer (SOmM Tris pH7.5, 150mM NaCl,
5mM EDTA, 1mM PMSF), and GST fusion proteins purified by incubation with GSH
beads overnight at 4°C. Beads were washed extensively with TBST and TBS, and
resuspended in TBS with ImM PMSF. The purity of protein was analyzed by coomassie
blue staining of SDS-PAG and the amount of protein was determined by comparison to
standard amounts of BSA. Protein was used within one week of generation, and checked

3452613 a5 subcloned into

for maintenance of full length protein at each time of use. Cyk
pGEX-4T1 and a C522A mutation generated by the Quickchange method as above.
GST-tagged Cyk3 proteins were induced and purified as above from BL21 cells. Cell
cycle synchronization was obtained by G1 arrest with alpha factor for 3 hours, followed
by washing to release (0 min time point). Alpha factor was re-added at 70-80 minutes
when arresting in the following G1. Alpha factor was used at 1 pug/ml for bar- cells and
20 pug/ml for bar+ cells. G2/M arrests were obtained by nocodazole treatment at 15
ug/ml for 3 hours. For phosphorylation gel shifts, cell extracts were prepared in urea
lysis buffer as described [21], and 5 ug of protein was loaded on 5%, 7.5%, or 10%

Criterion gels (Biorad) for western blotting.
Yeast Genetic Techniques

Media and genetic techniques were as previously described [60]. To generate

cnm67 constructs, the endogenous cnm67 gene from 500bp upstream to 500bp
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downstream of the genomic locus was cloned into pRS416 between the Xhol and BamHI
sites by standard subcloning procedures. An analogous process was used to generate
cyk3 and spc72 constructs in leu and ura marked plasmids, respectively. Spc72 plasmids
encoded an I302N difference from published sequence, which was confirmed in a W303
strain. Site-directed mutagenesis was carried out using the QuikChange Site-Directed
mutagenesis kit (Stratagene) to generate cnm67S120V, cyk3S350V, spc72S231A, and
cyk3C522A. Mutagenesis was confirmed using restriction digests and full gene DNA
sequencing. The Acnm67 heterozygous diploid strain generated by the Yeast knockout
consortium was purchased from Open Biosystems. GFP-beta-tubulin on a leucine marker
was inserted into this strain, and correct integration was confirmed by colony PCR and by
subsequent DNA sequencing of the genomic locus. The various cnm67 constructs were
transformed into this strain and spores were selected on media lacking uracil, leucine, and
containing kanamycin to generate haploids with the GFP-beta-tubulin, the genomic
cnm67 deletion, and the covering cnm67 plasmid. These strains were used for
examination of cnm67 function. The Acyk3 haploid strain generated by the Yeast
knockout consortium was transformed with the various cyk3 constructs and these strains
were used for examination of cyk3 function The cyk3 constructs were also transformed
into a haploid Acyk3Amyol strain with a myol covering plasmid on a ura selectable
plasmid. These strains were grown on 5-FOA plates to eliminate the myol plasmid to
determine whether the cyk3 plasmids can rescue the double deletion of cyk3 and myol.
TAP-tagged yeast strains were purchased from Open Biosystems as described [3].
Plasmids containing a CDC5 (YMRO001C) genomic fragment in pRS315 (p315-CDC5)
and pRS306 (p306-CDCS5) were gifts of J. Charles. The cdc5-as! allele (encoding
Cdc5(L158G)) was introduced into p315-CDCS and p306-CDCS by QuikChange site-
directed mutagenesis (Stratagene), generating p315-cdc5-as1 and p306-cdc5-asl. The
cdc5-asl allele was introduced at the CDCS5 locus by standard two-step gene
replacement, except in the TAP-tagged library strains (Open Biosystems). The cdc5-asl
allele was systematically introduced into TAP-tagged strains as follows. A MATo. strain
derived from EY1274 carrying a canlA:: MFA1p-LEU? selectable marker (E.K. O’Shea,
Harvard University) was transformed with a marker fusion PCR product generated by

amplification of cdc5-as! and k.lactis URA3 genes. The entire cdc5-asl gene was
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sequenced in the resultant integrated strain. This strain was then crossed to selected
MATa HIS3 marked TAP-tagged library strains [3] using a manual 96-pinning tool (V&P
Scientific). After sporulation, TAP-tagged MATa haploids were selected on synthetic

media lacking histidine, arginine, leucine, and uracil and containing 50 pg/ml canavanine

(Sigma).

Yeast Two Hybrid

The Cdc5-PBD clone in pGBD was transformed into the PJ69-4a strain [61]. Self
activation was tested by growth on SC —ade plates, and minimal self activation was
observed. A yeast full genomic DNA library in pGAD in the PJ69-4a. strain was
obtained as a gift from A. Amon at MIT. Strains were grown, mated, and titered as
described [61]. For the first yeast two hybrid selection, the 4x10° diploid yeast were
plated on each of ten plates of synthetic complete media without adenine and grew at
30°C for ten days. About 1500 single colonies were picked and streaked onto SC —lew/-
trp plates to ensure diploid status and to re-generate single colonies. Single colonies were
picked and grown as patches on SC —ade plates with 52 patches per plate. Actively
growing patches were replica-plated onto plates containing 20pg/ml 5-bromo-4-chloro-3-
indolyl alpha-D- galactopyranoside (X-a-gal) (Clontech) and then onto plates containing
both 25ug/ml benomyl and 20pg/ml X-a-gal in YPD. X-a-gal is cleaved by the secreted
enzyme ol-galactosidase, which is under the control of a gal responsive promoter, into a
blue precipitate. Plates were grown for two days at 30°C before pictures were taken of
each plate on a light box with a digital camera. Nearly all of the patches turned blue on
the X-a-gal containing plates. 264 of the patches on the benomyl containing plates were
bright blue compared to the same strain on the plates without benomyl. These strains
were picked and grew well on SC -lew/-trp/-ura, which once again confirmed the diploid
status and interaction. The strains were grown in SC —leu media to enrich for the pGAD
plasmid at the expense of the pGBD plasmid, and plasmid DNA was prepared by
standard yeast miniprep procedure [60]. The insert in the pGAD plasmid was amplified
by PCR using primers specific to the GAL4-AD fragment on the 5° end and a primer
generic to both the pGAD and pGBD vectors on the 3’ side. PCR products were run on

agarose gels to determine size, and the concentration of DNA was determined by
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spectrophotometer reading. 100ng of DNA per 1000bp of length of DNA was sent for
sequencing using the upstream PCR primer as a sequencing primer. The resulting DNA
sequences were blasted against the yeast genome to identify the region of interaction, and
all intergenic and repetitive sequences were thrown out, leaving 112 distinct ORFs

identified in the two stage mitotic-specific Y2H screen.

Yeast Lysate Generation

50ml cultures of yeast strains were grown in appropriate media, YPD for TAP-
tagged strains. Cultures were harvested by centrifugation Smin 2000g in 50ml conicals,
and resuspended in 0.5ml PB (50mM Tris pH 8.0, 150mM NaCl) by vortexing. Cells
were transferred to 2ml screw cap tube, spun down for 1min at full speed, the supernatent
was vacuumed off, and the wash repeated. Cells were resuspended completely in 200ul
2X PBT (PB + 1% Triton X-100, ImM DTT, 2mM EDTA, 1 mM AEBSF, 1 pg/mL
aprotinin, 1 pg/mL leupeptin, 10 uM E64, 1 ng/mL pepstatin A, 1.6 pg/mL benzamidine,
2 mM Na3;VO,, 10 mM NaF, 20 nM microcystin LR, 5 nM okadaic acid, 2 uM
canthardin, 0.00073% p-bromotetramisole, 0.4 nM cypermethrin, 100 uM dephostatin,
100 nM bestatin, 100 ng/mL TPCK). ~700ul acid washed glass beads were added
(Sigma), and the tube completely filled with PBT buffer. Cells were lysed with a multi-
bead beater Fastprep machine (Bio101) at speed 6.0m/s for 45s for eight cycles with at
least 1min on ice between cycles. The lysate was spun out of the bottom of the tube
through a hole poked in the bottom of the tube with a needle, and centrifuged at top speed

in microfuge for 20min to pellet cell debris. The supernatant was used in experiments.

PBD Pulldown Assay

The PBD pull-down assay was performed in Polo-box binding buffer (50 mM
Tris, 150 mM NaCl, 2mM EDTA, 1 mM PMSF, 1 mM DTT, 1 % TritonX-100 and
Complete protease inhibitor). Freshly prepared yeast cell lysates (containing 2 mg total
protein in 300ul for each assay) were mixed with 20pl of GSH-beads saturated with 10ug
pure GST-CdcSPBD or mutant GST-Cdc5PBD H641A/K643M. Reactions were
incubated for two hours at 4°C and then washed four times with binding buffer. Bound

proteins were eluted from the beads by boiling in 20ul of 3X protein sample buffer, ran
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on SDS-PAG, transferred to nitrocellulose, and analyzed by western blotting with goat
anti-rabbit IgG antibody to detect the TAP tag or other tag-appropriate antibody.

Phosphopeptide Binding Assay

Cdc5-PBD wild-type and H641A/K643M, along with Plk1-PBD wild-type and
H538A/K540M, were in vitro transcribed and translated in the presence of [*°S]-
methionine off of the pcDNA3.1-+hisC vector with T7 polymerase using the TNT Quick
T7 IVT kit (Promega). Streptavidin beads (Pierce, 75pmol/uL gel) were incubated with a
ten-fold molar excess of each biotinylated library in 50 mM Tris/HCI (pH7.6), 150 mM
NaCl, 0.5% NP-40, 1 mM EDTA, 2 mM DTT and washed five times with the same
buffer to remove unbound peptide. The bead-immobilized libraries (10uL of gel) were
added to 10 uL of the in vitro translated [*°S]-labeled proteins in 150 L binding buffer
(50 mM Tris/HCI (pH7.6), 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 2 mM DTT, 8
pg/mL pepstatin, 8 ng/mL aprotinin, 8 pg/mL leupeptin, 800 uM Na3;VO,, 25 mM NaF).
After incubation at 4°C for 3 hours, the beads were washed three times 200 pL with
binding buffer prior to SDS-PAGE (12.5%) and autoradiography. The peptide libraries
used were biotin-Z-Met-Ala-X-X-X-X-pThr-Pro-X-X-X-Ala-Lys-Lys-Lys and biotin-Z-
Met-Ala-X-X-X-X-Thr-Pro-X-X-X-Ala-Lys-Lys-Lys with Z indicating aminohexanoic
acid and pThr indicating phospho-threonine.

Bioinformatic Analysis

Candidate Cdc5 substrates were initially selected based on information available
in September 2003 as follows. First, CdcS-dependent processes were used as keywords
in Gene Ontology (GO) term searches, and the resulting proteins were included in the
screen if they contained a minimal phosphorylation or PBD motif. Second, yeast proteins
in SWIS-PROT were evaluated with Scansite using position-specific scoring matrixes
representing the phosphorylation and binding motifs of the Cdc5 kinase domain and Cdc5
Polo-box domain respectively. The Scansite algorithm assigns final scores (Sf) that
range from 0 to 1 depending upon how closely the query sequence matches the optimal
Cdc5 PBD or kinase motif, when normalized to all proteins in the database [37]. A

Scansite final score of 0 corresponds to a perfect match, while a score of 1 corresponds to

166



the complete lack of even a minimal binding or phosphorylation motif. The Cdc5
substrate likelihood score was defined as 1-[0.5 (Sfppp+Stkin)], where Sfppp and Sfyi,
were the final Scansite scores for the individual PBD and kinase motifs, respectively.
Candidates were selected based on top scores and by considering the remaining proteins
in turn by score, including those with cell cycle function and localization in the same

compartment as Cdc5 (nucleus or cytoplasm).

PIk1 Kinase Assay

Plk1 kinase domain with a T210D activating mutation was expressed in bacteria
and purified to homogeneity. TAP tagged proteins were isolated from cell extracts by
pulldown with IgG sepharose (GE Healthcare). Several micrograms of each protein was
incubated with or without PIk1 and 100uM ATP and 1uCi of *’P-y-ATP in PIk1 kinase
buffer (50mM Tris pH 7.5, 150mM NaCl, 10mM MgCl,, ImM DTT) for two hours at
30°C. Samples were taken at several timepoints, run on an SDS-PAG, and exposed to a
phosphoimager plate for autoradiography. In this way, Cyk3, Cnmé67, and Spc72 were
confirmed to be in vitro substrates of Plk1, and by implication, CdcS5.
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Figure 3.1: Modified Yeast Two Hybrid Strategy Identifies Mitotic-Dependent

Interactions.
(A) Schematic of the two step yeast two hybrid strategy for identification of mitotic

specific polo-box domain interactors.

(B) Growth of the diploid yeast two hybrid strain was tested on plates containing various

concentrations of benomyl. 50[] of a saturated overnight culture grown in YPD was

plated as serial two-fold dilutions on plates containing the indicated amount of benomyl.

(C) Example of results of the second step of the yeast two hybrid, with dark blue colonies

seen on the plates containing benomyl (top) and weak blue staining similar among all

colonies on replica plates of the same yeast on plates without benomyl (bottom).
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Figure 3.2: Yeast Two Hybrid Results Summary.

(A) Pie chart showing GO categories for all identified Cdc5-PBD interactors listed in
Table 3.1.

(B) Pie chart showing more specific GO categories for those proteins originally identified
as being part of the GO category “Cell Cycle” in Figure 3.2A.
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Figure 3.3: CdcS Kinase Domain is Similar to Plk1 Kinase Domain

(A) Rooted tree of conservation between Plk1, Plk3, and Cdc5 kinase domains.

(B) Sequence alignment of the kinase domains of human Plk1, human PIk3, and Cdc5

with the critical Thr in the phosphorylation loop indicated with a star above it.

A

29%

| 23%

| 18%

plk3-kin-new
plkl-kin
¢deS5-kin
consensus

p1k3-kin-n¢w
plkl-kin
cdeS-kin
consensus

plk2-kin-new P&
plkl-kin
cdeS-kin
consensus

plk3-kin-new
plkl-kin
adoS-kin
conaensus

plkl-kin-new
plkl-kin
cdeS-kin
cenasnsus

plk3~kin-now
plkl-kin
cdeS5-kin
¢onsensus

— — Plk3 KD

—  Plk1 KD

—— Cdc5 KD

EP----
B
chn

GFLSPRPFQRALA
------ TAGRLARA

p hgReKil-EI-iHrsl-

YL SGLK RGI
YL ILGCQ RNRV
T GATIK SRRV

--ASHSLPARQ
--RHINPVAAS qu
nxprsngﬁﬁr

1;

~-k-ia~~ar- Li—-

LGPGPP

AGVPGV
DKQLRTRSKLVHT IRGNTAD‘VGKENHPKQTKRLDPNNDBBHQPAQ!KK
t--kla-aPa-pa-agvpg

IDQIL
:nxﬁn

PS

ND|

SEERE T

dP dRPsi .Ll‘-d!Ph ~@8y-P-rlPit-avtvP---

Q!K

gras

DTE
n;a

QARD

ALRGPELEMLAGL
PP

AAPG- - -APAA

P

a--g----paag-p

v
I®

!PF!
FDSY!I VLL

EvRyylrQIl-glkY¥1H-rrviHRDLKLGN1Fi-onmelKiGDFGLAarla- d-c!IkTi

ETADLKE vnrg
BTSCLER n
gu-r: s

COTPNYiAPE?Ll--: QH-fEVDvﬂslacva:LLvaP?Pot dlkot?-rrxw-ovl

QSR
VPKSL
TVARAS KS

gr- erﬂrfhﬂkdd!&rCfaz:D -dtgaviAgkvvpke-v-k

Hﬂéi x-ﬁmﬂw i'&vﬂ

-F---FED-dnvyivLE1C-rkSLlel-KrRk- LtEP

170



Figure 3.4: Bioinformatic Prediction of Cdc5 Substrates.

(A) Schematic representation of substrate recognition by Cdc5. The substrate is depicted
to contain a Cdc5 phosphorylation motif, (D/E/N)X(S/T)%nd a binding motif,
S(pS/pT)(P/X), which binds the CdcS5 polo boxes (PB1 and PB2). X represents any
amino acid, p represents phosphorylation.

(B) Bioinformatic mining of the yeast proteome for candidate CdcS substrates. The
distribution of assigned CdcS5 substrate likelihood scores is shown for Cdc5 candidate
substrates compared with the proteome, with high scores reflecting likely candidates.
(C) Cdcs5 candidate substrates are enriched in low abundance proteins. Normalized
distribution of protein abundance [3] comparing candidate Cdc5 substrates to the entire
proteome. The data set means were statistically different (P=0.0003) by unpaired t-test.

Proteins without abundance values [3] are excluded from the analysis.
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Figure 3.5: Cdc5 Polo-box Domain Binds Phosphopeptides.

(A) Cartoon drawing of Cdc5 domain structure with critical residues indicated.

(B) Sequence alignment of the PBD of Cdc5 and human Plk1 with conserved critical
residues for phosphopeptide binding indicated with a star above them.

(C) Phosphopeptide binding assay of the Cdc5-PBD with a pTP and TP peptide library
with Plk1-PBD as a positive control.

A Cdc5 Domain Structure

Kinase domain Polo-Box Domain
l PB1 PB2 I
1 | 335 387 l 708
T238 w517 H641 K643
T-Loop Phosphoéaloctmty

cde5-pbd BDRIPREQSLVNPKDCMEKSLLL SSDRKEQRQ Y‘vﬁ KLEEYHQNRPFL
Plkl-pbd «ccsmcmeciumnnnnannacns PSSLDPS !PL?!RP!RKRI
consensus edipeegaslvnfkdemeksllleSm----i----R--ig-4---4d--"rvmemosn- -
cdeS-pbd SLSPEGTERQKY IEAQR REARIRRAQQ IATSTNVIKSEISLRI
plkl-pbd VRETH------- HLSD svu.\s POERGLVBMOR- - - - - - - - ---------
consensus ----GgtkgkykBVVD------La-L------r---- avl! Eliatstnvikseislri
ocdeS5-pbd usncsl.n.lezvnmmeenusagﬁuapxx STED
PlK1-PBd v vicneaiie i iiaceacaann EAEDBACIPIF CDNS
consensus lasechltlngiveaeagykmgglp----P-~----~ VeKWVDYS-K-G--¥QL-~--1G
Senell  Snodr o BB e Eiiio
plki-phd 9 5L QT e
consensus l-—-Dae--- I--D--E-wv-shyl1l8--P--L-r- vv !P-—!u---
cdeS-pbd ' !vsr--rouwuxnn‘lrlg .Cncsn.
plkl-pbd LEAGANITP ELARLP | 4 SA LE I PLMAA
consensus L-r---ni--REge------ R-y-R-k--vm--LS- Gt -NfF-DH-Km-i
cdeS-pbd SPSH :.;var IPG!PES!P Q 'r:v'rln
plkl-pbd EKRBF 8 L CKELASR AR DKL SNREKAS
consensus I----e--TY-L--¥--YG--------n-R---

o S 2 S

Sek o S2g o

& a F -5 o
ey - PIk1

172



Figure 3.6: Polo-box Domain Pulldown Confirms Specific Interactors.

Western blot of Cdc5-PBD pulldowns with goat anti-rabbit IgG to visualize the proteinA
region of the TAP tag. Each pulldown was from lysates from a particular TAP-tagged
strain of yeast, as indicated by the gene name above each blot. Pulldowns were
performed with wild-type Cdc5-PBD (left lane each blot) or mutant CdcS-PBD (middle
lane each blot), and the TAP-tagged protein was also confirmed to be expressed in the
lysate (right lane each blot). Arrows indicate expected size of protein, and arrows with
question mark indicated a suspected breakdown product of the expected protein. The
Cdc5-PBD is also recognized by this antibody and is also marked with an arrow and the
word PBD in each pulldown. All the proteins shown specifically interacted with the
wild-type Cdc5-PBD and not the mutant version. Proteins were sorted by GO categories

as indicated on the left side of each row.
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Figure 3.6 Continued:

Specific Cdc5-PBD Interactors
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Figure 3.6 Continued:

Specific Cdc5-PBD Interactors
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Figure 3.7: Polo-box Domain Pulldown Identifies Non-specific Interactors.

Same as Figure 3.6 except that the proteins identified in this group do not bind the wild-
type Cdc5-PBD specifically. Instead they bind equally well or better to the mutant Cdc5-
PBD.
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Figure 3.8: Analog-sensitive Cdc5 is Inhibited by CMK.

(A) Sequence alignment of kinase domain regions spanning the gatekeeper residue and
the reactive cysteine. The CdcS sequence is in bold, and the specificity filters critical for
RSK2 inhibition by CMK [44] are highlighted in gray.

(B) Chemical structure of CMK. CMK (in gray), with features of the kinase active site
depicted, including a cysteine to react with the electrophilic chloromethyl ketone and a
gatekeeper residue that controls access to a hydrophobic binding pocket. A predicted
steric clash between the Cdc5 leucine gatekeeper residue and CMK is illustrated.

(C) Cell viability halo assay of wild type and cdc5-as! yeast. Inhibition of cell growth in
the region surrounding a disc spotted with 1 nmol CMK or scaffold molecule is observed
only upon CMK application to cdc5-as1 (center), indicating a requirement for both the

gatekeeper mutation and the electrophilic reactivity of CMK.
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Figure 3.9: A Candidate Based In Vivo Screen Identifies Cdc5 Substrates.

(A) Approach to screening for substrates phosphorylated by Cdc5 in vivo.

(B) Result of the screen. The gel shifts of five TAP-tagged candidate substrates are
altered upon Cdc$5 inhibition with 10 uM CMK (+) as compared with a DMSO control

treatment (-).
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Figure 3.10: Spc72 Binds to the Cdc5 Polo-box Domain

(A) Spc72 is bound by the Cdc5 PBD, and PBD* has reduced Spc72 binding. Anti-TAP
(Spc72) western blot indicates Spc72 present in the input G2/M cell extract (I) or pulled
down (P) with GST-PBD (PBD) or GST-PBD* (PBD*). Total protein staining indicates
the amount of GST-fusion protein in pulldown lanes (P).

(B) CdcS preferentially binds mitotic Spc72. Wild type PBD pulldowns from G2/M
phase cell extracts (as in A) or G1 phase cell extracts were probed for Spc72.

(C) Mutation of consensus Cdc5 binding residues in Spc72 reduces binding to the PBD.
PBD binding to Spc72 or Spc72(S231A,S232A) as in A. [ = 5% input, P = pulldown.
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Figure 3.11: Cyk3, Cnm67, and Spc72 are Plk Substrates In Vitro.

(A) In vitro phosphorylation of Spc72 by Cdc5. Spc72 is phosphorylated (32P) upon
addition of Cdc5 (left panels), and no Spc72 phosphorylation is seen when Cdc5 is added
to a mock pulldown reaction (untagged Spc72, - Spc72-TAP, right panels).

(B) In vitro phosphorylation of immunoprecipitated full length TAP-cyk3 and TAP-

cnm67 proteins. Proteins were incubated with Plk1 T210 kinase domain and y*°P-ATP

for indicated times.
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Figure 3.12: Cyk3 is Regulated by Cdc5.

(A) The Acyk3 strain was complimented with wild-type cyk3, non-Cdc5-PBD binding
cyk3, or vector alone. The wild-type cyk3 expressing strain overcame the cell clumping
phenotype of the deletion strain whereas the non-Cdc5-PBD binding cyk3 expressing
strain did not.
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Table 3.1 Continued: ORFs Identified as CdcS-PBD Interactory from the Yeast Two Hyhrid

Systematic Name ~ Commen PBDSite PBDSite  KinnseSite Domains
Name SET) SSTP (ED)X(S/T)

YLRISTW SIKS 1 yes o yoa NOP{ancRNA binding)
YLR20SC HMX1 1 you no yes Hame_axygenase, transmembrane
YLRZIOW MSC3 1 yoa no yos ‘signal peplice
YLR234W TOP3 1 yos. no yos TOPRIM, TOP1Bc, TOP1Ac
YLR25TW YLR2STW 1 yo you yo ‘rammembrane
YLR265C NEJT 1 yoo yos yos signel papiide
YLR309C BDF1 1 yos. yea you ‘wo BROMO, coiled coll
YMLO25C YMLE 1 yes no yes ribosomal L4
YMLOSTW oz | yos no you PP2AC
YMLOB2W YMLOS2W 1 yoo yos yea maybe Cys/Met metabolism PLP-dependent enzyme
YML103C NUP188 1 yo you yos none
YMRI1SW FMP24 1 you no yos taramembrane
YMR2EIW SAPN 1 yoo no yes none
YNLOO4W HRB1 1 yes you yos thres RRMs
YNLO2ZC YNLOZ2C 1 you no yes none
YNLO23C FAP1 1 yes o you RING, R3H, ZnF_NFX
YNLOZTW CRZ1 1 you you yoo ZnF_CoH2
YNLO9SC YNLDBSC 1 yu no yos ‘auxin-off (mutiiple transmembrane
YNLISTW ouGs 1 you no you GATese 2
YNL24ZW ATG2 1 yes yos yos none
YNL243W SLA2 1 yes yea yos ENTH, ILWEC
YNLIOAW YPT1Y 1 you no yoo Ras
YNL33IC AAD14 1 e no you aido_ket_red
'YNROAOW TRM112 1 yos no yos DUF343
YNROATW YNROATW 1 you yo yeu kinase
'YNROSSC YSN1 1 yeo "o yos BNR, VPS10, iransmembrane
YOLoB4w PHMT 1 yos yes yos signul paptide, ransmembrane, DUF22'
YOR126C 1AH1 1 no no y Upase_GDSL
YOR19TW MCA1 1 yos o yos none
'YOR239W ABP140 1 you n you Tone
YOR260W 6ot 1 you no you none
YORTIOW KRES 1 yoa you yos signal paptide
'YOR373W NUD1 1 yos o you bunch of LRRs
YPLOSTC SUR1 1 you no you ult-ransmembrane, ghy-tranv-sug
YPLI0SC YPL10SC 2 yoa you yos GYF
YPL10BC SSE1 1 you yes yos «cobed coil
YPL11SC oeP1 you Yyos yes Dead box, HelicC
YPLISOC NAB3 yoo yo yos coiled coill, RRM
YPL24SW YPL245W yes o yos AAA
YPROBIW MOM3S you no you none
YPRI04C FHLY you yos yes FHA, FH
YPRI3ZW RRPY yes o yes five WD40s
YPRISIC METIS you no you PAPS_reduct
Notss:
1 Humen STP
2: COKY which n Chaper 3.

CDK1

Target

383233333323332333833%3382¥33883322338233383333%33

Human Gene
Homolog '
yoo
HMOX1
o
ToP3A

no
BRDT
MRPLS

ENSEMBL Proteln Tiuman Protein Description
i

ENSPOO0G3TO589  Nucleolar protein SA
ENSPOOD07 1464 Hemme oxygenase !

ENSPO000O3S3166  DNA tonoisomerasa J-aipna

protein

pratwin,
Putstive

F iptic NF-X1

ENSPO0000354430  Tranacription fackor 55

ENSPI0000227450  hypothetical protein LOC23130
) gt e 1 clated pratein

ENSPO00003S5377  Aftatoxin B1 akdehyde reductase member 3
ENSPO0000309433  TRM112-ke protein

ENSPO00D0260197  Sortin-relatad receptor precursor

ENSPOO00314400  1AH1 protein

ENSPOO00354767  methyltransfersse like 28
torse

- 1 precursor
ENSPDO00IZESAZ8  leucine-rich repests and guanylme kinse domain contalning

ENSPO0000369768  Hest shock prosein 105 kDa

[ENSP00000328720  Forkhead box protein K1
U3 amall nucieoler

‘mctin corticat puichfincipient bud aite
bud neck, bud ¥p, incipient bud site
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Table 3.2: TAP-tagged Strains used in Cdc5-PBD Pulldown

Systematic Common Identified Molecules

Name

YAL024C
YARO19C
YBLO23C
YBLO79W
YBR00O2C
YBRO60C
YBR143C
YBR200OW
YBR218C
YCLO14W
YCLO24W
YCRO87C-A
YCR088W
YDLO17W
YDLO21W
YDL117W
YDR072C
YDR146C
YDR177W
YDR217C
YDR330wW
YDR331W
YDR388W
YDR383W
YDR398W
YDRS513W
YELO32W
YELO43W
YER018C
YERQ20W
YERO63W
YER101C
YER164W
YER183C
YFLO53W
YGL140C
YGL167C
YGL216W
YGL218C
YGL248W
YGRO03W
YGROO05C
YGRO97W
YGR147C
YGR172C
YHLOO7C
YHLO25W
YHR102wW
YHR104W
YHR118C
YILO31W
YIL128C
YIL140W
YJILO9SW
YKLO12W
YKLO67W
YKL091C

Name

LTE1
CDC15
MCM2
NUP170
RER2
ORC2
SUP45
BEM1
PYC2
BUD3
Kcc4
LUG1
ABP1
[ela]ex
GPM2
CYK3
IPT1
SWIS
uBC1
RAD9
UBXS
GPI8
RVS167
SAC7
UTPS
GRX2
MCM3
YELO43W
SPC25
GPA2
THO1
AST2
CHD1
FAU1
DAK2
YGL140C
PMR1
KIP3
MDM34
PDE1
cuL3
TFG2
ASK10
NAT2
cbDc2s
STE20
SNFB
KIc1
GRE3
ORC6
ULP2
TAO3
AXL2
BCK1
PRP40
YNK1
YKL091C

By Per Cell?
Bioinformatics 304
Bioinformatics 238
Bioinformatics 1690 1261

Y2H 1560
Y2H 8970
Bioinformatics 1700 £82.5
Y2H 13100
Bioinformatics 6490
Y2H 17000
Bioinformatics technical problem
Bioinformatics 538
Y2+ 3430
Bioinformatics 606
Bioinformatics 1600 +816
Y2+ 2020
Y2H ar7
Y2H 606
Bioinformatics 688
Y2H 8940
Bioinformatics 400
Y2+ 6630
Y24 1560
Y2+ 14600
Y2H 1420
Y2H 33100
Y2H 31400
Bioinformatics 35100 5540
Y2H 149

Y2H 3280

Y2H 4570

Y2H 6580

Y2H 937

Y2H 1620

Y2H 468
Y2H low signal

Y2H 1080
Yan 6900
Y2H 736
Y2H 377

Y2H 1400
Bioinformatics 174

Y2H 520 +123
Bioinformatics low signal

Y2H 1240
Y2H 6670
Biainformatics 259
Y2H 2900
Y2H 1040
Y2H 12800
Bioinformatics 2970 +143
Bioinformatics 450

Y2H 206

Y2+ 396
Bioinformatics 112

Y2H low signal
Y2H 7130
Y2H 2870

163
110
99
169
33
!
49
62
130
185
16
18
66
58
36
101
61
80
24
148
57
47
53
74
72
16
108
1086
25
50
24
48
168
24
62
138
106
9
52
42
86
47
127
33
34
102
38
"7
37
50
117
270
91
164
69
17
36

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes

Molecular PBDSit PBDSite KinaseSite
Weight” eS(S/T) S(S'T)P (D)X(ST) 3aw in LysatePositive HitNegative Hit

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yas
yes
yes
yes
yes
yos
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yas

X X X X X X XX X X X X X X X

X X X X X X

X M X X X X X X X X
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Table 3.2 Continued: TAP-tagged Strains used in Cdc5-PBD Pulldown

Systematic Common Identified

Name

YKL185W
YKL213C
YKL214C
YLRO045C
YLROSTW
YLR129W
YLR175W
YLR197W
YLR219W
YLR234W
YLR257W
YLR265C
YLR265C
YLR389C
YMLO34W
YMLO57W
YMLO82W
YML103C
YMR115W
YMR121C
YMR263W
YNLOO4W
YNL022C
YNL023C
YNLO27W
YNLOB2W
YNL126W
YNL191W
YNL1S7C
YNL225C
YNL242W
YNL243W
YNRO46W
YNRO47W
YOR058C
YOR197TW
YOR231W
YOR239W
YOR260W
YOR336W
YOR373wW
YPL105C
YPL106C
YPL115C
YPL118C
YPL155C
YPL179W
YPL180C
YPL198W
YPL245W
YPROB3W
YPR137W
YPR167C

Notes:

1: As given in Ghammeiati et al. which is reference #3 in Chapter 3.

Name

ASH1
DOA1
YRA2
STU2
YLROSTW
DIP2
CBF5
SIK1
MsSC3
TOP3
YLR257TW
MSM1
NEJ1
BDF1
SRC1
CMP2
YMLO82W
NUP188
FMP24
RPL15B
SAP30
HRB1
YNL022C
FAP1
CRZ1
PMS1
SPC98
YNL191W
WHI3
CNMB7
ATG2
SLA2
TRM112
YNRO47W
ASE1
MCA1
MKK1
ABP140
GCD1
KRES
NUD1
YPL105C
SSE1
BEM3
DBP1
KiP2
PPQ1
NAB3
RPL7B
YPL245W
MDM36
RRP9
MET16

Molecules
By Per Cell
Bioinformatics 1800
Y2H 6800
Y2H 1310
Bioinformatics 1660
Y2H 76
Y2H 9620
Bioinformatics 33600 +2870
Y2H 13500 £5780
Y2H 13
Y2H 468
Y2 18600
Y2i+t 3120
Y2+ 377
Y2+ 8100
Bioinformatics 2100
Y2H 7110
Y2H 2810
Y2H 11700
Y2H 8970
Y2H 721
Y2H 704
Y2H 1990
Y2H 922
Y2H 589
Y2H 1160
Bioinformatics 521
Bioinformatics 56.9
Y2H 7300
Bioinformatics 5730
Bioinformatics tachnical problem
Y2H 876
Y2H 40600
Y2+ 4800
Y2H 752
Bioinforratics 556
Y2H 1400
Bioinforratics 1040
Y2H 17000
Y2H 9530 +1760
Y2H 815
Y2h 892
Y2H 830
Y2H 71700
Bioinformatics 752
Y2H 1480
Bioinformatics 656
Bioinformatics 319
Y2H 5830 1541
Y2H 7080
Y2H 1130
Y2H 414
Y2H 5130
Y2H 217

66
80
24
101
97
106
55
57
81
74
36
67
39

189

156

125
68
78
61

28
52
65
65
30

yes
yes
yes
yes

yes
no
no
yes
yes
no
yes

8383

yes

Molecular PBDSit PBDSite KinaseSite
Weight e S(S/T) S(S/TP (EM)X(ST) 3aw in LysatePositive HitNegative Hit

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
no
yes
yes
yes
yes
Totals

2: Molecular Weight is given for endogenous protein without the addition of the TAP tag which adds 21kd.

x

X o XK X X X X X X X X X X X X

X X X X X X

8

27

17
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Chapter Four

Cytokinesis-Specific Function of RhoGEFs
Controlled by Polo-like Kinases in Yeast and Human

Yeast Portion Shortened From:
Satoshi Yoshida, Keiko Kono, Drew M. Lowery, Sara Bartolini,
Michael B. Yaffe, Yoshikazu Ohya, and David Pellman.
Polo-like kinase Cdc5 controls the local activation of Rhol to promote cytokinesis.
Science 313, 2006.

Subsequently several papers on similar topics in mammalian cells were published, data
for which I now reference concurrently with the text on the original yeast work along
with inserting my own work on the mammalian RhoGEF, Ect2, in cytokinesis.

Contributions:

Satoshi Yoshida performed all of the yeast work not explicitly mentioned below and
wrote much of the manuscript. Keiko performed the Rhol assays shown in Figure 4.7
and elsewhere. Sara generated a huge number of constructs and strains, and performed
many of the genetic analyses with Satoshi. The mammalian Ect2 was done in
collaboration with Mark Burkard in Prasad Jallapelli’s laboratory. Mark and Prasad both
made significant intellectual contributions to the project, and Mark performed the
experiments shown in Figure 4.10A. Karl Clauser in Steve Carr’s laboratory at the Broad
Institute performed the mass spectrometry based identification of phosphorylation sites
shown in Table 4.3 and 4.5. For the yeast work I designed and performed the PBD
pulldown assay with Satoshi as shown in Figure 4.2, performed all the in vitro kinase
reactions as detailed in Tables 4.1-2, performed sequence analysis of PBD interactors and
suggested appropriate mutations, and provided advice on biochemical methods. For the

mammalian work I performed the experiments, made the figures, and wrote all related

text to Figures 4.3, 4.19, and 4.10B, and Tables 4.3 and 4.5.
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Abstract

The links between the cell cycle machinery and the cytoskeletal proteins
controlling cytokinesis are poorly understood. The small guanine nucleotide triphosphate
(GTP)-binding protein RhoA stimulates type II myosin contractility and formin-
dependent assembly of the cytokinetic actin contractile ring. We found that budding
yeast Polo-like kinase Cdc5 controls the targeting and activation of Rhol (RhoA) at the
division site via Rhol guanine nucleotide exchange factors. This role of Cdc5 (Polo-like
kinase) in regulating Rhol is likely to be relevant to cytokinesis and asymmetric cell
division in other organisms. Subsequently several groups demonstrated that in
mammalian cells Plk1 controls the targeting and activation of RhoA at the division site
through multiple mechanisms including via the RhoGEF Ect2 [1-3] though the role of
Ect2 in RhoA targeting was already well established [4-6]. We go on to show that Ect2 is
localized to the division site through a phosphorylation dependent interaction between the

Ect2 tandem BRCT domains and the Plk1 substrate Cyk4.
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Introduction

Cytokinesis, the physical separation of daughter cells after mitosis, involves the
dynamic reorganization of the cortical cytoskeleton and is precisely regulated both in
time and space [7, 8]. Successful cytokinesis is critical to the maintenance of genome
stability as cytokinesis failure can lead to chromosome aberrations and cancer [9]. The
timing and mechanism of contractile actin ring (CAR) assembly is an important but
poorly understood aspect of the eukaryotic cell cycle.

The Polo-like kinase Cdc5 controls many aspects of cell division, including
cytokinesis [10, 11]. PIkl is involved in cytokinesis in animal cells, but its precise role
has been difficult to address because manipulations that inhibit Polo-like kinase produce
spindle assembly defects, which affect CAR organization [7, 12, 13]. RhoA/1 is an
attractive candidate to be under Polo-like kinase regulation because of its essential role in
CAR assembly and contraction [7, 8, 14, 15]. In yeast, cytokinesis is largely independent
of microtubules [14], making yeast an advantageous system to study the role of Polo-like
kinase. Additionally, the contractile ring is not essential in most budding yeast strains;
another mechanism involving cell wall deposition can substitute for CAR function [16,
17]. This facilitates genetic analysis because null alleles affecting CAR function can be
studied in viable cells. Despite these differences, the core machinery for CAR assembly
is conserved in budding yeast: CAR assembly requires Rhol, the functional homolog of

RhoA in animal cells, which activates actin filament assembly via formins [14, 18].
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Results and Discussion

The timing of CAR assembly was characterized by actin staining and by labeling
of the CAR with a fusion between tropomyosin and green fluorescent protein (Tpm?2-
GFP) (Figure 4.1A). To identify cell cycle regulators required for CAR assembly, we
reexamined CAR assembly in mutants that block mitotic exit[17, 19]. The CAR
assembled in cdcl5-2 or cdci4-1 strains, mutations that compromise the canonical
mitotic exit network (MEN) (Figure 4.1A). By contrast, CAR assembly was impaired in
mutants lacking Cdc5 (Figure 4.1A). The defect in CAR assembly in cells lacking Cdc5
was not a secondary consequence of the anaphase defect in these cells as mutations in
other Cdc5 regulated processes, such as cdc14 which is a member of the FEAR network
(Figure 4.1A), did not overcome this defect [20]. To test whether Cdc5 was also required
to maintain CAR formation we performed the experiment in Figure 4.1B. In this
experiment, cells were first arrested in telophase by overexpression of Bfal, an inhibitor
of mitotic exit [21, 22] at 23°C. This cell cycle block is after CAR assembly (Figure
4.1B). After the temperature shift to the restrictive temperature (34.5 °C), the cdc5-2
strain failed to maintain a visible CAR (Figure 4.1B). In the absence of Cdc$, a residual
fraction of cells were observed that had thin CARs (Figure 4.1A). Thus, CdcS, although
not absolutely essential for CAR assembly, is an important regulator. Similarly Plk1
activity is required for the assembly of many components of the contractile ring in
mammalian cells including anillin and myosinlI [1-3] though it is not required for
chromosome separation in anaphase [2, 3]. Plkl activity is required after CDK1
inactivation and independently of Aurora B to promote initiation of cytokinesis [2].

Next we characterized the nature of the CAR assembly defect in cdc5-2 cells at
the restrictive temperature, with the use of the MEN mutant cdc5-2 as a control. By
contrast, although the formin Bnil and Rhol localized normally to the neck in cdc15-2—
arrested cells, neither Bnil nor Rhol was detectable at the bud neck in cdc5-2—arrested
cells (Figure 4.1C). Furthermore, Bnil was often mistargeted to the bud tip in cdc5-2—
arrested cells (Figure 4.1C). Thus, CdcS is required for the neck recruitment of Rhol and
Bnil, a key downstream factor required for CAR assembly. Plk1 activity is similarly

required for the localization of RhoA to the future cleavage furrow site [1-3].
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To identify potential Cdc5 substrates relevant to Rhol regulation, we screened all
known budding yeast Rho guanine triphosphate (GTPase) regulators for interaction with
the Polo-box domain (PBD) of Cdc5 [13, 23, 24]. PBD binding partners include the
Rhol guanine nucleotide exchange factors (GEFs) Rom2 and Tusl, the Rhol GTPase
activating protein (GAP) Sac7, and a putative Rho-GAP, Ecm25 (Figure 4.2A and 4.2B).
The PBD also binds Bem3, a GAP for Cdc42, the major small GTPase that controls
polarized morphogenesis in budding yeast. These interactions are highly specific to the
priming phosphorylation of the candidates, because the interaction was lost with a
Polobox pincer mutation, PBD* (Figure 4.2A and 4.2B), that abolishes phosphospecific
recognition of the substrates by PBD [24]. All the candidates had multiple potential
Polo-box binding sequences, binding motifs that are often primed by cyclin-dependent
kinase (CDK)—dependent phosphorylation[23]. Tusl, Bem3, Sac7, and Ecm25 are also
good CDK substrates [25]. The only RhoA regulator known to bind the Plk1-PBD is the
Rom?2 and Tusl homologue, Ect2 (Figure 4.3A) [26].

Because of the requirement of Rhol [27] and RhoA [8] for CAR assembly, we
focused our subsequent analysis on the Rho GEFs, Tusl, Rom2, and in human cells Ect2.
Genetic analyses demonstrate that null mutants of TUS1 and ROM2 impair the
CAR/Myosin Il pathway. The null mutant of ROM2 also partially impaired the CAR-
independent cytokinesis pathway suggesting ROM2 has multiple cytokinesis roles [20].
Consistent with this, the combination of tus/A with rom2A resulted in a synergistic defect
in CAR assembly while deletion of the third Rhol GEF, Rom1, did not have any affect
on CAR assembly [20]. These findings are consistent with the requirement for the fission
yeast Tus1 homolog in cytokinesis [28-30]. The pattern of synthetic lethality observed
with cdc5-2 also provided genetic evidence for a role for Cdc5 in the CAR-dependent
mechanism [20], though CAR-independent roles for Cdc5 were also observed [20]. This
is not surprising given that Cdc$ is required for global activation of Rhol as described
later (Figure 4.7B) and that overexpression of a dominant-negative form of Cdc5
interferes with both the CAR-dependent and CAR-independent pathways for cytokinesis
[11].

We next evaluated the possibility that Tus1 is a direct Polo-like kinase substrate.

The N terminus of Tus1 (Tus1'~>%), containing two Polo-box binding motifs (Ser-
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Ser/Thr-Pro), is sufficient for Polo-box binding (Figure 4.4A and 4.4B). The serine
residues immediately preceding the CDK consensus site in the Polo-box binding motifs
of Tus1 (Ser7 and Ser92) were mutated to threonine (hereafter referred to as ST
mutations), a well-characterized change that disrupts binding to the PBD [23, 24] but that
should not affect CDK-dependent phosphorylation. Glutathione S-transferase (GST)—
PBD precipitation experiments revealed that neither Tus1-ST1-300 nor full-length Tus1-
ST protein bound to the PBD (Figure 4.2C and 4.4B). Similar ST substitutions were
introduced into the coding sequence for Rom2; the Rom2-ST protein also had a reduced
affinity for the Cdc5 PBD (Figure 4.5). Thus, Tusl and Rom2 interact with Cdc5 by a
mechanism similar to that of other known Polo substrates. Ect2 also binds to the Plk1-
PBD in a phosphorylation dependent manner through phosphorylation of Thr413 in Ect2
by CDK1 (Figure 4.3B) [26].

Biochemical experiments suggested that Tus1 is a bona fide in vivo CdcS
substrate. Although we were not able to detect a clear mobility shift of the full-length
Tus1 (1307 amino acids), the Tus1 Polo-box interacting domain (PID), Tus1'>%, was
phosphorylated in vivo as evidenced by a motility shift that was abolished by
phosphatase treatment in cdcl5-2-arrested cells (Figure 4.4C). Most notably, the slowest

1'3% (hereafter referred to as hyperphosphorylated) was absent in

migrating form of Tus
cdc5-2—-arrested cells (Figure 4.2D). This hyperphosphorylated form could also be
induced in cycling cells by overexpression of Cdc5 (Figure 4.4D). Furthermore, Tusl-
ST"3® also lost this hyperphosphorylated band (Figure 4.2D). Thus, Tus1'>®is
phosphorylated in late mitosis in a manner that depends on Cdc5. The fact that this
Cdc5-dependent phosphorylation also required physical interaction between Tus1'3% and
the Polo box strongly suggests that the Cdc5-dependent phosphorylation of Tus1'3% is
direct. Indeed, mass spectrometry confirmed that the Tus1' % was readily
phosphorylated by a human Polo-like kinase, Plk1, in vitro (Table 4.1), identifying at
least 12 phosphorylated residues. Although we were not able to map phosphorylation
sites directly on full-length Tus1 because of its low expression [31], together with our
genetic data these findings strongly suggest that Tusl1 is a Cdc5 substrate.

We attempted similar experiments to characterize the potential Polo-like kinase

dependent phosphorylation of Rom2. We identified several in vitro Plk1 phosphorylation
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sites by mass spectrometry (Table 4.2). However, we were not able to identify a mobility
shift for full-length Rom2, nor were we able to detect a mobility shift for several N-
terminal Rom2 fragments. These fragments were not well expressed in Escherichia coli
and thus may not fold properly. Nevertheless, the similar phenotypes of rom2-ST and
tus1-ST strains (Table 4.4, and Figure 4.6, text below) suggest that in vivo Cdc5 regulates
Rom?2 similarly to Tusl. Ect2 is a knownin vitro target of Plk1 [26] which we confirmed
(Figure 4.3C), and we were able to map two phosphorylation sites in Ect2 through mass
spectrometry (Table 4.3) at sites T319 and S636. In vivo evidence that Ect2 is a Plk1
substrate is lacking though the expression of a PBD binding site mutant of Plk1 does
cause RhoA activation problems [26]. Since these two sites do not conform to any
known Plk consensus phosphorylation motif they could be an in vitro artifact that do not
have an in vivo functional role.

The synthetic lethal interactions observed with tus/-ST and rom2-ST suggested
that these mutations were specifically defective in the CAR-dependent pathway for
cytokinesis but not other Rhol-dependent cellular functions (Table 4.4, and Figure 4.6).
tus 1-ST hof1 A strains displayed a striking reduction in fitness whereas tus-ST myolA
strains grew like the myo1A single deletion strain (Figure 4.6). This suggests that tusI-ST
has a specific defect in the CAR pathway. Furthermore, unlike fusIA, tus1-ST was viable
when combined with a deletion of MPK1 (Table 4.4). Mpk1/Sit2 is a component of the
Rhol-Pkc1-MAP kinase cascade that responds to cell wall defects [32]. Thus, Tus1-ST,
though defective for CAR assembly, is proficient for its role in maintaining cell wall
integrity. Consistent with the hypothesis that the "ST" mutation in ROM2 partially
compromised the CAR pathway, rom2-ST hof1 A double mutants also exhibited a
moderate growth defect and rom2-ST did not enhance the growth defect of myolA strains
(Figure 4.6). Furthermore, although Rom2, together with Roml, is essential for cell wall
biosynthesis during bud emergence [33], romlA rom2-ST strains were viable with normal
bud morphology unlike romlA rom2A strains (Table 4.4). Finally, tus1A rom2A strains
are inviable because of a cell wall integrity defect [32] whereas tus1-ST rom2-ST strains,
despite a severe cytokinesis defect, grow even at 37°C (Table 4.4). Thus, the ST mutants
are separation-of-function alleles that are specifically defective in contractile ring

function. Supporting this hypothesis, tusI-ST strains arrested in telophase were defective
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in CAR assembly, and this defect was enhanced in fus1-ST rom2-ST double mutant
strains (Figure 4.7A).

A Tus] protein containing several phosphomimetic mutations at putative Cdc5
phosphorylation sites provided further evidence for the importance of Cdc5-dependent
phosphorylation of Tusl for CAR assembly. Phosphomimetic mutations (Ser to Asp or
Thr to Glu) were introduced at Ser or Thr residues within Plk1 phosphorylation
consensus sites (Asp/Glu-X-Ser/Thr, where X is any amino acid). This consensus is
optimal for Plk1-dependent phosphorylation of vertebrate Cdc25 [34] and perfectly
matches the in vivo Cdc5 target phosphorylation sites on Mcdl (Sccl) [35]. Three out of

1'% were phosphorylated by Plk1

four Plk1 phosphorylation consensus sites within Tus
in vitro (Table 4.1). A Tusl mutant containing six putative phosphomimetic changes
(Tus1-6DE) partially bypassed the requirement for Cdc5, both for CAR formation and for
Rhol localization to the division site (Figure 4.2E). A control Tusl mutant where the
putative phosphorylation sites were mutated to Ala failed to restore CAR assembly and
Rhol localization in cdc5-2 cells, demonstrating that only the negatively charged residues
caused a gain-of-function effect at these sites. The magnitude of the gain-of-function
phenotype induced by TUSI-6DE is likely to be an underestimate, because the
introduction of negatively charged residues appears to reduce the already low steady state
expression of Tus1 (Figure 4.4E) [31].

Our experiments suggest that Cdc5 controls Rhol through Tusl and Rom2. This
was directly tested by monitoring the amount of active Rhol both globally and locally at
the bud neck. The total amount of active GTP-bound Rhol was detected by a
precipitation assay with the Rhol-binding domain (RBD) of Pkcl (Figure 4.7B). The
amount of active Rhol was diminished in cdc5-2-arrested cells in comparison with
cdcl5-2—arrested cells (Figure 4.7B). We also visualized active Rhol by
immunofluorescence using an antibody that specifically detects GTP-bound Rhol [36].
Consistent with the precipitation experiment of active Rhol, activated Rhol was barely
detectable in cdc5-2-arrested cells but was abundant and recruited to the bud neck region
in cdcl5-2—arrested cells (Figure 4.7A). By contrast, tus1-ST rom2-ST cells arrested at
the cdc15-2 block had active Rhol at the bud cortex but lacked active Rhol at the bud
neck (Figure 4.7A). Consistent with this observation, the precipitation assay indicated
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that Rhol activity was not diminished in fus-ST rom2-ST strains and in fact was slightly
elevated (Figure 4.7B). The fact that total Rhol activity was high in tusI-ST rom2-ST
strains but low in cdc3-2 strains suggests that CdcS also controls global Rhol activity
through another mechanism, perhaps through Rhol GAPs such as Sac7 (Figure 4.2B).
Thus, Cdc5-dependent regulation of Tus1 and Rom2 controls the local activation of Rhol
at the division site but not the global levels of active Rhol in the cell. This is still unclear
in mammalian cells as though clearly Plk1 is required for RhoA localization [1-3] the
connection with RhoA activation has not been fully worked out though work is in
progress (see below).

Next, we determined whether Cdc5-dependent phosphorylation is required to
recruit Tus1 and Rom2 to the bud neck. Consistent with its important role in CAR
assembly, Tus1-GFP was recruited to the bud neck just before CAR constriction. The
bud neck localization of Tusl was dependent on Cdc5 activity but not on other MEN
components (Figure 4.8A). Furthermore, Tus1-ST-GFP failed to localize to the division
site in cdcl5-2—arrested cells that had high Cdc5 activity (Figure 4.8A). Similarly Ect2
was dependent on Plk1 activity for localization to the cell division site [1-3]. Previously
Ect2 localization to the division site had been shown to be required for localization of
active RhoA to the division site [4]. Thus taken together it seems Plk1, like Cdc5, is
responsible for localization of active RhoA, though the direct connection between Cdc5
phosphorylation of Tus] is not yet present in the Plk1 and Ect2 system.

We next tested whether the requirement for Cdc5 regulation of Tus1 could be
bypassed by tethering the ST variant to the bud neck. The coding sequence for Tus1-ST-
GFP was fused to the coding sequence for Mlc2, a nonessential type II myosin light chain
[37], and expressed from the endogenous TUS! promoter. Indeed, in cdcl5-2-arrested
cells, Tus1-ST-Mlc2-GFP protein localized to the bud neck and activated CAR assembly,
unlike Tus1-ST-GFP (Figure 4.8B). Furthermore, Tus1-Mlc2-GFP could partially restore
CAR assembly in cdc5-2-arrested cells (Figure 4.8B). Thus, a critical function of the
Cdc5-dependent regulation of cytokinesis is to recruit Tus1, and thus Rhol, to the site of
CAR assembly. These results do not exclude the additional possibility that Cdc5 also
affects Tus1 GEF activity. However, in mammalian cells it does not seemlikely that

Plk1 does not regulate the GEF activity of Ect2 as I have not seen a difference in Ect2
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GEF assays in the presence of Plk1 (data not shown). Nor does the GEF activity of Ect2
seem to be critical for RhoA activity during cytokinesis as siRNA depletion of Ect2
results in loss of active RhoA localization but no change in bulk active RhoA levels [38].
Thus, the relative importance of GEF activity versus localization for both RhoA and
Rhol remains unclear.

Our study reveals a molecular pathway by which Cdc5 and Plk1 control
contractile ring assembly in budding yeast and mammalian cells. Cdc5/PIk1 is required
for the recruitment of Rho GEFs to the division site that in turn is necessary for
recruitment and activation of Rhol/A. The failure of this mechanism results in the
mistargeting of the formin Bnil from the bud neck to the bud tip in budding yeast This
causes a defect in CAR assembly, because the actin filaments in the contractile ring are
assembled by formins [7, 8, 14]. It is possible that CdcS and Plk1 have more broad roles
in Rho-type GTPase regulation than the local activation of Rhol at the division site.
Cdc5 is required for the global activation of Rhol in late mitosis (unknown for Plk1),
whereas the Cdc5/Plk1 regulation of Tusl, Rom2, and Ect2 is required for local Rhol/A
recruitment and activation. Cdc5/Plk1 could exert additional control of Rhol/A via Rho
GAPs. It is also possible that Cdc5/Plk1 could exert Polo-box independent regulation of
Rhol/A GEFs. Lastly, given that fission yeast Polo kinase was recently shown to be
required for stress-induced polarized growth [39], it is intriguing that our biochemical
screen identified Bem3, a Cdc42 GAP, as a Polo-box binding partner. Our findings thus
elucidate a mechanism by which Polo-like kinase governs Rho1l/A during cytokinesis and
raise the possibility that Polo-like kinase controls other aspects of the cortical
cytoskeleton through other Rho GTPases.

CdcS control of the localization of the RhoGEFs Tus1 and Rom2 (and therefore
localization of active Rhol) is directly dependent on Cdc5-PBD binding and Cdc5
phosphorylation of Tus1 and Rom2. In the Plk1 and Ect2 case this has not been shown.
Instead Ect2 localization is dependent on the centralspindlin complex and specifically
binds Cyk-4 (also known as MgcRacGAP) [4] in a manner that requires Plk1 activity [1,
2]. This interaction has been narrowed down to require the tandem BRCT domains of
Ect2 and the N-terminus of Cyk-4, and occurs in a phosphodependent manner in

anaphase cells but not metaphase cells [4]. Intriguingly I helped identify tandem BRCT
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domains as phospho-dependent binding domains (Appendix One) [40], so Ect2 might
bind to Cyk-4 in a manner analogous to that of Brcal and Bachl (Appendix One) [41]. A
sequence alignment of Brcal, PTIP, and Ect2 (Figure 4.9A) reveals that they all have
conserved residues at the sites where Brcal directly binds phosphate as revealed by
Brcal crystal structures (Appendix One) [41]. Mutation of these residues in PTIP also
eliminates phosphopeptide binding (Duaa Mohammad - personal communication). Thus
it seems likely that Ect2 binds phosphopeptides in a similar manner. However, when I
performed peptide library binding experiments (for methods see Appendix One) I did not
observe any specific phospho-binding by the Ect2 BRCTs (Figure 4.9B). It is possible
than none of the libraries tested have enough specificity for the Ect2 BRCTs despite the
fact that they all can be bound by both PTIP and Brcal BRCTs (Appendix One and
Figure 4.9B). Another possibility is that the Ect2 BRCT phosphorylation-dependent
binding is weaker than those of PTIP and Brcal, and requires either a full protein for
binding or multiple binding sites to create an avidity effect.

Since the weight of the evidence suggested that the Ect2 BRCTs and Cyk-4 (also
known as MgcRacGAP) interacted in a phosphorylation and Plk1 dependent manner [1, 2,
4] we directly investigated whether Plk1 could generate binding sites that contributed to
the Ect2/Cyk-4 interaction in vitro. Active full length Plk1 kinase was incubated with
either CDB-Cyk4 or the Ect2 ES fragment (residues 1-421) which encompass the BRCT
domains. The kinase reactions were stopped by adding excess EDTA, various
combinations of proteins were mixed, and complexes were pulled-down using chitin
beads which bind to the CBD tag on Cyk-4. Only when Cyk-4 was pre-incubated with
Plk1 did a complex form between Cyk-4 and Ect2 (Figure 4.10A). Pre-incubation of Ect2
with PIk1 produced no change in the amount of Ect2 pulled down with Cyk-4.
Interestingly Cyk-4 that had been pre-incubated with Plk1 also pulled-down Plk1
suggesting a direct interaction between the two proteins (Figure 4.10A). To further
examine this complex active Plk1 kinase domain was used instead of full length PIk1.
Similar results were seen as pre-incubation of Cyk-4 with Plk1 kinase domain generated
binding sites for Ect2 on Cyk-4 and for the PBD of Plk1 on Cyk-4, though the
background seen without the kinase was higher than in the previous experiment, perhaps

due to using ten-fold less detergent in the wash buffer (Figure 4.10B). In order to map
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the phosphorylation sites on Cyk-4 a larger sample of Cyk-4 was incubated with Plk1
kinase domain and sent for mass spectrometry identification of phospho-peptides. Four
phospho-peptides were identified (S157, S170, S214, T260) (Table 4.5) which all
perfectly matched the consensus motif for Plk1 phosphorylation [34] (Jes Alexander -
personal communication). Also two of them (S170 and T260) when phosphorylated by
PIk1 make perfect (S(pS/pT)P) PBD binding sites [23, 24]. Mutation of all the Plk1-
dependent phosphorylation sites in Cyk-4 is ongoing, so that the sites necessary for PBD
and Ect2 binding can be determined by the same pulldown assay. With the mutant
versions of Cyk-4 that can no longer bind Ect2 or the PBD in hand, in vivo experiments
can be done to determine if these mutants can fufill the various roles of Cyk-4. In
particular the localization of Ect2, RhoA, and Plk1 to the spindle midzone and cleavage
furrow will be assessed in cells expressing the non-binding mutant versions of Cyk-4
where the endogenous protein has also been knocked down by siRNA.

Thus, In mammalian cells once can construct a model where Plk1 targets Cyk-4
after the metaphase to anaphase transition to create a docking site for the Ect2 BRCT
domains, recruiting Ect2 and ultimately RhoA to the cleavage initiation site. The
mechanism whereby this is inhibited until anaphase is unclear, but at a minimum,
consists of inhibitory CDK1 phosphorylation of Ect2 [4]. The finding that Ect2 can bind
the PBD and is a potential substrate of Plk1 (Figure 4.3) [26] remains without known
functional consequences though perhaps Plk1 targeting of Ect2 also helps to relieve the
inhibition that Ect2 in under in early mitosis [4] or otherwise modify Ect2 to activate its
binding capacity [26, 42]. Overall there is a clear direct role for Cdc$5 in targeting Tus1
and Rom?2 to the bud neck to create a zone of active Rhol, but Plk1 is just as effective in
an indirect manner in targeting Ect2 to generate a zone of active RhoA at the cleavage

furrow.
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Experimental Procedures

Yeast genetics and molecular biology techniques

Media and genetic techniques were as previously described [43]. All the yeast
strains were isogenic to BY4741 (MATa his3 leu2 metl5 ura3 from Open Biosystems).
cdc5-2, cdcl5-2 and cdcl4-1 strains were backcrossed at least four times to BY4741
background from W303-1A and 3 out of 3 independent clones of each mutant showed
indistinguishable terminal phenotypes in telophase arrest and in CAR formation at
34.5°C. Gene deletion or modifications were performed with PCR mediated gene
replacement [44] and correct integrations were confirmed by colony PCR. For a
description of the strains and plasmids, see Tables 4.6 and 4.6. tusI-ST mutant constructs
were created as follows. Briefly, a wild type truncated TUS! [containing 600 base pairs
(bp) upstream of the ATG translation start site to 900 bp downstream of ATG] fragment
was cloned into a pRS306 vector using EcoRI and Pstl. Site-directed mutagenesis was
carried out using QuikChange Site-Directed mutagenesis kit (Stratagene, La Jolla, CA).
Ser7 and Ser92 were mutated to Thr generating Tus1-ST mutant. Mutagenesis was
confirmed using restriction digests followed by DNA sequencing. All constructs were
targeted by linearization with BglII to the TUS! locus in a wild type diploid. The strains
were sporulated and tetrads were dissected to obtain a haploid isolate of the integrant.
Correct integration and introduction of all the mutations were confirmed by colony PCR
and by subsequent DNA sequencing of the genomic locus. fusl-64 and tusl-6DE were
constructed essentially the same as zus/-S7. Mutations were introduced on the pRS304
plasmid containing a wild type truncated TUS! fragment (containing 600 bp upstream of
the ATG translation start site to 1892 bp downstream of ATG). The indicated Ser/Thr
were mutated to Ala in Tus1-6A or Asp/Glu in Tus1-6DE (Ser181, Ser191, Ser221,
Thr257, Thr392 and Thr408). All constructs were targeted by linearization with Sacll to

the TUS! locus. rom2-st mutant constructs and strains were made analogously.
Functionality of the epitope-tagged constructs

The coding sequence for a linker (Gly-Gly-Ser-Gly-Gly-Ser) was introduced

between the coding sequence for the epitopes and the carboxyl terminus of Tus1, Rom2
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and Tpm2. For the tagged constructs, the functionality was examined as follows. T7US!-
myc and TUSI-GFP were crossed to rom2A and tested for the growth at 24°C, 30°C,
34°C, and 37°C. We did not observe either a synthetic growth defect or cytokinesis
failure. Rom2-myc and Rom2-GFP also fully supported cell viability at 24°C, 30°C,
34°C, and 37°C in the absence of Tusl or Rom1. BNII-3xGFP was introduced to bnriA
cells by a genetic cross and the BNII-3xGFP bnrlA cells grew normally at 24°C, 30°C,
34°C, and 37°C. They also did not exhibit round bud morphology or a cytokinesis defect,
characteristics of bnilA strains. MYOI-GFP, IQGI-GFP, HOFI-GFP, and SHS1-GFP
didn’t cause cytokinesis defects at 24°C, 30°C, 34°C, or 37°C. Tpm2-GFP is only
partially functional because tpmIATPM2-GFP cells were viable but grew poorly.
However, TPM2-GFP had no dominant inhibitory effect on cell cycle progression or
cytokinesis and CAR assembly and CAR constriction occurred with identical kinetics in
TPM?2 and TPM2-GFP cells. Tusl-Mlc2-GFP is a functional Tus1 protein because
rom2ATUS1-MLC2-GFP strains grew even at 37°C whereas rom2 Atus1A was lethal.
Localization of Tus1-Mlc2-GFP mimicked Mlc2 and was recruited to the bud neck at the
bud emergence (unlike Tus1- GFP, which localized to the neck just prior to the mitotic
exit) and disappeared after its constriction during cytokinesis. We could not determine
whether Tus1-Mlc2-GFP is fully functional as Mlc2 protein because a mic2 deletion
strain has no obvious growth defects. The coding sequence for a linker (Gly-Gly-Ser-
Gly-Gly-Ser) was introduced between the carboxyl terminus of Tus1 and amino terminus
of Mlc2.

Fluorescence imaging and image analysis

Cells were observed in an automated Zeiss 200M inverted microscope (Carl Zeiss,
Thomwood, NY) as previously described [45]. All image processing was performed
using SlideBook software. To characterize the localization of proteins to the bud neck,
we acquired images at 0.3 pm intervals in the Z focal plane, enabling visualization of the
relatively small budding yeast bud neck region (usually less than 1 pm in diameter).
Shown are selected Z focal plane slices though the bud neck. Cells were fixed in 3.7 %
formaldehyde for 10 minutes and washed twice in phosphate-buffered saline solution

before microscopic observation of GFP tagged proteins (or GFP variants). For timelapse
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live cell microscopy 2ul of the culture [in the synthetic complete (SC) medium
supplemented with adenine] were spotted onto a glass slide and immediately imaged at
room temperature (approximately 24°C). Staining of actin cytoskeleton by Alexa-568
phalloidin was described previously [46]. Immunofluorescence method for Rhol and
HA-Rho1 was as described [36] with thanks to M. Abe for providing the antibody
specific to Rhol-GTP. For visualizing Bnil-3xGFP in cdc15-2 and in cdc5-2 block, the
cells were treated with 100 pm latrunculin A for 5 minutes before fixation to enhance the
polarized (e.g. bud tip or bud neck) localization of Bnil since cytoplasmic high

background of Bnil-3xGFP masks the cortical and neck localized signals.

Biochemical methods

Western blotting and phosphatase treatment was performed as described [47].
The cell lysates for the Western blotting were prepared by treating the yeast cells with
120 mM Sodium hydroxide for 15 minutes at 4°C. The cell pellets were boiled for 5
minutes with SDS-sample buffer. Mouse monoclonal anti-myc antibody (9E10), mouse
monoclonal anti-HA antibody (12CAS5), rabbit polyclonal anti-Mpk1/Slt2 antibody and
mouse monoclonal anti-GFP antibody were obtained from commercial sources. Rabbit
anti- Rhol antibody and anti-active Rhol antibody were described previously [36, 48].

The pull-down assay for active Rholp was performed as follows. Yeast cells
were lysed in a lysis buffer [50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 12
mM MgCIB2B, 1 mM DTT, 1 mM PMSF, 25 pg/ml TPCK, 25 pg/ml TLCK, 25 pg/ml
leupeptin, 25 pg/ml pepstatin, 25 pg/ml antipain, 25 pg/ml aprotinin, 25 pg/ml
chymostatin, 0.6% CHAPS, 0.12% cholesteryl hemisuccinate], incubated with a bead-
bound GST fusion of an RBD of Pkcl or that of Bnil, washed, and subjected to SDS-
PAGE. Bound Rholp was detected by western blot analysis.

The PBD pull-down assay was performed in Polo-box binding buffer (50 mM
Tris, 150 mM NaCl, 2mM EDTA, 1 mM PMSF, 1 mM DTT, 1 % TritonX-100 and
Complete protease inhibitor). Freshly prepared yeast cell lysates (containing 2 mg total
protein in 300 pl for each assay) were mixed with 20 pl of the beads saturated with pure
PBD or PBD*. Bound proteins were analyzed by Western blotting with goat anti-Rabbit
IgG antibody to detect the TAP tag [31] or other tag appropriate antibody.
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PIk1 kinase domain with a T210D activating mutation was expressed in bacteria

and purified to homogeneity. Tusl 1-300 Rom2'*® mouse Ect2 421 mouse Ect24146%

and Cyk-4"2® were all expressed and purified from bacteria. Several micrograms of each
protein was incubated with Plk1 and 100pM ATP in Plk1 kinase buffer (S0OmM Tris pH
7.5, 150mM NaCl, 10mM MgCl,, ImM DTT) for two hours at 30°C. The entire reaction
was run on a single lane of a SDS-PAG, stained with coomassie blue, and the band
corresponding to the desired protein was cut out. Tus1'>% and Rom?2'% were sent to
the Taplin Biological Mass Spectrometry Facility at Harvard Medical School for
phospho-peptide determination by mass spectrometry (thanks to R. Tomaino and S.
Gygi). The mouse Ect2 fragments and Cyk-4 fragment were sent to our collaborator K.
Clauser in S. Carr’s laboratory for phospho-peptide determination by LC/MS/MS after
in-gel trypsin cleavage. Separate kinase reactions were also performed with one tenth the
amount of protein and PIk1 kinase domain with 10uCi of **P-y-ATP added to the mixture.
Samples were taken at several timepoints, ran on an SDS-PAG, and exposed to a
phosphoimager plate for autoradiography. In this way all of the proteins were confirmed
to be in vitro phosphorylated by Plk1. _

Ect2 tandem BRCT domain phosphopeptide binding studies were performed as
described in Appendix One. Alignments of tandem BRCT domains were generated using
standard algorithms. Ect2/Cyk4 binding studies were performed as follows. GST-Ect2"
421 CBD-Ect2'*?!, and CBD-Cyk4 % proteins were expressed and purified from
bacteria. To generate untagged forms the tags were cleaved with TEV (for CBD tags) or
thrombin (for GST tags) on beads freeing the untagged version. Proteins were
phosphorylated with Plk1 full length, Plk1 kinase domain, Plk1 kinase domain kinase
dead, or mock as described above without the radioactive ATP. After phosphorylation
proteins were mixed and pulled-down with chitin beads which bind the CBD tag on Cyk4
for two hours or overnight at 4°C in binding buffer (20mM Hepes pH 7.2, S0mM NaCl,
5mM MgCl2, 1% Triton, ImM DTT, 1mM PMSF). Beads were washed four times in
binding buffer, boiled in protein sample buffer, and analyzed by SDS-PAGE and western
blotting.
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Figure 4.1: CdcS is required for CAR assembly.

(A) CAR assembly is defective in cdc5- but not cdcl5- or cdcl4-arrested cells. Cells
were released from a G1 block (o factor) and examined at intervals after release at the
nonpermissive temperature 34.5°C for budding index (diamonds), percentage of anaphase
cells by labeling nuclear DNA (squares), and bud neck localization of Tpm2-GFP
(triangles). The o factor was re-added at 60 min to prevent progression into a second cell
cycle. (Bottom) Representative images of cells from the 120-min time point. Scale bar
indicates 5 um.

(B) Cdc5 is required to maintain the CAR. Log-phase cultures of cdc5-2 and control cells
were arrested in telophase by overexpression of BFAI from the GALI promoter for 3
hours. The telophase-arrested cells were shifted to a restrictive temperature (34.5°C) to
inactivate cdc5-2 and cdcl5-2, fixed, and the CAR formation was visualized with the use
of Tpm2-GFP.

(C) Cdcs is required for the subcellular targeting of Bnil and Rhol. Bnil-3xGFP
expressed at an endogenous level was visualized after 2-hour incubation of the cells at
34.5°C. Rhol was visualized by immunofluorescence labeling with a rabbit antibody
against Rhol 130 min after release to 34.5°C from a G1 block. Arrows point to the bud

neck signals in cdcl5 cells and the bud tip signals in cdc5 cells.
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Figure 4.2: A screen for Polo-box binding partners suggests that CdcS controls
multiple Rho-type GTPase regulators.

All potential Rho GTPase regulators in the yeast genome were screened for physical
interaction with the Cdc5 PBD and a control pincer mutation (PBD*).

(A)‘In cases where epitope-tagged constructs were not available from the yeast tandem
affinity purification (TAP)—tagged library [31], epitope-tagged constructs were generated.
Tus1 and Rom1 were overexpressed from the GAL! promoter for this initial screen. After
precipitation assay, Western blotting was performed to detect the indicated epitope tags
of the bound proteins. + indicates the wild-type GST-PBD; +* indicates the pincer
mutant.

(B) PBD or PBD* precipitation assays with lysates from strains from the yeast TAP-tag
fusion library.

(C) Endogenous-level Tusl binds to the PBD. This binding is abolished by the ST
mutation and thus requires the Polo-box binding motif. WT, wild type.

11-300

(D) Hyperphosphorylation of Tus -myc requires Cdc5 and the Polo-box binding

1% myc or its ST

motifs. Shown are Western blots to detect endogenous-level Tus
derivative in the indicated strains after 2.5 hours at the restrictive temperature of 34.5°C.
(E) Phosphomimetic mutations at Polo-consensus phosphorylation sites partially bypass
the requirement for Cdc5 for CAR assembly and Rhol recruitment. The indicated strains
were arrested with o factor and released at the nonpermissive temperature (33.5°C) for
140 min. The CAR was visualized with the use of Tpm2-GFP, and Rhol was visualized
by immunofluorescence. More than 400 cells were counted for each sample. The
experiment was repeated three times with near-identical results. By a Student's t test, the
difference in Tpm2 -GFP labeling in cells expressing Tus1-6DE versus Tus] was
significant (P = 0.011). Error bars indicate SEM. Scale bar, 5 pm; arrows point to the bud

neck signal.
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Figure 4.2 Continued
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Figure 4.3: Ect2 binds the PBD and is a PIk1 substrate in vitro

(A) Flag-Ect2 was expressed in U20S cells, and either treated with nocodazole or mock
treated. Lysates were used in Plk1-PBD pulldowns with wild-type or the non-binding
mutant of the PIk1-PBD, and blotted for the presence of Flag-Ect2. Ect2 specifically
came down with the wild-type Plk1-PBD during mitosis.

(B) The indicated Flag-Ect2 constructs were expressed in U20S cells, and
immunoprecipitated with anti-Flag resin. Blotting for endogenous Plk1 indicates that
PIk1 interacts with full length Ect2 and the N-terminus, but not the PBD site mutants.
(C) Ect2 serves an a substrate of Plkl in vitro. The indicated Ect2 fragments were
incubated with Plk1 kinase domain and y**P-ATP for the indicated times and phosphate

incorporation was monitored by autoradiograph.
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Figure 4.4: Characterization of Tusl protein.

(A) Domain structure of Tus1. The Dbl-PH domain is the catalytic domain for nucleotide
exchange. The function of the CNH domain is not known. Tus! contains two potential
Polo box binding motifs in the N-terminal Polo box interaction domain (PID).

(B) Endogenous level Tusl 1309 binds to the PBD. This binding is abolished by the “ST”
mutation and thus requires the Polo box binding motif. Shown is a pull down assays as in
Fig. 5.3C.

(C) Tus1'*®is a phosphoprotein. Tus1'*% was immunoprecipitated from cdc15- arrested
cells. The immunoprecipitate was divided and subjected to the indicated treatments.

(D) Overexpression of Cdc5 induces hyper phosphorylation of Tusl l'3°°-myc.
GALI-CDCS5 or GAL1-cde5N209A [encoding a kinase dead mutant [49]] were induced
by galactose for 3 hrs.

(E) Expression level of full length Tusl-myc. Shown is a Western blot to detect
endogenous level, Tusl-myc or its derivatives from log phase cultures. Mpk1 was

detected as a loading control.
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Figure 4.5: Characterization of Rom2-ST.

(A) Domain structure of Rom2. The Dbl-PH domain is the catalytic domain for
nucleotide exchange. The function of the DEP and CNH domains are not known. Rom?2
contains two potential Polo-box binding motifs in the N-terminal region.

(B) Endogenous level full-length Rom2 binds to the PBD but not the pincer mutation
PBD*. Lanel, 3, 5; pulldown with PBD. Lane 2, 4, 6; pull-down with PBD*. Lane7-9;
total lysates. Rom2-myc extract was applied for lanes 1, 2 and 7. Rom2-ST-13 myc
extract was applied in lanes 3, 4 and 8. Untagged controls are in lanes 5, 6 and 9. This
binding is strongly diminished by the “ST” mutation and thus requires the Polo-box
binding motif.

(C) Localization of Rom2 -GFP and Rom2-ST-GFP. The “ST” mutation does not affect
Rom? localization in small budded cells (percentages indicated in white lower left, n=
200 from a log-phase culture). By contrast, Rom2-ST-GFP was severely compromised
for neck localization in large budded cells.
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Figure 4.6: tus1-ST and rom2-ST are separation-of-function alleles that have

reduced fitness when combined with AofIA but not myolIA.

Shown are 5-fold serial dilutions of the indicated strains grown for 3 days at 37°C.
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Figure 4.7: Polo regulation of Tusl and Rom?2 is critical for CAR assembly and local

Rhol activation.

(A) Polo regulation of Tus1 and Rom?2 is required for CAR assembly and for recruitment

of active Rhol to the bud neck. CAR assembly was assayed with use of Tpm2-GFP.

Active Rhol was detected by immunofluorescence by using an antibody that specifically

recognizes Rho1-GTP but not Rhol-GDP [36]. Error bars indicate SEM; scale bar, 5 pm;

arrows point to the bud neck signals.

(B) The total cellular level of active Rhol requires Cdc5- but not Polo-dependent

phosphorylation of Tus1 and/or Rom2. The precipitation assay was performed with the

use of Pkc1-RBD.
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Figure 4.8: CdcS targets Tusl1 to the division site.

(A) Tus1-GFP requires Cdc$5 and its Polo-box binding motifs to localize to the bud neck.
Tus1-GFP or the ST derivatives were imaged in cdc5-2 or in cdc15-2 2 hours after
incubation at 34.5°C (n > 100), along with the percentages of the large budded cells with
GFP signal at the bud neck. Scale bar, 5 pm.

(B) Tethering Tus1-ST to the bud neck by fusion to Mic2 corrects the CAR assembly
defect of fus1-ST rom2-ST strains and partially bypasses the requirement for CdcS5 in
CAR assembly. (Left) Numerical summary of the data. The bars indicate the percentage
of cells with detectable contractile rings. Error bars indicate SEM. The dark bars indicate
the percentage of cells with robust contractile rings. (Right) Examples of cells. (Top)
GFP imaging of the indicated fusions. (Bottom) Actin was visualized with alexa568-

phalloidin. Arrows indicate cells with robust CAR labeling.
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Figure 4.9: Ect2 tandem BRCTs do not bind phosphopeptides in vitro
(A) Sequence alignment of the tandem BRCT domains of BRCA1, PTIP, and Ect2 reveal

conserved phosphobinding residues. Residues that directly contact the phosphate in the

Breal crystal structure (Chapter two) are marked with red stars.

(B) In vitro transcription/translation reactions 3

5S-methionine of indicated Ect2 constructs

were incubated with indicated peptide libraries, washed, and visualized by

autoradiography. E3 is Ect2"'6%% E5is Ect2'™**'. All libraries were verified to be

functional through control binding experiments to known phosphobinding domains.
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Figure 4.10: Ect2 binds Cyk4 after Plk1 phosphorylation of Cyk4

(A) Ect2 and CBD-Cyk4 N-terminal fragments were generated in bacteria and pre-treated
with active full length Plk1 or mock treated. The treated proteins were then used in a
CBD pulldown to identify what proteins interacted with Cyk4.

(B) The same experiment as A was performed except using active Plk1 kinase domain
instead of full length Plkl. The GST-Ect2 N-terminal fragment was added to the two left
lanes and the GST-Plk1-PBD was added to the right two lanes. Increased binding to the
Cyk-4 N-terminal fragment was seen with both proteins after pre-incubation of the Cyk-4

N-terminal fragment with active Plk1 kinase domain.
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11-300

Table 4.1 Plkl-dependent phosphorylation sites on Tus in vitro

Peptide Sequences identified

1. *VSEALESVYSDSDYTENNS*NAR?

2. VSEALESVYSDSDYT*FNNSNARP*%

3. 23VSEALESVYSDSDYT*FNNS*NAR?®*

. ™ VSEALES*VYSDSDYT*FNNSNAR?%

. 35SPNKLS*FIGNSEER '#

. 1“RPPPPPPLLYS*TESIR'" or 'RPPPPPPLLYST*ESIR'"

. BSNVSGNS*R 2

. “"HHMEYISNHS*R '*

. "’DSS*KQQAHFSDESDLR'** or "PDS*SKQQAHFSDESDLR **

10. '*QQAHFSDES*DLR"**

11. **LS*FIGNSEERP'*®

12. 'PALPPIPFT*T*T*LLLS *PFDDEDSEFFTKPPPPLSTSRP?*
one site on four possible locations

13. ' ALPPIPFT*T*T*LLLS*PFDDEDSEFFTKPPPPLS*T*S*R?*®
two sites — one on four possible locations (T,T,T or S)
the other on three possible locations (S,T or S)

O 00~ U

Legend to Table 4.1

Phosphorylated residues were determined by microcapillary LC/MS/MS techniques
after trypsin digestion. Shown are peptides that were identified at least twice.
Residues indicated with a star (*) are phosphorylation sites that were definitively

identified. Underlined phosphorylation sites were mutated in the Tus1-6DE or Tus1-6A

mutants.
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Table 4.2 Plk1-dependent phosphorylation sites on Rom2'*" in vitro
Peptide Sequences identified

1. ®°SMS*LNSSTLK?*®

2. ’S*GVEAAIDDS*DIPNNEMK®®

3. 2°QSS*FSTGSASTTPTQAR?! or 2°QS*SFSTGSASTTPTQAR*!
4. "EVPDTQS*LSSADNTPVSSPK '#

Legend to Table 4.2

Phosphorylation sites were determined by microcapillary LC/MS/MS techniques after
sequential digestion by trypsin and by chymotrypsin. Shown are peptides that were
identified at least twice. Residues indicated with a star (*) are phosphorylated
residues that were definitively identified.
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Table 4.3 Plkl-dependent phosphorylation sites on Ect2 in vitro
Peptide Sequences identified

1. 3" AGET*MYLYEK>*®
2. 32"yDGCPANLLS*SHR %’

Legend to Table 4.3

Phosphorylated residues were determined by microcapillary LC/MS/MS techniques
after trypsin digestion. Shown are peptides that were identified at least twice.
Residues indicated with a star (*) are phosphorylation sites that were definitively
identified.
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Table 4.4 Summary of the rom2-ST and tusl-ST genetic analysis

YPD (24°C) YPD (37°C) YPD+Sorbitol (37°C) SC (37°C)

Genotype

Wild type +H+ 4+ +H+
rom2A ++ + 4+
rom2-ST ++ +++ ++
tusl A rom2-ST + ++ ++
tusiA ++ + +++
tusl-ST +++ ++ +++
rom2A tus1-ST ++ ++ +H+
rom2A tusl A +/- - ++
tus1-ST rom2-ST ++ ++ ++
romlA ++ +++ +H+
romlArom2A -

romlA rom2-ST +H+ +H+ +++
romlA tuslA ++ ++ ++H
romlA tus1-ST ++ -+ ++
mpklA ++ + ++
mpklA tusl A + - ++
mpklA tus1-ST +++ + ++

Legend to Table 4.4

+++

IS EEEE !

RS

All the mutants were generated by genetic crosses and 3 independent clones were tested

for growth. rom2 A tus1A, rom1 A rom2A, mpkl A tus1A, and mpk1A tus1ST were

germinated on YPD plates containing 1 M sorbitol as an osmotic stabilizer. The growth

was judged after 3 days at the indicated temperature. The number of “+” reflects the
robustness of the growth. “— indicates no growth.

222



Table 4.5 Plkl-dependent phosphorylation sites on Cyk-4 in vitro
Peptide Sequences identified

1. "*SGSILSDIS*FDKTDE!®?
2. 'S DWDSS*LVK '™

3. 233IGSAVDQGNES*IVAZ!
4. ®SLTQPWNSDST*LNSR?*

Legend to Table 4.5

Phosphorylated residues were determined by microcapillary LC/MS/MS techniques
after trypsin digestion. Shown are peptides that were identified at least twice.
Residues indicated with a star (*) are phosphorylation sites that were definitively
identified.
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Table 4.6 List of the yeast strains

Strain Mat _ Relevant genotype

PY3295 a wild type his3 leu2metlSura3

PY5237 a cdcl4-1

PY5255 a cdcl4-1 tpm2::TPM2-GFP-HIS3

PY5220 a cdcl5-2

PY5217 a cdcl5-2 tpm2:: TPM2-GFP-HIS3

PY5206 a cdcl5-2 shsl::SHS1-GFP-HIS3

PY5207 a cdcl5-2 myol::MYOI-GFP-HIS3

PY5327 a cdcl5-2 iqg::10G1-GFP-HIS3

PY5328 a cdcl5-2 bnil::BNI1-3xGFP-LEU2

PY5329 a cdcl5-2 tusl.:: TUS1-GFP-HIS3

PY5199 a cdcl5-2 tusl:: TUSI-13myc-HIS3

PY5261 a cdcl5-2 tusl::TUSI'>%-13myc-HIS3

PY5254 a cdcl5-2 tusl::tusl-ST-URA3

PY5300 a cdcl5-2 tusl.:tus1-ST-GFP-HIS3

PY5330 a cdcl5-2 tusl: tusl-ST-13myc-HIS3

PY5331 a cdcl5-2 tusl::tus1-ST%-13myc-HIS3

PY5332 a cdcl5-2 tusl.:tus1-ST-URA3 tpm2::TPM2-GFP-HIS3

PY5253 a cdcl5-2 rom2::rom2ST-LEU2

PY5333 a cdcl5-2 rom2::vrom2ST-LEU?2 tpm2::TPM2-GFP-HIS3

PY5252 a cdcl5-2 tusl: tusI-ST-URA3 rom2::rom2ST-LEU2

PY5334 a cdcl15-2 tusl::tus1-ST-URA3 rom2::rom2ST-LEU2
tpm2::TPM2-GFP-HIS3

PY5323 a cdc5::cdc5-2-URA3

PY5335 a cdc5-2::URA3 tpm2::TPM2-GFP-HIS3

PY5292 a cdcS::cdc5-2-URA3 Aswel ::KAN

PY5336 a cde5::cdc5-2-URA3 shsl::SHSI1-GFP-HIS3

PY5337 a cdc5::cdc5-2-URA3 myol::MYOI-GFP-HIS3

PY5339 a cde5::cde5-2-URA3 iqgl:: 1QG1-GFP-HIS3

PY5340 a cdc5::cdc5-2-URA3 bnil::BNII1-3xGFP-LEU2

PY5341 a cdc5::cde5-2-URA3 tusl::TUS1-GFP-HIS3

PY5198 a cdceS::cde5-2-URA3 tusl:: TUSI-13myc-HIS3

PY5260 a cdc5::cdc5-2-URA3 tusl::TUS1'>"-13myc-HIS3

PY5343 a cdc5::cde5-2-URA3 tusl::TUSI-6A-LEU2
tpm2::TPM2-GFP-HIS3

PY5318 a cdcS::cdc5-2-URA3 tusl::TUS1-6DE-LEU2
tpm2:: TPM2-GFP-HIS3

PY5344 a cdcl::cdc5-2-ura3::HIS3

PY5345 a cdc5::GAL-3HA-CDC5-KanR

PY5346 a cdc5::GAL-3HA-CDC5-KanR tpm?2::TPM2-GFP-HIS3

PY5347 a cdc5::GAL-3HA-CDCS5-KanR tpm2:: TPM2-GFP-HIS3
ura3::CFP-TUBI-GFP-URA3

PY5256 a tpm2::TPM2-GFP-HIS3 ura3::CFP-TUBI-GFP-URA3

PY5349 a tuslA::KANR

PY5350 a tusl::TUSI1-GFP-HIS3
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Table 4.6 Continued List of the yeast strains

Strain

Mat

Relevant genotype

PY5197
PY5259
PY5351
PY5352
PY5202
PY5353
PY5354
PY5355
PY5279
PY5356
PY5357
PY5358
PY5359
PY5360
PY5156
PY5158
PY5361
PY5031
PY5362
PY5363
PY5364
PY5365
PY5366
PY5367
PY5368
PY5369
PY5370
PY5371
PY5372
PY5373
PY5374
PY5375
PY5376
PY5377
PY5378
PY5379
PY5380
PY5201
PY5257
PY5235
PY5381
PY5256
PY5382

a

N T B N N T B B T T T T L e T T S T O e L T S T T S L T L N T T O T T T T T T T T Y

tusl::TUSI-13myc-HIS3
tus1::TUS1"?- | 3myc-HIS3

tus1::TUSI'®-13myc-HIS3 CDCS5::GALI-CDC35-URA3
tus1::TUSI"®-13myc-HIS3 CDCS5::GALI-cdc5"***-URA3

tusl::tusl-ST-URAS3
tusl::tusl-ST-GFP-HIS3
tusl::tus1-ST-13myc-HIS3
tusl::tus1-ST1-300-13myc-HIS3
tusl::tusl-6DE-LEU2
tusl::tusl-6DE-GFP-HIS3
tusl::tus1-6DE-13myc-HIS3
tusi::tusl-64-LEU2
tusl::tusl-6A-GFP-HIS3
tusl::tus1-64-13myc-HIS3
myolA::HIS3

hoflA::HIS3

romlA::KanR

rom2A::KanR

mpklA::KanR

romlA::KanR tuslA::KanR
rom2A::KanR tuslA::KanR
rom2A::KanR hofl A::HIS3

rom2A::KanR myolA::HIS3 (complemented with PB2521)
tus1A::KanR hofl A::HIS3 (complemented with PB2520)

tusl1A::KanR myolA::HIS3
rom2::rom2-ST-LEU2

tuslA::KanR rom2::rom2-ST-LEU2
romlA::KanR rom2::rom2-ST-LEU2
myolA::KanR rom2::rom2-ST-LEU2
hoflA::KanR rom2::rom2-ST-LEU2
rom2A::KanR tusl::tus1-ST-URA3
romlA::KanR tusl::tusl-ST-URA3
myolA::KanR tusl::tus1-ST-URA3
hoflA::KanR tusl.::tusl-ST-URA3
mpklA::KanR tusl::tus]-ST-URA3
mpklA::KanR tuslA::KanR
tusl::tus1-ST-URA3 rom2::rom2-ST-LEU2
myol::MYOI-CFP tusl::TUSI-GFP-HIS3
myol::MYOI-CFP tpm2::TPM2-GFP-HIS3
myol::MYOI-CFP rom2::ROM2-3xGFP-HIS3
ura3::CFP-TUBI tusl::TUS1-GFP-HIS3
ura3::CFP-TUBI tpm2::TPM2-GFP-HIS3
ura3::CFP-TUBI rom2::ROM2-3xGFP-LEU2
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Table 4.6 Continued List of the yeast strains
Strain Mat _Relevant genotype

PY4315 a trpl A::NatR

PY5384 o roml::GALI-GFP-ROMI-TRPI trpl A::NatR

PY5385 a cdc24::CDC24-13myc-HIS3

PY5386 a bag7::BAG7-13myc-HIS3

PY5387 a bfal::GAL1-HA-BFAI-HIS3 tpm2::TPM2-GFP-HIS3

PY5388 a cdcl5-2 bfal::GALI-HA-BFA1-HIS3 tpm2::TPM2-GFP-HIS3
PY5389 a cdc5::cdc5-2-URA3 bfal::GALI-HA-BFA1-HIS3

tpm2::TPM2-GFP-HIS3

TAP tagged strains used for Fig. 4.2B are from the commercially available TAP fusion
library [31] and are not described in this list.
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Table 4.7 List of the plasmids

Name GENE (ORF) Marker Other* Source
PB2520 TUS1-GFP URA3 YCp

PB2521 ROM2-GFP URA3 YCp

PB2202 CDC5 URA3 YCp A. Amon
PB2522 MYOl URA3 YCp E. Bi
PB2523 HOF1 URA3 YEp E. Bi
PB1993 BNI1-3xGFP LEU2 Ylp

PB2525 TUSI (1-600) LEU2 YIp

PB2526 TUSI (1-600)-6A LEU2 YIp

PB2527 TUS1 (1-600)-6DE LEU2 Ylp

PB2476 TUSI (1-300) URA3 YIp

PB2477 TUS1 (1-300)-ST URA3 Ylp

PB2478 ROM2 (1-500) LEU2 YIp

PB2528 ROM2 (1-500)-ST LEU2 YIp

PB2529 ROM2-3xGFP LEU2 YIp

* YCp= Yeast Centromeric Plasmid

YEp= Yeast Episomal Plasmid
YIp= Yeast Integrative Plasmid

Bacterial expression

PB2530 GST-Cdc5PBD Amp+
PB2531 GST-Cdc5PBD* Amp+
PB2532 GST-Rom2 (1-400) Kan+
PB2533 GST-Tus! (1-300) Kan+
PB2534 GST-Tusl (216-450) Kan+
PB2535 GST-RBD (Pkcl) Amp+

Mammalian Work
GST-mEct2 (1-421) Amp+
GST-mEct2 (414-639) Amp+
Plk1 kinase domain T210D Kan+
CBD-CYK4 (1-288) Kan+
GST-PIk1PBD Amp+
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PBD binding site timing and accessibility: Temporal distribution of Plk substrates

One of the more confusing aspects of Plk1’s (and orthologs) function is how
various Plk substrates are targeted at different time-points during mitosis. There is a
clear linear order to some mitotic events, yet how different substrates of the same kinase
are targeted at different points is not clear. For Plkl (and orthologs), this could be a
simple consequence of PBD binding site generation by different kinases at different
points during mitosis. Particularly puzzling is why PBD binding sites generated by Plk1
itself are not created until late mitosis. This suggests a shift in Plk1 targets from early
mitosis, where Cdk1 is active and the PBD binding sites are mostly Cdk1-generated with
other kinases contributing at particular subcellular locales such as the centrosome, to late
mitosis, where Cdk1 is inactive and the PBD binding sites are mostly generated by Plk1
itself or other cytokinesis kinases. One explanation of this shift is that Cdk1 might block
the ability of Plk1 to phosphorylate its self-generated PBD binding sites through
phosphorylation at other sites in the same protein. This has been observed for PRC1 [1]
and is also likely for MKPL2 [2]. Similarly, in budding yeast, Sccl is targeted by CdcS
in metaphase, and Bfal is not targeted until anaphase [3], though the PBD binding site-
generating kinases for these proteins are unknown. PBD binding site-generating kinases,
other than Cdk1 and Plk1, probably only function on a few select substrates and do not
contribute to this overarching shift in PBD targeting from early to late mitosis.

However, even within early mitosis, certain targets are phosphorylated at different
rates and at different times than other substrates. This is very evident for Cdk1 and has
been studied in some detail. To assess whether the current state of the mitotic cell or
some intrinsic factor to the substrates themselves controlled the kinetics, Georgi et al. [4]
looked at the phosphorylation of a number of different Cdk1 substrates in cell extracts
that had entered mitosis at various times. They found that no matter how long the extract
had been in mitosis, the substrates were phosphorylated with the same kinetics (which
varied widely between the different substrates tested), indicating that the kinetics of Cdk1
phosphorylation are somehow controlled by the substrates themselves. The same thing
likely occurs for Plk1, suggesting that PBD targeting is not nearly the entire story.

Instead, there must be some differentiation of substrates through another mechanism.
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One interesting theory is that Plk1 targets with strong single PBD binding sites might be
early substrates, whereas Plk1 targets with multiple weak PBD binding sites might be
later substrates, though this has not been tested. Another theory is that there is a
previously undiscovered regulatory subunit of Plk1 that additionally modulates its
targeting to substrates. A regulatory subunit of Plk1 could control Plk1’s function during
early mitosis but be degraded by the APC at the metaphase to anaphase transition
allowing different Plk1 behavior during late mitosis. Or a series of regulatory subunits
controlled by other mitotic kinases could modify Plk1 behavior at different stages of
mitosis.

Other external factors might also be at work, such as kinases that can
phosphorylate the Ser immediately preceding the Ser that needs to be phosphorylated to
generate a PBD binding site. PBD binding site accessibility, and thus Plk1 substrate
status, could be controlled through a kinase/phosphatase pair, as was suggested for
vimentin above. Even the PBD binding site itself might be controlled by a phosphatase
to prevent PBD binding and Plk1 phosphorylation too early. Shugoshin binds to PP2A
and brings it to the centromere where PP2A probably acts on Shugoshin and cohesin to
keep them dephosphorylated until the spindle association checkpoint has been satisfied
[5-7]. PIk1 and orthologs are responsible for phosphorylation of both Shugoshin and
cohesin to release them from chromosomes [8-11], but as long as PP2A activity is present,
this does not occur. Whether PP2A dephosphorylates the Plk1-generated
phosphorylation site or the PBD binding site is not clear. Interestingly, Separase function
is required for Shugoshin delocalization in Drosophila [12] and high Separase activity
can prompt Cdc5 to phosphorylate its anaphase targets while the cells are still in
metaphase [3]. Separase cleavage of its targets is not required for this phenomenon so
how Separase controls Plk function is unclear though Separase could control a theoretical
Plk regulatory subunit described earlier. Overall, multiple mechanisms collaborate to
produce a temporal pattern of Plk1 substrates through mitosis, with PBD binding site-

accessibility at the core of the regulation.
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Phospho-dependent binding reactions downstream of Plk phosphorylation events

Just as the PBD binds to phosphorylated sites downstream of CDK and other
kinases, there might be domains that bind to sites that have been phosphorylated by Plks.
Plks can generate the epitope for the phospho-specific antibody known as 3F3/2 [13, 14],
suggesting that Plk-generated motifs are accessible to binding interactions. There are
several possible candidates for domains that could bind Plk-generated sites based on
current literature. The first is the Ect2 BRCT domains as described extensively in
Chapter Four. Another promising candidate is 14-3-3 sigma which is the only 14-3-3
protein with a specific mitotic role [15]. Many of the translational machinery proteins
that were found to bind to 14-3-3 sigma [15] also were identified as binding targets of the
Plk1 PBD (Chapter Two). Perhaps the PBD and 14-3-3 sigma could compete for the
same binding sites, but the optimal binding motifs for these domains are quite different
and no sites within EIF4B appear to be able to bind both 14-3-3 and the PBD [16-18].
Instead, it seems more likely that the PBD binds these proteins to direct Plk1 to
phosphorylate them at another site, which generates 14-3-3 sigma binding sites. The
protein EIF4B was shown to be a critical target of 14-3-3 in mitosis, as overexpression of
EIF4B overcame the 14-3-3 sigma-dependent suppression of translation in mitosis [15].
EIF4B was also identified as a PBD interactor (Table 2.1). Looking at all the possible
14-3-3 sigma binding sites in EIF4B reveals that several of them also match consensus
Plk1 phosphorylation sites, and there is a potential CDK-generated PBD binding site
(Figure 5.1). This leads to the straightforward hypothesis that Cdk1 activity in early
mitosis phosphorylates EIF4B, allowing binding by the PBD, which in turn targets Plk1
activity to phosphorylate EIF4B so it can be bound by 14-3-3 sigma. Binding of EIF4B
by 14-3-3 sigma disrupts cap-dependent, and leads to cap-independent, translation, which
is a hallmark or mitotic cells [15]. To demonstrate that Plk1 generates the 14-3-3 sigma
binding sites, a 14-3-3 sigma pull-down can be done with bacterial-produced EIF4B that
is pre-incubated with Plk1 kinase. Mapping of the relevant sites through mutational
analysis and/or mass spectrometry should easily follow. Then, the relevant mutations can
be tested in vivo for functionality using the add back system described in Wilker et al.
[15]. There should be less mutant EIF4B required (that cannot bind 14-3-3 sigma) to
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overwhelm the 14-3-3 sigma-dependent suppression of mitotic translation than wild-type
EIF4B. Similarly, knockdown of Plk1 by siRNA using the method of van Vugt et al.
[19] should give the same mitotic translation defect as seen in the 14-3-3 sigma
knockdown cells. The Ect2 tandem BRCTs and 14-3-3 sigma have dramatically different
folds and appear to recognize dramatically different motifs, however, they may both bind
to specific Plk1-dependent phosphorylation sites. As Plk1 participates in such a vast
range of mitotic functions ([20, 21], Figure 2.4), other domains that recognize Plk1-
phosphorylated motifs likely exist.

Suspected Polo-like kinase targets

Cdcl4/Netl

Cdc14 and Netl were identified in the bioinformatic screen for Cdc5 substrates,
but were not verified to bind the Cdc5-PBD. Cdc14 is a phosphatase conserved from
yeast to humans that dephosphorylates CDK sites during late mitosis [22], and Cdc14 is
held inactive in the nucleolus by Netl until the FEAR (cdc14 early anaphase release
network) and MEN (mitotic exit network) pathways cause Cdc14 release [23, 24]. Both
of these pathways require Cdc5 kinase activity though the mechanism of Cdc$5 action is
unknown [25, 26].

Netl has been shown to be an in vitro Cdc5 substrate and multiple Cdc5-
dependent phosphorylation sites have been mapped, but mutation of these sites caused
minimal phenotypic consequences [27, 28]. On the other hand, Net1 has been shown to
be an vivo CDK substrate, and mutation of three of these sites in the N-terminal 341
amino acids, which are required for Net1 to hold Cdc14 in the nucleolus, eliminates the
ability of Netl to release Cdc14 [29]. One of these three sites makes a perfect PBD
binding site. Of course, mutation of this residue eliminates both the CDK
phosphorylation and the potential PBD binding. Single mutations have not tested in the
reported literature, but it will be interesting to see whether mutation of this single residue,
T212, has the same phenotypic consequences. Also critical is to test whether mutation of
the —1 Ser (S211) also results in the same phenotypic consequences. This mutant will

presumably be a separation-of-function allele for CDK phosphorylation and PBD binding.
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PBD binding studies of wild-type and mutant Net1, as well as phosphorylation site
mapping experiments by mass spectrometry, will be necessary to confirm this.

If the expected results are obtained, this would lead to a model that the Cdc5-PBD
targets CdcS to Netl. But since Cdc5 activity against Netl is not biologically relevant
[27], it is likely that, as has been suggested [28], Cdc5 phosphorylates Cdc14, which
contains five optimal, and more than ten minimal, Plk consensus phosphorylation motifs
but no consensus motifs for PBD binding. This phosphorylation of Cdc14 by Cdc5 could
be the driving force behind the separation of Netl and Cdc14. Thus, Netl and Cdc14 are
a likely example of the distributive phosphorylation model, where PBD binding to Net1
allows Plk phosphorylation of Cdc14. Very recently human Cdc14A was found to bind
Plk1 in vivo and to be a Plk1 substrate in vitro [30], confirming the possible connection

between Cdc14 and Plks.

Ltel

In my Cdc5-PBD pulldown screen from the TAP-tagged yeast collection, I
identified Ltel, a member of the mitotic exit network [26], as a specific PBD interactor
(Chapter Three). This is in agreement with a previous report that full-length Cdc5
interacts with Ltel by both pulldown and co-immunoprecipitation [31]. Ltel is a
member of the MEN pathway described just above. Activity of Ltel is only required at
low temperatures [32], and Ltel is synthetically lethal with Spo12 [33], which is part of
the FEAR network [25], even at normal temperatures. This allows easy assessment of
Ltel function through the use of an Lte1/Spo12 double deletion strain with a covering
ura-marked Spol2 plasmid. Growth of this strain on 5-FOA plates will eliminate the ura-
marked plasmid and cause cell death which can be rescued by expression of a wild-type
Ltel covering plasmid. Alternatively, an Ltel deletion strain can be grown at low
temperature (15°C), causing death which again can be rescued by the presence of a wild-
type Ltel covering plasmid. Overexpression of the central CHD domain region of Ltel
rescues the cold sensitivity [34]. This region contains five optimal CDK phosphorylation
sites of the sequence (S/T)PX(K/R), and mutation of all five of these sites in full-length
Ltel still rescues both the cold sensitivity and spol2 synthetic lethality of a Ltel deletion
strain [35]. This allele of Ltel with five mutations can still function as a CDK target in
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vitro and in vivo [35], indicating other minimal CDK target sites, (S/T)P, are also
phosphorylated.

Intriguingly, within this region there are three optimal PBD binding sites (S630,
S643, S667) of the form S(S/T)P, of which two are within optimal CDK phosphorylation
sites. My hypothesis is that CDK phosphorylation of these sites targets the Cdc5-PBD to
Ltel causing subsequent phosphorylation of Ltel by Cdc5 to regulate Ltel function.
Thus, mutation of these three sites will eliminate Ltel function in the assays described
earlier. Ideally, wild-type Ltel will be compared to the double mutant in the two optimal
CDK phosphorylation sites and the triple mutant in all three potential PBD binding sites.
Presumably, the double mutant would rescue the low temperature and spol2 synthetic
lethality just as well as the wild-type protein, considering that a mutant of five sites,
including these two, rescued these phenotypes [35]. If the triple mutant fails to rescue, it
will be imperative to show that this mutant does not bind the PBD like the wild-type
protein, and that the triple mutant Ltel is still a substrate for CDK in vitro, to show that
CDK regulation has not been completely lost. Also, the single mutant at S643 should
also be tested, though this will likely rescue similarly to wild-type. Ltel has more than a
dozen potential CdcS-phosphorylation sites based on the known phosphorylation motif
for PIk’s [36, 37], further suggesting Plk regulation of this molecule. A shift to a non-
permissive temperature of a temperature-sensitive Cdc5 allele does not eliminate the gel
shift associated with Ltel phosphorylation in mitosis [31], but this gel shift has been
fairly convincingly demonstrated to be CDK-dependent [35].

Npm1

Npml, nucleophosmin, was identified as a specific Plk1 PBD interactor in my
PBD-pulldown mass spectrometry screen (Table 2.1). Npm1 is a mammalian RNA
binding protein involved in preribosomal assembly and transport of ribonucleoproteins
between cellular compartments (ref). In addition, we identified a phosphopeptide
corresponding to phosphorylation of T219 in Npm1 (Table 2.2). This threonine sits
within the sequence STP which, when phosphorylated, matches the optimal PBD binding
site. As this is the only optimal PBD binding site found within Npml1, it is likely to
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directly bind the PBD. To test this, S218A and T219A mutants can be made in Npm1
and tested for binding in a PBD pulldown assay.

Npml is already known to be regulated by Plk1 during mitosis through
phosphorylation of serine four in Npm1 by Plk1 [38]. Mutation of this site to alanine
results in lack of centrosome duplication and failure of chromosome segregation, whereas
mutation of this site to the phosphomimic residue D results in centrosome over-
duplication and cytokinesis defects [38]. If the S218A and T219A mutations do
eliminate PBD binding, then it will be interesting to test whether expression of these
mutants in tissue culture cells mimics the phenotypes seen with expression of the S4A
mutant. (It may be necessary to siRNA-deplete the endogenous Npm1 to see the
phenotype.) If the S4A and PBD site mutants have the same phenotype, this will confirm
that Npm1 is regulated through Plk1 phosphorylation subsequent to PBD binding. A
double mutant in the PBD binding site with the S4D would be expected to result in the
same phenotype as the S4D mutant alone, because Plk1 phosphorylation is downstream
of PBD binding. However, the phenotypes may be different, indicating a separate need
for PBD binding and Plk1-dependent phosphorylation, or the presence of additional
PBD-dependent Plk1 phosphorylation sites. This is unlikely, however, because no other
consensus Plk1 phosphorylation motifs are present on Npm1. Npml likely represents a
model protein for demonstrating the processive phosphorylation model.

More intriguingly, there is growing evidence that Npm1 is a dynamically-
regulated molecule during the cell cycle that contributes to genomic stability and
ribosome processing along with being a proto-oncogene [39]. The localization of Npm1
to nucleoli during interphase is disrupted during mitosis, through phosphorylation by
CDKs, and this phosphorylation blocks the RNA binding function of Npm1, that it uses
to bind pre-ribosomal particles [40]. Whether Plk1 activity is required for these changes
in Npm1 activity is unclear, and it could be easily tested using the mutants described
above. The function of Npml at centrosomes is also a bit unclear, but it appears Npm1 is
involved in physical separation of paired centrioles after CDK phosphorylation.
Interestingly, this function is mediated through Npm1 activation of Rock2, and in fact
Npm1 binding to Rock2 enhances the kinase activity of Rock2 [41]. Considering that
Npml [38] and Rock2 (Chapter Two) are both regulated by Plk1, and that both Npm1
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[41] and Plk1 (Chapter Two) activate Rock2, there is likely to be three-way regulation
between all three proteins. The binding of Npm1 and Rock2 could be Plk1-stimulated, in
addition to being CDK-stimulated [41], which could easily be tested using the mutants of
Npml described above. If this turns out to be true, then Plk1 will have three mechanisms
for activating Rock2: direct phosphorylation of Rock2 (Chapter Two), activation of Ect2
(Chapter Four) (which activates furrow-localized Rock2), and activation of Npm1 (which
activates centrosome -localized Rock2). Loss of Npm1 in mouse models leads to
aneuploid tumors [39], suggesting spindle and/or cytokinesis failure, consistent with the
phenotypes seen with Plk1 and Rock2 gain or loss (Chapter Two). Lastly, Npm1 has been
found to be a target of the Brcal/Bard1 Ubiquitin Ligase at the centrosome [42],
suggesting an additional layer of control that could be tested in the HCC1937 cell line
(Appendix One).

NIPA

A mechanism, whereby Cdk1/cyclinB1 is kept inactive during interphase, is
through ubiquitination and degradation of cyclinB1 by an SCF complex with NIPA
(nuclear interacting partner of ALK) as the substrate specificity factor [43]. Recently,
NIPA has been identified as a mitotic phosphoprotein [43, 44]. At least two sites in
NIPA, S354 and S359, are phosphorylated during G2, disrupting the association of NIPA
with its SCF complex, and thus preventing NIPA from directing cyclinB1 degradation
[44]. Interestingly, the S359 site is within an SSP motif that could be bound by the PBD.
Subsequent to the partial activation of Cdk1/cyclinB1 allowed by the disruption of NIPA,
Cdk1/cyclinB1 phosphorylates NIPA on S395, in the context of another SSP motif [44].
All three of these sites have been shown to be in vivo-relevant, through the use of point
mutations, whereas several other mapped Cdk1/cyclinB1 in vitro phosphorylation sites
on NIPA were shown to be irrelevant in vivo [44]. Plkl did not phosphorylate NIPA in
vitro without prior phosphorylation by Cdk1/cyclinB1 [44], so there is a strong
possibility that Plk1 is involved in the regulation of this molecule, considering the two
PBD binding motifs that are generated. These sites are all fully conserved in mouse

NIPA, though only the sequence context of the S395 site is conserved in Xenopus. This

241



would bring yet another layer of Plk1 regulation into the story of how Cdk1/cyclinB1
_ gets activated to promote mitotic entry [21, 45].

MCMs and ORCs

One interesting set of proteins that has not been implicated in any process
overlapping with Plk1 are the mini-chromosome maintenance proteins (MCMs) and the
origin recognition complex proteins (ORCs). Six separate MCMs (MCM2-7) are known
to form a complex which is thought to be the replicative helicase in eukaryotic organisms
[46]. They form part of the pre-replicative initiation complex along with several
members of the ORC protein family [47]. After replication initiation, several ORC
proteins are phosphorylated by CDK family members to exclude formation of new pre-
replication initiation complexes until after chromosome segregation is completed during
anaphase [48, 49]. The MCM complex stays with the replication complex until
replication is complete, and then several members of it are regulated through CDK
phosphorylation [48]. The details on the regulation of ORC and MCM proteins differ
between organisms, but in all cases, multiple members are either degraded through
ubiquitin-dependent pathways, excluded from the nucleus, or otherwise prevented from
performing their replication function [49]. Outside S phase several of these proteins have
different functions, including Orc6, which, when disrupted, interferes with chromosome
segregation and cytokinesis [50] and binds septins at the cleavage furrow [51]. Mcm2
[52] and Orc2 [52, 53] are located at the centrosome throughout mitosis, and depletion of
Mcm2 and Orc2 by siRNA causes similar defects to those seen with depletion of Orc6
[52]. Orc2 also recruits Cdk1 to chromatin to promote RPA (replication protein A) foci
disassembly to allow mitotic chromosome condensation [54].

Plk1 PBD can bind various MCMs and probably the entire MCM2-7 complex
[55], though no function was ascribed to this interaction. We identified Mcm2, Mcm4,
and Mcmé6, in the PBD pulldown mass spectrometry screen, as specific PBD interactors
(Chapter Two). All three of these have optimal PBD binding sites, whereas the other
three members of the complex, Mcm3/5/7, do not have any optimal PBD binding sites.
Several PBD binding motifs in MCM2 and MCM4 have been mapped as in vivo
phosphorylation sites ( [56], Table 2.2), leading to a strong possibility that the PBD can
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directly bind these proteins. In a yeast two-hybrid experiment, interaction was seen
between full-length Plk1, Mcm2, and Orc2, but not any of the other MCM or ORC
proteins [52]. The role of PBD binding of these MCMs is unclear, and there are multiple
possibilities. If this interaction normally takes place during mitosis, it might be a
secondary inhibition mechanism to prevent pre-replicative initiation complexes from
forming to early, beyond just phosphorylation by CDKs. Since the nucleus breaks down
during mitosis, perhaps PBD binding and/or phosphorylation by Plk1 maintains the
separation of the MCMs from chromatin. Alternatively, Plk1 regulation of MCMs in
mitosis might extend the period of inhibition of MCMs past when CDK activity is lost at
the beginning of anaphase, considering that MCMs are thought to re-associate with
chromatin starting in telophase [48, 49]. Furthermore, Plk1 regulation of MCMs could
have relieve the CDK generated inhibition of MCMs, if the PBD interaction takes place
in late mitosis, like the PBD interactions of cytokinesis regulators. The re-association of
pre-replicative complexes with DNA might be monitored in a checkpoint fashion in late
mitosis, since elimination of Mcm2, Orc2, and Orcé6 causes cytokinesis failure [50, 52].
The activity of Pkl may be required to satisfy this checkpoint, by being partially
responsible for the re-establishment of pre-replicative complexes. More simply, Plk1
may regulate mitotic-specific functions of Mcm2 and Orc2, rather than having any

impact on the DNA replication activities of these proteins.

Rho-activated Kinases and Myosin Phosphatase Targeting Subunit

In Chapter wa, we demonstrated extensively that Rock2 is under the control of
PIk1. In addition Rockl, citron kinase, and myosin phosphatase targeting subunit
(MYPT) were all identified as specific PBD binders (Table 2.1 and Figure 2.6 F,H). All
four of these proteins are known to be involved in cytokinesis and regulate the
phosphorylation of myosin regulatory light chain, which in turn controls the activation
state of myosin in the acto-myosin ring [S7]. The three kinases are all regulated by
binding RhoA. It will be interesting to see if Rock1 and citron kinase are also activated
by PIk1, like Rock2 (Figure 2.8F). Rock2 has a single potential CDK-generated PBD
binding site, but I have not been able to demonstrate that this site mediates the interaction

with the PBD, as mutation of this site does not eliminate the Rock2/PBD interaction by
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pull-down. Potentially, the PBD binding site on Rock2 could be generated by Plk1, as is
known for several other proteins involved in cytokinesis ([1, 2], and Chapter Four).
Rock1 does not contain any potential CDK-generated PBD binding sites, so again it may
be regulated through Plk1-generation of its own PBD binding site. Citron kinase, on the
other hand, has six potential CDK-generated PBD binding sites, of which we mapped one
as being an in vivo phosphorylation site (Table 2.2). Finally, the phosphatase, MYPT,
also has two potential CDK-generated PBD binding sites. All have lots of potential Plk1
phosphorylation sites, as judged by optimal consensus motifs. These four proteins all
contribute to the same pathway, so it may make sense for Plk1 to regulate all of them in
similar fashion, at the same time, in order to promote the forward progression of
cytokinesis. Considering the large role of Plk1 in regulating RhoA networks, as
discussed in Chapter Four, it seems likely that Plk1 also helps control these downstream

RhoA targets.

RAM Network Components

Another late mitotic pathway in budding yeast is the RAM (regulation of Ace2
activity and cellular morphogenesis) network. It is similar in structure to the MEN, with
a small G-protein regulating the activity of a kinase cascade, with the ultimate target
being the daughter cell-specific transcription factor, Ace2 [58]. I identified the RAM
network scaffold, Tao3, in my CdcS-PBD yeast two-hybrid and pulldown assay (Chapter
Three). The upstream RAM network kinase, Kicl, also came down with the Cdc5-PBD,
though it came down equally well with the mutant version (Chapter Three). Intriguingly,
the laboratory of Eric Weiss at Northwestern has identified Kic1 to be a Cdc5 substrate
(Eric Weiss - personal communication). Also, the downstream kinase Cbk1, which is a
member of the NDR family of kinases, is an in vitro substrate of Plk1 (unpublished
observations). Though Cbk1 does not have any consensus binding sites for the PBD, its
obligate binding partner, Mob2, does have a consensus PBD binding site. Further genetic
experiments need to be performed to show that Cdc5 regulates the RAM network and to

identify which components are the targets.
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Other Proteins Identified as PBD Interactors in This Thesis

For the proteins identified as specific Cdc5-PBD interactors (Chapter Three —
Table 3.1 and 3.2), it will be interesting to continue to perform interaction-defective
genetics. For those proteins where identification of the PBD binding site is
straightforward, mutants can be made that lose Cdc5-PBD binding. The genomic copy of
the gene can be easily replaced with this non-binding mutant, or single copy plasmids
containing the wild-type or non-binding mutant version of the gene can be placed in
strains with the genomic copy deleted. Either way, this represents a powerful genetic
system for examining the effects of Cdc5 regulation of many key mitotic processes.
Furthmore, the availability of the cdc5-as1 allele and the corresponding inhibitor
(Chapter Three) allows for direct assessment of whether these yeast proteins are also
CdcS5 substrates in addition to Cdc5-PBD binders.

For other human proteins with mapped phosphorylation sites that match optimal
PBD binding sites (Table 2.2), it will be interesting to examine whether PBD binding is
indeed mediated through the phosphorylation, and whether mutation of that site to
eliminate PBD binding has any phenotypic consequences. Ideally, mutants of both the
phosphorylation site and the -1 serine will be tested in a PBD pulldown assay and in vivo
assay. This will allow for separation of function between the consequences of
phosphorylation of the residue by CDK, which should be normal in the -1 serine mutant,
and the consequence of loss of PBD binding. Ideally, to test the biological significance
of PBD-binding, the endogenous copy of the gene will be knocked down by siRNA or
other methods, and the wild-type copy of non-binding mutants will be added back in a
form that cannot be targeted by the siRNA. Over- and mis-expression effects will be

difficult to overcome, which is why the yeast system is so much more powerful.
The Function of PIk1 at the Central Spindle

There are a large number of PBD binding partners and Plk1 substrates at the
central spindle, as described previously in Chapter Two, and as more fully illuminated by

recent papers. In order to put all these proteins in context, I generated a new protein-

protein interaction map (as previously done in Chapter Two) of the central spindle
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machinery that connects the central spindle (shown as tubulin in figure) to the
actomyosin ring focused on Plk1 and Aurora B (Figure 5.2). Many of the core
components known to be involved in central spindle formation (Mklp1, Mklp2, Cyk4,
and vimentin) are regulated by these two kinases [59-65], though the only direct link
known between these two kinases is the phosphorylation of the Aurora B modulator,
INCENP, by Plk1 [66]. The microtubule bundling protein PRC1 recruits the kinesins,
Mkip1, Mklp2, KIF4, and KIF14, to the central spindle where they, in turn, recruit many
of the other central spindle components [59]. As described in Chapters Two and Four,
this core spindle machinery connects to the RhoA-mediated cytokinesis pathways
through the RhoGEF, Ect2, with Plk1 as a regulator of both processes. Rho-dependent
kinases control the activation of myosin, through phosphorylation of regulatory myosin
light chain and, in turn, contraction of the actomyosin ring [57]. Plk1 also regulates these
kinases (Chapter Two) as well as anillin [67], which plays a role in the construction and
contractility of the actomyosin ring [68]. In addition, not shown are the Plk1-regulated
proteins, NudC, Cep170, Cep55, Nir2, and TTDN1, which all localize to the central
spindle, and depletion of which causes cytokinesis defects, though none of these proteins
have any known direct connection to the central spindle or RhoA mediated processes [69-
731

Why are there so many binding partners of the PBD at the central spindle and so
many PIk1 substrates? Depletion of almost any of these PBD binding partners prevents
PIk1 localization to the central spindle, which suggests that either all the binding events
are somehow co-dependent or, more likely, that depletion of any of these components
causes mitotic defects that prevent proper central spindle assembly. The ability of Plk1
to localize in cells expressing non-PBD binding mutants of these proteins has not been
tested, but could serve to identify an order of importance of these proteins in Plk1
localization. Similarly, after the Plk1-dependent phosphorylation sites on all these
proteins have been mapped, cell lines expressing non-phosphorylatable mutants can be
used to determine the relevance of these sites to cytokinesis function. Perhaps some of
the Plk1-dependent phosphorylation sites are extraneous to the actual functioning of
cytokinesis and only occur due to the proximity of Plk1 and the proteins. Still, the

coordinated phosphorylation of so many proteins by one kinase at one time in one
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process suggests that Plk1 phosphorylation of all the proteins may be required to get
timely and accurate cytokinesis. Similarly, Aurora B-mediated phosphorylation of many
of the same components creates a system where a large number of potentially-
independent events have to match up, in time and space, in order for the irreversible
process of cytokinesis to occur. In this view, the vast number of Plk1 and Aurora B

substrates can simply be seen as an exquisite unidirectional control mechanism.

On the Implications of the Number of Plk Substrates and PBD Binders

The sheer number of known and suspected Plk1 targets requires that Plk1 does
not bind to its substrates for a long time. PBD binding to a ligand seems like a fairly
strong interaction with a measured Kd of 280nm with an isolated phosphopeptide [18].
This is similar to Kds of 40nm for the Lck SH2 domain with an optimal peptide [74],
510nm for 14-3-3 with its binding peptide from Raf [16], and 330nm for the FHA domain
of Rad53 with an optimal peptide [75]. Whether this number has anything to do with the
Kd of an interaction between the PBD and a full-length protein is unclear. Certainly, the
autoinhibition of the kinase domain and the PBD in the full-length molecule may
contribute to a lower Kd, as seen for peptides in vitro [17]. However, it is thought that
during mitosis, when Plk1 is activated by phosphorylation on T210 [76-79], this
autoinhibition is mostly eliminated [80]. This could be more fully tested in vitro by
phosphopeptide binding studies using full length Plk1, with or without pre-treatment with
PKA to phosphorylate the T210 site [81]. Arguing that the PBD does bind tightly in vivo,
in full-length PIk1, is the data that expression of a kinase-dead Plk1, or the isolated PBD,
causes mitotic defects [79, 80, 82]. If the PBD interactly weakly with full length
substrates in vivo due to a fast off rate, the endogenous wild-type Plk1 should be able to
drive mitosis even in the presence of kinase-dead PIk1 or isolated PBD, though a mitotic
delay might occur. Taking all the evidence together, it seems that the PBD’s interaction
strength in vivo must be modified by the activity of the Plk kinase. The obvious
hypothesis is that Plk1 phosphorylation of PBD ligands somehow modifies the PBD

interaction, either through disruption or preventing re-binding after dissociation. This
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could happen due to structural rearrangements of Plk1 substrates, direct interference with
the PBD binding site by the Plk1-generated phosphorylation, or other mechanisms.

The degree of interference with PBD binding by Plk1 phosphorylation could, and
probably will, vary widely between Plk1 substrates. Proteins with a single PBD site and
a Plk phosphorylation site in close proximity might be nearly completely inhibited from
PBD binding after Plk phosphorylation. On the other hand, for those PBD binders that
have a large number of low affinity PBD binding sites, it seems unlikely that Plk
phosphorylation will greatly diminish PBD binding, unless there are a similarly large
number of Plk-dependent phosphorylation sites. Proteins that have Plk1-generated PBD
binding sites might be on those proteins that Plk1 needs to stay attached to for significant
periods of time. These proteins would be the scaffolds in the distributive phosphorylation
model (Figure 1.3). Spacing requirements, at least in two dimensions, for the distance
between a PBD binding site and a Plk phosphorylation site, could also be tested in vitro
using peptides containing a PBD binding site and an optimal Plk phosphorylation site at
various distances away. Kinase assays, to measure the incorporation of phosphate into
the Plk phosphorylation site, and equilibrium binding studies, to measure the binding
affinity of the PBD to its binding site, of these peptides would show the interplay
between Plk phosphorylation and PBD binding. At short distances, Plk will probably not
be able to phosphorylate its target efficiently, and thus the observed PBD binding affinity
will not change much. At long distances, the Plk phosphorylation site will not interfere
with PBD binding despite full phosphorylation. But, presumably, at some intermediate
distance, Plk phosphorylation of its target site will interfere with PBD binding.

Summary and Future Directions

Before this project started a fair bit was known about the role of Plks in mitosis
[21], and about the function of the polo-box domain with the identification of it as a
phosphopeptide binding domain [18]. These studies have added a large number of
additional PBD interactors and potential Plk1 and Cdc5 substrates to a list that has been
growing rapidly over the past few years (Table 1.1). More specifically we have

demonstrated a mechanistic role for Plk1 and Cdc5 in the control of Rho-mediated
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cytokinesis signaling through Plk control of RhoGEFS and Rho-activated kinases.
Additionally we will demonstrate a role for CdcS5 in control of septum deposition and
nuclear migration which have not been previously described. The methods and assays
designed for these projects can be harnessed for a number of other potential uses.

The pulldown mass spectrometry screen described in Chapter Two can be readily
extended to other phosphopeptide binding domains under other cellular conditions.
Utilizing a mutant that no longer binds phosphopeptides provides an optimal negative
control to identify specific interactors. This has already been done for the
phosphobinding protein, 14-3-3 sigma, for cell cycle stage specific interactions by
another member of our laboratory [15]. In addition any protein-protein interaction
domain that has a known mutation that interferes with the protein-protein interaction
surface could be used in this system. For example, the mammalian inhibitor of apoptosis
protein, survivin, is known to interact with the pro-apoptotic protein, Smac, and mutation
of Arg-71 in survivin to alanine blocks this interaction. Performance of the pulldown
mass spectrometry screen with wild-type and mutant surviving should detect Smac as a
specific survivin interactor, and might detect other survivin interactors that bind the same
surface. Perhaps more interestingly, this approach could be used to map differential
interactions among cell types or mutant proteins associated with disease states. For
example, there are a number of known cancer-associated mutations in the tandem BRCT
domain of BRCA1 (Appendix One). A panel of these mutants could be used in a
pulldown mass spectrometry screen from human tumor cell lysates to determine how
these mutations affect the binding pattern of BRCA1. The mutant BRCA1 proteins could
fail to interact with critical BRCA1 ligands, or they could interact with ligands that wild-
type BRCA1 does not bind, to promote a transformed cellular state.

The context-dependent yeast two hybrid scheme described in Chapter Three has a
multitude of potential uses for both identification of phosphorylation-dependent
interactions along with identification of any activity-dependent interaction. Initially other
phosphopeptide binding domains can be tested under appropriate conditions where they
bind their ligands. For example the budding yeast protein, Rad9, is required for cell cycle
arrest after DNA damage, and contains a tandem BRCT domain that is a phosphopeptide
binding module. The tandem BRCT domain of Rad9 could be used in a context-
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dependent yeast two hybrid screen looking for interactions that occur after exposure of
yeast cells to various agents that activate the DNA damage response network, such as
methyl-methonyl-sulfate (MMS), UV irradiation, hydroxyurea, or gamma irradiation.
Different interactions may be identified with different treatments giving a broad picture
of the range of Rad9 responses to DNA damage. The screening strategy is clearly
extendable to domains that bind post-translational modifications other than
phosphorylations, but even more broadly it could be used to look for any interactions that
occur only under a particular cellular state. For example, in mammalian cells, p53 and
mdm?2 interact upon unstressed conditions, but upon a variety of cellular stresses this
interaction is lost. This interaction could be identified by performing the same screen as
above for Rad9, but looking at those hits that bind stronger in the untreated condition

compared to the treated condition.
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Figure 5.1: Potential 14-3-3 Sigma and Plk1 Related Sites in EIF4B
(A) Potential 14-3-3 Sigma Related Sites in EIF4B

MAASAKKKNKKGKTISLTDFLAEDGGTGGGSTYVSKPVSWADETDDLEGDVSTTWHSNDDDVYRAPPIDR
SILPTAPRAAREPNIDRSNEREERY TAFLGNLPYDVTEESIKEFFRGLNI SAVRL P[JINPERLKGFG
YAEFEDLDSLLSALSLNEESLGNRRIRVDVADQAQDKD RS GROFNREEO K TDTDWRARPATDSFDD
YPPREEEEEF DK YRDEEIEDR YRDGYRDGYRDG PRRDMDRYGGRDRYDDRGSRDYDRGYDSRIGSG
YRRDDDYRGGGDRYEDRY DRSS RN~ DD Y RRDODRGPPQR PKLNLKPRSTPKEDDSSAS
TSQS TS FGGAKPVDTAAREREVEERLQKEQEKLQRQLDEPKLERRPRE
GSESSQTGTSTTSSRNANREEEF KSLENETLNKEEDCHS PTSKPPKPDQPLKVMPAPPPKENAWVKRSSN
PPARBEBEISDTEQQSPTSGGGKVAPAQPSEEGPGRKDENKVDGMNA PKGOTGNSSRGPGDGGNRDHWKESD
RKDGKKDQDSRSAPEPKKPEENPASKFSSASKYAALSVDGEDENEGEDYAD

Red = 14-3-3 binding mode #1 RSX(pS/pT)XP
Pink = 14-3-3 binding mode #2 RXPhiX(pS/pT)XP

(B) Potential Plk1 Related Sites in EIF4B

MAASAKKKNKKGKT I SLTDFLAEDGGTGGGSTYVSKPVSWADETDDLEGDVSTTWHSNDDDVYRAPP I
Bl PTAPRAAREPNIDRSRLPKSPPYTAFLGNLPYD KEFFRGLNISAVRLPREPSNPERLKGFG
YAEFEDLDSLLSALSLNJJIGNRR IRVDVADQAQDKDR RDRNRDSDKTDTDWRARPATDSFDD
YPPRRGEIGDKYRDRYDSDRYRDGYRDGYRDGPRRDMDRYGGRDRYDDRGSRDYDRGYDSR IGSGRRA

FGSGYRRDDDYRGGGDRYEDRYDRRDJJllS SRODY SRDDYRRDDRGPPQR PKLNLK PRIJIKEDDSSAS
TSQSTRAASIFGGAKPVDTAAREREVEERLQKEQEKLQRQLDEPKLERRPRERHPSWRSEETQERERSRT
GSESSQTGTSTTSSRNARRRES NN KEEDCHS PTSKPPKPDQPLKVMPAPPPKENAWVKRSSN
PPARSQSSDTEQQSPTSGGGKVAPAQPSEEGPGRKDENKVDGMNAPKGQTGNSSRGPGDGGNRDHWKESD
RKDGKKDQDSRSAPEPKKPEENPASKFSSASKYAALSVDGEDENEGEDYAD

Green = strong potential Plk1 phosphorylation site (E/D/N)X(S/T)(F/Y/W/V/I/L/M)
Yellow = weak potential Plk1 phosphorylation site (E/D/N/Q)X(S/T)
Blue = potential PBD binding site S(S/T)P

(C) Potential 14-3-3 Sigma Binding Sites Generated by Plk1

MAASAKKKNKKGKTISLTDFLAEDGGTGGGSTYVSKPVSWADETDDLEGDV STTWHSNDDDVYRAPPIDR
SILPTAPRAAREPNIDRSRLPKSPPYTAFLGNLPYDVTEESIKEFFRGLNISAVRLPREPENPERLKGFG
YAEFEDLDSLLSALSLNEESLGNRRIRVDVADQAQDKDRD”RDRNRDSDKTDTDWRARPATDSFDD
YPPRRGEIGDKYRDRYDSDRYRDGYRDGYRDGPRRDMDR YGGRDRYDDRGSRDYDRGYDSR IGSGRRA
FGSGYRRDDDYRGGGDRYEDRYDRRD_SSRDDISRDDYRRDDRGPPQRPKLNLKPRSTPKEDDSSAS
TSQSTRAASIFGGAKPVDTAAREREVEERLQKEQEKLQRQI_DEPKLERRPRERHPSWRSEEIQERER'RT
GSESSQTGTSTTSSRNARRRESEKSLENETLNKEEDCHS PTSKPPKPDQPL KVMPAPPPKENAWVKRSSN
PPARSQSEDTEQQSPTSGGGKVAPAQPSEEGPGRKDENKVDGMNA PKGQTGNS SRGPGDGGNRDHWKESD
RKDGKKDQDSRSAPEPKKPEENPASKFSSASKYAALSVDGEDENEGEDYAD
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Figure 5.2: Central Spindle Protein-Protein Interaction Network

Protein-protein interactions that occur during cytokinesis connecting the central spindle
(tubulin) to the actomyosin ring are shown as lines between protein nodes. Proteins are
indicated with their common names rather than official gene names. All interactions
shown are verified in vivo interactions except for those between Plk1 and Rock1, Citron,
and MYPT which are suggested in Chapter Two. Colors are consistent with Figure 2.6
with Aurora B and INCENP also in orange like Plk1 as central kinase regulators.
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Abstract

We used a proteomic approach to identify phosphopeptide-binding modules
mediating signal transduction events in the DNA damage response pathway. Using a
library of partially degenerate phosphopeptides biased to resemble the phosphorylation
motif of the phosphatidylinositol 3-kinase-related kinase (PIKK) family members, ataxia-
telangiectasia-mutated (ATM), ataxia-telangiectasia- and RAD3-related (ATR), we
identified tandem BRCAI1 carboxy-terminal (BRCT) domains in Pax transactivation
domain-interacting protein (PTIP) and BRCA1 as phosphoserine (pSer)- or
phosphothreonine (pThr)-specific binding modules that recognize a subset of substrates
phosphorylated by the PIKKs in response to y-irradiation (IR). These interactions direct
the localization of the tandem BRCT domains to foci in response to IR. Furthermore, we
report the 1.85A X-ray crystal structure of the Brcal tandem BRCT domains in complex
with a phosphorylated peptide representing the minimal interacting region of the DEAH-
box helicase Bachl. Germline mutations in the tandem BRCT domains of the Brcal
tumor suppressor often result in a significant increase in susceptibility to breast and
ovarian cancers, and we show that a subset of disease-linked mutations appear to act

through specific disruption of phospho-dependent Brcal interactions.
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Introduction

Signal transduction by protein kinases in eukaryotes results in the directed assembly
of multi-protein complexes at specific locations within the cell [1]. This process is
particularly evident following DNA damage, where activation of DNA damage response
kinases results in the formation of protein-protein complexes at discrete foci within the
nucleus [2]. In many cases, kinases directly control the formation of these multi protein
complexes by generating specific phosphorylated-motif sequences; modular binding
domains then recognize these short phospho-motifs to mediate protein-protein
interactions [3, 4]. We used a proteomic screening approach [5] to identify novel
modular pSer- or pThr-binding domains involved in the DNA damage response, and
found that BRCT (Brcal C-terminal) domains function downstream of DNA damage
dependent protein kinases.

The original gene found to contain tandem BRCT domains is the breast-cancer
susceptibility gene product, Brcal, which plays important roles in cell cycle control,
transcriptional regulation, chromatin remodeling, and the response to DNA-damage [6-9].
Brcal is a large, modular protein of 1863 amino-acid residues containing an N-terminal
RING domain, a central region rich in SQ/TQ dipeptide pairs, and the tandem BRCT
domains at its C-terminus (Figure A1.1C). Brcal interacts with a large number of protein
partners at different stages of the cell cycle, or following genotoxic stress. For example,
Brcal interacts with the DNA helicase BACHI1 during S and G2 in normally cycling cells
[10, 11], whereas Brcal interacts with a subset of ATM/ATR substrates in response to
DNA damage (Figure A1.4B,D). In both S-phase and irradiated/mutagen-treated cells,
Brcal localizes to distinct nuclear foci thought to represent sites of DNA-damage [12, 13]
where Breal is thought to function, at least in part, as a scaffold for the assembly of
DNA-repair complexes.

Mutations in Breal occur in 50% of women with inherited breast cancer and up to
90% of women with combined breast and ovarian cancer [14-17]. Most frameshift and
deletion mutants truncate all or part of the BRCT repeats, while more that 70 missense
mutations lie within the BRCT domains themselves

(http://research.nhgri.nih.gov/projects/bic/). BRCT domains occur singly or as multiple
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repeats in a number of proteins in addition to Brcal that are involved in cell-cycle
regulation and DNA-damage responses [18, 19]. Comprised of 80—100 amino acids,
BRCT domains are generally thought to function as protein-protein recognition modules
[19]. The molecular basis underlying Brcal BRCT function, and how cancer-causing
mutations in the BRCT domains act at the structural level, however, remains unresolved,
despite significant structural, biochemical, and mutagenic analysis [19-23]. It has been
suggested that mutational effects are manifested through structural destabilization,
however a number of mutations are located on the protein surface, indicating that they
may specifically affect BRCT interactions with other Brcal-associated targets.

We present here the identification of BRCT domain containing proteins as
phosphorylation dependent binding partners of DNA damage responsive proteins
downstream of DNA damage dependent kinases. To determine the structural basis for
phosphopeptide binding and phosphopeptide-motif selection, and investigate alternative
structural mechanisms underlying Brcal BRCT mutations and cancer predisposition, we
solved the high resolution X-ray crystal structure of the Brcal tandem BRCT repeats
bound to a Bach1 phosphopeptide. We show that a set of cancer-associated Brcal BRCT
mutations eliminate phosphopeptide binding in vitro and Bach1 phosphoprotein binding
in vivo, or alter the phosphopeptide recognition motif for the Brcal tandem BRCT
domains, revealing a molecular and structural basis for mutation-associated loss of Brcal
function.
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Results

Identification of tandem BRCT domains as phosphopeptide binding modules

We used a proteomic screening approach [5] to identify novel modular pSer- or pThr-
binding domains involved in the DNA damage response. In cells exposed to IR, the PIKK
family members phosphorylate transcription factors, DNA repair proteins, protein kinases,
and scaffolds on Ser-Gln and Thr-Gln motifs [24]. We therefore constructed an oriented
peptide library biased to resemble the motif generated by ATM and ATR [25, 26] (Figure
Al.1 legend and methods). The phosphorylated and non-phosphorylated peptide libraries
were immobilized and screened against approximately 96,000 in vitro translated (IVT)
polypeptides (960 pools each encoding ~ 100 transcripts) over a 10-week period in a
high-throughput approach. The majority of IVT products either failed to bind to either of
the immobilized peptide libraries or bound slightly better to the non-phosphorylated
control (Figure A1.1A). Several pools, however, contained cDNAs encoding proteins
that bound preferentially to the (pSer or pThr)-Gln library.

Pool EE11 contained the strongest phosphopeptide-binding clone, EE11-9, which
encoded the C-terminal 70% of human PTIP (Figure A1.1B). PTIP was originally
identified as a transcriptional control protein although later data suggests that PTIP also
appears to also play a critical role in the DNA damage response pathway [27-29].

Human PTIP contains at least 4 BRCT domains, known protein-protein interaction
modules present in many DNA damage response and cell cycle checkpoint proteins [19].
Unfortunately the PTIP clone used throughout this study and referred to as full length
PTIP is not actually the entire protein. Subsequent to the completion of this work it was
recognized that PTIP is a much longer protein with an extended N-terminus that possibly
contains another two BRCT domains. A series of deletion constructs was generated and
analyzed for the minimal phosphopeptide-specific binding region (Figure A1.1B). A
construct containing only the tandem 3™ and 4* BRCT domains displayed strong and
specific binding to the (pSer or pThr)-Gln library. Constructs of PTIP lacking both of
these domains failed to bind or lacked phospho-discrimination. Furthermore, neither the

3" or 4™ BRCT domains alone bound to phosphopeptides, suggesting that the PTIP
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tandem C-terminal BRCT pair functions as a single module that is necessary and
sufficient for phospho-specific binding.

BRCT domains are often found in tandem pairs, or multiple copies of tandem pairs,
and the tandem BRCA1 BRCT domains behave as a single stable domain ((BRCT);) [20].
To investigate whether (pSer or pThr)-binding is a general feature of (BRCT), domains,
we screened (BRCT), domains from a number of other DNA damage response proteins
(Figure A1.2A). Like those in PTIP, the BRCA1-(BRCT),domain showed phospho-
specific binding and individual BRCA1 BRCT domains were insufficient for phospho-
specific interactions. Phospho-specific binding by the (BRCT),domains of MDC1,
53BP1, or the PTIP N-terminal pair was not observed, and only a low amount of
phospho-specific binding for S. cerevisiae RAD9 was detected, suggesting that the
phosphopeptide-binding function is present in only a subset of (BRCT),domains.

We used oriented peptide library screening to determine the optimal phospho-binding
motifs for the C-terminal (BRCT);, domains of PTIP and BRCA1 (Figure A1.2B and
Table A1.1) [30]. PTIP- and BRCA1-(BRCT),displayed strongest binding to similar, but
not identical, motifs with extremely strong selection for either aromatic or aliphatic
residues, and aromatic residues only, respectively, in the (pSer or pThr)+3 position when
screened with a (pSer or pThr)-Gln library. Prominent amino acid selection was also
observed in the (pSer or pThr)+2 and +5 positions, with more moderate selection at other
positions. We investigated the relative importance of Gln in the (pSer or pThr)+1 position,
since this residue is critical for ATM and ATR phosphorylation, using individual pSer-,
pThr- and (pSer-X-X-Phe)-oriented peptide libraries. This revealed selection for Gln, Ile,
Phe, and Tyr in the degenerate +1 position. Furthermore, the absence of a Gln in the +1
position reduced the selection for aromatic and aliphatic residues in the +3 and +5
positions, suggesting that although GIn in the (pSer or pThr)+1 position was not essential,
it is a favored residue.

We defined an optimal (BRCT), domain-binding peptide (BRCTide) as Y-D-I-(pSer
or pThr)-Q-V-F-P-F. Isothermal titration calorimetry showed that the optimal
phosphoserine-containing peptide bound to the C-terminal (BRCT), domain of PTIP with
a dissociation constant of 280 nM, and to the (BRCT), domain of BRCA1 with a
dissociation constant of 540 nM (Table A1.2). Replacement of pThr for pSer reduced the
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affinity of the peptide for the PTIP- and BRCA1-(BRCT), domains by a factor of ~7 and
substitution of Ser or Thr for pSer abrogated binding altogether. To further verify motif
selection, binding of the PTIP- and BRCA1-(BRCT); domains to a solid-phase array of
immobilized phosphopeptides was performed in which each amino acid flanking the
pThr-GIn or the pSer core in the optimal BRCTtide was varied (Figure A1.3). The
resulting selectivities were generally consistent with the results obtained using oriented
peptide libraries in solution and confirmed the importance of the (pSer or pThr) +3
position in (BRCT), domain binding.

To examine the role of (BRCT), domains in binding to proteins phosphorylated
by ATM and ATR, lysates from U208 cells that had been treated with 10 Gy IR or mock
treated were incubated with GST-(BRCT), fusion proteins. Bound proteins were detected
by immunoblotting with an antibody to the (pSer or pThr)-Gln motif generated by ATM
and ATR (Cell Signaling Technologies) (Figure A1.4). After IR, both PTIP- and
BRCAI1-(BRCT), domains interact with different phospho-proteins, despite similar
phospho-peptide recognition motifs. The PTIP-(BRCT), phospho-protein interactions are
inhibited by incubating the (BRCT), domains with a (pSer or pThr)-Gln peptide library,
but not with a pThr-Pro library or the non-phosphorylated (Ser or Thr)-Gln library
(Figure A1.4A). Binding of both PTIP- and BRCA1-(BRCT), domains to phospho-
proteins was largely eliminated by treatment of the cells with caffeine to inhibit the
activity of ATM and ATR[31] and by the BRCTide but not by the non-phosphorylated
analogue (Figure A1.4B and A1.4D).

In response to IR, the DNA damage protein 53BP1 undergoes phosphorylation by
ATM and facilitates the ability of ATM to phosphorylate additional cellular substrates
[32-34]. Endogenous 53BP1 from U20S cell lysates bound to the C-terminal PTIP-
(BRCT); domain only in lysates from cells treated with IR (Figure A1.4C). Binding was
inhibited by the optimal BRCTtide but not by its non-phosphorylated counterpart.
Binding was also eliminated by incubation of the (BRCT), domain with the (pSer or
pThr)-Gln peptide library, but not by pre-incubation with a pThr-Pro library or the non-
phosphorylated (Ser or Thr)-Gln library, and binding was also eliminated in cells treated

with caffeine before IR, or in lysates treated with A-phosphatase after irradiation.
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Structure of the Brcal BRCT:Bachl Phosphopeptide Complex

BRCA1-(BRCT), domains bound to the interacting phosphopeptide from BACH1
(residues 986-995) were crystallized and the structure solved at 1.85A resolution by X-
ray diffraction (Figure A1.5A,B). Phases were determined by molecular replacement
using the previously determined structure of the un-liganded BRCA1-(BRCT), domains
(PDB ID 1JNX) as a search model [20], (Table Al.1 and Methods). Difference Fourier
maps revealed well-defined electron density for the phosphopeptide allowing modeling of
eight residues corresponding to Bachl Ser 988 — Lys 995. Each BRCT repeat forms a
compact domain (Figure A1.5A) in which a central, four-stranded beta-sheet is packed
against two helices, o1 and o3, on one side and a single helix, o2 on the other. The two
domains pack together through interaction between a2 of BRCT1 and the all’/a3” pair of
BRCT?2. A linker region connecting the two BRCT domains contains a B-hairpin-like
structure BL and a short helical region, alL, that forms part of the interface through
interactions with a2 of BRCT1 and the N-terminal end of a3’ from BRCT2. Overall, the
structure of the BRCA1-(BRCT), domains:phosphopeptide complex is similar to that of
the un-liganded domains (rmsd ~ 0.4A for all Co. atoms). However, superposition of the
individual BRCT repeats reveals that phosphopeptide-binding is associated with a slight
relative rotation of each BRCT domain and a translation of BRCT1 helix a1 towards the

cleft between the domains.

The Bachl1 phosphopeptide binds in an extended conformation to a groove located
at the highly conserved interface between the N- and C-terminal BRCT domains (Figures
A1.5A and A1.6A), consistent with the requirement of both domains for efficient
phosphopeptide binding [35, 36]. This mode of binding is distinct from that observed in
the phospho-independent interaction between p53 and the 53BP-1-(BRCT), domains,
which occurs primarily through the linker region[37, 38]. Our structure clearly shows
that the phospho-dependent interactions that are necessary and sufficient for formation of
the Bach1/Brcal complex occur on the opposite side of the BRCT-BRCT interface from
those involved in the p53:53BP-1 interaction.

BRCA1-(BRCT), domains binding to library-selected peptides in vitro [35, 36], and
to phosphorylated Bachl in vivo [11] is dominated by the presence of a
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phosphoserine/threonine and a phenylalanine three residues C-terminal to it (Phe +3).
This is now confirmed by our structure which shows that the Bachl pSer 990 phosphate
moiety binds to a basic pocket through three direct hydrogen-bonding interactions
involving the side chains of Ser 1655 and Lys 1702, and the main-chain NH of Gly 1656
(Figure A1.7A). All three of these residues are located in BRCT1 and all are absolutely
conserved in Brcal homologues. Ser 1655 and Gly 1656 are situated within the loop
preceding ol and are brought into proximity with the phosphate moiety as a result of a
conformational change in the loop that occurs upon phosphopeptide binding. Intriguingly,
a S1655F mutation has been identified in a single breast cancer patient, although its link
to disease has not been confirmed. In addition to these direct interactions, the phosphate,
and some peptide main-chain atoms are also tethered through a highly organized network
of water molecules, many of which are tetrahedrally hydrogen bonded (Figure A1.7A).
Indirect protein-solvent-phosphate contacts are unusual in phospho-dependent protein-
protein interactions but have been observed previously in structures of phosphopeptide

complexes of the human Plk1 Polo-box domain [39, 40].

The Phe +3 peptide side-chain fits into a hydrophobic pocket at the BRCT interface
consisting of the side chains of Phe 1704, Met 1775 and Leu 1839 contributed from both
BRCT domains (Figures A1.7A and A1.8A). This finding rationalizes the strong
selection for aromatic amino acids in the +3 position of the binding motif seen in peptide
library experiments [35, 36], as well as the observation of Yu et al that mutation of Phe
993 to Ala eliminates Brcal:Bach1 binding [11]. Additional hydrogen-bonds with the
main-chain N and C=0 atoms of Phe +3 are supplied by main- and side-chain atoms from
Arg 1699, a site of mutation also associated with cancer predisposition. The
phosphorylated Ser 990 of Bachl1 is preceded by an Arg residue in the —3 position and
followed by a proline residue in the +1 position, suggesting potential Ser 990
phosphorylation by either basophilic and/or proline-directed kinases. BRCA1-(BRCT),
domains are also known to interact with pSQ-containing motifs characteristic of PI 3-
kinase-like kinases such as ATM and ATR (Figure A1.4B,D). In the tandem
BRCT:Bachl phosphopeptide co-crystal structure, there are no direct interactions
between the +1 Pro side chain and the BRCT domains. Instead, this residue participates

in only a single water-mediated hydrogen bond involving its carbonyl oxygen (Figure
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A1.7A), consistent with the idea that various types of protein kinases can generate
tandem BRCT phospho-binding motifs. The Lys +5 side chain makes two salt-bridging
interactions with residues in BRCT2 (Figure A1.7A), consistent with the Lys selection
observed in this position by spot blot and peptide library experiments [35, 36].

Cancer-Associated Brcal BRCT Mutations

Residues that form or stabilize the phosphopeptide binding surface, and the
domain-domain interface, are among the most highly conserved portions of the molecule
in Brcal orthologs from humans, primates, rats and mice (Figure A1.6A). Interestingly,
these regions correlate strongly with the location of cancer-associated mutations (Figure
A1.6B). Some cancer-associated mutations may disrupt the global BRCT fold while
others are more likely to specifically interfere with ligand binding [19, 21-23, 37].
Approximately 80 tumor-derived mutations have been identified within the BRCA1-
(BRCT), domains, though only a few of these have been subsequently confirmed to result
in cancer predisposition, including D1692Y, C1697R, R1699W, A1708E, S1715R,
G1738E, P1749R, M1775R, 5382InsC (a frameshift mutation that results in a stop codon
at position 1829), and Y1853X (which truncates the last 11 residues). Most of these
cluster at or near the phosphopeptide-interacting surface (Figure A1.6B). Two of these
mutated residues, Arg 1699 and Met 1775, directly interact with residues in the
phosphopeptide (Figure A1.7A). Two others, Pro 1749 and Gly 1738, are located at the
BRCT1/BRCT?2 interface beneath the molecular surface and their effects are likely to be
mediated through alterations in the relative orientation of the tandem BRCT motifs that
our structure suggests is necessary for phospho-dependent interactions with partner

proteins.

To verify the phosphoserine phosphate interactions observed in the X-ray
structure and to investigate the effects of the most common tumor-derived point
mutations, we investigated the binding of a panel of site-directed mutant BRCA1-
(BRCT); domains to the interacting region of Bachl. Binding was determined by
measuring the ability of in vitro transcribed and translated proteins to bind to either

phosphorylated and non-phosphorylated biotinylated peptides (Figure A1.7B). Wild-type
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" BRCA1-(BRCT), domains clearly bind to phosphorylated but not non-phosphorylated
peptides, while mutation of the conserved Ser 1655 and Lys 1702, alone or in
combination, completely abolished the interaction. Five bona fide cancer-linked
mutations, P1749R, G1738E, M1775R, Y1853X and 5382InsC all result in complete loss
of phosphopeptide binding. A mutation R1699W is cancer-linked and a second, R1699Q,
has been detected in breast cancer patients but has not yet been directly related to disease-
predisposition. We surmised that the glutamine side-chain might still participate in main-
chain hydrogen bonding to the peptide and this is, indeed, the only BRCA1-(BRCT),
domains mutant that retained a small degree of binding in our assays. Somewhat
surprisingly, however, the R1699Q mutant largely loses phospho-specificity, and instead
bound to both phosphorylated and non-phosphorylated peptides.

To investigate the in vivo binding of cancer-predisposing mutant BRCA1-
(BRCT), domains to endogenous Bachl, we transfected U20S cells with a vector
encoding the C-terminal 550 amino acids of Brcal containing a myc tag and an SV40
nuclear localization sequence as described by Chen et al [41]. As shown in Figure A1.7C,
interaction between the wild type BRCA1-(BRCT), domains with full-length Bach1 was
easily detected. In contrast, no in vivo interaction was observed between Bachl and
mutant BRCA1-(BRCT), domains that disrupt phosphate-binding or predispose to breast
and ovarian cancer. All of these cancer-associated mutant proteins were expressed at

comparable levels when transfected into mammalian cells [42] (Figure A1.7C).

Subsequently we generated two other BRCA1 cancer associated mutations
(D1692Y and R1751Q) that did not act the same as the previous mutations in the IVT-
pulldown or Bachl co-immunoprecipitation experiment. Both proteins showed phospho-
specific binding to the pSXXF and pS peptide libraries that were described in Figure
Al.2A (Figure A1.8A), and interacted with Bachl (Figure A1.8B). In all cases the
interactions were weaker than that seen with the wild-type BRCA1-(BRCT), domains,
but significant based on a complete lack of interaction seen with the M1775R and
S1655A/K1702M negative controls. In addition we tested the R1699Q mutant with these
peptide libraries, and saw weak phospho-specific binding to the pS library though as
before this mutant failed to interact with Bachl (Figure A1.8A,B). This data shows that
not every cancer-associated BRCA1-(BRCT), domains has lost its phosphobinding
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activity, and there must be some other reason that these mutations predispose women to
breast and ovarian cancer. One explanation is that these mutations, as well as many of
the previously tested ones, may be intrinsically unstable [20, 21, 43]. However, we
observed equal expression of our wild-type and mutant BRCA1-(BRCT), domains
constructs in both in vitro translation and overexpression in tissue culture cells systems
(Figure A1.8 A,B), in agreement with a previous study [42]. Alternatively these mutants
that retain phosphopeptide binding may disrupt other interaction surfaces on Brcal not

required for phosphopeptide binding [19].

Interpretation of the structural effects of the M1775R mutation is simplified since
the X-ray crystal structure of the M1775R BRCA1-(BRCT), domains mutant has been
determined (PDB ID IN50) [21], revealing a nearly identical structure as the wild-type
protein with an average rmsd of 0.35 A for all Ca atoms. Superposition of the mutant
structure with that of our Bachl complex shows that the guanidine portion of the
substituent arginine side-chain extrudes into the tandem BRCT cleft, where it occupies
the binding site for the essential Phe +3 of the phosphopeptide (Figure A1.9A, B). In this
case, loss of phosphopeptide-binding in vitro and Bach1 binding in vivo appear to be
attributable to the severe steric clash of the Arg 1775 side-chain with an important
determinant of phosphopeptide specificity and affinity. The M1775R mutant protein does,
however, bind weakly to a BACH1 phosphopeptide in which the +3 Phe is mutated to
Asp or Glu (Figure A1.9C). This is consistent with the introduction of a basic residue at
the pSer +3 binding site (Figure A1.6B) and with the observation that this mutation
creates new anion binding sites in the M1775R crystal structure [21]. Thus, in addition to
disrupting the native Brcal: BACH1 interaction, this mutation may also result in the

formation of inappropriate BRCA1-(BRCT), domains interactions.

Phosphopeptide-Binding and Nuclear Foci Formation

The binding of the PTIP-(BRCT), domain to ATM and ATR phosphorylated
proteins could localize PTIP at sites of DNA damage in vivo. To investigate this, we
transfected U20S cells with GFP fusions of full-length PTIP, PTIP lacking the C-
terminal (BRCT), domain, or the C-terminal (BRCT), domain (Figure A1.10). In the
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absence of DNA damage, PTIP was diffusely nuclear with a small amount of cytosolic
staining. Two hours after IR, PTIP re-localized into discrete nuclear foci that co-
localized with (pSer or pThr)-Gln phosphoepitopes, 53BP1 and y-H2AX (Figure
Al1.10A). PTIP from which the C-terminal (BRCT), domain was deleted, was not
predominantly detected in the (pSer or pThr)-Gln and 53BP1 foci after IR (Figure
A1.10B). However, the fragment containing the C-terminal (BRCT), domain, was
nuclear and formed minor amounts of foci in the absence of DNA damage, but re-
localized into prominent nuclear foci that co-localized with 53BP1 after IR (Figure
A1.10C). Further supporting the role of ATM and ATR in PTIP localization, caffeine
treatment prior to IR reduced the full-length PTIP foci formation (Figure A1.11).
Subcellular localization and nuclear foci formation by the wild type,
S1655A/K1702M phosphopeptide-binding mutant and the M1775R cancer-associated
mutant BRCA1-(BRCT); domains were studied before and after DNA damage in
unsynchronized U20S cells (Figure A1.12). To maximize visualization of nuclear foci,
the cells were permeabilized with buffers containing 0.5% Triton X-100 prior to fixation
and immunostaining [44]. In un-extracted cells the wild-type BRCT domains and both of
the mutant BRCT proteins showed equivalent diffuse nuclear localization. Extraction of
the un-irradiated cells prior to fixation resulted in near complete loss of BRCT domain
staining in all cases (Figure A1.12A). Under these conditions, less than 5% of the wild-
type and M1775R tandem BRCT-containing cells displayed 5 or more nuclear foci, and
no foci were observed with the S1655A/K1702M double mutant. When the cells were
irradiated with 10 Gy of y-irradiation, and 2 hrs later permeabilized, fixed, and stained,
nearly all of the cells containing the wild-type Brcal tandem BRCT domains
demonstrated sharp punctate nuclear foci that largely co-localized with the staining
pattern of an anti-pSer/pThr-Gln epitope antibody that recognizes ATM- and ATR-
phosphorylated substrates (Figure A1.12B). In contrast, the S1655A/K1702M mutant
protein displayed only faint staining with a very fine granular pattern that completely
failed to co-localize with pSer/pThr-Gln staining. This failure of foci formation and
pSer/pThr-GIn co-localization is strong evidence that the phospho-binding function of the
Brcal tandem BRCT domains is critical for normal subcellular localization following

DNA damage. The M1775R mutant protein that binds weakly to phosphopeptides with a
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different specificity than the wild-type Brcal BRCT domains also formed punctate
nuclear foci, although these were slightly reduced in number and showed less co-
localization with pSer/pThr-Gln staining foci than the wild-type protein. This

localization might result from synergistic weak binding to alternative non-optimal
phosphorylated ligands present in high abundance in nuclear foci following DNA damage,

as has been observed for other phosphopeptide-binding domain interactions [45].
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Discussion

(BRCT), domains are unusual in binding to pSer-containing peptides more
strongly than to pThr-containing peptides since 14-3-3 proteins, WW domains, WD40
domains, FHA domains and Polobox domains either bind pThr-peptides better than pSer-
peptides, or do not bind to pSer-peptides at all [5, 46, 47]. Intriguingly, ATM and ATR
preferentially phosphorylate Ser-Gln over Thr-Gln motifs [25], suggesting functional
convergence between the motifs generated by the PIKKs and the motifs recognized by
BRCT domains. The observed (BRCT), domains selection for aromatic and aliphatic
residues in the (pSer or pThr)+3 positions exceeds their selection for Gln in the +1
position. Thus, only a subset of ATM and ATR phosphorylated substrates are likely to
bind with high affinity, and kinases other than Gln-directed kinases might also generate
potential (BRCT), domain-binding motifs.

The specific role of PTIP in the DNA damage response though remains
exceedingly unclear. Few studies have been performed looking at PTIP function, and its
biological role is still mysterious. Initially, PTIP was identified as an interactor of the
Pax2 transcription factor, and found to play a role in transcriptional silencing of Pax2
targets [27, 48]. In fact, PTIP is now thought to be 2 member of a histone
methyltransferase complex [49] further supporting its role as a transcriptional regulator.
The knockout mouse phenotype of PTIP first indicated that it could be involved in the
DNA damage response, as the mouse was inviable with similar phenotypes to the ATR,
Chk1, and Brcal knockout mice [28]. Trophoblast cells grown from these mice were
more sensitive to IR, and overall, the embryos had few cells in mitosis [28], consistent
with a role for PTIP in the DNA damage response. The fact that an interaction of PTIP
with a known DNA damage response protein, 53BP1, is enhanced by IR, and the
formation of PTIP foci following IR (Figure A1.4) confirms this potential for PTIP
regulation of the DNA damage response. A more recent study has confirmed that PTIP
forms nuclear foci after IR (but not other DNA damaging agents), and that knockdown of
PTIP by siRNA reduced ATM-mediated phosphorylation of p53 at Ser15 [50].

This still leaves many open questions regarding the role for PTIP in cycling and
non-cycling cells. PTIP clearly has multiple functions, perhaps functioning as a

transcriptional regulator during development and in specialized cell populations, and
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functioning in the DNA damage response pathway in cycling cells. The fact that PTIP
only forms foci after IR suggests that PTIP plays a role in the ATM signaling network,
though the mouse knockout data suggests PTIP is part of the ATR/Chk1 pathway [2].
One interesting question is whether formation of foci by PTIP is dependent on 53BP1
foci formation. This can easily be answered through the use of a 53BP1 siRNA depletion
strategy, which has been successfully used before to order foci formation pathways [34].
Once at foci, what is the role of PTIP? Considering the loss of p53 phosphorylation
following PTIP knockdown, it appears that PTIP functions as a scaffold for DNA
damage-responsive kinase activity, similarly to the other BRCT domain-containing
proteins in the DNA damage response network such as 53BP1, MDC1, and Brcal [2].
Are there other PTIP BRCT domain interactors, as indicated by the multiple bands pulled
down by the PTIP BRCTs after IR (Figure A1.4), or is 53BP1 the only in vivo interactor?
Mass spectrometry identification of the bands would at least allow further candidates to
be tested. The availability of mouse Cre-Lox PTIP cells [51] will allow further studies
to look at the role of PTIP in multiple DNA damage-signaling responses in otherwise
wild-type MEFs, without the limitations of incomplete knockdown by siRNA or
redundant pathway upregulation during development. It remains an open question
whether PTIP has a distinct and necessary role in the DNA damage response, though
evidence is slowly accumulating.

The 1.85A BRCA1-(BRCT), domains:phosphopeptide structure described here is
the highest resolution X-ray structure of any BRCT domain structure solved to date, and
provides an enhanced structural framework within which the molecular basis of breast
and ovarian cancer can be further investigated. The structure reveals why tandem BRCT
repeats, rather than single BRCT domains, are required for binding to pSer- or pThr-
containing phosphopeptides with high affinity and specificity, since motif recognition is
mediated by residues contributed from both domains across the domain-domain interface.
In addition, the structure rationalizes the observation that the BRCA1-(BRCT); domains
do not bind to pTyr-containing sequences (Figure A1.3), since the phosphate recognition
pocket appears too shallow to accept a bulky phenyl ring. Despite the fact that mutations
in Breal ultimately predispose women to cancer, wild-type Brcal paradoxically

constitutes a target for anti-cancer therapy. Given the importance of Brcal in homologous
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recombination and DNA repair [9, 52-54], disruption of the pSer-binding function would
be expected to result in enhanced sensitivity to chemotherapy and radiation, as has been
observed in Brcal null murine embryonic stem cells [53]. Thus, the structural
delineation of the pSer binding surface provides a new target for rational drug design.

The BRCA1-(BRCT), domains:phosphopeptide structure, in combination with
biochemical and cell biological analysis, shows that some pro-oncogenic mutations in the
Brcal C-terminal domains directly disrupt phosphopeptide binding or perturb the BRCT
interface that forms the phospho-dependent binding surface. Four bona fide cancer-
linked mutations, P1749R, G1738E, 5382InsC, and Y1853X all result in loss of
phosphopeptide binding. A fifth mutation, M1775R, binds weakly to phosphopeptides
with altered motif specificity, and can still form nuclear foci after DNA damage, however
it completely loses the ability to interact with wild-type Bachl. These effects of the
P1749 and M1775 lesions confirm the previous observations that these mutations are
sufficient to abrogate Brcal-Bach] interactions in vivo [10]. Since Bachl mutations
have also been shown to be associated with the development of cancer [55], these
findings suggest that the loss of this critical Brcal M1775R:Bachl interaction may be the
critical event responsible for cancer predisposition [11, 55]. However, the observation
that some (D1692Y, R1751Q) mutants can still bind to Bachl suggests this theory may
not be fully correct. These mutants do bind Bach1l more weakly that wild-type Brcal
suggesting that there could be a critical threshold of the Brcal:Bach1 interaction required
for the tumor suppressor activity of Brcal in vivo.

It remains unclear how phosphopeptide binding by the BRCA1 (BRCT), domain
contributes to propagating signals in the DNA damage response network. In order to
study the role of Brcal BRCT phospho-binding activity, we attempted to generate a
Brcal knockout system, where different mutants of Brcal could be added back for assay.
Unfortunately, depletion of Brcal by siRNA or by a microRNA vector caused massive
cell death, preventing simple interpretations of follow-up experiments. Fortunately, there
is a cell line available from a breast cancer patient, HCC1937, which has one deleted
Brcal allele and one 5832InsC allele, which has a missense mutation that causes
premature termination before the BRCTs. Thus, this cell line can be used for in vivo

assays of (BRCT), domain function. The cell line grows very slowly and cannot be
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transfected to an appreciable rate using standard techniques, but it can be infected with
retro- or lenti- viruses. Addition of wild-type Brcal rescues the function of the cell line
in response to DNA damage [42], while certain cancer associated mutations still lose
function [42]. We were able to replicate the rescue using a wild-type Brcal virus, and
found that MAPKAPK?2 activation after certain DNA damage signals is dependent on
Brcal (Figure A1.13). Future experiments are planned to characterize whether other
cancer-associated mutations are deficient in various DNA damage-responsive events,
particularly the D1692Y and R1751Q mutants, which retain BACH1 binding function.
Also, the S1655A/K1702M mutant will be tested to see whether phospho-binding activity
is generically required for Brcal function in these processes.

Our experimental evidence and crystal structure-based sequence alignments suggest
that not all tandem BRCT domains can bind to phosphorylated ligands, despite the fact
that several residues involved in the binding are relatively conserved. The only other
definitive phosphorylation-dependent tandem BRCT domain besides PTIP and Brcal was
found in MDC1 by another member of our lab, and it appears that MDC1 binding is
specialized because it requires a free carboxy terminus at the +3 position for binding [56].
A set of tandem BRCT domains of TopBP1 might also bind in a phospho-dependent
manner, as the sixth BRCT domain of TopBP1 was found to bind to E2F1 in a manner
that was enhanced upon phosphorylation of E2F1 by ATM [57], and the tandem BRCT
domains of the yeast homolog of TopBP1 (Rad4) bind to Rad9 in a phosphorylation-
dependent manner [58]. There is a clear suggestion that the tandem BRCT domains of
Ect2 also are phospho-specific binders, but they do not bind in the IVT-pulldown assay
(Chapter Four), perhaps due to lack of an appropriate phosphopeptide library. Other
tandem BRCT domains may function like Ect2, with too low, or like Mdc1, with too
specialized, of a binding affinity to be seen in the standard IVT-pulldown assays used in
the screen to identify new phosphobinding domains (Figure A1.1A). It appears likely,
however, that a minority of BRCT domains have a phospho-binding function, as there are
many examples of single BRCT domains [59], BRCT domains have been previously
thought to be non-phosphorylation-mediated interaction surfaces [59], and BRCT
domains are conserved in bacteria which presumably do not have any need for

phosphoSer/Thr-dependent binding. Even PTIP itself has four other BRCT domains that
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do not have phosphobinding ability (Duaa Mohammad - personal communication) and no
known function. Non-phosphorylation-dependent binding events are not unprecedented
in a class of phosphorylation-dependent binding domains, as seen in FHA domains [60],
in tandem BRCT domains themselves in 53BP1 [37, 38], and even in Brcal [61].
Perhaps BRCT domains are simply protein interaction surfaces which in some cases have

evolved to be phosphorylation-dependent.
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Experimental Procedures

ATM/ATR phospho-motif screen for phoshoserine/threonine binding domains.

An oriented (pSer/pThr) phosphopeptide library biased toward the
phosphorylation motifs for ATM/ATR kinases, and its non-phosphorylated counterpart
were constructed as follows: biotin-Z-Gly-Z-Gly-Gly-Ala-X-X-X-B-(pS/pT)-Gln-J-X-X-
X-Ala-Lys-Lys-Lys and biotin-Z-Gly-Z-Gly-Gly-Ala-X-X-X-B-(Ser/Thr)-Gln-J-X-X-X-
Ala-Lys-Lys-Lys where pS denotes phosphoserine, pT phosphothreonine, Z indicates
aminohexanoic acid , B represents a biased mixture of the amino acids Ala, Ile, Leu, Met,
Asn, Pro, Ser, Thr, Val and J represents a biased mixture of 25% Glu, 75% X, where X
denotes all amino acids except Arg, Cys, His, Lys. The amino acids Arg, Lys, and His
were intentionally omitted from the degenerate positions in the peptide library to decrease
the likelihood of identifying phosphopeptide-binding domains such as 14-3-3 which
target basophilic motifs generated by kinases such as AKT, PKA, and PKCs.

Streptavidin beads (Pierce, 7Spmol/pL gel) were incubated with a ten-fold molar excess
of each biotinylated library in 50 mM Tris/HCI (pH7.6), 150 mM NaCl, 0.5% NP-40, 1
mM EDTA, 2 mM DTT and washed five times with the same buffer to remove unbound
peptide. The bead-immobilized libraries (10uL of gel) were added to 10 pL of an in vitro
translated [*°S]-labeled protein pool in 150 pL binding buffer (50 mM Tris/HCI (pH7.6),
150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 2 mM DTT, 8 pg/mL pepstatin, 8 ng/mL
aprotinin, 8 pg/mL leupeptin, 800 pM Na3VO04, 25 mM NaF) in a 96 well plate format.
Each pool consisted of ~100 radiolabeled proteins produced by the ProteoLink in vitro
expression cloning system (Promega). After incubation at 4°C for 3 hours, the beads were
rapidly washed three times 200 pL with binding buffer using a 96 well vacuum manifold
prior to SDS-PAGE (12.5%) and autoradiography. Positively scoring hits were identified
as protein bands that interacted more strongly with the phosphorylated immobilized
library than with the unphosphorylated counterpart. Pools containing positively scoring
clones were progressively subdivided and re-screened for phosphobinding until single
clones were isolated and identified by DNA sequencing. The same procedure was used
on individual plasmids to test the phosphobinding ability of various tandem BRCT
containing proteins and all the BRCA1 mutant.
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Protein Cloning, Expression, and Purification

For deletion mapping of the PTIP and BRCA1 BRCT phospho-binding region
and for expression of MDC1, Rad9, and 53BP1 (Figures Al.1 and A1.2), fragments were
generated by PCR, cloned into pcDNA3.1 (Invitrogen), and subjected to in vitro
transcription and translation. The original MDC1 and 53BP1 plasmids were gifts from S.
Elledge and K. Iwabuchi respectively. For production of recombinant GST-PTIP BRCT
domains and GST-BRCA1 BRCT domains, residues 550-757 of PTIP and residues 1634-
1863 of BRCA1 were ligated into the EcoRI and Not1 sites of pGEX-4T1 (Pharmacia)
and subsequently transformed into DH5a E. Coli. Protein induction occurred at 37°C for
4 hrs or at 25°C for 16 hrs in the presence of 0.2-0.4 mM IPTG. GST-PTIP BRCT
domains and GST-BRCA1 BRCT domains were isolated from bacterial lysates using
glutathione agarose, eluted with 40mM glutathione/50mM Tris/HCI (pH 8.1), and
dialyzed into S0mM Tris/HCI (pH 8.1)/300mM NaCl. For ITC experiments, purified
GST-PTIP BRCT domains were dialyzed into cleavage buffer (25mM Tris-HCl, 100mM
NaCl, 2mM CaCl,), and cleaved in solution with thrombin (Sigma). Free GST was
removed by incubation with glutathione agarose and the PTIP BRCT domains were
further purified on a mono-Q column and eluted with a NaCl gradient. The appropriate
fractions were dialyzed into 25mM Tris/HCI (pH 8.1), 100mM NaCl. The GFP-PTIP
constructs FL (residues 1-757), ? BRCT (residues 1-549), or (BRCT); (residues 550-757)
were cloned into the EcoRI and Sall sites of pEGFP-C2 (Clontech). For crystallization
experiments, human Brcal BRCTs (residues 1646—1859) were expressed as glutathione
S-transferase (GST) fusions in pGEX-4T1 (Amersham Pharmacia Biotech) in
Escherichia coli BL21 at 18°C. The GST was removed by 48-hour treatment with
thrombin before gel filtration. Synthetic peptides for crystallization were prepared by W.
Mawby, University of Bristol, UK. A Brcal BRCT clone (residues 1313-1863) in
pcDNA3 containing a N-terminal Myc-tag and a SV40 nuclear localization sequence was
a gift from R. Scully and D. Livingston [41], and was used for the co-
immunoprecipitation and immunofluorescence assays. All mutations were generated

using the Stratagene Quick Change Mutagenesis Kit, and verified by sequencing.
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Peptide library screening

Phosphoserine and phosphothreonine oriented degenerate peptide libraries
consisting of the sequences Gly-Ala-X-X-X-B-(pS/pT)-Gln-J-X-X-X-Ala-Lys-Lys-Lys,
Met-Ala-X-X-X-X-pThr-X-X-X-X-Ala-Lys-Lys-Lys, Met-Ala-X-X-X-X-pSer-X-X-X-
X-X-Ala-Lys-Lys-Lys, and Gly-Ala-X-X-X-X-pSer-X-X-Phe-X-X-Ala-Tyr-Lys-Lys-
Lys, where X denotes all amino acids except Cys. In the (pS/pT)-Gln library pS denotes
phosphoserine, pT phosphothreonine, B represents a biased mixture of the amino acids
Ala, Ile, Leu, Met, Asn, Pro, Ser, Thr, Val and J represents a biased mixture of 25% Glu,
75% X, where X denotes all amino acids except Arg, Cys, His, Lys. Peptides were
synthesized using N-a-FMOC-protected amino acids and standard BOP/HOBt coupling
chemistry. Peptide library screening was performed using 125-250 pl of glutathione
beads containing saturating amounts of GST-PTIP BRCT or GST-BRCA1 BRCT
domains (1-1.5 mg) [30]. Beads were packed in a ImL column and incubated with 0.45
mg of the peptide library mixture for 10 min at room temperature in PBS (150 mM NaCl,
3 mM KCl, 10 mM Na,HPO,4, 2 mm KH,PO,, pH 7.6). Unbound peptides were removed
from the column by three washes with PBS containing 1.0% NP-40 followed by three
washes with PBS. Bound peptides were eluted with 30% acetic acid for 10 min at room
temperature, lyophilized, resuspended in H,0, and sequenced by automated Edman
degradation on a Procise protein microsequencer. Selectivity values for each amino acid
were determined by comparing the relative abundance (mole percentage) of each amino
acid at a particular sequencing cycle in the recovered peptides to that of each amino acid

in the original peptide library mixture at the same position.

Isothermal Titration Calorimetry

Peptides were synthesized by solid phase technique with three C-terminal lysines
to enhance solubility. Peptides were then purified by reverse phase HPLC following
deprotection and confirmed by MALDI-TOF mass spectrometry. Calorimetry
measurements were performed using a VP-ITC microcalorimeter (MicroCal Inc.).
Experiments involved serial 10pL injections of peptide solutions (20uM-150pM) into a
sample cell containing 15uM PTIP BRCT domains (residues 550-757) or 15uM GST-
BRCA1 BRCT domains (residues 1634-1863) in 25-50mM Tris/HCl (pH 8.1), 100-
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300mM NaCl. Twenty injections were performed with 240s intervals between injections
and a reference power of 25 uCal/s. Binding isotherms were plotted and analyzed using
Origin Software (MicroCal Inc.)

Peptide Filter Array

An ABIMED peptide arrayer with a computer controlled Gilson diluter and liquid
handling robot was used to synthesize peptides onto an amino-PEG cellulose membrane
using N-a-FMOC-protected amino acids and DIC/HOBT coupling chemistry. The
membranes were blocked in 5% milk/TBS-T (0.1%) for 1hr at room temperature,
incubated with 0.025-0.1 pM GST-PTIP BRCT domains (residues 550-757) or GST-
BRCA1 BRCT domains (residues 1634-1863) or 0.25 uM GST-Brcal BRCTs M1775R
in 5% milk, 50 mM Tris/HCI (pH 7.6), 150 mM NaCl, 2 mM EDTA, 2mM DTT for 1 hr
at room temperature and washed four times with TBS-T (0.1%). The membranes were
then incubated with anti-GST conjugated HRP (Amersham) in 5% milk/TBS-T (0.1%)
for 1 hr at room temperature, washed five times with TBS-T (0.1%), and subjected to

chemiluminescence using ECL (Perkin-Elmer).

PTIP BRCT domains and BRCA1 BRCT domains binding to cellular substrates
U20S cells were either treated with 10 Gy of ionizing radiation or mock
irradiated and allowed to recover for 30-120 min. Cells were subsequently lysed in 50
mM Tris/HCI (pH7.6), 150 mM NaCl, 1.0% NP-40, 5 mM EDTA, 2 mM DTT, 8 pug/mL
pepstatin, 8 pg/mL aprotinin, 8 pg/mL leupeptin, 2 mM Na;VO,, 10 mM NaF, 1 uM
microcystin. The lysates (0.5-2mg) were incubated with 20 uL glutathione beads
containing 10-20 pg of GST-PTIP BRCT domains (residues 550-757), GST-BRCA1
BRCT domains (residues 1634-1863) or GST for 120 min at 4°C. Beads were washed
three times with lysis buffer. Precipitated proteins were eluted in sample buffer and
detected by blotting with anti-ATM/ATR substrate (pSer/pThr)Gln antibody (Cell
Signaling), polyclonal anti-53BP1 (Oncogene), or monoclonal anti-HA (Covance). For
peptide competition experiments, GST-PTIP BRCT domains or GST-BRCA1 BRCT
domains were immobilized on glutathione beads and preincubated with 350 uM of
BRCTtide-(7pSer, 7pThr, 7Thr, 7Ser) (Table A1.2), (pSer/pThr)Gln-library,
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(Ser/Thr)Gln-library, or pThrPro-library for 1 hr at 4°C and washed three times with lysis
buffer. For the phosphatase experiment the lysate was treated for one hour with lambda
protein phosphatase (Sigma) prior to incubation with glutathione beads containing GST-
PTIP BRCT domains.

Co-immunoprecipitation of Brcal BRCTs and Bachl

U20S cells were grown to 50% confluency in 100cm?’ dishes and transfected with
the myc-tagged wild-type or mutant Brcal BRCT constructs (residues 1313-1863) using
FuGene6 transfection reagent (Roche) according to manufacturer’s protocol. Cells were
collected 30 hrs following transfection, lysed in lysis buffer (50 mM Tris/HCI (pH7.6),
150 mM NaCl, 1.0% NP-40, 5 mM EDTA, 2 mM DTT, 8 pg/mL AEBSF, 8 pg mL™
aprotinin, 8 pg mL™' leupeptin, 2 mM Na;VO,, 10 mM NaF and the phosphatase
inhibitors microcystin and okadaic acid). Lysates containing equal amounts of protein (3
mg) was incubated with 3 uL of a mouse anti-myc antibody (Cell Signaling) for 2 hr at
4°C and then 10 pL of protein G-sepharose beads (Sigma-Aldrich) were added and
samples incubated for an additional 2 hr at 4°C. Beads were washed four times with lysis
buffer, bound proteins eluted in SDS-PAGE sample buffer, analyzed on 6%
polyacrylamide gels, transferred to PVDF membrane, and detected by blotting with rabbit
anti-Bach1 antibody (a gift from D. Livingston and R. Drapkin). A portion of the lysates
were also run and blotted with the anti-Bach1 antibody and the anti-myc antibody to

further ensure equal protein loading.

Immunofluorescence and Microscopy

U208 cells were seeded onto 18mm? coverslips and transfected with GFP-PTIP
constructs [FL (residues 1-757), ? BRCT (residues 1-549), or (BRCT), (residues 550-
757)] or myc-Brcal BRCT constructs (residues 1313-1863) using FuGene6 transfection
reagent (Roche) according to manufacturer’s protocol. Twenty to thirty hours following
transfection, the cells were either treated with 10 Gy of ionizing radiation or mock
irradiated and allowed to recover for 30-480 minutes. Cells were fixed in 3%
paraformaldehyde/2% sucrose for 15 min at RT and permeabilized with a 0.5% Triton X-
100 solution containing 20 mM Tris-HCI (pH 7.8), 75 mM NaCl, 300 mM sucrose, and 3
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mM MgCl, for 15 min at RT. When necessary, cytosolic proteins were extracted after IR
treatment as described previously[44]. In brief, cells were incubated with extraction
buffer (10mM PIPES pH6.8, 100mM NaCl, 300mM sucrose, 3mM MgCl,, ImM EGTA,
0.5% (v/v) Triton X-100) for 5 minutes on ice followed by incubation with extraction
stripping buffer (10mM Tris-Hcl pH 7.4, 10mM NaCl, 3mM MgCl,, 0.5% (v/v) Triton
X-100) for S minutes on ice followed by successive washes in ice cold PBS. Slides were
stained with primary antibodies at 4°C overnight, then stained with a Texas Red
conjugated anti-mouse or anti-rabbit secondary antibody for 60 min (Molecular Probes)
at RT. Primary antibodies used were rabbit polyclonal anti-53BP1 (Oncogene), mouse
anti-y-H2AX (Upstate), mouse anti-myc (Cell Signaling), and rabbit anti-(pSer/pThr)Gln
(Cell Signaling). Images were either collected on a Deltavision microscope (Carl Zeiss)
and digitally deconvolved using Softworx graphics processing software (SGI) or captured
using a spinning disk confocal detector mounted on a Nikon TE2000 microscope using

OpenLab software (Improvision).

Crystallization and Structure Determination

Crystals were grown at 18°C by microbatch methods. The Bachl phosphopeptide
(SRSTpS**®PTFNK) was mixed with the Brcal BRCTs in a 1.5:1 stoichiometric excess
and concentrated to 0.35mM in a buffer containing 50mM Tris-HCI (pH 7.5), 0.4M NaCl,
and 3mM DTT. Crystals grew from 50 mM MES (pH 6.5), 0.1 M (NH,),SO4, and 13%
PEG 8K (w/v) Crystals belonged to the trigonal space group P3,21 (a=b=65.8 A, c=
93.1 A, o = =90.0°, ¥ = 120.0°) with one complex in the asymmetric unit. Data were
collected from flash-cooled crystals at 100K on a Raxis-II detector mounted on a Rigaku
RU200 generator. Diffraction data were integrated and scaled using DENZO and
SCALEPACK [62]. The structure was solved by molecular replacement using the
coordinates 1JN<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>