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Several inhibitors of the Plk1 Polo-Box Domain turn out to be non-specific
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ABSTRACT

For almost a decade, there has been much interest in the development of chemical inhibitors of Polo-like
kinase 1 (Plk1) protein interactions. Plk1 is a master regulator of the cell division cycle that controls
numerous substrates. It is a promising target for cancer drug development. Inhibitors of the kinase
domain of Plk1 had some success in clinical trials. However, they are not perfectly selective. In principle,
Plk1 can also be inhibited by interfering with its protein interaction domain, the Polo-Box Domain (PBD).
Selective chemical inhibitors of the PBD would constitute tools to probe for PBD-dependent functions of
Plk1 and could be advantageous in cancer therapy. The discovery of Poloxin and thymoquinone as PBD
inhibitors indicated that small, cell-permeable chemical inhibitors could be identified. Other efforts
followed, including ours, reporting additional molecules capable of blocking the PBD. It is now clear that,
unfortunately, most of these compounds are non-specific protein alkylators (defined here as groups
covalently added via a carbon) that have little or no potential for the development of real Plk1
PBD-specific drugs. This situation should be minded by biologists potentially interested in using these
compounds to study Plk1. Further efforts are needed to develop selective, cell-permeable PBD inhibitors.
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The PBD as a drug target

Pkl is a master regulator of cell division."” In addition to a
Ser/Thr kinase domain, it contains a C-terminal protein interac-
tion domain, the PBD.? The PBD allows PIkl to bind several pro-
teins, often via a phosphorylated motif (S-pS/pT) that docks into
its phospho-binding pocket.* In many cases, this binding allows
PIkI to phosphorylate the bound protein at another site to modify
its activity (Fig. 1). It also allows Plkl to dock to protein com-
plexes and structures that it regulates during cell division, includ-
ing centrosomes, kinetochores and the cytokinetic midbody."? In
addition, the PBD can interact with and inhibit the kinase domain
(Kp) of Plkl intramolecularly.>® Although recognition by the
PBD may not be required for the phosphorylation of all P1k1 sub-
strates, the function of the PBD is essential for cell division.”*
PIk1 is considered as a good cancer drug target because
it is essential for cell division and because many types of
cancer cells rely on a higher level of Plkl activity to divide
and survive than non-transformed cells.”"” Inhibitors of the
Kp of Plkl have yielded promising results in clinical trials,
but the doses that can be given to patients are limited by
the toxicity of the compounds.'” As these inhibitors are not
completely selective for PIk1, their toxicity could be partly
due to their interference with other kinases. For instance,
volasertib (BI 6727), an inhibitor of Plkl that gave promis-
ing results for some types of Acute Myeloid Leukemia, also
inhibits PIk2 and Plk3 with similar ICs, values.'*!® This
may be problematic in the context of cancer treatment as

Plk2 and Plk3 function in mechanisms that prevent cell
cycle progression in the presence of DNA damage.' In prin-
ciple, the PBD constitutes a second drug target within PlkI.
PBDs exists only in the 5 members of the Polo-Like Kinase
(PLK) family."'® Moreover, the PBD differs more between
the PLKs than the Ky does, and PBD binding motifs differ
between PLKs.'” Therefore, chemical inhibition of the PBD
of Plkl is considered a promising avenue for the develop-
ment of more selective cancer drugs targeting Plk1.'?

Efforts in the development of drug-like PBD
inhibitors - several alkylators found

In 2008, Reindl et al published the discovery of the first
small-molecule inhibitors of the PBD of Plkl.'® In an in
vitro chemical screen using a fluorescence polarization (FP)
assay, they identified Poloxin (Fig. 2) as a chemical capable
of interfering with the interaction between the PBD and an
optimal phosphopeptide. They subsequently found that thy-
moquinone (TQ), a chemically related and natural mole-
cule, had the same effect, with a similar potency in the low
micromolar range. Higher concentrations of either com-
pound were required to inhibit cell proliferation and cell
toxicity was problematic.'®

We decided to develop a cell-based assay allowing the iden-
tification of PBD inhibitors with the hope that it would
facilitate the immediate detection of membrane-permeable
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Figure 1. Schematic overview of Plk1 function. A. The Polo-Box Domain (PBD)
mediates protein interactions with targets (X). These interactions are often
enhanced by priming phosphorylation (yellow). This docking facilitates the phos-
phorylation (orange) of the same target or another target in the vicinity (Y) by the
kinase domain (Kp). B. A competitive chemical inhibitor (red) of the PBD prevents
PIk1 from interacting with its targets, thereby decreasing the efficiency of
substrate phosphorylation by the Kp.

compounds active in the cell. The assay uses Bioluminescence
Resonance Energy Transfer (BRET), in which Plkl is fused to
Luciferase and a PBD-interacting protein is fused to GFP.">*
When both proteins interact, energy is transferred from
Luciferase to GFP, which fluoresces. Compounds identified as
BRET inhibitors were then tested for their ability to interfere
with mitosis as expected for PIkl1 PBD inhibitors. Only 2 che-
motypes were effective in this test. Subsequent biochemical
assays including the FP assay of Reindl et al (2008), which
monitors the interaction of the PBD with an optimal phospho-
peptide, validated only one compound as an effective inhibitor
of PBD function at low micromolar concentrations.'”*"**
However, Structure-Activity Relationship (SAR) studies on this
molecule revealed that it spontaneously cleaves to generate a
vinyl sulfone function that is a powerful alkylator of any nucle-
ophilic amino-acid side chain (Cpd 161, Fig. 2, here alkylator is
defined as any group covalently added via a carbon). We
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Plk1: 8.3 M (Ref: 19) Plk1: 1.2 uM (Ref: 26)
Plk2: > 500 uM (Ref: 26)

Plk3: > 500 uM (Ref: 26)

PIk1: 4.3-44 uM (Ref: 18,
PIk2: 16-19 uM (Ref: 18, 25, 26)
Plk3: 47-69 pM (Ref: 18, 25, 26)
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showed that it reacts with amino-protected lysines, histidines
and cysteines and we detected multiple alkylation sites in the
PBD of PIk1 after in vitro reaction. We used liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) to map alkyl-
ation sites on the PBD. Although some of the detected sites
were in or near the canonical PBD binding site, other alkylated
residues were located far from it, all over the protein.'’

Because TQ and Poloxin behaved similarly to Cpd 161 in
our cell-based and in vitro assays, we wondered if, like Cpd
161, they were alkylators. This possibility was suggested
already in the initial report by Reindl et al, based on the
fact that PBD inhibition by TQ and Poloxin was time-
dependent.'® It was also supported by the chemical struc-
tures of these compounds which seemed susceptible to
nucleophilic attacks.”> Moreover, a modeling study had pro-
posed that TQ and Poloxin could potentially form a cova-
lent bond within the phospho-binding pocket of the PBD.**
Finally, the idea that Poloxin reacted by benzoylation with
the PBD had been further reinforced by the observations
that the activated ester group of Poloxin and analogs is
essential for PBD inhibitory activity.”> A fluorescent Poloxin
derivative also allowed Scharow et al to determine that, to
bind the PBD, Poloxin does not require the PBD amino-
acid residues known to be crucial for its phospho-binding
pocket.”> Attempts by these authors and by us to map bind-
ing or alkylation sites on the PBD using NMR failed for
technical reasons.

Using LC-MS/MS, we identified alkylation sites by TQ and
Poloxin (in parallel with Cpd 161) on the PBD.'” While alkylated
cysteine and lysine residues were found after reaction with TQ,
only lysine residues were mapped with Poloxin. This specificity is
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Figure 2. Structures of published PBD/PIk1 inhibitors. Only the inhibitors discussed in the text are shown. Arrows indicate sites of nucleophilic attacks by amino-acid side
chains leading to a covalent bond (alkylation of the protein). Shown is the potency (ICs) of each molecule for the inhibition of PBD domains measured in fluorescence
polarization assays or GST pulldown (Purpurogallin). See indicated references for details. Rigosertib is reported as a non-ATP-competitive inhibitor of Plk1 kinase and has
not been shown to interfere with the PBD. The asterisk indicates a suspected site of nucleophilic attack.
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consistent with the reactions we observed with individual amino-
protected amino-acids. As for Cpd 161, alkylated sites detected
were distant from the PBD phospho-binding site.

More recently, Chen et al reported the identification of
T521, another compound capable of inhibiting the PBD of Plk1
by alkylation, again outside the phospho-binding pocket.”® Its
structure is different from that of Cpd 161, but nevertheless,
contains an activated carbon double bond adjacent to a sulfone
group, like Cpd 161 (Fig. 2). In fact, the double-bonded carbons
are flanked by 2 sulfone groups in T521. One is an ethyl sulfone
that is considered a good leaving group that can be substituted
by the amino group of a lysine residue.*®

Although Poloxin, TQ, Cpd 161 and T521 do cause cellular
arrests or delays in mitosis, apoptosis and decreased prolifera-
tion,'®'>?® which are the results expected upon Plkl inhibition,
it is doubtful that these effects result solely from Plkl inhibi-
tion. These molecules probably alkylate multiple cellular pro-
teins on exposed nucleophilic side-chains. Disruption of the
activities of many of them, such as tubulins or mitotic enzymes,
would cause mitotic problems and arrests. The same can be
said about anti-tumor effects observed in mouse models.”>*
For these reasons, it is unreasonable to use these unspecific
alkylators to probe the cellular effects of Pkl PBD inhibition.
Likewise, these molecules do not constitute promising starting
points for targeted cancer drugs.

Interestingly, ON01910, a non-ATP-competitive inhibitor of
Plk1 also known as Rigosertib,*® contains a carbon double bond
next to a sulfone group, like the alkylating functions in Cpd 161
and T521 (Fig. 2). We did not detect reaction of Rigosertib with
amino-protected cysteine in vitro (J.-F. Lavallée, personal com-
munications), but its reactivity has not been examined in depth.
Rigosertib was already found to inhibit several unrelated kin-
ases and to interfere with microtubules polymerization.”®*’

Can an alkylator be a selective PBD inhibitor?

The conclusion that TQ inhibits Plk1 by non-specific alkylation
of nucleophilic amino-acid residues may be surprising since it
was shown by crystallography that it binds the PBD as a phos-
pho-mimic at its canonical phospho-binding site.”® However, it
should be kept in mind that this co-crystal structure was
obtained after soaking PBD crystals in a TQ-containing solu-
tion. In this context, TQ may have a relatively high affinity for
the phospho-binding pocket, compared with other sites in the
packed protein crystals. When binding of TQ or Poloxin to the
PBD is modeled using probabilistic calculations, they are pre-
dicted to bind preferentially in the phospho-binding pocket, of
all places.”* Similarly, Cpd 161, which clearly inhibits the PBD
by alkylation via its vinyl group, was predicted by unbiased
modeling to bind the same phospho-binding pocket non-cova-
lently and independently from the vinyl group.'” To us, these
results highlight the limitations of these approaches. In both
cases, the small molecule is forced to find a binding site on the
protein, and it is to be expected that the stickiest spot naturally
tends to be the protein interaction site. However, in the cell,
this higher affinity may not be significant.

For an alkylator to bear potential as a target-specific inhibi-
tor, it seems reasonable to expect its scaffold to have significant
specific affinity for the target already without the alkylating

chemical function. There have been cases where the potency of
pre-existing inhibitors of a target protein was increased by the
addition of an alkylating group that renders the inhibitor irre-
versible (for example, see ref31). However, this has not been
documented for a PBD inhibitor. In the case of Cpd 161, ana-
logs with a saturated vinyl were inactive in vitro at the highest
concentrations tested of 300 pM."

Despite the fact that several compounds identified so far are
alkylators, some of them have been shown to inhibit the PBD
of Plkl with lower ICs, values compared with other protein
interaction domains (Fig. 2). For example, Poloxin inhibits the
PBDs of Plkl and Plk3 with ICs, values around 5 uM and
50 uM, respectively.'®*® In the case of T521, the selectivity is
even more pronounced, with ICs, values around 1 M for the
PBD of Plkl and above 500 uM, for the PBDs of PIk2 and
Plk3.?® These differences could be due to the presence of more
reactive nucleophilic side chains (because of their immediate
environments) in the PBD of PIk1 relative to the PBD of other
PLKs or other protein interaction domains. It could also be due
to the potential location of alkylation sites in the PBD of Plkl
at sites that cause steric hindrance or a minor conformational
change that results in inhibition, a phenomenon that would not
necessarily occur in other alkylated proteins. Finally, it is possi-
ble that the PBD of Plkl is grossly unfolded following alkyl-
ation, and that this does not happen with the other proteins
tested. In favor of the latter possibility, alkylation of the PBD of
Plk1 by T521 was found to cause a major change in conforma-
tion as detected by circular dichroism.* Incidentally, we found
the PBD of Plkl to be extremely sensitive to inactivation by
heat and by freeze-thaw cycles (our unpublished observations).
Whether the PBD of Plk2 or PIk3 are resistant to alkylation-
induced major conformation shift or unfolding was not tested.

Even if a protein alkylator preferentially interferes with
Plkl1 vs PlIk2 or Plk3, the inhibition of countless untested pro-
teins could potentially contribute to the cellular phenotypes
observed. The only way to prove that a compound induces a
cellular phenotype through its action on a particular target is to
rescue this phenotype by expressing a mutant version of the
protein that is resistant to the compound but retains its normal
cellular function. In principle, this type of experiment is much
more difficult for competitive inhibitors than for non-competi-
tive inhibitors.

Outlook

As for most protein interactions, a major difficulty in develop-
ing a chemical inhibitor of the PBD is that it must compete
with another protein for binding on a large and topologically
complex surface on the PBD. The most potent and selective
inhibitors of the PBD obtained so far have been peptide-like
molecules.'>**** However, they tend to be poorly permeable to
the plasma membrane due to their large size and the presence
of charged groups such as a phosphate.>** It may be possible
to circumvent this problem by using innovative strategies to
enhance the delivery of these compounds to the cell, or by
replacing charged or polar groups in the peptidoid with less lip-
ophobic groups.'

The development of bioavailable small-molecule inhibitors
of PBD interactions has been very challenging. No such



compound documented yet is potent and selective enough to
constitute a potential cancer drug or even be useful as a tool in
cell biology. Although we have focused our discussion on alky-
lating agents, not all published PBD-interfering compounds fall
in this category, but they all lack in potency or selectivity. For
example, the natural benzotropolone compound purpurogallin
(PPG) has been identified as a low-micromolar Plkl PBD
inhibitor in an in vitro screen, and to cause mitotic blocks and
apoptosis in cell culture.”> However, although it is unlikely to
modify proteins covalently, PPG interferes with various
other proteins. A variety of structural features, including
poly-hydroxylation as in PPG, have been shown to render com-
pounds particularly likely to be recovered non-specifically in
high-throughput screening assays. Such compounds have been
termed Pan-Assay INterfering compounds (PAINs).*® Perhaps
drug screens using much larger chemical libraries or using a
fragment-based approach, combined with structure-assisted
virtual screening and rational design will help develop more
potent, selective and bioavailable PBD inhibitors.””
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