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ABSTRACT Purpurogallin (PPG, 2) and poloxin (3) have been reported as inhibi-
tors of the polo-box domain (PBD) of human polo-like kinase 1. However, our
experimental results demonstrated that PPG, but not poloxin, binds to the phospho-
binding pocket of the PBD, suggesting that their modes of PBD inhibition are
distinct. Induced fit docking analyses led us to propose that PPG fills the SpT pocket
via m—m stacking and hydrogen-bonding interactions, thus providing a rationale for
designing novel PBD inhibitors. In contrast, poloxin may fill a different site present
near the SpT pocket by forming a covalent bond with a nucleophilic Cys residue.
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Thr protein kinases, collectively termed polo-like ki-

nases (Plks). A growing body of evidence suggests that
PIk1 plays pivotal roles during multiple stages of M-phase
progression and, as a result, in cell proliferation." Not
surprisingly, PIk1 is overexpressed in a wide spectrum of
cancers in humans.® Furthermore, recent studies revealed
that PIk1 is critically required for the viability of activated
Ras- or p53 deletion-containing cancer cells.>”* Thus, PIK1 is
an attractive target for the development of anticancer thera-
peutics. PIK1 offers, within one molecule, two functionally
different drug targets with distinct properties: the N-terminal
catalytic domain (NCD) made of ~250 amino acid residues
and the C-terminal noncatalytic, but functionally essential,
polo-box domain (PBD) consisting of two polo-box motifs
(PB1 and PB2) with ~80 residues in each motif.

Over the years, efforts to generate Plk1-specific inhibitors
by targeting the catalytic activity of Plk1 have encountered
significant difficulties, mainly because of the high degree
of structural similarities among the ATP-binding pockets of
the protein kinase superfamily. Therefore, development of
novel inhibitors that target the structurally unique PBD of
PIk1 may serve as an alternative strategy.””’ To date, at
least seven X-ray crystal structures of the human Plk1 PBD
have been resolved and reported by several groups.® "
Results show that the PB1 and PB2 contain identical folds
of pea (a six-stranded antiparallel 5-sheet and an o-helix)
and form a heterodimeric phosphopeptide-binding module.
Diverse phosphopeptides, including PLHSpT (compound 1;
Figure 1) from the T78 motif of a centromere protein
PBIP1,'# are shown to bind to the PBD in a cleft formed
between the PB1 and the PB2 motifs by forming direct and

Polo-like kinase 1 (PIk1) belongs to a subfamily of Ser/
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Figure 1. The binding mode of PLHSpT with the PIk1 PBD.

bridged hydrogen bonds (Figure 1). The His 538 and Lys 540
residues from the PB2 are essential for electrostatic interac-
tions with the negatively charged phosphate group of the
phosphorylated Thr (pThr) residue, whereas the Trp 414
residue from the PB1 is central for the selection of the Ser
residue at the pThr-1 position (—1 indicates the relative
position of the Ser residue from the pThr residue) by enga-
ging in hydrogen bonding and van der Waals interactions.®

Besides various PBD-binding phosphopeptides, only three
compounds, purpurogallin (PPG; compound 2), poloxin
(compound 3), and thymoquinone (compound 4), have
been reported as small drug-like PIk1 PBD inhibitors. PPG,
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Figure 2. Structures of compounds 1—4.
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Figure 3. Inhibition of PIk1 PBD binding by PLHSpT, PLHST, PPG,
and poloxin. O.D., optical density.

identified from an in vitro high-throughput screen designed
to isolate potential anti-PBD inhibitors, is a benzotropolone-
containing natural compound derived from nutgall.® PPG
delocalizes Plk1 from specific subcellular structures and
induces a spindle checkpoint-dependent mitotic arrest in
HeLa cells, which would be expected if it disrupts the
function of PBD in vivo. Interestingly, PPG-like compounds
lacking the 4-hydroxyl group (see Figure 2 for atom
numbering) fail to inhibit the PIk1 PBD, suggesting that this
group is required for the observed inhibitory activity.® Simi-
larly, poloxin and thymoquinone, isolated from another
high-throughput screen for PBD inhibitors, have been repor-
ted to inhibit the function of PIk1 PBD in vitro and interfere
with the function of PIk1 PBD in vivo.”

To quantitatively determine the efficiency of PBD-binding
inhibition by these compounds, an enzyme-linked immuno-
sorbent assay (ELISA)-based inhibition assay that utilizes the
specific interaction between the Plk1 PBD and a ligand from
the p-T78 motif of PBIP1'# was performed (see the Support-
ing Information for details). The addition of the PLHSpT
peptide yielded a dose-dependent Plk1 PBD inhibition
(Figure 3) with a K4 of 0.445 uM."" Under the same condi-
tions, PPG exhibited a moderate level of PBD inhibition with
an estimated Kq of 2.7 uM (based on the observation that the
inhibitory activity of PPG is ~6 times lower than that of
PLHSPT in Figure 3). Surprisingly, however, poloxin failed to
display any significant level of PBD inhibition even at a
concentration 1000 times higher than that of the p-T78
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Table 1. Inhibition of Plk1 PBD by Compounds 1—4

compound PBD inhibitory activity® Kq (uM)
1 high 0.445
2 moderate 2.7 (estimated)
3 no activity
4 not determined

“Measured by an ELISA-based Plk1 PBD competition assay.

Table 2. Calculated pK, Values for Hydroxyl Groups in PPG

hydroxyl group ADME boxes 4.9 Marvin 5.1.4
1 6.3 598
2 15.8 10.11
3 12.0 13.84
4 8.1 7.99

ligand. Relative activities of the compounds 1—3 in the
inhibition of the PIkl1 PBD are summarized in Table I.
Because the assay is specific for the presence of phospho-
dependent PBD interaction,'' these results suggest that,
unlike PPG, poloxin may not directly bind to the phospho-
recognition module of the PIk1 PBD.

Better understanding of the binding mode of PPG to the
PBD may allow new insights into the design and develop-
ment of potent small-molecule inhibitors against the PBD.
Traditional virtual docking methods assume a receptor to be
rigid. However, this assumption often leads to misleading
results and erroneous conclusions because, in reality, many
proteins undergo side chain or backbone movements or
both upon ligand binding. Although the overall structure of
the PBD appears to be largely the same in the presence or
absence of a binding peptide,'" the hinge-bending motions
of the two polo-box motifs relative to each other suggest
that the PBD binding site is somewhat flexible. Consistent
with this view, close alignment of the crystal structures of
3HIK'" (complexed with PLHSpT) and 1Q40° (no ligand)
revealed that some side chains clearly move in response to
phosphopeptide binding (see Figure S1 of the Supporting
Information). Thus, Schrodinger's Induced Fitting Docking
(IFD) protocol'® was used to explore the binding modes of
PPG to the PBD. Because PPG has one enolized and three
phenolic hydroxyl groups, one needs to address the proton-
ation state of all four hydroxyl groups under physiological
conditions. To this end, ADME Boxes 4.9'* and Marvin
5.1.4,"> two programs for predicting pK, values for pharma-
ceutical substances'® from Pharma Algorithms, Inc., and
ChemAxon Ltd., respectively, were employed to calculate
the pK, values of each hydroxyl group. Both methods yielded
similar pK, values (Table 2): Hydroxy!l groups 1 and 4 had
calculated pK, values of ~6.0 and ~8.0, respectively,
whereas the other two hydroxyl groups had higher values.
These results suggest that, at pH 7.4, hydroxyl group 1 is
likely to be deprotonated; hydroxyl group 4 might be depro-
tonated, while the other two might not. Figure 4 shows the
microspecies distribution of PPG calculated by Marvin 5.1.4:
AtpH7.4,76.5,15.0,and 3.0 % of the PPG would be present
as the microspecies 2-2, 2-3, and 2-1, respectively.
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Figure 5. Proposed binding mode of PPG to the PIk1 PBD gene-
rated by Schrodinger's IFD protocol (see the text for details).

The predicted major microspecies at physiological condi-
tions, 2-2, which has one negative charge, was docked into
the active site of the PBD when examined by IFD. One of the
docked conformations exhibiting an IFDScore of —8.47 kcal/
mol is shown in Figure 5, which demonstrates that PPG can
fill the SpT pocket of the PBD well by using almost every part
of the molecule. The negatively charged enolized hydroxyl
group of the bound PPG forms an electrostatic interaction
with the positively charged His 538; the other three phenolic
hydroxyl groups and the carbonyl group form four hydrogen
bonds with the positively charged Lys 540, the backbone NH
of Trp 414, the indole ring of Trp 414, and the backbone
carbonyl of Leu 491; the phenyl ring and one double bond in
the tropolone ring of PPG form m— stacking interactions
with the pyrrole ring and the phenyl ring (both embedded in
the indole ring) of Trp 414, respectively. We hypothesize that
microspecies 2-3 would have similar interactions with higher
affinity, because the hydroxyl group 4 would be negatively
charged; thus, the hydrogen bond formed between this
group and the backbone NH of Trp 414 would be much
stronger than the one formed between the undeprotonated
hydroxyl group 4 and the backbone NH of Trp 414. Our
additional IFD results support this assumption with a better
IFDScore of —9.24 kcal/mol. The analogue of PPG lacking
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Table 3. Differences in the PBD Binding between PLHSpTand PPG

interaction PLHSpT PPG
electrostatic® His 538, Lys 540 His 538
hydrogen bonding Trp 414 (2), Asp 416, Trp 414 (2),
Leu 491, Arg 516 Leu 491, Lys 540
hydrophobic Phe 535
m—o stacking no Trp 414

“Electrostatic interaction can be considered as a strong hydrogen
bond interaction.

the hydroxyl group 4 was also used in the docking study.
However, it did not form reasonable docking poses. In good
agreement with the observations made by Watanabe et al.,°
this finding strongly suggests that the hydroxyl group 4 is
critical for PBD inhibition.

In a previous study, we showed that PLHSpT and LHSpT
exhibit high and moderate levels of binding to the PBD,
respectively, whereas both HSpT and SpT fail to display a
detectable level of affinity."" These observations suggest the
importance of the N-terminal residues for the stability of the
interaction between the phosphopeptides and the PBD.
However, unlike PPG, PLHSpT failed to exhibit 77— stacking
interaction with the Trp 414 residue (Table 3). Furthermore,
the indispensability of the hydroxyl group 4 in PPG for the
PBD binding also suggests that the hydrogen bond between
this group and the backbone NH of Trp 414 is critical for the
interaction. These findings suggest that exploitation of the
interactions with Trp 414 is likely important to achieve a high
affinity binding of small drug-like molecules to the PBD.

Poloxin failed to dock into the phospho-binding pocket of
the PBD using IFD, no matter whether a hydrogen bond to
either one of the His 538 and Lys 540 residues crucial for
phospho-dependent PBD binding was set as a constraint.
This finding suggests that the SpT pocket of PBD is not the
direct target of poloxin. This view is in good agreement with
the results obtained with the PBD-binding inhibition assay
shown in Figure 3.

Then, how can poloxin inhibit the PBD of Plkl and
interfere with the function of PIk1? It has been shown that
inhibition of the kinase activity of PIk1 also delocalizes Plk1
by impairing the PBD-dependent subcellular localization
through a self-priming and binding mechanism.'”'® we
therefore examined whether or not poloxin influences the
kinase activity of PIk1 by carrying out in vitro PIk1 Kinase
assays. However, under the conditions where a Plk1 NCD
inhibitor, Bl 2536'" (see Figure S2 of the Supporting In-
formation), potently inhibited Plk1, both PPG and poloxin
failed to exhibit any detectable level of inhibitory activity
against PIk1 (see Figure S3 of the Supporting Information).

We then considered two other possible mechanisms for
poloxin's inhibitory activity against PIkl PBD: (1) Poloxin
may bind to another crucial site within the PBD, and/or (2) it
may form a covalent bond with one of the nucleophilic
amino acid side chains of Cys, Lys, Ser, or His residues of
the PBD through its highly reactive o 8-unsaturated carbonyl
group (a Michael acceptor).'® The latter property has been
exploited in the development of irreversible drugs for the
treatment of cancer.”®
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Table 4. Two Novel Plk1 PBD Pockets Predicted by SiteMap 2.3

pocket residues forming the pocket
#1 Pro 407, Ile 408, Phe 409, Arg 500,
Ala 506, Leu 508, Pro 509, Asn 527,
Ser 529, Cys 544, Pro 545, Leu 546, Met 547
#2 GlIn 397, Tyr 552, Glu 555, Lys 556,

Asp 558, Arg 560, Tyr 562, Cys 573,
Glu 575, Arg 579

The program SiteMap 2.3°' was used to locate other
possible active sites of PBD. Besides the site that accommo-
dates the phosphopeptide, two additional pockets (pockets
#1 and #2) were found (Table 4). It is interesting to note thata
strongly nucleophilic Cys residue (Cys 544 in pocket #1 and
Cys 573 in pocket #2; see Table 4 for details) is located on the
rim of each of these pockets. This finding led us to speculate
that Michael acceptors such as poloxin and thymoquinone
could undergo covalent modifications with the Cys residue of
the PlIkl PBD and then fill the pocket to inhibit the latter.
Consistent with this observation, pocket #1 is a deep slot
(Figure 6A) sufficient to allow either poloxin or thymoqui-
none to be docked into the pocket by IFD easily. In contrast,
pocket #2 is shallow and is composed of charged and polar
residues; as a consequence, it may be unable to accommo-
date the overall hydrophobic molecules such as poloxin and
thymoquinone to fill this pocket.

To further explore the binding nature of poloxin and
thymogquinone to the pocket #1, we then manually con-
nected each of these compounds to the thiol group of Cys
544 on the rim of the pocket. The nucleophilic reaction
between the Cys 544 residue and poloxin or thymoquinone
may occur in several different ways. We propose that a
reaction with the nucleophilic cysteine side chain could
occur at the least sterically hindered sp® carbon atom,
yielding the covalent adducts shown in Figure 6B. The com-
plexes were minimized in aqueous solution using Macro-
Model 9.7.%% These analyses suggested that poloxin and
thymogquinone interact with PBD by forming a hydrogen bond
with Arg 500 and hydrophobic interactions with Pro 545 and
Leu 546 (Figure 6C,D). In addition, the benzyl ring of poloxin
could be sandwiched between the carbon chains of Asn 527
and Arg 507. The mechanism involving covalent bond
formation between poloxin and the PBD is consistent with
the time-dependent inhibition observed by Reindle et al.”

On the basis of the results obtained from the PBD-binding
inhibition assay and the IFD, we therefore propose that
poloxin inhibits PIk1 PBD through a mechanism that is
distinct from binding to the SpT pocket of the PBD. This view
may help explain why poloxin, which failed to exhibit Plk1
PBD inhibition activity in our ELISA-based competition assay
(Figure 3), inhibits the PIk1 PBD in a different in vitro binding
assay and induces PIk1 delocalization in vivo.” On the other
hand, PPG can easily fill the SpT pocket of the PBD by
engaging in a w—a interaction with the indole ring of Trp
414, an electrostatic interaction with His 538, and four
hydrogen bondings with Lys 540, Trp 414, and Leu 491. This
m—o interaction, which was not observed in the interactions
between the phosphopeptides and the PBD, could be impor-
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Figure 6. Binding nature of poloxin and thymoquinone to the PlIk1
PBD. (A) Pocket #1 identified by SiteMap 2.3. (B) Proposed mecha-
nisms of PBD inhibition by poloxin and thymoquinone. (C and D)
Proposed binding modes of poloxin (C) and thymoquinone (D).

tant for efficient binding of small drug-like molecules to
the PBD.

In this study, we have proposed a binding model for PPG, a
drug-like small molecule that inhibits the PBD of PIk1. Our
model postulates several crucial interactions with the PBD.
In addition to the interactions with the positively charged His
538 and Lys 540 residues in the PB2 motif (preferably
electrostatic in nature), several distinct interactions with
Trp 414 in the PB1 motif appear to be critical. These include
m—am interactions with the indole ring of Trp 414, a hydrogen-
bonding interaction with its backbone NH, and another
direct or bridged hydrogen-bonding interaction with its
pyrrole ring NH. The importance of the His 538, Lys 540,
and Trp 414 residues in PBD binding is corroborated by cell-
based studies where mutations in these residues greatly
impair PBD-dependent subcellular localizations.” %% It
should be noted, however, that all three residues (His 538,
Lys 540, and Trp 414) critical for the PBD binding are
conserved among the PBDs of the three closely related Plk
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subfamily members (i.e., PIk1, PIk2, and PIk3). Thus, addi-
tional interactions with other residues specific to each Plk are
likely crucial to achieve the specificity of PBD-dependent
interaction. The PBD binding models discussed here may
serve as starting points in the generation of pharmacophores
that are vitally required for the development of small drug-
like molecules against Plk1 PBD.

SUPPORTING INFORMATION AVAILABLE Detailed infor-
mation on the experimental procedures for molecular modeling,
PBD-binding inhibition assay, and PIk1 kinase assay is available free
of charge via the Internet at http://pubs.acs.org.
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