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Abstract

The polo-box domain (PBD) of PLK1 determines mitotic substrate recognition and subcellular
localization. Compounds that target PLK1 selectively are required due to the tumor suppressor
roles of PLK3. A structure-activity analysis of the PBD phosphopeptide binding motif has
identified potent peptides that delineate the determinants required for mimicry by non-peptidic
inhibitors and provide insights into the structural basis for the selectivity of inhibitors for the
PLK1 PBD. Fragment-ligated inhibitory peptides (FLIPs) obtained through REPLACE have been
optimized to enhance /n vitrobinding and a systematic analysis of selectivity for PLK1 vs 3 has
been carried out for peptides and peptidomimetics. Furthermore, these more drug-like non-ATP
competitive inhibitors had on target engagement in a cellular context as evidenced by stabilization
of PLK1 in a thermal shift assay and by inhibition of the phosphorylation of TCTP, a target of
PLKZ1. Investigation in cells expressing a mutant PLK1 showed that these are sensitive to PBD
inhibitors but dramatically resistant to clinically investigated ATP competitive compounds. These
results provide further validity of targeting the PBD binding site and progress towards PBD-
inhibitors active against tumors resistant to ATP-inhibitors.

Graphical Abstract

The polo-box domain (PBD) of PLK1 determines mitotic substrate recognition and localization.
Compounds obtained through REPLACE have been optimized to enhance in binding and
undertake systematic analysis of selectivity for PLK1 vs PLK3. These more drug-like inhibitors
had on target engagement in a cellular thermal shift assay and by inhibition of the phosphorylation
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of TCTP, a target of PLK1. Results demonstrate further validity of targeting the PBD binding site
and progress inhibitors active against tumors resistant to ATP-inhibitors.
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Introduction

The polo-like kinases play key roles in mitosis [1] and inhibition of PLK1 activity leads to
anti-proliferative effects [12 2]. The four-known human PLKs (with kinase domains, PLK5
does not) have distinct functions despite their sequence similarity especially in the kinase
domain. PLK1 is frequently overexpressed in cancer and is a negative prognostic indicator
for patient outcomes [3] especially in prostate[#] and colorectal cancers [®]. Furthermore
PLK1 has been demonstrated to be a potential therapeutic target for tumors with inactivated
p53 [6] with evidence showing that PLK1 is oncogenic when p53 is mutated [7]. The
therapeutic rationale for PLK inhibition has been validated in vitroand in vivo [8] and
numerous inhibitors of the ATP binding site of PLKs have been identified, with some
entering clinical trials after showing significant anti-tumor activity in preclinical models.
Results from two compounds suggest acceptable toxicity profiles warranting further
investigation in phase Il trials [°]. BI-6727 (volasertib) was granted FDA breakthrough
therapy designation for Acute Myeloid Leukemia, however apparently did not show good
efficacy in subsequent trials. Moreover, there are numerous drawbacks to targeting the ATP
cleft, including prominently the inhibition of the three other known members of the
mammalian PLKs [19]. Due to its tumor suppressor roles, PLK3 inhibition may lead to
diminution of the anti-tumor effect mediated by blocking PLK1 [11] suggesting that
inhibiting PLK3 can be deleterious. ATP competitive inhibitors will not necessarily block
critical non-catalytic functions of PLK1 necessitating alternative approaches.

The sub-cellular targeting binding site in the polo-box domain (PBD) which interacts with
phosphosubstrates such as Cdc25C (a phosphatase activating CDK1 allowing mitotic entry)
and PBIP (plays a central role in the assembly of kinetochore proteins and facilitates
chromosome segregation), is amenable to small molecule inhibitor development[12] and
high-throughput screening approaches have been used to generate small molecule inhibitors
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of the PBD-peptide interaction. For the most part however, these are either weakly binding
or non-drug-like in nature [13] although one compound, Poloxin, has been improved through
the addition of a hydrophobic tag (still relatively weak in terms of anti-proliferative activity)
[14]. Some inhibitors possess a contrasting phenotype to PLK1 knockdown and catalytic
inhibition [0 15] suggesting that their mechanism is not exclusively through on target
activity. Derivatized peptides that occupy a novel site in the PBD binding groove [16] have
been reported however are extensive modified, complex molecules and overall are non-drug-
like. In addition, the concentrations required for cellular activity indicate inefficient cell
uptake.

Peptides however, while non-drug-like can bind selectively to PLK1 and this provide a
structural template for the development of compounds that are metabolically stable and cell
permeable. REPLACE, a validated strategy for the iterative discovery of non-peptidic
protein-protein interaction inhibitors, has been utilized to discover fragment alternatives for
the N-terminal hydrophobic motif in a Cdc25C PBD substrate peptide[17]. In this present
study structural determinants for peptide binding to the PBDs of PLK1 have been defined,
and Fragment Ligated Inhibitory Peptides (FLIPs) with improved binding have been
generated. In addition, a detailed evaluation of affinity of ligands for the PBD of PLK3 has
been completed and used to generate a selectivity index for PLK1, a novel analysis of
selectivity of PBD ligands. Cellular studies with FLIPs demonstrate progress towards
obtaining cell permeable compounds that are structurally much less complex than previously
described peptidomimetics since they do not require pegylation or masking of the
phosphothreonine. These FLIPs engage PLK1 at a cellular level and have antiproliferative
activities consistent with PLK1 inhibition while retaining activity against cell lines
expressing a mutant PLK1 resistant to ATP directed PLK1 inhibitors. Such compounds
make excellent starting points for development as non-ATP competitive PLK1 inhibitors
since they preserve selectivity and potency towards the PLK1 PBD while imparting
characteristics for drug-likeness.

Results and Discussion

Previous studies have reported initial SAR studies on peptides from the Cdc25C
(LLCSpTPNGL) and PBIP (PLHSpTAI) phosphopeptide substrate motifs, two key PBD
interacting proteins involved in mitotic regulation[*2]. In order to further establish structure-
activity relationships for the PBD binding sequence, a peptide library was designed to probe
the contributions of the N- and C-terminal residues of the recognition sequences from
Cdc25C and PBIP in a systematic fashion and these compounds were tested in a
fluorescence polarization (FP) assay to quantify competitive binding of phosphopeptides to
the PBD domain of PLK1[17]. Further to this, a similar assay format was developed for the
PLK3 PBD to determine the selectivity of PBD inhibitors which has not previously been
investigated in depth. Yun et a/. looked at the binding of limited number of peptides to PLK2
by ITC but not PLK3[124]. In the first instance, the binding of the fluorescein labeled tracer
peptides used for both assays was evaluated to see if there was a difference in affinity for
their respective PBD. A titration curve for each tracer/PLK PBD complex was generated to
determine Kd values for each and therefore compare the relative binding affinities. The
PLK1 PBD fluorescent tracer was found to bind to the PLK1 PBD with a Kd of 4.6 nM,
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while the corresponding value for the PLK3 binding tracer to the PLK3 PBD was
determined to be 27.2 nM. These results demonstrate that the tracer peptide for the PLK1
PBD bound with a 5-fold higher affinity than the PLKS3 tracer to its PBD thereby suggesting
that this should be accounted for when comparing the selectivity of peptides and other drug-
like PBD inhibitors. A selectivity index was calculated to provide novel insights into the true
selectivity of both compounds previously described and those generated in this study (Table
1).

The affinities of the peptides and FLIPs for PLK1 and PLK3 were subsequently measured
by plotting the loss of polarization against increasing concentration of competitor peptide
building on previous work through use of an optimized assay and selectivity determination
[17]. The native phospho-sequence from Cdc25C was determined to potently bind to the
PLK1 PBD (1, IC5q = 0.17 pM) and to be highly selective with no PLK3 PBD binding
apparent at the maximum concentration tested (Table 1). As previously shown, removal of
the phosphate (2) and introduction of Glu in place of phosphothreonine led to almost
complete loss of binding[17]. To probe the contributions of the N and C-terminal peptide
regions in both the Cdc25C and PBIP context, a series of chimeric peptides were
constructed. These modifications were found to significantly increase binding compared to
either individual context (3, 1Csq = 0.06 uM). Importantly, this peptide retains strong
selectivity for PLK1 over PLK3 (ICsq = 163 uM). The two-residue sequence (Ala- lle) C-
terminal to the phosphothreonine was found to have comparable contribution to binding as
the PNGL C-terminal tetrapeptide (4, 0.064 uM), while decreasing binding to PLK3 (270
uM), thus improving selectivity. Removal of the N-terminal Pro from this peptide (5, 1Csq =
1.57 pM) resulted in a large potency drop-off for the PLK1 PBD, which also lost all
detectable affinity for the PBD of PLK3. Truncation of the C-terminal isoleucine led to a 7-
fold reduction in binding (6, ICsg = 0.46 uM). Peptide 7 is a consensus recognition sequence
for PLK3 reported in the literature and was initially synthesized as the fluorescein labeled
tracer for the PLK3 PBD [132]. Testing showed that this peptide (without fluorescein) had a
measured ICsq of 2.2 uM in the PLK3 PBD competition assay. However, the somewhat
surprising observation was made that this peptide is highly potent for the PLK1 PBD (ICsq =
0.0057 uM) while retaining almost 2000-fold preferential binding for PLK1 over PLKS3.
Two more chimeric molecules were synthesized and tested to examine the consequences of
combining the Cdc25C and PLK3 binding motifs. Replacing PKNG of the PLK3 consensus
peptide with PNGL from the C-terminus of Cdc25C (8, IC5q = 0.011 uM) was found to
reduce affinity for both PLK1 and PLK3 by 2 and 3-fold respectively. Furthermore,
combining the N-terminus of the PBIP sequence with that of the PLK3 consensus sequence
(9, ICgp = 0.032 uM) modestly reduced affinities for both PBD constructs however, the
reduction was more for the PBD of PLK3 thereby significantly improving the selectivity
index to 21,000.

Using REPLACE, low molecular weight fragments are computationally docked into the
volume of a binding site known to interact with key peptidic determinants in order to
identify more drug-like alternatives and iteratively convert a peptidic compound into a non-
peptidic inhibitor [17~18]. Through use of the peptide SAR data, REPLACE was applied to
identify fragment alternatives to the N-terminal tripeptide of Cdc25C. This resulted in the
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identification of PBD inhibitor peptide-small molecule hybrids that, when transfected into
cells, recapitulate a PLK1 deficient phenotype[1/]. These FLIPs were based on substituted
benzamide capped peptides and demonstrated that modification of the 4 n-alkyl substituent
contributed to binding with a hydrophobic slot observed in crystal structures of the PBD of
PLK1[162 16b, 191 To extend the structure-activity relationship of this series, capping groups
containing additional substituents at the 4-position were incorporated into FLIPs by
appending onto the C-terminal portion of the Cdc25C sequence, PNGL (Table 2). The
PNGL sequence was chosen to maximize affinity of the capped peptide to get the most SAR
information. In the first instance, the 4-hydroxybenzamide capped FLIP (10) was completely
inactive. The methoxy derivative (11, ICsq = 21.9 uM) had measurable binding to the PBD
in the FP assay and therefore subsequent homologs were tested in the series. Extending the
alkoxy group by 2 (12) and 3 (13) carbons resulted in subsequent increases in activity to
15.9 and 10.4 uM, respectively, thereby confirming more effective interaction with the
hydrophaobic groove previously described (Figure 1) and the doubling trend with each
successive carbon extension. Two aromatic substituted alkoxy analogs (14, ICsqg = 5.0 pM,
15, ICsq = 4.5 uM) had increased binding to the PBD with the 4-phenethoxy (15) being the
slightly more effective of the two. In addition to the methoxy derivative, the thiomethyl and
the methylamino FLIP derivatives were synthesized and tested (16, ICsg = 3.0 uM, 17, ICx
= 11.2 uM). The propyl homologue of 17 (18, 5.4 uM) increased activity by more than 2-
fold, consistent with the improvements observed with alkyl chain length in the alkoxy series.
In addition, these were compared with the 4-n-butyl benzamide FLIP previously tested (19,
ICs0 = 2.5 uM) and revealed that the thiomethyl analog is of comparable potency to the
longer alkyl chain. It is therefore apparent in comparison of this isosteric series that the order
of S>C >N > O was observed in terms of potency of binding to the PBD. Further
validation for extension of the n-alkyl portion of the substituent as a means of improving
potency was confirmed by comparison of the propyl amino (18) with 19 and the resulting
two-fold potency increase.

Optimization of 4-n-alkylbenzamido N-cap and truncation studies on residues C-terminal
to the phosphothreonine.

As these results (Table 2 and 3) reveal that the 4-position substituent increased potency in
this isosteric series[16¢], further homologation of the n-alkyl series was the obvious next step
in the SAR (Table 3). A FLIP series generated by lengthening the 4-n-alkyl substituent were
then tested in the FP assay (19, n-butyl, ICsq = 2.5 uM; 20, n-hexyl, ICgq = 1.0 uM; 21, n-
octyl, 1IC5q = 0.36 uM) and overall resulted in significantly improved affinity for the PLK1
PBD with increasing length of the alkyl substituent. Notably, the n-octyl derivative (21) was
found to essentially recapitulate the activity of the native Cdc25C peptide (1). Although 21
measurably bound to the PBD of PLK3 (IC5q = 148 uM), it possesses a 2000-fold selectivity
index and thereby retains high specificity for PLK1.

Based on the results for 21 generated as a PNGL capped FLIP, further C-terminal
modifications were explored in the context of the octyl-benzamide fragment alternatives
(Table 3). Since the peptide SAR results with 4 (0.064 uM) showed that the PNGL sequence
could be replaced with two residues without significant potency loss, a 4-octylbenzamide
capped S[pT]AI compound was constructed. As expected, this molecule (23, ICsg = 0.41
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UM) possessed very similar activity to 21 while retaining its selectivity (SI = 2000).
Additionally, the consequences of further truncation were determined by deleting the C-
terminal lle residue. The resulting FLIP (22, IC5p = 15.2 uM) containing a single alanine C-
terminal to the phospho-Thr bound to the PLK1 PBD with a ~40-fold weaker affinity
revealing a substantial potency loss, which was greater than expected based on the peptide
SAR. The binding of 22 to PLK3 was measurable (ICsg = 201 uM) and therefore had
dramatically reduced selectivity compared to 21 (Sl = 66). When the C-terminal Al of 23
was replaced with proline and leucine, the resulting FLIP (24) bound to both PLK PBDs
with 3—4 fold weaker affinity and therefore retained selectivity for PLK1. The C-terminal
amide version of 23 was synthesized to determine the impact of removing this charge.
Compound 25 was found to have similar competitive binding activity. Furthermore, the n-
nonylbenzamide FLIP was synthesized also with a C-terminal amide (26) to further the n-
alkyl chain SAR and the resulting assay determination showed equipotency to the octyl
derivative (25).

Structural Insights into PLK1 vs. PLK3 selectivity through molecular modeling studies.

In order to shed light into the structural basis for the mimicry of the capping groups and to
determine why peptides and FLIPS are selective for PLK1, a homology model for the PBD
domain of PLK3 was constructed and compared with crystal structures for the PBD of PLK1
(Figure 2). The PLK3 PBD model was then overlaid with the crystal structure of the Cdc25C
peptide used in this study as the starting point for REPLACE (3BZI)[*24]. The striking
observation from the sequence and structural alignment is that the majority of residues
involved in the phosphopeptide binding interface are strictly conserved between the two
homologs and therefore offer little insight into the differential binding of PBD inhibitors.
This leads to the conclusion that the dramatically weaker binding of the phosphopeptides
largely results from conformational differences between the PBD domains of PLK1 and
PLKS. Closer examination of the minor sequence differences however does provide insights
into possible reasons for PLK1 selectivity. One of these variations is L491 of PLK1, a
residue that directly contacts the phosphothreonine residue in the PBD crystal structure. In
the PLK3 PBD, the corresponding residue is M544 and based on the modeling results does
not appear to make contacts with the methyl group of the pThr residue that are observed
with L491 in PLKZ1. It is possible that L491 acts as an anchor for the phosphothreonine
(critical for high affinity binding) and therefore acts to solidify the many other contacts of
this residue. The absence of these contacts would thus result in dramatically lower binding
affinity in the PLK3 PBD context. Furthermore, there are conservative differences in the
cryptic pocket of the PBD which contacts the hydrophobic tail. These may explain the
slightly decreased selectivity of the FLIPs compared to the peptidic sequences.

Cellular Activity of FLIPs

Previously, phosphopeptides and FLIPs from this laboratory were demonstrated to have
significant anti-proliferative activity and phenotypes consistent a PLK1 deficient phenotype
[17]. In order to transduce these into cells however, a transfection agent was required. In
addition, other PBD peptidomimetics have been shown to possess weak cellular activity and
PLKZ1 phenotypes however require structural complexity through pegylation, histidine
derivatization and/or masking of the phosphothreonine for this effect[160-¢].
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With the increased activity in binding to the PBD and as the next generation FLIPs described
here have greater logP values through addition of the 4-octylbenzamide capping group and
decreased overall size (after deletion of two C-terminal residues), it was hypothesized that
these next generation FLIPs may possess cellular activity without the use of a delivery agent.
Accordingly, cell viability was measured using an MTT assay to determine the anti-
proliferative activity for 23 and 24. As expected, despite still having peptidic composition
and a negatively charged phosphothreonine, these FLIPs demonstrated cellular activity. FLIP
23 had anti-proliferative 1Csq values in PTEN deficient prostate cancer (PC3) cells of 55.7
UM, in HeLa cells of 128.1 uM, and Kras mutant (A-549) lung cancers cells of 79.5 uM. The
anti-proliferative activity of 24 in the same cells was approximately 2-fold lower yet clearly
measurable and consistent with its decreased binding to PLK1 PBD. Interestingly removal
of the charge on the C-terminus resulted in significantly increased cellular activity with up to
a 3-fold increase being observed with the octyl (25) and nonyl (26) versions of 23 (Table 3).
A non-phosphorylated version of 26 (supplementary figure 1) was determined to have no
significant anti-proliferative activity in line with known SAR dictating critical charge-charge
interactions of the phosphate.

To examine whether the FLIPs interact with and inhibit PLK1 in the cellular context, two
different approaches were taken to determine engagement of the target and the anti-target
PLKaS. First, the stability of PLK1 and PLK3 in cellular extracts was determined by a
thermal shift assay (CETSA, supplementary figures 2—7)[20]. Briefly, the thermal shift assay
measures the effect of ligands on the thermal stability of target proteins such as PLK1. A
positive control dose response with B1-2536 showed an approximately 1.4-fold increase in
stabilization of PLK1 against thermal denaturation across a dose range of 0.03 uM to 3.0
UM. Further data (Figure 3) shows that C-terminally amidated FLIP 25 stabilizes PLK1 with
an ECgq value of 0.17 uM. PLKS3 stabilization was also measured and an effect was seen,
albeit to a lower level with the observed ECsg of 0.58 uM. Interestingly FLIP 26 had
increased engagement of PLK1 and decreased affinity for PLK3 as shown by the CETSA
results (Figure 3). The non-phospho version of 26 as a negative control compound did not
engage PLK1 to a significant degree.

Next, the phosphorylation of a known direct target of PLK1, TCTP (translationally
controlled tumor protein), was measured by Western blotting[21]. PC3 cells were
synchronized by nocodozole (Noc) block then treated with 25, and p-TCTP was measured
with a phosphospecific antibody. The results clearly demonstrate that with increasing dose
of 25, decreasing levels of pTCTP are detected, while the total TCTP levels remain
unchanged (Figure 4). The catalytic inhibitor BI-2536 served as a positive control for
catalytic PLK1 inhibition.

Having confirmed that optimized FLIPs had potent inhibition of the PBD, PLK1 target
engagement using two approaches and anti-proliferative activity in tumor cells as a result of
improving drug-like properties, their further application in cell lines that have developed
resistance to clinically utilized ATP competitive inhibitors of PLK1 was explored. Burkard
et al. demonstrated that a single point mutation (C67V) within the ATP-binding domain of
PLK1 confers resistance to several structurally unrelated ATP-binding site inhibitors,
including BI-2536 [22]. The retinal pigment epithelial cells of this study were obtained and
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used to test FLIPs in this model of resistance to catalytic inhibitors of PLK1. It was found
that, similar to the published results, RPE cells expressing wild-type PLK1 are very sensitive
to BI-2536 (ICgg = 21.2 nM) while those expressing the C67V mutant are dramatically
resistant to this compound (> 2.5 pM, not shown). The PBD-targeted FLIP 24 inhibited the
growth of the PLK1 C67V mutant-expressing cells to an equal or even greater extent as that
seen with cells expressing wild-type PLK1 (86.8 UM + 33.8 versus 158.5 UM + 8.8,
respectively, data not shown). Note the two-fold difference may also result from minor
differences in expression between the WT and mutant exogenous PLK1.

The goal of this study was the further development of PBD inhibitors through the REPLACE
strategy [17- 23]. Variation of peptide sequences was undertaken to determine the N- and C-
terminal contributions within the PBD binding pocket and although peptides are generally
not drug-like molecules, it was envisaged that the SAR would facilitate the identification of
important residues for substrate binding and selectivity. To this end, a novel detailed
investigation of PLK1 vs PLK3 PBD binding was undertaken and revealed key information
on the determinants of selectivity. These contributions can then be used to generate FLIP
molecules for further development as non-peptidic drug-like small molecules. Therefore, as
the precursor to REPLACE, detailed SARSs were established for the peptides derived from
two major PLK1 substrates and furthermore were evaluated for PLK1 vs PLK3 PBD
selectivity. A key objective of this SAR study was to systematically compare chimeric
peptides from the different PLK1 substrates to assess contributions of the residues N and C
terminal to the S[pT] motif in each context.

Comparison of 1 and 3 revealed that Ac-PLH provides a 3-fold increase relative to LLC and
resulted in a highly potent PBD inhibitory peptide with very good PLK1 selectivity. This
highlights the contributions of the acetylated N-terminus playing a key role in optimization.

Furthermore, a significant observation in comparing the C-terminus of the Cdc25C and
PBIP peptides is that the PBD inhibitory activity of the Cdc25C 9mer could be preserved in
a 7-residue peptide as evidenced by the similar potency of 4 and 3. This confirms that the
Ala-lle C-terminal dipeptide can provide sufficient affinity to mimic the interactions of the
longer sequence. Importantly the decrease in size also resulted in increased selectivity of 4
for PLK1 (SI of 21,000) thereby providing the basis for optimization of FLIP compounds
utilizing this sequence. Further truncation of the sequence of 4 was detrimental to activity in
that removal of the isoleucine from the C-terminus led to a 7-fold decrease in PLK1 binding
(compare 4 to 6), which suggests an important contribution of this residue in the binding
pocket of the PLK1 PBD. Removal of the N-terminal proline from 4 resulted in an even
greater loss of binding to PLK1 (~24-fold compared to 5). These studies strongly indicate
that the key pharmacophoric elements for potent PLK1 PBD inhibition are contained within
the region encompassed by the Ac-PLHSpTAI and that these interactions should be
preserved in inhibitor optimization and in the search for fragment alternatives for the N and
C-terminal determinants.

After it was determined that 7, the consensus recognition sequence for PLK3, was highly
potent for PLK1 with single digit nM 1Csg, the acetylated N-terminal amino acid sequence
of PBIP (6) was combined with the C-terminal PKNG sequence of 7 to probe its relative
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contribution (9). Comparative binding data demonstrated that PKNG results in a modestly
weakened PLK1 affinity (2-fold) relative to PNGL (compare 9 and 8) while imparting
significantly improved selectivity for PLK1. The contributions of PKNG observed by this
comparison were further corroborated through relative evaluations with the PNGL C-
terminal motif in the PLK3 N-terminal sequence (GPLAT, 7 vs. 8) and a similar 2-fold
relative increase was observed.

Initial studies with FLIPs incorporating the 4-alkyl substituted N-terminal benzamide
capping group identified these as promising starting structures for the development of PBD-
inhibitors as chemical biology probes and anti-tumor therapeutics[1/]. In this present study,
the results clearly demonstrate the optimization of this capping group through extension of
the alkyl chain to 6 carbons (20) and that the potency of the native Cdc25C peptide can be
recapitulated in the FLIP molecule with sub-micromolar activity by incorporating a 4-octyl
substituent (21). Molecular modeling showed that the linear alkyl chain exploits a
hydrophaobic groove (also known as the cryptic pocket) and that extension of this chain
interacts to a greater extent (Figure 1). While this groove has been exploited in previously
described compounds, the 4-alkylbenzamide structure represents a low MW and simple
strategy to obtain highly potent but more drug-like PBD inhibitors. Furthermore, the peptide
SAR knowledge was applied in the FLIP context to generate capped peptides with only 4
residues (23) and which preserve the activity of the 6mers ligated to the benzamide groups
(21 vs. 23) while maintaining high levels of selectivity for PLK1 vs PLK3 (SI = >1800) and
confirmed that the C-terminal lle is critical for potent FLIP activity.

Peptides and particularly phosphopeptides are generally not active in cells due to their
instability and lack of permeability. Previous PBD peptidomimetics have required extensive
modification including pegylation, histidine alkylation and/or phosphothreonine masking to
generate compounds with cellular activity[16d 16¢], The two FLIPS that were optimized in
terms of potency and decreased MW (23 and 24) displayed a measurable anti-proliferative
effect without such modification or the use of or a drug delivery agent. The cells utilized
were chosen due to reported synthetic lethal interactions with PLK1 inhibition (PC-3 PTEN
deficient, A549 K-RAS mutant) [24].[24]. The hypothesis that neutralizing the negative
charge on the C-terminus might improve cell permeability was proven by the increased
potency of 25 and 26 on cells with a respectable level of activity for a phosphate containing
molecule being observed. Confirmation of on target anti-proliferative activity was obtained
through the CETSA assay and revealed potent engagement of PLK1 at the cellular level.
Interestingly the ECsq for engagement was greater than the competitive binding observed in
the FP binding assay suggesting that interaction with the isolated PBD was not reflective of
the intact full length PLK1 protein. It also indicates that the FLIPs do not get into cells
efficiently since the difference between the cellular ICsg and the PLK1 engagement is 2
orders of magnitude. Furthermore, in the intact PLK context, the FLIPs appear to be
somewhat less selective. Compound 25 had only 3-fold selectivity for PLK1 vs 3 in the
CETSA assay although 26 had considerably enhanced specificity. It is possible that its extra
carbon in the alkyl chain prevents potent interaction with the hydrophobic groove of the
cryptic pocket in the PLK3 context. As a negative control to further determine the validity of
these results, a non-phosphorylated version of 26 was found to have no appreciable anti-
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proliferative activity and also did not lead to significant stabilization of PLK1 in the CETSA
assay.

The increased cellular potency also allowed further investigation of the FLIPs to examine
PLKZ1 phosphorylation markers that are reflective of inhibition of the PBD. TCTP
(translationally controlled tumor protein) is phosphorylated on serine 46 by PLK1 in vitro
and this site has been validated as a direct readout of PLK1[212].[214]. PLK1 phosphorylation
of TCTP results in its nuclear localization and mitotic regulation through inducing an
increase in microtubule dynamics. Western blotting analysis showed that treatment of PC-3
cells with FLIP 25 resulted in a dose-dependent decrease in the amount of pTCTP thus
confirming cellular inhibition of PLK1 activity. This observation is novel since it has not
previously been shown that blocking the PBD results in inhibition of PLK1 mediated
phosphorylation of TCTP.

Cell cycle distribution experiments demonstrate that the optimized FLIPs induce a
presumptive mitotic arrest that phenocopies the mode of action of BI2536 and other methods
of down regulating PLK1 activity (supplementary figure 3).

In addition to these results, further development potential was shown by results obtained
with a cell line expressing the mutant PLK1 (C67V) and which are resistant to catalytic
inhibition [2°]. These cells are sensitive to FLIPs, thereby demonstrating that blocking the
PBD could be a synergistic approach with ATP blockers currently in clinical development.
Future studies will address the effectiveness of combination therapy using ATP-based and
PBD-targeted inhibitors.

Conclusion

In summary, this study further validates the use of the REPLACE method to develop more
drug like small molecule PBD-inhibitors that have a high binding affinity for PLK1 while
retaining selectivity against other PLKs including PLK3, a known tumor suppressor. It
should be noted that this study is the first to experimentally measure and report PLK3
binding for peptides and peptidomimetics and explicitly compare PLK1 versus PLK3
selectivity both in vitro and at the cellular level. Peptide SAR confirmed the critical
determinants of the PBD motif that require successful mimicry and a promising drug-like
molecular fragment that replaces the N-terminal residues has been identified and further
optimized. SAR and molecular modeling studies in both the peptide and FLIP contexts
demonstrate that both the N and C-termini contribute to the high selectivity of the PBIP
peptide and that truncated compounds lose both potency and selectivity for PLK1. Cellular
studies with the optimized FLIPs show significant anti-proliferative activity, potent on target
engagement and promise against drug resistant tumors thus providing impetus for medicinal
chemistry efforts aimed at incorporation of further drug-like properties through REPLACE
mediated optimization. Future studies will focus on further application of the REPLACE
strategy to the C-terminus and to generating phosphate prodrugs of the FLIPs to improve
potency and anti-tumor efficacy of the more drug-like PBD inhibitors.
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Experimental Section

Peptide & FLIP Synthesis

Fluorescent

Cell Culture

Phospho-peptides were synthesized and purified using standard Fmoc chemistry by
GenScript (Piscataway, NJ) and unless stated otherwise, all peptides were synthesized with
an N-terminal amino group and a C-terminal carboxyl group. HPLC and MS were used to
confirm the purity and structure of each peptide (see Supplementary Information Table 1).
Peptides and FLIPs generated are based on endogenously binding ligands for the PBD and
therefore there is not issue with them being false positives from aggregation or spurious
florescence signals. This is further unlikely due to the sequence degeneracy of the peptides
studied and also the availability of crystal structures for the parent motifs studied.

Polarization Binding Assay

FLIPs and peptides to be tested were dissolved in DMSO (10 mM) and diluted to working
concentrations in assay buffer (a maximum of 600 pM, which equates to a maximum 6%
DMSO tolerance determined for the assay). Assays were optimized following standard
guidelines (http://www.ncbi.nlm.nih.gov/books/NBK92000/). The PLK1 PBD (367-603)
and PLK3 PBD (335-646) proteins were obtained from BPS Bioscience Inc. (San Diego,
CA); 41.4 nM PLK1 and 245 nM PLK3 were used per reaction. The fluorescein-tracer
phospho-peptides (MAGPMQS[pT]PLNGAKK for PLK1, and GPLATS[pT]PKNG for
PLK3) were used at a final concentration of 10 nM. Incubation was carried out at room
temperature for 45 min on a shaker. Fluorescence was measured using either a DTX 880
plate reader and Multimode Analysis software (Beckman Coulter, now Molecular Devices,
Brea, CA) or a SpectraMax i3 (Molecular Devices, Brea, CA). The polarization values in
millipolarization (mP) units were measured at an excitation wavelength of 488 nm and an
emission wavelength of 535 nm. Each data point was performed in triplicate for every
experiment, and experiments were performed at least three times. An ICsq value for each
compound was calculated from non-linear regression analysis of the plots of mP values
relative to PBD-tracer mP values alone versus FLIP/peptide concentrations (Supplementary
Figures 8, 9).

HeLa cervical cancer cells and PC-3 prostate cancer cells were obtained from ATCC
(Manassas, VA) and were not authenticated by the authors for this study. HeLa and PC-3
cells were maintained in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% Nu-
serum (BD Bioscience, Franklin Lakes, NJ) and 1% penicillin/streptomycin (Invitrogen) in a
humidified incubator and 5% CO, at 37 °C.

Cell Viability Assay

Cells were maintained in 10% FBS and cell proliferation assays are conducted in 10% Nu
Serum. Exponentially growing cells were plated in 96- well plates for 24 hours prior to
treatment with FLIPs for 72 hours. Following treatment, cell viability was measured using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay.
Cells were incubated for 4 hours with MTT and absorbance at 595 nm was measured on a
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DTX 880 plate reader. 1Csq values were generated from normalized absorbance data using
GraphPad Prism.

Western Blotting

Cells were synchronized in prometaphase by treatment with 100 ng/ml nocodazole for 18
hours. Detached cells were collected, centrifuged and rinsed with PBS. Attached cells were
also rinsed with PBS. Media containing test compounds was added to the cells and
incubated for 23 hours. Cells were harvested, centrifuged, rinsed with PBS supplemented
with protease and phosphatase inhibitors (# A32959 and A32961, Pierce, Rockford, IL,
USA) and centrifuged again. Cells were suspended in RIPA buffer supplemented with
protease and phosphatase inhibitors and then sonicated on ice. The lysate was shaken for 20
min at 4 °C then centrifuged at 12,000 rpm for 20 min. Supernatant was aspirated and the
cell pellet transferred into fresh chilled tubes. Protein quantity was determined using the
BCA protein assay (Pierce, Rockford, IL, USA). Proteins (20 pg) were separated by 4-15%
SDS-PAGE. Immunoblotting analysis was done using following antibodies: anti-PLK1
(#05-844, EMD Millipore, Temecula, CA, USA), anti-phospho-TCTP-Ser46 (#5251, Cell
Signaling Technology, Danvers, MA, USA), anti-TCTP (#8441, Cell Signaling Technology),
anti-p-tubulin (#NB600-936, Novus Biologicals, Centennial, CO, USA), mouse HRP-
conjugated secondary antibody (#NA931, GE Healthcare, Little Chalfont, Buckinghamshire,
UK) and mouse HRP-conjugated secondary antibody (#NA934, GE Healthcare).
Immunoblotting was performed following the company instructions. ECL Western Blotting
Substrate and SuperSignal (Pierce) were used for detection.

Cellular Thermal Shift Assay (CETSA)

Cellular thermal shift assay (CETSA) was performed with PC3 cells cultured in RPMI
medium supplemented with 10% FBS. For an initial determination of the melting profile of
PLK1 AND PLK3, cells dispensed into 96-well PCR plates in the above medium (6000
cells/well in 50 pl) were subjected to temperature gradient (38—60 °C) for 10 min. Cold non-
denaturing lysis buffer (PBS supplemented with 0.1% TritonX-100 and 1X protease
inhibitors) was added to wells, and the plate was rocked, then incubated for 15 min on ice.
Centrifugation was performed at 14,000 rpm to sediment the denatured protein content.
Supernatant was collected and subjected to SDS-PAGE, and immuno-detection was
performed using anti-PLK1 and anti-PLK3 antibodies. PLK1 and PLK3 bands were
quantified on a LI-COR C-Digit Blot Scanner, and T,g4(50) and Tagg(75) values were
calculated for both proteins. In subsequent experiments, cells were treated at increasing
doses (3.0, 1.0, 0.3, 0.1, 0.03 uM) of inhibitors together with DMSQ control, for 2 hours.
Cells were then subjected to heat shock at Tagq(50) for 10 min, and unstable protein was
removed by centrifugation step. Following immuno-blotting, bands of stable PLK1 and
PLK3 were quantified, normalized to loading control and plotted using GraphPad Prism
software. ECsq values for inhibitors were calculated.

In an initial heat gradient, PLK1 displayed a temperature-dependent decay with a T,g4(50)
of 56.2 °C, whereas PLK3 displayed a temperature-dependent decay with a T,g¢(50) at 48.0
°C. Subsequently, dose-dependent potency of each inhibitor was tested at Taqq(50), the
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temperature point at which 50% of the target protein is denatured. The ECsq of the peptides
were determined from the curve fit of the dose response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Interactions of the alkyl group of the benzamide capping group in compound 21 with the

PBD of PLK1 (PDB ID: 3RQ7). The hydrophobic groove exploited by the capping group
and the interactions of the phosphothreonine are highlighted.
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Figure 2.
Interactions of the Cdc25C phosphopeptide (yellow carbon atoms) with the PBD of both

PLK1 (PDB ID: 3BZI) and PLK3 (homology model). PLK1 PBD residues are depicted with
green carbon atoms and those of PLK3 are shown with orange carbons.
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Figure 3.

Graph representing densitometry of the western blots of PLK1 and PLK3 across the dose

range of the FLIPs listed.
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Figure 4.
Western blotting analysis of PC-3 cells following 23-hour treatment with 25. Cells were

synchronized with nocodazole for 18 h prior to treatment with 25 or BI-2536 for 23 h. Cell
lysates were harvested, separated by SDS-PAGE, then immunoblotted for TCTP, p-TCTP,
and B-tubulin.
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Compound Sequence PLK1PBD FP IC50 [uM] PLK3PBD FP IC 50[uM]  Selectivity Index

1 LLCS[pT]PNGL 0.17+0.03 >600 >17,000

2 LLCSTPNGL >600 ND ND

3 Ac-PLHS[pT]PNGL 0.06 +0.04 163.6 13,633

4 Ac-PLHS[pT]AI 0.064 +0.01 270.5 21,133

5 Ac-LHS[pT]AI 157 +0.47 >600 >1900

6 Ac-PLHS[pT]A 0.46 +0.12 >600 >6500

7 GPLATS[pT]PKNG 0.0057 £ 0.002 2.2 1928

8 GPLATS[pT]PNGL 0.011 + 0.003 6.3 2864

9 Ac-PLHS[pT]PKNG 0.032 £ 0.012 133.8 20,906
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Table 2.

PLK PBD In vitro binding for FLIP compounds (Ncap-S[pT]PNGL)

O
/Serprhr-Pro—Asn-GIy—Leu
N
H
R
Compound R1 PLK1 PBD FP IC50 [uM]

10 OH >600
1 OCHjs 21.9+43
12 OCH,CHj 159+2.1
13 OCH,CH,CHs 10.4+2.6
14 OCH,CgH,F 5.0+ 0.86
15 OCH,CH,CgHs 45+0.72
16 SCH3 3.0+0.72
17 NCH;3 11.2+26
18 NCH,CH,CHs 54+1.8
19 CH,CH,CH,CHy 25+0.96
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