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Development of ultra-high affinity bivalent ligands targeting
the polo-like kinase 1

Bivalent ligands are described that are designed to access
both the catalytic kinase domain (KD) and the polo-box
domain (PBD) of the polo-like kinase 1 (PIk1). Exceptionally
high binding affinities were retained even with minimal linkers
between KD and PBD-binding components. This potentially
suggests spatial orientation of the KD and PBD consistent
with simultaneous occupancy. Such an orientation could
have important implications for PIk1 structure-function.
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The polo-like kinase 1 (Plk1) is an important mediator of cell cycle regulation and a recognized anti-
cancer molecular target. In addition to its catalytic kinase domain (KD), Plkl contains a polo-box domain
(PBD), which engages in protein—protein interactions (PPIs) essential to proper Plkl function. We have
developed a number of extremely high-affinity PBD-binding peptide inhibitors. However, we have
reached an apparent limit to increasing the affinities of these monovalent ligands. Accordingly, we
undertook an extensive investigation of bivalent ligands, designed to engage both KD and PBD
regions of Plkl. This has resulted in bivalent constructs exhibiting more than 100-fold Plk1 affinity
enhancement relative to the best monovalent PBD-binding ligands. Startlingly, and in contradiction
to widely accepted notions of KD—-PBD interactions, we have found that full affinities can be retained
even with minimal linkers between KD and PBD-binding components. In addition to significantly
advancing the development of PBD-binding ligands, our findings may cause a rethinking of the
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Introduction

Multivalency can be a powerful means of achieving highly
potent and selective ligand - protein interactions.' Intermole-
cular multivalency describes the simultaneous binding of sev-
eral ligands contained within a single scaffold to multiple
binding sites on separate molecules, while intramolecular
multivalency can be defined as the binding of multiple ligand
components of a single entity with multiple binding sites on a
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single protein. In both cases, a number of disparate and not
clearly understood factors can contribute to affinity enhance-
ments that can be several orders-of-magnitude greater affinity
than monovalent ligands. Protein kinases (PKs) are a family
of enzymes where the principles of multivalency can be applied
to design inhibitory constructs with particularly exquisite
efficacies.” This is because PKs are often modular in structure,
having in addition to a catalytic domain, other protein domains
that either direct the kinase to specific locations or modulate
its catalytic activity.>* PKs function by transferring the
v-phosphate of adenosine triphosphate (ATP) to serine, threo-
nine or tyrosine residues in substrate proteins. Productive
catalysis requires the simultaneous binding of ATP and asso-
ciation with appropriate acceptor proteins.” The selectivity and
affinity of PK inhibitors can be greatly increased by linking an
element that binds within the ATP-binding cleft together with a
component that binds exterior to the cleft. When the secondary
component is a pseudosubstrate, the construct may be viewed
as being “bisubstrate.”® When the secondary component
accesses ancillary regulatory domains, the resulting ligand
may be described as being intramolecular bivalent.>” Bivalent
kinase inhibitors, which are referred to as “type V” inhibitors,
are the subject of a recent review.®

The serine/threonine specific polo-like kinase 1 (Plk1) is an
important cell cycle regulator,” which has been defined as a
molecular target for anti-cancer therapy development.'®™** This
protein is overexpressed in many cancers and its inhibition can
result in antiproliferative effects. Plk1 requires the coordinated
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actions of both an N-terminal kinase domain (KD), which
executes its catalytic function and a C-terminal polo-box
domain (PBD), which engages in protein-protein interactions
(PPIs) with phosphoserine (pS) and phosphothreonine (pT)-
containing sequences.'® Although Plk1 KD-directed agents are
currently in clinical trials for the treatment of cancers, issues
related to cytotoxicity have arisen that may result from off-
target effects.’®"* This is thought to be due in part to the fact
that ATP is bound in a deep cleft that shares a high degree of
homology among the approximately 500 members of the
human kinome.'* Because PBDs are limited to the five mem-
bers of the Plk family of kinases, targeting PBDs may afford
attractive alternatives to ATP-competitive inhibitors for down-
regulating Plk1 activity.'>"®

Over the past decade, we have exerted significant effort
toward developing PBD-binding antagonists. Much of our work
has employed peptides based on a region of the polo-box
domain interacting protein 1 (PBIP1) proximal to the phos-
phorylated Thr78 (pT78) residue PLHSpPT (1)."” We have found
by tethering alkylphenyl groups from different positions on this
sequence, that we can access a hydrophobic “cryptic binding
pocket” formed by Y417, Y421, Y481, F482, Y485 and L478,
which is revealed by a more than 100° rotation of the Y481 side
chain.’®2° Occupying the cryptic binding pocket can provide
up to three-orders-of-magnitude enhancement in PBD-binding
affinity. We have been able to reach the pocket from the pT-2
His residue using peptides of the form PLH*SpT (2), where H*
indicates the presence of a -(CH,)sPh group on the His N3(n)
nitrogen [i.e., H* = His-[N(n)-(CH,)sPh]]. We have also found
that tethering aryl and heteroaryl moieties from the His N3(n)
nitrogen®"?> or introducing long-chain alkylphenyl groups into
amino acids other than His at the pT-2 position, can also
substantially improve binding affinities.>® Yet, despite intense
effort, attempts to improve the binding affinities for peptides
within this series has reached an apparent ceiling in the low
nanomolar range, depending on the assay.

Plk1 presents an attractive target for the development of
intramolecular bivalent ligands. Such agents could be con-
structed by combining elements that simultaneously bind to
both the KD and PBD regions of the protein.'®'*'® Importantly,
binding enthalpies could be as great as the sum of the energies
associated with binding to each domain (i.e., potentially yield-
ing binding constants that approach the product of individual
affinities). In the case of Plk1, where ligand binding constants
for both the KD and PBD are low nanomolar, the binding
constants of bivalent ligands constructs could be well below
nanomolar. Our current paper presents our extensive investiga-
tion of bivalent ligands, designed to simultaneously engage
both KD and PBD regions of Plkl. As will be shown, this has
resulted in bivalent constructs exhibiting more than 100-fold
Plk1 affinity enhancement relative monovalent PBD-binding
ligands, which had until this time, exhibited among the highest
PBD-binding affinities yet reported. Startlingly, and in contra-
diction to widely accepted notions of KD-PBD interactions,
we have found that extremely high affinities can be retained
even with minimal linkers between KD and PBD-binding
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components. In addition to significantly advancing the devel-
opment of PBD-binding ligands, our findings may cause a
rethinking of the structure - function of Plk1 and potential
implications for the physiological roles played by this kinase.

Results and discussion
Design of initial bivalent ligands

Bivalent ligands must be capable of simultaneously binding to
both KD and PBD domains. While high affinity ligands for the
individual domains are known, to date there have been no
structures (either crystal, solution, or cryo-EM) of full-length
Plk1, which would indicate the relative orientation of the two
domains. However, the potential spatial organization of the
domains has been informed by the recent crystal structure of a
mixture of the isolated polo kinase KD and PBD from zebrafish
(D. rerio), which have high homology to human Plk1 and the
PBD-binding motif of Map205 (Map205"®™) from Drosophila
(PDB accession code 4]J7B).>* In this structure the KD appears to
be held in a potentially relevant orientation relative to the PBD.
By superimposing of the human Plkl1 KD complexed to
BI2536>° (a potent Plk1 kinase inhibitor, exhibiting an in vitro
IC5, value of 0.8 nM; PDB accession code 2RKU) onto the
zebrafish KD and the human Plkl PBD complexed to peptide
2 (PDB accession code 3RQ7) onto the zebrafish PBD, respec-
tively, we were able to obtain a model from which to approx-
imate distances between ligands binding to the two domains
(Fig. 1). The 2RKU crystal structure shows that the 1-methyl-
piperidin-4-amide moiety of BI2536 extends out from the KD
catalytic cleft into solvent, indicating that this portion of
the molecule could potentially be removed without undue
deleterious effect. In fact, we have already reported that dele-
tion of this moiety does not affect Plk1 inhibitory activity of
BI2536.%° It is less clear whether optimum geometry could be
achieved by tethering the BI2536 portion to the PBD-binding
peptide from its C- or N-terminus. From Fig. 1, it is apparent
that C-terminal linkage would be the most direct. However, the
protein inter-domain linker (IDL) joining the KD to the PBD is
thought to be highly flexible and the relative orientations of the
two domains could be quite variable (not restrained to what is
shown in the 4J7B crystal structure). Therefore, examining
N-terminal linkage in addition to C-terminal linkage is
warranted. We have previously shown that PBD-binding pep-
tides are highly tolerant of N-terminal PEG chains bearing
bulky fluorophores, suggesting that an N-terminal linker
should not dramatically impact PBD-binding affinities.'®

We designed a set of bivalent ligands, in which peptide 2
was linked to the core structure of BI2536 (Lys(BI2536), Fig. 2)
by means of mini-PEG units, each of which spanned a max-
imum distance of approximately 9.4 A (Fig. 2). These consisted
of both C-terminal [3, 5,7, and 9 (n =4, 3, 1, and 0, respectively)]
and N-terminal [4, 6, 8, and 10 (n = 4, 3, 1, and 0)] linkages
(Fig. 2). The maximum spanning distance achievable was
approximately 43 A (n = 4). A C-terminal spanning distance of
26 A was anticipated to be minimally acceptable based on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1
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1: PLHSPT (R = H)
2: PLH*SpT (R = (CH,)gPh)

BI2536

(@) Superimposed structure of zebrafish polo kinase isolated KD and PBD complex (4J7B) with BI2536-bound human Plkl KD (2RKU,

magenta) and peptide 2-bound human Plkl PBD (3RQ7, cyan); (b) a different angle view of the structure in panel a. (c) An enlargement of the contents
within the dashed line box in panel a. (d) Structures of BI2536 and peptides 1 and 2 showing proposed linking from the C-terminus (red) and the

N-terminus (blue).
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Fig. 2 Structure of Lys(BI2536) and bivalent ligands with different linker
lengths conjugated the PBD-binding peptide from C-terminus (3, 5, 7, and
9) and N-terminus (4, 6, 8, and 10).
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4]7B crystal structure (Fig. 1). The syntheses of these peptides
are shown in Scheme S1 (ESI¥).

Biological evaluation of initial bivalent ligands having four
mini-PEG units as linker

We evaluated the binding affinities of the synthetic ligands
using fluorescence polarization (FP) assays, which measured
the ability of ligands to inhibit the binding of FITC-labelled 2
(FITC-2, Scheme S2, ESIt) to either full-length Plk1 (having both
KD and PBD components) or to isolated PBD (lacking a KD
component). It is worth noting that ICs, values measured
against the isolated PBD are lower than those measured against
full-length Plk1. This is consistent with a literature report that
PBD-dependent binding of full-length Plk1 to pS/pT epitopes is
significantly reduced in comparison to the binding of isolated
PBD.”” This difference is attributed to inhibitory interactions
between the PBD and KD that affect equilibrium binding to
phosphopeptides. The KD-binding “BI2536 motif”’ [Lys(BI2536)]
was tethered to peptide 2 by four mini-PEG units from either the
C-terminus or the N-terminus, designated as peptides 3 and 4,
respectively. It is important to note that our previously reported
ICs, value for 2 was extremely low (ICs, = 17 nM). This ELISA data
was generated using a plate-bound biotinylated pT78 peptide
derived from the PBIP1 sequence and cell lysate containing GFP-
labelled full-length Plk1. In contrast, the FP assays used in our
current work employed the higher affinity FITC-2 as a probe and

RSC Chem. Biol., 2022, 3, 1111-1120 | 113
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Table 1 Results of FP assays examining the PBD-binding affinities of
bivalent ligands 3 and 4 having linkers composed of four mini-PEG units

PBD-binding affinity® PBD-binding affinity®

Ligand (nM) (full-length Plk1) (nM) (isolated PBD)
BI2536 No inhibition N.d.”

1 No inhibition N.d.

2 340 £ 15 34 £1.2
3 2.3 £0.22 12 £ 0.76
4 2.2 +0.24 18+ 7.9
2+ 1 uM of 130 £+ 4.9 41 £ 2.9
BI2536

3+ 100 uM of 37+ 1.8 16 £ 1.7
BI2536

4 +100 uM 79 £ 4.9 22 £ 0.36
of BI2536

% Numbers represent the average ICs, value + SEM (nM) from three
independent experiments. ? Not determined.

purified myc-tag fused full-length Plk1 without the GFP fusion.
Under these conditions the parent monovalent peptide 2 gave an
IC5 value of 340 £ 15 nM and the bivalent peptides 3 and 4 gave
ICs5 values that were approximately two orders-of-magnitude lower
than for 2 (IC5o = 2.3 £ 0.22 nM and 2.2 + 0.24 nM, respectively,
Table 1 and Fig. S2a, ESIt). This data indicates that tethering
Lys(BI2536) by four mini-PEG units to either the C-terminal or
N-terminal positions of 2 results in significant enhancement of
binding affinities. Moreover, in the presence of 100 uM BI2536, the
bivalent constructs 3 and 4 decreased their affinities by more than
one order-of-magnitude (ICso = 37 + 1.8 nM and ICs, = 79 + 4.9
nM, respectively). These affinities are similar to the affinity of
monovalent 2 in the presence of 1 uM BI2536. Repeating the above
assays using the isolated PBD showed that BI2536 had no effect on
the binding affinities of the bivalent constructs. Since the isolated
PBD lacks a KD, this supports a key role for the KD in the
enhanced affinity of bivalent constructs against full-length Plk1
(Fig. S2b, ESI¥).

Potencies of the compounds were also evaluated for inhibi-
tion of catalytic phosphorylation by the KD using a FRET-based
kinase assay (Z'-LYTE kinase assay kit Ser/Thr 16 peptide,
Invitrogen).?® In addition, we evaluated the constructs using
our recently reported fluorescence recovery-based binding
assay, which measures KD-affinity using full-length Plk1
(Table 2 and Fig. S3, S4, ESIt).>® The results of the kinase assay

Table 2 Results from kinase assays and fluorescence recovery assays of
bivalent ligands 3 and 4 having linkers composed of four mini-PEG units
using full-length Plk1

Kinase inhibitory KD affinity”
Ligand potency” (nM) (nM)
BI2536 19 + 1.0° 47 £ 0.79
Lys(BI2536) 17 + 2.2° 19 + 0.53
3 55+ 5.4 16 £ 0.58
4 83 £ 4.7 17 £ 0.20
Lys(BI2536) + 1 pM of 2 5.5 &+ 0.27 N.d.
3 +100 uM of 2 7.3 £0.48 N.d.
4+ 100 uM of 2 5.0 £ 0.27 N.d.

“ Numbers represent the average ICs, value = SEM (nM) from three
independent experiments. ? Reported ICs, value.?® © Not determined.
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showed that the bivalent constructs stoichiometrically inhibit
Plk1 kinase activity, as evidence by the steep Hill slopes
associated with the dose-response curves. Addition of excess
monovalent 2 dramatically decreased bivalent binding so that
results observed were nearly the same as co-incubation of
Lys(BI2536) with 1 uM of 2 (Fig. S3, ESIt). We interpret this
data as supporting binding of the bivalent construct to both the
Plk1 KD and PBD components. The results of the fluorescence
recovery assays also show dose-response curves with steep Hill
slopes, consistent with the binding affinity of the bivalent
ligands being higher than that of parent BI2536 (Fig. S4, ESIT).
These data also support binding of the bivalent construct to
Plk1 KD and PBD.

Structure-activity relationship (SAR) studies examining bivalent
ligands with different linker lengths

The results described above show that bivalent ligands having
tethers composed of four mini-PEG units exhibit significantly
enhanced Plk1 binding affinities in KD-dependent fashion.
However, the distances separating the PBD and KD ligand
binding sites in Plk1 were not known. The fact that these two
domains are joined by a highly flexible IDL, (residues 326-368)
further emphasizes uncertainties regarding optimum bivalent
linker composition and length. A C-terminal spanning distance
of 26 A was anticipated to be minimally acceptable based on the
4]7B crystal structure (Fig. 1). Each mini-PEG unit can span a
maximum distance of approximately 9.4 A (Fig. 2). The bivalent
constructs reported above having four mini-PEG units in their
linkers should be able to span approximately 37 A. Therefore,
we explored the effects of shortening the linkers first to three
mini-PEG units, then to one and finally to zero mini-PEG units
(Table 3 and Fig. S5, ESIt). Somewhat to our surprise, we found
that irrespective of linker length, all bivalent constructs exam-
ined (3-10 having linkers with 4, 3, 1 and 0 mini-PEG units,
respectively) showed similar single-digit nanomolar affinities.
These affinities were more than two orders-of-magnitude
greater than the parent monovalent penta-peptide 2 (Table 3).
It is important to note that due to a bottoming out of the assay
sensitivity, these ICs, values probably represent an upper limit.
Actual affinities among ligands having different linker lengths
could potentially show significant variation at sub-nanomolar

Table 3 FP assay results of bivalent ligands with different length PEG
linkers 3—10

Ligand PBD affinity” (nM) (full-length Plk1)
2 550 + 23

3(n=4y 1.8 4 0.20

4(n=14) 1.9 + 0.095

5(n=3) 1.7 4 0.097

6 (n=23) 1.3 +0.13

7(n=1) 1.2 + 0.40

8(n=1) 1.9 + 0.089

9 (n=0) 3.1+ 0.59

10 (2 = 0) 3.6 + 0.35

“ Numbers represent the average ICs, value & SEM (nM) from three
independent experiments.  Number of mini-PEG units in linker.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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levels. We also performed FP and fluorescence recovery-based
binding assays with excess non-labelled probes (Fig. S6, ESIT).
However, in both assays, there is no significant attenuation of
the affinities of the bivalent compounds 3 (ICs, = 1.4 & 0.084,
1.4 £0.21, 1.5 + 0.23, and 1.6 £ 0.057 nM in the presence of 0,
10, 100, and 1000 nM of 2, respectively for FP assays, and ICs, =
5.7 £0.16, 5.1 + 0.10, 3.1 £ 1.5 nM in the presence of 0, 10, and
100 nM of BI2536, respectively for fluorescence recovery-based
binding assays) and 9 (IC5o = 2.6 & 0.082, 3.0 £ 0.27, 2.8 £ 0.14,
and 3.1 & 0.20 nM in the presence of 0, 10, 100, and 1000 nM of
2, respectively for FP assay, and ICs, = 14 £ 0.94, 8.5 £ 0.33, 7.2
+ 3.3 nM in the presence of 0, 10, and 100 nM of BI2536,
respectively for fluorescence recovery-based binding assays).
These results also support the extremely high binding poten-
cies of the bivalent compounds.

Examination of bivalent ligands having BI2536 motifs with
attenuated KD affinities

We wanted to confirm that the KD and PBD-binding compo-
nents of the bivalent constructs were binding as intended in
their respective target domains. This was important, since a
conceptually similar study by Berg et al. using a BI2536 analog
tethered to the N-terminus of the PBD-binding peptide
GPLHSPTA, concluded that affinity enhancement of the bifunc-
tional construct was not due to the BI2536 moiety binding in
the KD active site.>® Accordingly, in order to provide evidence
that the BI2536 motif in our bivalent ligands is binding in the
KD active site, we attenuated the KD-binding affinity of the
BI2536 component by making relatively minor structural
changes known to have dramatic effects on KD affinities but
which should not greatly affect binding at sites other than
the KD. First, we replaced a key nitrogen atom with oxygen
(BI2536*, Fig. 3). For the parent BI2536, this simple change
results in an approximate 1000-fold loss of potency (Plkl K; =
220 nM for BI2536* as compared to K; = 0.2 nM for BI2536).*°
We attenuated the affinity of BI2536* even further by replacing
its N-cyclopentyl group with an i-butyl group to yield BI2536'
based on the fact that this change in BI2536 results in a 30-fold
loss of potency (Fig. 3).>° The syntheses of BI2536 derivatives
and their bivalent ligands are shown in Schemes S3-S5 (ESIT).

As anticipated, the bivalent constructs incorporating either
BI2536* (11 and 12) or BI2536 (13 and 14) showed significantly
less affinity for the PBD in full-length Plk1 than the parent
BI2536-containing compounds (Table 4 and Fig. S6, ESIT).
Again, it is important to note that the actual ICs, values of
parent 3 and 4 could potentially be significantly lower than
measured. This would mean that the apparent binding attenua-
tion is probably much greater than indicated by these numbers.
This tendency was also observed in the kinase assays and
fluorescence recovery assays that evaluated inhibitory potency
and affinity against the KD, respectively (Table 4 and Fig. S4, S7,
ESIY). These data showing that modified bivalent constructs 11
and 12 having reduced KD-affinities also exhibit concomitant
reduced PBD-binding affinities are consistent with binding in
the KD active site playing an important role in overall enhanced
PBD-binding affinity.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

0 000- Nﬁ:N ° 0-f
1000-fold | 30-fold
el N:; 30-

actlvny loss é activity loss é
o -

FE=g

|
N N 0

R70
(lj BI2536 BI2536" R = OH BI2536' R = OH
i N
Lys(BI2536") R = Ac.y~ NH: Lys(BI2536’)R=AC~,F/';(NH2 N N
H o} H 0 J\/INZ/Q
Y

~

OH
IN/\/\/\O )
H
O
[¢]

4

N N-r O:i;OH
11 R = -(CH,)gPh, X = O, Y = cyclopentane
13 R = -(CH;)gPh, X = O, Y = isobutyl

15R=H,X=N,Y= cyclopentane

O\/'w( ww@u Q(L i Lr j\

12: R = -(CH,)gPh, X = O, Y = cyclopentane N oo

14: R = -(CH,)gPh, X = O, Y = isobutyl OH
16:R=H,X=N,Y= cyclopentane

Fig. 3 Structures of attenuated BI2536 derivatives BI2536*, BI25367,
bivalent ligands possessing these BI2536 derivatives (11-14) and the

bivalent ligands containing PBD-binding peptide 1 (15 and 16).

Table 4 Biological evaluation of attenuated BI2536 derivatives (BI2536*
and BI2536%) and the bivalent ligands possessing these derivatives (11-14)
using full-length Plk1

PDB affinity® Kinase inhibitory potency” KD affinity®

Ligand (nM) (nM) (nM)

BI2536 N.d.? 0.93 £ 0.15 47 + 0.79°
Lys(BI2536) N.d. 0.065 =+ 0.0017 19 + 0.53°

2 310 + 82 N.d. N.d.

3 2.0 = 0.045 9.0 + 0.99 16 + 0.58°

4 3.4 £0.27 8.7 £ 0.49 17 £ 0.20°
Lys(BI2536*) N.d. 960 + 360 No inhibition
11 33 +3.5 710 £ 230 No inhibition
12 60 £ 1.2 1000 £ 600 No inhibition
Lys(BI2536') N.d. No inhibition No inhibition
13 60 + 2.9 >10000 No inhibition
14 100 £ 4.3 >10000 No inhibition

“ Numbers represent the average ICs, value i SEM (nM) from three
independent experiments. > Not determined. ¢ ICs, value shown in
Table 2.

In order to compare our results with recently reported
bifunctional inhibitors targeting the Plk1 KD and PBD,*
modified our bivalent construct design by using PLHSpT (1),
which we first reported as a preferred minimal PBD-binding
peptide and which is routinely used as a reference PBD-binding
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Table 5 FP assay results of bivalent ligands utilizing PLHSpT as the PBD-
binding component (15 and 16)

Ligands PBD-bindig affinity” (nM) (full-length Plk1)
2 330 + 40

2 +1 uM BI2536 200 + 41

3 2.1 +£0.34

4 3.0 £0.31

15 >10000

16 >10000

“ Numbers represent the average ICs, value + SEM (nM) from three
independent experiments.

peptide (Table 5 and Fig. S8, ESIt)."” Peptide 1 shows approxi-
mately 1000-fold less PBD-binding affinity than peptide 2.
We found that bivalent constructs utilizing PLHSpT (15 and 16)
failed to show inhibitory potencies in our assay (Table 5). These
results are consistent with previously reported bifunctional
ligands formed by conjugating the lower affinity PBD-binding
sequence, GPLHSpTA with BI2536.° These latter constructs
employed long alkyl chain linkers arising solely from the
N-terminus of the peptide. No advantage was achieved by
bivalent conjugation, although the affinity of the FP probe used
to measure binding (5-CF-GPMQSpTPLNG-OH) was signifi-
cantly lower than the affinity of the probe (FITC-2) used in
our assays. We attribute the results obtained with 15 and 16 as
being due to their inability to compete for binding to the PBD
with the much higher affinity fluorescent probe (FITC-2,
Scheme S2, ESIf). This was regardless of the fact that they
retained as their KD-binding component, a nanomolar-affinity
BI2536 analog.

Molecular dynamics simulations

In our SAR study examining the effects of varying linker length
(Table 3 and Fig. S5, ESI), we observed that all bivalent
compounds (3-10) conjugated to the BI2536 motif whether
from the C- or N-terminus of the peptide 2, exhibited high
Plk1-binding affinities that were at least two orders-of-magnitude
greater than the monovalent PBD-binding parent penta-peptide 2.
This was in spite of the fact that the mini-PEG linkers (n =4, 3, 1,
or 0) showed extreme variation in lengths (Fig. 2). These results
appear to be inconsistent with the initial model structure, which
suggested that at least 26 A would be required for simultaneous
binding to the KD and PBD (Fig. 1). This suggested that the initial
model based on the PBD 4]J7B-derived structure, may not accu-
rately describe the orientations of the KD and PBD in full-length
Plkl1. In order to explore possible alternate conformations of
full-length Plk1 that would be more consistent with the SAR
results, we performed molecular dynamics (MD) simulations on
fully hydrated protein using the NIH HPC cluster. The protein
model was constructed using the structure of isolated zebrafish
Polo-kinase 1 KD and PBD with drosophila MAP205 peptide (4]7B)
with addition of a homology-modelled 35-residue IDL (331-366).
The ligands employed were monovalent BI2536 and PLHSpT
(1) as the KD and PBD-binding components, respectively. The
structure of the Plk1 construct with BI2536 and PLHSpT bound
before and after MD simulations showed the relative motions of
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Fig. 4 MD simulations on fully hydrated protein. The structure was
modelled based on the structure of isolated zebrafish Polo kinase 1 KD
and PBD with drosophila MAP 205 peptide (4J7B) with addition of a
homology modelled 35 residue (331-366) inter domain linker (IDL).
Ligands in this modelling are monovalent BI2536 and PLHSpT (1) for KD
and PBD, respectively. Full length Plk1 with BI2536 bound (before (a) and
after (b)) MD simulations showing relative motion of the KD. The super-
imposed structure of (a) and (b) is shown in (c). (d) Calculated contact
surface area between KD and PBD during MD simulations.

the KD (Fig. 4(a)—(c)). The simulations suggest that the structure of
4]7B was reasonable as one possible stable conformation for the
apo form. However, the binding of ligands in the KD and PBD
domains allowed a conformation with larger separation between
the two respective binding pockets. Binding of the peptide alone
stabilized both the structure of the PBD as well as the entire
complex. However, simultaneous binding of BI2536 and the
peptide destabilized the complex (Fig. 4(d)).

These results indicate that large variation of distances
between two inhibitor-binding pockets is possible. Based on
these MD simulation results, we hypothesized that additional
KD-PBD binding interfaces could exist in an ensemble of
conformations that would be consistent with the bivalent
binding of constructs having various linker lengths. In order
to find new reasonable conformations of full-length Plk1 allow-
ing close contact between KD and PBD ligand-binding pockets,
we docked the KD and PBD to accommodate the binding of
bivalent peptides 9 and 10, which have the shortest linker (n =
0) conjugated from C- or N-terminus, respectively, and per-
formed MD simulations (Fig. 5). The newly simulated confor-
mations have smaller surface contacts than that of the
structure of 4]7B. However, short pocket distances were stably
maintained for long simulation times (> 1000 ns).

The MD simulations indicate that stable orientations of the
KD with the PBD are possible, such that the respective ligand-
binding pockets can be in close proximity. This permits

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MD simulation of Plk1 with the KD and PBD arranged to allow binding of the bivalent ligands with the shortest linker (9 and 10). (a) Initial model
structure based on 4J7B from Fig. 1(a). Simulated structures of full-length Plk1 with close contact of two ligand binding pockets with 9 (b) and 10 (c).
Enlarged structures of (b) and (c) are shown in (d) and (e), respectively. Pink: KD, light blue: PBD, yellow: BI2536, white: peptide 2, green: linker (Lys), grey:

binding surface of KD and PBD with 9 or 10.

binding of bivalent ligands with even the shortest linker (n = 0)
from either the C- or N-terminus of 2 (peptides 9 and 10,
respectively, Fig. 2). This is due in part to the high conforma-
tional flexibility of the 35 amino acid IDL joining the two
domains. Although counter-intuitive based on the 4J7B crystal
structure, these results are consistent with recently reported
work that combined structural data from several different
sources to define the overall relationship of the KD with the
PBD in a multi-domain PIk1 model.>' These authors found that
the KD uses its C-lobe to interact with the PBD near its ligand
binding site and that full-length PIk1 is highly dynamic, mak-
ing a variety of domain-domain interfaces in solution. This
recent report provides strong validation of our own conclusions
regarding the permissibility of close proximity of the KD and
PBD ligand binding sites. It should be noted that these MD
simulations examined bivalent ligands with very short linker
segments. We did not perform additional simulations to deter-
mine whether ligands with longer linkers could potentially

Table 6 Kinase panel assay results of BI2536, 3, and 9

bind in intermolecular fashions. Although such intermolecular
binding may be a distinct possibility, our primary interests
focused on developing intramolecular bivalent ligands.

Evaluation of inhibitory potencies against a panel of kinases

We also evaluated kinase selectivity of the bivalent ligands 3
and 9. The kinase assays were performed by Reaction Biology
Corporation using a panel of 8 kinases (Table 6). The kinases
used were selected from the Reaction Biology Corporation
inventory based on those showing the highest inhibitory poten-
cies by BI2536 as reported by Boehringer Ingelheim.?”> The
compounds were tested in a 10-dose IC5, mode with a 3-fold
serial dilution starting at 10 pM. The bivalent compound 9,
which had the shortest C-terminal linker (Fig. 2, n = 0), showed
from moderate to good selectivity among the kinases compared
to BI2536. The bivalent compound 3, having a long C-terminal
linker (Fig. 2, n = 4) showed slightly less selectivity than 9
against the panel of Plk kinases (Plk1, Plk2 and P1k3) (Table 6).

Compound ALK ALK (C1156Y) CAMKK2 CLK2 MSK2/RPS6KA4 PLK1 PLK2 PLK3
BI2536 270° 140 200 570 - 4.4 3.6 5.3

3 >10000 9900 170 60 — 2.0 1.6 7.2

9 >10000 8100 350 — — 4.9 7.2 21

@ Numbers represent the ICs, value (nM) and the experiments were performed by Reaction Biology Corporation. * No inhibition.
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2*: PLH*SPmab 17

Fig. 6 Structure of 2* (PLH*SPmab) and a bivalent ligand possessing
Pmab (17).

Synthesis and evaluation of a bivalent compound possessing
a hydrolytically stable pT mimetic

In order to overcome instability of phosphate ester moiety
in the bivalent compounds against phosphatases, (25,3R)-2-
amino-3-methyl-4-phosphono-butanoic acid (Pmab) was used
instead of pT to synthesized compound 17 (Fig. 6). Pmab has
been utilized as a non-hydrolyzable pT mimetic in a variety of
biologically active peptides, including peptidomimetic ligands
that bind to the Plk1 PBD. These constructs typically retain
binding affinities comparable to the corresponding pT-containing
peptides. As the results of the assays (Table 7, Fig. S10 and S11,
ESIt), compound 17 retained high Plk1 PBD and KD affinity (ICs, =
3.2 £ 0.039 nM for PBD and 17 + 1.3 nM for KD), comparable to
that of 9 (ICs0 = 3.0 £ 0.20 nM for PBD and 19 + 0.94 nM for KD).
Next, we performed MTT assays to evaluate cellular potency of the
bivalent compounds 9 and 17 (Table 7, Fig. S12, ESIt). These
assays showed that BI2536 exhibits high potency (ICs, = 32 +
1.6 nM) against HeLa cells. However, 9 (ICs, = 41 000 & 1700 nM),
17 (12000 + 630 nM), 2 (IC5, > 200000 nM), 2* (PLH*SPmab,
ICso > 200000 nM), Lys(BI2536) (IC5 = 600 + 29 nM) showed
much lower cellular potencies against HeLa cells. These results
can potentially reflect low cell membrane permeability, and they
are consistent with the results of cell membrane permeability
assays (Caco-2 assays) performed by Charles River Laboratories
(Table S3, ESIY).

Immunostaining experiments of HeLa cells treated with Plk1
inhibitors

Finally, we conducted immunostaining experiments to visualize
the disruption of spindle assembly and chromosome alignment

Table 7 Biological evaluation of the bivalent ligands possessing Pmab (17)

PDB affinity” (nM) KD affinity” (nM)  Cytotoxicity”

Ligand (full-length PIk1)  (full-length Plk1) (nM) (HeLa cells)
BI2536 N.d.? 53 £6.0 32 +1.6
Lys(BI2536) N.d. N.d. 600 + 29

2 450 £ 37 N.d. >200000

2% 1900 + 160 N.d. >200 000

9 3.0 £ 0.20 19 + 0.94 41000 £ 1700
17 3.2 £ 0.039 17 £ 1.3 12 000 + 630

“ Numbers represent the average ICs, value + SEM (nM) from three
independent experiments. ” Not determined.
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DAPI Plk1

Fig. 7 Confocal microscopic images of Hela cells (no treat: upper,
treated with BI2536 (15 nM): middle, treated with 17 (10 pM): bottom).
Cells were stained with DAPI, anti-Plkl mouse IgG/Alexa Fluor 647-
labelled goat anti-mouse 1gG, and anti-a-tubulin rabbit IgG/Alexa Fluor
488-labelled goat anti-rabbit IgG for nucleic acid, Plkl, and a-tubulin,
respectively.

a-tubulin - merge

digitize

as well as abnormal localization of PIk1 incurred by the treatment
with the bivalent compound 17 (Fig. 7). As compared with the
bivalent compounds 3 and 9, the control compound BI2536 has
less PIk1 selectivity. Therefore, treatment with BI2536 affects a
variety of cell signaling pathways leading to cytotoxicity due to
multi-kinase inhibition including Plk1 (Table 6).

Conclusions

In our development of PBD-binding peptides, we had previously
achieved some of the highest affinity ligands yet reported. This is
exemplified by the pentapeptide 2. Yet, in spite of continued
efforts, we have not been able to significantly increase affinities
further. In our current paper, we present an extensive investiga-
tion of ligands designed to engage both the KD and PBD regions
of PIk1 in an intramolecular bivalent fashion. For this purpose, we
used peptide 2 as the PBD-binding component and a truncated
BI2536 motif, designated as Lys(BI2536) (Fig. 2), as the KD-
binding construct. Since there have been no structures of full-
length PIK1 yet reported, we took 26 A as a reasonable minimum
length for the bivalent linker based on the 4]J7B crystal structure,
which shows a potentially relevant orientation of the KD relative
to the PBD. We constructed our bivalent ligands with linkers
composed of multiples of “mini-PEG” units, each spanning
approximately 9 A and tethering the BI2536 motif from both
the N- and C-terminus of peptide 2. We began with bivalent
constructs having a maximum linker length of approximately 37 A
(n = 4). We found that regardless of tethering from the N- or
C-terminus, these bivalent constructs showed enhancements in
PBD-binding affinity that were more than two orders-of-magni-
tude higher than for the parent monovalent 2. Shortening the
linker length first to approximately 28 A (n = 3), then to 9 A (n = 1)
and finally deleting the linker entirely, showed that in all cases
very high affinities were maintained. From FP assays measuring
PBD-binding inhibition, kinase assays measuring inhibition of
catalytic phosphorylation, and fluorescence recovery assays
measuring KD-binding inhibition, our data suggest that our

© 2022 The Author(s). Published by the Royal Society of Chemistry
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constructs (3-10) exhibit bivalent binding that engages both the
KD and PBD components.

The apparent insensitivity in the PBD-binding affinities of
bivalent ligands to internal linker lengths was unexpected. This
may be partially explained by the fact that binding affinities of
the bivalent ligands exceed the detection limits of the assays.
Consequently, the observed ICs, values may be viewed as upper
limits. In this light, the measured more than 100-fold improve-
ment in bivalent PBD-binding affinities relative to the previous
most potent monovalent PBD-binding affinities, could repre-
sent an under-estimate of the actual degree of enhancement.
The actual ICs, values of the bivalent ligands potentially could
be significantly below the single digit nanomolar figures gen-
erated by the assays. By exceeding the lower detection limits of
the assays, the observed insensitivity of affinities based on
either linker length or origination from the N- or C-terminus
of the PBD-binding peptide, may be misleading. It is possible
that these structural parameters may have pronounced effects
on actual bivalent ligand affinities. Nonetheless, the central
findings of our study concerning the dramatic effects of
bivalency on PBD-binding affinity remain unaltered.

Independent of our inability to accurately ascertain the
relative effects of linker length on bivalent affinities, it remains
particularly surprising that extremely high affinities of bivalent
ligands can be maintained even after removal of the linker
entirely. This has a number of consequences. First, it suggests
that the KD and PBD ligand binding sites can stably exist in
extremely close proximity. This is inconsistent with our original
assumptions based on the 4]J7B crystal structure. However,
our MD simulations show that such orientations can stably
exist. This is further supported by a recent report finding that
full-length Plk1 is highly dynamic and capable of making a
variety of domain-domain interfaces in solution, including
ones that place the KD and PBD binding sites in close
proximity.®" The biological processes and physiological signifi-
cance of PlIk1 and the roles played by the KD and PBD are only
incompletely understood."”** Our findings are supported by
others, that the ligand-binding pockets for these two domains can
stably exist in extremely close proximity. This provides important
insights and extends the possible boundaries of how the KD and
PBD may interact in promoting overall Plk1 function.

A second important finding of our current study is related to
the development of PBD-binding inhibitors, which had reached
an apparent stasis point. We now show that simply adding a
KD-binding moiety directly onto a PBD-binding ligand can
dramatically increase PBD-binding affinities. For peptides, this
may be viewed as merely introducing an elaborate C-terminal
amide group. These findings dramatically alter and expand the
field of PBD-binding inhibitor development.

Our current results from cellular assays reveal that regard-
less of Plk1-binding affinities, the cellular efficacies of peptide-
based Plk1 PBD inhibitors can be significantly attenuated by
low cell membrane permeability. Separately, we have shown
that issues related to cell membrane penetration of PBD-binding
peptides can be at least partially addressed by attaching cell
penetrating peptides such as NMA1.>*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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In summary our current work discloses bivalent constructs
that exhibit PBD-binding affinities, which at a minimum, are
more than two orders-of-magnitude greater than the best
ligands previously reported. Our results support the findings
of others that the KD and PBD of Plkl can stably exist in
orientations, which place the respective ligand binding sites in
extremely close proximity. This may have important implica-
tions on the physiological functions of Plk1 and perhaps, other
members of the Plk family. Finally, our bivalent constructs 9
and 10 may be viewed as variants of parent peptide 2 functio-
nalized at either the C- or N-terminus, respectively. Analog 17,
which is a non-hydrolysable variant of 9, may represent a
promising lead for further development of Plk1 inhibitors.
Our work provides new and valuable insights into the design
of minimally sized bivalent ligands with exceptional PBD-
binding affinities.
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