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ARTICLE INFO ABSTRACT

Article history: Transition toward peptide mimetics of reduced size is an important objective of

Received peptide macrocyclization. We have previously shown that PLH*SpT (2a) (where H*
Revised indicates the presence of a —(CH,)sPh group at the N(x) position and pT indicates
Accepted phosphothreonine) is an extremely high affinity ligand of the polo-like kinase 1 (Plk1)

polo-box domain (PBD). Herein we report that C-terminal macrocyclization of 2a
employing N(r),N(t)-bis-alkylated His residues as ring junctions can be achieved in a
very direct fashion. The resulting macrocycles are highly potent in biochemical assays
and maintain good target selectivity for the PIk1 PBD versus the PBDs of Plk2 and
PIk3. Importantly, as exemplified by 5d, our current approach permits deletion of the
N-terminal "Pro-Leu™ motif to yield tripeptide ligands with decreased molecular
weight, which retain high affinity and show improved target selectivity. These
findings could fundamentally impact the future development of peptide macrocycles
in general and PIk1 PBD-binding peptide mimetics in particular.

2009 Elsevier Ltd. All rights reserved.
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The field of protein-protein interaction (PPI) inhibitors has
proven to be highly challenging, in part due to the extended
protein interfaces that are often involved. However, significant
progress can be made when key recognition features occur on the
protein surface in localized "hot spot" regions, which may be
amenable to disruption by reduced-size constructs. > Phospho-
dependent PPIs can be viewed as being hot-spot in nature,
wherein phosphorylamino acid components serve as critical
binding determinants.® There is wide interest in developing and
applying new approaches to phospho-dependent PPI inhibitors,
particularly given the importance of these interactions in cellular
signal transduction. The serine/threonine-specific polo-like
kinase 1 (PIk1) is a critical mediator in the initiation and
progression of mitosis and it is recognized as a potential target
for anticancer drug development.”” PIk1 localizes to mitotic
structures through its C-terminal polo-box domain (PBD) by
engaging in PPIs with phosphoserine and phosphothreonine
(pThr)-containing epitopes.® We have focused our attention on
developing PBD-binding inhibitors based on peptidomimetic
ligands starting from the pentapeptide PLHSpT (1).” Through
extensive studies, we have examined various structural aspects of
PBD recognition and binding of the key pThr residue.””* We
have also found by appending long-chain alkylphenyl moieties to
different regions of the peptide, that we can achieve more than
three orders-of-magnitude higher affinities by occupying a
"cryptic" pocket on the PBD surface proximal to the pThr-
binding site. This reflects a more general principle, that in

addition to binding in the hot-spot region, a PPI inhibitor should
interact with ancillary pockets on the protein surface and take
advantage of protein adaptability." We have accessed the cryptic
pocket by tethering fragments from N-terminal regions of the
peptide™ *® and from the N(x) position of the histidine residue
located at the pThr-2 position."”? The peptide PLH*SpT (2a)
(where H* indicates the presence of a —(CH,)sPh group at the
N(m) position) is a representative example of the latter class of
construct. Peptide 2a exhibits >1,000-fold enhanced PBD-
binding affinity relative to the parent peptide 1."
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Figure 1. Structures of peptides discussed in the text.



When peptides serve as starting points for the development of
PPI inhibitors, macrocyclization is often used to advance linear
peptides toward peptide mimetics by restraining and pre-
organizing important components to orientations favorable for
binding, increasing proteolytic stability and improving general
druggability.”* Application of head-to-tail cyclization strategies
on a 2a-derived peptide has resulted in a three orders-of-
magnitude or greater loss of PBD-binding affinity relative to
2a.” Sidechain-to-tail ring closure offers a potential alternative
method of cyclization. In this regard, we found that N(rw),N(z)-
bis-alkylated His residues can serve as bifurcated macrocycle
ring junctions, in which the cryptic pocket-accessing —(CH,)sPh
group projects from the imidazole N(r) position, while the N(t)
site serves as the site of attachment for ring closure with the N-
terminus (see peptides of type 3 and 4, Figure 1).*° We have
shown that cyclic pentapeptides of type 3 can be equipotent to
the linear parent peptide 2a. However, these macrocycles are
synthetically difficult to obtain. In addition, an important goal of
peptide macrocyclization is transition toward more compact
peptide mimetics. Yet, by utilizing the full pentapeptide
sequence, macrocycles of type 3 do not advance this objective. In
contrast, while cyclic tripeptides of type 4 do afford the potential
for size reduction, they have significantly attenuated potencies in
biochemical assays.?® Accordingly, the goal of our current work
was to utilize bis-alkyl His residues as ring junctions in a way
that affords ready access to a new genre of macrocycles, which
may constitute potential starting points for the further
development of high affinity peptidomimetics of decreased
molecular size.

Macrocycle Design and Synthesis. The X-ray co-crystal
structure of 2a bound to the PBD (PDB: 3RQ7") indicates that
the His N(t)-nitrogen is approximately 5.7 A from the C-terminal
carboxamide nitrogen (Figure 2). We envisioned that the most
direct approach to a new family of cyclic ligands would be to use
amide-forming  macrocyclization  reactions < that employ
methylene linkers of various sizes between the imidazole N(t)-
nitrogen and the C-terminus. We designed ~a series of
macrocycles having ring-closing chains of four, five and six
methylenes (5a, 5b and 5c, respectively, Figure 1). We
synthesized the required initial linear resin-bound pentapeptides
(6a and 6b) on hyper-acid labile (4-hydroxymethyl-3-methoxy-
phenoxy)butanoic acid (HMPB). resin using Fmoc-based solid-
phase peptide synthesis {(SPPS)and our previously reported
reagent, N-Fmoc-His[N(n)-(CH,)sPh]-OH*" (Scheme 1). We
found that alkylation of the His N(t)-nitrogen could be achieved
using a microwave-assisted on-resin Sy2 reaction with N-Boc-
protected aminoalkyl iodides in similar yields as our previously
reported Mitsunobu conditions.?® ® ?° Treatment of the resulting
N(m),N(z)-bis-alkylated resins (7a — 7c¢) with dilute TFA (25% in
DCM)  provided the linear N(mx),N(t)-bis-alkylated His-
containing pentapeptides (8a — 8c), while maintaining benzyl
pThr phosphoryl protection. Macrocyclization was performed
using PyBOP/HOBt and the phosphoryl benzyl protection was
then removed to provide the desired type 5 ligands containing 4,
5, or 6 methylene linkers (5a — 5c, respectively). This protocol is
significantly more direct than what we previously employed to
prepare macrocycles of type 3.°° More importantly, we were able
to synthesize the cyclic tripeptide 5d, which lacks the N-terminal
"Pro-Leu" residues. This allowed us to evaluate the PBD-binding
affinity of a reduced-size construct (Scheme 1).

Figure 2. X-ray co-crystal structures of Plk1 PBD-bound macrocyclic
ligand 5b (cyan) superimposed onto the structure of PBD-bound linear
peptide 2a (yellow, PDB:'3RQ7%). The protein ribbon and semi-transparent
electrostatic surface are associated with the 5b structure.
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Scheme 1. Synthesis of final products 5a — 5d.

Biological Evaluation. We evaluated the peptides in ELISA
assays that measured their ability to inhibit the interaction
between full-length PIk1 and an immobilized pThr-containing
peptide.* Relative to the linear pentapeptide 2a (ICs, = 150 nM),
all cyclic pentapeptides retained good potencies [5a (n = 4), ICs
= 160 nM; 5b (n = 5), IC5p = 45 nM and 5c (n = 6), IC5, = 44
nM) (Table 1). An important objective of our current work was to
reduce overall size. Interaction of the N-terminal region of the 1
within a "pyrrolidine-binding pocket" on the surface of the PBD
had been postulated to be important for overall binding affinity
and deletion of these residues from the open-chain 2a to yield 2b
has been reported to result in more than 200-fold loss of
inhibitory potency.*® *' In order to examine the effects of
macrocyclization on 2b, we synthesized the cyclic tripeptide 5d,
which lacks the "Pro-Leu" residues of 5b. We were gratified to
find that the tripeptide 5d retains high PBD-binding affinity (ICs,
= 370 nM). This represents an approximate 35-fold enhancement
relative to open-chain 2b (ICs, = 13000 nM) (Table 1).



Table 1. I1Cs values for biochemical inhibition of full-length PIk1 by
ELISA or isolated PBDs of Plks 1 — 3 by fluorescence polarization (FP).

ELISA IC
(V)20 50, FP I1Cs, (NM)?P
Cpd PIk1 Plk1 PBD Plk2 PBD P1k3 PBD
570 £ 20 1,200 £ 120
2a 150 + 21 4104 .
(142x) (300x)
13000 + d
2b 1700 n.d. n.d. n.d.
5a 160 + 37 10410 610 + 20 970 + 40
- - (61x) (97x)
5h 45+ 12 6405 150+ 10 130+1
- o (25x) (22x)
5 4446 5405 110+ 10 80+ 10
¢ = =" 21%) (16%)
3,100 +£17 5,500 + 250
5d 370+ 25 8+0.8
(387x) (687x)

*Values determined as reported in the Supporting Information*; ®ICs
values from multiple independent experiments averaged to provide values +
standard error of the mean (SEM); “Fold-change relative to the Plk1 PBD;
Not determined.

An important aspect of developing peptidomimetic PBD-
binding inhibitors is to achieve selectivity for the Plkl PBD
versus the highly homologous PBDs of PIk2 and PIk3.
Accordingly, we measured the potency with which the most
active cyclic ligands inhibit the binding of optimized pThr-
containing fluorescence probes to the isolated PBDs of Plks 1 —
3. Consistent with previously reported results,'” the linear
peptide 2a demonstrated more than 100-fold-selectivity for PIk1
versus Plks 2 and 3. Compound 5a displayed similar selectivity
as 2a with approximately 50- to 100-fold selectivity (Table 1).
However, compounds 5b and 5c showed reduced selectivity of
16- to 25-fold for PIK1. Interestingly, the cyclic tripeptide 5d
demonstrated an improved profile versus 2a, with approximately
400- and 700-fold selectivity for PIk1 versus PIk2 and PIk3,
respectively. Given the very low affinity of 2b, we did not think
it meaningful to determine the selectivity of this peptide. It is
important to note that ELISA assays are conducted using full-
length PIk1 protein containing cell lysate, whereas selectivity is
evaluated using a fluorescence polarization (FP) assay with the
isolated PBDs of Plks 1 — 3 (see Biological Methods in the
Supporting Information). Due to inhibitory inter-domain
interactions between the KD and PBD, ICs, values for full-length
PIkl can be increased in comparison to isolated PBD, as
evidenced by the data in Table 1. This is consistent with
previously reported results.?®

X-ray Co-crystal Studies. To examine the effects of
macrocyclization on binding geometries, we solved the X-ray co-
crystal structure of 5b bound to the isolated PIk1 PBD at 1.45 A
resolution. We observed that macrocyclic 5b overlays very well
with PBD-bound linear peptide 2a (Figure 2). In 5b, the ring-
closing methylene chain is sufficiently long to allow the C-
terminal pThr carboxamide to adopt a favorable trans amide
conformation, as well as conserving hydrogen bonding
interaction with the backbone amide of Leu491 (Figure 2).
Importantly, the polymethylene ring-closing chain of 5b makes
hydrophobic contacts with the sidechain of Leu490, which are
not possible in the parent peptide 2a. This interaction may also

contribute to improved PBD-binding since contacts involving
leucine residues are among the most frequent hydrophobic
interactions observed in protein-ligand complexes.*

Our current work with C-terminal cyclization extends our
earlier studies examining N-terminal macrocyclized constructs of
type 3 and 4.° The resulting peptidomimetics of type 5 can be
counted among a very limited number of macrocycles that
employ the His imidazole group for ring closure and more
specifically, that use N(r),N(t)-bis-alkylated His residues as ring
junctions. This is particularly relevant to Plk1® PBD-binding
constructs, since employing His as a bifurcated ring junction
permits simultaneous ring closure with extremely efficient access
of a critical cryptic binding pocket. We have now found that ring
closure in the manner exemplified by type 5 macrocycles can
retain affinities in biochemical assays against full-length PIk1,
while also maintaining adequate target selectivity for the Plkl
PBD versus the PBDs of Plk2.and PIk3. The Plk1 PBD co-crystal
structures of macrocyclic ligands of types 3, 4, or 5 all show
remarkably similar overlays with the parent linear peptide,
particularly in the/ phosphoryl-binding site. Given this
observation, it is possible that the improved binding affinity for
type 5 macrocycles is. at least partially derived from better pre-
organization of favorable binding interactions and decreased
conformational rotation of the unbound ligand with a
corresponding decrease in entropic loss upon binding. Based on
the SAR, the 5- and 6-methylene linkers of 5b and 5c provide
optimal length for pre-organization of the ligand, resulting in
similarly increased affinities to all Plk isoforms at the cost of
decreased selectivity. The 4-methylene linker of 5a is not
beneficial to affinity, likely due to less efficient pre-organization
of the pentapeptide.

One important objective of peptide macrocyclization is
advancement toward reduced-size peptidomimetics. In the linear
pentapeptide 1, previous work has shown that accessing a
"pyrrolidine-binding" region® by the N-terminal residues, such as
Pro-Leu, is important for high affinity binding and removing
these residues from 2a has been reported to result in
approximately two orders-of-magnitude losses of affinity. In our
current work, we show that C-terminal macrocyclization
employing N(mx),N(t)-bis-alkylated His residues as ring junctions
with optimal linker length, permits deletion of the "Pro-Leu” to
yield the tripeptide ligand 5d, which retains high affinity with
good target selectivity and significantly decreased molecular size.
This is an important finding, since "SpT" serves as a critical
PBD-recognition element, while the "H*" residue affords the
most efficient access of the key cryptic binding pocket yet
reported. Accordingly, "H*SpT" represents an essential core
motif within 2a and peptide 5d may be viewed as a representing
a minimal high affinity macrocyclic construct. We believe that
our current work should fundamentally impact the future
development of peptide-based Plk1 PBD inhibitors.
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step in advancing peptides to peptidomimetics

. Size reduction of PIk1 PBD-binding
peptides with retention of affinity is desired

. Histidine N(t)-cyclized macrocyclization
has resulted in a tripeptide with high affinity



