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Abstract

We report the design, synthesis, and biological evaluation of imidazopyridine-based

peptidomimetics based on the substrate consensus sequence of Akt, an AGC family serine/

threonine kinase hyperactivated in over 50% of human tumors. Our ligand-based approach led to

the identification of novel substrate mimetic inhibitors of Akt1 featuring an unnatural extended

dipeptide surrogate. Compound 11 inhibits Akt isoforms in the submicromolar range and exhibits

improved proteolytic stability relative to a parent pentapeptide.
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The use of peptidomimetics for the inhibition of kinase-substrate interactions is not widely

pursued due to the perceived challenges associated with precise topological mimicry,

chemical synthesis, and bioavailability. However, the disruption of these interactions holds

several potential advantages over ATP-site targeting approaches, including distinct target

selectivity and improved therapeutic profiles through inhibition of specific regulatory

mechanisms.1–3

Akt (PKB) is one example of a kinase that has been targeted by several different small

molecule approaches.4–8 Akt is an important regulator of cell growth, cell-cycle progression,

transcription and metabolism, and is known to phosphorylate over 20 endogenous

substrates.5,9–12 Many of these substrates are intimately involved the induction of apoptosis

and the arrest of cell proliferation, and are inactivated upon phosphorylation by Akt.

Overall, enhanced Akt activity through increased expression, upstream amplification of
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PI3K, or loss of PTEN, its most important negative regulator, is observed in over 50% of all

human solid tumors.13–17 Akt has thus emerged as an attractive target for the development

of novel anticancer therapeutics.4,6,7,18–22

Most small molecules block Akt activity by direct inhibition of the ATP-binding site,

interfering with cellular localization (via inhibition of the Pleckstrin Homology domain), or

through allosteric binding. Recently, mimics of the consensus substrate peptide of Akt have

also emerged as lead compounds for further development. While achieving ligand

complementarity in the relevant protein-protein interaction (PPI) region is expected to be

more topochemically demanding, such inhibitors may also exhibit better selectivity relative

to PH and ATP-binding domain antagonists. Early work in this area focused polypeptides

exhibiting IC50 values in the low to sub-micromolar range (~10–0.1).23–25 A co-crystal

structure of Akt1 bound to a substrate peptide in the presence of an ATP-competitive

inhibitor revealed that the peptide adopts a highly extended conformation in the binding

cleft.26 Efforts to reduce peptide character while maintaining the bioactive conformation

have led to the identification of additional pseudosubstrate Akt1 inhibitors.27–31

Our group recently reported inhibitors of Akt1 based on a consensus sequence incorporating

an azabicycloalkane dipeptide surrogate.30 Here, we describe the design and synthesis of a

series of imidazopyridine-based peptidomimetics with enhanced potency and proteolytic

stability. The undecapeptide Akt substrate GRPRTSSFAEG (Crosstide) was used as a lead

structure and the central Thr7-Ser8 dipeptide was identified as a candidate site for

conformational constraint (Figure 1).

The general synthesis of Akt substrate mimics is depicted in Scheme 1. The imidazo[1,2-

a]pyridine (IP)-based dipeptide surrogate32 was prepared by bromination of β-ketoester 1
and subsequent condensation with 2,3-diaminopyridine. Amidation of the IP N-terminus

with protected amino acids required stirring in the presence of EDC in DCM for 24–48 hr

for optimal yields. The addition of auxiliary base or the use of other common coupling

conditions (HBTU/HOBt, HATU, PyBOP, COMU, DEPBT) resulted in significantly lower

conversion. The slow rate of amidation also precluded direct coupling to various N-

protected arginine derivatives, all of which underwent intramolecular cyclization prior to

reacting with the IP amine. In contrast, 2 was efficiently coupled to Cbz-Orn(Boc)-OH, Cbz-

Lys(Boc)-OH, and Cbz-Har(Boc)2-OH without any observable lactam formation. Arginine

derivatives were prepared via Boc acidolysis and subsequent guanidinylation using

Goodman’s reagent to give protected tripeptide mimics 3b and 3d.

Incorporation of various C-terminal fragments was achieved by removal of the allyl ester

protecting group and condensation with amino acid and dipeptide derivatives. Notably, the

dipeptide amides used in the condensation reaction were efficiently prepared by simple

aminolysis of the corresponding Bocprotected dipeptide methyl esters (see Supplementary

Data). We found this procedure to be a convenient and racemization-free method to produce

a variety of protected peptide amides. After coupling to the IP-containing fragment, Boc

group removal with TFA/DCM was followed by column chromatography to afford

inhibitors 4–31.
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All compounds were assayed in vitro for their ability to inhibit the phosphorylation of

Crosstide by Akt1 in the presence of 10 µM 33P-labeled ATP (dose-response experiments

were repeated 3 times, and IC50 values and 95% confidence intervals were calculated based

on a variable slope four parameter model). As shown in Table 1, truncation of the lead

substrate down to tetrapeptide mimics 4–7 afforded compounds with no appreciable Akt1

inhibitory activity at 20 µM. Pentapeptide mimic 8, which incorporates the native Ser9-

Phe10 motif was also inactive in vitro. Replacement of Ser9 (native phosphorylation site)

with the more hydrophobic Leu (9) or Phe (10) residues led to a dramatic increase in

potency against Akt1. Optimal potency against Akt1 (IC50 = 0.64 µM) was achieved with

derivative 11, which incorporates a Val-Phe-NHBn C-terminal dipeptide subunit.

In order to obtain preliminary SAR for peptidomimetic 11, we prepared analogs 12–16, in

which pharmacophores were iteratively deleted. In general, these deletions were not well

tolerated and resulted in a significant (>30-fold) loss of potency. The activity of compound

11 was also found to be remarkably sensitive to the incorporation of D-Val or D-Phe residues

as in 17 and 18.

We next prepared a series of side chain analogs to determine optimal pharmacophores

within 11. Derivatives 19–21 harbor an N-terminal Orn, Lys, or Har residue, preserving the

important basic pharmacophore at position 6 of the substrate consensus sequence. Orn and

Lys side chain analogs 19 and 20 showed slightly weaker potency against Akt1, while the

guanidine (Har)-containing analog 21 exhibited an IC50 of 1.06 µM. Phe10- mutated

variants 22–24, also inhibited Akt1 with IC50 values in the 1–2 µM range. Benzyl ester 25
displayed significantly weaker inhibition of Akt1 relative to 11. As in the case of methyl

amide 16, methyl ester 26 showed no significant activity at 20 µM concentration. However,

other more hydrophobic substitutions at C-terminus of 11 were well tolerated, with i-Bu

derivative 29 displaying almost equivalent potency in vitro. Attempts to constrain the C-

terminal backbone as in 30 and 31 had a deleterious effect on activity.

In order to confirm the ability of 11 to block the phosphorylation of the Akt substrate

peptide, we employed a non-radioactivity based secondary assay using Akt from cell lysates.

HEK293 cells were thus transfected with Myc-tagged Akt1 and the protein was

immunoprecipitated using anti-Myc antibody. Incubation of the immobilized enzyme with a

substrate GSK3β fusion protein in the presence or absence of inhibitors was followed by

detection of p-GSK3β by immunoblots. Asshown in Figure 2, the control Akt inhibitor

MK2206 completely blocks phosphorylation of GSK3β at 5 µM. Our substrate mimetic

inhibitor, 11, significantly inhibits p-GSK3β at concentrations above 1 µM relative to

DMSO control. The approximate IC50 value for 11 observed by immunoblots (between 0.3

and 3 µM) was in good agreement with that obtained in the 33P-ATP kinase assay above.

Given that 11 was designed to mimic the consensus substrate sequence of Akt, we

anticipated that it would show significant activity against each of the Akt isoforms. When

evaluated against Akt2 and Akt3 in vitro, 11 exhibited IC50 values of 0.76 and 0.13 µM,

respectively (Figure 5). We also tested compound 11 against seven AGC kinase family

members in the hotspot assay to provide preliminary selectivity information. At 10 µM

concentration 11 exhibited less than 50% inhibition of PDK1, PKCα, LATS1, ROCK1, and
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RSK1. The activity of PKA and MSK1 were inhibited 54 and 65%, respectively by 11 (see

Supporting Information). These data points were obtained using a concentration of 11 15-

fold greater that its Akt1 IC50 value, suggesting that the lead inhibitor is moderately

selective against closely related kinase target

To gain insight into the potential interaction between Akt1 and 11 we performed

computational docking experiments with the crystal structure of Akt1 bound to a GSK3β

substrate peptide in the presence AMP-PNP (pdb 1O6K). An RMSD of 0.51 Å was

observed upon selfdocking of the substrate peptide using the GLIDE XP protocol. Docking

of compound 11 revealed good overlap with the backbone and side chain geometries of

Arg6, Ser9, and Phe10 in the native ligand (Figure 3). Important hydrogen bonding

interactions with Gly312, Glu279, and Glu236 in Akt1 are also maintained in the docked

structure of 11.

Although peptides represent useful starting points for the development of kinase inhibitors,

their susceptibility to proteolytic degradation remains a major drawback. To determine the

impact of the IP dipeptide surrogate on compound stability, we synthesized the fully

peptidic analog of 11 (Cbz-Arg-Thr-Ser- Val-Phe-NHBn) and subjected both compounds to

time-course digestion experiments with chymotrypsin and pronase. The imidazopyridine-

based peptidomimetic 11 was considerably more stable toward digestion than the control

peptide over 48 h at 37 °C (Figure 4). Crosstide was likewise degraded within 0.5 h upon

incubation with either protease (data not shown).

In summary, we have described a ligand-based approach toward the discovery of novel

substrate mimetic inhibitors of Akt. These pentapeptide mimics are based on a bicyclic

aromatic core structure that was recently developed as a versatile dipeptide surrogate.32 We

have previously shown that imidazo[1,2-a]pyridine scaffolds can promote an extended

conformation when incorporated into peptidic host structures. Substitution of the Thr7-Ser8

dipeptide in Crosstide with this motif led to the identification of lead inhibitor 11, which

inhibits Akt-mediated GSK3β phosphorylation with an IC50 of 0.64 µM. Compound 11 also

displays enhanced stability toward proteolytic degradation relative to its parent peptides.

Efforts to further optimize 11 in the pursuit of substrate mimetic Akt inhibitors suitable for

in vivo applications are currently underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design of peptidomimetic Akt inhibitors
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Figure 2.
Phosphorylation of GSK3β fusion protein by Myc-tagged Akt1 immunoprecipitated from

cell lysates.
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Figure 3.
In vitro inhibition of Akt isoforms by 11.
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Figure 4.
(A) Binding of compound 11 to Akt1 (pdb 1O6K) as determined by GLIDE XP docking.

(B) Overlay of docked conformation of 11 (green) with the bound X-ray conformation of a

substrate peptide (orange). Key interactions of 11 with Akt1 are shown.
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Figure 5.
Proteolytic degradation of 11 and a parent pentapeptide.

Kim et al. Page 10

Bioorg Med Chem Lett. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Scheme 1.
Synthesis of imidazo[1,2-a]pyridine-based inhibitors.
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