
Published: June 08, 2011

r 2011 American Chemical Society 5154 dx.doi.org/10.1021/jm2003969 | J. Med. Chem. 2011, 54, 5154–5164

ARTICLE

pubs.acs.org/jmc

Backbone Cyclic Peptide Inhibitors of Protein Kinase B (PKB/Akt)
Yftah Tal-Gan,† Mattan Hurevich,† Shoshana Klein,‡ Avraham Ben-Shimon,|| David Rosenthal,†

Carina Hazan,† Deborah E. Shalev,§ Masha Y. Niv,|| Alexander Levitzki,‡ and Chaim Gilon*,†

†Institute of Chemistry, ‡Unit of Cellular Signaling, Department of Biological Chemistry, The Alexander Silberman Institute of Life
Sciences, and §The Wolfson Centre for Applied Structural Biology, The Hebrew University of Jerusalem, 91904 Jerusalem, Israel

)Institute of Biochemistry, Food Science and Nutrition, The Hebrew University, 76100, Rehovot, Israel

bS Supporting Information

’ INTRODUCTION

Continuously activated protein kinase B (PKB/Akt) is asso-
ciated with many types of human cancer, such as breast, colon,
ovary, pancreas, head and neck, and prostate cancer.1 PKB/Akt is
therefore an attractive target for cancer therapy. Screening small
molecules for enzyme inhibition is an accepted approach to
discovering new drug lead compounds. Small molecular weight
ATP-mimetic kinase inhibitors usually exhibit low selectivity
toward the desired kinase.2�8 A number of potent ATP-compe-
titive inhibitors of PKB/Akt have been reported (reviewed in refs
9�11). All of these show off-target effects, especially inhibition of
the closely related kinases PKA and PKC. Peptide inhibitors
derived from the protein substrate have the potential to be
kinase-selective because of multiple and specific interactions with
the protein kinase binding site.12�16 A series of peptides derived
from a PKB/Akt substrate, the protein glycogen synthase kinase
3 (GSK3), were recently developed and their interactions with
PKB/Akt were studied. The peptide Arg-Pro-Arg-Nva-Tyr-Dap-
Hol 1 (PTR6154),17 derived from the GSK3 substrate peptide
segment Arg-Pro-Arg-Thr-Ser-Ser-Phe, showed potential as a
selective PKB/Akt inhibitor.17

Linear peptides have drawbacks as drug candidates, such as
poor bioavailability and rapidmetabolism by proteolysis. Because
of their structural flexibility, they can show nonselective receptor
binding. Peptidomimetic analogues are designed to retain or
enhance the desired biological effects of natural peptides while

overcoming their undesirable properties. Many types of local
and global modifications have been developed in order to form
peptidomimetic compounds with improved pharmacological proper-
ties.18�21 Cyclization is one of the most common strategies used to
prepare peptide-based drugs. There are many ways to produce
biopharmaceutical cyclic peptides, including metal cyclization,22,23

metathesis-mediated cyclization,24�26 amide cyclization,27 and disul-
fide bridge cyclization.28�33 Cyclization of natural bioactive peptides
is not always feasible, however, because of the lack of suitable side
chain functionalities for bridge formation or because the functional
groups are essential for bioactivity.34,35 The backbone cyclization
methodology36 overcomes these limitations by conferring long-range
conformational constraints upon the peptide backbone, withminimal
alterations to the native peptide side chains. Ring closure is achieved
by functionalized alkyl spacers anchored to the peptide backbone.
These spacers canbe connected to another appropriate functionalized
spacer, to a functional amino acid side chain on the peptide, or to the
N- orC-terminus.Cyclization can thus be accomplishedwithminimal
changes to the sequence that is required for bioactivity. Restricting the
conformational space of peptide structures by cyclization often results
in inactive peptides; thus, libraries must be screened to select cyclic
peptide(s) with the desired biological activity.37�40 Conformational
libraries of backbone cyclic peptides can be prepared by varying four
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ABSTRACT: Elevated levels of activated protein kinase B
(PKB/Akt) have been detected in many types of cancer.
Substrate-based peptide inhibitors have the advantage of selec-
tivity due to their extensive interactions with the kinase-specific
substrate binding site but often lack necessary pharmacological
properties. Chemical modifications of potent peptide inhibitors,
such as cyclization, may overcome these drawbacks while main-
taining potency. We present an extensive structure�activity
relationship (SAR) study of a potent peptide-based PKB/Akt
inhibitor. Two backbone cyclic (BC) peptide libraries with
varying modes of cyclization, bridge chemistry, and ring size
were synthesized and evaluated for in vitro PKB/Akt inhibition.
Backbone-to-backbone urea BC peptides were more potent than N-terminus-to-backbone amide BC peptides. Several analogues
were up to 10-foldmore active than the parent linear peptide. Some activity trends could be rationalized using computational surface
mapping of the PKB/Akt kinase catalytic domain. The novel molecules have enhanced pharmacological properties which make
them promising lead candidates.
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parameters: the mode of cyclization (i.e., backbone to backbone,
backbone to amino terminus, backbone to carboxy terminus, or
backbone to side chain), bridge position (determining which of the
backbone atomswill be a part of the ring), ring size (derived from the
size of the functionalized spacers), and bridge chemistry (defined by
the type of chemical functions that exist on the bridge, namely, the
chemistry of the bond used for cyclization and the position of these
chemical entities on the bridge). Active backbone cyclic peptides
discovered by library screening have been shown to have enhanced
selectivity,41 potency,42 bioavailability, and metabolic stability com-
pared to linear peptides.43,44

The importance of the side chain orientations and backbone
interactions for inhibitory activity has been highlighted in previous
studies of peptidomimetic analogues of 1, which included mono-
NR-methylation and peptoid and azapeptide scans.45,46 This
prompted us to prepare backbone cyclic analogues, based on the
parent peptide 1, in an attempt to improve the druglike properties
of 1without losing its interactions with the target kinase. Recently,
we introduced a new method for synthesizing backbone cyclic
peptides, using a urea bridge for ring closure. In this procedure, we
introduced two glycine derivatives of the type Fmoc-NR-[(Alloc)-
ω-aminoalkyl]glycine (termedAlloc glycine building unit, AGBU)
and connected them via a urea bridge.47We have already described
the preparation of four backbone cyclic peptides derived from 1
using urea backbone cyclization.47

The synthesis and structure�activity relationship (SAR)
study was done on two backbone cyclic peptide libraries and
their precyclic precursors, all based on the sequence of 1. The
activity of the peptides of the urea BC library was superior to that
of the peptides of the amide BC library and included several
analogues that were 10-fold more potent than the parent peptide,
1. NMR and computational analyses were done to study the
structural and biochemical basis of the observed potency trends.
These provided insights into the activities of the library peptides
and directions for future modifications.

’RESULTS AND DISCUSSION

Structural NMR Study. In our procedure for building a urea
backbone cyclic peptide, two AGBUs were introduced and
connected via a urea bridge.47 In order to choose the optimal

residue to be replaced with anN-alkyl(amino functionalized)gly-
cine residue for cyclization, structural NMR studies were performed
on the parent peptide 1 (assignment inTable 1A, spectra in Support-
ing Information Figure 1). 1 gave a set of well-resolved spectra
showing 22 intraresidual, 10 sequential, and 2 i,i+2 NOE interac-
tions. The 50-conformation ensemble had no violations and a rmsd
of 1.57 Å for the backbone atoms (bb) and 3.76 Å for the heavy
atoms. Local rmsd values were calculated along the length of the
peptide (Table 1B), and the 15-conformation low energy ensemble
(Figure 1) was superimposed over the well-defined region of Nva4
to Dap6, which had a hydrogen bond between Nva4 O and Dap6
HN in all calculated conformations. Further hydrogen bonds
between Nva4 O and Hol7 donor were also identified. The 3JHNHR
couplings in this molecule were all below 6 Hz, indicating the
secondary turn conformation.
The low energy NMR-derived conformation of 1 was super-

imposed over the GSK3 substrate peptide within PKB/Akt (PDB
code 1O6K) (Figure 2). The Arg3 residues of the substrate and
the inhibitor overlap well, but Tyr5 of 1 clashes with ANP within
PKB/Akt, suggesting that 1 might not only prevent GSK3 from
binding to PKB/Akt but might also prevent ATP from entering
its binding site. Additional clashes are seen between Arg1 and
PKB/Akt. The N-terminus of 1 was found by NMR to be flexible

Table 1. Chemical Shift Assignment and Local Root-Mean-Square Deviation

(A) 1H Chemical Shift Assignment of 1 over 15-Member Low-Energy Ensemble
3JHN-HR (Hz) HN (ppm) HR (ppm) Hβ (ppm_ others (ppm)

Arg1 4.22 1.80 Hγ 1.58; Hδ 3.07

Pro2 8.89 4.37 2.24, 1.75 Hγ 1.92; Hδ 3.66, 3.47

Arg3 5.3 8.63 4.11 1.63 Hγ 1.53, 1.46; Hδ 3.06

Nva4 5.7 8.36 4.17 1.52 Hγ 1.17, 1.11; Hδ 0.76

Tyr5 4.6 8.34 4.35 2.87, 2.80 Hδ 6.98; Hε 6.69

Dap6 3.7 8.39 4.41 2.87

Hol7 5.3 8.30 4.02 1.68, 1.59 Hγ 1.12; Hδ 1.43; Hε 0.75

(B) Local Three-Residue Backbone rmsd

residue

1�3 2�4 3�5 4�6 5�7

rmsd 0.5 0.6 0.4 0.0 0.5

length (Å) 9 6 3 5 2

Figure 1. NMR-derived ensemble of 15 low energy representative
structures of 1 superimposed over low local rmsd region of residues
4�6, showing H-bonds between all Nva4 O and Dap6 HN and
additional ones between Nva 4 O and Hol 7 donor. Residues 1�3 are
in backbone representation, and Hol7 is in wire representation.



5156 dx.doi.org/10.1021/jm2003969 |J. Med. Chem. 2011, 54, 5154–5164

Journal of Medicinal Chemistry ARTICLE

in solution and is likely to adopt a different conformation upon
binding to the kinase, considering the strong binding site on
PKB/Akt for the guanidino group of Arg1 (ref 48 and see
computational section below).
Proline Modifications Library. The NMR results showed

considerable flexibility in the N-terminal region of the proline
residue, suggesting that 1might be amenable to modifications in
this region. Since proline usually induces local constraint, this site

was marked as a potential target for cyclization, which introduces
a global constraint on the entire peptide sequence. A library in
which Pro2 was replaced with various natural and artificial amino
acids was prepared to examine the feasibility of replacing proline.
Modifications included hydrophobic moieties, aromatic moieties,
positive and negative charges, and D-amino acids. It is clear that
proline (Table 2) can be replaced by either a positive or an aliphatic
moiety without loss of potency. For example, 3 with an aliphatic
residue (IC50 = 0.95 μM) and 14 with a positively charged residue
(IC50 = 0.86 μM) have IC50 values comparable to that of 1 (IC50 =
0.94 μM). D-Amino acids and aromatic or negatively charged amino
acid residues were less favored and usually resulted in decreased
potency: for example, compare 8 with an aromatic residue (60%
inhibition at 5 μM) and 12 with a negatively charged residue (68%
inhibition at 5 μM) to 1 (87% inhibition at 5 μM). None of the
library members showed increased potency relative to 1. Taken
together, these results indicate that Pro2 plays a role in stabilizing the
PKB/Akt-bound peptide in the necessary conformation, but it can
be replaced by other L-amino acids.
These results encouraged us to insert an N-alkyl(amino func-

tionalized)glycine residue (a linear, positively charged moiety) in
place of the proline. This replacement did not cause a major
change in potency (Table 2, 18 and 19).
Precyclic Library YMn-m. The precyclic library, YMn-m, was

prepared as the first step for urea backbone cyclization. The
library was synthesized by introducing two AGBUs of varying
chain lengths. In accordance with the mutagenesis study sum-
marized in Table 2, the first AGBU replaced the proline residue
(cyclic N-alkylated amino acid) of 1. The second AGBU was
added to the carboxy terminus of the peptide, since in our earlier
studies we found that all of the C-terminal amino acids are
essential for potency.45,46 In the notation YMn-m, the chain

Table 2. Inhibitory Activity and IC50 of the Proline Modifications Librarya

compd name structure % inhibition (5 μM) IC50 (μM) (95% confidence)

1 H-Arg-Pro-Arg-Nva-Tyr-Dap-Hol-NH2 87 ( 2 0.94 (0.78�1.14)

2 YTG10b H-Arg-DPro-Arg-Nva-Tyr-Dap-Hol-NH2 NI ND

3 YTG11b H-Arg-Cha-Arg-Nva-Tyr-Dap-Hol-NH2 85 ( 2 0.95 (0.81�1.13)

4 YTG12b H-Arg-Nle-Arg-Nva-Tyr-Dap-Hol-NH2 82 ( 1 ND

5 YTG13b H-Arg-Nva-Arg-Nva-Tyr-Dap-Hol-NH2 80 ( 1 ND

6 YTG14b H-Arg-Ala-Arg-Nva-Tyr-Dap-Hol-NH2 81 ( 2 ND

7 YTG15b H-Arg-DAla-Arg-Nva-Tyr-Dap-Hol-NH2 NI ND

8 YTG16b H-Arg-Phe-Arg-Nva-Tyr-Dap-Hol-NH2 60 ( 3 ND

9 YTG17b H-Arg-DPhe-Arg-Nva-Tyr-Dap-Hol-NH2 NI ND

10 YTG18b H-Arg-Tyr-Arg-Nva-Tyr-Dap-Hol-NH2 74 ( 2 ND

11 YTG19b H-Arg-DTyr-Arg-Nva-Tyr-Dap-Hol-NH2 NI ND

12 YTG20b H-Arg-Asp-Arg-Nva-Tyr-Dap-Hol-NH2 68 ( 1 ND

13 YTG21b H-Arg-DAsp-Arg-Nva-Tyr-Dap-Hol-NH2 NI ND

14 YTG22b H-Arg-Dap-Arg-Nva-Tyr-Dap-Hol-NH2 94 ( 1 0.86 (0.62�1.23)

15 YTG23b H-Arg-DDap-Arg-Nva-Tyr-Dap-Hol-NH2 32 ( 1 ND

16 YTG24b H-Arg-Lys-Arg-Nva-Tyr-Dap-Hol-NH2 92 ( 4 2.15 (1.77�2.61)

17 YTG25b H-Arg-DLys-Arg-Nva-Tyr-Dap-Hol-NH2 27 ( 2 ND

18 YTG26b H-Arg-GBU2-Arg-Nva-Tyr-Dap-Hol-NH2 84 ( 2 0.85 (0.51�1.53)

19 YTG27b H-Arg-GBU4-Arg-Nva-Tyr-Dap-Hol-NH2 84 ( 2 1.00 (0.40�2.49)
a PKB/Akt inhibition was determined according to radioactive kinase assay as previously described.3 Inhibition at 5 μM inhibitor is shown as the percent
reduction in PKB/Akt activity (0% inhibition = activity in the absence of inhibitor). IC50 values and 95% confidence range (parentheses) were
determined using Graphpad Prism 5 only for inhibitors that showed over 85% inhibition at 5 μM. NI = no inhibition. ND = not determined. GBU =N-
alkyl(amino functionalized)glycine. bCompound code numbers from ref 49.

Figure 2. Low energy NMR-derived conformation of 1 (magenta)
superimposed over GSK3 (green) within PKB/Akt (gray ribbon, PDB
code 1O6K). Tyr5 of 1 overlaps with ANP (stick and ball presentation)
within PKB/Akt, suggesting possible mode of inhibition. Additional
clashes are seen between Arg1 and PKB/Akt in this model, but the
N-terminus region is very flexible.
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length of the ABGU replacing the proline is represented by m,
and the chain length of the C-terminal AGBU is represented by n.
In general, the precyclic library (Table 3) exhibited better

PKB/Akt inhibition than 1, with some peptides having 10-fold
lower IC50 values: e.g., 27 (IC50 = 0.11 μM) and 30 (IC50 = 0.13
μM). The additional positive charge at the C-terminus improved
potency. Moreover, the chain length n of the C-terminal AGBU
had a greater effect on potency than the chain length m of the
AGBU at position 2. The most potent compounds had n = 3 or
n = 4, while there was a slight decrease in potency for n = 2. All
peptides with n = 6 had significantly decreased potencies.
Cyclic Urea BC Library c(YMn-m). The urea BC library,

c(YMn-m), was synthesized by cyclization of the precursors,
Fmoc-YMn-m, from the penultimate step of synthesis of the
precyclic library. Table 4 shows the in vitro inhibitory activity of
the c(YMn-m) library. These data were evaluated by addressing
each of the following parameters: the AGBU at the carboxy
terminus (peptides having the same n); the AGBU at position 2
(peptides having the same m); the overall ring size of the
peptides. The value of n exhibited a direct influence on the
potency, but no definite conclusions could be drawn regarding
overall ring size. All members of the sublibrary with n = 2 had
poor potencies, whereas the cyclic sublibraries with n = 3, n = 4,
and n = 6 were more potent than 1, with the exceptions of 42 and
51. No similar generalization could be made with regard to the
values of m. Evaluation according to ring size also showed no
conclusive pattern, and potencies varied significantly between

peptides of the same ring size (e.g., 37 versus 40where ring size is
27, 42 versus 45 where ring size is 29, 39 versus 46 and 48 where
ring size is 30). The four BC peptides with ring sizes of 31 or 32
atoms were all potent. Overall, neither a preferred ring size nor a
preferred urea bond position (represented by different combina-
tions of n andm with the same total ring size) was identified. The
critical parameter determining potency is the bioactive confor-
mation actually obtained by the molecule, which is dependent on
both ring size and urea bond position. Thus, in some cases, the
combination of ring size and urea position apparently resulted in
a peptide that adopted a bioactive conformation, retaining the
parental potency (e.g., 40 (IC50 = 0.92 μM)) or even improving
upon it (e.g., 43 (IC50 = 0.16 μM) and 46 (IC50 = 0.17 μM)).
A comparison of the precyclic and cyclic libraries revealed that

a few of the molecules in the precyclic library were more active than
their cyclic counterparts. This may be due to the additional positive
charges on the precyclic analogues, which are absent from the cyclic
analogues. Alternatively, the decreased conformational freedom
brought about by cyclization may destabilize the extended con-
formations of the peptides that are compatible with protein binding.
DeletedArginine 1Derivatives, YM2-mNRand c(YM2-mNR).

Coupling Arg1 to the AGBU was incomplete in the precyclic and
urea BC sublibraries YM2-m and c(YM2-m). By use of a combina-
torial approach, the derivatives lacking Arg1, namely, des-Arg1 YM2-
m and des-Arg1 c(YM2-m), were separated and evaluated for PKB/
Akt inhibition. The linear des-Arg1 peptides, YM2-mNR (Table 5),
were significantly less potent than the corresponding YM2-m pep-
tides (Table 3) which included the Arg1 residue (e.g., 22 84%
inhibition at 0.625μMand IC50 = 0.22μMversus 54 66% inhibition
at 5 μM). These results suggest that Arg1 plays a significant role in
site recognition and are in accordance with peptide/kinase structural
data (structures 1O6K, 1O6L),50 the importance of Arg1 in PKB/
Akt substrate peptides as manifested in the PKB/Akt consensus
motif RXRXXS/T,51,52 and the highly favorable calculated energy of
binding of Arg1 to PKB/Akt [ref 48 and see below].
Surprisingly, unlike the linear peptides, the cyclic des-Arg1

peptides, c(YM2-mNR) (Table 6), showed enhanced potencies
compared to the corresponding cyclic peptides which included the
Arg1 residue c(YM2-m) (Table 4) (e.g., 37 54% inhibition at 5 μM
versus 57 84% inhibition at 0.625 μM and IC50 = 0.24 μM). The
des-Arg1 c(YM2-mNR) peptides with the smallest ring sizes and the
most constrained conformations were themost potent. It is unlikely
that the ureamoiety in the bridge can compensate for the loss of the
guanidine entity, considering the constrained conformation and the
great difference between the urea bridge and the arginine residue.
Arg1 may form intramolecular interactions that are detrimental for
binding to PKB/Akt, in the context of the small cyclic peptide.
However, this hypothesis requires further study.
AmideBC Library c(DRn-m).An amide BC library was built in

parallel to the urea BC library, c(DRn-m), wherem represents the
chain length of the dicarboxylic acid linker and n represents the
chain length of the C-terminal AGBU. All the peptides of the amide
BC library were found to be significantly less potent than 1
(Table 7). These results agree with our previous SAR studies which
showed that a free N-terminal amine is favored for maintaining high
levels of potency.45 It is therefore not surprising that these peptides,
in which the amino termini are blocked in the amide form, did not
maintain the potency of the parent peptide, 1.
In general, peptides in which the free N-terminal amine is

important for activity are hindered by BN�AT amide bond
cyclization that interferes with the N-terminal amine. The urea
BC library, with a BN�BN mode of cyclization, showed better

Table 3. Inhibitory Activity and IC50 of the YMn-m Librarya

compd name m n

% inhibition

(0.625 μM)

IC50 (μM)

(95% confidence)

1 b 36 ( 2 0.94 (0.78�1.14)

20 YM2-2c 2 2 57 ( 3 ND

21 YM2-3c 3 2 76 ( 2 0.32 (0.25�0.42)

22 YM2-4c 4 2 84 ( 1 0.22 (0.10�0.48)

23 YM2-6c 6 2 83 ( 4 0.32 (0.22�0.47)

24 YM3-2c 2 3 76 ( 4 0.25 (0.12�0.52)

25 YM3-3c 3 3 90 ( 4 0.13 (0.06�0.28)

26 YM3-4c 4 3 91 ( 2 0.15 (0.09�0.28)

27 YM3-6c 6 3 87 ( 4 0.11 (0.02�0.69)

28 YM4-2c 2 4 84 ( 4 0.176 (0.16�0.19)

29 YM4-3c 3 4 96 ( 2 0.128 (0.127�0.129)

30 YM4-4c 4 4 91 ( 3 0.13 (0.06�0.28)

31 YM4-6c 6 4 88 ( 3 0.16 (0.08�0.32)

32 YM6-2c 2 6 42 ( 1 ND

33 YM6-3c 3 6 51 ( 3 ND

34 YM6-4c 4 6 60 ( 1 ND

35 YM6-6c 6 6 57 ( 1 ND
a PKB/Akt inhibition was determined according to radioactive kinase
assay as previously described.3 Inhibition at 0.625 μM inhibitor is shown as
the percent reduction in PKB/Akt activity (0% inhibition = activity in the
absence of inhibitor). IC50 values and 95% confidence range (parentheses)
were determined using Graphpad Prism 5 only for inhibitors that showed
over 75% inhibition at 0.625 μM. ND = not determined. bH-Arg-Pro-Arg-
Nva-Tyr-Dap-Hol-NH2.

cCompound code numbers from ref 49.
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potencies than the amide BC library with a BN�AT mode of
cyclization, demonstrating the effects of the mode of cyclization
and of the bridge chemistry on the inhibitory activity. Further-
more, urea bond cyclization is more adaptable than amide bond
cyclization, as it allows peptide elongation beyond the point of
cyclization.47 These results demonstrate that wide screening of
BC peptide libraries, employing a hierarchical scan not only of
ring size and chemistry but also of mode of cyclization, can play a
dramatic role in the discovery of drug leads.

Computational Surface Mapping of the PKB/Akt Catalytic
Domain. ANCHORSMAP48,53 was used to discover potential
binding positions for positively charged moieties on the surface
of PKB/Akt. ANCHORSMAP is a novel computational mapping
approach that was specifically designed for detecting “anchoring
spots”, which are binding positions of amino acid probes that stabilize
protein�protein and protein�peptide complexes.53 Figure 3 pre-
sents the five top ranking Arg-anchoring spots and five top ranking
Lys-anchoring spots, as detected by ANCHORSMAP on the entire
surface of the apo (unbound) structure of the kinase domain of
PKB/Akt (3D0E.pdb). In addition to the known binding position
for P-3 Arg (corresponding to Arg3 in 1), which is characteristic of
most basophilic kinases including PKB/Akt,54 ANCHORSMAP
detected three additional Arg-anchoring spots (ranks 1�3) within
the major groove of the kinase domain, which may be relevant for
binding a substrate or a substrate-like peptide.
The top ranking Arg-anchoring spot in PKB/Akt is in a surface

pocket that indeed accommodates theArg residue fromposition P-5
of the GSK3β-peptide50 which corresponds to Arg1 of 1. A similar
Arg-binding pocket is present in the crystal structure of a substrate-
like inhibitory peptide, PKI, bound to PKA55 and in several other
basophilic kinases.48 The same position is also the top ranking one
for accommodating Lys residues. Interestingly, the same pocket
contains an auxiliary Arg binding position, ranked 2, implying that it
can potentially accommodate two independent positively charged
moieties simultaneously. These results explain why potency can be
improved by substituting Pro2 (corresponding to P-4) by positively
charged residues, such as N-alkyl(amino functionalized)glycine.

Table 4. Inhibitory Activity and IC50 of the c(YMn-m) Librarya

compd name m n bridge size ring size % inhibition (5 μM) IC50 (μM) (95% confidence)

1 b 87 ( 2 0.94 (0.78�1.14)

36 c(YM2-2)c 2 2 7 26 30 ( 4 ND

37 c(YM2-3)c 3 2 8 27 54 ( 4 ND

38 c(YM2-4)c 4 2 9 28 84 ( 3 ND

39 c(YM2-6)c 6 2 11 30 68 ( 4 ND

40 c(YM3-2)c 2 3 8 27 98 ( 1d 0.92 (0.58�1.45)d

41 c(YM3-3)c 3 3 9 28 98 ( 1d 0.59 (0.48�0.73)d

42 c(YM3-4)c 4 3 10 29 54 ( 2d NDd

43 c(YM3-6)c 6 3 12 31 100 ( 1d 0.16 (0.03�0.77)d

44 c(YM4-2)c 2 4 9 28 98 ( 1 0.282 (0.278�0.286)

45 c(YM4-3)c 3 4 10 29 92 ( 1 ND

46 c(YM4-4)c 4 4 11 30 100 ( 2 0.17 (0.10�0.29)

47 c(YM4-6)c 6 4 13 32 100 ( 1 0.28 (0.23�0.35)

48 c(YM6-2)c 2 6 11 30 100 ( 2 0.29 (0.21�0.39)

49 c(YM6-3)c 3 6 12 31 100 ( 2 0.32 (0.27�0.37)

50 c(YM6-4)c 4 6 13 32 94 ( 1 ND

51 c(YM6-6)c 6 6 15 34 39 ( 1 ND
a PKB/Akt inhibition was determined according to radioactive kinase assay as previously described.3 Inhibition at 5 μM inhibitor is shown as the percent
reduction in PKB/Akt activity (0% inhibition = activity in the absence of inhibitor). IC50 values and 95% confidence range (parentheses) were
determined using Graphpad Prism 5 only for inhibitors that showed over 95% inhibition at 5μM.ND= not determined. bH-Arg-Pro-Arg-Nva-Tyr-Dap-
Hol-NH2.

cCompound code numbers from ref 49. dData from ref 47.

Table 5. Inhibitory Activity of the YM2-mNR Derivativesa

compd name m n % inhibition (5 μM)

1 b 87 ( 2

52 YM2-2NRc 2 2 67 ( 1

53 YM2-3NRc 3 2 63 ( 3

54 YM2-4NRc 4 2 66 ( 4

55 YM2-6NRc 6 2 64 ( 2
a PKB/Akt inhibition was determined according to radioactive kinase
assay as previously described.3 Inhibition at 5 μM inhibitor is shown as
the percent reduction in PKB/Akt activity (0% inhibition = activity in
the absence of inhibitor). bH-Arg-Pro-Arg-Nva-Tyr-Dap-Hol-NH2.
cCompound code numbers from ref 49.
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The third top ranking Arg binding spot and the second top
ranking Lys binding spot are between two acidic residues in the
N-lobe, Glu200 andGlu193 (numbers are according to the 3D0E
structure), and can accommodate a positively charged residue at
position P + 2 of the substrate or of a substrate-like peptide. A
distance of 7 Å separates this binding spot from the Cβ atom at
position P + 2 of GSK3β-peptide (PDB code 1O6K) (Figure 4).
This explains why the optimal length for activity in the YMn-m
library is n = 3 or n = 4; shorter or longer linkers would not bring
the positively charged moiety of the AGBU into the binding spot
without significant changes in backbone positioning. In 1, there is
no positively charged residue near the carboxy terminus that
might fit into this binding spot. In the YMn-m library, the
importance of the length n of the alkyl chain on the GBU at
the C-terminus becomes greater than that of the length m of the
alkyl chain on the GBU at position Pro2.
Helix RC in the N-lobe of PKB/Akt contains an additional

acidic residue, Asp192, which together with Glu193 forms a

solvent-exposed acidic environment. This acidic pair provides
another binding site for a positive group and explains the
preference for an amide rather than a carboxylic group at the
C-terminus of the peptide, as reported previously.45

Overall, the computational analysis provides a reasonable
explanation for the activity patterns observed in our SAR studies
and demonstrates that this type of analysis can be of predictive
value in planning future analogues.

’CONCLUSIONS

Structure�activity relationships of a potent PKB/Akt substrate-
based inhibitor, 1,17 were extensively studied. Using combinatorial

Table 6. Inhibitory Activity and IC50 of the c(YM2-mNR) Derivativesa

compd name m n bridge size ring size % inhibition (0.625 μM) IC50 (μM) (95% confidence)

1 b 36 ( 2 0.94 (0.78�1.14)

56 c(YM2-2NR)c 2 2 7 26 64 ( 4 0.39 (0.21�0.71)

57 c(YM2-3NR)c 3 2 8 27 84 ( 2 0.24 (0.10�0.58)

58 c(YM2-4NR)c 4 2 9 28 32 ( 4 ND

59 c(YM2-6NR)c 6 2 11 30 26 ( 2 ND
a PKB/Akt inhibition was determined according to radioactive kinase assay as previously described.3 Inhibition at 0.625 μM inhibitor is shown as the
percent reduction in PKB/Akt activity (0% inhibition = activity in the absence of inhibitor). IC50 values and 95% confidence range (parentheses) were
determined using Graphpad Prism 5 only for inhibitors that showed over 60% inhibition at 0.625 μM.ND = not determined. bH-Arg-Pro-Arg-Nva-Tyr-
Dap-Hol-NH2.

cCompound code numbers from ref 49.

Table 7. Inhibitory Activity of the c(DRn-m) Librarya

compd name m n bridge size ring size % inhibition (5 μM)

1 b 87 ( 2

60 c(DR4-2)c 2 4 9 31 13 ( 3

61 c(DR4-3)c 3 4 10 32 14 ( 2

62 c(DR4-4)c 4 4 11 33 18 ( 1

63 c(DR4-5)c 5 4 12 34 16 ( 2

64 c(DR6-2)c 2 6 11 33 25 ( 2

65 c(DR6-3)c 3 6 12 34 32 ( 3

66 c(DR6-4)c 4 6 13 35 30 ( 2

67 c(DR6-5)c 5 6 14 36 30 ( 4
a PKB/Akt inhibition was determined according to radioactive kinase
assay as previously described.3 Inhibition at 5 μM inhibitor is shown as
the percent reduction in PKB/Akt activity (0% inhibition = activity in
the absence of inhibitor). bH-Arg-Pro-Arg-Nva-Tyr-Dap-Hol-NH2.
cCompound code numbers from ref 49.

Figure 3. Arg-anchoring spots detected on the surface of PKB/Akt. The
unbound structure of PKB/Akt (3D0E) and the superimposed GSK3β-
peptide (1O6K) are shown in gray and olive green, respectively. ANP is
shown in ball and stick representation. Acidic residues on helix RC are
shown as red sticks. The top five predicted Arg and Lys anchoring spots
are shown as blue and cyan spheres according to the positions of the Arg
Cζ and Lys Nζ atoms, respectively. Blue and cyan numbers stand for
ranking order.
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BC libraries, we compared different modes of cyclization while
screening the conformational space of the side chain residues. Our
data highlight the importance of addressing all four BC conforma-
tional parameters: the mode of cyclization, ring position, ring size,
and ring chemistry. The urea BC peptides were more potent than
the amide BC peptides, and the chain length of the carboxyl AGBU
was an important factor in potency.

NMR-derived structures of 1 gave an ensemble with a secondary
turn conformation between Nva4 and Dap6. A low energy con-
formation was superimposed over GSK3 within PKB/Akt and
showed only minor clashes in its flexible N-terminal region, con-
firming that 1 can indeed bind the PKB/Akt substrate binding site.

Our computational study was compatible with our experi-
mental results and indicated that additional positive charges at the
amino and carboxy termini may fit well into the substrate binding
groove of PKB/Akt, a finding that explains the enhanced binding
affinity to PKB/Akt ofC-amidated peptides and of peptides carrying
additional positive charges at the Pro2 and/or carboxy terminus
position, including the precyclic analogues. To further explore the
cyclic analogues, we plan to adapt the peptide docking algorithm56

as well as the kinase/peptide molecular dynamics simulations57 to
cyclic peptides and to apply the computational analysis to study the
conformational dynamics of the cyclic analogues within and outside
the PKB/Akt environment.

Although most of the precyclic analogues showed enhanced
PKB/Akt inhibition compared to 1, the backbone cyclic peptides
may be better drug leads, as they are expected to have improved
metabolic stability and selectivity.41,43,44 Six analogues, 25, 27, 29,
30, 43, and 46, out of a total of 66 library members, showed IC50 <
0.2 μM. In addition to serving as drug leads, these analogues may
also be useful probes for studying the precise mechanism of
inhibition. The integrated chemical, structural, biochemical, and
computational study presented here has provided novel inhibitors of
PKB/Akt activity, as well as insights into kinase/peptide interactions
and ideas for future cyclic peptide development.

’EXPERIMENTAL SECTION

Chemistry: General. All starting materials were purchased from
commercial sources andwere usedwithout further purification. Exactmass

spectra were recorded on an Agilent Technologies 6520B Accurate-Mass
Q-TOF LC/MS instrument. MALDI-TOF spectra were recorded on a
PerSeptive Biosystems MALDI-TOF MS instrument, using R-cyano-4-
hydroxycinnamic acid as matrix. Preparative HPLC data were recorded at
220 nm on a RP-18 column (10μm, 250mm� 10mm, 110 Å). Eluents A
(0.05% TFA in TDW) and B (ACN) were used in a linear gradient (95%
Af 75%A in 30min) at a flow of 5mL/min. Purity of all the compounds
was determined by analytical HPLC and was recorded at 220 nm at a flow
of 1 mL/min on a RP-18 column (5 μm, 250 mm � 4.6 mm, 110 Å).
Eluents A (0.05% TFA in TDW) and B (ACN) were used in a linear
gradient (95% A f 5% A in 35 min). The purity of all the compounds
tested was g95%.
Peptide Design. All the peptides and peptidomimetics were

synthesized using standard Fmoc SPPS procedures58 on Rink amideMB-
HA resin as the solid support. The urea BC library, designated c(YMn-m)
(Table 4), was synthesized according to the procedures described by
Hurevich et al.,47 using combinations of various Alloc glycine building
units (AGBUs), where n stands for the number of atoms in the N-alkyl
chain on the glycine at the carboxy terminus (position 8) andm stands for
the number of atoms in theN-alkyl chain of the glycine at position 2. Prior
to cyclization, the resin was divided, and the precyclic analogues (namely,
analogues that include the AGBU with ε-free amine and have no ring
closure) were deprotected and purified as well (this library is designated
YMn-m, Table 3). The coupling of Arg1 to the AGBUwas incomplete in
the c(YM2-m) and YM2-m sublibraries. By use of a combinatorial approach,
the derivatives lacking Arg1, namely, des-Arg1 YM2-m and des-Arg1
c(YM2-m), were separated and evaluated for PKB/Akt inhibition. The
des-Arg1 analogues are designatedYM2-mNRand c(YM2-mNR) (Tables 5
and 6, respectively). The amideBC library, designated c(DRn-m) (Table 7),
was synthesized as previously described44,59 by using AGBU (n = 4 or 6) at
the carboxy terminus and various dicarboxylic acid linkers (m = 2�5) that
acetylate the amino terminus, for ring closure.
General Methods for SPPS. Swelling. The resin was swelled for at

least 2 h in dichloromethane.
Fmoc Removal. The resin was treated with a solution of 20%

piperidine in 1-methyl-2-pyrrolidinone (NMP) (2 � 20 min), then
washed with NMP (5 � 2 min).

HBTU Coupling. Fmoc protected amino acids (1.5 equiv) were
dissolved in NMP. N,N-Diisopropylethylamine (DIPEA) (1.5 equiv)
and 1-hydroxybenzotriazole (HOBt) were added, and the mixture was
cooled to 0 �C. 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) (1.5 equiv) was added, and the mixture
was preactivated bymixing for 10min, added to the resin, and shaken for
1 h. The resin was washed with NMP (3 � 2 min).

Capping. The resin was treated with a solution of acetic anhydride
(10 equiv) and DIPEA (7.15 equiv) in dimethylformamide (DMF) for
20 min and washed with NMP (3 � 2 min).

HATU Coupling. Fmoc protected amino acids (1.5 equiv) were
dissolved in NMP. DIPEA (1.5 equiv) and 1-hydroxy-7-azabenzotriazole
(HOAt) were added, and the mixture was cooled to 0 �C. 2-(7-Aza-1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU) (1.5 equiv) was added, and the mixture was preactivated by
mixing for 10 min, added to the resin, and shaken overnight at room
temperature. The resin was washed with NMP (3 � 2 min).

BTC Coupling. The resin was shaken with dibromoethane at 50 �C
using a water bath. Fmoc protected amino acids (5 equiv) were dissolved
in dibromoethane. Bis(trichloromethyl)carbonate (BTC) (1.67 equiv)
was added, and the mixture was cooled to 0 �C. 2,4,6-Collidine
(14 equiv) was added dropwise, and the mixture was preactivated by
mixing for 1 min, added to the resin, and shaken overnight at 50 �C. The
resin was washed with dichloromethane (5 � 2 min).

Alloc Removal. The resin was washed with dichloromethane (2� 2min)
and dried under vacuum. A solution of 5% AcOH and 2.5% N-methyl-
morpholine in dichloromethane was added under a stream of argon, and

Figure 4. IC50 curves of selected compounds produced usingGraphpad
Prism 5. Representative curves are shown.
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tetrakis(triphenylphosphine)palladium(0) (0.7 equiv) was added. The
mixture was stirred in the dark for 2 h and then washed with 0.5% DIPEA
in NMP (3 � 5 min), 0.5% sodium diethyldithiocarbamate trihydrate in
NMP (5� 2 min), NMP (2� 2 min), and dichloromethane (2� 2 min).

Urea Cyclization. A solution of BTC (0.33 equiv) in dichloromethane
was added to the resin and stirred. After 2 h, DIPEA (2 equiv) was added
and the mixture was stirred overnight at room temperature. The resin
was washed with dichloromethane (2 � 2 min).

Cyclic Anhydride Coupling. Anhydride (10 equiv) was dissolved in
NMP. 4-Dimethylaminopyridine (DMAP) (1 equiv) was added, and the
mixture was added to the resin for 2 h. The resin was washed with NMP
(2 � 2 min).

Dicarboxylic Acid Coupling. Dicarboxylic acid (10 equiv) and DIC
(10 equiv) were dissolved inDMF.Themixturewas preactivated bymixing
for 30 min. DMAP (1 equiv) was added, and the mixture was added to the
resin for 2 h. The resin was washed with NMP (2 � 2 min).

Amide Cyclization. Benzotriazole-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) (6 equiv) and DIPEA (12 equiv) were
dissolved in NMP, and the mixture was added to the resin for 2 h. The
mixturewas replacedby amixture of PyBOP(3 equiv) andDIPEA(6 equiv)
inNMPand left to stir overnight at room temperature.The resinwaswashed
with NMP (5 � 2 min) and dichloromethane (2 � 2 min).

Cleavage. The resin was washed with dichloromethane (2 � 2 min)
and dried under vacuum. A solution of 2.5% TDW and 2.5% triisopro-
pylsilane in trifluoroacetic acid (TFA) was added, and the reaction
proceeded for 3 h at room temperature. The solution was separated by
filtration, and the resin was rinsed with neat TFA. The TFA mixture was
treated with a cooled solution of ether/hexane 1:1, and the peptides
were precipitated by centrifugation. The crude peptides were dissolved
in acetonitrile/TDW 1:1 solution and lyophilized.
Biological Screening. All peptides and peptidomimetics were

screened for inhibition of PKB/Akt in a cell-free radioactive assay and
compared with 1 (Tables 2�7). IC50 values were determined for the
most potent inhibitors, identified in the initial screening (Figure 4).
PKB/Akt Assay. PKB/Akt kinase (HisΔPHPKBEEEFlag) was

prepared as described by Klein et al. except that for routine screening
the enzyme was only partially purified in one step on Ni-NTA agarose
(Qiagen).60 The radioactive kinase assay was as described by Reuveni
et al.3 except that the reaction mix comprised 50 mM Hepes, pH 7.4,
0.1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 10 mM magnesium
acetate, 3μMRPRTSSF peptide, 10 μM[γ32P]ATP (1 μCi/assay well),
the inhibitory compound, and 0.005 units of HisΔPHPKBEEEFlag. A
stock solution of each peptide was prepared, and the concentration was
determined by UV spectrophotometry as described.61 For initial screen-
ing, compounds were tested at three to four concentrations. Com-
pounds that showed significant inhibition at 5 μM or less were retested
and IC50 values determined using Graphpad Prism 5. 1 was included in
every assay, as a standard.
NMR. Samples in lyophilized form were dissolved in 20 mM

phosphate buffer and 10% deuterium oxide (Aldrich Chemicals Co.,
U.S.) to give a concentration of 1.8 mM and pH 6.7. The NMR
experiments were performed on a Bruker Avance 600 MHz DMX
spectrometer operating at the proton frequency of 600.13 MHz with an
xyz-gradient coil at 7 �C. The transmitter frequency was set on the HDO
signal, which was calibrated at 4.945 ppm. TOSCY62,63 and NOESY64,65

experiments were acquired under identical conditions over a range of
temperatures between 4 and 32 �C to find optimal conditions for the
NMR measurements. Structural data were acquired at 7 �C to reduce
peptide motion. TOCSY spectra were recorded using the MLEV-17
pulse scheme for the spin lock at mixing periods of 100 ms with 64 scans
per t1 increment.

66 The NOESY experiments were optimized and finally
collected with a mixing time of 250 ms using 176 transients for each t1.
Spectra were processed and analyzed with TopSpin (Bruker Analytische
Messtechnik GmbH) and SPARKY (provided by T. D. Goddard and D.

G. Kneller, SPARKY 3, University of California, San Francisco). Zero
filling in the indirect dimension and data apodization with shifted
squared sine bell window functions in both dimensions were applied
prior to Fourier transformation. The baseline was further corrected in
the direct dimension with a quadratic polynomial function.

Resonance assignment was done according to the sequential assign-
ment methodology developed by W€uthrich67 based on the TOCSY and
NOESY spectra measured under identical experimental conditions. The
volumes of the NOE peaks were calculated by SPARKY, and the three-
dimensional structures of the peptides were generated using XPLOR
(version 3.856)68 with patches from within XPLOR for the bridges and
ring closure. Chimera69 was used for visual analysis and presentation.
Low energy structures chosen for further analysis had no NOE viola-
tions, deviations from ideal bond lengths of less than 0.05 Å, and bond
angle deviations from ideality of less than 5�.
Computational Studies. The ANCHORSMAP algorithm53 was

used to predict the most favorable binding sites for Arg residues on the
surface of PKB/Akt catalytic domain. The method consists of two steps:
(i) The first is a geometry based step, in which subpockets that can
accommodate single amino acid side chains are detected on the surface
of the protein and amino acid probes are then scattered near them with
their Cβ atoms pointing away from the protein surface. This procedure
produces a nonrandom yet exhaustive distribution of thousands of
probes over the entire protein surface. (ii) The second is an energy-
based step in which the positions of probes, initially scattered, are
optimized by several cycles of energy minimization and clustering, and
their binding energies (ΔG) are estimated by a scoring function adjusted
for the context of protein�protein interactions. The scoring function
includes an empirical solvation model, van der Waals energy, and an
electrostatic energy term corrected for dielectric shielding by a hypothe-
tical protein attached to the probe. The predicted anchoring spots are
ranked by theirΔG. The predicted Arg anchoring spots presented in this
study are of mean structure using rmsmin of 3 Å and the default
parameters as described.53 The coordinates of peptide-free structure
of PKB/Akt (3D0E) were taken from the Protein Data Bank,70 and
heteroatoms were removed prior to calculations.

Substrate Nomenclature. P0 represents the position of the phospho
acceptor residue. P-3 represents the residue three amino acids
upstream of P0.

Kinase Nomenclature. PKB/Akt/belongs to the basophilic group of
Ser/Thr kinases as previously defined.54

’ASSOCIATED CONTENT

bS Supporting Information. Fingerprint NMR spectra of 1,
HPLC and HRMS characterization of all the compounds, and
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’ABBREVIATIONS USED

ACN, acetonitrile; AGBU, Alloc glycine building unit; ANP, phos-
phoaminophosphonic acid adenylate ester; AT, amino terminus;
BN, backbone; BTC, bis(trichloromethyl)carbonate; DIC,N,N0-
diisopropylcarbodiimide; DIPEA, diisopropylethylamine; DM-
AP, 4-dimethylaminopyridine; DMF, N,N-dimethylformamide;
Fmoc, 9-fluorenylmethyloxycarbonyl; GBU, N-alkyl(amino func-
tionalized)glycine; GSK3, glycogen synthase kinase 3; HATU,
2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium he-
xafluorophosphate; HBTU, 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate; HOAt, 1-hydroxy-7-
azabenzotriazole; HOBt,1-hydroxybenzotriazoleMALDI, matrix
assisted laser desorption ionization;MBHA, methylbenzhydry-
lamine;NMP, 1-methyl-2-pyrrolidinone;NMR, nuclear magnetic
resonance;NOESY, nuclear Overhauser effect spectroscopy; PKB,
protein kinase B; PyBOP, benzotriazole-1-yl-oxytripyrrolidinopho-
sphonium hexafluorophosphate; rmsd, root-mean-square devia-
tion; RP-HPLC, reverse phase high pressure liquid chromatogra-
phy; SAR, structure�activity relationship; SPPS, solid phase
peptide synthesis; TDW, triply distilled water; TFA, trifluoroace-
tic acid; TOF, time of flight

’ADDITIONAL NOTE

The abbreviations for amino acids are according to the IUPAC-
IUB Commission of Biochemical Nomenclature, http://www.
chem.qmul.ac.uk/iupac/AminoAcid/.
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