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To target a specific region of a protein, monoclonal antibodies (mAbs) are often developed
against peptide fragments representative of the target epitope on the intact protein. We
report on a chemical strategy for targeting epitopes near phosphorylation sites; we
developed a synthetic capture agent against the C-terminal epitope of Akt2 (or protein
kinase B (PKB)), which contains the Ser474 residue. Akt, which collectively refers to three
isoforms (Aktl, Akt2, and Akt3), is a serine/threonine protein kinase.[!: 21 Akt plays a
central regulatory role in growth factor signaling and serves as a key node in
phosphatidylinositol 3-kinase (P13K) signaling. Over-expression and/or hyperactivation of
Akt is associated with many cancers,[3-8] thus making Akt a drug and diagnostic target.[”: 8]
Ser474 in the Akt2 protein (Ser473 in Aktl) is located in the hydrophobic motif (HM) of the
C-terminal tail, and is phosphorylated by the Rictor-mTOR complex.[®] The phosphorylated
HM allosterically activates Akt2 by binding to a hydrophobic groove in the N-lobe of Akt2
and enhancing the kinase activity 10-fold.[10. 111 |n the PKB crystal structure, the electron
density for residues 442—481 is not resolved, suggesting a disordered C terminus.[*2] This
epitope thus provides a challenging target, but it is also a potentially attractive drug target
site. Adenosine triphosphate (ATP)-competitive inhibitors of Akt2 can cause
hyperphosphorylation of the protein.[12. 13]

Our approach, which produces what we call protein catalyzed capture (PCC) agents, [14]
starts with the synthesis of the epitope. We prepared the 32 amino acid long C-terminal
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polypeptide fragment of Akt2 (amino acids 450-481) that contains the phosphorylated
serine 474 residue (pS474). The fragment length was chosen to represent the C terminus of
Akt2 relative to the Aktl and Akt3 isoforms, while being readily prepared by using standard
peptide synthesis chemistry. To make this peptide into an anchor for screening based on in
situ click chemistry, we exploited the selective binding of dinuclear zinc(Il) complexes
containing a dipicolylamine (DPA)-type ligand to phosphate groups[*®! (Figure S1 in the
Supporting Information) to chemically modify the pS474 residue so that a biotin label and
an azide group were presented near (but not on) the pS474 site. This leads to the formation
of complex 1 (Scheme 1). The azide group is an anchor site for an in situ click
reaction,[16:17] the biotin provides an assay handle, and the 32-mer polypeptide serves as the
catalyst.

Complex 1 was subjected to an in situ click screen (Scheme 2A) against a large one-bead-
one-compound (OBOC) library (library A) of acetylene-presenting hexameric peptides to
identify an initial (1°) peptide ligand. See Table S1 in the Supporting Information for all
OBOC libraries used. The peptides were built from o-stereoisomers of the natural amino
acids to ensure protease stability in the final capture agent. The selectivity of this multistep
screen was such that it produced two hit beads that sequenced to produce the same peptide
(o-Pra)-wkvkl (o-Pra=o-propargylglycine). This 1° ligand, mono-L (Figure S2A in the
Supporting Information), was found to have an approximately 3 pw affinity for Akt2 by
single-component immunoassay and to have sufficient selectivity to immunoprecipitate Akt
from OVCARS cancer cell lysate when immobilized on streptavidin—agarose resin.

We iterated this strategy[14 19 to identify candidate 2° ligands. Complex 2 was prepared
from the zinc chelator 1, the 1° ligand sequence, and the 32-mer polypeptide (Scheme 2B
and Figure S2B). Multistep screens against library B were carried out to eliminate
background binders and to identify 2° ligand candidates. The motif hnGxx-o-Pra was
observed across several candidate 2° ligands (See Tables S2 and S3 and Figure S3 in the
Supporting Information for a listing and statistical analysis of these hit sequences). Biligand
candidates were synthesized by linking the 1° and 2° peptides using copper(l)-catalyzed
click chemistry, and were then tested for selectivity (Figure S4 in the Supporting
Information). The best performing biligand, bi-L (Figure S2C), exhibited an approximately
1 pwm affinity for Akt2, and higher selectivity than mono-L for immunopreciptating Akt from
OVCARS cell lysate.

Starting from the biligand, we obtained two triligands by using in situ click screens that
utilized full-length active Akt2 (pAkt2) and two biligand-derived anchors, anchor-3N
(Figure S2D) and anchor-3C (Figure S2E), but no Zn chelator (Scheme 2C). An N-terminal
triligand (N-tL; Figure 1A) was developed by screening for 3° ligands that click to the N
terminus of anchor-3N, while a C-terminal triligand (C-tL; Figure 1B) was similarly
developed by identifying 3° ligands that click to the C terminus of anchor-3C. All hit
sequences and assays used to guide the selection of the two best triligands are provided in
Tables S4-S6 and Figures S5 and S6 in the Supporting Information. The best 3° ligand for
the C-tL (hdGGf) is somewhat similar to the 2° ligand sequence, perhaps indicating
competition for the same site on the protein. The N-tL and C-tL yielded ECsgq values from
single-component ELISA assays of 19 and 124 nw, respectively (Figure 2A). The ECsq value
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for the N-tL (19 nw) compares well with the dissociation constant (Kp) value (25 nw)
obtained using surface plasmon resonance (Figure S7 in the Supporting Information).

We tested both triligands for binding selectivity by comparing them against the C-terminal
32-mer fragments of Aktl, Akt2, and Akt3, as well as the full-length proteins (Figure 2B,C).
ELISA-type assays were done in triplicate against a single concentration of the Hisg-tagged
peptide or the Hisg-tagged full protein. Aktl, Akt2 and Akt3 are more than 85% identical in
the kinase domain[2%] and are highly homologous near residue S474 (Figure 2D). Both
triligands exhibit selectivity at both the peptide and full protein level, with the C-tL
exhibiting 5:1 and 10:1 selectivity for full-length Akt2 over Aktl and Akt3, respectively.
This result confirms the selectivity of the epitope targeting approach. We also tested the
selectivity of the triligands for pAkt2 relative to inactive Akt2, and found a high (5:1)
selectivity only for the C-tL (Figure 2E). A similar selectivity was also observed in
immunoprecipitation assays. For these assays, either the biotinylated ligands or the
biotinylated pS473 mAb were immobilized on streptavidin—agarose resin and treated with
OVCARS cell lysate overnight. After stringent washing, the samples were eluted from the
beads and run on a gel. When the eluted proteins (Coomassie stain in Figure S8 in the
Supporting Information) were treated with a pan-Akt antibody that detects all Akt isoforms,
an increased capture efficiency from mono-L to N-tL is evident.[24] The C-tL gives lower
signal than the N-tL. However, when the eluent is treated with an antibody specific for
phosphorylated S473 (S474 in Akt2), the C-tL shows relatively increased pAkt
immunoprecipitation and hence an increased selectivity for the phosphorylated protein.

In cancer cell lines?1: 221 and tissue samples[23], the constitutively active Akt2 is
phosphorylated at Ser474. Over-expression and/or activation of Akt can increase the
resistance of tumors to chemo-[24] or radio-[21] therapies. The importance of Akt2 as a
therapeutic target has prompted development of both ATP-competitive and allosteric
inhibitors.[2°] Most allosteric inhibitors bind to the interface between the membrane docking
pleckstrin homology domain (PHD) and the kinase domain.[26] Given that the
phosphorylated hydrophobic motif around S474 at the C terminus of Akt2 has been shown
to act as an allosteric activator, we hypothesized that peptides that bind to the S474 epitope
might influence the Akt2 kinase activity. We utilized a nonradioactive Akt2 kinase assay kit
to estimate the influence of the ligands on the kinase activity of Akt2. For this assay, active
Akt2 is combined with its substrate peptide glycogen synthetase kinase (GSK)-3a/p and
ATP. To this solution was also added one of the peptide ligands or DMSO as a control. The
level of phosphorylation of GSK-3a/p provides a readout for Akt2 kinase activity (Figure
3A). The N-tL was found to activate Akt2, as did the commercial pS473 antibody (Figure
3B). By contrast, the C-tL inhibits Akt2, with an ECsg of around 4 pw, as estimated from the
Western blotting assays of the Akt2-induced phosphorylation of the GSK-3a/p substrate at
varying C-tL concentrations (Figure S9 in the Supporting Information). Thus, the enzymatic
activity of Akt2 is hypersensitive to perturbations near the C terminus. This delicately
balanced structure—function relationship between S474 and Akt enzymatic activity
apparently works in both directions: ATP-competitive inhibitors like A-443654 cause
paradoxical hyperphosphorylation of Akt at both Thr308 and Ser473, thus leading to protein
reactivation after inhibitor dissociation.[13]
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We report on an epitope targeting strategy that, when combined with sequential in situ click
chemistry, permitted the development of a series of peptide multiligands (PCC agents) that
are targeted near a key phosphorylation site of Akt2. This strategy relies on the use of a
dinuclear zinc(11) complex that binds to the phosphorylated residue of interest, and presents
a biotin label and an azide functionality near that site. The strategy is initiated using only a
fragment representing the phosphorylated epitope of the target. This synthetic approach
permits stringent chemical characterization of the chemical species employed. The strategy
was used to develop an initial PCC agent monoligand, a PCC agent biligand, and two PCC
agent triligands. The strongest binding triligand (the N-tL) exhibits an approximately 20 nw
affinity for Akt2. Epitope and protein isoform specificity is shown for both triligands.

The C terminus of Akt2 was explored because phosphorylation of S474 leads to allosteric
activation of Akt2, thus making this site a potential drug target. However, this unstructured
epitope has no binding pocket, and so it is not obviously targetable by traditional small-
molecule inhibitors. Indeed, the PCC agents developed against this epitope exhibit both
inhibitory and activating characteristics depending upon the PCC agent structure. Additional
advantages relative to the mAb include the well-defined chemical structure of the PCC
agents developed, as well as their stability against proteases and physical stresses.[27]
Delivery of these or similarly targeted ligands into live cells to explore their potential as
therapeutic inhibitors of Akt2 is under investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Molecular structures of the N-tL (A) and C-tL (B) developed against the C-terminal epitope
of Akt2 near the pS474 residue. The 1° and 2° ligand branches are common to both PCC
agents, and are drawn in red and blue, respectively. The poly (ethylene glycol)-linked biotin
groups were included in the development process and thus do not represent interfering

perturbations.
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Figure2.
A) ELISA assays in which the PCC agents are utilized either as the surface-localized capture

agent (N-tL and C-tL) or as the detection agent (mono-L and bi-L). Relative affinity
measurements are given as ECgq values in the key. B) The C-tL has significant selectivity
for the Akt2 epitope (450-481) compared to the corresponding regions in Aktl (449-480)
and Akt3 (448-479). C) The C-tL distinguishes the full-length Akt2 from the Aktl and Akt3
isoforms. D) The 32 amino acid long C-terminal fragment from Akt2, Aktl, and Akt3. The
hydrophobic motif is underlined. pS=phosphoserine. E) The C-tL is selective for pAkt2 over
inactive Akt2. F) Selectivity assays: Biotinylated ligands or biotinylated pS473 antibody are
immobilized on streptavidin—agarose and treated with OVCAR3 cell lysate. The eluents are
stained with antibodies against pan-Akt or pS473 Akt. The N-tL immunoprecipitates more
Akt overall but the C-tL and N-tL immunoprecipitate comparable amounts of active pS473
Akt.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 June 16.



yduasnUe J0yINY Vd-HIN 1duIsNUeIN J0YINY Vd-HIN

1duosnuey Joyiny Vd-HIN

Nag et al.

Page 8

Figure 3.
The influence of the PCC agents on the enzymatic activity of active Akt2. A) The activity of

Akt2 directly influences the phosphorylation of the GSK-3a/p peptide (fused with
glutathione S-transferase) at Ser9/Ser21. The level of phosphorylated GSK-3a/ thus
provides a readout for the activation or inhibition of Akt2 by a molecular probe. B) Western
blot analysis of p-GSK-3a/p levels shows that, relative to the DMSO control, both the N-tL
and the commercial anti-pS473 antibody activate Akt above baseline. The C-tL inhibits
Akt2 kinase activity. (A=adenosine; P=phosphate).
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Scheme 1.
The preparation of 1; a divalent zinc chelator presenting both biotin and azide moieties.

Complex 1 is comprised of 1 bonded to the pSer474 of the 32 amino acid peptide fragment
of Akt2. The graphic of complex 1 (bottom right; constructed using PYMOL[8] and
ChemBio3D Ultra) illustrates the scale of 1 (purple) bonded to pS474 on the polypeptide
(blue).

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Nag et al.

A

Library A

Page 10

B \J
Library B ® Zn... o
XXXXX o o
TG = %Zno/
Il (213
1
Complex 2
C

Anchor-3N Library A
N 2ol 1oL | e

Anchor-3C Library C (B)
7 @=- ~>

[2°L

1°.L I\ 2°-L 1°-L [T/ C-3°-L I]

full-length Akt2

Scheme 2.
Screening strategy for developing a PCC agent targeted near Ser474 of Akt2. A)

Identification of a 1° ligand. Zinc chelator 1 couples to the Akt2 C-terminal fragment
through the pS474 phosphate group to create complex 1. Complex 1 is screened against
library A to yield 1° ligand candidates, from which a consensus 1° ligand (mono-L) is
identified. B) Complex 2 is prepared from 1, mono-L, and the 32-mer pS474 containing
polypeptide. Complex 2 is screened against library B to identify candidate 2° ligands, from
which two variations of the consensus biligand (bi-L) were prepared. C) The first variation,
anchor-3N, was screened against library A in the presence of full-length Akt2 to identify
candidate 3° ligands, from which a consensus N-terminal triligand, N-tL, was identified.
Anchor-3C was similarly utilized to identify a consensus C-terminal triligand, C-tL.
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(TG=tentagel; B=biotin; AP=alkaline phosphatase; T=triazole linker; n®-L=n° ligand; L1,
L2=parts of the DPA-type ligand).
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