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The design of molecules that bind tightly and selectively to a
specific site on a protein constitutes a fundamental challenge
in molecular recognition. Finding high-affinity ligands for
protein surfaces that bind to other proteins has proven to be
particularly difficult.’!! Foldamers, oligomers with discrete
folding propensities,” represent an unconventional source of
ligands for protein-recognition surfaces,”! but realizing this
potential requires that we learn how to design sequences that
contain unnatural building blocks and effectively mimic one
of the surfaces involved in a given protein—protein interac-
tion. Herein we show that systematic backbone modification
throughout a natural protein-binding domain, a process we
refer to as sequence-based design, can expeditiously generate
foldamers that bind tightly and selectively to target protein
surfaces.

Structure-based design has been employed in previous
efforts to address the problem of engineering biological
function into foldamers.”* Such efforts have begun with the
identification of non-natural oligomers that have a strong
propensity to adopt a specific secondary structure. This
secondary structure then serves as a conformational scaffold
for the design of foldamers that are intended to mimic a target
protein surface. We have previously applied the structure-
based design approach to develop foldamer ligands for the
BH3-recognition cleft of the protein Bcl-x;.”** Bcl-x, is a
member of the Bcl-2 family, which controls programmed cell
death pathways and includes both anti-apoptotic members
(e.g., Bcl-2, Bel-x;, Mcl-1) and pro-apoptotic members (e.g.,
Bak, Bad, Puma).[! Bcl-2 and its anti-apoptotic homologues
display a long cleft that accommodates an o-helical BH3
domain from a pro-apoptotic family member.”

Structural information available for Bcl-x; and its com-
plexes with BH3 domains!”! suggested that the a-helical BH3
domain is a plausible target for mimicry by a foldamer helix.
However, we had to prepare and evaluate more than 200 (3-
peptides® and a/B-peptides” designed to mimic the a-helical
Bak BH3 domain before identifying an oligomer with
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significant affinity for Bcl-x,.”“¥ Ultimately, success in this
endeavor was achieved when we moved away from pure
foldamer backbones to chimeric (o/f+a)-peptides with a 1:1
o/f residue alternation in the N-terminal segment and
exclusively a residues at the final six positions. The best (a/
p+a)-peptide showed impressive affinity for Bcl-x; (inhib-
ition constant K; =2 nM), but this oligomer failed to bind to
Mcl-1, an anti-apoptotic Bcl-2 family member targeted by the
Bak BH3 peptide that served as the prototype for foldamer
design.l**1% This limitation is significant, as the utility of non-
natural ligands designed to mimic BH3 domains is greatly
enhanced if those ligands bind to multiple anti-apoptotic Bcl-
2 family proteins."!! Furthermore, the C-terminal a-peptide
segment in the chimeric (a/f+a)-peptide was highly suscep-
tible to proteolysis (the o/f segment was impervious to
proteases).[*"!

Herein we describe sequence-based design of a/f-peptide
ligands for BH3-recognition clefts, a strategy that differs
fundamentally from the structure-based design approaches to
foldamer ligands previously pursued by us and others.”! This
approach involves replacing subsets of regularly spaced a
residues with f° residues bearing the original side chains; each
o—f replacement introduces an extra methylene unit into the
backbone. The sequence-based approach does not directly
aim to recapitulate the folded structure of an a-peptide
prototype, although conformational mimicry is apparently
achieved as a byproduct of the replacement strategy we have
employed. We have recently demonstrated that sequence-
based design can be used to generate helix-bundle foldamer
quaternary structure from an o-peptide prototype.'” Herein
we ask whether this method can be used to mimic the protein-
binding behavior of an oa-helical BH3 domain. Our results
show that sequence-based design is more efficient than
structure-based design for generating foldamers that bind
tightly to anti-apoptotic Bcl-2 family proteins, and that
sequence-based design can deliver o/f-peptides that display
significant resistance to proteolytic degradation.

Puma is a Bcl-2 homologue that binds promiscuously to
anti-apoptotic family members.'®! We prepared a 26-residue
a-peptide corresponding to the Puma BH3 domain (1) and
seven a/B-peptide analogues (2-8) with the same primary
sequence of side chains displayed on different a/f-peptide
backbones (Figure 1). Each a/f-peptide contains an aafaaafd
backbone repeat, which is derived from the heptad pattern
common among o-peptide sequences that form a-helices with
a well-developed “stripe” of hydrophobic side chains running
along one side (Figure 1b). Recent crystal structures demon-
strate that the aofooaf backbone allows formation of an a-
helix-like conformation.'? o/B-Peptides 2-8 represent all
possible isomers of the Puma BH3 sequence with the

S IWILEY
< (TR,

) InterScience’

Chemie

2853



Communications

2854

a) Ac-EEQWAR
Ac-EEQWAR
Ac-EEQWARE
Ac-EEQWARE
AcBEQWARET
AcBEQWAREE

N G
Puma-BH3 (1) ‘v

d) 0

HN L H,N OH
- OH \_/\n/
O =& @ r o
o-amino acid B*-amino acid

Figure 1. a) Primary sequence of Puma BH3 peptide (1) and o/f-
peptide analogues 2-8 (gray circles and bold letters indicate 3*
residues). b) Helical wheel diagram of 1; boxed residues in (a) and (b)
indicate hydrophobic positions most important for binding based on
sequence homology." ! c) Schematic representations of 1-8, drawn in
the same orientation as (b), with white and gray circles indicating
heptad positions occupied by o and 3* residues, respectively. d) Struc-
ture of an a-amino acid and a B*-amino acid.

aafaaof backbone pattern; these oligomers can be viewed
as a series of analogues of Puma in which a band of 3 residues
moves around the helical periphery (Figure 1c).

We tested 1-8 for the ability to bind to two distinct Bcl-2
family targets, Bcl-x; and Mcl-1. Inhibition constants (K;) for
each compound were determined by competition fluores-
cence polarization (FP) assays (Figure 2) with a fluorescently
labeled Bak-BH3 peptide as the tracer.’ The Puma-BH3 a-
peptide (1) shows affinities for Bel-x; and Mcl-1 that are
tighter than can be measured with these FP assays, which is
consistent with previous work.['*l K, values for o/B-peptides 2—
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Figure 2. Inhibition constants for displacement of a fluorescently
labeled Bak BH3 peptide bound to Bcl-x, or Mcl-1 by compounds 1-8.
Broken bars indicate compounds binding tighter than discernable in
the assay. The values for 8 were weaker than 100 um for both proteins.
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8 vary from less than 1 nMm to greater than 100 um. Variation in
the position of B-residue incorporation causes considerable
changes in affinity for each protein: greater than 100000-fold
for Bcel-x; and greater than 700-fold for Mcl-1.

For both protein targets, 4 is the tightest-binding folda-
mer, with K; <1 nM for Bcl-x; and K; =150 nm for Mcl-1. It is
noteworthy that o/B-peptide 5, which contains 3 modification
at critical hydrophobic residues in the Puma BH3 sequence,
shows nanomolar affinity for Bcl-x;. Our data demonstrate
that the location of B-residue incorporation strongly influen-
ces Bcl-x; versus Mcl-1 selectivity among the Puma-derived
o/B-peptide isomers, in addition to affinity for these protein
targets. For example, 3 shows equal affinity for the two
proteins, but 5 displays greater than 4000-fold selectivity for
Bcl-x; over Mcl-1. We tested the validity of our conclusions
regarding affinity and selectivity derived from FP competition
assays for a-peptide 1 and a/f-peptides 4 and 5 by performing
direct-binding FP measurements with analogues in which the
N-terminal acetyl group is replaced with a BODIPY-TMR
fluorophore. The K, values determined by direct binding are
consistent with the K| values obtained from competition data
(Table 1); differences in absolute values of K, versus K; may
reflect modest contributions of the appended fluorophore to
affinity as measured in the direct binding mode.

Table 1: Binding affinity and protease stability data for a-peptide 1 and
o/f-peptides 4, 5.

K; [nm]™ Kg [nm]* tyj [min]
Bel-x, Mcl-1 Bel-x, Mcl-1 Prot. K Pronase
1 <1 <10 <1 <2 0.7 1
4 <1 150 2.2 110 > 3000 100
5 2.4 11000 1 1100 170 35

[a] Inhibition constants determined by competition FP. [b] Dissociation
constants of BODIPY-labeled analogues determined by direct binding
FP. [c] Measured half-life of a 50 um solution of a-peptide or a//f3-peptide
in the presence of 10 uygmL ™" proteinase K or 5 ugmL™"' pronase.

Having established that certain o/f analogues of the Puma
BH3 domain can bind with high affinity to the natural protein
partners, we were curious to determine whether the a/fp-
peptides would be recognized and processed by proteolytic
enzymes. We tested a-peptide 1 and o/p-peptides 4 and 5 for
their susceptibility to two proteases with broad substrate
profiles: proteinase K, a nonspecific serine protease that
tends to cleave C-terminal to hydrophobic residues, and
pronase, an aggressive mixture of endopeptidases and exo-
peptidases that digests proteins into individual amino acids.!**
The results (Table 1) show that the aafacaf backbone can
confer substantial resistance to proteolytic degradation. a/B-
peptide 4, which binds tightly to both Bcl-x; and Mcl-1,
showed a greater than 4000-fold improvement in stability to
proteinase K and a 100-fold improvement in stability to
pronase relative to a-peptide 1. Analysis of the cleavage
products by mass spectrometry indicated that the f3 residues
tend to protect nearby amide groups from proteolysis,'”!
which is consistent with previous reports for isolated o.—f?
insertions.'*”! o/p-peptide 5 is more susceptible than is
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isomer 4 to proteolytic degradation, but 5 nevertheless shows
significant improvement relative to a-peptide 1.

Previous work has suggested that the a-helical propensity
of BH3-derived a-peptides may be an important determinant
of affinity for anti-apoptotic Bcl-2 family proteins.™'®! We
employed circular dichroism (CD) spectroscopy to probe for
conformational differences among two of the tight-binding o/
B-peptides (4 and 5) and one of the weakest binding
analogues (7). Qualitative comparison of CD spectra for 4,
5, and 7 indicates that the large differences in binding affinity
among these three isomers cannot be explained by differences
in helical propensity.”®! Each of these three o/p-peptides
shows a CD minimum at approximately 202 nm with per-
residue ellipticity between —13000 and
—15000 degcm®dmol 'res™! in aqueous solution. We have
previously shown that helix formation in the ocofaocof
backbone is reflected by a strong CD minimum at 206 nm
with a maximum magnitude of approximately
—40000 degcm?dmol'res™'."! Thus, the CD data for 4, 5,
and 7 alone in aqueous solution suggest relatively low
population of the helical state. Similarly, the CD signature
for Puma o-peptide 1 in aqueous solution ([0],,=
—10000 degcm?dmol'res™') suggests little a-helical content.
On the basis of the established precedent for induction of a-
helix formation upon binding of BH3 domain a-peptides to
Bcl-x, and Mcl-1," we hypothesize that a/B-peptides such as 4
and 5 are induced to adopt helical conformations upon
binding to protein partners.

The work reported herein demonstrates that a straightfor-
ward principle of sequence-based design can be used to
convert a helical a-peptide ligand into an o/f-peptide with
comparable binding affinity for protein targets and substan-
tially improved proteolytic stability. The strategy we describe
represents a fundamental departure from previous work on
the development of foldamer-based inhibitors of protein—
protein interactions,>* and, at least in this case, the sequence-
based approach has proven to be more efficient than the
structure-based approach for generating foldamer mimics of
o-helices. Evaluation of a series of just seven a/f-peptides
designed purely on the basis of primary sequence information
led to a compound that rivals the best of our previously
described chimeric a/f+a ligands®* in binding affinity for
Bcl-x; . Moreover, the best a/f3-peptide binds moderately well
to Mcl-1, a biomedically important Bcl-2 family protein that is
not targeted by oligomers identified through structure-based
design. Our results also raise interesting questions, such as the
origin of the large differences in binding behavior among
Puma BH3 isomers with the same oaafaaof backbone
pattern.

It has long been known that insertion of a p residue into
an o-peptide hinders enzymatic cleavage of the amide bonds
near the insertion site, and one or two a—f backbone
modifications have been incorporated into biologically active
o-peptides to generate analogues with increased proteolytic
stability.'*!7"] Previous work has also shown that one or two
[ residues can be accommodated into helical peptides without
disrupting secondary structure.” However, our implementa-
tion of multiple and systematic a—[* replacements through-
out a peptide sequence (7 of 26 positions substituted in the
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Puma BH3 domain) constitutes a significant advance beyond
these precedents in the design of bioactive, proteolytically
stable oligomers. Our finding that one version of this
substitution pattern is well-tolerated in terms of binding to
anti-apoptotic proteins is surprising and noteworthy.

The sequence-based design illustrated herein can be
implemented with commercially available a- and B-amino
acid monomers and standard automated peptide synthesis
methods; therefore, it will be easy for others to undertake
analogous efforts. The o/f-peptides we describe do not
represent an endpoint in ligand design but rather a starting
point for optimization by further backbone and/or sequence
modification. Such optimization could improve affinity, alter
selectivity, and enhance proteolytic stability. The results we
have achieved to date suggest that systematic exploration of
backbone composition could prove to be broadly effective for
generating foldamers with useful properties from biologically
active o-peptides.
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