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The α helix plays a fundamental role in imparting specificity to protein–protein and protein–
nucleic acid interactions. Molecules that can predictably and selectively disrupt these
interactions would be invaluable as tools in molecular biology and, potentially, as leads in drug
discovery.[1] We recently described a new strategy for the synthesis of artificial α helices in
which one main-chain i to i + 4 hydrogen bond in the target α helix is replaced with a carbon–
carbon bond derived from a ring-closing metathesis reaction (Figure 1).[2] A key feature of
this hydrogen-bond surrogate (HBS) approach is that the internal placement of the cross-link
affords short helices with minimal perturbations to their molecular recognition surfaces. This
method differs significantly from the commonly employed side-chain cross-linking method
for helix stabilization. A limitation of the latter approach is that side-chain functionality must
be sacrificed to nucleate stable helical conformations. The modified side chains are unavailable
for molecular recognition; moreover, the resulting tether blocks at least one face of the putative
helix. The HBS approach uniquely allows the synthesis of artificial helices with all side chains
available for molecular recognition, and does not place any steric encumbrances on the helix
surface. We believe that our artificial α helices have the potential to target protein receptors
and regulate protein–protein interactions more successfully than helices with cross-linked side
chains.

Our initial studies demonstrated that the HBS approach affords highly stable α helices from
alanine-rich peptide sequences. Herein, we show that this metathesis-based method can
effectively stabilize α-helical conformations in biologically relevant sequences, that the
resulting molecules resist proteolytic degradation as compared with the unconstrained
analogues, and that the HBS helices can bind a protein target with high affinity. For these proof-
of-principle protein-binding studies with our artificial helices, we chose to target the
extensively studied α helix binding protein, Bcl-xL.[3] Bcl-xL is an antiapoptotic protein that
regulates cell death by binding the α-helical BH3 domain of a family of proapoptotic proteins
(including Bak, Bad, Bid, and Bax).[4–6] NMR spectroscopic studies by Fesik and co-workers
have shown that the 16-mer peptide 1 derived from the Bak BH3 domain adopts an α-helical
conformation upon binding to Bcl-xL (Figure 1b).[3] Circular dichroism (CD) studies
demonstrated that this peptide is unstructured under physiological conditions in the absence
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of the protein partner and only slightly helical in trifluoroethanol (TFE), a helix-promoting
solvent.[7]

Several methods that afford stabilized α helices or helix mimetics have already been used to
target Bcl-xL, thus allowing us to directly compare the performance of our internally
constrained artificial α helices.[8–10] Significantly, Huang and co-workers recently reported
that Bak BH3 α helices stabilized by a lactam-based side-chain cross-linking strategy were
unable to bind Bcl-xl.[11] The authors speculated that the lack of binding might be a result of
steric clashes between the cross-link and the narrow binding pocket of Bcl-xL. However,
Verdine and co-workers found that side-chain-bridged α helices corresponding to the BH3
domain of a different proapoptotic protein, Bid, can target Bcl-xL and suppress the growth of
leukemia cells in mice.[1] Judicious placement of the side-chain constraints requires prior
knowledge of the protein–ligand complex; otherwise, multiple randomly constrained helices
must be prepared and tested. Nevertheless, their report highlights the potential of constrained
α helices as tools for the control of protein–protein interactions in vivo. Taken together, these
two protein-binding studies from the Huang and Verdine research groups illustrate potential
problems with the side-chain bridging strategy. The fundamental advantage of the HBS
approach over this strategy for stabilizing helices is that the helix surfaces are not encumbered
by the constraining element. The HBS approach should therefore greatly simplify the helix
design process. The key question we ask herein is whether the HBS-derived Bak α helix can
bind Bcl-xL when the side-chain-constrained (lactam bridge) Bak helix is unable to target this
same protein receptor.

The artificial Bak BH3 α helix 2a was synthesized on Rink amide resin by the ring-closing
metathesis reaction shown in Scheme 1.[12] HBS α helices can be synthesized from
commercially available amino acids or simple amino acid derivatives and do not require
preparation of enantiomerically pure amino acid analogues. In the present case, standard solid-
phase peptide synthesis using appropriate Fmoc-modified amino acids, dipeptide 4, and
pentenoic acid afforded the fully protected resin-bound bis-olefin peptide 3, which was
subjected to the Hoveyda–Grubbs ring-closing metathesis catalyst to afford the peptide
macrocycles. The metathesized peptide was cleaved from the resin with trifluoroacetic acid to
give the constrained peptide 2a as a mixture of the cis- and trans-alkene isomers. We were
unable to separate these isomers by HPLC.

The helical conformation of constrained peptide 2a was investigated by CD. CD studies on
2a and the control peptide 1 were performed in TFE/phosphate-buffered saline (PBS, 1:4) to
obtain a quantitative measure of their helical content (Figure 2). The CD results of the artificial
α helix 2a display double minima at 206 and 222 nm and a maximum at 189 nm, consistent
with those observed for canonical α helices. The HBS α helix 2a is roughly 46% helical as
measured by Yang’s method (Supporting Information).[13] In agreement with previous
studies,[7] we found that the unconstrained Bak peptide 1 is only weakly helical (≈20%). We
hypothesized that the GDD tripeptide residue (residues 82–84 in the Bak BH3 domain) in the
middle of the Bak peptide sequence may limit the propagation of the helix and lower the overall
helical content of 2a, as glycine is known to be a potent “helix breaker”, and aspartic acid has
been implicated as a helix stop signal.[14–16] Fesik and co-workers have previously shown
that the residues Gly82 and Asp83 cannot be substituted with alanine without sacrificing
binding affinity for the protein; however, Asp84 may be replaced without any deleterious
effects.[3] To test the effect of replacing Asp84 on the helicity of Bak peptide, we prepared
HBS α helix 2b in which Asp84 is substituted with a side-chain-acetylated lysine (LysAc)
(Figure 1). We made this particular substitution because the Bak BH3 peptide with a capped
lysine residue was previously shown to bind Bcl-xL with high affinity.[17] We were gratified
to find that this single substitution provided a significant boost in α helicity (Figure 2). HBS
helix 2b is roughly 65% helical: an increase in helicity of 140% over that of 2a. As expected,
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this substitution provided a similar increase in helicity for the unconstrained Bak BH3
(Supporting Information). Importantly, this set of experiments shows that the HBS approach
can successfully stabilize α-helical conformations in biologically relevant sequences.

The binding affinities of the unconstrained Bak peptide 1 and artificial Bak α helices 2a and
2b for Bcl-xL were assessed by using a previously described fluorescence polarization assay
with a fluorescein-labeled 16-mer Bak peptide (fl-Bak, 5; see Supporting Information). The
affinity of fl-Bak for Bcl-xL was determined to be 264 ± 18 nM, which is in agreement with the
previously reported values. Competitive inhibition of the fl-Bak–Bcl-xL complex by the Bak
peptides (1, 2a, and 2b) is detected by a decrease in fluorescence polarization as the
immobilized probe dissociates from the protein. Regression analysis[18] provided a Kd value
of 154 ± 23 nM for the unconstrained Bak peptide 1, within range of the previously reported
values (Figure 3). Under the same assay conditions, HBS helices 2a and 2b bound Bcl-xL with
Kd values of 325 ± 51 and 69 ± 16 nM, respectively. These binding results point to a potential
transition-state problem involved in forcing a preformed helix into this pocket, as the
unconstrained Bak BH3 peptide 1 targets this protein with twofold higher affinity than the
constrained peptide 2a. Nevertheless, the data validate our helix design principle as we find
that our internally constrained Bak α helices do indeed access this deep hydrophobic cleft,
whereas Bak α helices prepared by the side-chain-bridging method show no affinity for the
same target. Moreover, we show that a very high-affinity binder, 2b, for the Bcl-xL can be
developed by increasing the helicity of the constrained peptide through rational substitutions.
On the basis of these preliminary results, we are now preparing a second generation of HBS
Bak α helices designed to be more helical and to bind Bcl-xL with higher affinity than 2b. It
remains to be determined if these HBS α helices show selectivity for Bcl-xL over other closely
related members of the Bcl-2 family (and over other helix-binding proteins).[8,19,20]

Proteolytic cleavage is one of the principal reasons limiting the in vivo efficacy of peptides as
reagents. Proteases are known to bind their substrates in linear or beta-strand conformations,
[21] and peptides locked into helical conformations have been shown to resist proteolytic
degradation.[22,23] Accordingly, we determined the proteolytic stability of HBS Bak helices
2a and 2b relative to Bak peptide 1 in the presence of trypsin, which is expected to cleave the
peptide at the arginine residue (Arg76) positioned two residues away from the macrocycle in
helices 2a and 2b. We questioned how this residue that lies outside the constraint, yet is close
enough to be in a highly helical conformation, responds to the protease. Comparison of the
initial velocities of cleavage by trypsin indicated that the HBS α helix 2a is proteolyzed roughly
30-fold slower than the unconstrained Bak peptide analogue 1 (Figure 4). As expected, an
increase in the helicity of the constrained peptide results in a further decrease in the initial
velocity of cleavage by trypsin. Thus, the HBS helix 2b is roughly twofold more stable than
2a and 60-fold more stable than 1 against proteolysis by trypsin. The proteolytic stability
observed for 2a and 2b is similar to that reported for a side-chain cross-linked α helix.[22]

In summary, we have demonstrated that artificial α helices prepared by the replacement of a
hydrogen bond between the i and i + 4 residues at the N terminus of a short peptide with a
carbon–carbon bond can stabilize biologically relevant peptides in helical conformations.
These HBS α helices can bind their expected protein receptor with high affinity and resist
trypsin-mediated proteolysis. The results are an important step in our efforts to develop
rationally designed modulators of protein–protein interactions. These molecules encompass
larger surface areas than those displayed by typical small molecules, and may ultimately prove
to be more effective in targeting large protein interfaces.
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Figure 1.
a) Formation of hydrogen-bond surrogate (HBS) derived α helices by replacement of a main-
chain hydrogen bond with a carbon–carbon bond. b) HBS α helix and recognition of Bcl-xL
(green) with Bak BH3 α helix (yellow); PDB code: 1BXL. c) Sequence of the unconstrained
Bak BH3 peptide 1. d) Structures of HBS Bak α helices 2a and 2b.
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Figure 2.
Circular dichroism data of peptides Bak BH3 1 (-----), HBS helix 2 a (– – –), and HBS helix
2 b (—) in TFE/PBS (1:4).
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Figure 3.
Fluorescence polarization studies indicate that HBS α helices 2a and 2b target Bcl-xL with
high affinity. The Kd value for each peptide was determined by competitive inhibition of
fluorescein-labeled Bak peptide (15 nM) and Bcl-xL (500 nM) complex. Bak BH3 1 (Kd = 154
± 23 nM, -----⋄-----), HBS helix 2a (Kd = 325 ± 51 nM, – – –□– – –), and HBS helix 2b (Kd = 69
± 16 nM, —▪—).
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Figure 4.
Metabolic stability of HBS α helices. HPLC assay shows rapid proteolysis of a) the
unconstrained peptide 1 in the presence of trypsin, whereas b) the HBS α helix 2a degrades at
a much slower rate. Tryptophan (500 μM) was used as an internal control for the HPLC studies.
c) Comparison of the initial velocities for the proteolysis of Bak BH3 1 (k = 18.0 μM min−1,
-----⋄-----), HBS helix 2a (k = 0.60 μM min−1, – – –□– – –), and HBS helix 2b (k = 0.30 μM

min−1, —▪—).
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Scheme 1.
Solid-phase synthesis of HBS α helices 2a and 2b: a) 1. Fmoc Gly-OH (3.2 equiv), HBTU
(2.88 equiv), iPr2NEt, NMP; 2. piperidine, NMP; b) 1. Fmoc Val-OH (3.2 equiv), HBTU (2.88
equiv), iPr2NEt, NMP; 2. piperidine, NMP; c) 1. Fmoc Gln*-OH (3.2 equiv), HBTU (2.88
equiv), iPr2NEt, NMP; 2. piperidine, NMP; d) acetic anhydride, iPr2NEt, DMF; e) CF3CO2H/
H2O/triisopropylsilane (95:2.5:2.5), 1.5 h; f) 1.4 (3.2 equiv), HBTU (2.88 equiv), iPr2NEt,
NMP; 2. piperidine, NMP; g) pentenoic acid (3.2 equiv), HBTU (2.88 equiv), iPr2NEt, NMP;
h) Hoveyda–Grubbs catalyst (20 mol%), dichloroethane, 50°C, 24 h. Arg*: Pbf-protected Arg;
Asn*: trityl-protected Asn; Asp*: tert-butyl-protected Asp; Gln*: trityl-protected Gln; Xxx*:
Asp* or LysAc. Fmoc = 9-fluorenylmethoxycarbonyl; HBTU = O-(benzotriazol-1-yl)-N,N,N
′,N′-tetramethyluronium hexafluorophosphate; NMP = N-methyl pyrrolidinone; Pbf =
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl.

Wang et al. Page 9

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2006 January 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


