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Development of potent small-molecule (Mw< 500) antago-
nists of protein–protein interactions is challenging because of
the large surface areas (typically more than 500 �2) buried at
such interfaces.[1] Unnatural oligomers with strong and
predictable conformational propensities, referred to as fol-
damers, have shown potential as inhibitors of such interac-
tions.[2] As with a-peptides and proteins, foldamers constitute
scaffolds that can display diverse side chains in particular 3D
arrangements, enabling mimicry of large protein-recognition
surfaces. However, foldameric backbones are typically resist-
ant to enzymatic degradation, which is an advantage relative
to peptide- and protein-based inhibitors. Folding rules for
oligomers containing b-amino acid residues exclusively (b-
peptides[3]) or in combination with a-amino acid residues
(e.g., a/b-peptides[4]), have
been elucidated, and both
have been used to block spe-
cific protein–protein interac-
tions.[5–9]

Herein, we report the first
high-resolution structure of a
complex between an a/b-pep-
tide foldamer and a protein
partner, Bcl-xL. Bcl-xL is a pro-
survival member of the Bcl-2
family that inhibits apoptosis
signaling.[10] As over-expres-
sion of pro-survival Bcl-2 pro-
teins can lead to cancer, strat-
egies that inhibit their action
could lead to development of
anti-cancer agents.

Anti-apoptotic Bcl-2
family members display a

hydrophobic cleft that accommodates an a-helical segment
from the Bcl-2 homology 3 (BH3) domain of a pro-apoptotic
binding partner.[11] Peptide- and non-peptide-based scaffolds
have been explored as BH3 domain mimics to antagonize Bcl-
2 family interactions, including efforts to identify helical b-
and a/b-peptide foldamer ligands for Bcl-xL

[5b, 7, 12] Our initial
inhibitor designs focused on backbones composed entirely of
b-amino acid residues or a 1:1 alternating a :b pattern, but we
concluded that more complex patterns of a- and b-residues
are necessary for effective BH3 domain mimicry. For
example, the isomeric 15-residue a/b-peptides 1 and 2
(Figure 1a), which contain an N-terminal segment with
alternating a :b residues and a C-terminal a segment, bind
tightly to Bcl-xL (Ki = 2 nm for 1 and 5 nm for 2).[7a] The first

four b residues in 1 and 2 have a five-membered ring
constraint that promotes helical folding.[13] The fifth b residue
is the only difference between 1 and 2 (b3-hLeu in place of b3-
hNle, respectively). Several side chains in 1 and 2 (for
example, those of a-Leu6 and a-Asp11) were intended to
mimic side chains known to be important for binding of BH3
domains to Bcl-xL (e.g., Leu62 and Asp67 in Bim; Fig-
ure 1b).[14]

We co-crystallized a/b-peptide 1 with Bcl-xL, and solved
the structure to 2.3 � resolution (protein database identifier:
3FDM; Supporting Information, Table S1). We used a “loop-
deleted” form of human Bcl-xL (D27-82), which forms an a1
domain-swapped dimer, yet retains BH3 domain binding
activity[15] (Supporting Information, Figure S1). The asym-
metric unit contains three protein molecules (root-mean-
square deviation in the superposition of Ca atoms over
residues 83–197 of Bcl-xL molecule C versus A = 0.51 �; B vs.
A = 0.36 �; of the foldamer alone, that is bound to Bcl-xL

molecule C vs. A = 0.32 �; B vs. A = 0.21 �). The largest
differences among A, B, and C are in the a3 helix of Bcl-xL

(Supporting Information, Figure S2), which is best ordered in
molecule A; therefore, we use A for the structural description
below.

Figure 1. a) Structures of a/b-peptides 1 and 2. b-Amino acid residues are shown in bold. b) Sequence
alignment of BH3 domains from Bim and Bak with foldamer 1. Gray: the four conserved hydrophobic
residues of BH3 domains (h1–h4); black: the invariant Asp.
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The structure shows that 1 adopts a helical conformation
and is oriented within the BH3 recognition groove in a similar
fashion to natural BH3 domains (Figure 2 a,b; the Bim BH3
domain bound to Bcl-xL is shown for comparison). The helix
formed by Bcl-xL-bound 1 features a regular pattern of
backbone C=O(i)···H-N(i+4) H-bonds over nearly the entire
length of the oligomer (the helix is disrupted at the
C terminus; Figure 2c). This H-bond pattern underlies the
a-helix formed by pure a-residue peptides, and is character-
istic also of the 14/15-helix, a secondary structure favored by
1:1 alternating a :b backbones in which b-residues have a five-
membered ring constraint.[16]

The canonical BH3 domain sequence includes four
hydrophobic residues in an i, i + 4, i + 7, i + 11 pattern,
designated h1–h4 (Figure 1b), which project from one face of
the amphipathic a helix into the hydrophobic groove of the
pro-survival protein. One of the most important of these
residues for binding to Bcl-2 family proteins is h2, which is
conserved as leucine in all known BH3 domains from pro-
apoptotic proteins.[14, 17] In the complex with Bcl-xL, the side
chain of a-Leu6 in 1 occupies the h2 binding pocket,
mimicking the side chain of the conserved BH3 domain
leucine (Figure 3a). The h4 binding pocket on Bcl-xL is filled
by a-Phe13 in 1; some natural BH3 domains, such as BimBH3,

have Phe at the analogous position. A critical salt bridge
formed between the aspartate residue strictly conserved in all
BH3 domains and the side chain of Arg139 of Bcl-xL is
observed also in the foldamer 1/Bcl-xL complex (Figure 3b,c).
Interactions involving b residues include those of the trans-2-
aminocyclopentanecarboxylic acid (ACPC) residues at posi-
tions 3 and 7 of 1, which make contacts similar to those made
by other BH3 domains (for example, the side chain of Ala59
and the propylene moiety of Arg63, respectively, in BimBH3)
(Figure 3d).

In complexes of Bcl-xL with BH3 domain peptides, a
hydrophobic side chain on the BH3 domain (e.g., Ile58 in
BimBH3) invariably occupies the h1 pocket on Bcl-xL. In the
complex of Bcl-xL with 1, by contrast, the h1 pocket is not
formed, because Leu108 of Bcl-xL occludes the site. This is but
one of several significant changes in the shape of the BH3-
recognition cleft of Bcl-xL complexed with 1 relative to the
shape of this cleft complexed with BH3 domain a-peptide
ligands (e.g., BimBH3). Interestingly, these changes arise
primarily from structural differences in the a3 helix segment
of Bcl-xL, which makes contact with the a/b segment of 1
(Supporting Information, Figure S2).

Specific aspects of foldamer–protein recognition observed
in the crystal structure are consistent with previously
described sequence/affinity relationships established

Figure 2. X-ray structures of human Bcl-xL (magenta) complexed with
a) foldamer 1 (green) or b) a 26-residue a peptide from human Bim
(DMRPEIWIAQELRRIGDEFNAYYARR; blue). This structure (PDB ID:
3FDL) is essentially identical to 1PQ1, in which a murine Bim peptide
was crystallized with murine Bcl-xL (unpublished results).[19] c) Stereo-
view of foldamer 1.

Figure 3. Detailed comparison of the foldamer/Bcl-xL and BimBH3/Bcl-xL

interfaces. a) Overlay of key hydrophobic side chains on foldamer 1
(green) with analogous side chains on BimBH3 (blue). b),c) Key electro-
static interactions in the foldamer/Bcl-xL (b) and BimBH3/Bcl-xL (c)
interfaces (Bcl-xL ribbon: magenta). d) ACPC residues of foldamer 1
overlaid with analogously positioned side chains on BimBH3.
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with modified a/b-peptide ligands,[7a] suggesting that the
crystal structure faithfully reflects foldamer–protein recogni-
tion in solution. For example, Ala scanning results showed
that side chain truncation at a-Leu6, a-Asp11, or a-Phe13
caused substantial decreases in foldamer binding.[7a] As
discussed above, each of these residues in 1 makes a close
contact with Bcl-xL. The side chain of b3-hLeu at position 9 is
largely solvent-exposed, which is consistent with the obser-
vation that replacing this residue with either b3-hNle or b3-
hAla has little effect on affinity. However, moving this side
chain one atom toward the C terminus (b3-hNle!b2-hNle)
caused a large decrease in binding, indicating the importance
of side-chain location at position 9. Indeed, the structure
shows that the backbone methylene group of b3-hLeu is very
close to Tyr101 of Bcl-xL, which suggests low tolerance for a
side chain at this position (i.e., a b2 residue). Replacing a
hydrophobic ACPC residue with the hydrophilic analogue
APC was deleterious at position 3 or 7, but not position 5. The
structure rationalizes these observations, because ACPC5 is
the most solvent-exposed of these b residues in the complex.

The hypothesis that foldamer–protein interactions
observed in the crystal structure mirror interactions in
solution is further supported by the impact of the A142L
mutation to Bcl-xL on the binding of foldamer 2. This
mutation does not disrupt Bcl-xL folding, but the modified
side chain occupies more space within the BH3-recognition
cleft, and the mutant protein displays diminished affinity for
natural BH3 domains (Supporting Information, Figure S3).[18]

We used fluorescence polarization to compare the binding
affinities of wild-type Bcl-xL and the A142L mutant for a
fluorescein-labeled derivative of a/b-peptide 2 (Flu-Ahx-2).
The mutant protein showed at least 13-fold weaker binding
for Flu-Ahx-2 relative to the wild-type protein, which is
consistent with the crystal structure because a-Leu6 of 1 is in
close contact with Ala142 of wild-type Bcl-xL.

These results contribute significantly to our understanding
of foldamer–protein recognition. The crystal structure of Bcl-
xL bound to 1 shows that this foldamer effectively mimics
natural a-helical ligands. This finding validates our “chi-
meric” design strategy,[7c] as the N-terminal segment of 1
adopts the 14/15-helical conformation documented for sim-
pler a/b-peptides,[16] whereas the C-terminal segment repli-
cates the analogous segments of BH3-domain a-peptides
bound to Bcl-xL (e.g., the Bak BH3 domain).[17] The data
suggest that the foldamer achieves high affinity in part by
mimicking the three-dimensional display of the canonical side
chains projected by natural BH3 domains. However, inspec-
tion of the foldamer–protein interface at atomic resolution
indicates that b-residue contacts may also contribute signifi-
cantly to foldamer affinity. These conclusions are supported
by effects of mutations to the protein or to the foldamer on
binding affinity. Overall, our results demonstrate the value of
characterizing protein–foldamer interfaces at high-resolution.
Elucidation of additional structures should enhance our
ability to design foldamers that target specific protein
surfaces.

Experimental Section
Bcl-xL D27-82 and A142L (both without the membrane anchor) were
produced as described previously.[7a, 15a] The synthesis of 1 has been
described.[7a] Crystals of Bcl-xL D27-82 and 1 were obtained by mixing
at a molar ratio of 1:1.3 then concentrating the sample to 10 mgmL�1.
Crystals were grown by the sitting-drop method at room temperature
in 0.2m lithium nitrate and 20% (w/v) polyethylene glycol 3350. Prior
to flash freezing in liquid N2, crystals were equilibrated into
cryoprotectant consisting of reservoir solution plus increasing con-
centrations of ethylene glycol to a final concentration of 20 %. Data
collection and refinement methods are given in detail in the
Supporting Information, Table S1.
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