
Structural Consequences of β-Amino Acid Preorganization in a
Self-Assembling α/β-Peptide: Fundamental Studies of
Foldameric Helix Bundles

Joshua L. Price, W. Seth Horne, and Samuel H. Gellman*

Department of Chemistry, University of Wisconsin, Madison, WI 53706

Abstract
We report high-resolution crystal structures of six new α/β-peptide foldamers that have a regular
α-residue/α-residue/β-residue (ααβ) backbone repeat pattern. All of these foldamers were
crystallized from aqueous solution, and all display four-helix bundle quaternary structure in the
crystalline state. These oligomers are based on the well-studied 33-residue α-peptide GCN4-pLI,
which is an engineered derivative of the dimerization domain of GCN4, a yeast transcription
factor. GCN4-pLI forms a stable tetramer in solution and crystallizes as a four-helix bundle
(Harbury et al. Science 1993, 262, 1401–1407). Previously we described a foldamer (designated 1
here) that was generated from GCN4-pLI by replacing every third α-amino acid residue with the
homologous β3-amino acid residue; this ααβ oligomer retains the side chain sequence of the
original α-peptide, but the backbone contains 11 additional CH2 units, which are evenly
distributed (Horne et al. Proc. Natl. Acad. Sci. USA 2008, 105, 9151–9156). Despite the expanded
backbone, 1 was found to retain the ability to form a tetrameric quaternary structure in which the
individual molecules adopt an α-helix-like conformation. Here we compare nine analogues of 1
that have the same ααβ backbone but in which one or more of the flexible β3-amino acid residues
is/are replaced with an analogous cyclic β-residue. The motivation for β3→cyclic replacements is
to enhance conformational stability; however, a crystal structure of the one previously reported
example (designated 2 here) revealed a “stammer” distortion of the helix-bundle architecture
relative to 1. The results reported here suggest that the stammer is a peculiarity of 2, because all
six of the new α/β-peptides display undistorted four-helix bundle quaternary structures. More
broadly, our results indicate that β3→cyclic replacements are generally well-accommodated in
helix-bundle quaternary structure, but that such replacements can be destabilizing in certain
instances.
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Introduction
The information embedded in a polypeptide primary sequence underlies the complex folding
behavior that is a prerequiste for most protein function.1 Understanding how a one-
dimensional pattern of α-amino acid side chains encodes a specific three-dimensional
conformation remains an important goal in chemistry and biology.2 Efforts to probe the
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sequence-structure relationship in polypeptides have typically relied on mutagenesis, that is,
evaluation of the impact on folding behavior of modifying one side chain or multiple side
chains. A complementary approach is to modify the polypeptide backbone while retaining
the original side chain sequence. This experimental strategy can elucidate the contribution of
the backbone to protein folding behavior. The absence of protein-like molecules with altered
backbones in biology makes it tempting to assume that protein conformational preferences
are highly dependent on the poly-α-amino acid backbone; examination of peptide and
protein analogues with altered backbones is necessary to test this assumption.

Backbone alteration is more challenging to implement than is side chain alteration, since the
biosynthetic machinery is largely intolerant of building blocks other than α-amino acids.3
Chemical synthesis can be used to generate small to medium-length peptidic oligomers with
altered backbones; such oligomers can be employed for folding studies or used as precursors
for longer protein analogues (obtained via segment condensation). These approaches have
been used, for example, to prepare protein analogues in which α-amino acid residues are
replaced by α-hydroxy acid residues bearing the same side chain. This modification replaces
a backbone amide group with an ester, which enables one to examine the influence of
backbone H-bonds on protein folding behavior.4–12 Replacement of a backbone amide
group with an alkene isostere13–23 or with a triazole heterocycle24,25 has also been explored,
as has the substitution of an olefin-based surrogate for an intramolecular i,i+4 C=O···N–H
hydrogen bond between backbone amide groups in an α-helical peptide.26 Another line of
research has involved replacement of a specific element of protein secondary structure with
an unnatural subunit. This approach has been used to evaluate the impact of reverse turn
replacement (two to four residues) on enzymatic function25,27 or on the thermodynamics
and kinetics of protein folding.28,29 Beck-Sickinger et al. recently replaced the C-terminal α-
helical segment of interleukin-8 with a helical segment composed entirely of β-amino acid
residues; the resulting chimeric molecule retained weak signaling activity.30 However, an
important control experiment showed that replacing the native C-terminal α-helical segment
of IL-8 with a completely different α-helical segment caused little change in signaling
relative to IL-8 itself, which indicates that the role of the C-terminal segment in IL-8-
receptor interactions does not depend upon a specific side chain sequence.

The precedents summarized above involve backbone modifications at a single site or region
within a polypeptide. Other efforts have focused on folded oligomers with entirely unnatural
backbones,31–35 including those with the ability to adopt protein-like tertiary and quaternary
structures.36–43 We have undertaken complementary studies that focus on the impact of β-
amino acid substitutions introduced systematically throughout a natural polypeptide
sequence.44 β-Amino acids are attractive in this regard because it is straightforward
synthetically to replace an α-amino acid residue with a homologous β3-amino acid residue
that retains the original side chain. Each modification of this type adds a CH2 unit into the
backbone, relative to the pure α-residue prototype. Our efforts in this arena45 began with the
dimerization domain of the yeast transcription factor GCN4. This 33-residue peptide
(designated GCN4-p146) forms a parallel coiled-coil dimer, in which each component adopts
an α-helical conformation, and the two helices supercoil slightly around one another.
Dimerization is driven largely by burial of hydrophobic surface area on nonpolar side
chains, which are intimately interdigitated at the helix-helix interface. The side chains that
form the core of the dimer occur at positions a and d of the heptad repeat pattern (abcdefg)
that is found in the GCN4-p1 sequence. We found that systematic α→β3 replacements at b
and f positions in the GCN4 sequence produced an α/β-peptide that displays a modified self-
recognition propensity relative to that of the α-peptide prototype: the α/β-peptide crystallizes
as a three-helix bundle rather than a two-helix bundle.45 Each subunit in this quaternary
structure displays an α-helix-like conformation, even though there is one extra CH2 unit per
helical turn. The hydrophobic core of the three-helix bundle is formed by side chains
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contributed by α-residues at the a and d positions; the β-residues at b and f positions form a
stripe that runs along the outward-facing side of each helix.

We extended this “sequence-based” design approach to GCN4-pLI,47 an engineered mutant
of GCN4-p1 (Figure 1A). Systematic α→β3 replacements at b and f positions of GCN4-pLI
led to an α/β-peptide that crystallizes as a parallel four-helix bundle that is very similar to
the quaternary structure of GCN4-pLI itself (Figure 1B,C).45 Subsequent studies revealed
that the GCN4-pLI sequence tolerates a variety of α→β3 replacement patterns without losing
the ability to crystallize as a parallel four-helix bundle similar to that of parent α-peptide,
which suggests that the self-recognizing capability encoded in the side chain sequence
tolerates significant variations in backbone structure.48 This tolerance is particularly
noteworthy for GCN4-pLI homologues with ααβ3 or αααβ3 backbone patterns. In these
cases, a few side chains from β3-residues contribute to the hydrophobic core of the
quaternary structure, as revealed by crystallographic analysis. This backbone modification
approach has limits, however. Replacement of every other residue in GCN4-pLI with the
homologous β3-residue leads to an oligomer that does not fold or self-associate.48

Replacement of all a and d residues with the homologous β3-residues generates an α/β-
peptide that displays altered self-association behavior: this molecule forms an antiparallel
four-helix bundle.49

If very similar helical conformations are adopted by an α-peptide and an α/β-peptide
homologue containing α→β3 replacements, then it seems likely that the α/β-peptide
conformation will be less stable because each α→β3 replacement adds a flexible bond to the
backbone, and helix formation requires that each flexible backbone bond be torsionally
constrained. Use of cyclic β-amino acid residues32,50 in place of β3-residues offers the
prospect of enhancing α/β-peptide helix stability if the covalent ring promotes Cα -Cβ
torsion angles that are consistent with the helix. Previous work suggested that the five-
membered ring constraint of trans-2-aminocyclopentanecarboxylic acid (ACPC) provides
the local folding propensity necessary for an α-helix-like conformation,51–54 and we have
conducted preliminary efforts to stabilize four-helix bundle quaternary structures of GCN4-
pLI-derived α/β-peptides via β3→cyclic residue replacements.48 This approach involves
unavoidable deviation from the side chain sequence of the α-peptide prototype, but one can
try to maintain the general character of the replaced side chain. For example, ACPC is a
logical replacement for β3-residues with nonpolar side chains, while the analogous
pyrrolidine-based residue (APC) is a logical replacement for β3-residues with basic side
chains (Figure 1B). These considerations led us to compare two α/β-peptides based on
GCN4-pLI, 1 and 2, which have the same ααβ backbone pattern. α/β-Peptide 1 contains only
β3-residues, while in 2 six of the eleven β-positions are occupied by cyclic residues (ACPC
or APC).48 Analytical ultracentrifugation (AU) indicates that both 1 and 2 form tetrameric
assemblies in aqueous solution. Thermal disruption studies, monitored by circular dichroism
(CD), suggest that the tetramer of 2 is more stable than the tetramer of 1. If helix formation
occurs concomitantly with tetramerization, then this trend is consistent with our expectation
that β3→cyclic replacements should enhance the conformational stability of the α/β-peptide
helix. The crystal structure of 1 shows a four-helix bundle that is quite similar to the
quaternary structure observed for the α-peptide prototype, GCN4-pLI. The crystal structure
of 2, however, reveals an unexpected deviation at the quaternary structure level: the helices
display a discontinuity in the heptad repeat, a feature that has been referred to as a
“stammer” in the context of purely α-peptide helical assemblies.55 (The stammer
discontinuity observed in crystal structure of 2 is described in detail in the Supporting
Information.48)

The studies reported here were intended to reveal whether α/β-peptides containing cyclically
constrained β-residues are prone to stammer-type deviations from classical helix-bundle
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association patterns, as observed for 2. We have recently shown that α/β-peptides can
functionally mimic α-helical subunits of natural proteins that participate in specific protein-
protein interactions.56–59 Use of α/β-peptides to inhibit disease-associated protein-protein
interactions that are based on helix recognition could ultimately lead to novel therapeutic
agents, and it seems reasonable to expect that cyclically constrained β-amino acid residues
would be useful design tools. If, however, the stammer discontinuity observed in 2 turned
out to be a common consequence of β3→cyclic replacements, then cyclic β-amino acid
residues might have only limited utility for development of α/β-peptides intended to inhibit
protein-protein associations based on α-helix recognition. Several considerations suggested
that α/β-peptides 1 and 2 provide a good basis for exploring the relationship between β-
residue identity and helix-bundle-forming propensities of α/β-peptides: (1) the backbone
common to 1 and 2 is rich in β-residues, (2) the β-residues occupy a variety of positions in
the heptad repeat, (3) the available structural and biophysical data for 1 and 2 provide
benchmarks for comparisons, and (4) precedent with α-peptides and α/β-peptides in this
family suggests that new analogues would have a strong tendency to form high-quality
crystals.

Below we describe eight new α/β-peptides related to 1 and 2 (Figure 1). These new 33-mers
(3–10) have been characterized in solution via CD and AU. High-resolution crystal
structures have been obtained for six of the new α/β-peptides. Each of the new crystal
structures shows a parallel four-helix bundle quaternary structure similar to that observed
previously for 1 and for parent α-peptide GCN4-pLI. None of these new structures contains
a helical stammer of the type observed in the crystal structure of 2. Data obtained in solution
indicate that β3→cyclic replacements are well-tolerated at many positions within the
sequence, although replacement at one position is quite destabilizing, and some
replacements appear to cause changes in the preferred self-association stoichiometry. The
new information strengthens our understanding of helical folding among α/β-peptide
foldamers and enhances the prospects for rational design of α/β-peptides that inhibit protein-
protein associations involving α-helix recognition.

RESULTS AND DISCUSSION
Design of new α/β-peptide sequences based on 1 and 2

An interest in determining whether α/β-peptides that contain cyclically constrained β-
residues are prone to stammer-type deviations from classical helix-bundle association
patterns (as was observed for 2) motivated us to prepare 3–10 (Figure 1A). In α/β-peptide 3,
only two of the β3-residues from 1 have been retained, β3-hLeu16 (a-position) and β3-hIle19
(d-position); these are the only two β3-residues that occupy core positions in the heptad
repeat of 1. All of the nine remaining β-positions are occupied by cyclic residues. In
contrast, α/β-peptides 4–8 each contain only one β3→cyclic replacement. The replacement
sites were selected to sample different types of positions in the heptad repeat, including a
core position (7, d replacement; β3-hIle19→ACPC), flanking positions (6 and 8, e and g
replacements, respectively; β3-hLeu13→ACPC and β3-hGlu22→ACPC) and solvent-
exposed positions (4 and 5, c and b replacements, respectively; β3-hGln4→ACPC and β3-
hGlu10→ACPC). Our final α/β-peptide designs contained multiple β3→cyclic replacements
and were derived from 2. α/β-Peptide 9 contains four of the β3→cyclic replacements found
in 2 (at residues 1, 4, 19 and 28); 9 differs from 2 in that β3-hGlu has been retained at
positions 10 and 22, while ACPC occurs at these positions in 2. In contrast, α/β-Peptide 10
has ACPC at position 10 and β3-hGlu at position 22, thus differing from 2 only at position
22. The identity of residue 22 is of particular interest because the crystal structure of 2
suggests that ACPC22 plays a central role in the stammer.
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Crystallographic analysis of α/β-peptide helix bundles
Crystals of α/β-peptides 5–10 were grown by hanging-drop vapor diffusion, and x-ray
diffraction data were used to solve crystal structures to 2.1 Å (5), 2.0 Å (6), 2.0 Å (7), 2.0 Å
(8), 2.8 Å (9) and 2.0 Å (10) resolution (attempts to obtain diffraction quality crystals from 3
and 4 were unsuccessful). Ribbon diagrams generated from these crystal structures are
shown in Figure 2. Each of these six α/β-peptides forms a parallel tetrameric helix-bundle;
all crystallize in the same space group. In the crystal structures of α/β-peptides 6–10 the
asymmetric unit contains a single helix, and the four helix-bundle is generated by the
crystallographic four-fold axis of symmetry. In α/β-peptide 5, the asymmetric unit is
composed of two crystallographically distinct (but nearly identical) helices, each of which
generates a distinct (but nearly identical) four-helix bundle via a four-fold axis of symmetry.
In each structure, individual helices display intramolecular i,i+4 C=O···N–H hydrogen bonds
between backbone amide groups, which is the same H-bonding pattern present in α-helical
α-peptides.

All of the α/β-peptides display a continuous hydrophobic heptad repeat pattern from the N-
terminus to the C-terminus, without the helical stammer that was observed for α/β-peptide 2.
The absence of the helical stammer is particularly striking for α/β-peptide 10, which differs
from 2 by only one residue (β3-hGlu instead of ACPC at position 22; see Figure 1A). This
result suggests ACPC22 is a key structural determinant of the helical stammer in 2.
However, the lack of a stammer discontinuity in the crystal structure of α/β-peptide 8 (in
which ACPC at position 22 is the only cyclic residue) suggests that ACPC22 alone is not
sufficient to induce the helical stammer.

Figure 3 shows the alignment of individual helices from the crystal structures of α/β-
peptides 5–10 with a single helix from the crystal structure of α/β-peptide 1, which contains
no cyclic β-residues (we included only one of the two crystallographically distinct but nearly
identical helices from the structure of α/β-peptide 5 in the overlay analysis). These overlays
were generated by aligning each backbone α-carbon (Cα) from residues 1–30 (including α-
and β-amino acids) of α/β-peptides 5–10 with Cα from the corresponding residue of 1. The
root-mean-square deviation (rmsd) for each alignment is shown. The small size of these
rmsd values highlights the similarity of the backbone conformations displayed by α/β-
peptides 5–10 relative to the backbone conformation of 1. This similarity shows that the
cyclic β-residues in 5–10 can readily adopt the backbone torsion angles preferred by flexible
β3-residues in helix-bundle-forming α/β-peptides.

The ability of β-residues with a five-membered ring constraint to match the conformations
displayed by flexible β-residues in an α-helix-like folding pattern is evident from the close
overlay of individual ACPC and APC residues in α/β-peptides 5–10 with the corresponding
β3-residues in 1 (Figure 4). Overlay of cyclic β-residues from 2 with corresponding β3-
residues from 1 are included in this analysis for comparison. These overlays were generated
by aligning backbone atoms (amino N, Cα, carbonyl C, carbonyl O, and for β-residues, Cβ)
from residues 1–31 of α/β-peptides 2 and 5–10 with backbone atoms from corresponding
residues of α/β-peptide 1 (only one of the two crystallographically distinct but nearly
identical helix bundles from the structure of α/β-peptide 5 was included in the overlay
analysis). Except for the N-terminal APC in 9 and 10, the backbone Cα and Cβ and the first
carbon of the side chain (Cγ) of each cyclic β-residue in 5–10 align closely with Cα, Cβ and
Cγ of the corresponding β3-residue in 1. In contrast, there is a substantial deviation between
the positions of the cyclic β-residues at positions 19, 22 and 28 of 2 relative to the analogous
β3-residues of 1 (upper right in Figure 4), as a result of the helical stammer discontinuity in
2. The high degree of positional similarity between the cyclic β-residues of 5–10 and the
corresponding β3-residues of 1 suggests that the helical stammer observed in the crystal
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structure of α/β-peptide 2 is the exception rather than the rule, and that usually cyclic β-
residues are structurally conservative replacements for β3-residues.

A comparison of the backbone dihedral angles of cyclic β-residues with those of analogous
β3-residues in the crystal structures of α/β-peptides 1, 2 and 5–10 provides additional
support for the conclusion that cyclic β-residues are structurally conservative replacements
for β3-residues in this helical context. The average φ, θ and ψ torsion angles for the β3-
residues in 1, 2 and 5–10 agree closely with the average φ, θ and ψ torsion angles for the
cyclic β-residues (Figure 5; for this analysis, we used only one of the two
crystallographically distinct, but nearly identical helices in the crystal structure of 5). The
Ramachandran-type60–62 plots shown in Figure 6 (φ vs. ψ, φ vs. θ, and θ vs. ψ) highlight
this similarity; β3-residues cluster tightly with cyclic β-residues in each plot with one
exception, ACPC19 in 2, which is the residue that occupies an x-layer in the hydrophobic
core one helical turn prior to the helical stammer.63 It is noteworthy that the backbone
torsional preferences for cyclic residues reflected in Figure 6 are similar to those observed
for ACPC residues in a large number of short α/β-peptides, with 1:1, 2:1 or 1:2 α:β repeat
patterns, that crystallize without displaying helical bundle quaternary structure.64,65 The
tight clustering of β3-residues with cyclic β-residues in Figure 6 suggests that cyclic β-
residues can effectively imitate the local conformations of β3-residues in α/β-peptides that
adopt an α-helix-like shape without necessarily causing the kinds of structural
rearrangements that were observed in 2.

Characterization of 3–10 in aqueous solution
We used circular dichroism (CD) spectroscopy and sedimentation equilibrium analytical
ultracentrifugation (AU) to investigate the effect of β3→cyclic replacements on the ability of
α/β-peptides 3–10 to form helix-bundle quaternary structure in solution. Previous work has
established that formation of an α-helix-like conformation by α/β-peptides is signaled by a
strong CD minimum at ~206 nm; α/β-peptides that do not fold display little CD in this
region.45,53,66 Among α/β-peptides such as 1 and 2, helical folding appears to occur
concomitantly with helix bundle formation, as is true of comparable α-peptides (such as
GCN4-p1 and its derivatives).46,67 Therefore, the intensity of the helix-characteristic CD
signal at ~206 nm provides an indirect measure of quaternary structure formation. We
expected that the nine β3→cyclic replacements used to generate 3 would provide increased
conformational stability relative to 1, which has no cyclic β-residues. To our surprise, CD
results suggest that 3 is significantly less folded than 1. Figure 7A shows that 100 μM 1
displays a much stronger minimum at 206 nm than does 100 μM 3, which implies that helix-
bundle formation is less favorable for 3 than for 1, despite the presence of nine cyclic β-
residues in 3. This result suggests that some cyclic β-residue replacements do not promote
helix bundle formation in this α/β-peptide family, despite the general structural compatibility
of β3- and cyclic β-residues demonstrated in the crystal structures of 5–10.

As described above, α/β-peptides 4–8 each contain only one β3→cyclic replacement.
Comparison of CD spectra (Figure 7B) suggest that most of these single β3→cyclic
replacements exert little impact on coupled folding and assembly relative to 1. The lone
exception is α/β-peptide 6 (e, β3-hLeu13→ACPC), for which diminished intensity at 206 nm
indicates diminished folding. The similarity between the CD signatures for 3 and 6 suggests
that the β3→cyclic replacement at residue 13 is at least partially responsible for the
diminished folding/assembly of 3 relative to other members of this α/β-peptide family. CD
data suggest that 9 and 10 display high levels of folding and assembly (Figure 7C).

Variable temperature CD experiments (Figure 8) support the conclusions drawn from
analysis of the CD spectra of α/β-peptides 3–10 at 25 °C, although the high stability of the
structures adopted by α/β-peptides 1, 2, 4, 5 and 7–10 (incomplete transitions) and the non-
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monotonic behavior observed for α/β-peptides 3 and 6 make quantitative thermodynamic
interpretation of the data impossible. Qualitatively, CD intensity for 4, 5, 7 and 8 (which
each contain one cyclic β-residue) decreases by a smaller amount with increasing
temperature than does the CD intensity for 1 (which has no cyclic β-residues, see Figure
8A), suggesting that the assemblies formed by 4, 5, 7 and 8 are likely to be a little more
stable than the assembly formed by 1, and that replacing β3-residues with cyclic β-residues
can stabilize helical secondary structure and helix-bundle quaternary structure. As noted
previously, this stabilizing effect appears to be context dependent; α/β-peptide 6, which has
a β3hLeu→ACPC mutation at position 13, appears to form an assembly that is significantly
less stable than that of 1, which has no cyclic residues.

Increasing the number of cyclic β-residue substitutions appears to increase helix-bundle
stability in three of four cases: CD intensity for 2, 9 and 10 (which each contain multiple
cyclic β-residues) does not change much with increasing temperature (Figure 8B),
suggesting that these α/β-peptides form more stable assemblies than do 4, 5, 7 or 8 (which
each contain only one cyclic β-residue). The exception is 3, which has the β3hLeu13→ACPC
mutation that is also present in 6 and forms a similarly unstable assembly. Thus, of the
cyclic β3→cyclic replacements we have investigated, it seems that only one (β3-
hLeu13→ACPC) causes destabilization of helical folding and assembly. We do not presently
understand why the β3→cyclic replacement at position 13 is so destabilizing to 3 and 6 in
solution, especially given the high structural similarity of 6 to 1, 5 and 7–10 in the
crystalline state (Figures 2–4).63

Association stoichiometry in solution
Sedimentation equilibrium data were used to evaluate the stoichiometry of α/β-peptide self-
association for 3–10 (Table 1). Previously we reported that 1 sediments as a tetramer when
analyzed at 200 μM in 10 mM aqueous NaOAc, pH 4.6 containing 150 mM NaCl.48 α/β-
Peptide 3 was evaluated at 100 μM in buffer lacking NaCl. Under these conditions, the AU
data for 3 were best fit to a two-state model involving monomeric and trimeric states in a
~1:2 ratio. These results cannot be directly compared to those for 1 because of the difference
in conditions, but we note that a lower association propensity of 3 relative to 1 would be
consistent with the difference in CD signatures of these two α/β-peptides (Figure 7A).

Among the α/β-peptides containing single β3→cyclic replacements, 5, 7 and 8 displayed
sedimentation equilibrium data consistent with the presence of a single tetrameric species. In
contrast, the data for 6 were best fit with a three-state model involving monomer, tetramer
and pentamer. The lower self-assembly propensity of 6 relative to 1, 5, 7 and 8 is consistent
with the weaker CD intensity for 6 relative to the other four α/β-peptides. AU data for 4
were best fit with a monomer-tetramer-pentamer model, with roughly half the material in the
tetrameric state and roughly a quarter in the monomeric state, which is surprising because
the CD signature of 4 is similar to those of other α/β-peptides that appear to be entirely or
largely tetrameric. The contrast between AU data for 4 and AU data for 1, 5, 7 and 8 is
puzzling since the lone β3→cyclic replacement in 4 occurs at a c-position in the heptad
repeat, which is not expected to participate in inter-helical packing.

Sedimentation equilibrium data for 9, which contains four β3→cyclic replacements relative
to 1, are best fit with a two state model involving a monomer and a pentamer, with the latter
dominant (>80%). In contrast, data for 10, which has one additional β3→cyclic replacement
relative to 9, are best fit by a single-species model involving a tetramer. It is unclear why
changing β3-hGlu10 in 9 to ACPC in 10 would exert such a profound effect on self-assembly
behavior. This effect may be related to a change in the nature of the side chain at residue 10
(acidic in 9 to hydrophobic in 10). However, changing β3-hGlu10 in 1 to ACPC10 in 5 does
not influence self-assembly behavior, which suggests that a subtle interplay among multiple
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sites of β3→cyclic replacement can affect the preferred association state of α/β-peptide helix
bundles in solution.

The consistency of the tetramer stoichiometry observed for the helix-bundle forms of α/β-
peptide 1, 2 and 5–10 in the crystalline state stands in contrast to the variability in self-
association suggested by AU data. Most of these molecules display a strong preference for
tetramer formation under the AU conditions, but 4, 6 and 9 deviate somewhat from this
trend. Both 4 and 6 may form a small amount of pentamer under AU conditions. Given the
complexity of three-state fitting to the experimental data, which was necessary for 4 and 6,
perhaps the more conservative conclusion is simply that these α/β-peptides have some
tendency to adopt solution stoichiometries other than tetramer, although the tetramer appears
to be preferred. For 9, however, the AU data seem to suggest a preference for pentamer in
solution, even though 9 crystallizes as a tetramer. Since all six of the new structures feature
a similar crystal lattice, the behavior of 9 may suggest that lattice packing forces exert a
significant effect on the quaternary structure observed crystallographically in this family of
α/β-peptides.

Conclusions
We have provided a large amount of new high-resolution structural data for α/β-peptides in
α-helix-like conformations. The results indicate that a five-membered ring constraint, such
as that found in ACPC or heterocyclic analogue APC, supports the β-residue backbone
torsion angles required for an α-helix-like secondary structure. These data provide a
foundation for the design of foldamers that mimic α-helical segments of natural proteins.

If ACPC and APC are predisposed to adopt the local conformation required for α-helix
mimicry, as is suggested by our structural data for α/β-peptide helix bundles and by earlier
crystallographic evidence obtained with short, helical α/β-peptides,64,65 then replacement of
flexible β3-residues by cyclic analogues should stabilize helical secondary structure and any
helix-bundle quaternary structure that requires helical folding. We examined thermal
disruption of helix-bundle quaternary structure formed by the α/β-peptides 1–10, but
quantitative stability differences were impossible to ascertain, in part because even the most
flexible molecule, 1, forms an assembly that is not fully disrupted at the maximum attainable
temperature. Nevertheless, qualitative comparisons indicate that α/β-peptides 4–8 (which
each have one cyclic β-residue) form assemblies that are at least as stable as that formed by
1 (which has no cyclic β-residues), and α/β-peptides 2, 9, and 10 form assemblies that are
significantly more stable than the assemblies formed by α/β-peptides 1 and 4–8 (Figure 8).
Previous work with short, non-associating α/β-peptides has indicated qualitatively that
β3→cyclic replacements enhance helical folding.52 Recent results with a hybrid tertiary
structure in which an α/β-peptide helix packs against an α-helix have shown that β3→cyclic
replacements at solvent-exposed sites provide a ~0.4 kcal/mol structural stabilization (ΔG).
54

The present results show that β3→cyclic replacement is not automatically stabilizing: α/β-
peptide 6 contains a cyclic residue at just one position (ACPC13), but this cyclic residue
causes a substantial destabilization of helix-bundle quaternary structure relative to 1, which
contains no cyclic residues. The difference in quaternary structural stability between 1 and 6
presumably arises because steric repulsions experienced by the non-backbone atoms of
ACPC13 in the folded/assembled state can overwhelm conformational benefits of limiting
backbone flexibility. Repulsive interactions involving ACPC13 in 6 are not immediately
apparent upon comparing the structure of 6 with that of 1,63 though such interactions could
be important, especially if the solution and crystal structures of 6 differ significantly. This
type of interplay between backbone preorganization and unfavorable interactions of non-
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backbone atoms may explain why mutating cyclic β-residues to β3 analogues had little effect
on the binding of helical α/β-peptides to a complementary cleft on the protein Bcl-xL.68

The observation that some of the α/β-peptides (3, 4, 6 and 9) diverge from simple tetrameric
stoichiometry in solution suggests that β3→cyclic replacements can exert variable effects on
quaternary structure propensity, depending on context. Because of current limitations in the
available pool of β-amino acid building blocks with a five-membered ring constraint,
β3→cyclic replacements can alter side-chain encoded information, and such alterations may
give rise to the apparent changes in self-association behavior that we have observed in some
cases.

It is currently difficult to predict whether β3→cyclic replacement at any given position in a
helical α/β-peptide will result in changes to helix-bundle self-association behavior (observed
for α/β-peptides 3, 4, 6 and 9), or decreases in helix-bundle stability (observed for α/β-
peptides 3 and 6). However, more than half of the α/β-peptides investigated here form
assemblies that are at least as stable as that of the parent α/β-peptide 1 and are faithful to the
tetrameric association state specified by the parent sequence. The β3→cyclic replacement
design principles described here and elsewhere48,54 may not enhance α/β-peptide helix-
bundle formation in every case, but they remain useful design tools for generating helical α/
β-peptides that maintain the desired helicity and self-association behavior while benefitting
from the structural preorganization imparted by the cyclic β-residues. Indeed, we have
recently shown that β3→cyclic replacements can substantially improve the affinity of gp41-
mimetic α/β-peptides for a complementary protein surface, which leads to improved efficacy
for inhibiting HIV infection relative to α/β-peptides that lack cyclic β-residues.59 The results
reported here should facilitate future efforts to use cyclically constrained β-amino acid
residues to optimize α/β-peptides that block biomedically important protein-protein
interactions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Amino acid sequences of α/β-peptides 1–10 and α-peptide GCN4-pLI (refs. 47 and 48).
α-Amino acids are abbreviated according to the standard one-letter code. β3-Amino acids are
highlighted with blue circles and are abbreviated with the one letter code of the
corresponding homologous α-amino acid. Cyclic β-amino acids are highlighted with red
circles and are abbreviated as follows: X = ACPC, Z = APC. Hydrophobic a and d position
residues are highlighted with boldface type. (B) Helical wheel diagram of α/β-peptide 1
viewed from the N-terminus (see ref. 48). α-Amino acids are highlighted with yellow circles
and are abbreviated as described above. β-Amino acids are highlighted with blue circles and
are abbreviated as described above. (D) Ribbon diagram of the tetrameric helix bundle
formed by α/β-peptide 1 (PDB: 3C3G). (D) Structures of ACPC, APC, and the β 3-amino
acids used in α/β-peptides 1–10.
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Figure 2.
Ribbon diagrams from x-ray crystal structures of α/β-peptides (A) 5 (PDB: 3HET), (B) 6
(PDB: 3HEU), (C) 7 (PDB: 3HEV), (D) 8 (PDB: 3HEW), (E) 9 (PDB: 3HEX), (F) 10
(PDB: HEY), showing the helix-bundle tetramer quaternary structures formed in each case.
α-Amino acid residues are colored yellow, β3-amino acid residues are colored blue, and
cyclic β-amino acid residues are colored red. Unlike 2, α/β-peptides 5–10 have a continuous
heptad repeat pattern, without a helical stammer.
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Figure 3.
Overlay of the peptide backbones from α/β-peptides 5–10 onto the peptide backbone of α/β-
peptide 1. These overlays were generated by aligning the backbone α-carbons from residues
1–30 (including α- and β-amino acids) of α/β-peptides 5–10 with the backbone α-carbons
from the corresponding residues in α/β-peptide 1 (we included only one of the two
crystallographically distinct but nearly identical helices from the structure of α/β-peptide 5
in the overlay analysis). α-Amino acid residues are colored yellow, β3-amino acid residues
are colored blue, and cyclic β-amino acid residues are colored red.
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Figure 4.
Overlay of individual cyclic β-residues in α/β-peptides 2, and 5–10 with corresponding
acyclic β3-residues in α/β-peptide 1, using the crystal structures of each peptide. These
overlays were generated by aligning backbone atoms (amino N, Cβ, Cα, carbonyl C,
carbonyl O, and for β-residues, Cβ) from residues 1–31 of α/β-peptides 2 and 5–10 with
backbone atoms from the corresponding residues of α/β-peptide 1 (only one the two
crystallographically distinct but nearly identical helix bundles from the structure of α/β-
peptide 5 was included in the overlay analysis). Except for the ACPC and APC substitutions
at β3Ile19, β3Glu22, and β3Lys28 in 2 (upper right), cyclic β-residues generally overlay well
with their β3-residue counterparts, with backbone Cα and Cβ and side-chain Cγ atoms from
each residue type located in close proximity. The close alignment of these structures
suggests that cyclic β-residues are generally structurally conservative replacements for
acyclic β3-residues in α/β-peptides. α-Amino acid residues are colored yellow, β3-amino
acid residues are colored blue, and cyclic β-amino acid residues are colored red.
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Figure 5.
Average backbone dihedral angles φ, θ, and ψ for (A) β3-residues and (B) cyclic β-residues
in the crystal structures of α/β-peptides 1, 2, and 5–10 (only one the two crystallographically
distinct but nearly identical helix bundles from the structure of α/β-peptide 5 was included in
this analysis).
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Figure 6.
Ramachandran plots of the dihedral angles adopted by β-residues (between residues 2–29)
from α/β-peptides 1, 2, and 5–10 (only one the two crystallographically distinct but nearly
identical helix bundles from the structure of α/β-peptide 5 was included in this analysis). (A)
(φ, ψ), (B) (φ, θ), and (C) (θ, ψ) dihedral angles of β3- (open circles) and cyclic β-residues
(filled circles). β3- and cyclic β-residues cluster in each of the (φ, ψ), (φ, θ), and (θ, ψ) plots
with one exception (ACPC19 in 2; this is the residue that adopts an x-position in the
hydrophobic core one helical turn prior to the stammer in 2). Overall, these data suggest that
cyclic residues can readily adopt the conformations preferred by β3-residues in α/β-peptide
helix bundles.
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Figure 7.
CD spectra for (A) α/β-peptides 1 and 3, (B) 4–8, and (C) 2, 9, and 10 at 100 μM peptide in
10 mM NaOAc (pH 4.6) at 25 °C. In general, CD spectra of α/β-peptides with cyclic
residues have the same shape as the CD spectrum of 1, with a global minimum near 206 nm
that is close in magnitude to the global minimum in the CD spectrum of 1. α/β-Peptides 3
and 6 are exceptions, with minima near 206 nm that are significantly weaker than the
minimum in the CD spectrum of 1, suggesting significantly diminished helicity in 3 and 6
relative to 1.

Price et al. Page 18

J Am Chem Soc. Author manuscript; available in PMC 2011 September 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Variable temperature CD (monitored at 206 nm) for α/β-peptides 1–10 (100 μM) in 10 mM
NaOAc (pH 4.6). (A) α/β-Peptides 4–8 each contain one cyclic β-residue, and (B) α/β-
peptides 2, 3, 9, and 10 each have multiple cyclic β-residues, whereas α/β-peptide 1 has no
cyclic β-residues.
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Table 1

Self-Association Behavior of α/β-peptides 1–10a as determined by Sedimentation Equilibrium Experiments

Peptide Best-fit Model for the Observed Equilibrium Sedimentation Behaviorb

1 4

2 4

3 (1,3)c

4 (1,4,5)

5 4

6 (1,4,5)

7 4

8 4

9 (1,5)

10 4

a
Except as noted, sedimentation equilibrium data are for 200 μM peptide solutions in 10 mM aqueous sodium acetate, pH 4.6 + 150 mM NaCl, at

25 °C. Data for 1 and 2 are from reference 48 and are included for comparison.

b
See Supporting Information for details. A single number indicates that the best-fit model was for a single species of the following size:

1=monomer, 2=dimer, 3=trimer, etc. Multipe numbers in parentheses indicate that the best-fit model is for multiple species in equilibrium: (1,4,5)
indicates a monomer-tetramer-pentamer equilibrium.

c
Data for 3 were collected at 100 μM peptide and in 10 mM sodium acetate, pH 4.6 (no NaCl).
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