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ABSTRACT: Synthetic peptides that contain backbone modifica-
tions but nevertheless adopt folded structures similar to those of
natural polypeptides are of fundamental interest and may provide a
basis for biomedical applications. Such molecules can, for example,
mimic the ability of natural prototypes to bind to specific target
macromolecules but resist degradation by proteases. We have
previously shown that oligomers containing mixtures of α- and β-
amino acid residues (“α/β-peptides”) can mimic the α-helix
secondary structure, and that properly designed α/β-peptides can
bind to proteins that evolved to bind to α-helical partners. Here we
report fundamental studies that support the long-range goal of
extending the α/β approach to tertiary structures. We have evaluated the impact of single α → β modifications on the structure
and stability of the small and well-studied villin headpiece subdomain (VHP). The native state of this 35-residue polypeptide
contains several α-helical segments packed around a small hydrophobic core. We examined α → β substitution at four solvent-
exposed positions, Asn19, Trp23, Gln26 and Lys30. In each case, both the β3 homologue of the natural α residue and a cyclic β
residue were evaluated. All α → β3 substitutions caused significant destabilization of the tertiary structure as measured by
variable-temperature circular dichroism, although at some of these positions, replacing the β3 residue with a cyclic β residue led to
improved stability. Atomic-resolution structures of four VHP analogues were obtained via quasiracemic crystallization. These
findings contribute to a fundamental α/β-peptide knowledge-base by confirming that β3-amino acid residues can serve as effective
structural mimics of homologous α-amino acid residues within a natural tertiary fold, which should support rational design of
functional α/β analogues of natural poly-α-peptides.

■ INTRODUCTION

Proteins perform a broad range of functions; most activities
depend on the ability of a polypeptide chain to adopt a specific
shape and thereby present a particular set of side chains in a
defined three-dimensional arrangement. The wide variation in
shape and function among natural proteins is achieved with a
backbone that contains exclusively α-amino acid residues.
Efforts to develop analogues of natural polypeptides that
display altered activities have focused largely on side chain
modification, a choice that is based on both synthetic and
structural considerations. Efficient ribosomal biosynthesis is
limited to sequences that contain primarily L-α-amino acid
residues, and solid-phase synthesis, which offers access to
greatly enhanced side chain diversity at the cost of diminished
chain length, has been heavily optimized for α-amino acid
incorporation. The most common protein secondary structures,
including α-helices, 310-helices, β-sheets and β-turns, depend on
specific H-bond patterns involving backbone amides as donors
and acceptors; therefore, it might be assumed that altering the
covalent connectivity among backbone amide groups, as must
occur if α-amino acid residues are replaced with other types of

amino acid residues, would disrupt the folding patterns
necessary for the functions of natural polypeptides.
This work assesses the impact of replacing a single α-amino

acid residue with a β-amino acid residue in the context of the
small and well-studied tertiary structure formed by the villin
headpiece subdomain (VHP).1−3 Each variant containing an α
→ β replacement is compared with VHP itself in terms of
stability, via thermal denaturation, and in several cases the
structures are compared via X-ray crystallography. To place our
findings in context, we briefly review the precedents for α → β
replacement within polypeptides and identify knowledge gaps.
Efforts focused on α-helix mimicry by backbone-modified

polypeptides have revealed that the structural and informational
features of natural α-helices can be recapitulated with oligomers
that contain α- and β-amino acid residues in simple patterns.4−7

The secondary structure adopted by these α/β-peptides is very
similar to the canonical α-helix despite the presence of “extra”
backbone carbon atoms (Figure 1), although the impact of α→
β replacement on helix stability is not presently clear. Initial
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studies of α-helix-mimetic α/β-peptides were motivated by the
hypothesis that such oligomers would maintain the recognition
properties of a prototype α-helix but be less susceptible to
enzymatic degradation.8 This hypothesis has been borne out in
several systems in which the recognition of multiturn α-helices
by partner proteins can be mimicked with α/β-peptides
containing 25−33% β residues evenly distributed along the
sequence.4,9,10 An unanticipated outcome of these studies was
the discovery that some patterns of α → β replacement
engender unique recognition selectivities among sets of related
binding proteins11 or even among functionally distinct
conformations of a single binding protein.12

Systematic evaluation of α → β replacements in the context
of β-sheet secondary structure have been conducted by Horne
et al.13,14 This work showed that a two-stranded “β-hairpin”
conformation can be maintained when cross-strand pairs of α
residues are replaced with β residues; however, such insertions
alter the global pattern of side chain display relative to the
prototype all-α hairpin. The side chain display can be more
effectively maintained if each β residue replaces a sequentially
adjacent pair of α residues.14 Martinek et al. have reported that
the antiangiogenic properties of a designed β-sheet-forming
peptide can be retained after a few α → β replacements15

despite the alterations in side chain positioning that would be
predicted based on the findings of Horne et al.13,14

A long-term goal in this field is to understand impacts of α→
β replacements not only on local secondary structure and
binding properties but also on tertiary structure and biological
function. To date, pioneering exploratory studies have led to
variable outcomes; a unifying set of rules governing impacts of
such replacements is still needed. Analogues of RNase A in
which a two-residue reverse turn was replaced with a di-β-
peptide displayed native-like catalytic function.16 Similarly,
David et al. described an IL-8 analogue in which the C-terminal
α-helix was replaced with a geometrically divergent β-peptide
helix; signaling activity, mediated by the N-terminal portion,
was retained by this hybrid polypeptide.17 However, Denton et
al. found that replacing the α-helical C-terminal portion of the
hormone GLP-1 with the same sort of β-peptide helix led to a
million-fold loss in activity.10 Similarly, experiments involving
analogues of parathyroid hormone suggested that even limited

and conservative backbone alterations could be highly
deleterious to natural function.9,18 Thus, strategic substitution
of a natural secondary structure element with a backbone-
modified segment can be tolerated in some cases, but not all.
Recent reports have extended the periodic α → β

replacement strategy to α-helices within model tertiary or
quaternary structures. These studies are significant because the
results pertain to larger and more irregular surfaces than those
presented by a single helix. Horne et al. explored multiple α →
β replacements within the small protein GB1.19,20 Crystal
structures of several backbone-modified GB1 variants showed
that a native-like tertiary structure was retained in each case.
Hilvert et al. examined α → β replacements in an α-helical
segment within an engineered two-component chorismate
mutase.21 This helix contributes a key arginine side chain to the
active site. Several α → β substitution patterns were found to
support near-native levels of catalytic activity. Checco et al.
developed α/β-peptides that adopt a helix−loop−helix tertiary
structure and target specific binding surfaces on partner
proteins.22 Crystallographic characterization of one α/β-
peptide bound to a protein partner (vascular endothelial
growth factor) showed that α-helix-like secondary structure was
maintained despite the presence of multiple β residues.
Collectively, the studies of α → β replacement summarized

above suggest that certain substitutions can result in partial or
full retention of a prototype poly-α-peptide’s structure and
function; however, most of the precedents fail to provide
insight on the impact of α → β replacement on conformational
stability. The most incisive results in this regard involved α→ β
replacements within the lone α-helix of the GB1 tertiary
structure. Each of the helix-modified GB1 variants contained
four α → β replacements, which resulted in significant
destabilization of the native fold.19 Our study complements
the GB1 work in that we have employed a different tertiary
structure, VHP, and we evaluate single α → β replacements.
VHP is one of the smallest poly-α-peptides known to form a

discrete tertiary structure without internal cross-links resulting
from disulfide formation or metal ion chelation, either of which
could convolute the thermodynamic impact of backbone
modifications on a tertiary structure.1−3 Our experimental
design focuses on single α → β replacements at four solvent-
exposed sites within helical segments of VHP (Figure 1). At
each site, both a β3 and a cyclic β residue were evaluated.
Circular dichroism (CD) was used to determine the impact of
each α → β replacement on the extent of α-helix formation,
which provides an indirect indication of tertiary structure
formation; variable-temperature CD data allow us to assess the
effects of each α → β replacement on tertiary structural
stability. For each of the four native α residues that were
replaced with the β3 homologue (identical side chain), the
single-site backbone modification caused a decline in tertiary
structure stability. At some but not all of the substitution sites,
use of a conformationally constrained β residue led to a
recovery of tertiary structural stability. Quasiracemic crystallog-
raphy enabled high-resolution structural analysis of several
VHP variants and facilitated comparisons between local
conformations of β residues and the α residues they replaced.
Overall, these findings contribute to a small but fundamental
knowledge-base that should inform rational design of functional
α/β analogues of natural poly-α-peptides.

Figure 1. (A) A previously reported crystal structure of the Villin
headpiece subdomain (VHP; PDB entry 1YRF), with positions at
which β residues were substituted in this study shown in blue. (B)
Structures of a generic β3-homoamino acid residue, the trans-(1S,2S)-
2-aminocyclopentyl-1-carboxylic acid (ACPC) residue, and the trans-
(3R,4S)-4-aminopyrrolidine-3-carboxylic acid (APC) residue. (C) β3-
homoamino acid substitutions were made individually for native
residue Asn19, Trp23, Gln26, or Lys30, the positions of which are
shown in blue within the native sequence; in addition, ACPC
substitutions were made individually for native residue Asn19, Trp23,
or Gln26, and APC was substituted for Lys30.
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■ RESULTS AND DISCUSSION

Design of Substitution Positions. The first round of
replacements in VHP involved β3-homoamino acid residues
homologous to the original α residues (Figure 1); thus, Asn was
replaced by β3-hAsn, Trp by β3-hTrp, etc. In these replace-
ments, the side chain found in the natural VHP domain is
retained, but an extra methylene is inserted into the backbone.
The second round of replacements involved cyclic β residues.
In these cases, the native amino acid side chains were not
retained. For positions with uncharged side chains (Asn19,
Trp23 and Gln26), the cyclopentane-based β residue
designated ACPC was used, while for the position with a
basic side chain (Lys30), the pyrrolidine-based β residue
designated APC was used (Figure 1). All VHP analogues were
prepared via standard Fmoc-based solid-phase synthesis.
Previous work with peptides that adopt α-helical secondary
structure has established that five-membered ring constraint
with trans stereochemistry predisposes the β residue backbone
to adopt an α-helix-like local conformation.4 Crystallographic
data from Horne et al. show that the α-helix-like local
conformation of the ACPC residue is manifested also in
backbone-modified variants of the GB1 tertiary structure.19,20

Circular Dichroism Spectra. The impact of each α → β
replacement on tertiary structural stability was assessed via
variable-temperature circular dichroism (CD) measurements
made in 20 mM sodium acetate (pH 5.0). VHP itself and each
of the new variants displays a CD spectrum with two minima in
the far-UV region, one near ∼223 nm and the other near ∼208
nm, as expected for an α-helix-rich folding pattern (Figure 2).
The intensities of the CD signatures are generally similar
among these polypeptides, but it is noteworthy that the ∼208
nm minimum is a little more intense for every β-containing
variant relative to VHP itself. Previous work has shown that α/
β-peptides that contain multiple substitutions throughout the
sequence and adopt α-helix-like conformations display only one
far-UV CD minimum, near ∼208 nm.23

Thermodynamic Stability. Fitting the variation in CD
intensity at 223 nm vs temperature to a two-state model
(folded vs unfolded) allowed us to estimate a melting
temperature (Tm) for each VHP variant (Figure 3, Table 1).
For each of the four sites evaluated, replacing the original α
residue with the β3 homologue leads to a substantial decline in
tertiary structure stability, with ΔTm = [Tm(variant) −
Tm(VHP)] ranging from −12° to −25 °C. This trend is
consistent with the substantial declines in tertiary structure
stability observed by Horne et al. for GB1 variants containing
four α → β3 substitutions in the helical segment.19 Replacing a
β3 residue with a cyclic β residue in the context of VHP led to
divergent outcomes. For β3hTrp23 and β3hGln26, replacement
with ACPC caused little change in Tm. In contrast, β3 → cyclic
β was stabilizing at the other two positions: replacing β3hAsn19
with ACPC increased Tm by ∼10 °C, and replacing β3hLys30
with APC increased Tm by ∼12 °C. The variant bearing APC at
position 30 is indistinguishable from native VHP in terms of
thermal stability. Cyclically constrained β residues have been
suggested to promote helical secondary structure through a
preorganization of helical dihedral angles that lowers the
entropic penalty of folding in isolated α-helices,4 although this
view has been questioned.21 Our results show β3 → cyclic β
replacement does not necessarily enhance conformational
stability in the context of a tertiary structure, because
considerable variation is observed among the four substitution

sites in VHP. Chiu et al. demonstrated that norleucine (Nle)
substitution for Lys24 had a stabilizing effect on the folded
conformation of VHP, presumably because of the removal of an
unfavorable His27-Lys24 side chain interaction (Coulomb
repulsion) at pH 4.8. Kubelka et al. showed that double Nle
substitution at Lys24 and Lys29 provided additional stabiliza-
tion relative to the single Lys24Nle substitution because the
aliphatic Nle29 side chain could pack into the hydrophobic
core.24 Therefore, local perturbations of residues proximal to β-
substitution sites may explain, in part, the decrease in Tm that
results from β3 substitution for W23, Q26 or K30, and for cyclic
β residue substitution for W23 or Q26.

Quasiracemic Crystallization. We pursued quasiracemic
crystallization in order to obtain structural insight on the
impact of α → β replacements in VHP. Crystallization trials for
each variant, which is composed mostly of L-α-amino acid
residues, were conducted with a 1:1 mixture containing that
variant and the enantiomer of VHP itself. Three considerations
motivated this strategy. First, a racemic mixture is believed to
be more susceptible to crystallization than is a single
enantiomer, and this advantage may extend to quasiracemic
mixtures.25−30 Second, all but one of the VHP variants are less
stable than VHP itself, and diminished conformational stability
seems likely to diminish crystallization propensity. We
hypothesized that cocrystallization of the less robustly folded
variants with the more stable D-VHP would mitigate this
problem. Third, co-occurrence of a VHP variant and D-VHP in

Figure 2. Far-UV circular dichroism (CD) data for VHP derivatives
containing (A) single acyclic (β3) or (B) cyclic β-amino acid
substitutions. CD data were obtained in 20 mM aqueous sodium
acetate buffer, pH 5.0, at 50 μM peptide.
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the same crystal lattice would provide the optimum basis for
comparing the local conformation of the β residue with the
corresponding α residue in VHP itself.
We have previously used quasiracemic crystallography to

compare α residues with a nonproteinogenic side chain in the
context of folded VHP,31 and Kent et al. have applied
quasiracemic crystallography to other types of side chain-
modified polypeptides,32−34 but the present study represents
the first examination of backbone modifications via quasiracemic
crystallography.
We succeeded in optimizing crystal growth and cryopro-

tection conditions for the quasiracemates containing the VHP
analogues harboring the β3hGln26, ACPC26, β3hLys30 or
APC30 modification within a chain of L-α-amino acid residues
paired with D-VHP. Each quasiracemate crystallized in space
group P1 with unique cell constants (Table S1−S4). In each of
the four successful conditions quasiracemate crystals were
grown from 5.8 mg/mL total peptide compared to the 50−100
mg/mL reported for L-VHP alone.2

Crystal Structures. Each structure was solved via molecular
replacement, refined in space group P1 and found to contain a
distinct pseudoinversion center that was detectable in the
cumulative intensity distribution prior to structure solution

(Supporting Information). The pseudoinversion center com-
bined with the primitive triclinic lattice indicates a pseudo-P1 ̅
space group, which is consistent with the hypothesis of
Wukovitz and Yeates that P1 ̅ should be the most prevalent
space group among truly racemic protein crystals.35 Among the
four quasiracemates, K30APC contains only four peptide chains
in the unit cell and exhibits the closest approximation to true
inversion symmetry as evidenced by the RMSD between pairs
of chains related by pseudoinversion symmetry (Table 2). In
addition, we employed a framework developed for small
molecules to quantify the impact deviations of atomic
coordinates from centrosymmetric positions would have on
the distribution of normalized structure factor amplitudes, i.e.,
to quantify the “degree of centrosymmetry” prior to structure
solution.36 Our analysis indicated that among all the new
structures, the K30APC quasiracemate distribution most closely
mimicked that of a centrosymmetric structure (Supporting
Information).
Local and global pseudoinversion centers can be present in

structures with P1 ̅ symmetry and a high Z number.37 Therefore,
to confirm that global pseudoinversion centers were correctly
identified, putative centers were translated to the crystallo-
graphic origin and the resulting phase angles were plotted as

Figure 3. Variable-temperature circular dichroism (vt-CD) measurements were performed by monitoring the ellipticity at 223 nm for VHP and
variants containing either (A) a single acyclic (β3) or (B) a single cyclic β residue substitution. Data were acquired in 20 mM aqueous sodium
acetate, pH 5.0, at 50 μM peptide. For each variant, model parameters (Tm, ΔHm) and baselines were fit using nonlinear regression analysis averaged
over three independent measurements. Results are reported as fraction folded. See Supporting Information for vt-CD data plotted in terms of mean
residue ellipticity.

Table 1. CD-Derived Folding for Native VHP and β-Substituted Variantsa

variant Tm (°C) ΔHm (kcal/mol) ΔTm (°C) ΔΔHm (kcal/mol)

VHP 69.1 (±0.4) 32.8 (±1.2) − −
N19β3N 44.2 (±1.7) 22.3 (±2.8) −25.0 (±2.1) −10.5 (±4.0)
W23β3W 59.4 (±0.7) 25.9 (±0.6) −9.7 (±1.1) −6.9 (±1.8)
Q26β3Q 57.4 (±0.9) 24.8 (±1.5) −11.7 (±1.3) −8.1 (±2.7)
K30β3K 57.2 (±1.7) 27.2 (±1.3) −11.9 (±2.1) −5.6 (±1.6)
N19ACPC 54.0 (±1.1) 24.0 (±0.6) −15.1 (±1.5) −8.8 (±1.8)
W23ACPC 56.9 (±0.4) 22.0 (±3.9) −12.2 (±0.8) −10.8 (±1.6)
Q26ACPC 57.1 (±1.0) 22.1 (±0.5) −12.1 (±1.4) −10.7 (±1.7)
K30APC 69.4 (±1.2) 33.0 (±2.7) 0.3 (±1.6) −0.1 (±3.9)

aThe two-state folding parameters Tm and ΔHm were derived by assuming that ΔCp = 0. ΔTm and ΔΔHm are defined as the value for native VHP
minus the value for the variant with the indicated β-substitution. The standard deviation for each reported parameter was determined from three
separate measurements and fitting sessions.
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normalized histograms for each quasiracemate structure (Figure
5). The observed bimodal distributions centered around 0° and
180° are consistent with the centrosymmetric phase angle
constraint and pseudo-P1 ̅ centering. The K30APC quasirace-
mate structure exhibits the sharpest phase angle distribution
which is consistent with the pseudoinversion RMSD values and
structure factor amplitude distribution pseudosymmetry
metrics.
Intriguingly, three quasiracemate structures (those with the

L-VHP variant containing β3hGln26, ACPC26 or β3hLys30)
exhibit the same type of crystal packing observed in a previously
reported P1 ̅ VHP racemate (PDB: 3TRY).31 However, for each
of these three quasiracemates, the unit cell contains twice the
number of VHP chains (eight vs four) and is approximately

double the volume of the VHP racemate unit cell (Figure 4).
Comparable unit cell expansion has been observed for small
molecule quasiracemates relative to the corresponding racemate
and is characterized by translational noncrystallographic
symmetry.38−40

The enlarged unit cells in the three new quasiracemates
relative to the true VHP racemate could represent pronounced
cases of commensurate modulation, a phenomenon in which
adjacent unit cells are regularly displaced relative to one
another in a manner that disrupts the translational symmetry of
the crystal lattice.41 Modulated structures can be viewed as
being defined by a supercell, i.e., a unit cell that contains all of
the smaller unit cells that comprise a full phase of the
modulation function. For the three quasiracemates that include

Table 2. Mean Intracrystal Backbone Atom RMSD (Å)
Values for Pseudoinversion Related Pairs of Chainsa

variant pseudoinversion all possible L/D D/3TRY

Q26β3Q 0.10b (0.02) 0.28 (0.12) 0.34 (0.05)
Q26ACPC 0.16b (0.12) 0.40 (0.19) 0.41 (0.13)
K30β3K 0.15b (0.04) 0.41 (0.22) 0.39 (0.11)
K30APC 0.070b,c 0.42 (0.41) 0.53c

aMean RMSD values vary from 0.07 to 0.16 Å for pseudoinversion
related pairs of chains (first column) and from 0.28 to 0.42 Å for all
possible L/D chain pairs within a crystal (second column). Values
were calculated using backbone atoms (C, Cα, N, O); the “extra” β
residue C atom of each β residue was excluded. In addition to these
intracrystal comparisons (first two columns), we compared the D-
VHP chains from each crystal with the D-chain in the previously
reported VHP racemate structure (third column) (PDB: 3TRY). One
standard deviation is reported in parentheses. bValues were less than
the maximum-likelihood model error. cThe two values were
equivalent; thus, no standard deviation is reported.

Figure 4. Quasiracemate unit cell for (A) Q26βQ (orange), (B) Q26ACPC (red), (C) K30βK (green), and (D) K30APC (blue). In each unit cell
D-VHP is shown in yellow. (E) Quasiracemates Q26βQ (orange), Q26ACPC (red) and K30βK (green) exhibit packing patterns very similar to that
of a previously reported VHP racemate (purple; PDB entry 3TRY), but each quasiracemate has twice the number of chains per unit cell relative to
racemic VHP. (F) A pictorial representation of commensurate modulation illustrating how modulation in one dimension results in an enlarged unit
cell.

Figure 5. Phase angle distributions for each of the four quasiracemate
models. Phase angles were binned (N = 30) as normalized histograms
at the resolutions reported in Tables S1−S4.
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L-VHP variants containing β3hGln26, ACPC26 or β3hLys30,
deviations from true inversion symmetry arising from each
backbone modification result in the combination of two clusters
of four polypeptide molecules to form the supercell (Figure 4).
We considered the possibility that the three crystals featured
incommensurate, i.e., irrational repeats, rather than commensu-
rate modulation. However, the stable refinement of each
quasiracemate structure supports the hypothesis that each
lattice is based on a supercell corresponding to a commensur-
ately modulated substructure that mimics the crystal packing in
the previously reported VHP racemate. We note that
modulated macromolecular crystals have been only rarely
described in the past.42,43

Slight perturbations from the local secondary structure of
native VHP at the backbone modification site may have subtle
but significant impacts on the global conformation of the
polypeptide chain. This conformational disparity between the
native and modified polypeptides is manifest as a deviation
from true inversion symmetry. The most obvious example of
this phenomenon is in the K30APC quasiracemate, where there
are two distinct modalities of heterochiral packing between the
C-terminal phenylalanine and the hydrophobic core of an
adjacent chain (Figures S61−S62). In the three other
quasiracemate structures these symmetry-disrupting interac-
tions are less apparent and comprise primarily glancing patches
of hydrophobic surface area.
A heterochiral, hydrophobic packing interaction that involves

the loop segment N19 to W23 is present in each of the four
quasiracemate structures (Figure 6). Disruption of this

interaction may explain our inability to optimize crystal growth
conditions for quasiracemates with L-VHP variants containing
α → β substitutions at N19 or W23. This hypothesis suggests
that solution-phase native structure mimicry does not
necessarily ensure quasiracemic crystal growth, because
favorable packing contacts may be precluded by the point(s)
of difference between the quasi-enantiomers. Lattice contacts
that promote inversion or pseudoinversion symmetry are
crucial for racemic or quasiracemic crystal growth.
The quasiracemates with L-VHP variants containing

β3hGln26, ACPC26, β3hLys30 or APC30 exhibit mimicry of
the canonical α-helix hydrogen bonding pattern at the site of
substitution (Figure 7); however, the “extra” backbone carbon

atom present in each case results in multiple 14-atom H-bond
rings in place of the standard 13-atom H-bond rings of the α-
helix. The additional backbone bond in a β residue relative to
an α residue results in a slight buckling of the backbone to
accommodate the β residue without disruption of the helical H-
bonds (Figure 8). The φ and ψ torsion angles of the β residues,
which correspond with the conventional α residue angles, lie in
the ranges −129.8° to −106.6° and −117.8° to −105.2°
respectively (Table 3). An additional torsion angle θ, which
arises from the Cα-Cβ bond within each β residue, lies in the
range 75.2° to 83.6°. These values are consistent with

Figure 6. A heterochiral packing contact between residues Asn19 and
Trp23 was observed in each quasiracemate structure reported here.
(A) Q26βQ (orange), (B) Q26ACPC (red), (C) K30βK (green), and
(D) K30APC (blue). D-VHP is shown in yellow. The side chains of
Asn and Trp residues are shown in each case.

Figure 7. 2mFo-DFc weighted electron density maps contoured at 1.5σ
for (A) Q26βQ (orange) and (B) Q26ACPC (red) between residues
Leu22 and Lys30; comparable images are shown for (C) K30βK
(green) and (D) K30APC (blue) between Gln26 and Leu34. β
residues are shown in gray.

Figure 8. Overlay of inverted D-VHP (yellow) with the corresponding
pseudoinversion symmetry mate for (A) Q26βQ (orange) and (B)
Q26ACPC (red) between residues Leu22 and Lys30; comparable
overlays for (C) K30βK (green) and (D) K30APC (blue) between
Gln26 and Leu34. β residues are shown in gray.
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previously reported structures that contain multiple β residues
in α-helix-like conformations.19,20

Influence of Quasiracemate Lattice on Tertiary
Structures of Variants? One might wonder whether the
coassembly of D-VHP and a β-containing variant of L-VHP
into a pseudosymmetric crystal lattice could induce a deviation
from the naturally preferred tertiary structure of one member of
the quasiracemate pair. Since our four structures of D-VHP are
very similar to one another and to the mirror image of the
structure of L-VHP from a chiral crystal, we can dismiss the
possibility of cocrystallization-induced distortion of D-VHP in
any of the quasiracemates. Two lines of evidence argue against
such distortion in the β-containing variants, although this
possibility cannot be entirely excluded, particularly in terms of
small-scale changes. First, each variant displays a CD spectrum
that is very similar to the CD spectrum of L-VHP; these data
reflect the folding behavior of isolated polypeptides in solution.
Second, the APC30 variant of L-VHP is comparable to L-VHP
itself in terms of tertiary structure stability (Table 1), and it is
not obvious why D-VHP would play a conformationally
dominant role upon cocrystallization with the APC30 variant.
Therefore, the similarity between the tertiary structures of L-
VHP and the APC30 variant, and, by extension, the other β-
containing variants, appears to reflect the intrinsic folding
preferences of these variants.

■ CONCLUSIONS
Our results suggest that single-site replacement of a native α-
helical residue with its β3 homologue is generally destabilizing
to the tertiary folding pattern of VHP, although a native-like
tertiary structure can be maintained despite the insertion of an

“extra” carbon atom into the polypeptide backbone. This type
of structural mimicry has been well-established in previous
studies involving multiple α → β3 replacements in α-helical
peptides.44,45 The impact of α → β substitution on the stability
of a polypeptide’s conformation, however, has been evaluated
directly in only one previous case, involving a discrete tertiary
structure different from the one we employed.19 Prior studies
with helical peptides have suggested that conformational
stability can be recovered upon replacement of β3 residues
with cyclic β analogues such as ACPC or APC,11,45−47 but in
most such systems the link between cyclic β residues and
conformational stabilization has been indirect. Our data reveal
that the effect of β3 → cyclic β substitution varies as a function
of position within the VHP sequence. At two sites, 19 and 30,
this substitution increases stability, although only in the latter
case is the stability of native VHP matched. At the other two
sites, 23 and 26, β3 → cyclic β substitution has little impact on
stability. No hypothesis to explain the divergent outcomes of β3

→ cyclic β substitution at positions 26 and 30 emerges from
inspection of crystallographic data for the VHP variants.
Previous comparisons in the GB1 framework, all of which
involved multiple sites of β3 → cyclic β substitution, are
consistent with the trends we have observed for single
substitutions in the VHP framework.19,20 Collectively, these
studies of α → β replacement in distinct tertiary contexts lay a
foundation for the design of α/β tertiary structures intended to
perform specific functions.17,21,22,46,16 In the future it will be
interesting to examine the impact of β residue substitutions in
nonhelical segments within discrete tertiary structures. Loops
that connect α-helices and/or β-strands should be regions of
particular interest because such loops are often involved in
protein−protein interactions, and β substitutions at these
positions may exert larger effects on nonlocal contacts within
crystal lattices than is observed for substitutions within α-
helices.
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Figure 9. Cyclic β residues (cyan) compared with acyclic β3 residues
(gray) by overlaying backbone atoms (C, Cα, N, O) for (A) ACPC26
vs β3h-Gln26 and (B) APC30 vs β3h-Lys30.

Table 3. Torsion Angles for β Residues in Quasiracemic
Crystal Structuresa

variant φ (deg) θ (deg) ψ (deg)

Q26β3Q −110.2, −106.7 75.2, 82.3 −117.8, −116.4
Q26ACPC −111.7, −105.7 79.1, 83.6 −116.6, −112.8
K30β3K −129.8, −110.6 75.9, 82.4 −107.2, −105.2
K30APC −119.1, −106.6 77.4, 81.9 −112.0, −106.6

aTorsion angles were tabulated for each crystallographically
independent β residue and are reported as [min, max] ranges.
Conventional nomenclature was used for φ and ψ torsion angles;
however, these values differ significantly from that of a residues in a
standard α-helix (φ = −57.8, ψ = −47.0) because of the extra C atom
in each β residue. This extra backbone atom accounts also for the
additional torsion angle, θ.
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