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Mixtures**
Mihye Lee, Jihyun Shim, Philjae Kang, Ilia A. Guzei, and Soo Hyuk Choi*

The development of proteinlike structures of oligomers which
contain unnatural amino acids (peptidic foldamers) is an
active area of research.[1] A variety of distinct conformations
of peptidic foldamers that are analogous to protein secondary
structures have been discovered to date. Helical structures of
peptidic foldamers are particularly interesting because
diverse helical conformations with unconventional hydro-
gen-bonding interactions are available.[1f–h] Two prominent
helices, the a-helix and the 310-helix, in natural proteins arise
from (i,i + 4) and (i,i + 3) C=O···H�N hydrogen bonding,
respectively.[2] A number of helical structures in peptidic
foldamers arise from a single type of C=O···H�N hydrogen
bond, thus resulting in a macrodipole along the helical axis. In
contrast, there are unique helical structures of peptidic
foldamers and they feature the alternation of two hydrogen-
bonding types with opposite directions along the helical axis
(mixed helices).[3–6] Mixed helices give rise to relatively small
macrodipoles because of the alternation of hydrogen-bonding
directions. Since Seebach and co-workers reported the b-
peptide 12/10-helix that arises from alternating (i,i�1) and
(i,i + 3) hydrogen bonds,[3k] a number of mixed helices have
been reported for diverse unnatural peptide backbones, such
as b-peptides,[3] a/b-peptides,[4] and a/g-peptides.[5] The 11/9-
helix, one of mixed helices for a/b-peptides, contains two
types of intramolecular hydrogen bonds: an 11-atom ring
hydrogen bond between the C=O of b-residue(i) and the H-N
of a-residue(i+3), and a 9-atom ring hydrogen bond between
the C=O of a-residue(i) and the H-N of b-residue(i�1).[4a,b,7]

Among the a/b-peptide helices with alternating residue types,
the 11/9-helix has been predicted to be most stable, by
theoretical calculations, both in vacuum and in solution.[7] A
couple of 11/9-helical a/b-peptide backbones have been
characterized by two-dimensional NMR experiments.[4a,b]

However, the application of this unique helical peptide
backbone is limited because detailed structural information

for the 11/9-helix, which is derived from high-resolution
structures, is not available to date. There are crystal structures
of aba-tripeptides that display 11- and 9-atom ring hydrogen
bonds.[8] It is still insufficient to derive structural parameters
for the 11/9-helix from these trimer structures because one
helical turn is defined by at least four points.[9] It is thus
desirable to obtain the crystal structures of 11/9-helical a/b-
peptides containing four residues or more. Herein we report
crystal structures of the a/b-peptide 11/9-helix with multiple
helical turns, which allowed us to derive the structural
parameters for the 11/9-helix. We hypothesized that the
conformational preference of cis-2-aminocyclohexanecarbox-
ylic acid (cis-ACHC) is amenable to the 11/9-helix in light of
the local conformations of cis-ACHC in the crystal state, as
reported previously.[10] In addition, oligomers of cis-ACHCs
with alternating chiralities display 12/10-helical conforma-
tions in solution,[3d] and are homologous to the 11/9-helix in a/
b-peptides. We chose (1R,2S)-2-aminocyclohexanecarboxylic
acid and d-alanine to prepare a series of a/b-peptide
oligomers. NOESY or ROESY spectra for the a/b-peptides
1–3 are consistent with the characteristic NOEs for the 11/9-
helix, that is, a-residue CaH(i)–a-residue NH(i+2) and b-
residue NH(i)–a-residue NH(i+1) as reported by Sharma and
co-workers (Figure 1).[4a,b] All but one of these characteristic
NOEs were observed for 1–3. Only the NOE between the b-
residue NH(2) and a-residue NH(3) was not observed for the
trimer 1.

Far-UV CD spectra of 1–3 were acquired in methanol (see
Figure S1 in the Supporting Information). The a/b-peptide
trimer 1 does not show any CD signature for a specific folding,
presumably because of weak folding propensity in polar
solvent. The pentamer 2 and heptamer 3 have CD signatures

Figure 1. Structures of a/b-peptides. Arrows indicate characteristic
NOEs for the 11/9-helix observed in CDCl3.
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which are very similar to those for the 11/9-helix: negative
maxima at 200 nm and 220 nm.[4a,b, 11]

The trimer 1 crystallized with two symmetry-independent
conformations in the solid state, conformations designated as
folded and unfolded (Figure 2).[16] The folded conformation
forms two intramolecular hydrogen bonds which correspond
to those for the 11/9-helix: a 11-atom ring hydrogen bond as in

the C=O(i)···H�N(i+3) type interaction between the N-
terminal C=O and the NH of Ala(3), and a 9-atom ring
hydrogen bond as in the C=O(i)···H�N(i�1) type interaction
between the C=O of Ala(3) and the NH of cis-ACHC(2). In
contrast, the unfolded conformation contains no intramolec-
ular hydrogen bonds, but forms intermolecular hydrogen
bonds with the other unfolded neighbors. The local confor-
mations of cis-ACHC in the two structures of 1 are very
similar, with axial C=O and the equatorial NH groups, but
relatively flexible d-Ala residues cause different overall
conformations (Figure 2b).

Several attempts to crystallize longer a/b-peptides 2 and 3
were not successful. We chose to grow crystals from racemic
mixtures afterward. We were inspired by the racemic protein
crystallography, which has been used to characterize
a number of protein structures and secondary structures of
peptide oligomers.[12] To prepare racemic mixtures, we
synthesized enantiomers of 2 and 3 with (1S,2R)-2-amino-
cyclohexanecarboxylic acid and l-alanine. In addition, the a/
b-peptide pentamer 4, with a C-terminal benzyl ester group,
and its enantiomer ent-4 were prepared. The racemate of
pentamers (rac-4) and heptamers (rac-3) crystallized in
centrosymmetric space groups.[12c,16] Figure 3a shows the
crystal structure of rac-4 in the space group P21/c. Each of
the two enantiomers (4 and ent-4) adopts two symmetry-
independent conformations, which are very similar and fully
folded 11/9-helical conformations having two sets of 11- and
9-atom ring hydrogen bonds (Figure 3b and c). The C=O and
the NH groups of Ala(1) in 4 do not participate in intra-
molecular hydrogen bonding, but form two intermolecular
hydrogen bonds with the NH and the C=O groups, respec-
tively, of Ala(1) in ent-4. Figure 4a shows the crystal packing
of rac-3 in the space group P�1. The NH and the C=O groups of

Ala(1) in 3 interact with the C=O and the NH groups,
respectively, of Ala(1) in ent-3 through intermolecular hydro-
gen bonds, which are analogous to those for 4 and ent-4. The
a/b-peptide heptamer 3 adopts a left-handed, fully folded 11/
9-helical conformation with three consecutive sets of alter-
nating 11- and 9-atom ring hydrogen bonds (Figure 4b). The
average distance between the a-residue CaH(i) and a-residue
NH(i+2) is 3.3 �, and the average distance between the b-
residue NH(i) and a-residue NH(i+1) is 3.1 �. Both of the
average distances are within a 5 � NOE detection range, and
are consistent with the characteristic NOEs for the 11/9-helix
observed in solution (Figure 1). The superposition of the
three 11/9-helical backbone structures shows little deviation
from one another (Figure 4 c). In addition, the average

Figure 2. Crystal structures of the a/b-peptide trimer 1: a) two symme-
try-independent conformations; b) overlay of the two conformations.
Arrows and dotted lines indicate hydrogen bonds.

Figure 3. Crystal structure of the a/b-peptide pentamer rac-4 :
a) molecular drawing of crystal packing with 50% probability level
(green: 4 ; blue/lilac: ent-4); b) 11/9-helical structure of 4 viewed
perpendicular to the helical axis (top) and along the helical axis
(bottom); c) overlay of two symmetry-independent conformations of 4.
Arrows and dotted lines indicate hydrogen bonds. Cocrystallized
solvent molecules are omitted.
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backbone torsion angles for the 11/9-helix in the crystal state
are very similar to those predicted by theoretical calculations
(Table 1).[7] These results suggest that the 11/9-helical crystal
structures in this study are canonical helices with little

structural distortion. The cis-ACHC residue is preorganized
to have opposite signs for the f and the y angles, and may be
a prerequisite for mixed helices. In contrast, b-residues that
promote the 11-helix or the 14/15-helix for a/b-peptides adopt
the same sign for the f and the y angles in the crystal state.[15]

The helical parameters of the 11/9-helix were derived
from the crystal structures of 3 and 4 (Table 2).[9] It is
noteworthy that the 11/9-helical backbone appears to be
analogous to the 310-helix, even though the two helices arise
from different types of hydrogen bonds. The number of

residues per turn and the radius of the 11- and 9-helix are 3.0
and 2.0 �, respectively, both of which are similar to those of
the 310-helix.[2, 13] The rise per residue for the 11/9-helix (2.1 �)
is slightly longer than that for the 310-helix (1.8 � in globular
proteins and 1.9 � in model peptides).

The a/b-peptide 11/9-helix with alternating (1R,2S)-cis-
ACHC and d-alanine in this study are complementary to
extended conformations adopted by oligomers with alternat-
ing (1R,2S)-cis-ACHC and l-alanine.[10a] These examples are
in good agreement with the stereochemical patterning
approach by F�lçp and co-workers,[14] thus suggesting that
secondary structures of a/b-peptides can be controlled by the
stereochemistry of the cis-ACHC residue in conjunction with
l-a-residues.

In conclusion, we used the racemates of a/b-peptide
oligomers to provide the centrosymmetric crystal structures
of the 11/9-helix, which features unconventional types of
hydrogen bonds and a small helix macrodipole. The helical
parameters that are derived from these atomic-resolution
structures should enable the precise disposition of side-chain
groups along the 11/9-helical backbone to facilitate the
function-based foldamer design.
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Table 1: Average backbone torsion angles for the 11/9-helix.

Residue Torsion angle[a] Crystal structures[b] Theoretical model[c]

a-residue
f 61 60
y �151 �150

b-residue
f �87 �77
q �52 �60
y 97 100

[a] Figure 1. [b] a-residue =d-Ala, b-residue= (1R,2S)-ACHC. [c] Refer-
ence [7].

Table 2: Helical parameters.

Helix type 11/9-Helix
(a/b-peptides)

310-Helix[a]

(globular proteins)
310-Helix[b]

(model a-peptides)

n[c] 3.0 3.2 3.2
p [�][d] 6.1 5.8 6.3
d [�][e] 2.1 1.8 1.9
r [�][f ] 2.0 2.0 –

[a] Reference [13]. [b] Reference [2]. [c] Number of residues per turn.
[d] Pitch (rise per turn). [e] Rise per residue. [f ] Radius of the helix.
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