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ABSTRACT

â-Peptides containing residues derived from trans -2-aminocyclohexanecarboxylic acid (ACHC) display high population of 14-helical secondary
structure in aqueous solution. We show that hydrophobic interactions between cyclohexyl rings are not responsible for this conformation-
promoting effect, and that polar groups may be attached to the cyclohexyl ring without diminishing the effect.

Oligomers that adopt predictable conformations in aqueous
solution, that can be prepared via straightforward modular
chemistry, and that enable display of a wide range of
functional groups are attractive as a basis for creating new
types of biologically active agents.1 â-Peptides have become
increasingly popular in this regard because this class of
foldamers allows access to a variety of backbone conforma-
tions.2 The 14-helix is the most widely studiedâ-peptide
folding pattern.2,3 â-Peptides favoring the 14-helix have been

reported to display antibacterial4 and antifungal5 activity, to
enter cells,6 to block protein-protein interactions,7 to self-
assemble into helix-bundle quaternary structures,8 and to
form lyotropic liquid crystalline phases.9 In each case the
ability of theâ-peptide to display side chains in a particular
three-dimensional arrangement, as a result of 14-helix
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Oberer, L.; Hommel, U.; Widmer, H.HelV. Chim. Acta1996,79, 913. (b)
Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Oberer, L.;
Hommel, U.; Amstutz, R.; Widmer, H.HelV. Chim. Acta1996,79, 2043.
(c) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman,
S. H.J. Am. Chem. Soc.1996, 118, 13071. (d) Appella, D. H.; Christianson,
L. A.; Karle, I. L.; Powell, D. R.; Gellman, S. H.J. Am. Chem. Soc.1999,
121, 6206.

(4) (a) Hamuro, Y.; Schneider, J. P.; DeGrado, W. F.J. Am. Chem. Soc.
1999,121, 12200. (b) Liu, D.; DeGrado, W. F.J. Am. Chem. Soc.2001,
123, 7553. (c) Raguse, T. L.; Porter, E. A.; Weisblum, B.; Gellman, S. H.
J. Am. Chem. Soc.2002,124, 12774.

(5) Karlsson, A. J.; Pomerantz, W. C.; Weisblum, B.; Gellman, S. H.;
Palecek, S. P.J. Am. Chem. Soc.2006,128, 12630.

(6) Potocky, T. B.; Menon, A. K.; Gellman, S. H.J. Am. Chem. Soc.
2005,127, 3686.

ORGANIC
LETTERS

2007
Vol. 9, No. 9
1801-1804

10.1021/ol070511r CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/30/2007



formation, appears to be crucial for activity. The expanding
range of applications among 14-helical molecules highlights
a need for understanding the factors that stabilize this
â-peptide secondary structure.

Here we describe experiments that probe the contribution
of ring-constrainedâ-amino acid residues to 14-helix pro-
pensity in aqueous solution.trans-2-Aminocyclohexanecar-
boxylic acid (ACHC) residues favor 14-helical folding in
water more strongly than do analogousâ3-residues (which
bear a single side chain adjacent to the backbone nitrogen
atom).10 Specialized strategies to promote 14-helicity in water
with exclusivelyâ3-residues have recently been identified.11

Most prominent among these strategies isi, i + 3 positioning
of complementary ionic side chains, which allows intrahelical
salt bridge formation (the 14-helix has ca. 3 residues per
turn), and incorporatingâ3-residues with side chains branched
adjacent to the backbone, such asâ3-homovaline (â3-hVal).

Employing side chain ion pairing and/or branching generally
requires that two-thirds of the residues be devoted to 14-
helix stabilization. To assess the helix-promoting effects of
ACHC relative to ion pairing and side chain branching, we
have previously comparedâ-peptide1 (â3hVal-â3hGlu-â3-
hOrn-â3hVal-â3hOrn-â3hGlu-â3hVal; â3-residues derived
from D-R-amino acids), the enantiomer of which was
originally described by Seebach et al.,11a and ACHC-
containing analogue2 (ACHC-â3hGlu-â3hOrn-ACHC-â3-
hOrn-â3hGlu-ACHC).10b We found that2 displays a greater
extent of 14-helicity than does1, especially under conditions
that preclude salt bridge formation. The behavior of2
suggests that rigidification of fewer than half of the residues
can strongly promote 14-helicity in shortâ-peptides, and that
use of ACHC for this purpose is advantageous relative to
other strategies, because a majority of the residues can bear
side chains selected for function rather than structure
stabilization.

Our observations with2 raise a question: does the
alignment of ACHC residues along one side of the 14-helix
contribute to conformational stability in water? The cyclo-
hexyl unit is hydrophobic, and therefore the stacking of
ACHC rings upon one another in the folded state might bury
considerable hydrophobic surface. A requirement for ACHC
alignment would be a significant constraint on the design of
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Figure 1. Structures ofâ-peptides3-5. The difference between the “a” (aligned) and “n” (non-aligned) series is illustrated for3a/n; the
sequential swap between residues 6 and 7 is highlighted in red. Structures4n and 5n (not shown) have a comparable sequential swap
between residues 6 and 7 relative to4a and5a, respectively.
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â-peptides that are intended to adopt the 14-helix. To address
this question we have prepared and examined three pairs of
deca-â-peptide sequence isomers,3a/n, 4a/n, and 5a/n
(Figure 1).

The sequence of3a (a for “aligned”) was designed so that
in the 14-helical conformation the three ACHC residues
would be aligned along the helix axis. Sequence isomer3n
(n for “non-aligned”) does not allow direct contact of ACHC
rings along the side of the 14-helix. Twoâ3-hLys residues
were incorporated because we believed that a net charge,
arising from protonation of the side chain amino groups,
would be important for conferring aqueous solubility.12 Most
residues in3a/n areâ3-hSer, which was chosen because the
side chain is small, polar, and uncharged. ACHC is expected
to be the dominant 14-helix-promoting component ofâ-pep-
tides3a/n. If stacking of cyclohexyl rings upon one another
is important for 14-helical stability in water, then3a should
display a larger extent of folding than does sequence isomer
3n.

We used circular dichroism (CD) for qualitative compari-
son of secondary structure amongâ-peptides in solution.
Figure 2A shows far-UV CD signatures for 0.1 mM3a or

3n in aqueous buffer (10 mM Tris, pH 7.2) or in methanol.
In water,3a and3n display a minimum around 214 nm and
a maximum around 195 nm, a signature that is characteristic

of the 14-helix.2,3,10,11,13 In methanol, the corresponding
minima and maxima are at similar wavelengths. Two
conclusions can be drawn from this comparison. First, since
CD intensities observed in aqueous buffer for3n are nearly
identical with those observed for3a, it appears that cyclo-
hexyl stacking doesnot play a major role in stabilizing the
14-helical conformation. Second, since the CD intensities
in water are comparable to those in methanol, it is possible
that theseâ-peptides are fully folded in water. This conclu-
sion arises from extensive literature onâ-peptides constructed
exclusively fromâ3-residues, for which CD intensities in
methanol are always greater than CD intensities in water,
often dramatically so.14 This effect is illustrated by the CD
data for â-peptide4a (Figure 2B), the analogue of3a in
which ACHC has been replaced byâ3-hLeu. No sign of 14-
helicity can be detected for4a in water, but a strong 14-
helical signature is observed in methanol. Identical behavior
was observed for4n.15 Monitoring the CD minimum at 214
nm for4aor 4n as a function of water:methanol ratio reveals
a sigmoidal relationship (Figure 3). Thus, water appears to

be a potent denaturant for the 14-helix formed by the all-â3

sequences. Comparisons between series3 and 4 illustrate
the profoundly stabilizing effect of a small proportion (30%)
of ACHC residues on folding in aqueous solution.

The interpretation offered above regarding CD data for
3a and3n is based on the assumption that neither molecule
self-associates in aqueous solution. This assumption is
supported by our finding that 8-fold dilution of each
â-peptide caused no change in mean residue ellipticity at
214 nm.15 We probed further for self-association in3a by
examining an analogue in which the cyclohexane-based
residues do not present a hydrophobic outer edge to the
solvent. This effort involved replacing ACHC with a
derivative bearing hydroxyl groups on carbons 4 and 5. The
necessaryâ-amino acid building block was available only
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Figure 2. (A) CD data for3a and 3n in aqueous buffer and in
methanol; CD data for5a and5n in aqueous buffer. (B) CD data
for 4a in aqueous buffer and in methanol.

Figure 3. CD intensity at 214 nm of4a and4n as a function of
solvent composition, varying between pure methanol and pure
aqueous buffer.
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with R configuration at the ring positions bearing the amino
and carboxyl groups;16 to generate5a/n, this novelâ-amino
acid was combined withâ3-amino acids derived fromD-R-
amino acids to achieve the homochirality required for 14-
helical folding. The hydroxyl groups are equatorial on the
cyclohexyl ring; therefore, when the dihydroxylated ACHC
residues are aligned along one side of the 14-helix, as in5a,
they will not form an outward-facing hydrophobic surface
of the type that might support self-association. The CD
signatures displayed by5aand5n in aqueous buffer (Figure
2A) are similar to one another and, in mirror image fashion,
to the CD signatures of3aand3n under the same conditions.
These similarities show that the dihydroxylated ACHC
residue supports 14-helix formation, and they strongly
suggest that self-association does not play a role in determin-
ing the extent of 14-helix formation in3a.

We chose5a for qualitative correlation of CD and 2D
NMR (ROESY) data because of the novelâ-amino acid
residues in thisâ-peptide. Extensive precedent has shown
that CRH(i) f CâH(i + 3) NOEs are a hallmark of 14-helical
secondary structure.3,10 There are seven possible CRH(i) f
CâH(i + 3) pairings in deca-â-peptide5a (Figure 4). We

examined5a in 9:1 H2O:D2O and in CD3OH (the CD
signature for5a in methanol matched that of3a and3n (not
shown)). At 14°C in 9:1 H2O:D2O, four of the seven possible
NOEs could be identified, those involving residue pairs 1/4,
5/8, 6/9, and 7/10. The other three NOEs might have been
present, but resonance overlap prevented unambiguous
assignment. At 14°C in CD3OH, five of the seven NOEs
could be identified, for pairs 1/4, 2/5, 4/7, 5/8, and 7/10; the
other two NOEs might have been present.15 Despite problems
arising from partial resonance overlap, these ROESY data
provide strong evidence for a high population of the 14-
helical conformation because both terminal CRH(i) f CâH-
(i + 3) NOEs could be clearly observed in each solvent.
For partially folded helices, from bothR- andâ-peptides, it
is commonnot to detect characteristic NOEs at termini, even
if NOEs from central regions are strong, because helix
termini are often “frayed”.17

We applied several standard techniques to try to disrupt
14-helicity of3a in aqueous solution, with results monitored
by CD. Heating from 25 to 80°C caused only a modest
diminution in the intensity of the 14-helical signature.
Introduction of 8 M urea, a common protein denaturant, had
virtually no effect on the CD signature of3a, and introduction
of guanidinium chloride, a more potent denaturant, led to
only modest changes. Nearly identical behavior was observed
for 3n under these various conditions.15 Overall, these results
indicate that the ACHC-stabilized 14-helix is a very robust
molecular scaffold.

We have shown that the very high 14-helix stability
manifested by shortâ-peptides containing ACHC residues
does not require that the cyclohexyl residues be aligned to
allow cyclohexyl-cyclohexyl stacking in the helical con-
formation. In addition, we have shown that introduction of
polar functional groups as equatorial substituents on the
cyclohexyl ring does not diminish the strong 14-helical
propensity provided by the cyclic constraint. These results
suggest that promotion of 14-helicity by ACHC and deriva-
tives arises from conformational preorganization of the
backbone. A number of strategies based purely on acyclic
residues have been reported for stabilizing the 14-helix in
water,11 but these approaches typically require that a large
proportion (e.g., two-thirds) of the residues be tailored for
this purpose or that additional synthetic steps be introduced
to connect side chains covalently. Our results suggest that
incorporation of a small number of cyclohexyl-rigidified
residues at any positions within a shortâ-peptide will lead
to high 14-helicity in water, and that a wide variety of
residues may be placed at the remaining positions. The ability
to distinguish between a small number of structure-driven
residue choices and a large number of function-driven
residues should enable ACHC-containingâ-peptides to
display diverse functions.
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Figure 4. Graphical representation of a CRH(i) f CâH(i + 3) NOE
observed for5a.
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