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also been limited to organic solvertsOrganic solvents often
exert very strong structure-stabilizing effects on conventional
peptides, relative to water. Here we show tfigbeptides with
just six residues display a high population of a specific helical
conformation in aqueous solution, if backbone flexibility is limited
by careful residue choice.

Short oligomers of optically purgans-2-aminocyclohexane-
carboxylic acid (ACHCY, or of optically pure acyclig-substituted
B-amino acids, adopt a helix defined by 14-membered ring
hydrogen bonds (“14-helix”) in organic solvents and in the solid
state. We have previously proposed that the backbone constraint
provided by the cyclohexane ring should confer very high
conformational stability on ACHC oligomefsTo test this
hypothesis in aqueous solution, we synthesize®,R,R2,5-
diaminocyclohexanecarboxylic acid (DCHC) derivative with
differential protection on the amino groupsVe then prepared a
series of hexg-peptides,1—4, with varying proportions of
cyclohexyl and acyclig-amino acid residues. The acyclic residues
were synthesized from the correspondmg-amino acids (or-
nithine, phenylalanine, or valine) by the elegant Seebach méthod.
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Biological systems rely on peptides and proteins for a wide
variety of functions, but designing new activities into short, linear
o-amino acid oligomers is difficult because of high intrinsic
flexibility. Conformational instability arises because the forces
that promote folding, like hydrogen bonds and hydrophobic
interactions, are insufficient to overcome the entropic cost of
ordering the oligoa-amino acid backbongi-Amino acid oligo- o
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Hexaf-peptidesl—4 were designed to bear a charge-e8 at
pH < 7, with the charges spread around the periphery of the 14-
helix, to ensure agueous solubility and discourage aggregation.

High-resolution structural analysis of all-cyclohexyl hexamer
1 by 'H NMR was hampered because of poor spectral resolution;
however, hexame2, with a 2:1 cyclohexyl:acyclic ratio, could
be analyzed in this way (100 mM GDO.D/CDsCO;Na, pH
3.9)8 The six NH resonances were well resolved €5 but the
CsH of residues 2 and 6 were completely overlapped, and there
were several cases of partial overlap among tfi¢ &nd the GH
resonances. In addition to the main set of resonanceg,far
minor set of signals was observed in the amide region. The
proportion of this minor component varied with temperature
(maximum of 11%); the minor resonances broadened significantly
above 40°C and were undetectable at B&. This behavior
suggests that the minor species is a conformational isomer,
presumably about the carbamate- i€ bond?

NOESY data for2 at 5°C revealed numerous short- and long-
range interactions consistent with 14-helix formation. ROESY
data obtained at 3%C indicated that the 14-helical conformation
of 2is very stable, since many helix-defining correlations persisted
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Figure 1. Backbone-only overlay of an NOE-derived structure (dark)
and the crystal structure (light) of a 14-helical hgkpeptide comprised
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Figure 2. Circular dichroism data. Left: Hexg-peptidesl—4 (in order
of decreasing ellipticity at 215 nm), 100 nM aqueous sCBH/
CH3CO:Na, pH 3.9, 25°C. Right: Hexas-peptidel at 25, 45, 65, and
80 °C (upper set of curves, in order of decreasing ellipticity at 215 nm),
and dif-peptide5 at 25 °C (lowest curve). Data were obtained on a
Jasco J-715 instrument with 1-mm pathlength cells. The data have been
normalized forf-peptide concentration and number of residues.

ascribe to 14-helix formation. Hexapeptide2 also displays a
maximum at 215 nm. The intensity at 215 nm is modestly

of cyclohexane-based residues (ref 3); the rms deviation between thesediminished for2 relative tol, suggesting that replacement of two

two structures (heavy backbone atoms) is 0.27 A. Details of the NMR

cyclohexyl residues by acyclic residues has modestly decreased

and NOE-restrained dynamics analyses may be found in the Supporting14-helix stability. Further diminution of 14-helical stability is

Information.

observed foi3, in which half of the residues are acyclic. Hexa-
[-peptided, with a completely unconstrained backbone, no longer

at this elevated temperature. Only two cross-peaks inconsistentdisplays the maximum at 215 nm. Previous data have suggested

with the 14-helix were identified in any of the two-dimensional
studies, very weak NH— CgHi—; NOEs involving the NHs of
residues 5 and 6.

that S-peptides containing exclusively acyclic residues and
p-peptides containing exclusively rigidified cyclic residues adopt
helices with comparable stability in organic solvetitin contrast,

Restrained molecular dynamics calculations were performed the present results suggest that rigidified residues are essential

with distance restraints derived from the NOE dafahese
simulations identified a set of 16 structures with low restraint
violation and minimum energy; the rms deviation among these

for short well-defined helices in water.
Variable-temperature CD data ftirsuggest that heating from
25 to 80°C causes only modest diminution of 14-helical folding

structures was 0.1 A. The conformations are very homogeneousin aqueous solution (Figure 2). Even at 8D, the maximum at
except at the N terminus, where the benzyloxycarbonyl-protecting 215 nm is considerably more intense fothan for dif3-peptide

group displays considerable flexibility. Figure 1 is an overlay of
the backbone of one of the NMR-derived structures and the
backbone from the crystal structure of an ACHC hexafiEris
juxtaposition shows that despite the presence of two acyclic
residues and aqueous solvation, h@xpeptide 2 displays a
14-helical conformation very similar to that of A-peptide
comprised exclusively of cyclohexane-based residues.

Circular dichroism (CD) allowed us to compare 14-helix
stability among hex#-peptidesl—4, i.e., to monitor the effect
of incrementally relaxing backbone constraint by replacing
cyclohexyl residues with acyclic residues (Figure 2). Recent
experimental and theoretical wadrk has established the utility
of CD for identification of helical structure if-peptides. Hexa-
p-peptidel displays a broad maximum at ca. 215 nm, which we
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5 at room temperature. The CD spectrum of h@xpeptide?2
also manifested relatively little change between 25 t68@not
shown). These findings indicate that use of conformationally
constrainegb-amino acid residues allows creation of a small and
specific three-dimensional structure, in this case just two turns
of 14-helix, that is extremely stable in water.

The 14-helices adopted by heggpeptides1l and 2 are
remarkable because, at most, only four intramolecular hydrogen
bonds can form, and small hydrogen-bonded structures are
virtually never stable in wateo-Helical a-amino acid oligomers
display much less conformational stability on a per-residue basis.
o-Peptides 68 residues in length are typically used as standards
for the unfolded (“random coil”) state, because even when these
conventional peptides are comprised of residues with high
a-helical propensity, they display no detectable folding in wéter.
Short oligoprolines have been proposed to adopt polyproline I
helical conformations in aqueous solution, but these conclusions
have been based exclusively on low-resolution structural’data.
Despite widespread recent interest in unnatural oligomers with
well-defined folding propensities, only a few conformational
studies have been reported in aqueous soldtidio high-
resolution structural data were available for an unnatural oligomer
in water prior to this report.

The high conformational stability of short oligomers of properly
choserp-amino acids in aqueous solution suggestsfthaeptides
will provide useful scaffolds for creation of biologically active
molecules with predetermined shapes. In particularjtpeptide
14-helix (1.6 A rise per residue; 4.0 A internal diameter) could
mimic a-helices (1.5 A rise per residue; 3.2 A internal diameter),
providing a new strategy for targeted disruption of protgirotein
complexes$ Biological applications off-peptides should be
facilitated by their resistance to protease degraddfiéh.

Supporting Information Available: Description of NMR and
modeling studies (PDF). This material is available free of charge via the
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