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The secondary structures of oligomeric organic molecules are
known to reveal fascinating architectures that can be responsible
for their aesthetic beauty as well as their biological function.
Nowhere are these features more prominently evident than in
peptides and proteins, where the Holy Grail of structure and
function can be related in many instances to the presence of the
venerableR-helical motif.1,2 TheR-helix is ubiquitous in oligo-
mers of naturalR-amino acids,2 and a great deal of scholarly
research has been devoted to the fundamentals of their design
and secondary structures.3

Recent work published by Seebach4.5 and Gellman,6 as well
as efforts in our laboratory,7 have revealed thatâ-peptides can
also adopt helical structures in solution, as evidenced mainly by
NMR, molecular modeling, and CD measurements.8,9 Other
unnatural oligomers are also known to exhibit interesting second-
ary structures.10

We report thatγ-peptides derived by homologation ofL-alanine
andL-valine form stable right-handed helical secondary structures
in organic solvents as evidenced by detailed NMR studies.
Remarkably, a mere tetramer unit “γ-Ala-γ-Val-γ-Ala-γ-Val” is
sufficient for helix formation, a trend which is observed in the
corresponding hexamer and octamer as well. We also show that
R-substitution in theseγ-peptides can further stabilize the helical
structure, provided that the spatial orientation of theR-group is
compatible with the main peptide backbone.11

The homologousγ-peptides were synthesized by following
standard methods of chain extension12 and peptide coupling13

(Figure 1). Theγ-peptides1-5 were then studied by 2D-NMR
in pyridine-d5, which gave much better resolutions compared to
CD3OH or CDCl3. 1H NMR resonances and sequence assign-
ments were done by COSY, TOCSY, and ROESY techniques
for the tetramer1 and hexamer2 (as theirN-Boc 2-(trimethyl-
silyl)ethyl or benzyl esters), for the Boc-deprotected octamer (TFA
salt) 3, and for the (R,S)-methyl-substituted analogues4 and5.
Sequential assignments and structure determination was based on
key interresidue NOEs.13 Families of structures for each molecule
were determined using a restrained molecular dynamics simulated
annealing protocol14,15 that included NOE-derived distances as
well as NOE and coupling-constant-derived dihedral restraints.
Figure 2 shows the right-handed 2.61 helical structures of the
tetramers1 and4 and hexamers2 and5 as well as octamer3 as
20 superimposed structures. Taking the latter as a representative
example of a helical structure in solution, the motif exhibits well-
defined (i + 3)NH‚‚‚OdC(i) H bonds, generating 14-membered
rings with a pitch of ca. 5 Å. Temperature-dependence experi-
ments16 for peptides1, 2, 4, and5 in pyridine-d5 and DMSO-d6

titration experiments10b,17 in pyridine-d5 or CDCl3 for peptides1
and2 corroborate the 2D-NMR assignments. Thus, the chemical
shifts of the NH protons of residues 3-6 in the hexapeptide2
taken as a representative example are only weakly affected over
the range 273-323 K, indicating a relatively stable interresidue
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(1) Pauling, L.; Corey, R. B.; Branson, H. R.Proc. Natl. Acad. Sci. U.S.A.

1951, 37, 205.
(2) See for example: (a) Aurora, R.; Creamer, T. P.; Srinivasan, R.; Rose,

G. D. J. Biol. Chem.1997, 272, 1413. (b) Naider, F.; Goodman, M. In
Bioorganic Chemistry;Van Tamelen, E. E., Ed.; Academic: New York, 1977;
Vol. III, p 177.

(3) For recent examples, see: (a) Betz, S. F.; Liebman, P. A.; DeGrado,
W. F. Biochemistry1997, 36, 2450. (b) Nautiyal, S.; Woolfson, D. N.; King,
D. S.; Alber, T.Biochemistry1995, 34, 11645. (c) Olofsson, S.; Johansson,
G.; Baltzer, L.J. Chem. Soc., Perkin Trans.1995, 2, 1. (d) Ghadiri, M. R.;
Soares, C.; Choi, C.J. Am. Chem. Soc.1992, 114, 825.

(4) For a selection of papers, see: (a) Seebach, D.; Matthews, J. L.Chem.
Commun., 1997, 2015. (b) Seebach, D.; Gademann, K.; Schreiber, J. V.;
Matthews, J. L.; Hintermann, T.; Jaun, B.; Hommel, L.; Widmer, H.HelV.
Chim. Acta1997, 80, 2033. (c) Seebach, D.; Overhand, M.; Kuhnle, F. N.
M.; Martinoni, B.; Oberer, L.; Hommel, U.; Wider, H.HelV. Chim. Acta1996,
79, 913.

(5) We thank Prof. Seebach for informing us of his recent results on the
structure of aγ-peptide, see: Hintermann, T.; Gademann, K.; Jaun, B.; Seebach,
D. HelV. Chim. Acta1998, 81, 983.

(6) (a) Appella, D. H.; Christianson, L. A.; Klein, D. A.; Powell, D. R.;
Huang, S.; Barchi, J. J., Jr.; Gellman, S. H.Nature (London)1997, 387,381.
(b) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman,
S. H. J. Am. Chem. Soc.1996, 118, 13071. (c) Gellman, S. H.Acc. Chem.
Res.1998, 31, 173.

(7) (a) Hanessian, S.; Yang, H.; Schaum, R.J. Am. Chem. Soc.1996,
118, 2507. (b) A right-handed helical structure for an (R,S)-allylated
â-hexapeptide was deduced from molecular dynamics calculations, see:
Hanessian, S.; Yang, H. Unpublished results; see also citation in ref 4a
(footnote 3).

(8) For a review, see: Johnson, W. C., Jr.Proteins: Struct., Funct. Genet.
1990, 7, 205.

(9) An X-ray crystal structure of an oligomericâ-amino acid peptide
derived from trans-2-aminocyclohexanecarboxylic acid was reported by
Gellman (see ref 6).

(10) For representative examples, see: (a) Szabo, L.; Smith, B. L.;
McReynolds, K. D.; Parrill, A. L.; Morris, E. R.; Gervay, J.J. Org. Chem.
1998, 63, 1074. (b) Karle, I. L.; Pramanik, A.; Banerjee, A.; Bhattacharjya,
S.; Balaram, P.J. Am. Chem. Soc.1997, 119, 9087. (c) Austin, R. E.;
Maplestone, R. A.; Sefler, A. M.; Liu K.; Hruzewicz, W. N.; Liu C. W.; Cho,
H. S.; Wemmer, D. E.; Bartlett, P. A.J. Am. Chem. Soc.1997, 119, 6461. (d)
Banerjee, A.; Balaram, P.Current Sci.1997, 73, 1067. (e) He, Y. B.; Huang,
Z.; Raynor, K.; Reisine, T.; Goodman, M.J. Am. Chem. Soc.1993, 115, 8066.
(f) Rabanal, F.; Ludevid, M. D.; Pons, M.; Giralt, E.Biopolymers1993, 33,
1019. (g) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S.
L. J. Am. Chem. Soc.1992, 114, 6568. See also Burgess, K.; Ibarzo, J.;
Linthicum, D. S.; Russell, D. H.; Shin, H.; Shitangkoon, A.; Totani, R.; Zhang,
A. J. J. Am. Chem. Soc.1997, 119, 1556; Paikoff, S. J.; Wilson, T. E.; Gho,
C. Y.; Schultz, P. G.Tetrahedron Lett.1996, 37, 5653.

(11) For a discussion of the effects of substitution in peptides, see: (a)
Song, S. S.; Wu, X. X.Biopolymers1997, 42, 633. (b) Hruby, V. J.; Li, G.;
Haskell-Luevano, C.; Shenderovich, M.Biopolymers1997, 43,219. (c) Huang,
Z.; He, Y. B.; Raynor, K.; Tallent, M.; Reisine, T.; Goodman, M.J. Am.
Chem. Soc.1992, 114, 9390; see also refs 4 and 6.

(12) For chain homologation, see: Hanessian, S.; Schaum, R.Tetrahedron
Lett. 1997, 38, 163.

(13) See the Supporting Information.
(14) Brunger, A. T.X-PLOR Version 3.1, Users Manual,2.1 ed.; Yale

University: New Haven, CT, 1992.
(15) Michnick, S. W.; Rosen, M. K.; Wandless, T. J.; Karplus, M.;

Schreiber, S. L.Science1991,252, 836.
(16) For recent examples, see: (a) Raj, P. A.; Marcus, E.; Sukumaran, D.

K. Biopolymers1998, 45, 51. (b) Nowick, J. S.; Pairish, M.; Lee, I. Q.; Holmes,
D. L.; Ziller, J. W. J. Am. Chem. Soc.1997, 119, 5413; see also ref 10c.

(17) See for example: Jain, R. M.; Rajashankar, K. R.; Ramakumar, S.;
Chauhan, V. S.J. Am. Chem. Soc.1997, 119, 3205; the titration in CDCl3
was sensitive to the concentration of DMSO-d6.

Figure 1. Chemical structures of three types ofγ-peptides
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H-bonded structure within the helix (Table 1). Interestingly, the
(R,S)-methylated analogues of tetramer4 and hexamer5 showed
smaller NH shifts compared to their unsubstituted precursors1
and2, thus indicating a higher order of helix stability, possibly
due to more favorable side-chain hydrophobic interactions.11 The
NH protons ofγ-Val(4) andγ-Ala(3) are the least shifted in the
presence of increasing concentrations of DMSO-d6, thus reflecting
the relative stability of the interresidue H bonds in the 14-helix

of tetramer1 (Figure 3). Circular dichroism experiments13 did
not reveal the characteristic patterns exhibited by helical structures
of R- and â-peptides, an observation also corroborated by
Seebach5 and Balaram.18

The presence of a stable helical structure, even at the level of
a tetramer such as1, is unprecedented for unnatural peptides.
Equally of interest is the consequence ofR-substitution in the
tetra- and hexapeptides1 and2. Inspection of models predicted
that an (R,S)-methyl substituent would not alter the 14-helix
because of its favorable spatial orientation vis-à-vis the main
peptide backbone. Not surprisingly, the (R,R)-methylated ana-
logue 6 in a related series did not adopt a helical secondary
structure, no doubt due to unfavorable nonbonded interactions
of the R-substituent in a 14-helix.5,19

The facility with whichγ-peptides can assume stable helical
structures in protic and nonprotic solvents such as methanol5 and
pyridine is of interest in many contexts. In addition to the purely
architectural and design aspects, such unnaturalγ-peptides can
exhibit biological activity in their own right. Potentially more
relevant, however, is the prospect that such metabolically longer-
lived peptides can replace topologically similar segments in larger
peptide units formed by naturalR-amino acids. Insertion of such
surrogate motifs in nonfunctional regions of biologically active
oligopeptides in which relevant natural segments are maintained
would offer a powerful tool toward the engineering of novel
functionally useful hybrid proteins.20
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Figure 2. Right-handed 14-helical structures of tetramer1 (top left),
hexamer2 (top right), octamer TFA salt3 (middle, side view and top
view of 20 superpositions), (R,S)-methylated tetramer4 (bottom left),
and hexamer5 (bottom right). Structures are derived from NMR
constraints. Green) carbon, red) oxygen, blue) nitrogen.

Table 1. Temperature Dependence (-dδ/dT) of 1H NMR
Chemical Shifts of the NH Protons ofγ-Peptides1 and2 and
(R,S)-Methylatedγ-Peptides4 and5 (1 mM in Pyridine-d5)a

peptides γ-Ala(1) γ-Val(2) γ-Ala(3) γ-Val(4) γ-Ala(5) γ-Val(6)

1 15.1 12.6 5.4 5.0
2 14.4 13.3 5.4 3.9 5.8 5.8
4 12.3 10.6 1.7 2.9
5 10.5 9.1 3.1 2.4 3.0 3.1

a Values are expressed in ppb K-1.

Figure 3. Chemical shift movements of amide protons of tetramer1 (1
mM in pyridine-d5, 25 °C) in the presence of increasing concentrations
of DMSO-d6 (1-15% v/v): (a) Val-2; (b) Val-4; (c) Ala-3; (d) Ala-1.
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