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The synthesis and characterization of artificial biopoly-
mers with specific secondary structures have evolved into a
new area of chemistry, which is directly related to the
chemistry of molecular recognition, catalysis, and protein
folding.1-9 Thus, it is of considerable interest that the
oligomers of â-amino acids appear to form predictable, stable,
helical conformations.8-11

Initially, the high tendency of â-peptides to form helices
was somewhat surprising because it has been shown that
some â-alanine-containing triamides are resistant to in-
tramolecular hydrogen bonding.12 To investigate the origin
of the high helix-forming propensity of â-peptides, we
recently carried out a study of the conformational preference
of pentameric â-peptides in chloroform and in methanol. The

study showed that for short â-peptides built from monosub-
stituted â-amino acids bulky side chains promote the 31
helix. In addition, we studied the conformations of polya-
mides in organic solvents.14 However, it is desirable to study
the conformations of polar flexible molecules in water since
most biological events occur in aqueous solution. We have
now designed, synthesized, and characterized a few water-
soluble â-peptides.15

Four heptameric â-peptides with varying groups of polar
side chains were synthesized using solution-phase chemistry
with modified procedures of Seebach.8 A combination of both
convergent and directional approaches (starting from the
C-terminus and ending at the N-terminus) was employed
in our synthesis. The preassembly of the peptide fragments
that do not contain a polar residue allowed efficient synthe-
sis of the polar â-peptides by minimizing the exposure of
the polar side chains in the reaction sequence. Specific
procedures are included in the Supporting Information.

Initially, one polar residue was placed in each of the first
two heptamers. â-Peptide 1 contains a homoglutamate (â-
HGlu) and 2 contains a homolysine (â-HLys) residue.13 After
a solubility test of 1 and 2, the two polar residues were
incorporated into peptides 3 and 4. Peptide 3 contains two
â-HGlu residues, and peptide 4 contains one â-HGlu and
one D-Asp (at the C-terminus). The chirality of the D-Asp
residue matches the rest of the â-amino acid residues if it
is viewed as a â-amino acid with a carboxylate as its side
chain. A â-HGlu residue is intentionally placed at the
C-terminus of peptide 1, and a â-HLys is intentionally placed
at the N-terminus of peptide 2, which encourages the
formation of helical conformations by stabilizing the mac-
rodipole of the helix.16-18 Three nonpolar residues are placed
between the two polar amino acids in peptides 3 and 4.
Therefore, the polar side chains in peptides 3 and 4 are
pointed 120° apart from each other in a helical conformation
avoiding electrostatic repulsion between the two polar side
chains.

The solubility of peptides 1b and 2b in water is <0.1 mM,
which is too small a concentration to use 1H NMR spectros-
copy to study their conformation in water. However, the
water-solubility of peptide 3b is about 5 mM and that of 4b
is greater than 15 mM. The 1H NMR spectra of 4b shows a
minimal change in NH chemical shifts when recorded at
various concentrations (<0.2 ppm from 0.5 mM to 10 mM)
in water, which indicates no serious aggregation in this

(1) Cho, C. Y.; Moran, E. J.; Cherry, S. R.; Stephans, J. C.; Fodor, S. P.
A.; Adams, C. A.; Sundaram, A.; Jacobs, J. W.; Schultz, P. G. Science 1993,
261, 1303-1305.

(2) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S.
L. J. Am. Chem. Soc. 1992, 114, 6568-70.

(3) Hamuro, Y.; Geib, S. J.; Hamilton, A. H. J. Am. Chem. Soc. 1996,
118, 7529-7541.

(4) Gennari, C.; Salom, B.; Potenza, D.; Williams, A. Angew. Chem., Int.
Ed. Engl. 1994, 33, 2067.

(5) Lokey, R. S.; Iverson, B. L. Nature 1995, 375, 303-305.
(6) Smith, A. B.; Guzman, M. C.; Sprengeler, P. A.; Keenan, T. P.;

Holcomb, R. C.; Wood, J. L.; Carroll, P. J.; Hirshmann, R. J. Am. Chem.
Soc. 1994, 116, 9947-9962.

(7) Nowick, J. S.; Mahrus, S.; Smith, E. M.; Ziller, J. J. Am. Chem. Soc.
1996, 118, 1066-1072.

(8) (a) Seebach, D.; Overhand, M.; Kuhnle, F. N. M.; Martinoni, B.;
Oberer, L.; Hommel, U.; Widmer, H. Helv. Chim. Acta 1996, 79, 913-943.
(b) Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Obere, L.;
Hommel, U.; Amstutz, R.; Widmer, H. Helv. Chim. Acta 1996, 79, 2043-
2065. (c) Guichard, G.; Abele, S.; Seebach, D. Helv. Chim. Acta 1998, 81,
187-206.

(9) (a) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.;
Gellman, S. J. Am. Chem. Soc. 1996, 118, 13071-72. (b) Appella, D. H.;
Christianson, L. A.; Klein, D.; Powell, D. R.; Huang, X.; Barchi, J. J.;
Gellman, S. H. Nature 1997, 387, 381. (c) Krauthauser, S.; Christianson,
L. A.; Powell, D. R.; Gellman, S. J. Am. Chem. Soc. 1997, 119, 11719-20.

(10) Marti, R. E.; Bleicher, K. H.; Bair, K. W. Tetrahedron Lett. 1997,
38, 6145-6149.

(11) Leggio, A.; Liguori, A.; Procopio, A.; Sindona, G. J. Chem. Soc.,
Perkin Trans. 1 1997, 1969.

(12) Gung, B. W.; Zhu, Z. J. Org. Chem. 1997, 62, 6100.
(13) We follow the nomenclature used by Seebach for â-amino acids.

Thus, a homoelongated natural amino acid is defined as â-HXaa, where
Xaa is the usual three letter symbol for a natural amino acid.

(14) (a) Gung, B. W.; Zhu, Z. J. Org. Chem. 1996, 61, 6482. (b) Gung, B.
W.; Zhu, Z. J. Org. Chem. 1997, 62, 2324. (c) Gung, B. W.; Zhu, Z.;
Everingham, B. J. Org. Chem. 1997, 62, 3436.

(15) For two other â-peptides that appear to be water-soluble, see refs
8c and 10.

(16) (a) Nicholson, H.; Becktel, W. J.; Matthews, B. W. Nature 1988, 336,
651. (b) Armstrong, K. M.; Baldwin, R. L. Proc. Natl. Acad. Sci. U.S.A. 1993,
90, 11337.

(17) (a) Munoz, V.; Serrano, L. J. Mol. Biol. 1995, 245, 275. (b) Bryson,
J. W.; Betz, S. F.; Lu, H. S.; Suich, D. J.; Zhou, H. X.; O’Neil, K. T.; DeGrado,
W. F. Science 1995, 270, 935.

(18) (a) Bruch, M. D.; Gierasch, L. M. J. Biol. Chem. 1990, 265, 3851-
3858. (b) Nelson, J. W.; Kallenbach, N. R. Proteins: Struct., Funct., Genet.
1986, 1, 211-217. (c) Rohl, C. A.; Chakrabartty, A.; Baldwin, R. L. Protein
Sci. 1996, 5, 2623-2637.

2176 J. Org. Chem. 1999, 64, 2176-2177

10.1021/jo981070f CCC: $18.00 © 1999 American Chemical Society
Published on Web 03/11/1999



concentration range. Significant aggregation is usually
indicated by insolubility and broadening of proton NMR
signals. The amide NH proton NMR signals of 4b in 10%
D2O/90% H2O remain distinct at 15 mM concentration as
shown in Figure 1.19,20

The circular dichroism (CD) spectra of 4b in aqueous
methanol (Figure 2) and aqueous trifluoroethanol (not
shown) indicate an increasing degree of helical conforma-
tions with an increasing amount of alcohol concentration.
The typical CD signature of a helical â-peptide persists for
4b even in 100% water. However, the helical content in
water is not enough to produce cross NOE peaks typical of
a 31 helix. Therefore, we have concentrated on the identifica-
tion of the ester form of these â-peptides (1a-4a) in
chloroform solution. Two-dimensional NMR methods, COSY,
TOCSY, NOESY, and ROESY on an 800 MHz machine,
allowed us to assign all signals in the 1H NMR spectra to
specific residues. The 13C chemical shifts are assigned using
the NMR methods DEPT and hydrogen-carbon correlation
(HMQC) experiment.20

The peptide sequence is assigned by using the NOE cross-
peaks between the NH(i) proton and the H-C (R, i - 1). A
complete set of δRN (i, i + 1) NOE cross-peaks are identified
for peptide 4a (see Table 1 in the Supporting Information).
NOE cross-peaks are also observed in the NOESY spectrum
for sequential neighboring NHs (the NHs of residue i and i
+ 1, δNN; see Figure 1 in Supporting Information). There
are strong NOE cross-peaks between the side chain CHx

groups of the ith residue and the side chains of the i + 3
residue. Strong NOE cross-peaks are also observed between
the H-Câ of the ith residue and the side chains of the i - 3
residue. Those are strong indications of a 31 helical confor-
mation.

The CD spectra of â-peptides (1b-4b) are collected on a
JASCO 715 CD spectrometer. In Figure 2, the CD spectra
of peptide 4b in a mixture of CH3OH and H2O (0:100, 25:
75, 50:50, 75:25, and 100:0) are displayed. The highest
population of helices is observed when methanol is the
solvent. As water is added to the solution, the molar
ellipticity is proportionally decreased. Trifluoroethanol is
known to enhance helix formation by natural peptides.18

However, the origin of the enhancement is not clear. It is
interesting to note that methanol also enhances the forma-
tion of helix in water by a â-peptide.

An overlay of the CD absorptions from 1b to 4b in 50%
methanol/50% H2O solutions at 0.2 mM concentration is
displayed in Figure 3, which suggests a varying degree of
helical conformations. It is noteworthy that 4b assumes a
considerably greater amount of the helical conformation than
3b despite the fact that the difference between their
structures is only two methylene units. It is not entirely clear
what is the origin of this difference. However, this observa-
tion should be helpful in the design of helical, water-soluble
â-peptides.

In summary, to achieve a reasonable water-solubility for
â-peptides there should be one polar residue for every three
nonpolar residues. For future studies in this area, a water-
soluble peptide with a predictable helical conformation
should be useful in the designing of molecular scaffolding
for studies of other secondary structures. Our current work
is aimed at synthesizing water-soluble â-peptides with a
higher helix-forming propensity.
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Figure 1. Amide region of the 1H NMR spectrum of â-peptide
4b in a solution of 10% D2O/90% H2O recorded on an 800 MHz
spectrometer. The assignment of the NHs to specific residues is
made on the basis of a TOCSY experiment.20

Figure 2. CD spectra of â-peptide 4b in CH3OH/H2O mixture.
Concentration is 0.2 mM, molar ellipticity [Q] in 10 deg cm2 mol-1.
Ratio of CH3OH/H2O: red, 0:100; green, 25:75; yellow, 50:50;
purple, 75:25; blue, 100:0.

Figure 3. CD spectra of â-peptides 1b-4b in 50% MeOH/50%
H2O. Concentration is 0.2 mM, molar ellipticity [Q] in 10 deg cm2

mol-1. â-Peptide: 1, black; 2, purple; 3, red; 4, blue.
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