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The properties of peptides and proteins depend on their
three-dimensional structure, which itself is determined by the
sequence of the amino acids, that is, the primary structure. The
mechanisms of formation and the parameters determining the
stability of secondary structures of proteinsÐincluding not
only the helix, the pleated sheet, and the turn, but also the
random-coiled regionÐare not yet fully understood.[1] In
contrast, b-peptides (oligomers of b-amino acids[2]) adopt
predictable[3] secondary structures that can also be identified
by calculations.[4] This also holds for b-peptides whose back-
bones are not conformationally restricted by cyclic residues.
Thus, b-peptides composed of more than five homochiral b2-,
b3-, or like-b2, 3-amino acids[5] with proteinogenic side chains
form a 314 helix in methanol with all substituents in lateral
positions;[3] on the other hand, chains consisting of (R)-b2/(S)-

b3 or unlike-b2, 3 residues were expected to adopt an extended
conformation, with formation of pleated sheets (Figure 1 a);
in b-peptide sections with (S)-b2/b3 or with geminally disub-
stituted b2, 2-amino acid moieties we have observed the

Figure 1. a) Model of a fully extended b-peptide chain. b-Amino acid
sequences with R1 to R6 6�H, R7�H (unlike-b2, 3, type I) or, for example,
R1, R4, R5 6�H, R2, R3, R6, R7�H ((S)-b3/(R)-b2, type II) preclude a b-
peptide from adopting the 314-helical secondary structure; the linear
arrangement is enforced.[2, 3, 6] Geminal disubstitution, for example R5 and
R7 6�H, prevents both the formation of the helix and the aggregation to a
pleated sheet (see 14-membered hydrogen-bonded turns in Figure 2 and
the discussion in reference [3]). b), c) Ten-membered hydrogen-bonded
turns found in the b2-b3-segments of the 12/10/12 helix[3, 7] or formed by
geminally disubstituted b-peptides.[8]

formation of ten-membered hydrogen-bonded rings (Fig-
ure 1 b, c). These results and conclusions have provided
guidance in our search for b-peptidic parallel and antiparallel
pleated sheets and turns, and we have prepared (by known
methods[3, 9]) the b-peptides 1 (in solution) and 2 (on solid
phase), containing unlike-b2, 3-amino acids. Herein, we report
their structures.
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Unsurmountable solubility problems arise upon chain
elongation with formation of b-peptides such as 1 (type I in
Figure 1 a), so that attempted dimerizing coupling of 1 to give
a hexapeptide was unsuccessful.[10] The crystal structure and
crystal packing of 1, which indeed forms sheets, are shown in
Figure 2.[11] The parallel amide planes in the individual strands
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are connected through CHRÿCHMe ethane moieties, in
which R and Me are antiperiplanar as are HN and CO; 14-
membered hydrogen-bonded rings connect the strands in the
parallel pleated sheet structure. In contrast to a-peptidic
pleated sheets, where neighboring O�C bonds point in
opposite directions, these bonds are unidirectional in the b-
peptide structure, leading to a polar packing that might be an
additional reason for the low solubility of compounds of this
type (cf. cyclo-b-tetrapeptides[12]).

We chose the turn (Figure 1 b) composed of a b2/b3-
dipeptide sequence (with the side chains of valine and lysine)
for the construction of an antiparallel pleated sheet arrange-
ment. This turn has the same substitution pattern as the
central ten-membered hydrogen-bonded ring of the 12/10/12
helix.[3, 7] Two dipeptide segments of unlike-b2, 3-amino acids,
which enforce the extended conformation, were attached on
each end of this unit and were supposed to form intra- rather
than intermolecular hydrogen bonds. In fact, the resulting b-
peptide 2 is well soluble, even in water (due to the w-
aminobutyl group[13]).

The structure of hexapeptide 2 in CD3OH was determined
by 2D NMR spectroscopy. All resonances in the 1H NMR
spectrum were assigned unequivocally by the evaluation of
DQF-COSY and TOCSY measurements. The coupling con-

stants between the protons of the peptide
backbone are collected in Table 1. The J
values of the backbone protons of amino
acids 2 and 5 are large, implying an
antiperiplanar arrangement of the corre-
sponding NH and C(b)-H as well as C(b)-H
and C(a)-H protons; that there is more
than one preferred conformation of the
terminal amino acids 1 and 6 is suggested by
their smaller J values. However, the values
observed for the central amino acids 3 and 4
indicate a completely different, nonextend-
ed conformation, and they resemble those
found for the ten-membered hydrogen-
bonded ring of the 12/10/12 helix.[3, 7] RO-
ESY measurements were used to obtain
information about the distances between
the protons, and the volumina of 20 NOE
cross-peaks were classified in three distance
categories (Table 2). Long-range NOEs

between amino acids 1 and 6 as well as between 2 and 5 are
especially significant. An extended section of the structure is
suggested by NOEs between NH(3), C(a)-H(2) and NH(2), as
well as between NH(6), C(a)-H(5), and NH(5). The 20 NOEs
and 12 J values were used as distance and torsion-angle
restraints in molecular dynamics simulations according to the
simulated annealing method (programme X-PLOR). The
resulting conformations converged to a unique structure of
peptide 1 (Figure 3): b-peptide 2 adopts a hairpin arrange-

Figure 2. Parallel pleated sheet structure of b-tripeptide ester 1 ´ H2O. The angles NÿH ´´´ O are
159.7 and 165.68 ; the distance N ´´´ O is shown for the N-terminal hydrogen bond. The X-ray
structure analysis was performed by P. Seiler.

Table 1. Coupling constants for b-hexapeptide 2 (CD3OH, 500 MHz).[a]

Amino acid J(NH, C(b)-H) J(C(a)-H, C(b)-H)

1 ± 7
2 10.1 9.7
3 J(NH, C(b)-HSi) 7.4 J(C(b)-HSi, C(a)-H) 3.8

J(NH, C(b)-HRe) 3.8 J(C(b)-HRe, C(a)-H) 10.7
4 9.0 J(C(b)-H, C(a)-HSi) 4.1

J(C(b)-H, C(a)-HRe) 9.6
5 10.6 9.2
6 7 7

[a] The backbone CH2 protons of amino acids 3 and 4 were assigned
stereospecifically. The large values for the amino acids 2 and 5 suggest an
extended conformation, whereas the J values for 1 and 6 indicate several
preferred conformations. The coupling constants in residues 3 and 4 are in
agreement with a well-defined, nonextended conformation.

Table 2. NOEs of b-hexapeptide 2 extracted from the 150ms-ROESY spectrum (CD3OH, 500 MHz).[a]

H atom H atom NOE H atom H atom NOE

NH 2 CHMe2 2 m NH 5 a-Me 5 w
NH 2 C(a)-H 2 m NH 5 b-Me 5 m
NH 2 C(b)-H 1 w NH 5 C(a)-HSi 4 m
NH 2 C(a)-H 1 s NH 5 C(a)-H 5 m
b-HSi 3 CHMe2 3 m NH 5 C(b)-H 4 m
b-HSi 3 C(a)-H 3 m NH 6 C(a)-H 6 m
NH 3 C(b)-H 2 m NH 6 CHMe2 6 m
NH 3 C(a)-H 2 s C(a)-H 1 C(b)-H 6 w
NH 4 a-HSi 4 w C(a)-H 2 C(b)-H 5 m
NH 4 a-HRe 4 s d-Me 2 a-Me 5 w

[a] The NOEs were classified in three distance categories: s (strong, <3 �), m (medium, <3.5 �), and w (weak, <4.5 �).
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Figure 3. Structure of b-peptide 2 as determined by NMR spectroscopy
(CD3OH). Bundles of the 15 lowest energy conformers showing no
significant violation of the experimental restraints (NOE and J values).
According to this analysis, the C- and N-terminal amino acids 1 and 6 are
rather flexible, and two conformations are observed for 6 that are in perfect
agreement with the experimental data. The figure was generated by
MOLMOL.[14]

ment,[15] a secondary structural element of a-peptides which is
frequently responsible for interactions with receptors.[16]

The results described herein now complete the demonstra-
tion that oligomers (b-peptides) consisting of the homologues
of simple proteinogenic amino acids form helices, pleated
sheets, and turns, just like the a-peptidic proteins. However,
the b-peptidic secondary structures are not only of
larger variety (three different helices have already been
discovered[2b, 3]) and of much more pronounced stability (even
with short chain lengths[3, 17]), but they are also predictable
and amenable to rational planning and theoretical calcula-
tions. Furthermore, b-peptides were found to be stable to the
most aggressive peptidases.[18] Thus, the door is wide open to
large structures (b-proteins, b-enzymes) and to b-peptidic
drugs.
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