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Synthetic oligomers of f-amino acids, that is, f-peptides,’!) are
amongst the most studied class of molecules in foldamer
chemistry. Changes in their substitution pattern generate a
variety of interesting structural features in these mole-
cules,”! which have thus begun to prove immensely useful
in bioactive peptide mimicry.”! Amongst the various peptide
secondary structures, mixed helices are unique to f-peptides.
These structures contain intertwined 12 and 10-membered H-
bonded rings and are unprecedented in a-proteins. Seebach
et al.* were the first to demonstrate the existence of right-
handed 12/10 mixed helical structures in [-peptides with
alternating p? and f° residues. Kessler and co-workers* have
reported such structures in mixed peptides containing con-
strained f-sugar amino acid and -hGly repeats. We recently
reported” the formation of both 10/12 and 12/10 right-handed
helices by B-peptides derived from C-linked carbo-B*-amino
acids (Caa) with “alternating chirality.” Although a variety of
helical structures have been discovered in p-peptides, no
reports have been published in this active area of research
that describe left-handed mixed helices. Several natural
proteins® have been found to contain small fragments of
left-handed helices, most of which occur in or near an active
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or binding site and are thus likely to be of functional
importance. Herein, we report the design, synthesis, and
structural study of “mixed f-peptides” with right-handed and
novel left-handed mixed (10/12 and 12/10) helical structures.
These peptides are derived from alternating epimeric C-
linked carbo-fB*-amino acids” (1 or 2; Scheme 1) and B-hGly
units.

Our previous study revealed that Caa 1 occupies an
energetically unfavorable position in the carbo-f3-peptides 3
and 4, although robust mixed helical structures were formed
by these peptides. We envisaged a new design intended to
provide more conformational freedom and relieve steric
strain'®" through the inclusion of alternating Caa (1 or 2)
and B-hGly residues. Mixed B-peptides 5-12 (5/6 and 7/8 with
Caa 2 and 1 at the N terminus, respectively; 9/10 and 11/12
with B-hGly at the N terminus) were prepared by conven-
tional procedures (1-ethyl-3(3-dimethylaminopropyl)carbo-
diimide, 1-hydroxy-1H-benzotriazole) and differences in the
conformational behavior of the various peptides were studied.
We anticipated that Caas 1 and 2 would define the conforma-
tional behavior of $-hGly in 5-12 (Scheme 1).

Structural studies on these peptides were carried out by
using NMR and CD spectroscopic techniques. The '"H NMR
spectra of § and 6 in CDCIl; show well-resolved backbone
proton signals, as well as low-field NH resonances (NH(2)-
NH(3) for 5; NH(2)-NH(5) for 6), which indicate the
involvement of these NH groups in H bonding. This bonding
was further confirmed by solvent titration studies. The
coupling constants 3]CQH,CﬁH of the peptides (>10Hz or
< 5Hz) clearly demonstrate the predominance of a single
conformation about the Ca—Cf bond (single 0 value), except
in the N-terminal residue. The 3JCQH,CBH values, along with
various CaH/CBH and strong sequential NOE correlations
(between the NH group of f-hGly or Caa 2 and the preceding
CaH,,.xy or CaH,,.s) atom, respectively), confirm a 6 value
of around 60° for these peptides. The ROESY spectrum of §
revealed the presence of long-range NOE correlations
(CBH(1)/NH(3), CBH(1)/CaH,,.z)(3)) unique to the signa-
ture of a 12-membered ring connected by an H bond
involving fert-butoxycarbonyl (Boc)-CO and NH(3). A weak
NH(2)/NH(3) NOE was observed, which supports the
existence of a 10-membered ring with an H bond between
NH(2) and CO(3), and confirms that 5 has a right-handed 12/
10 helical structure. Similarly, the strong long-range backbone
NOE interactions CPH(1)/NH(3), CBH(1)/CoH ) (3),
CPH(3)/NH(5), and CBH(3)/CaH ,,.£)(5), and weak NH(2)/
NH(3) and NH(4)/NH(5) NOE correlations observed in the
ROSEY spectrum of 6 (Figure 1 A) provide ample evidence
of a propagated right-handed 12/10/12/10 helical structure for
this peptide. The coupling constants of both 5 and 6 (Jyy
cpr > 8.9 Hz for Caa 2, *Jyucpn >89 Hz and < 3.3 Hz for B-
hGly except in the C-terminal residue) correspond to |¢ |~
100°, which is consistent with a mixed helical structure. The
first Caa residue has a 3]C5H/C4H value of 6.8 Hz, which
indicates averaging of the conformation about CFH—Cp—
C4—C4H (x}). The other Caa residues have coupling constants
3JC5H/C4H > 9.5 Hz; this value implies the preponderance of a
structure with y'~2180°. The presence of several conforma-
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Scheme 1. Structures of monomers 1 and 2, carbo-B-peptides 3 and 4 (with H bonding indi-
cated by arrows), and mixed (-peptides 5-12.

tions as a result of fraying at the C-terminal
residue is reflected by an averaging of the
coupling constants.

The CD spectra (Figure2) of 5 and 6 in
methanol (0.1 mMm), have maxima at about
203 nm,* which is a very similar value to that
observed for 31" and corresponds to the signature
of a mixed helical conformation. In spite of the
insertion of B-hGly!'” and the resulting increase
in conformational freedom, mixed helices were
the intrinsically favored structures of 5 and 6. In
both peptides, the amide group of Caa 2 partic-
ipates in an H bond connecting a 12-membered
ring, whilst that of the B-hGly residue is effec-
tively induced to participate in an H bond in a 10-
membered ring; the result is a robust right-
handed 12/10 helix.

'HNMR and CD studies on 7 and 8 gave
interesting results. The appearance of NH(2) and
NH(3) signals at 6 > 7 ppm in the NMR spectrum
of 7, as well as the presence of weak NOE
correlations (for example, CBH(1)/NH(3) and
CBH(1)/CaH y.5/(3)), suggests that the NH(3)
proton of 7 participates in an H bond that results
in formation of a 12-membered ring and indicates
the nucleation of a structure. Definitive informa-
tion about this structure could not be obtained
because of averaging of the coupling constants
owing to several conformations. In contrast,
peptide 8 has a well-defined structure. The
observation of low-field amide 6 values and the
results of solvent titration studies!'” confirmed
that H bonding occurs from NH(2) to NH(5) in 8.
The *Jcoepn values (>10Hz or <5Hz) for
residues (1)—(5) indicate the predominance of a
single conformer (single 6 value). The presence
of CBH(1)/NH(3), CBH(1)/CaH,y,.5(3), CBH(3)/
NH(5), and CBH(3)/CaH,,.5(5) NOE correla-
tions (Figure 1B) suggests the existence of 12-
membered rings involving H bonds from NH(3)
to CO(Boc) and NH(5) to CO(2), whilst weak
NH(2)/NH(3) and NH(4)/NH(5) NOE correla-
tions indicate the presence of 10-membered rings
with H bonds from NH(2) to CO(3) and NH(4) to
CO(5). These results imply a 12/10/12/10 helical
structure for 8. In contrast to the situation in
previously studied peptides,”’ the amide protons
of the Caa 1 residues in 8 participate in H bonds
to form 12-membered instead of 10-membered
rings. Moreover, NOE interactions CBH(i) and
CaHpro.5)(i+2) (i=1 and 3) were detected for 8.
These NOE correlations verify the existence of a
12-membered ring but differ from those observed
for right-handed mixed helices, which show
CBH(i)/CaH pr0.5)(i+2) NOE correlations. The
strong sequential NOE correlations observed for
8 between the NH proton of the B-hGly residue
and the preceding CaHy,,.s) proton, and between
the NH group of Caa 1 and the preceding
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Figure 1. A) ROESY spectrum of 6. The NOE correlations CBH(3)/
NH(5), CBH (3)/CatH o (5), CBH(1)/NH(3), and CBH (1) /CaH prory-
(3) are marked 1, 2, 3, and 4, respectively. B) ROESY spectrum of 8.
The NOE correlations CBH(3)/NH(5), CBH(3)/CaH 0.5 (5), CBH(1)/
NH(3), and CBH(1)/CaH 5.5 (3) are marked 1, 2, 3, and 4, respec-
tively.

80000

50000

6/ deg cm? dmol™

Angewandte

spectrum of the peptide. A minimum was observed at
205nMm (Figure 3) and the molar ellipticity of about
—12000 degcm?dmol™" per residue is lower than the values
recorded for 5 and 6.
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Figure 3. CD spectra of 8 and 12.

The switch in handedness observed in 8 can be rational-
ized by applying energy considerations, as shown by the
Newman projections about Co—Cf presented in Figure 4. An
anti-periplanar arrangement of the amide carbonyl
group and the sugar moiety (#=60°) in Caa 2
(Figure 4a) is energetically favored and leads to a
right-handed helix. Under similar conditions, the
amide carbonyl group and sugar moiety of “epimeric”
Caa 1 are in an energetically less favored (—) syn-
clinical arrangement, as indicated in Figure 4b. How-
ever, Figure 4c shows that these groups adopt a
favorable anti-periplanar low-energy conformation in

0

—-60000 L 1 A 1

a left-handed helical structure with 6= —60°. The
results of theoretical studies!'™'" are consistent with
these observations. The structure depicted in Fig-
ure 4b leads to a sterically less favored axial arrange-

190 200 220 240

Alnm ——

Figure 2. CD spectra of 5, 6, 9, and 10.

CaHyor) proton are in agreement with the well-defined
SJCU/qu values recorded and imply a predominant conforma-
tion with 6 ~ —60° for all these residues. Comparison of this
result with the 6 value of around +60° determined for
peptides 3—-6 unequivocally demonstrates the occurrence of a
“switch” in the sense of the helical twist in 8 relative to that in
3-6. This twist leads to the formation of an unprecedented
left-handed 12/10/12/10 helix. The *Jygycpn values Cawcpn >
9.6 Hz for Caa 1; BJNH—CBH >9.0 Hz and < 2.1 Hz for $-hGly)
of 8 correspond to |¢|a100°, which is consistent with a
mixed helical structure. A 3/, cprcan Value of 6.4 Hz for the first
Caa residue indicated an averaging about '. The other Caa
residues had large coupling constants, 3JCﬁH,C4H ~9 Hz, which
implies the preponderance of a structure with %'~ 180°. The
left-handed helical twist in 8 was further confirmed by the CD
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ment of the CB—Cy bond connecting the sugar moiety
to the backbone in 1, whereas the left-handed helical
structure in Figure 4c places the Cf—Cy bond in a
more favorable lateral arrangement with respect to
the helix axis.

The study described above revealed the helical
structures of mixed B-peptides 5-8 and clearly shows that [3-
hGly participates in an H bond to form a 10-membered ring
under the influence of Caas 1 and 2. By analogy, we expected
the mixed B-peptides 9-12, in which N-terminal $-hGly units
alternate with 2 or 1, to generate right and left-handed 10/
12 helices, respectively.

The results of studies on 9 and 10 were found to be in
agreement with results we reported previously for 10/12 heli-
ces.l! Low-field amide proton resonances (NH(1), NH(3),
NH(4)) and solvent titration studies!'? confirmed the pres-
ence of H bonds in 9. The specific NOE values showed the
predominance of a single conformation with 8~60° for all
the B-hGly and Caa 1 residues. The CBH(2)/NH(4) and
CBH(2)/CaH,,,.z(4) NOE correlations and weak NH(1)/
NH(2) and NH(3)/NH(4) NOE correlations present in the

250
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Figure 4. Newman projections about three bond axes illustrating the stereoche-
mistries of 1 and 2 in left-handed and right-handed mixed helical arrangements.
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ROESY spectrum of 9 form the distinctive signature of a
right-handed 10/12/10 helix. Similarly, all the amide protons
in hexapeptide 10, except those in the second residue,
participate in H bonding. Characteristic NOE correlations
and coupling constants indicated an extended right-handed
10/12/10/12/10 helix conformation for 10.

The structure of 11 could not be determined conclusively
because the NOE correlations are too weak, but the
signatures of helix nucleation were observed. The appearance
of five amide proton signals (not NH(2)) at low field in the
spectrum of 12, along with the results of solvent titration
studies,’ confirmed the participation of these protons in
H bonding. The 3JCQH,C[5H values (>10Hz or <5Hz) for
residues (2)—(6) and the presence of strong characteristic
sequential NOEs similar to those observed for 8 indicated a
6 value of around —60° and a single predominant conforma-
tion for all the residues. Distinctive backbone NOEs (CBH(2)/
NH(4), CBH(2)/CaH,s5(4), CPH(4)/NH(6), CBH(4)/
CaH,,.5(6); weak signals: NH(1)/NH(2), NH(3)/NH(4),
and NH(5)/NH(6)) confirmed an unprecedented left-
handed 10/12/10/12/10 helix conformation for 12. The CD
spectra of 9, 10 (Figure 2), and 12 (Figure 3) confirm the
above-mentioned results. The incorporation of f-hGly at the
N terminus resulted in the successful synthesis of peptides 9/
10 and 12 with right and left-handed 10/12 helical structures,
respectively.

NOE-restrained™ molecular dynamics (MD) calcula-
tions for 5, 6, 8-10, and 12 gave results that are in agreement
with the structures discussed above. A large number of long-
range NOE constraints were derived from the volume
integrals of the ROESY spectra by using the two-spin
approximation and these values were used quantitatively.
Figure 5 depicts a superposition of the 10 lowest-energy
structures calculated for 6 and 8, which have right and left-
handed helical structures, respectively. The backbone is well-
defined, especially for the middle residues, and there is
fraying at the C terminus. The calculations converge well; the
maximum violations are 0.32 and 0.31 A for 6 and 8, and the
average pair-wise heavy-atom and backbone root-mean-
square deviations are 0.48 and 0.46 A for 6 and 0.46 and
0.30 A for 8.

In conclusion, we have shown that the “chirality” of
“epimeric” Caas 1 and 2 residues in mixed B-peptides derived
from alternating $-Caa and -hGly units induces (3-hGly to
participate in H bonding, which results in novel helices. In
addition, the B-hGly residues provided the requisite con-
formational freedom for a facile “switch” in handedness
leading to the formation of unprecedented left-handed 10/12

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. MD structures. A) Side view of 6; B) side view of 8. Hydrogen
atoms are omitted and sugar moieties are replaced by methyl groups
after calculations.

and 12/10 helices. The design and synthesis of peptides that
form left-handed helices provides an opportunity to under-
stand the active role of these secondary structures in bio-
logical functions and to create novel tertiary structures with
far-reaching implications for peptide chemistry. Efficient
“design control” leading to the successful formation of left
and right-handed mixed helices should open up new routes
towards the development of artificial tertiary structures
through incorporation of the various above-mentioned sec-
ondary structural elements into new complex structures with
useful functions.
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