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bstitutions on the preference of
helix handedness for b-peptide oligomers: a DFT
study†
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We studied the helix preference of the heterochiral pentamers of cis-2-aminocyclohexanecarboxylic acid

(c-ACHC) and cis-2-aminocyclopentanecarboxylic acid (c-ACPC) with alternating backbone

configurations by replacing Cb-aza- or Ca-aza-peptide residues using DFT methods in solution. The

helix-handedness preferences of two pentamers were strongly affected by the replacement positions

(i.e., chiralities) but not depending on the solvent polarity.
Azapeptides are peptide analogues in which the CHa or CHb

groups of the backbone of a- or b-amino acid residues were
replaced by a nitrogen atom. There have been considerable
attempts in syntheses and applications of azapeptides to
improve biological potencies.1–5 Two kinds of b-peptide
analogues can be generated by the aza-replacement in the CHb

or CHa groups of the backbone, which are Cb-aza-peptide (3-aza-
-b-peptide residues: (a) Cb-aza-
dues of cis-ACPC and (b) Cb-aza-
dues of cis-ACHC.
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b2-peptide or a-Na-hydrazino) or Ca-aza-peptide (2-aza- b3-
peptide or ureidopeptide) residues, respectively (Fig. 1).6,7

In particular, the isosteric substitution of the aza group in
the backbone is known to affect the type and strength of H-
bonds in helical foldamers of b-peptides.6–13 Homochiral olig-
omers of trans-2-aminocyclobutanecarboxylic acid (t-ACBC)
adopted a le-handed (M)-12-helix conformation both in solu-
tion and in the solid state.8 However, the preferred conforma-
tion of oligomers of t-ACBC was switched into the (M)-8-helix
structure, when one or two t-ACBC residues were replaced by the
aza-substituted t-ACBC at the CHa group [i.e., N-
aminoazetidine-2-carboxylic acid (AAzC) residue] not depend-
ing on the position.9–11

In the case of heterochiral oligomers of cis-2-amino-
cyclopentanecarboxylic acid (c-ACPC) with alternating back-
bone congurations, i.e., H-[(1S,2R)-ACPC-(1R,2S)-ACPC]3-NH2,
the dominant conformation was a right-handed (P)-H10/12
helix in CD3OH, DMSO-d6, and water.12 However, the oligomer
with same congurations was switched into a le-handed (M)-
H12/10 helix by replacing the (1R,2S)-ACPC residue with the
2S-aza-ACPC residue (i.e., Cb-aza-peptide) at every even posi-
tions in the same solvents.13

We studied the helix preference of the heterochiral pentamer
of cis-2-aminocyclohexanecarboxylic acid (c-ACHC) with alter-
nating backbone congurations, i.e., tBuO-(1S,2R)-ACHC-
[(1R,2S)-ACHC-(1S,2R)-ACHC]2-NHMe, in solution.14 The domi-
nant conformation was a le-handed (M)-H12/10 helix in solu-
tion but the population of the right-handed (P)-H10/12 helix
somewhat increased as the increase of solvent polarity.

However, no report is available to study the helix preference
of (i) heterochiral oligomers of c-ACHC by replacing Cb-aza- or
Ca-aza-peptide residues and (ii) heterochiral oligomers of c-
ACPC by replacing Ca-aza-peptide residue. Here, we studied the
helix preference of the heterochiral pentamers of c-ACHC and c-
ACPC with alternating backbone congurations by replacing Cb-
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Fig. 2 The structures of (M)- and (P)-helices of (a) cis-ACHC pentamer
1 and (b) cis-ACPC pentamer 2 optimized at the M06-2X/6-31+G(d)
level of theory. For clarity, all non-polar hydrogen atoms are omitted.
All H-bonds are represented by dotted lines.
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aza- or Ca-aza-peptide residues (Fig. 1) depending on the posi-
tion and solvent polarity using DFT methods in solution.

In this work, the helix preference was investigated for two
heterochiral pentamers of c-ACHC and c-ACPC with alternating
backbone congurations, i.e., Ac-(1S,2R)-ACHC-[(1R,2S)-ACHC-
(1S,2R)-ACHC]2-NHMe (1) and Ac-(1S,2R)-ACPC-[(1R,2S)-ACPC-
(1S,2R)-ACPC]2-NHMe (2).

All DFT calculations were performed using the M06-2X,15

functional implemented in the Gaussian 09 program.16 The
geometry optimizations were carried out at the M06-2X/6-
31+G(d) level of theory and followed by single-point energy (Esp)
calculations at the M06-2X/def2-TZVP level of theory. The M06-
2X/6-31+G(d) level of theory exhibited good performance
against the observed rotational constants of the most stable
conformer of Ac-Ala-NHMe with RMSD = 0.9 MHz.17 The M06-
2X/def2-TZVP//M06-2X/6-31+G(d) level of theory well repro-
duced the relative CCSD(T)/CBS-limit energies of local minima
of Ac-Ala-NHMe and Ac-Pro-NHMe (ref. 17) with RMSD = 0.10
and 0.08 kcal mol−1, respectively. The solvation free energies
(DGs) were calculated at the M06-2X/6-311G(d,p) level of theory
using the implicit PCM18 solvation method in chloroform,
acetonitrile, DMSO, and water. The population of each helix was
estimated using the relative energy (DEs) obtained by the sum of
DEsp and DDGs at 25 °C in solution. Recently, the M06-2X/def2-
TZVP//M06-2X/6-31+G(d) level of theory with the PCM method
appeared to be appropriate in predicting the conformational
preferences and the cis–trans isomerization of the longer
peptides containing Pro or Pro derivatives in chloroform.19

The structures of (M)- and (P)-helices of cis-ACHC pentamer 1
optimized at the M06-2X/6-31G(d) level of theory14 were used to
generate the initial structures of cis-ACPC pentamer 2 and the
corresponding both pentamer analogues containing aza-
residues. Aza-containing analogues of pentamers 1 and 2
considered here were constructed by aza-substitutions only at
even or odd positions to investigate the positional dependence.
This is because the residues at even or odd positions have the
same chiralities. GaussView20 was used in constructing the
initial structures for optimization. All helices of pentamer 1 and
2 and their aza-analogues were reoptimized at the M06-2X/6-
31+G(d) level of theory.

The optimized structures of c-ACHC pentamer 1 and c-ACPC
pentamer 2 are shown in Fig. 2. In the (M)-H12/10 helix of
pentamer 1, there were two C12 H-bonds between C]O (i − 1)
and H–N (i + 2) with the distances 2.94 and 2.90 Å; and two C10

H-bonds between H–N (i) and O]C (i +1) with the distances
2.97 and 2.98 Å. The (P)-H10/12 helix of pentamer 1 also had two
C10 H-bonds with the distances 2.90 and 2.93 Å; and two C12 H-
bonds with the distances 2.93 and 2.90 Å. The C10 H-bonds were
somewhat shorter in the (P)-helix than those in the (M)-helix. In
both (M)- and (P)-helices of pentamer 2, the types of H-bonds
were quite similar to those of pentamer 1. However, both C12

and C10 H-bonds became about 0.05 Å shorter in pentamer 2
than those in pentamer 1. Because the types and distances of H-
bonds were similar in both (M)- and (P)-helices of aza-
substituted pentamers 1 and 2, no further comparison was
made in detail. The optimized structures of (M)- and (P)-helices
of both pentamer analogues containing aza-residues are shown
3080 | RSC Adv., 2023, 13, 3079–3082
in Fig. S1–S4 of ESI.† The corresponding relative conforma-
tional energies, and relative solvation free energies, and abso-
lute electronic energies are shown in Tables S1 and S2 of ESI.†
The Cartesian coordinates of all optimized structures are also
listed in ESI.†

The relative populations of (M)- and (P)-helices for c-ACHC
pentamer 1 and their aza-substituted analogues were shown in
Fig. 3. The relative populations of (M)- and (P)-helices for pen-
tamers 1 (shown in the rst column of each set of histograms in
Fig. 3a and b) were calculated as 80 : 20 and 67 : 33 in chloro-
form and acetonitrile, respectively, which are consistent with
the observed values of 80 : 20 and 63 : 37, respectively.14 There
was somewhat the increase of the population of the right-
handed (P)-helix as the increase of solvent polarity. However,
there were dramatic shis from (P)-helix to (M)-helix for pen-
tamer 1 when either even or odd residues with (1R,2S) or (1S,2R)
congurations, respectively, were replaced by Cb-aza residues in
all four solvents. However, the replacements by Ca-aza residues
at even or odd positions resulted in only (P)- or (M)-helix,
respectively in all solvents.

Fig. 4 depicted the relative populations of (M)- and (P)-helices
for c-ACPC pentamer 2 and their aza-substituted analogues. The
(P)-H10/12 helix of pentamer 2 was preferred by 73 : 27 (shown
in the rst column of each set of histograms in Fig. 4a and b),
which is consistent with the experimental results in CD3OH,
DMSO-d6, and water,12 its population was somewhat increased
in acetonitrile, DMSO, and water (Fig. 4). The dramatic shis of
(P)-helix to (M)-helix were found for pentamer 2 when even
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 The populations of (M)- and (P)-helices for cis-ACHC pentamer 1 in chloroform, acetonitrile, DMSO, and water by the replacements of (a)
Cb-aza and (b) Ca-aza residues. The blue and green histograms correspond to the populations of (M)- and (P)-helices, respectively. The types of
replacements of “no replacement”, “replacement at even residues”, and “replacement at odd residues” are represented as “0”, “even”, and “odd”
on the horizontal axis, respectively.
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residues were replaced by Cb-aza residues in all four solvents,
whereas the replacements at odd residues retained the prefer-
ence of the (P)-helix in acetonitrile, DMSO, and water but some
decrease in its population in chloroform. However, the
replacements by Ca-aza residues at even or odd positions for
pentamer 2 resulted in only (P)- or (M)-helix, respectively in all
solvents, as the same as for pentamer 1.
Fig. 4 The populations of (M)- and (P)-helices for cis-ACPC pentamer 2 i
Cb-aza and (b) Ca-aza residues. The blue and green histograms correspo
replacements of “no replacement”, “replacement at even residues”, and “
on the horizontal axis, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
In summary, the replacement of Cb-aza residues brought c-
ACHC pentamer 1 to only the (M)-helix not depending on the
position (i.e., chirality) and the solvent polarity, whereas the
helix-handedness preference of c-ACPC pentamer 2 was affected
by the replacements at even or odd positions independent of the
solvent polarity. However, the replacements by Ca-aza residues
at even positions or odd positions resulted in only (P)- or (M)-
n chloroform, acetonitrile, DMSO, and water by the replacements of (a)
nd to the populations of (M)- and (P)-helices, respectively. The types of
replacement at odd residues” are represented as “0”, “even”, and “odd”
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helix, respectively, for both pentamers 1 and 2 not depending
on the solvent polarity. Hence, the results obtained in this work
would provide useful structural information for the design of
bioactive helical b-peptides with either le- or right-
handedness.
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