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We report the effect of a minimal (i, i + 4) staple on the dynamic interconversion between right-handed
(P) and left-handed (M) forms of an optically inactive a-helical peptide composed only of helicogenic
achiral amino acids, such as 1-amino-cyclohexanecarboxylic acid (Acec) and 4-aminopiperidine-4-car-
boxylic acid (Api) residues. The P/M interconversion rate of the peptide with a flexible hydrocarbon-based
staple was estimated to be 0.41 s™ at 298 K through variable temperature *H NMR measurements in
1,1,2,2-tetrachloroethane-d,. A combined analysis using *H NMR spectroscopy, single-crystal X-ray crys-
tallography, and density functional theory (DFT) calculations revealed that the present flexible stapling
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does not effectively constrain the conformational freedom of the helical peptide. DFT calculations
revealed that Acgc residues exhibit a stronger propensity for a-helical conformation over the 3;4-helix
than a-aminoisobutyric acid (Aib) residues, with their influence being highly dependent on position and

rsc.li/obc sequence within the oligopeptides.
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Introduction

The stabilization of the a-helical conformation of short oligo-
peptides has attracted much attention because of its potential
therapeutic application." Among the methods for such stabi-
lization, intramolecular cross-linking between peptide side
chains, i.e. stapling, is one of the powerful strategies to stabil-
ize the helical conformation not only of o-helical peptides'®
but also of helical polymers®*" and oligomers (foldamers)
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composed of abiotic backbones.”>™° It is also known that the

incorporation of strongly helicogenic chiral or achiral C*tetra-
substituted amino acid residues into oligopeptides instead of
naturally occurring C*trisubstituted ones stabilizes 3o~ or
a-helical conformations of peptides.””>' When only achiral
C%tetrasubstituted amino acids, such as o-aminoisobutyric
acid  (Aib),"”***®*  1-amino-cyclohexanecarboxylic  acid
(Acec),>*® and 4-aminopiperidine-4-carboxylic acid (Api),>”*®
are used to build oligopeptides, the achiral peptides fold into
racemic mixtures of both right-handed (P) and left-handed (M)
helices in a 1: 1 molar ratio. For example, homo-Aib oligomers
are known to adopt a dynamically racemic 3;y-helical confor-
mation rather than the corresponding a-helical one, most
likely due to a strong 3;p-helical propensity of the Aib
residues,'®*>**3! and to undergo rapid interconversion
between enantiomeric (P)- and (M)-forms on the millisecond
time scale.>®® This rapid interconversion rate of Aib-based
3i0-helical peptides can be reduced by a factor of approxi-
mately 10° through a single staple between the side chains of
Api residues introduced at the ith and 7 + 3th positions, which
are located on the same side of the 3o-helix.®”*® Similar to
these 3;0-helices, we have recently reported stapled o-helical
peptides that exhibit a slow interconversion between (P)- and
(M)-forms on a time scale of minutes.** These peptides are
composed mainly of Acec and its piperidine analog Api resi-
dues, with intramolecular cross-linking between the side
chains of the Api residues introduced at the ith and i + 7th

This journal is © The Royal Society of Chemistry 2025
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positions using a biphenyl-based cross-linker spanning two
a-helical turns. Their P/M interconversion can be almost com-
pletely suppressed by introducing double staples, effectively
transforming dynamic o-helices into static ones. Thanks to
this static nature, doubly stapled a-helical peptides synthesized
exclusively from achiral components can be separated into
enantiomeric (P)- and (M)-a-helices using chiral HPLC.
Moreover, the P/M interconversion rate is highly dependent on
the stiffness of the staple moiety;*® for instance, replacing the
biphenyl-based staple with a more flexible hydrocarbon staple
significantly accelerates the P/M interconversion of the corres-
ponding o-helical peptides. While (i, i + 7) staples spanning
two o-helix turns have been employed in Acgc-based peptides
to construct both dynamic and static a-helical peptides,*>*°
the effect of a minimal stapling - i.e., an (i, i + 4) staple span-
ning one o-helical turn-on the P/M interconversion of optically
inactive a-helical peptides remains unknown. In addition, the
helix type propensity (310 vs. a-helix) of Acec residues com-
pared to that of Aib residues is still poorly understood.**?>
Herein, we report the synthesis and structural characterization
of an Acec/Api-based nonapeptide with an (i, i + 4) staple and
investigate the effect of minimal stapling on its P/M intercon-
version (Fig. 1). In addition, we also report a density functional
theory (DFT)-based theoretical study that examines the effect
of peptide chain length in homo-Acsc and alternative Aib-Acec
sequences on the 3,q-/o-helix propensities, as well as the
effects of sequence and position of Acec residues within Aib-
based helical oligopeptides.

Results and discussion

Theoretical study of 3;4-/a-helix type propensities of the Acsc
and Aib residues

In the previous study, oligopeptides containing a tetrameric or
hexameric homo-Acsc segment were found to undergo 3¢/
a-helix transitions in response to solvent changes, with 3;-
and a-helical conformations induced in less polar CHCl; and
polar 2,2,2-trifluoroethanol (TFE), respectively.*' In sharp con-
trast, oligopeptides composed mainly of alternative (Aib-Acec),
sequences (n = 4 and 8) did not adopt an o-helical confor-
mation, even in TFE.*” To gain further insight into the 30/
a-helix type propensity of Acec residues in optically inactive
helical peptides, we performed DFT calculations to estimate
the energy differences (AE,.310 per residue, where AE, 319 = Ey
— Ej10, in k] mol™) between a- and 3,4-helical conformations
of -(Acec),- and -(Aib-Acec),-based helical peptides with
varying repeat numbers (Fig. 2). The AE, 31, per residue values
for acetyl-(Acsc),-NHCH; (n = 6) and acetyl-(Aib-Acec),,-Aib-
NHCH; (m = 3) were positive, indicating their preferred for-
mation of the 3,4-helix. In sharp contrast, when the peptide
chain length was sufficiently long (n > 7 and m > 4), the
a-helical conformation became energetically favored over the
310-helix. Moreover, the a-helix formation propensity of homo-
Acec peptides was significantly stronger than that of alternative

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Synthesis of the stapled optically inactive a-helical peptide
1C; with an (i, i + 4) hydrocarbon-based staple. (b) Schematic represen-
tation of the deceleration of P/M interconversion in an optically inactive
a-helical peptide upon minimal (i, i + 4) stapling.

Aib-Acsc peptides, consistent with the experimental obser-
vations described above (Fig. 2).*"*>

Next, we estimated the AE, 310 and the AE, 310/ (Where n is
number of Acec residues, in k] mol™') values of the optically
inactive helical nonapeptides I-IX, acetyl-(AA)-NHCH; (AA =
Acgc and/or Aib), with different amino acid sequences listed in
Table 1, to clarify the effects of the number and position of
Acgc residues in Aib-based nonapeptides on a-helix formation.
Interestingly, replacement of the Aib(7) residue (the number in
parentheses represents the residue number from the
N-terminus) of acetyl-(Aib-Acec),-Aib-NHCH; (I) with Acec
resulted in a significant increase in a-helical preference (pep-
tides I and II in Table 1). This effect was further enhanced
when the Aib(5) residue in peptide II was also substituted with
Acgc (peptides II and III in Table 1). However, the further re-
placement of the Aib(3) residue in peptide III with Acec, as
well as its combination with Acgc substitutions at both termini
produced only a relatively modest enhancement of a-helical
preference compared to the previous substitutions. These
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Fig. 2 Plots of the energy difference (AE,.310 per residue, where
AE, 310 = Eo — Es10, in kJ mol™?) between the «- and 31o-helical confor-
mations of acetyl-(Acec),-NHCH3 (n = 6, 7, 8, 9, and 12) (red circles) and
acetyl-(Aib-Acgc),-Aib-NHCH3 (m = 3, 4, 5, and 6) (blue circles) versus
peptide chain length.

results suggest that segments composed of more than three
consecutive Acec residues strongly promote a-helical confor-
mation in the corresponding nonapeptides. Additionally,
peptide VI which contains two Acec residues at the ith and i +
3th positions, destabilizes the 3;4-helical conformation, likely
due to steric repulsion between the Acgc side chains. Similarly,
Acgc substitutions at the ith and i + 4th positions (peptide VII)
destabilize the a-helical conformation, making these Acec resi-
dues less effective in stabilizing the a-helix compared to those
in other peptides listed in Table 1. Interestingly, the introduc-
tion of two consecutive Acgc residues in the middle of the Aib-
based peptide (peptide VIII) enhanced a-helical preference
more effectively than the corresponding peptide containing a
single Acgc residue in the middle (peptide IX).

View Article Online
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Synthesis and conformational analysis of the stapled peptide
1C7

Based on the previous study®***® and the DFT study discussed
above, we chose Acesc and its piperidine analog, Api, to con-
struct an optically inactive stapled a-helical nonapeptide. In
this design, two Api residues were incorporated at the ith and {
+ 4th positions, namely the 3rd and 7th from the N-terminus,
to be tethered by a minimal staple. Our modeling study
suggested that a flexible cross-linker based on heptanedioic
acid would be a minimal i, { + 4 staple suitable for cross-
linking between the side chains of the Api residues incorpor-
ated at the i/ and i + 4 positions of the Acec-based achiral
peptide chain. The linear peptide, Z-(Acec),-Api(Boc)-(Acec)s-
Api(Boc)-Acgc-Aib-OMe (Z = benzyloxycarbonyl, Boc = tert-
butoxycarbonyl, and OMe = methoxy), was prepared via step-
wise liquid phase synthesis (Fig. 1a and Scheme S17). After de-
protection of the Boc groups at the Api side chains, the result-
ing peptide was reacted with the activated diester stapling
reagent (2), containing a C, linker, in the presence of base
under dilute conditions, affording the stapled peptide 1C; in
moderate yield (Fig. 1a, see ESIT for more details). The stapled
peptide 1C, was identified by electrospray ionization time-of-
flight (ESI-TOF) mass spectrometry, and its purity was con-
firmed by high-performance liquid chromatography (HPLC)
analysis (Fig. S17).*?

Interestingly, the "H NMR spectral pattern of 1C; in 1,1,2,2-
tetrachloroethane-d, (TCE-d,) at 298 K was complicated
(Fig. 3), due to the presence of four possible side-chain amide
carbonyl (-CO-N(CH,),-) orientations: endo/exo, exo/exo, exo/
endo, and endo/endo (Fig. 4). These orientations interconvert
slowly on the NMR time scale, with endo and exo referring to
their orientations relative to a plane passing through the mid-
point of the two amide side chains and the center of the helix.
This complexity is evident in the N-terminal urethane N(1)H
proton signal, observed around 5.6 ppm, which appears as a
dominant peak accompanied by three minor peaks. In con-
trast, previously reported a-helical peptides composed mainly
of Acec and Api residues with (i, i + 7) flexible hydrocarbon

Table 1 Effect of the number and position of Acec residue in the optically inactive helical nonapeptides I-IX (acetyl-(AA)g-NHCH3, AA = Acec and/
or Aib) on the energy difference (AE, 310 and AE,_310/n, where AE, 310 = Eo — Ez10 and n = number of Acec residues, in kJ mol™) between a- and 3,o-
helical conformations?

Amino acid sequence from N-terminus (1) to C-terminus (9)

Peptide 1 2 3 4 5 6 7 8 9 AEq 310 (AEg310/n) (K mol™)
1 Aib Acee Aib Acee Aib Acge Aib Acee Aib -1.72 (—0.41)
I Aib Acge Aib Acee Aib Acee Acee Acge Aib -6.51 (—1.31)
11 Aib Acge Aib Acee Acee Acee Acee Acee Aib -10.3 (-1.71)
v Aib Acgc Acgc Acec Acec Acec Acec Acgc Aib -11.3 (-1.61)
\% Acee Acee Acee Acee Acee Acee Acge Acee Acee -15.1 (-1.67)
VI Aib Aib Acse Aib Aib Acge Aib Aib Aib -1.59 (—0.80)
vII Aib Aib Acge Aib Aib Aib Acge Aib Aib -0.51 (—0.25)
VIII Aib Aib Aib Aib AcgC AcgC Aib Aib Aib -2.42 (—1.21)
IX Aib Aib Aib Aib Acge Aib Aib Aib Aib -0.56 (—0.56)

“The averaged dihedral angles (|¢|/|w]|) of all energy-minimized o- and 3;,-helical structures were varied within |56|/|45-48| and |54-56|/|30-32],

respectively.
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Fig. 3 Temperature-dependent *H NMR (600 MHz, C,D,Cls, 5.0 mM) spectral changes of 1C;. The expanded spectra of the highlighted region
(indicated by the red dotted rectangle) is shown in the right panel, illustrating the temperature-dependent behavior of the N-terminal methylene

protons and the amide N(1)H signals.

stapling exhibit only a single orientation (exo/exo).*® DFT cal-
culations of 1C; with these four amide carbonyl orientations
suggest that the major conformation could be assigned to an
a-helical conformation with the endo/exo amide carbonyl
orientation (conf-1 in Fig. S2at), which is the lowest energy
conformation among them (Fig. S2}). This structural assign-
ment is further supported by single-crystal X-ray diffraction,
which reveals that 1C; adopts an a-helical conformation with
the endo/exo orientation. The analyzed crystal contains two
crystallographically independent but conformationally similar
molecules, A and B, both of which adopt a typical a-helical
conformation (average dihedral angles (|¢|/|y|) excluding the
C-terminal Aib residue: 57°/44° for A and 56°/46° for B)
(Fig. 5). Interestingly, the amide NH groups of the Api(3) resi-
dues of these peptides adopt an axial orientation, whereas
those of the Api(7) residues are found in an equatorial orien-
tation (Fig. 4, left panel and 5). In addition, the energy differ-

This journal is © The Royal Society of Chemistry 2025

ence (AE) between the energy-minimized structure obtained by
DFT calculations using molecule B as an initial structure and
the corresponding structure with all equatorial positions is
only 2.2 k] mol™" (Fig. S2a and ff). This axial-equatorial con-
formational fluctuation is most likely due to the high flexibility
of the stapling moiety.

The 'H NMR spectrum of 1C, in TCE-d, at 298 K displayed
diastereotopic splitting of the methylene protons of the
N-terminal Z group (Av = 103 Hz), indicating that the intercon-
version between the (P) and (M)-helices is slow on the NMR
time scale (Fig. 3). To estimate the free energy of activation
(AG*, k] mol™) for the P/M interconversion of 1C, at the
coalescent temperature (7.) of the signal splitting of the
methylene protons, we performed variable-temperature "H
NMR measurements. As the temperature increased from 298 K
to 348 K, the four N(1)H signals, corresponding to the
different side chain amide carbonyl orientations, gradually

Org. Biomol. Chem., 2025, 23, 3366-3371 | 3369
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Fig. 4 Schematic representation of the interconversions between four
possible orientations (endo or exo) of the side-chain amide carbonyl
(—CO-N(CH_)-) groups on the Api residues in the (P)-a-helical 1Cs.
Here, endo and exo represent their orientations relative to a plane
passing through the midpoint of the two amide side chains and the
center of the helix. Additionally, the interconversion between the equa-
torial and axial positions of the amide NH group on the piperidine ring
of the Api residue is also show.

(a) Molecule A

R

top vi TR side vi
op view Q ‘v side view

(b) Molecule B

top view
from

&

Fig.5 The X-ray crystal structures of (P)-a-helical 1C,.
Crystallographically independent molecules A (a) and B (b) are shown.
Only the (P)-helix is shown. All of the hydrogen atoms, disordered atoms
and solvent molecules are omitted for clarity. Dotted lines represent
intramolecular hydrogen bonds. The dihedral angles (¢, v and ») and
hydrogen-bonding parameters of 1C; are summarized in Tables S13 and
S16.1 The number in parentheses represents the residue number from
the N-terminus.

broadened and coalesced. However, the N-terminal methylene
proton signals remained split throughout this temperature
range, indicating that the P/M interconversion is much slower
than the interconversion between these four conformers. At

3370 | Org. Biomol. Chem., 2025, 23, 3366-3371
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373 K, the methylene proton signals finally coalesced, giving
the AG* value of 75.2 k] mol™. The rate constants (k, sec™") for
the P/M interconversion were estimated to be 229 s™* at T, and
0.41 s™' at 298 K using the equation k = (ksT/h)exp(—AG*/RT).
Surprisingly, the ko5 value of 1C, is approximately 10* times
faster than that of a previously reported a-helical peptide with
a rigid (i, i + 7) biphenyl-based staple, which has only a single
set of the amide carbonyl orientations on the Api side
chains.?® This suggests that the rigidity of the stapling moiety
plays a crucial role in restricting the overall conformational
flexibility of the peptide including intermediate structures
during the helix reversal process.

Conclusions

We have successfully designed and synthesized a dynamically
optically inactive a-helical peptide foldamer composed mainly
of achiral Acec and Api residues with an (i, i + 4) hydrocarbon-
based staple. While this single staple effectively slowed the
P/M interconversion rate of the peptide, it did not significantly
restrict the conformational freedom of the Api side-chain
amide carbonyl linked by the staple. Furthermore, in helical
oligopeptides composed mainly of Aib and Acec residues, we
found that Acec promotes o-helical formation more strongly
than Aib, favoring the o-helix over the 3,4-helix in a highly
position-dependent manner. This o-helical propensity is
further enhanced when a segment contains more than three
consecutive Acqc residues within the oligopeptides. Our find-
ings may provide not only a deeper understanding of how
staple length and rigidity influence a-helical stability, but also
a rational design strategy for unique helical peptides capable
of stimuli-responsive 3;q/a-helix transitions and tunable P/M
interconversion rates.
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