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Between 11/9 and 18/16 Helix in o/f3-Hybrid Peptides**

Baptiste Legrand, Christophe André, Laure Moulat, Emmanuel Wenger, Claude Didierjean,

Emmanuel Aubert, Marie Christine Averlant-Petit, Jean Martinez, Monique Calmes,* and

Muriel Amblard*

Abstract: «,-Hybrid oligomers of varying lengths with
alternating proteogenic a-amino acid and the rigid B*>*3-
trisubstituted bicyclic amino acid ABOC residues were studied
using both X-ray crystal and NMR solution structures. While
only an 11/9 helix was obtained in the solid state regardless of
the length of the oligomers, conformational polymorphism as
a chain-length-dependent phenomenon was observed in solu-
tion. Consistent with DFT calculations, we established that
short oligomers adopted an 11/9 helix, whereas an 18/16 helix
was favored for longer oligomers in solution. A rapid
interconversion between the 11/9 helix and the 18/16 helix
occurred for oligomers of intermediate length.

The development of heterogeneous backbones combining f3-
amino acids with a-amino acids has significantly extended the
chemical and structural diversity of foldamers.'! In recent
years, helical secondary structures of a,B-hybrid peptides
involving monosubstituted B>~ or P’-amino acids®® and
cycloalkyl-p**-amino acids®**'° have been well described.
The ring-constrained (-amino acids constitute particularly
attractive building blocks to generate organized and func-
tionalized o.,[3-hybrid peptides. Within the family of foldamers
containing ring-constrained -amino acids, unique conforma-
tions or conformational polymorphisms have been observed,
which were highly dependent on the structure and stereo-
chemistry of the individual building blocks. Indeed, short a.,3-
hybrid oligomers containing trans-2-aminocyclopentanecar-
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boxylic acid residues (trans-ACPC residues) were able to
adopt both the 11 and 14/15 helix.”"'Y However, no evidence
of a helical fold was found for trans-2-aminocyclohexanecar-
boxylic acid-(trans-ACHC)-containing hybrid sequences.
Extended conformations were also preferred for oligomers
with alternating cis-sACHC and L-alanine,'”! whereas the
corresponding D-alanine-containing sequences that followed
the stereochemical patterning approach proposed by Fiilop
and co-workers!! adopted a distinct 11/9 helix.'®! Unlike
cycloalkyl-B**-amino acid-containing peptides, studies on a/f-
hybrid peptides involving hindered (-amino acid residues
such as gem-disubstituted p**- or B**-, acyclic disubstituted
B*-, or trisubstituted compounds, are rather limited. Early
work by Seebach et al.>'*! assumed that such residues induce
steric hindrances that destabilize the secondary structures of
B peptides; as well, it was thought that the unfavorable
distribution of substituents in the amide plane might prevent
hydrogen bonding. However, a limited set of helical folds with
gem-dialkyl B-amino acids were recently obtained in combi-
nation with the a-aminoisobutyric (Aib) residue known to be
a strong helical inducer. Balaram et al.'”! demonstrated that
alternating Aib and the achiral cyclohexyl-f??-amino acid
residues resulted in an 11-helical fold in the tetra- and
pentapeptide. Another study involving Aib and an acyclic
trans-p**-amino acid, which normally promotes an extended
conformation in f peptides,® also described the formation of
an 11-helical structure in solution.?"!

Herein, owing to the high propensity of the highly
constrained p?**-trisubstituted bicyclic amino acid (S)-1-
aminobicyclo[2.2.2]octane-2-carboxylic acid (ABOC)* to
promote both a reverse turn into peptides® and stable
helix in homo- and mixed oligoureas,”" we investigated its
incorporation into peptide sequences (Figure 1).

ABOC combines the structural constraints of both
cyclohexyl- and gem-dialkyl-B-amino acids and thereby
exhibits limited range values of ¢, 6, and ¥ backbone
torsional angles. Indeed, it displays a high degree of con-
servation of the three angles with favorable gauche confor-
mations when incorporated into both the central position of
a reverse turn of o,f tripeptides, or when driving helical
folding of homo- or mixed oligoureas.’*? It is noteworthy
that the ABOC derivative has the ability to impose an
unexpected C,—Cg synclinal conformation to the adjacent (S)-
B-amino acid derivative promoting the folding in mixed
oligoureas. Despite the strong ability of ABOC as helix
inducer in oligoureas, its incorporation in oligoamides to drive
helical systems has never been explored. Here, we inves-
tigated its impact to favor the folding among o/f-hybrid
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Figure 1. Structure of (aAA-(S)-ABOC), a/B-hybrid peptides.

peptides with 1:1 proteogenic a-amino acid (a-AA)/ABOC
residues repeat pattern. We thus prepared hybrid peptides of
different length with 1:1 alternation of (S)-ABOC and (S)-
Ala or (S)-Phe by stepwise assembly using standard solution
Boc/Bn strategy (Figure 1, see the Supporting Information,
SI, for full synthesis details). Different capping groups (Boc or
iPrCO) associated with two types of esters, N-benzhydryl-
glycolamide ester (OBg)®! and benzyl ester (OBn) were
introduced at the N- and C-terminal part of oligomers for
crystallization trials.

Whereas attempts to crystallize the oligomers 1a-3a
capped by an iPrCO and an OBg group failed, crystals of
enantiopure le, 2¢, and 3b were obtained by slow evapo-
ration of diethyl ether solutions (Figure 2 and Figures S1-S3).

@ G\

Figure 2. Crystal structures of 1:1 a/f-hybrid peptides: a) Superimpo-
sition of the two independent molecules of tetramer 1¢; b) super-
imposition of the two independent molecules of hexamer 2¢; c) octa-
mer 3b. The intramolecular hydrogen bonds are indicated as dashed
lines. Hydrogens have been omitted except for the amide protons.

d) Backbones superimposition of 1¢ (lemon green), 2¢ (green), and
3b (cyan). C-terminal OBn groups have been omitted.

The asymmetric units of tetramer lc¢ and hexamer 2c
consisted of two molecules exhibiting similar right-handed
mixed 11/9 helix defined by backbone C=0O--H—N hydrogen
bond forming a C;; pseudocycle between the CO of the
B residue (i) and the NH of the o residue (i+3) and a C,
pseudocycle between the CO of the a residue (i) and the NH
of the Presidue (i—1). The superimposition of the two
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independent molecules of 1c¢ (Figure2a) showed only
variations involving the C-terminal o-amino acid and the
OBn moiety. In one crystalline form, the hydrogen bond
network was incomplete since the last C, pseudocycle
between the carbonyl of the Phe residue and the 3 residue
amide proton was disrupted (O--N distance of 4.2 A) by the
incorporation of a water molecule. In contrast, both inde-
pendent molecules of 2¢ exhibited complete hydrogen bond
networks (five hydrogen bonds) and displayed only subtle
differences.

Octamer 3b showed a single fully folded 11/9 helix with
consecutive alternating eleven- and nine-membered-ring
hydrogen bonds in the opposite direction. The overlay of
the conformations of tetramer 1¢, hexamer 2¢, and octamer
3b (Figure 2d) showed that o/f peptides incorporating the
ABOC residue adopted a similar 11/9-helical fold from four
to eight residues in the solid state with an alternating reverse
hydrogen bond pattern i,i + 3/i,i—1. The different N-terminal
capping groups Boc or iPrCO did not influence the helical
conformation of such oligomers in the solid state. Although
the NMR solution structure of the 11/9 helix was earlier
described, the detailed structural information was not
available until the high resolution structure of alanine/cis-
ACHC oligomers from crystals of racemic mixtures was
recently reported.' In the family of ABOC-containing
oligomers, the enantiopure tetra-, hexa-, and octamer
afforded crystals suitable for X-ray diffraction measurements.
The average values of the backbone torsion angles for the
ABOC residue were ¢=75° 6 =58°, yp=—-91° and ¢ =—-70°
and 1 =164° for the a residue (Table 1). These angle values

Table 1: Average backbone torsion angles of 11/9 helices.

Residue Dihedral (S)-a-AA/  (R)-a-Ala/ (R)-a-AA/ Theoretical
angles [°] (S)-p***  (1R2S)-cis-  (S)-p*- studies!?
ABOCE  ACHCEM'®  acyclic®!!”
P 75 —87 —94 -77
B-AA 0 58 —52 —60 —60
P —91 97 86 100
¢ -70 61 76 60
My 164 —151 142 ~150

[a] Crystal structures. [b] NMR solution structures. [c] Average values
reported in Ref. [26].

as well as the number of residues per turn and the pitch of
about 3.0 and 6.2 A, respectively, were quite similar to those
of the characteristic 11/9 helix reported in other o/ff pep-
tides."1¢!

NMR experiments were carried out in chloroform and
methanol at a concentration of 5 mm (Figure S5 for 'H NMR
spectra). We observed that modification of the capping
groups of oligomers only slightly influenced the resonances
and the spectra line widths. Globally, the NMR signals in all
series were rather well-dispersed, except for strong overlaps
for H, and the H, of the ABOC residues. In contrast, H,, H,,
and H; of the ABOC were particularly useful to identify
characteristic NOE patterns. >J(HNHa) coupling constants of
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the a-amino acids exhibited rather small average values
(< 6 Hz) in methanol and chloroform for the central residues
in hexa- and octamers, which was consistent with ¢ angle
values of ca. 60° (Table S13). We detected numerous unam-
biguous ii+2, ii+3, and ii+4 nonsequential NOEs.
Although the ii+2, ii+3 set of NOEs provided strong
evidence that oligomers also adopted an 11/9 helix in solution,
the presence of long range i,i +4 NOE correlations for 2a and
3a was inconsistent with this conformation and pointed out
conformational discrepancies of the o-AA/ABOC-hybrid
peptides in solution and in the solid state. We used ROESY
spectra recorded in methanol to further investigate this point.
We first assigned NOE sets for compounds 1a, 2a, and 3a
bearing iPrCO and OBg moieties at their N- and C-terminus,
respectively. These correlations were then used as restraints
for the NMR solution structure calculations using a simulated
annealing protocol with AMBER 11. Tetramer 1a adopted
the 11/9-helical conformation like in the solid state, whereas
the longer octamer 3a converged toward a right-handed 18/
16 helix, which was consistent with the i,i +4 NOE patterns
(Figures 3 and S20, for mixed helix nomenclature see

Figure 3. The 20 lowest energy NMR solution structures in methanol
of the a,f peptides, a) 1a and b) 3a. c) Axial view of the NMR
structure. Side chains of o residues, N-terminal OBn group and some
hydrogen atoms have been omitted for clarity.

Ref. [7]). This structure is stabilized by two types of intra-
molecular H bonds forming a Cj3 pseudocycle between the
CO of the } residue (i) and the NH of the a residue (i +5) and
a C;4 pseudocycle between the CO of the a residue (i) and the
NH of the 3 residue (i—3) (Figure 3). Interestingly, among the
o/B-hybrid octamers, both the 11/9- and 18/16-mixed helices
had been predicted by theoretical calculations to be favored
structures.?”! For hexamer 2a, numerous distance violations
occurred during the simulations. The coexistence of 11/9 and
18/16 helix-typical NOEs suggested a rapid interconversion
on the NMR timescale between the two helical folds. The
circular dichroism signatures of the oligomers exhibited
similar shapes with positive Cotton effects according to
their right-handed helical folds. We observed a strong max-
imum at 205 nm with a shoulder at around 220 nm, which
were compatible with the profiles of both types of helices
described in the literature!>™! (see SI).

The a-AA/ABOC 18/16 helix was comparable to that
recently determined in solution for the a-AA/(1S,2R)-cis-
ACPC peptides."” Nevertheless, although the o residues
adopted a similar extended conformation, the torsion angle
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Table 2: Average backbone torsion angles of a/p-hybrid peptides in the
solid state (11/9 helix) and in solution (18/16 helix).

Residue Dihedral o-AA/ o-AA/ o-AA/
angles [] (9)- (9)- (1S,2R)-cis-
ABOC ABOC AcpC™
(DRX)  (NMR)¥
¢ 75 61 108
B-AA 6 58 52 9
P —91 —91 -96
) -70 ~156 ~129
My 164 174 176

average values of the P residues were somewhat different,
that is, ¢ = 61°, 6 =52°, and y = —91° instead of ¢ =108°, 6 =
9°, and y = —96° (Table 2). These values were imposed by the
constrained ABOC motif that displayed a high degree of
conservation of its three ¢, 6, and ¥ angles as observed in the
oligourea series.?!! It can be noticed that, using the 6 and
1 angle conformational space representation of helical a,f3-
hybrid peptides reported by Balaram et al.,[*! the conforma-
tional space of the ABOC residue in the 18/16 helix is located
in a region devoid of described helical structure so far. The 18/
16-helical structure, stabilized by i,i—3 and i,i+5 CO--HN
hydrogen bonds, had a number of residue per turn of ca. 4,
a rise per turn of ca. 5.0 A and displayed a large diameter of
7.5 A compared to 4.0 A for the 11/9 helix of a-AA/ABOC
peptides and the 3, helix, and to 4.6 A for the o helix. The
interconversion between the 11/9 and the 18/16 helix involved
only a single major structural rearrangement, that is, ¢ angle
rotation of a residues by about 90°. Such conformational
equilibrium was not observed by Reiser et al.™™ but they did
not include a/f oligomers shorter than a 9-mer in their study.
Gellman et al.' reported the chain-length-dependent folding
preference among 1:1 o/f peptides alternating (S)-Ala, Aib,
and (S,5)-ACPC, which interconvert between 11 and 14/
15 helix rather than adopting a single hybrid helical con-
formation. The coexistence in solution of 11- and 14/15-helical
conformations for octamers combining (S)-Ala and a cis-p3-
sugar amino acid was also described by Jagannadh.'”!
Furthermore, it is noteworthy that no helical polymorphism
was observed neither by the group of Sharma®®” nor by the
group of Choil* in o/ peptides of different length (trimer to
heptamer) promoting 11/9-mixed helices.

In the case of P peptides, such a conformational poly-
morphism was reported by both Seebach and co-workers”
and Fiilop and co-workers.” Interestingly, helical poly-
morphism occurs among o peptides between the o and
3,p helices depending on the chain length and the solvent
polarity.®-3!

To gain more insight into the helix conformational
preference of the various series of a-AA/ABOC-hybrid
peptides in methanol and chloroform, diagnostic NOEs
were used. We first identified the correlations that were
exclusive to each type of helix, from the 11/9 helix crystal
structures and the NMR solution structures of the 18/16 helix
(Figure 4, Table S15).
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Figure 4. Unambiguous nonsequential NOE correlations specific to
the a) 11/9 and b) 18/16 helix.

The corresponding NOE peaks localized in rather clear
regions of the ROESY spectra were then carefully examined
for all oligomers (Figures S6-S22). Four and eight NOEs were
identified as useful probes for the 11/9 and the 18/16 helix
folding preferences, respectively. For each correlation, a NOE
peak was expected for one helix but not for the other one.
Typically the characteristic NOEs of the 11/9 helix correspond
to interproton distances greater than 5.5 A in the 18/16 helix,
therefore these NOEs could not be found for this helical
conformation. Conversely, the typical NOEs of the 18/
16 helix were unexpected for the 11/9 helix as the resulting
interproton distances were greater than 5.8 A in this con-
formation (Table S15). Tetramers 1a, 1b, and 1c¢ exhibited
few nonsequential NOEs due to their short lengths and the
relative flexibility of the extremities which dramatically
affected the NOE intensities. For compound 1a, three of
the four possible characteristic NOEs of the 11/9 helix could
be assigned but none of the 18/16 helix. Similar results were
found for tetramers 1b and 1c¢, in which only two and one of
the four possible typical NOEs of the 11/9 helix were
observed, respectively, whereas none of the 18/16-helical
conformation was detected. The missing NOE correlations
for the 11/9 helix were overlapping or could not be detected.
Spectra of hexamers 2a, 2b, and 2c¢ exhibited numerous
specific nonsequential NOEs, which could be unambiguously
assigned despite overlapping resonances. We detected NOE
correlations that were consistent with the two helices
indicating that hexamers adopted both the 11/9- and the 18/
16-helical conformations in methanol. In contrast, for octam-
ers 3a, 3b, and 3¢ only typical correlations of the 18/16 helix
along the sequences were observed suggesting that they only
adopted this conformation in methanol. Studies of com-
pounds 1b, 2b, and 3a-3 ¢ in chloroform showed a comparable
trend. Only weak NOE correlations specific to the 11/9 helix
remained in the ROESY spectra of the octamers suggesting
that this helix might be slightly more stable in nonpolar
solvents (Figure S22). Thus, it should be concluded that
longer a-AA/ABOC hybrid sequences favor the 18/16 helix
relative to the 11/9 helix. To verify this hypothesis, we
performed ab initio calculations to evaluate the relative
stability of the 11/9 versus the 18/16 helix as a function of
the oligomer lengths. Both 11/9 and 18/16 structures of the
tetra-, hexa-, and octamers were optimized in the gas phase
using density functional theory (DFT) calculations. Interest-
ingly, the theoretical calculations were in complete agreement
with the NMR studies. The 11/9 fold was clearly more stable
than the 18/16 for the tetramer (AG=Gi9—Gig16=
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—28.5kJmol™!), whereas the 18/16 fold was preferred for
the octamer (AG =27 kJmol ™). In the case of the hexamer,
comparable free energy values were obtained for the two
helices (AG=—4.6kIJmol™") supporting the transition
observed in solution (Table S16 and computational details
in SI). This type of length-dependent helix preference was
already reported for other 3- and o/f-hydrid peptides, but also
in natural peptides, for which the o helix is favored over the
3,0 helix when the number of residues increases.?”

In conclusion, we solved the crystal structures of o/f3-
hybrid peptides of length ranging from four to eight
alternating (§)-a-amino acids and (S)-ABOC residues. We
showed that o/f peptides display an 11/9 helix in the solid
state whatever their length, whereas only tetramers were able
to adopt a single 11/9 helix in solution. The hexamers adopt
both the 11/9 helix and a wider 18/16 helix, which interconvert
rapidly. The octamers favor the 18/16 helix in solution,
suggesting that in longer a-AA/ABOC hydrid peptides, the
formation of larger hydrogen-bonded rings rather than the
formation of a maximum of intramolecular hydrogen bonds
minimizes the backbone conformational energy. These results
were consistent with the DFT energy calculations that also
supported the presence of an unprecedented 11/9 helix and
18/16 helix polymorphism over a preferred 11/9 helix as
observed in the solid state. The constraints imposed by the
crystal lattice as well as the packing interactions should
influence the conformational preference of the a-AA/ABOC
sequence. Altogether these results indicate that length-
dependent folding preferences within this family of oligomers
should be considered for function-orientated foldamer
design. To address this point, the influence of the nature of
the a-amino acid side chains on the helix preference will be
also investigated.
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