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interplay in hybrid peptide–helical
aromatic foldamer macrocycles†

Sebastian Dengler, Pradeep K. Mandal, Lars Allmendinger, Céline Douat
and Ivan Huc *

Macrocyclic peptides are an important class of bioactive substances. When inserting an aromatic foldamer

segment in a macrocyclic peptide, the strong folding propensity of the former may influence the

conformation and alter the properties of the latter. Such an insertion is relevant because some

foldamer–peptide hybrids have recently been shown to be tolerated by the ribosome, prior to forming

macrocycles, and can thus be produced using an in vitro translation system. We have investigated the

interplay of peptide and foldamer conformations in such hybrid macrocycles. We show that foldamer

helical folding always prevails and stands as a viable means to stretch, i.e. unfold, peptides in a solvent

dependent manner. Conversely, the peptide systematically has a reciprocal influence and gives rise to

strong foldamer helix handedness bias as well as foldamer helix stabilisation. The hybrid macrocycles

also show resistance towards proteolytic degradation.
Introduction

Ribosomal translation of mRNA into peptidic sequences has
been shown to be tolerant to a great variety of peptide chain
modications and non-peptidic appendages.1 In turn, this
tolerance has enabled the development of nucleic-acid-encoded
display selection methods of non-natural peptides.2 Non-native
peptide modications may indeed bring advantages, e.g. with
respect to bioavailability, resistance to proteolytic degradation,
or achieving high binding affinity for a given biological target.
For example, a benecial modication is to introduce an elec-
trophilic chloroacetamide at the peptide N-terminus in combi-
nation with the encoding of one mandatory cysteine in the
peptide sequence.2 Spontaneous substitution of the chlorine by
the thiol of the cysteine then gives access to libraries of ribo-
somally expressed thioether macrocycles, which have been
shown to be better candidates than linear peptides as high
affinity protein ligands. For the same purpose, libraries of
peptide sequences derived from natural amino acids may also
be macrocyclised through post-translational modications.3

Recently, it was shown that ribosomal translation tolerates
peptide appendages consisting of aromatic amide foldamer
sequences of quinoline-based monomer QXxx and pyridine-
based monomer P (Fig. 1a).4–6 These appendages are far larger
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and more remote from peptides than what had been previously
envisaged. They can be placed either at the N-terminus, i.e. on
the peptide chain initiator,4,5 or within the sequence on an a-
amino acid side chain.6 They can also be included within thi-
oether peptide macrocycles such as previously described
compound 3 (Fig. 1b). Interest for such peptide modications
stems from the high propensity of QXxx/P sequences to adopt
Fig. 1 (a) Foldamer aromatic building blocks colour coded according
to their side chain composition. (b) Sequence of macrocyclic fol-
damer–peptide hybrids synthesised on solid-phase. Most of the
macrocycles possess a C-terminal carboxylic acid at the exception of
5 and 8 which possess a primary amide.
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stable helically folded conformations, particularly in water.7,8

The folding propensity of Q units is so high that they promote
folding in otherwise exible units, including a-amino acids,9,10

when these exible units are inserted within Qn oligomers. The
folding propensity of P units is weaker. For example, the rate of
interconversion between right-handed (P) and le-handed (M)
helical conformers increases when the proportion of P units
within a Qn sequence increases,11 and P units promote less
ordered conformations in organic solvents.12 P units were
required for ribosomal expression, presumably because
sequences must transiently unfold to transit through the ribo-
some exit tunnel.4 In macrocyclic aromatic foldamer–peptide
hybrids, the rst role of the foldamer is thus to bring prevalent
folding information that may inuence the peptide conforma-
tion. This approach can therefore be related to other synthetic
appendages used to induce peptide conformations, e.g. molec-
ular rotors,13 or a-helix staples.14 It also relates to the observa-
tion that natural macrocyclic peptides are the object of multiple
biosynthetic modications that expand their functions beyond
what can be achieved with proteinogenic a-amino acids only.

Herein, we present an investigation of the interplay of fol-
damer and peptide conformations within such hybrid macro-
cycles upon varying parameters such as foldamer and peptide
segment length and side-chain composition as well as the
proportion of P and Q units within the foldamer. We nd that,
within macrocycles, foldamer helices may have a strong impact
on peptide conformation. For example, we introduce the
concept of peptide stretching via helical foldamer folding. We
show that, concomitantly to conformational effects, the fol-
damers confer enhanced resistance of the peptides to proteo-
lytic degradation. Furthermore, we observe a systematic
reciprocal effect of the peptide whose chirality controls the
foldamer helix handedness. The peptide loop also stabilises the
foldamer helix conformation, thus acting as a sort of staple.
Altogether, our results highlight the singular nature of these
macrocyclic hybrids and the interest in involving them in future
nucleic acid-encoded display selection experiments.

Results and discussion
Design and synthesis

Eleven hybrid macrocycles were considered that can be divided
into two groups (Fig. 1). As a rst group, compounds 1–7 and 8
consist of a PQPQ or PQQQ tetraamide foldamer segment,
respectively, and peptide chains of variable length and
composition. With three consecutive Q units, the foldamer helix
of 8was expected to be conformationally more stable, yet able to
undergo handedness reversal in water.15 The QSul monomer was
considered instead of the QAsp of previously described
compound 3,4 because it confers very good water solubility as
well as crystal growth ability.16 The intracyclic peptide segments
ranged from three to six amino acids. Depending on the amino
acid sequence and on the OH or NH2 C-terminal functionality,
these eight compounds encompassed a variety of charge states
at neutral pH, between �5 for 2 and +1 for 5.

In a second group, we considered longer sequences with
a foldamer segment encompassing nine P or Q units, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
intracycle peptide segments ranging from ve to thirteen amino
acids. Compounds 9–11 thus comprise exactly ve more
aromatic units than 1–8, which amounts to exactly two helix
turns.17 Thus, the aromatic helices differ in length across the
two series but the anchor points of the peptides on the helices
are positioned similarly so as to form a loop on one face of the
helix. In 10 and 11, the eight consecutive Q units will confer the
aromatic helix with such a high stability that handedness
reversal is expected to remain kinetically inert in water.18 In
contrast, hybrid macrocycle 9 has a mix of P and Q units,
including two consecutive Ps, which was predicted to allow for
helix handedness reversal in water at room temperature.11

Compound 9 also has a much shorter peptide segment than 10
and 11, whose peptides differ only by two additional amino
acids in 11. The QSem unit was introduced to facilitate X-ray
crystal structure elucidation using the anomalous scattering
of Se, but this was not implemented as X-ray quality crystals of
10 and 11 were not obtained.

Of note, compounds 1–7 may in principle be expressed by
the ribosome using a PQPQ-GF initiator, whereas 8–11 are more
rigid (8) or longer (9–11) than what the ribosome has been
shown to tolerate until now.4,5 One may nevertheless consider
introducing large and rigid foldamer helices, such as those of 8–
11 into hybrid macrocycles through a post-translational modi-
cation, i.e. aer ribosomal translation of the peptide.3 For the
purpose of the present study, all compounds were produced by
chemical synthesis. The microwave-assisted solid phase
synthesis (SPS) of the non-cyclic N-chloroacetamido-terminated
foldamer peptide hybrid precursors was performed using
established protocols.4,8 The precursors of 5 and 8 were syn-
thesised by iterative coupling on low-loading (LL) Rink amide
resin with the use of HBTU for peptide couplings and couplings
on the aliphatic amine of P units, and acid chloride activation
for couplings on the aromatic amines of Q units (see ESI and
Fig. S1† for details).8 The C-terminal primary amide of both 5
and 8 was found to hydrolyse under the conditions used for
structural investigations. Consequently, most other oligomers
were prepared on LL Fmoc-Gly-Wang resin to yield acid-
terminated sequences. We also investigated the benets of the
ProTide™ resin, which contains a PEG and polystyrene core
and possesses excellent swelling properties. We found that
using the commercially available LL Cl-MPA ProTide™ resin
resulted in signicant improvements in SPS recovered crude
yield and product purity (see ESI†). The precursors of the
longest hybrid molecules 9–11 were thus synthesised on this
resin.

The non-cyclic precursors of 1, 3, 4 and 9 were prepared
using identical SPS protocols to those used for the precursors of
5 and 8. For the precursors of 2, 6, and 7, which share the same
foldamer segment, as well as for the precursors of 10 and 11,
a fragment condensation approach was developed and imple-
mented. This consisted in the SPS and purication of an Fmoc-
foldamer-G-OH segment and then of the coupling of this entire
segment to the N-terminal amine of the resin-bound peptide
using a phosphonium-based coupling reagent (Fig. S1†). This
strategy allows for faster diversication of either the peptide or
the foldamer parts, which could be independently constructed
Chem. Sci., 2021, 12, 11004–11012 | 11005
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and assembled in a second stage. Aer chloroacetylation and
nal resin cleavage, the non-cyclic precursors produced by
fragment condensation were recovered in high purity and good
yield (see ESI†).

Macrocylisations were performed via substitution of the
chlorine by the Cys thiol side chain at low concentration
(100 mM) with triethylamine as base (see ESI†). The PQPQ-
containing sequences 1–5 macrocylised within 30 min in
aqueous medium. Reverse phase HPLC (RP-HPLC) monitoring
showed that, under the same conditions, it took 3 h to observe
full conversion to sequences 6–8, and one day for 10 and 11. RP-
HPLC analysis of crude 11 showed two peaks with the same
integration. The corresponding products were separated by
semi-preparative RP-HPLC. ESI-MS, NMR and circular
dichroism (CD) spectroscopies allowed us to identify these
compounds as the right-handed P-11 and the le-handed M-11
diastereomers. As planned in the initial design, interconversion
between these compounds is kinetically hampered in water at
room temperature. The separation of P-10 and M-10 could not
be achieved.

Sequence 9, which possesses a short peptide chain with
respect to its foldamer segment, did not cyclise in water, but
slowly cyclised in DMF. RP-HPLC analysis showed reaction
completion aer 36 hours. This result unveils that compound 9
may cyclise only when its foldamer helix is partly unfolded,
a situation that required bothmultiple P units and a solvent like
DMF that is less favourable to aromatic helix folding. This
peculiar behaviour has been further investigated as reported
below.
Fig. 2 CD spectra of 1–11 in water/acetonitrile (75 : 25, v/v) at 20 �C.
(a) Sequences 1–7 composed of a PQPQ segment. (b) Sequences 8–11
containing consecutive Q units. The P and M helical conformers of 11
are stable andwere separated by RP-HPLC. The flat CD spectrumof 10
indicates a 50 : 50 mixture of P- and M-helical conformers.
Helix folding and handedness bias in solution

Circular dichroism (CD) spectra of hybrid macrocycles 1–9 all
showed bands in the 260–460 nm region (Fig. 2), where the
peptides do not absorb light, providing qualitative evidence of
helical folding of the foldamer segments, and of helix hand-
edness bias. Thus, we can infer that in macrocycles 1–8 that
contain a tetraamide foldamer, and in macrocycle 9 that
contains a nonaamide foldamer with multiple P units, helix
handedness is dynamic in solution and is biased by the L-
chirality of the peptide despite the fact that the helices them-
selves bear no stereogenic centre. This type of remote commu-
nication of stereogenic information requires a transmission
mechanism along the macrocycle, a phenomenon that has been
observed in other systems.19–23 The positive sign of the CD bands
at 331 or 408 nm indicate that P-helicity is favoured regardless
of peptide length and sequence.24 In contrast, the diastereo-
meric conformers P-11 and M-11 obtained by chromatographic
separation showed opposite CD spectra that did not evolve with
time. In this case, helix handedness is kinetically inert. The
same kinetic inertness may be expected for the related macro-
cycle 10. Thus, the at CD spectrum of 10 reects the fact that P-
10 and M-10 were recovered as 1 : 1 mixture aer SPS and that
their CD spectra cancel each other. The chiral centres on the
peptide may in principle stabilise one or the other helical sense,
but this inuence does not operate because helix handedness
inversion is kinetically locked on the laboratory time scale.
11006 | Chem. Sci., 2021, 12, 11004–11012
By comparison with other chiral Qn oligomers18,24 the
intensity of CD spectra of 1–9 (D3 values normalised by Q
residue in Fig. 2) suggest that helix handedness bias is strong.
Nevertheless, it is difficult to precisely quantify diastereomeric
excess on the sole basis of CD intensity because the CD bands
vary according to the foldamer sequence. For instance, the band
at 408 nm is observed only when consecutive Q units are present
(Fig. 2b). Bands at 331 or 320 nm are observed depending on
whether Q units are QAsp (3–4), or QSul (1–2) and (5–7), respec-
tively (Fig. 2a).

NMR spectroscopy provided additional evidences of fol-
damer helical folding and helix handedness bias (Fig. 3). Two
typical indicators are the spreading of resonances over a large
range of chemical shi values and signicant upeld shis of
the signals of protons shielded by ring current effects associated
with aromatic stacking within the helix. Typically, the signal of
one quinoline H3 proton of PQPQ foldamers 1–2 and 5–7 is
found near 8.7 ppm, and the other near 7.9–7.6 ppm (Fig. S3†).
In foldamers 3 and 4 which bear different side chains on their Q
units, H3 signals are shied to 7.6–7.4 ppm for one and 6.7–
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Excerpts from the 500 MHz 1H NMR spectra of (a) compounds
1–8 recorded at 25 �C in H2O/CD3CN 75 : 25 (v/v) and (b) compounds
9 and 10, 11 recorded at 25 �C in H2O/D2O 9 : 1 (v/v), and H2O/CD3CN
1 : 1 (v/v), respectively. The spectra show amide resonances i.e. typi-
cally all NHs belonging to Q and some NHs belong to P units. Other
NHs belonging to P units are found at lower field and overlap with
aromatic resonances. X indicates the signal of an aromatic proton.
Resonances marked with stars have been interpreted as impurities.
Squares in the spectra of P-11 and M-11 correspond to the other
diastereoisomer resulting from incomplete separation. Resonances
marked with (?) in 9 could be an impurity or the other diastereomeric
conformer.

Fig. 4 Parts of TOCSY spectra showing NH–CH2 J-couplings of 12 (a)
in 50 mM NaHCO3 in H2O/D2O (9 : 1 v/v) at �5 �C (b) and 25 �C (c)
respectively and of 13 (a) in 12.5 mM NH4OAc in H2O/CD3CN (75 : 25
v/v) at 0 �C (d) and 25 �C (e) respectively.
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6.5 ppm for the other, but the chemical shi difference never-
theless remains. This difference shows that only one quinoline
H3 proton is exposed to ring current effects mediated by
aromatic stacking, in agreement with solid state structures of
the helices (see below).

The 1H NMR aromatic amide signals of P-11 and M-11 were
found to differ (Fig. 3b). Their purity conrmed the good
separation of these two compounds by RP-HPLC. The chemical
shi differences between aromatic NH resonances of these two
compounds is remarkable considering that the corresponding
protons lie within the helix and not in close proximity of the
peptide stereogenic centre. This highlights the fact that dia-
stereomeric conformers should be distinguishable by NMR
when they exchange slowly on the NMR timescale. The foldamer
helices of 8 and 9 are both expected to undergo slow handed-
ness inversion on the NMR time scale, as do previously
described sequences as short as Ac-Q3-G-OH and Ac-QPQPQ-G-
OH.4 The presence of a single set of signals in the 1H NMR
spectra of 8 and 9 (Fig. 3) thus reects that handedness bias is
quantitative, as far as NMR can detect, in these two cases.

The NMR spectra of 1–7 also show a single set of signals. This
may reect either quantitative helix handedness bias, i.e.
exchange is slow but the other diastereomer is not abundant
enough to be detected, or that exchange remains fast even at low
temperatures. Indeed, fast P/M-helix equilibrium on the NMR
© 2021 The Author(s). Published by the Royal Society of Chemistry
timescale might be expected for these compounds on the basis
that Ac-PQAspPQAsp-G-OH undergoes fast exchange at room
temperature.4 We probed the anisochronicity of the main chain
NH–CH2-aryl methylene protons in the centre of the PQSulPQSul

foldamer segment of 1, 2, 5 and 7 (Fig. S5†). Total correlation
spectroscopy (TOCSY) spectra recorded at different temperatures
showed distinct signals for the two protons and variable Dd

values. However, this information alone remains inconclusive:
Clayden et al. have thoroughly illustrated how a chemical shi
difference Dd between diastereotopic protons is compatible with
fast exchange combined with helix handedness bias.25 Thus the
observed anisochronous CH2 signals do not directly inform
about helix handedness dynamics and the extent of handedness
bias. We therefore decided to synthesise achiral compounds to
assess whether exchange is slow or fast on the NMR timescale
and whether the peptide loop may stabilise the helix.

Stabilisation of the foldamer helix by the peptide loop

Macrocycle 13 (Fig. 4a) is achiral: it contains ve glycines and
a cysteamine instead of the cysteine of other macrocycles. It was
Chem. Sci., 2021, 12, 11004–11012 | 11007
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prepared by SPS using commercially available cysteamine 2-chlor-
otrityl resin. Compound 12 was prepared as a non-cyclic control.

We have shown before that the benzylic diastereotopic CH2

protons of P units have different chemical shi values in the
context of aromatic helices: they are anisochronous.8 However, if
the P and M conformers equilibrate rapidly on the NMR time-
scale, only average signals are observed. In basicmedium (50mM
NaHCO3), the TOCSY spectrum of 12 show no anisochronicity of
these CH2 protons at room temperature indicating fast helix
handedness inversion (Fig. 4c and S6†), as was previously
observed for Ac-PQAspPQAsp-G-OH.4 Upon cooling to �5 �C, dia-
stereotopic CH2 signals coupled to amide NH groups split
(Fig. 4b), indicating that slow exchange is reached. Unfortunately,
cyclic compound 13 is not well soluble in this medium and
showed only broad peaks. Measurements were instead per-
formed in H2O/CD3CN 75 : 25 (v/v). In the presence of acetoni-
trile, the signals of diastereotopic protons of 12 no longer split,
even at �10 �C, indicating that helix handedness inversion is
faster in the presence of acetonitrile. In contrast, the spectrum of
13 shows anisochronous signals for its diastereotopic protons
even at 25 �C (Fig. 4d, e and S7†) with Dd values up to 0.68 ppm.
We thus conclude that the peptide loop slows down helix hand-
edness inversion, i.e. that it stabilises the foldamer helix. This
result also indicates that the single set of NMR signals of 1–7
reect slow exchange combined with quantitative handedness
control of the foldamer helix by the chiral peptide.

Solid state structure elucidation

The solid state structures of foldamer peptide macrocycles 1, 7
and 9 were elucidated by single crystal X-ray crystallography, in
Fig. 5 Solid-state structures of 1 (a), 3 (b), and 7 (c) in ball and stick repres
side chains in the peptide loop are represented as orange spheres. Foldam
shown as purple spheres. Peptide-foldamer hydrogen bonding is shown a
the crystal structure of 7. The foldamer is represented in blue, the thioe

11008 | Chem. Sci., 2021, 12, 11004–11012
addition to the previously described structure of 3.4 Racemic
crystallography26 had proven essential in the case of 3 as well as
for other chiral foldamers and peptides.9,27 In anticipation, D-1
and D-9 were synthesised and mixed with the L-enantiomer to
produce racemic mixtures. Eventually, this proved unnecessary
in the case of 1 since single crystals of D-1 diffracting at atomic
resolution (0.8 Å) were obtained (Fig. S9†). The structure was
solved in space group P65. The image shown in Fig. 5a is actually
the mirror-image conformation of D-1 to allow for comparison
with the L-enantiomers of the other structures. We also obtained
crystals of 7 that diffracted at 1.06 Å, and the structure could be
solved in space group P1 with eight independent molecules in
the asymmetric unit (Fig. 5c, d and S10†). In the structures of 1
and 3, and in the eight independent molecules of 7, the
aromatic foldamer PQPQ segment was found to invariably
adopt the same compact helical conformation whose ends are
connected by a peptide loop. Changing loop size and sequence
has no visible effect on foldamer conformation. The helices are
right-handed in agreement with the sign of the CD bands in
solution (Fig. 2a).

An inter-segment hydrogen bond between the NH of the
third amino acid of the peptide segment and an amide CO of
the foldamer segment had been previously seen in the structure
of 3.4 This interaction was invoked as a possible mechanism for
the transmission of stereochemical information from the
peptide to the foldamer handedness. The same hydrogen bond
can be observed in the structure of 3 and in six out of the eight
structures of 7, and also in the structure of 9 (see below).
However, no such interactions are observed within the shorter
peptide loop of 1. How stereochemical information is conveyed
entation shown in top views (above) and side views (below). Amino acid
er side chains are shown as green spheres, and peptide C-termini are
s dashed lines. (d) Overlay of eight different conformers obtained from
ther linker in yellow, and the peptide loops in different green tones.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Peptide chain dihedral angles (phi and psi) obtained from X-ray
crystal structures of compounds 1, 3, 7, and 9 shown in a Ramachan-
dran plot. Dark blue lines represent favoured regions; light blue lines
represent allowed regions.
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from the peptide to the foldamer is thus not always apparent.
The mechanism may not necessarily entail the stabilisation of
the observed favoured diastereomeric conformer but may
instead rest on the destabilisation of the less favoured
conformer. Furthermore, stereochemical information may also
be conveyed directly through the main chain.20,21 The crystal
structures also reveal that all peptide side chains point away
from the foldamer. This hints at the possibility that handedness
bias is independent from the peptide sequence, as seems to be
the case for all macrocycles in this study, despite their sequence
and charge state variability.

The eight molecules of 7 highlight some differences in the
long peptide loop conformation (Fig. 5d and S10†) which may
contain intrapeptide hydrogen bonds. When the peptide loop is
short with respect to helix length as in 1, its conformational
freedom is reduced because the helical folding of the foldamer
amounts to stretching the peptide segment. Peptide stretching
was also obvious in the crystal structure of 9which was obtained
concurrently (Fig. 6). In this case, crystals of the pure enan-
tiomer only diffracted at a resolution of 2.4 Å whereas the
racemate produced crystals that diffracted at 1.2 Å. The X-ray
structure of the racemate could be solved and rened in the
P1 space group. The asymmetric unit contains three molecules
of each enantiomer where L-9 adopted a canonical right-handed
helix conformation and its D-counterpart the opposite handed-
ness (Fig. 6a and S11†). Thus, the foldamer helix folds despite
the relatively short peptide which is stretched as a result. The six
conformers were overlaid aer inverting the three D-enantio-
mers (Fig. 6b), showing high conservation of the helix shape
and minimal variations of the peptide loop. A certain analogy
may be drawn between the effect of the foldamer and the effect
of the multiple staples that have been shown to stabilise a-
helical peptide conformations.14 Inserting a rigid component in
a peptide macrocycle may favour an extended or a helical
peptide conformation, depending on the rigid component's
length.
Fig. 6 (a) Solid state structure of 9 in ball and stick representation;
amino acid side chains in the peptide loop are represented as orange
spheres; foldamer side chains are shown as green spheres; the C-
terminus is shown as a purple sphere; and a peptide–foldamer
hydrogen bond is shown as a dashed line. (b) Overlay of six different
conformers obtained from the crystal structure of 9; the foldamer
represented in blue, the thioether linker is represented in yellow and
the peptide loops are represented in different green tones.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The peptide f and j angles of the solid state structure of 1, 3,
7 and 9 were measured and reported in a Ramachandran plot28

(Table S1,† Fig. 7). The plot showed that a wide range of values,
typical of a-helices and b-sheets, are covered. All of these values
are within the classical favoured regions. No values were found
within the le-handed a-helix area, unlike when individual
amino acids are inserted within Qn sequences.10 Thus, the
inuence of the foldamer helices on the peptides do not extend
to the induction of disfavoured conformations.
Foldamer folding induces peptide extension

The stretched peptide in the solid state conformation of 9 likely
explains why the macrocyclisation step that produces 9 did not
work in water, unlike the other macrocyclisation reactions re-
ported here, and why macrocyclisation of 9 proceeded smoothly
in DMF. The foldamer segment of 9 contains four exible P
units out of nine monomers. The P units were introduced to
accelerate helix handedness inversion and allow for helix sense
bias to take place in water. The helix destabilising effect of P
units is enhanced in organic solvents to the point that (PQ)n
oligomers do not adopt a canonical helix conformation in
chloroform but instead include 90� kinks between PQ dimers.12

Conversely, water stabilises canonical helix conformations7 and
(PQ)n oligomers are normally folded in water.8 Compound 9
may not have cyclised in water precisely because of its well-
folded structure, so the peptide would have had to stretch for
cyclisation to take place. In contrast, the foldamer may not be
fully folded or not always folded in DMF, thus allowing for
cyclisation without stretching the peptide (Fig. 8a). To test this
hypothesis, we measured the CD spectrum of D-9 in DMF and
monitored its change as water is progressively added (Fig. 8b).
Note that D-9 has opposite chirality to 9 and thus an opposite CD
spectrum (compound D-9 was available, and a resynthesis of L-9
for this experiment was thus unneeded). We found that
Chem. Sci., 2021, 12, 11004–11012 | 11009
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a weaker CD signal is observed in pure DMF than in water, and
that its sign suggests P-handedness, thus conrming a different
folding behaviour in this solvent. Upon adding water, the CD
signal progressively evolves to that of the one handed M-helix
characterised by NMR and X-ray crystallography. In contrast, no
such solvent-induced variation is observed when performing
the same experiment with shorter macrocycle 8 (Fig. S4†),
whose PQ3 segment folds regardless of solvent. These results
thus allow to formulate the original concept of peptide exten-
sion directed by solvent-induced aromatic foldamer folding.
Fig. 8 (a) Cartoon representation of the folding of a macrocyclic
foldamer–peptide hybrid (compound D-9, foldamer segment depicted
as a blue strand, a-amino acid residues represented as green spheres)
in DMF and water before and after cyclisation. Thioether formation
(the cysteine thiol reacts with chloroacetamide under basic condi-
tions) progressed rapidly in DMF whereas in water no cyclisation was
observed. Folding of the helix could be induced in an aqueous envi-
ronment which resulted in stretching of the peptide segment in the
macrocycle. (b) CD-spectra of D-9 in various DMF/H2O mixtures at
25 �C. M-helical handedness of the foldamer is promoted by
increasing water concentration (grey lines represent increasing water
concentration in 10% steps).

11010 | Chem. Sci., 2021, 12, 11004–11012
The foldamer confers resistance to proteolytic degradation

We further evaluated the proteolytic stability of the macrocyclic
foldamer-peptide hybrids. Improved stability in biological
media would be of interest for their potential future trans-
latability as therapeutic molecules as demonstrated for other
peptidic macrocycles, for example in the eld of protein–protein
interaction modulation. We focused on sequences 1, 3 and 4,
the latter two being sequence isomers, and assessed their
degradation by three proteases, namely a-chymotrypsin, trypsin
and pronase E (Fig. 9 and S12†). Chymotrypsin cleaves amide
bonds on the C-terminal side of hydrophobic and/or aromatic
Fig. 9 Representative enzymatic degradation of foldamer–peptide
hybrids in the presence of (a) trypsin E; (b) a-chymotrypsin; and (c)
pronase E. The decreasing abundance of intact macrocyclic
compound 1 [(a) and (c)] and compound 4 [(b)] (circles) are shown
along with their respective non-cyclic analogues 14 and 15 (squares).
The percentage of intact foldamer–peptide hybrid was calculated as
the area under the HPLC chromatogram corresponding to the fol-
damer–peptide hybrid at each time point relative to t ¼ 0. Lines are for
guiding the eye only, they do not represent a fit.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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residues (Leu or Phe). Trypsin cleaves on the C-terminal side of
positively charged residues (Lys). Pronase E acts at many
different sites of a-peptides. In order to assess the importance
of macrocyclisation in resistance towards proteolytic degrada-
tion, non-cyclic analogues 14, 15 (Fig. 9) and 16 (see ESI†) were
synthesised as reference compounds for 1, 4 and 3, respectively.
To avoid problems with oxidation, Cys was replaced by Ala in
the acyclic molecules.

The kinetics of proteolysis was monitored by RP-LC-MS.29,30

Representative degradation curves are depicted in Fig. 8 and
S13.† In all cases, acyclic analogues containing cognate cleavage
sites were degraded rapidly and had disappeared within one to
four hours under the conditions used. In contrast, macrocycle 4
was completely resistant to degradation by chymotrypsin (Fig. 9b)
and above 90% of 1 was still present in trypsin-containing
medium aer 250 min (Fig. 9a). Compound 1 was more prone
to degradation by pronase E, with a half-life of t1/2 ¼ 69 min
(Fig. 9c). But this degradation was still considerably slower than
that of its acyclic analogue 14 (t1/2 ¼ 9 min). Compound 3 was
more sensitive than 1 to the action of trypsin – due to the fact that
it possesses three Lys residues instead of one – and pronase E,
but its degradation was nevertheless slower (t1/2 ¼ 41 min) than
that of its acyclic analogue 16 (t1/2 ¼ 3.6 min, Fig. S12†).

LC-MS analyses also allowed us to characterise the degra-
dation products (Fig. S13–S17†). The action of pronase E on
macrocycle 1 induced the loss of central Leu–Lys dipeptide,
which entails hydrolysis aer Gly and before Cys, but it is
unclear which of these two cleavages occurs rst since the
second cleavage is faster and intermediates do not accumulate
(Fig. S13†). The non-cyclic analogue 14 evolved into the Ac-
PQSulPQSul-G fragment and intermediates show that cleavage
occur at multiple sites. As anticipated, the action of trypsin on
14 induced the loss of the Ala–Gly dipeptide (Fig. S14†). The
same dipeptide was released during the incubation of 15 with
chymotrypsin (Fig. S15†). As mentioned above, macrocycles 1
and 4 are much less prone to these cleavages. For sequences 3
and 16 LC-MS analysis conrmed that trypsin cleaves at
different lysine residues whereas pronase has a different
degradation pattern (Fig. S16 and S17†). Overall, these experi-
ments highlight that proteolytic degradation is dependent on
which protease and which peptide sequence are involved, but
that in all cases, signicant resistance is conferred by insertion
of the peptide in a hybrid macrocycle containing a foldamer
helix. These results bode well for the possible use of such
macrocycles in vivo.

Conclusions

Our results demonstrate extensive conformational interplay
between peptides and helical aromatic foldamers within hybrid
macrocycles. The peptide loop stabilises the foldamer helix
conformations and quantitatively biases its handedness.
Conversely, aromatic helix folding restricts the peptide confor-
mation to an extended structure when the length of the two
segments (peptide vs. folded helix) match. We also showed that
proteolytic degradation of the peptide is slowed down consid-
erably within these hybrid macrocycles. Altogether these results
© 2021 The Author(s). Published by the Royal Society of Chemistry
suggest that hybrid foldamer–peptide macrocycles extend the
range of properties beyond what can be achieved with peptide
macrocycles alone. Further investigation may concern the
contribution of the foldamer segment to enhance the cell
penetration of the peptide,31 or to enhance the peptide's ability
to bind to a protein target. Progress along these lines is being
made and will be reported in due course.
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