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A focus on a complex abiotic tertiary structure

In contrast to the many well-defined helical secondary structures of foldamers reported thus far, examples
of tertiary molecular structures of foldamers remain rare with the development of such folded structures

being still in its infancy. While the direct design of foldamer tertiary structures still presents a daunting

challenge, a realistic strategy for developing unimolecular tertiary structures of foldamers involves

covalently linking the molecular components of known quaternary structures of foldamers that have

been reported in recent years. Wang et al. (S. Wang, J. Sigl, L. Allmendinger, V. Maurizot and |. Huc,
Chem. Sci., 2025, 16, 1136-1146, https://doi.org/10.1039/D4SC07336C), by starting from a Cs-
symmetrical, hydrogen-bonded homochiral parallel bundle of three aromatic helices, used rational
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principles and molecular modeling to convert the trimolecular object into a unimolecular helix-turn-
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The folding and assembly of bio-
macromolecules have inspired the crea-
tion of various foldamers, artificial
oligomers that fold into well-defined
three-dimensional structures. Efforts
over the past three decades have led to
the creation of numerous foldamers that
adopt well-defined secondary structures,
most of which are helices.’® The avail-
ability of these discrete secondary struc-
tures has prompted efforts to design
higher-level structures inspired by the
tertiary and quaternary structures of
proteins. Similar to those exhibited by
peptides and proteins, including
designed protein structures, the avail-
ability of tertiary and quaternary struc-
tures in foldamers should significantly
expand the diversity of functions that can
only be expressed at these structural
levels, with applications in a range of

fields including chemistry, biology,
biomedical science, and materials
science.

An early observation by Gellman et al.
on the assembly of a B-peptide provided
the first indication of a helical bundle,
a quaternary structure of a foldamer.”
Indeed, in the solid state or in solution,
for foldamers, many more examples of
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well-defined quaternary structures than
tertiary structures have been observed.
Most known foldamer quaternary struc-
tures consist of secondary structures,
primarily various helices. An intriguing
approach for developing tertiary struc-
tures of foldamers is to covalently link the
secondary structural components of
known quaternary structures. DeGrado
et al. subsequently reported a two-helix
bundle consisting of B-peptide helices
linked vie a disulfide bond.® Other
examples of foldamer tertiary structures
include, but are not limited to, the pep-
toid helix bundles by Zuckermann and
Dill,’ the B-peptide bundles reported by
Schepartz,'® the sequence-guided back-
bone alteration by Horne,'* the AApeptide
zipper by Cai,”* and the oliguria helix
bundles by Guichard.™

Despite ongoing efforts, the develop-
ment of protein-like tertiary structures
with foldamers remains a significant
challenge and is still in its infancy due to
several reasons: (1) protein tertiary
structures depend on a highly complex
network of non-covalent interactions,
whereas foldamers often lack the precise
combination and tunability of such
interactions, which are essential for
achieving complex folding and assembly;
(2) the synthesis of proteins is highly
efficient, thanks to evolutionary

helix-turn-helix tertiary structure that represents the most complex abiotic tertiary structure known to date.

advantages developed over millennia. In
contrast, the synthesis of abiotic fol-
damers is limited by fewer available
synthetic strategies and presents consid-
erable challenges; (3) while protein
tertiary structures are both dynamic and
stable, it is still difficult to synthetically
balance the rigidity and flexibility of
foldamers.

The Huc group has been leading the
development of tertiary structures for
aromatic  foldamers composed of
aromatic rings in their main chain.™
Many aromatic foldamers, especially
aromatic oligoamide foldamers,*® offer
stably folded conformations, which
enables the construction of higher-order
structures with unique properties and
functions that otherwise are unattainable
with biomacromolecules.

The current work by Wang et al
involves the design of a unimolecular,
three-helix bundle consisting of cova-
lently linked aromatic helices that engage
in  hydrogen-bonding  interactions
(https://doi.org/10.1039/D4SC07336C)."*
Starting from the known crystal structure
of a C;-symmetrical homochiral, parallel
bundle consisting of three aromatic
helices that are held together by
intermolecular hydrogen bonds,"* the
authors, based on rational principles
and molecular modeling, are able to
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convert the trimolecular object into
a unimolecular helix-turn-helix-turn-
helix tertiary structure, which is the
most complex abiotic tertiary structure
known to date.

To design a unimolecular three-helix
bundle based on the crystal structure of
the parallel trimer, the authors had to
address two distinct challenges. The first
was to organize the helices in space for
them to be connected from the N-
terminus of a helix to the C-terminus of
an adjacent helix, which requires the
realignment of one of the three helices,
from being parallel to the other two
helices to being antiparallel. This was
achieved by inverting both the orienta-
tion and the handedness of one of the
helices, a well-known operation adopted
in the design of o-helical retro-inverso
peptides,'® and also used by the Huc
group to design the PM/MP helix-turn-
helix tertiary fold.” The resultant heter-
ochiral trimolecular bundle was exam-
ined by molecular modeling, which
confirmed the proper alignment of the
helices and the placement of intermo-
lecular hydrogen-bond patterns similar
to those of the homochiral C;-symmet-
rical trimer. The other challenge was to
design and synthesize linkers that cova-
lently connect the three helices. Two
distinct helix-helix connection strategies
were envisaged, along with considering
the rigidity of the linker to reduce the
possibility of rearrangement and/or of
introducing strain that may destabilize
the tertiary structure, and examination
using molecular modeling led to the
design of two analogous turn units, T6f
and Tér, that were synthesized and
further examined (Fig. 1).
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Fig. 1 Structure of Q°, Q% QM X, Y, P, T6f
and Tér monomers as well as N-terminal
chiral C* group. X and Y are the hydroxy-
protected precursors of X and Y, respectively.
TMSE = 2-trimethylsilylethyl. Reproduced
from ref. 15 with permission from the Royal
Society of Chemistry.

The design of the linkers was validated
in helix-turn-helix models, first with
shortened (three-residue) helices with
sequences equivalent in length to Q-
turn-Qs, 2b, 3b and 4b, and then with
oligomers 5b and 6b having the longer
(eight-residue) helices equivalent in
length to Qg-turn-Qg. Results based on
solid-state structures and NMR studies
demonstrate that T6f and Tér indeed
mediate the helix-turn-helix arrange-
ment, e, U-shaped helix-turn-helix
structures, desired to form the helix
bundles, with the more rigid Tér being
a better option to control conformation
(Fig. 2).

Oligomers 7b and 8b (Fig. 3a),
designed to fold into unimolecular three-
helix bundles, consisting of the same set
of three helices connected by linkers T6f
and Ter, respectively, were synthesized
based on fragment condensation strate-
gies that allowed the purification of the
synthesized oligomers by recycling gel
permeation chromatography (GPC) in
chloroform.

Oligomers 7b and 8b were extensively
studied with NMR and CD spectroscopy.
The obtained results indicate that olig-
omer 7b seems to exist as multiple
species in both CDCl; and CD,Cl,. In
contrast, in CD,Cl,, data provided by H
NMR, 'H,">N HSQC, DOSY, and CD
spectra all point to 8b being a unim-
olecular tertiary fold with two helix
handedness reversals held together by
nine intramolecular hydrogen bonds.
The well-defined folding of 8b confirms
that Tér is a more effective linker than
Té6f and is consistent with the proposed

a)

2b

b)

3b

Fig. 2 Crystal structures of 2b (a) and 3b (b).
Reproduced from ref. 15 with permission
from the Royal Society of Chemistry.
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a)7b  C*QXQQYQXQ(T6FQXQQ'YQ'XQ"),-G1y-0Me
8b  C*QXQ'Q'YQ’XQ'(T6rQ’XQ"Q"YQXQ),-G1y-0Me

Fig. 3 (a) Structural sequences of oligomer
7b and 8b. See Fig. 1 for the structures of
residues Q%, QP, Q, and X, and linkers T6f
and Tér. (b) Molecular model of 8b. The
molecule is shown in stick representation.
Nonpolar hydrogen atoms and side chains
(except that of the Té6r turn) have been
removed for clarity. Hydroxy protons are
shown as yellow balls. Reproduced from ref.
15 with permission from the Royal Society of
Chemistry.

molecular model (Fig. 3b). Interestingly,
in CDCl;, oligomer 8b, instead of adopt-
ing the well-defined conformation
observed in CD,Cl,, seems to exist as
multiple species that remain to be iden-
tified. The reason for this solvent-
dependent folding of 8b is not yet clear.
The differing propensity of 7b and 8b to
adopt well-defined conformations further
demonstrates the crucial role of the
linker in promoting the folding of these
oligomers. The more flexible T6f turn in
7b failed to achieve defined folding,
whereas the more rigid Tér turn in 8b
provided sufficient stability for the folded
structure.

The solvent-dependent folding of 8b
suggests that the current design still has
plenty of room for improvement. This
may be achieved by enhancing the non-
covalent interactions between the helical
components, and by optimizing the
design of the linker to further increase
the stability of the overall folded
structure.

In summary, a well-defined, unim-
olecular three-helix bundle based on
oligomer 8b was successfully designed
and obtained. The alignment of three
helical components allows their connec-
tion from N-to-C termini, which was
realized by inverting the orientation and
the handedness of one of the three
helices. Two different linkers, T6f and
Tér, for connecting the helices, were
designed based on molecular modeling
and validated in helix-turn-helix models.
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Examining the folding of oligomers 7b
and 8b, which differs by having linkers
T6f and Ter, respectively, revealed the
folding of 8b into an abiotic unim-
olecular three-helix bundle in CD,Cl,.

The current contribution presents
a systematic and easy-to-follow approach
based on rational principles, molecular
modeling, and meticulous structural
characterization. The developed method
should be generally applicable for con-
verting other known quaternary struc-
tures of foldamers into tertiary molecular
structures by carefully considering the
alignment of secondary structural
components and by designing appro-
priate covalent linkers.
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