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Sulfono-y-AApeptides are a subset of possible sequence-specific foldamers that might be considered
for the design of biomimetic drug molecular structures. Although they have been studied for a relatively
short period of time, a number of structures and functions have been designed or discovered within this
class of unnatural peptides. Examples of utilizing these sulfono-y-AApeptides have demonstrated the
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potential that sulfono-y-AApeptides can offer, however, to date, their application in biomedical sciences
yet remains unexplored. This review mainly summarizes the helical folding conformations of sulfono-vy-
AApeptides and their biological application as helical mimetics in medicinally relevant protein—protein
interactions (PPIs) and assesses their potential for the mimicry of other a-helices for protein recognition
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Introduction

In the past two decades, our understanding of protein struc-
tures and functions has advanced rapidly, providing an in-
depth understanding of the mechanisms of various biological
processes. As an outgrowth of this understanding, researchers
designed a variety of important unnatural oligomers (folda-
mers) to mimic the secondary and tertiary structures of natural
peptides and proteins'~” and achieved impressive results.®™?
To date, these foldamer systems have been used to mimic
various aspects of the folding and organization of natural
peptides and proteins. A number of outstanding studies
based on unnatural foldamers that have been developed involve
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B-peptides, peptoids, oligoureas,>®
azapeptides, and others.

v-AApeptides (y-substituted-N-acylated-N-aminoethyl amino
acids) are a class of peptidomimetics developed in recent years
by our group.**** Their backbone structure is derived from
v-chiral PNA (peptide nucleic acid), and each repeating unit is
compared with a conventional dipeptide residue and contains
the same number of side chains as a-peptides of the same
lengths (Fig. 1). As a subset of y-AApeptides, sulfono-y-
AApeptides have emerged as a new class of foldameric helical
mimetics in recent years (Fig. 1)*® and have been employed to
tackle some continuing challenges in modulating o-helix-
mediated PPIs.>’ ™ As a class of proteolytically stable peptido-
mimetics, sulfono-y-AApeptides and their related peptide
hybrids exhibit unique folding stability by adopting a series
of robust helical structures with well-defined hydrogen bond
patterns.>*° This type of unnatural peptidomimetics has the
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Fig. 1 Chemical structures of a-peptide, y-chiral PNA, y-AApeptide and sulfono-y-AApeptide.

following advantages: (1) half of the side chains are derived
from the chiral groups of canonical amino acids, whereas
the other half of the side chains are introduced by sulfonyl
chlorides, providing an enormous chemical diversity. (2) They
can form well-defined and stable secondary structures analogous
to that of an o-helix, enabling the mimicry of the structures of
natural peptides or proteins and maintaining or even improving
the functions of their natural counterparts. (3) Their inherent
resistance to degradation and enhanced cell permeability make
this class of peptidomimetics ideal lead compounds or drug
candidates.

To date, we have conducted the research on the structure and
functional applications of sulfono-y-AApeptides in chemical
biology and biomedical sciences and have obtained some pro-
mising results. Our exploration on sulfono-y-AApeptides further
expands our understanding of the structure, stability and inter-
nal mechanism of peptides and proteins. In this review, we
focused on the review of the helical folding conformations
of sulfono-y-AApeptides and their biological applications as
helical mimetics in medicinally relevant PPIs and provide our
perspective on their potential in the mimicry of other biological
molecules in the future.
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Helical conformations

Polyamide sequences composed of both a-amino acid residues
and sulfono-y-AA residues with different ratios will adopt
different types of helical conformations. The naming of the
helical forms of sulfono-y-AApeptides and their peptide hybrids
adopts a convention based on the number of atoms in the
pseudo-hydrogen-bonded ring.***!

Left-handed 4,,-helices

The 2D NMR spectroscopy investigation of homogeneous
-sulfono-y-AApeptides provided an early indication that sulfono-
y-AApeptides are able to form helical structures.”> However, the
structure generated by the NOE-constrained molecular dynamics
was elusive, because the helical chirality could not be derived, and
the hydrogen bonding mode was uncertain owing to dynamic
solution structures. Recently, we have finally clarified the helicity
and hydrogen bonding mode of the helix based on the atomic-
level structural information of homogeneous r-sulfono-y-
AApeptides through their crystal structures (Fig. 2A).>” Peptides
formed from homogeneous sulfono-y-AApeptide building blocks
derived from r-amino acids adopt left-handed 14-helices (Fig. 2B).
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(A) Side and top views of the crystal structure of the representative oligomer 1. Hydrogen bonding is shown in red. (B) The intramolecular 14-

hydrogen-bonding pattern of 1 detected in the crystal structure. (C) Summary of the detected NOESY cross-peaks of 5 mM oligomer 2 between
hydrogen atoms on non-adjacent residues in CDsOH (10 °C). Three types of NOEs are displayed in different colors. Reproduced with permission from ref.

37. Copyright 2018 by John Wiley & Sons, Inc.

The 14-helix is stabilized by hydrogen bonding between an
amide proton at position i and a main chain carbonyl at
position i + 3, forming a series of highly consistent 14-
membered rings. This hydrogen bonding mode results in the
formation of a macrodipole with a partial positive charge at the
C-terminal and a partial negative charge at the N-terminal, which
is the opposite of the macrodipole formed in a canonical a-helix.
Due to its unique hydrogen bond pattern and side chain
arrangement, it is named a 4;,-helix, meaning that each turn
of the helix contains 4 side chains (three residues), and 14 atoms
are in the pseudo-loop formed by intramolecular hydrogen bonds.
The helical pitch of these r-sulfono-y-AApeptides is 5.1 A, which is
very close to that of the o-helix (5.4 A). The side chains are perfectly
located on top of each other along the spiral axis, implying their
ability to mimic the side chains of the o-helix on multiple helical
faces. The existence of this secondary structure in the solution is
also supported by circular dichroism (CD), 2D NMR spectroscopy
(Fig. 2C) and molecular dynamics simulations in various solvents.*”
The preference for left-handed helix formation is further rationa-
lized by molecular dynamics simulations in methanol.””

Right-handed and left-handed 4,;-helices

Systematic conformational searches and crystal structures of
the o/t-sulfono-y-AA hybrid peptides have revealed inherent
preferences for different helical conformations. Sequences with
alternating r-sulfo-y-AA structural units and a-amino acids in a
1:1 repeating pattern can form a right-handed helical conforma-
tion with a virtually identical helical pitch of 5.34 A and a radius
of 3.05 A (Fig. 3A and B).>****% The side chains of this type of
peptide were almost perpendicular to the helical axis and point
away from the peptide axis. The series of crystal structures we
have obtained clearly reveal the neat and uniform 13-hydrogen
bond pattern between the backbone carbonyl group of each residue
and the amide N-H of the fourth residue with a distance of 1.95-
2.11 A. Therefore, the 4,,helix is designated for this type of helical
foldamer. The CD spectra show strong positive Cotton effects
between 205 and 215 nm, also suggesting that 1:1 o/sulfono-y-
AApeptides adopt righthanded helical conformations. 2D NMR

© 2022 The Author(s). Published by the Royal Society of Chemistry

spectroscopy was further used to investigate the atomic-scale details
of intramolecular interactions in solution, and the results are con-
sistent with the single crystal data. It is also noted that the helical
handedness of o/sulfono-y-AA hybrid peptides is completely depen-
dent on their chiral side chains, as o/p-sulfono-y-AA hybrid peptides
adopt the conformation of the left-handed 4,5-helix (Fig. 3C and D).>*

Right-handed 4.5, 14 helices

Heterogeneous oligomers consisting of a 2:1 pattern of r-o/p-
sulfono-y-AA  amino acids can adopt a 16/14-helix
conformation.®® The characteristic feature of this helix is an
intertwined network of 16- and 14-membered hydrogen-bonded
rings (Fig. 4). The discovery of this secondary structure further
strengthens our confidence in using unnatural peptidomimetics
and proteomimetics to mimic natural peptides and proteins.

The 16/14-helix has been elucidated at the atomic level by
single-crystal X-ray crystallography analysis and studied in
organic solvents by CD and 2D-NMR.*® All the single crystals
reveal a right-handed helical structure and an almost uniform
helix radius of 2.6 A, a pitch of 5.1 A, and 4.5 residues per turn
and show the same 16-16-14 hydrogen bond pattern. This
helical mode formed between the N-H group of the a-amino
acid residue and the C=O group of the o-amino acid four
residues earlier (type A 16-hydrogen bonding) or between the
N-H group of the a-amino acid residue and the C=O0 group of
the p-sulfono-y-AA four residues earlier (type B 16-hydrogen
bonding) or between the N-H group of the p-sulfono-y-AA
residue and the C=O0 group of the p-sulfono-y-AA four residues
later (14-hydrogen bonding) i + 4 — i hydrogen bonding with a
distance of 2.1 A (H---O distance). In contrast to the uniform
arrangement of the amide bonds and the helix axis of the
14- and 13-helices, there are two types of amide bond orientations
in the 16/14 helix. Therefore, this helical conformation was
named the 4.5, 14 helix, which represents the number of residues
in each helical turn, and 16 or 14 atoms participate in the ring
formed by intramolecular hydrogen bonds. Compared with the
310 helix and the o-helix, the 4.5;6_14 helix is not packed tightly,
but is slightly tighter than the & spiral.*

RSC Chem. Biol., 2022, 3, 805-814 | 807
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Fig. 3 (A) Hydrogen bonding pattern of the representative oligomer 3 detected in crystal structures. (B) Crystal structure of 3 stabilized by intramolecular

hydrogen bonds (magenta dashed line in the inset). (C) Hydrogen bonding pattern of the representative left-handed oligomer 4 detected in crystal
structures. (D) Crystal structure of 4 stabilized by intramolecular hydrogen bonds (yellow dashed line in the inset). Reproduced with permission from
ref. 38. Copyright 2018 American Chemical Society.

Biologically active sulfono-y-AApeptides the inhibition of transcriptional activity and degradation.

Inhibitors of p53-MDM2/MDMX PPIs

Studies have shown that the overexpression of MDM2 and
MDMX is a key factor leading to a variety of human cancers,

p53 is a tumor suppressor, which plays an important role in the making them promising targets for the development of anti-
process of carcinogenic transformation, protecting higher tumor drugs.** The interaction of p53-MDM2 has been deeply
organisms from cancer.”> MDM2 and MDMX have considerable studied, which provides a good platform for verifying the
structural homology; binding to the N-terminus of p53 causes effectiveness of helical sulfono-y-AApeptide mimics.
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(A) Helical structure of a representative crystal 5 packing along the peptide axis; the intermolecular hydrogen-bonding pattern was shown in the

inset for clarity. (B) Cartoon representation of 5 shown in oval to further clarify the helix. (C) Crystal packing of oligomer 5 viewed perpendicular and then
down to the helical axis. (D) 16—-16-14-Hydrogen-bonding pattern detected in the crystal structure of 5. (E) Summary of the detected NOESY cross-
peaks of 5 mM oligomer 6 between protons on nonadjacent residues in CDzOH (10 °C). Three types of NOEs are displayed in different colors. Each b-
sulfono-y-AApeptide unit is considered as one residue. Reproduced with permission from ref. 39. Copyright 2017 by American Chemical Society.

Homogeneous r-sulfono-y-AApeptides adopt a left-handed
helix structure with a defined 14-atom hydrogen bond pattern,
and its pitch is 5.1 A, which is similar to a-peptide (5.4 A).>” We
speculated that the o-helical structure of p53 can be mimicked
by the homogeneous r-sulfono-y-AApeptides to inhibit the
p53-MDM2/MDMX interaction. Based on this assumption, we
designed and synthesized a series of r-sulfono-y-AApeptides.
The lead compound 7 obtained from this is one of the most
effective unnatural peptidomimetic inhibitors for this inter-
action (Fig. 5).

Although homogeneous r-sulfono-y-AApeptides can be suc-
cessfully applied to inhibit a-helix-mediated p53-MDM2/MDMX
PPIs, there may be some limitations in mimicking the right-
handed o-helix structure using the left-handed backbone. Our
previous studies have shown that 1:1 o/i-sulfono-y-AApeptides
have a stable right-handed 4,; pinwheel-like helical structure
with a pitch of 5.34 A, which is similar to the pitch of an o-helix
(5.4 A).>® Therefore, we envision that this type of peptidomi-
metic may be used to inhibit/modulate protein-protein inter-
actions. To test this hypothesis, we took the p53-MDM2/MDMX
interaction as an example, and the results showed that the lead

© 2022 The Author(s). Published by the Royal Society of Chemistry

compound 8 can bind tightly to MDM2/MDMX and block the
p53-MDM2/MDMX interaction (Fig. 5).>°

As the enantiomer of homogeneous r-sulfono-y-AApeptides,
homogeneous bp-sulfono-y-AApeptides should have a right-
handed conformation like the a-helical peptide. We speculated
that it might make the design of the a-helical simulation easier
and more straightforward. Therefore, we also assessed whether
it is suitable for the mimicry of helical domains in protein-
protein interactions.’® The results show that the lead com-
pound 9 can bind well to MDM2 and competitively block the
p53-MDM2 interaction at the binding site (Fig. 5).

Inhibitors of BCL9-$-catenin PPIs

The Wnt/B-catenin signaling pathway plays an important role
in embryonic development, tissue homeostasis, and several
types of human cancers.*” As the central medium of signal
transduction, B-catenin controls the expression of several key
genes that regulate the cell cycle and apoptosis. The transcrip-
tional activation of the Wnt/B-catenin signaling pathway
depends on the formation of the B-catenin-BCL9 (or B9L) or
B-catenin/TCF/LEF super complex.*®*” Therefore, the Wnt/p-

RSC Chem. Biol,, 2022, 3, 805-814 | 809
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Fig. 5 (A) Structures of p53, lead linear homogeneous L-sulfono-y-
AApeptide 7, lead stapled 1:1 a/sulfono-y-AApeptide 8 and lead linear
homogeneous p-sulfono-y-AApeptide 9 investigated for the disruption of
the p53-MDM2 interaction. The side chains mimicking Phel9, Trp23, and
Leu26 in p53 are shown in blue. (B) Crystal structure of the interaction of
p53 with MDM2 (PDB: 1YCR). (C) Modeling of the lead homogeneous
L-sulfono-yAApeptide 7.32 (D) Modeling of the stapled 1:1 o/sulfono-y-
AApeptide 8.2° (E) Designed lead homogeneous p-sulfono-y-AApeptide 9
interaction with MDM2.3° Reproduced with permission from ref. 30.
Copyright 2020 by American Chemical Society.

catenin signal transduction can be inhibited by blocking the
interaction of B-catenin-BCL9, so as to develop new anticancer
drugs. Although there have been reports of using small
molecule and peptide inhibitors to block the B-catenin-BCL9
interaction, there are few examples of unnatural peptidomi-
metic inhibitors.”*” 1t is still a big challenge to design
effective peptidomimetic inhibitors to enter cells and block
the B-catenin-BCL9 interaction.

We designed and synthesized a series of left-handed homo-
geneous sulfono-y-AApeptides to mimic the helical structure of
natural BCL9 (Fig. 6).>* The results show that the left-handed
homogeneous sulfono-y-AApeptides can structurally and

810 | RSC Chem. Biol., 2022, 3, 805-814
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functionally mimic the a-helical domain of BCL9 and selectively
and more efficiently block the cancer-related p-catenin-BCL9
interaction in cells. The enzymatic stability of peptide drugs is
critical to their biological activity, while sulfono-y-AApeptides
show no detectable degradation and exhibit extremely high
stability, which increases their therapeutic application potential.
This work can expand the use of sulfono-y-AApeptides in the
preparation of potent and cell-permeable peptidomimetic drugs
and will have many applications in biomedicine and chemical
biology.

Agonists of GLP-1R

The glucagon-like peptide-1 receptor (GLP-1R)*® belongs to the
B subfamily of G protein-coupled receptors (GPCR), and its
glucagon helical peptide ligand GLP-1 analogue is expected to
be a therapeutic drug candidate for type 2 diabetes and
obesity.>® However, the half-life of natural GLP-1 is very short;
it will be rapidly degraded by proteases and excreted by the
kidneys.®® Therefore, improving the stability of GLP-1 is essential
for the development of diabetes drugs. The use of helical mimics
is an effective strategy for the development of proteolytically
stable GLP-1R agonists. However, the existing GLP-1 mimics
need to retain most of the natural amino acid residues in order
to maintain their biological activity.®*"®* The reports of the
unnatural backbone to mimic GLP-1, which may be due to
the difference in the helicity between the o-helix and helical
peptidomimetic, resulting in the use of completely unnatural
peptidomimetics to mimic a long and complex o like GLP-1 helix
is extremely challenging. Since the peptidomimetics with a
complete unnatural backbone are more resistant to proteolysis
than hybrid peptides, the development of GLP-1 helical peptide
mimics with the entire unnatural backbone is more practical.

We have conducted an in-depth analysis of the GLP-1/GLP-
1R interaction mechanism and the single crystal structure of
sulfono-y-AApeptides and designed and synthesized a series of
t-sulfono-y-AApeptides which may be able to mimic the natural
GLP-1 (Fig. 7).>' The results show that these peptidomimetics
can mimic the residues on multiple faces of the GLP-1 a-helical
domain in terms of structure and function. Among them, the
lead compound obtained showed potent GLP-1R agonistic
activity in both cell-based experiments and oral glucose toler-
ance tests in animals. More importantly, the degradation of
sulfono-y-AApeptides was not observed in the enzymatic stability
and human serum stability experiments.

The a/sulfono-y-AApeptide hybrid analogues of glucagon

Glucagon is an essential hormone for regulating glucose home-
ostasis, and it is also a counter-regulatory hormone for
insulin.®® Unlike GLP-1, which stimulates glucose uptake, the
role of glucagon is to bind to the glucagon receptor and
increase the concentration of glucose in the blood stream.
Glucagon is considered to be an effective treatment for severe
hypoglycemia; however, its plasma half-life is only a few
minutes, which limits its widespread clinical application.®®
Interestingly, although significant efforts to develop GLP-1
analogues with improved stability, there are few reports on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Structure of a representative lead compound 10 investigated for the disruption of the B-catenin-BCL9 interaction. (B) Proposed structure of
sulfono-y-AApeptide 10. (C) Overlay of 10 with the critical residues of the BCL9 helical peptide. (D) Overlay of 10 with the critical residues of BCL9 on the
binding surface of B-catenin (PDB: 2GL7). Reproduced with permission from ref. 33. Copyright 2019 by Proceedings of the National Academy of
Sciences.
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Fig. 7 (A) Structure of the lead sulfono-y-AApeptide 11. (B) GLP-1 binds to GLP-1R (PDB: 5VAI). GLP-1 (7-36) is shown in blue and GLP-1R is represented
in green cartoon. (C) The helical domain of GLP-1 with critical residues shown as sticks. (D) Design of sulfono-y-AApeptide 11, with side chains mimicking
the important residues in C. (X, Y, and Z denote the faces of the residues on the helix, respectively.) Reproduced with permission from ref. 31. Copyright
2020 by the American Association for the Advancement of Science.

target.”® We tried to exchange o amino acids with sulfono-y-AA
and other unnatural residues and combined with extension

the development of stable glucagon analogues, despite the fact
that the development of proteolytically stable glucagon analo-

gues can be quite important in biomedical sciences.®”

In order to explore the potential applications of o/sulfono-y-
AApeptide hybrids by the use of minimal insertion of sulfono-y-
AA residues to stabilize short-acting biologically active pep-
tides, we chose this long and complex glucagon peptide as the

© 2022 The Author(s). Published by the Royal Society of Chemistry

strategies, including functionalized peptides with polyethylene
glycol (PEG) and long fatty acid chains to promote the binding
of albumin and extend the in vivo activity, expecting to develop
glucagon analogues with enhanced stability and prolonged
biological activity (Fig. 8).

RSC Chem. Biol., 2022, 3, 805-814 | 811
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the lead a/sulfono-y-AApeptide hybrid 12 (C), and superimposition of glucagon with the lead o/sulfono-y-AApeptide hybrid 12 (D). Reproduced with

permission from ref. 28. Copyright 2021 by American Chemical Society.

From the result point of view, this strategy shows enhanced
stability and prolonged in vivo activity, while retaining natural
glucagon-like activity. This work represents the first successful
example of using sulfono-y-AA residues to stabilize glucagon.
This new backbone modification method may help to develop
peptides with therapeutic potential. This strategy can be used
to explore and develop stabilized analogues of other short-
acting bioactive peptides.

Modulating angiogenesis by mimicking the VEGF

The regulation of key biological processes through peptide
mimetics provides a huge opportunity to regulate processes
that lead to serious diseases. One of the processes is angiogen-
esis, the formation of new blood vessels, which is a hallmark of
cancer cells. The upregulation of angiogenesis leads to the
proliferation of the vasculature network and subsequent tumor
progression and metastasis. The down-regulation of angiogen-
esis is related to diseases such as ischemic heart disease, organ
repair and wound healing.®®7°

By the use of the helical sulfono-y-AApeptide scaffold, we
designed unnatural peptidic foldamers that mimic the key helix
binding domain on VEGF-A (helix «1) to inhibit the interaction
of VEGF-A with VEGFR-1 and VEGFR-2.”” Another significant
finding we reported is that we found that with only one residue
difference (replace Phe with Trp), our sulfono-y-AApeptide
based helical mimetics 13 and 14 can activate or inhibit
angiogenesis, respectively (Fig. 9). Our subsequent findings
suggested that this distinct regulation of angiogenesis may be
due to the selective binding of 13 to VEGFR-1 and 14 to VEGFR-2,
respectively. The computational modeling and biological studies
suggested that the binding selectivity is due to the slightly

812 | RSC Chem. Biol., 2022, 3, 805-814

different binding interfaces of VEGFR-1 and VEGFR-2. This is
also the first time that this hypothesis has been deduced by
small unnatural peptidomimetics rather than large proteins.

AZJbJE)J ».JLN&LJ{J&HJVJNN,

N o N

nu, un, "“z

A T B

-é—o

NH, NH; NH;

B 13 14

! !

— Ischemic heart diseases — Cancer therapy
— Organ repair and wound healing

—> Scleroderma lung disease

Fig. 9 (A) Structures of the lead sulfono-y-AApeptides 13 and 14. (B)
Modulation of the angiogenic switch with the sulfono-y-AApeptide
mimics of VEGF-A. Reproduced with permission from ref. 27. Copyright
2022 by American Chemical Society.
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Overall, these molecules thus provide us a key to switch the
angiogenic signaling, a biological process that balances the
effects of proangiogenic and antiangiogenic factors, where
imbalances lead to several diseases including cancer.

The effectiveness of angiogenic therapies, mostly targeting
one element of the VEGF pathway, has been limited. This is
believed to be due to the complexity of the pathway and
ambiguity of the role of VEGF receptors at different stages of
diseases. We believe that our success in effectively targeting
VEGFR-1 and VEGR-2 selectively represents a major develop-
ment in a holistic approach for targeting cancer and other
diseases by modulating angiogenic receptors, and in addition,
this also presents an extraordinary chemical biology tool to
interrogate angiogenesis signaling.

Conclusions

Sulfono-y-AApeptides represent a small subset of possible
sequence-specific oligomers that researchers may consider
when designing biomimetic structures. Although these types
of unnatural peptidomimetics have been studied for just a
relatively short period, a number of lead compounds with
promising biological activity have been discovered through
the design based on their crystal structures. Applying this
structure-based drug design method to the field of protein-
protein interactions should lead to the discovery of ligands for
various drug-related targets, just like the case of B-peptides,
oligoureas, and peptoids. So far, some progress has been made
in the use of the secondary structures of sulfono-y-AApeptides
to design new peptidomimetic lead compounds, and the use of
the well-defined tertiary structure of this type of peptidomi-
metic to mimic more complex natural peptides represents an
additional challenge. If good progress can be made in the
mimicry of the tertiary and quaternary structure of sulfono-y-
AApeptides in future research, it will have more fundamental
significance for understanding protein folding and the design
of drugs and functional materials.
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