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Abstract Peptides are native binders involved in numerous physiological life procedures, such as cellular

signaling, and serve as ready-made regulators of biochemical processes. Meanwhile, small molecules

compose many drugs owing to their outstanding advantages of physiochemical properties and synthetic con-

venience. A novel field of research is converting peptides into small molecules, providing a convenient

portable solution for drug design or peptidomic research. Endowing properties of peptides onto small mol-

ecules can evolutionarily combine the advantages of both moieties and improve the biological druggability

of molecules. Herein, we present eight representative recent cases in this conversion and elaborate on the

transformation process of each case. We discuss the innovative technological methods and research ap-

proaches involved, and analyze the applicability conditions of the approaches and methods in each case,

guiding further modifications of peptides to small molecules. Finally, based on the aforementioned cases,

we summarize a general procedure for peptide-to-small molecule modifications, listing the technological

methods available for each transformation step and providing our insights on the applicable scenarios for

these methods. This review aims to present the progress of peptide-to-small molecule modifications and pro-

pose our thoughts and perspectives for future research in this field.
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1. Introduction
Small molecules are acknowledged as the mainstream of drug
development, while drugs are found in a complex variety of
sources. Obtaining them through peptide modification is important
for small-molecule drug development. Peptides are commonly
known for their high selectivity and efficacy, considerable safety,
and good tolerance1. Considering the outstanding advantages of
peptides, they have fixed ways to synthesize, are available for
modification and optimization, are less prone to degradation
compared to exogenous compounds, etc.2e6. As a result of
enhanced membrane permeability, bioavailability, and absorption,
they are prone to exhibit therapeutic effects in vivo7,8. The dis-
covery of peptides is mostly based on endogenous interactions and
is easily accessible through rational drug design approaches.
Peptides have naturally outstanding bioavailability and absorption
in vivo, however when used as oral drugs, deficiencies of peptides
reveal poor metabolic stability, limited oral administration, and
low membrane permeability9,10. Therefore, structural modification
of peptides to retain the active pharmacophore and slim down to
small molecules is very necessary and is one of the popular ap-
proaches for small molecule drug development11e14.

The classic angiotensin-converting enzyme inhibitor, captopril,
was obtained by modifying teprotide extracted from snake venom,
which was regarded as the first successful case of peptide modifica-
tion to a small molecule and was introduced to the market in
197115,16. This breakthrough in drug development from peptides
proved that this strategy is reasonable and inspired medicinal chem-
ists worldwide to design small molecules derived from peptides. In
the 1990s, Duncia and Smeby et al. designed angiotensin II AT1
antagonists, following the successful workflow inspired by captopril,
enabling peptides to be transformed into small molecules in a highly
rational way17,18. One of the most typical oral small-molecule drugs
from peptides approved by the European Medicines Agency is Par-
ecoxib, initially developed as a peptide-based COX-2 inhibitor,
transformed into a small molecule by Pfizer to provide effective pain
relief with improved pharmacokinetic properties and bioavailability
in 200219e22. For years to come, technologies have evolved, and skills
and tools for optimization from peptides to small molecules through
medicinal chemistry strategies have also developed to the next level.
In classical pharmaceutical refinement, small molecules were created
by simulating the copyof residues frompeptides. In the interval of the
optimization, peptidomimetics emerge as the initiatory fusion prod-
uct and become a potential intermediate field of research on the road
to small molecules23e27. During the time-consuming and inefficient
classical optimization, difficulties appeared occasionally. In many
situations, identifying the active target structure required investi-
gating and confirming hundreds to thousands of molecules to find the
necessary structures for small molecules to mimic. How can medic-
inal chemists gain experience from successful cases in optimizing
peptides to small molecules have now become a topic of the field.

Optimizing peptides into small molecules has always been a
subject worth exploring. The major modification processes
commonly begin with locating peptide targets, with a certain
standout site to be simulated by a constructed scaffold and sub-
stituent groups. Finally, this process results in the superior binding
activity compound hit, which is optimized by following structure‒
activity relationship (SAR) studies to ameliorate its druggability.
This “transformation” process can be broadly divided into four
stages: transitioning from native peptides to peptidomimetics,
slimming down from peptidomimetics to active scaffolds,
mimicking secondary conformations from active scaffolds to po-
tential molecules, and conducting SAR studies to arrive at small
molecules28e30. The transformation of peptides into small mole-
cules presents several challenges. The presence of amino bonds
and natural residues in peptides complicates the classical molec-
ular design31e33. However, recent advancements in technology
and methodology have provided more rational and convenient
ways to facilitate this transformation. Key steps in this trans-
formation include eliminating functionally unrelated residues,
reducing non-essential scaffold atoms, and preserving crucial
interaction sites in peptides. These new approaches have sub-
stantially eased the process of peptide-to-small molecule trans-
formation, paving the way for future advancements in this field. In
second configurations, novel tech has changed the traditional
procedure of drug design in a way of applying virtual simulations
instead of physical ones, or completely generate the small mole-
cules in algorithms. As a character of innovation, new technolo-
gies and new methods such as database screening, exploring key
orientation (EKO) strategy, machine learning (ML), and finger-
print representation are also being produced, providing novel
perspectives and ideas to systematically modify peptides into
small molecules (Table 1)34e37. The general idea is to “transform”
existing peptides into small molecules and optimize small mole-
cules using medicinal chemistry strategies. The overall process is
likely to be a particular category of “transformation”12. Modifying
peptides to small molecules is a complex process requiring sys-
tematic elaboration to provide scholars with a clear status quo and
blueprint. However, how medicinal chemists utilize approaches to
achieve the desired small molecular design from peptides remains
an open topic. Recently, there have been several successful cases
of “transforming” peptides into small molecules with improved
design strategies or advanced technologies38.

This perspective aims to provide an introduction and a sum-
mary of cases optimizing peptides into small molecules in our
view. We emphatically introduce eight characteristic cases
focusing on various fields, emphasizing the classic and novel
methods (Table 1). This includes the classical way of step-by-step
optimization, protein‒protein interface (PPI) key region-guided
inhibitor designing, pocket-fitting warhead design, essential
amino acid sequence template simplification, database substitution
toward core structures, and ML and artificial intelligence (AI)-
aided optimization. This method of obtaining small molecules
from peptides can be utilized to find novel peptide markers, design
small-molecule compounds, identify peptide signaling structures,
and build a molecular substituent group library. This approach can
also assist in increasing the bio-affinity of small molecules and
improving the physicochemical properties of peptides to facilitate
the transition of peptidomimetics to drugs. With the intention of
quick updates over recent years and anticipating the outlook, we
are providing an integrated perspective on the approaches over
these years with selected cases below.

2. Classical optimization from peptides to small molecules

2.1. Conventional step-by-step optimization of nicotinamide
N-methyltransferase inhibitor from macrocyclic peptide:
Compound 14 (5)

Nicotinamide N-methyltransferase (NNMT) is essential in the
methylation of nicotinamide (NA) to 1-methyl nicotinamide.
Since its discovery 70 years ago, NNMT has evolved from serving



Table 1 Overview on cases of transformation from peptides into small molecules.

Target Peptide Small molecule Method Ref.

Name Structure/Sequence Activity Name Structure Activity

Nicotinamide N-

methyltransferase

(NNMT)

Macrocyclic

peptide 1 (1)

NNMT inhibition:

IC50 Z 0.10 mmol/L

Compound

14 (5)

NNMT inhibition:

IC50 Z 0.0011 mmol/L
� HTS

� X-ray

� GIST

� Ala scanning

� Docking check

39

Viruses possessed 3CL

proteases (3CLP)

e EDLFYQ 3CL PPI inhibition:

IC50 > 300 mmol/L

Compound

6j (10)

MERS-CoV

3CL PPI inhibition:

IC50 Z 0.08 � 0.01

mmol/L

� Pocket fitting design

� Exploring key interaction

pockets

� Structure-based residue

design

40

e45

Ghrelin receptor (GR) Ghrelin peptide GSSFLSPEHQRVQQRK

ESKKPPAKLQPR

Ghrelin inhibition:

IC50 Z 0.0031

mmol/L

Compound

17 (20)

Ghrelin inhibition:

IC50 Z 0.0003 mmol/L
� Machine learning

� Key structure

identification

� Score rating

46

Translocase MraY (TrM) Motif of lysis

protein E

Arg-Trp-x-x-Trp Microbial

inhibition:

MIC50 Z 31 mg/

mL*

Compound

12b (11)

Microbial inhibition:

MIC50 Z 4 mmol/La
� Natural environment

analogue

� Computational protein

design

� X-ray co-crystal

47,

48

Trypsin protein e ICPRIWMEC ND Compound

2l (18)

Trypsin displacing

inhibition:

Kd Z 2.1 mmol/L

� EKO strategy

� PPI overlay compare

� Scaffold hopping

49

Spike protein of SARS-

CoV-2 virus

Human ACE2

N-terminal helix

EDLFYQ ND Compound

7 (6)

Spike protein inhibition:

IC50 Z 20 � 5 mmol/L
� Pocket fitting design of

the RBD interaction area

� Dual-action design

� Dipeptide substitution

� PPI overlay compare

50

b-Herpesvirus proteases Cyclic peptide 1

(12)

HCMVPro

inhibition:

IC50 Z 0.0015

mmol/L

HHV6Pro inhibition:

IC50 < 0.076 mmol/

L

MW: 1735

Compound

19 (17)

HCMVPro inhibition:

IC50 Z 2.5 mmol/L

HHV6Pro inhibition:

IC50 Z 0.33 mmol/L

MW: 687

No. of HBD: 2

� mRNA display screening 51

(continued on next page)
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only metabolic functions to being a driving force in various can-
cers critical to human health. Yoshida et al. reported a typical case
of transferring a peptide into a small molecule in 202239. They
identified a novel NNMT small molecular inhibitor, compound 14
(5), modified from the macrocyclic peptide 1 (1, Fig. 1A)57e59. In
this case, X-ray co-crystal structure analysis, pharmacophore
analysis, de novo design and structure-based optimization
contributed to the optimization of the lead compound (Fig. 1A).

Macrocyclic peptide 1 (1), a thioether-closed macrocyclic
peptide, is identified by affinity selection-based peptide display
technology and composed of eight residues (Phe1-F4CON2-Arg3-
Gly4-HxG5-Trp6-Pro7-Cys8), including two non-natural amino
acids: 4-carbamoyl-phenylalanine (F4CON) and N-hexyl-glycine
(HxG)60. As shown in Fig. 1B, the X-ray co-crystal structure
analysis indicated that macrocyclic peptide 1 (1) is located in a
cave that contained a cryptic pocket (formation induced by the
binding of macrocyclic peptide 1 (1)), a homocysteine pocket and
a dimer interface. Arg3 and Gly4 were inserted into the homo-
cysteine pocket, F4CON2 was located along the dimer interface,
and Phe1, Pro7, Cys8, and Gly9 were exposed to the solvent. In
addition, the binding of macrocyclic peptide 1 (1) induced a
cryptic pocket to accommodate HxG5 and Trp6. Beyond recog-
nition, to understand the pharmacophore of macrocyclic peptide 1
(1), a SAR study on this peptide was then conducted through
alanine scanning and a hydration analysis based on grid inho-
mogeneous solvation theory (GIST) (Fig. 1C)61e63. The results of
alanine scanning indicated that Arg3, Gly4, HxG5, and Trp6
strongly contributed to the binding activity. The GIST analysis and
molecular dynamics simulation suggested that entropically unfa-
vorable waters were clustered in the cryptic pocket, and the
replacement of unstable water molecules by the two lipophilic
side chains of HxG5 and Trp6 contributed to the strong binding
upon the target64,65. Moreover, GIST indicated that the entropi-
cally unfavored water molecules frequently stayed around the
carbonyl groups of Gly4 and HxG5 of macrocyclic peptide 1 (1),
and the team speculated that these two hydrogen bond acceptors
(HBAs) would act as anchoring interactions that displace the
restrained entropically unfavored water molecules and form
electrostatic interactions with NNMT. After the pattern discovery
procedure, four main functional groups of macrocyclic peptide 1
(1) were finally defined as key pharmacophore queries for virtual
screening: a homocysteine pocket that requires a positive charge, a
hydrophobic cryptic pocket, and two HBAs interacting with the
backbone NH of Tyr86 and Val143. Based on the results of
binding mode and SAR analysis of macrocyclic peptide 1 (1),
pharmacophore-guided in silico design of small molecule ligands
was conducted (Fig. 1D)66. During a virtual screening using over
six million fragments library, no compound satisfied all the fea-
tures after filtering the obtained docking poses through pharma-
cophore queries. Then, they reduced the filter standard using three
pharmacophore features in close proximity (two HBAs and hy-
drophobic features) and obtained fragment Virtual Hit-A. Starting
from the Virtual Hit-A, in silico structural optimization by dock-
ing was performed. As shown in Fig. 1D, the structural extension
toward the homocysteine pocket was performed first to obtain the
designed molecule B, which satisfied the unused pharmacophore
features left in the homocysteine pocket. The imidazolyl-
methylene linker of the designed molecule B formed a polar
interaction with the main chain carbonyl of Thr163, similar to
macrocyclic peptide 1. Thereafter, alternative substituents (pref-
erentially occupied the cryptic pocket) on the nitrogen atom of the
benzimidazole group were explored to obtain the designed



Figure 1 The discovery of Nicotinamide N-methyltransferase inhibitor (compound 14 (5)). (A) The overview workflow of the discovery of 5.

(B) The X-ray co-crystal structure analysis of compound 1 (1) in cave with cryptic pockets. (C) Structureeactivity relationship study and alanine

scanning result. The ratio measures the difference in activity between wild-type and alanine substitution. (D) The pharmacophore-guided in silico

optimization from Virtual Hit-A to compound 11 (2), following by SAR study and structure-based optimization to obtain compound 14 (5). (E)

The X-ray co-crystal binding structure and activity of compound 13 (IC50 Z 0.016 mmol/L) (4).
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molecule-C. The N-benzyl benzimidazole moiety of molecule-C
could form a T-shaped p‒p interaction with the Phe5 side chain
and Trp6 of peptide 1. Finally, the pyrimidine moiety was replaced
by an azaindole group that could form additional polar in-
teractions with the side chain of Asp142 and parallel p-stacking
with Tyr86 to obtain the designed molecule-D (compound 11 (2)).
The de novo-designed compound 11 (2) was synthesized and
exhibited weak but evident inhibitory activity against NNMT
(Fig. 1D). The 15N nuclear magnetic resonance (NMR) chemical
shift perturbation experiments implied that compound 11 (2)
specifically binds to NNMT in a manner similar to macrocyclic
peptide 1 (1). A structure-based hit-to-lead optimization was first
conducted based on the docking model of compound 11 (2),
yielding compound 13 (4) with improved activity, as shown in
Fig. 1E. Simultaneously, cocrystallization of the 13/NNMT
complex was achieved, directing further structural modifications
in small molecules. With the stepping-stone model of compound
13 (4), the following optimization based on SAR was swiftly
conducted in cells and in vitro. Eventually, compound 14 (5) was
obtained with the strongest cell-based activity and without cell
toxicity (cell-based IC50 Z 0.40 mmol/L, 50% cytotoxic concen-
tration CC50 > 10 mmol/L).

In this case, Yoshida et al. successfully transformed the
macrocyclic peptide 1 (1) into a small-molecule compound 14
(5)39. In second configuration, the research team proceed the de
novo design and optimized step-by-step using traditional approach
of medicinal chemistry. Through peptide screening, cocrystal
structure analysis, and shrinking side chains and residues, they
successfully pulled out the superior candidate from the design-
docking-check procedure. It is remarkable how technologies are
being used to potential small molecules. It would be even better if
a universal shortcut could accelerate the de novo design part,
which is the most time-consuming part. Since this process is
already well organized, the next hope is to move on to more rapid
binding mode discovery and compound optimization. This method
would be promising for peptides with a clear residue sequence,
explicit cocrystal binding details, and moderate molecular mass
below 20 amino acids.

2.2. Dual-action small-molecule inhibitors against COVID-19
3CLPro and RBD‒ACE2 protein‒protein interaction: Compound
7 (6)

The COVID-19 pandemic, caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), resulted in over 612
million confirmed infection cases and 6.5 million associated
deaths worldwide by September 202267e70. Current clinical
treatment often fails to relieve symptoms, leading to growing
trends in finding complementary therapeutic approaches, such as
inhibiting the major protease involved in the viral replication of
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SARS-CoV71e73. The chymotrypsin-like cysteine protease
(3CLPro), also known as Mpro, was selected owing to its high
similarity among different types of coronaviruses, controlling the
upstream regulation of the production of spike and membrane
proteins, viral replication, and infection (Fig. 2A)74e76. The
development of molecules targeting PPI is of interest to develop
novel therapeutic agents77e79. Key events when invading human
cells involve the virus using its receptor binding domain (RBD)
protein to interact with human angiotensin-converting enzyme 2
(ACE2) to enter cells and complete the infection80e82. By inhib-
iting the 3CLPro function and impeding the PPI of viral RBD and
human ACE2, a small molecule can have a dual action in
advanced protection against the coronavirus. With this prospect,
Tedesco et al. managed to design small molecules that have dual
Figure 2 The small molecule design from viral spike protein. (A) The w

analyzation to dual-action small molecule compound 7 (6)50. The figure w

ACE2 N-terminal helix and viral SARS-CoV-2 Spike RBD. Main binding

combining properties and structure of 3CLPro inhibitors and ACE2 a-helix

3CLPro inhibitors and Larue and Sharma’s epitopes generated dual actio

Trabocchi’s group by matching the required glutamine flanking the cleav

found in epitopes as reported in the paper by Larue and Sharma50,88. (D

especial dipeptide design to have better adhering activity (PDB ID:

L-phenylalanine pocket.
action on both 3CLPro and RBD-ACE2 PPI inhibition, inserting
the ACE2 mimic sequence into the dipeptide isoform to inhibit the
activity of SARS-CoV-2 3CLPro main protease, thus providing a
way toward coronavirus infections50. Small molecules with dual-
action design can inhibit the viral proteins necessary for their
replication, such as the 3CLPro or the RNA-dependent RNA po-
lymerase (RdRp), preventing the overlapping polyprotein pp1ab
(w750 kDa), which is crucial to viral replication and transcrip-
tion83,84. Simultaneously, these small molecules can suppress viral
PPIs, mostly mediated by an a-helical structure at the interacting
surface. The evidence indicates the a-helix as a potential
template50,85.

Filomena’s team started from the special ACE2 frame epitope
to adapt a dual-action dipeptide and successfully pulled out the
orkflow of the research team of Trabocchi et al. from viral RBD region

as generated from BioRender.com. (B) The binding details of human

interactions exerts from Y505, N501, T500, Q498 and Y449. (C) By

mimetics, Trabocchi’s team designed a dual-action small molecule50.

n inhibitors, the dual action compounds originating in the design of

able peptide bond of 3CLPro substrate and the C-terminal glutamine

) The Leu-Phe pocket region shows in ligand fitting mode, requiring

1UK4). (E) The chemical structure of template peptide and the

http://BioRender.com
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candidate with bioactivity and inhibitory activity (Fig. 2B)86.
Accordingly, several small-molecule inhibitors targeting the PPI
of 3CLPro have been approved, including direct-acting antivirals
such as Paxlovid containing nirmatrelvir (PF-07321332), molnu-
piravir, ensitrelvir, and remdesivir. Zhou et al. reported the fun-
damentals of the complex ACE2-S1 with SARS-CoV-2 spike
protein87. This PPI is characterized by viral RBD interacting with
the exposed domain of ACE2 with the N-terms of the a1 helix.
Based on the interaction pattern, a frequently emerging epitope
was identified for developing ACE2-spike protein S inhibitor
based on particular interactions. From the analysis of initial work
reported in the literature on identifying short epitopes of the ACE2
a1 helix, the team decided to design a peptidomimetic using the
sequence H-37EDLFYQ42-NH2, starting from Glu37 to Gln42, as
shown in Fig. 2C. Specifically, based on the sequence of ACE2 a1
helix, Larue and Sharma imitatively designed and tested a series
of small peptides based on ACE2 to inhibit the spike‒ACE2
interaction, revealing that the N-terminal epitope possesses the
inhibition potency toward viral infection of SARS-CoV-2 down to
the millimolar range (Fig. 2C)88. The team of Trabocchi especially
chose the N-terminal epitope candidate that showed the most
outstanding inhibition activity (IC50 Z 1.90 � 0.14 mmol/L)50. To
constrain this sequence and improve the druggability of the
N-terminal epitope, the team replaced the Leu-Phe dipeptide
sequence with dipeptide isosteres because the Leu-Phe residues
are not directly associated with the spiral RBD. As shown in
Fig. 2D, the purpose of this Leu-Phe sequence is to fill the special
Leu-Phe pocket, as this sequence does not directly interact with
the RBD of spike S1 domain, leaving the Leu-Phe pocket unfilled.
Based on previous studies, Tedesco et al. used piperazinone to
construct the main scaffold for the central dipeptide substitution,
called “Leu-Phe substitution” (Fig. 2C)89e91. As the central
backbone, the team evaluated the ability of these compounds to
interfere with the ACE2-spike S1 RBD PPI via enzyme-linked
immunosorbent assay92e94. After manually replacing functional
groups around the Leu-Phe substitution, the team synthesized
compound 7 (6) with an IC50 of 20 � 5 mmol/L (Fig. 2E).
Furthermore, this small-molecule inhibitor exerts dual-action ac-
tivity in both spike-ACE2 PPI inhibition and 3CLPro reduction,
with IC50 values of 15 � 6 and 20 � 5 mmol/L against 3CLPro and
spike‒ACE2 PPI, respectively. Compared with the previous
millimolar activity, the enhanced performance may stem from
refined structural analogies between the ACE2 N-terminal a1
helix and viral RBD epitopes, coupled with a dual-action design
that more effectively recognizes and inhibits the Mpro motif.
Filomena assumed that shared C-terminal Glu in the ACE2
epitope and 3CLPro binding site enables the creation of a dual-
action structure95,96. The ongoing exploration aims to delve into
finer detail and fundamental mechanics.

Larue and Sharma focused on short peptide inhibitors of
spike‒ACE2 PPI, whereas Trabocchi and collab. reported a dual-
action compound based on the work of Larue and Sharma, and
adding evidence about 3CLPro inhibition of their peptidomimetic
compound to complete the delightful work of research to splendid
compound 7 (6, IC50 Z 20 � 5 mmol/L)50,88. This small molecule
inhibitor contains a constrained dipeptide isostere, replacing the
glycine-phenylalanine sequence in the peptide epitope EDLFYQ.
The dipeptide isostere in turn, contains a 3-oxo-3,4-
dihydropyrazine-1(2H )-carboxylate substituent at the
C-terminus, which is a structural modification compared to the
native glycine-phenylalanine sequence. In the study, compound 7
(6) showed inhibitory activity against the SARS-CoV-2 ACE2/
spike interaction in the micromolar range. Specifically, it was
found to inhibit the interaction between the binding region domain
(RBD) of SARS-CoV-2 spike protein S1 and ACE2 receptor.
Furthermore, compound 7 (6) also exhibited inhibition of SARS-
CoV-2 3CLPro main protease activity. The rationale behind this
dual inhibitory property is the structural analogies between the
N-terminal a1 helix of ACE2 and protease substrate epitopes, and
in particular the concomitant presence of a C-terminal Q amino
acid in both the key ACE2 epitope and the Mpro recognizing motif.
Based on patient observation and residue replacement experi-
ments, the study shows a new traditional approach. From the
overall work of fantastic researchers, statistical data reveal no
inhibition for the parent normal peptide epitope, suggesting the
key role of the constrained dipeptide isostere in promoting the
inhibition activity. This presents an additional path for enriching
the drug candidate pool of COVID-19 in front of the repetitive
riptides of the COVID epidemic caused by evolved variants.

2.3. Local molecule warhead component substitution for
3CLPro dimer interface: Compound 6j (10)

The category of small-molecule peptidomimetics, also known as
“D-type peptidomimetics” in Grossman’s classifications, employs
a strategic approach for developing peptidomimetics based on
focused modifications to reproduce the effectiveness of the orig-
inal peptide97. Many viruses reproduce and replicate depending on
the cleavage by catalyzation from dedicatedly encoded poly-
proteins with proteases, such as 3CLPro. The conservatory
3CLPro is a homodimer with a Cys145-His41 dyad, which cata-
lyzes substrates such as pp1ab and provides an aperture extended
for binding98e100. As shown in Fig. 3A, Chang et al. decided to
invent novel small molecules against multiple coronaviruses, such
as SARS-CoV-2, MERS-CoV, and picornaviruses, including
picornavirus-like superclusters, such as caliciviruses (norovirus
and sapovirus genera)45,101,102. As reported in a substrate speci-
ficity analysis, 3CLPro exhibits a strong preference for a -haa-N-
Leu-Gln-aa sequence (haa Z hydrophobic amino acid,
aa Z small amino acid, NZ diverse residues exposed to solvents,
such as Val, Lys, and Thr)103. Chang et al. decided to inhibit
3CLPro dimer formation to inhibit the protease activity and obtain
viral suppression104. After the affinity sequence identification,
pocket-fitting design, and property modification, they successfully
discovered small-molecule inhibitors with an aldehyde, compound
6j (10), as examples (Fig. 3D).

The design of GC-376 (8) was inspired by replacing the amide
bond and other local variations to mimic key protein structures
such as b-turn and b-sheets38. A recent overall analysis of pepti-
domimetics in the market or under clinical trials showed that GC-
376 (8) has versatile applications beyond feline peritonitis virus.
Identification of the target 3CLPro peptide for GC-376 (8)
involved investigating the side chain conformations and func-
tionality requirements through current methods, such as single
amino acid modification or replacement105,106. Three commonly
used methods for identifying the essential site in 3CLPro are
truncation studies, alanine scan, and N-methylation107,108. The
truncation study is the most defining procedure for identifying the
minimal sequence with peptide bioactivity109,110. Finding the best
small molecule transformed from a peptide is likely achieved by
replacing molecular groups for amide bonds and other local var-
iations. One of the most common strategies involves substituting
the native nitrogen atom in the amide backbone with oxygen to
produce an ester, with the advantage of reducing peptide features,



Figure 3 Discovery workflow of anti-viral small molecule compound 6j (10). (A) The chart of procedure from potential peptide structures into

small molecule with modification and simulation. (B) Structure of 3CLPro fragment, sketch for the core mimic designing site. (C) Schematic

scaffold in binding site, into four key feature pockets in P1, P10, P20 and P30 giving clues to potential compound candidates. (D) The binding

pattern of GC-376 (8) with main protease of SARS-CoV-2. (E) Structure and activity of GC-376 (8), compound 6b (9) and compound 6j (10). (F)

The binding details of GC-376 (8), compound 6b (9) and compound 6j (10) with MERS-CoV 3CLPro.
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improving metabolic stability, and contributing to a diverse sec-
ondary structure assembly of peptidomimetics111e113. As studied
by medicinal chemists, different types of antiviral peptidomi-
metics have been applied to cure coronavirus and other infectious
diseases, targeting a wide spectrum with various structures,
including a-acyloxymethylketone, aldehyde warhead, a-ketoa-
mide41,114. This instills growing confidence in researchers globally
to introduce small molecules against viruses. Several research
teams initiated work from proteins in the cysteine protease family
mediating the viral replication and transcription by cleaving the
polypeptide into structural and nonstructural proteins. The Cys45/
His41 residues enclosed in the S1/S2 pockets, as shown in Fig. 3C,
are important to the binding process. Citarella et al. discovered
this type of peptidomimetic inhibitor of the main protease (MPro)
of SARS-CoV-2, exactly referencing the same pockets and resi-
dues with the catalytic dyad, including Cys45/His41115,116. The
enzyme mainly hydrolyzes the bonds between P1 glutamine and
P10 amino acids, such as alanine and glycine (Fig. 3D)117. The
series compounds designed under the guidance of four pockets of
propensity exhibited the inhibition potential against MERS-CoV-2
(IC50 Z 0.08 mmol/L).

Currently, other candidate inhibitors, such as compounds 6b
(9) and 6j (10), shown in Fig. 3E, are in the laboratory develop-
ment procedure. The binding of GC-376 (8) to the 3CLPro pocket
was not sufficiently settled, leaving a certain free space between
Gln192 and Cys145. Thus, an aldehyde warhead was used to
introduce additional hydrogen bonds to the surface of pockets.
Further inspection of crystal structures shown in Fig. 3F revealed
that the inhibitors that bound to MERS-CoV 3CLpro have the
potential to achieve enhanced binding interactions within the S4
pocket with appropriately decorated cyclohexane derivatives
while eliminating sulfonate in GC-376 (8) structure. While
maintaining the major structure of GC-376 (8), the team designed
and synthesized a series of compounds. Among them, compound
6b (9) introduced the aldehyde design, and compound 6j (10)
presented the best inhibitory activity. During the reaction, the
aldehyde targets 3CL protease and binds to the active site of 3CL
protease, casting its sulfite group structure to expose the aldehyde,
which reacts with the nucleophilic cysteine residue of 3CLpro to
form a reversible covalent bond44. The warhead design obstructs
the catalytic action of 3CL-like protease, thus inhibiting viral
replication, resulting in outstanding inhibitory activity
(IC50 Z 0.08 � 0.01 mmol/L)42e45. By far, there are additional
AMK small molecular inhibitors, including GC-376 (8), under
laboratory biological development.

Despite the promising applications of small molecules modi-
fied from peptides drawing interest from research teams world-
wide, considering the larger spatial requirements and interaction
conformations of macrocyclic peptides, small molecules still fall
short in compensating for all restrictive conditions at once118,119.
Combining properties from molecules and peptides may simul-
taneously obtain disadvantages from both. In the more practical
application of drug development, small molecules are more
favorable in efficiency than actual peptides that bind to protein
bonds. This study introduced a solid base of classical workflow of
sequence identifying-binding pockets discovery-SAR optimiza-
tion, in the transformation from peptides into small molecules.
Furthermore, a set of “toolbox” molecules can quickly determine
properties of peptides by simulating interaction, fulfilling struc-
ture, or holding tight to key scaffolds, especially in the high-
throughput era driven by machines and AI.

2.4. Antimicrobial peptidomimetics targeting translocase MraY
and bacteriophage 4X174 protein‒protein interface: Compound
12b (11)

In 2021, Kerr et al. reported a case of peptidomimetic analogs of
an Arg-Trp-x-x-Trp motif responsible for inhibiting the interaction



Figure 4 The discovery of microbial translocase MraY interface inhibitor: compound 12b (11). (A) The discovery procedure of translocase

MraY inhibitor from potential peptide structures into small molecules. (B) Examples of reactions catalyzed by MraY, including constructing the

lipid membrane. The figure was generated from BioRender.com. (C) Given by Kerr and research team, the model for interaction site between

N-terminal part of protein E and helix 9 of MraY47. The figure was generated from BioRender.com. (D) The key binding site Phe288, and of

important structure Phe286/Glu285 in Arg-Trp-x-x-Trp motif. (E) Structure of compound 12b (11), exhibiting the most outstanding inhibitory

activity against E. coli K12 (IC50 Z 4 mmol/L).
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of phospho-MurNAc-pentapeptide translocase (MraY) with
bacteriophage X174 lysis protein E (Fig. 4A)47. Simultaneously,
MraY is the target for mureidomycin/pacidamycin uridyl peptide
antibiotics, liposidomycin liponucleosides, and muraymycins. If
researchers can simulate the translocase MraY, it can obstruct the
catalyzation of lipid intermediate I during bacterial peptidoglycan
biosynthesis, leading to the death of microorganisms120,121.

The translocase MraY catalyzes the formation of lipid inter-
mediate I in bacterial peptidoglycan biosynthesis and was found to
be the target of bacteriophage lysis protein E (Fig. 4B). However,
the well-known catalyzation site is far from the interaction site
between MarY and lysis protein E122. The interface between them
is mediated by Phe288 and Glu287, with the necessary Phe288

located on the extracellular face on helix 9 of MraY (Fig. 4C). The
other component, 4X174 lysis protein E, is a 91-amino acid
protein with transmembrane and soluble domains on both its
N-terminal and C-terminal. A 37-amino acid synthetic peptide
referred to as Epep was found able to inhibit particulate E. coli
MraY at IC50 Z 0.8 mmol/L; nevertheless, this activity was no
longer maintained with detergent-solubilized MraY, indicating the
remoteness of PPI and active site123. Besides E. coli MraY, an
Arg-Trp-x-x-Trp motif was found on protein E in several cationic
antimicrobial peptides. In 2014, Rodolis et al. demonstrated the
antibacterial activity of the dipeptide Arg-Trp octyl ester and
concluded that the dipeptide fragment functioned as a mimic to-
ward the target of MraY48. Kerr and the research team quickly
analyzed the active site of lysis protein E and found that the
possible binding sites were Arg3, Trp4, and Trp7, forming inter-
action aromatic bonds with MraY Phe288; Proven in another
research, the Arg-Trp-x-x-Trp motif appears to have inhibitory
activity against E. coli MraY (IC50 Z 200‒600 mmol/L)48. Thus,
the research team identified the Arg-Trp-x-x-Trp motif as the main
template to mimic, which binds to the Phe288 and Glu287 at the
Helix 9 binding site (Fig. 4D). A previous study synthesized a 37-
amino peptide containing the N-terminal transmembrane domain
to inhibit particulate E. coli MraY (IC50 Z 0.8 mmol/L). Never-
theless, no activity was detected after the MraY was detergent-
solubilized, suggesting that protein E inhibits a PPI area remote
from the MraY active site. Although barely any inhibition activity
was observed when imitating the Arg-Trp-x-x-Trp sequence by
synthesizing pentapeptides, the dipeptide analog of Arg-Trp-octyl
ester excelled over other candidates with MIC50 values of 31 and
8 mg/mL against E. coli K12 and Bacillus subtilis, respectively. At
a closer look, the interaction site between MraY and lysis protein
E appears to be remote from the enzyme active site; the complete
Arg-Trp-x-x-Trp mimicking pentapeptides exhibited no antimi-
crobial activity, but the activity of the dipeptide analog Arg-Trp-
octyl ester was observed. With this observation, they pulled out
groups of candidates from Arg-Trp-oct, Arg-Trp-x-x-Trp, and the
original peptide. The research team studied several previous cases
that target PPIs, such as MDM2‒p53 and Bcl-XL/Bak, to discover
better solutions to mimic the residue structures124e126. Inspired by
previous research about simulating aromatic ring systems in
amino acids, Kerr and the team synthesized the first series of
compounds47. However, their activity was not considerably
improved compared to the original dipeptide Arg-Trp. The team
suspected that the C-4 of the benzene was not properly func-
tioning, so two new series of monoalkylated and dialkylated
peptidomimetics were designed to use C-4-modified benzene to
mimic the Trp residue in the final edge of the Arg-Trp-x-x-Trp

http://BioRender.com
http://BioRender.com


4252 Zeyu Han et al.
motif. This new series of compounds showed promising antimi-
crobial activity. Peptidomimetics 12b (11) and the series com-
pounds had MIC50 values of 4e8 mg/mL against E. coli, indicating
this scaffold is an appealing chemotype for further optimization
(Fig. 4E).

In the hope of finding more potential targets on the exterior
face of the cytoplasmic membrane, Kerr et al. conducted SAR
studies on Arg-Trp-oct for antimicrobial action. Since the target
is involved with the binding site of a-helix protein E, the team
leveraged advantages from precedent cases47. A deep SAR study
of this motif was conducted to determine the best structure of
novel a-helical peptidomimetics. Candidates from compound
12a to compound 12g were reported with much better inhibitory
concentration against E. coli K12, etc. Among them, compound
12b (11) stood out with promising activity, validating the
translocase MraY as a druggable target and providing a novel
small molecular scaffold for peptide mimicking. However, in
this case, the design and optimization of atom sites correspond
to the specific aromatic structure of the small molecule design.
Additional examples focusing on different types of amino acids
can enrich peptide reforming strategies in highly universal
situations.

2.5. Peptide-to-small molecule design of active-site
b-herpesvirus proteases inhibitors: Compound 19 (17)

Viral proteases play a crucial role as regulators in viral replica-
tion and assembly, making them promising targets for antiviral
drugs. Proteases have been demonstrated as effective agents
against human immunodeficiency virus and hepatitis C virus,
providing a potential solution for organ transplant recipients or
individuals with compromised immune function127. Human
cytomegalovirus protease (HCMVPro) possesses a noncanonical
catalytic triad consisting of nucleophilic Ser132 and histidine
residues His63 and His157, forming a homodimer upon
activation128e130. Protease inhibitors that bind to the active site
are particularly attractive, as resistance mutations could poten-
tially be lethal. Yoshida et al. reported another case where pep-
tides were converted into small molecules, extending the success
of the “peptide-to-small molecule” strategy and overcoming
limitations associated with cyclic bulky peptide inhibitors51.
With the assistance of computational methods, the team started
the process with a rapid mRNA display screening, facilitating de
novo design based on structural information from high-affinity
macrocyclic peptide ligands (Fig. 5A).

First, to identify structural information on high-affinity cyclic
peptide ligands, Yoshida and his team conducted a rapid mRNA
display screening. The exploration of large chemical libraries,
comprising up to 1012 diverse peptides, was realized through
methods like the flexible in vitro translation system and
transcription-translation coupled with the association of puromy-
cin linker display, contributing to the development of peptide
display methods51,131e135. Cyclic peptide 1 (12) emerged as a hit
peptide during this screening that exhibited excellent activity
(IC50 Z 0.0015 mmol/L) despite its thioether-linked macrocyclic
peptide weighing over 1700 as a 14-mer. Subsequently, peptide 1
(12) was successfully cocrystallized with HCMVPro, indicating a
chimera protein pocket with transplanted assignable residues
135e137 from HCMVPro. Using SiteMap analysis and the hy-
dration analysis based on grid inhomogeneous solvation theory
(GIST), side chains of His5, Tyr6, and Trp7 were confirmed to
form hydrophobic pockets. As shown in Fig. 5B, the residues Ile2-
Trp7 were observed to form interactions from peptide 1 (12) to
HCMVPro, indicating that this side chain may contribute to the
displacement of energetically unfavorable water molecules to
enhance the affinity of peptide 1 (12) and HCMVPro65. A SAR
analysis was then conducted to evaluate the essential residues. As
depicted in Fig. 5C, alanine-scanning mutagenesis illustrated the
importance of Ile2, Tyr6, and Trp7, as their mutation led to over a
100-fold decrease in activity. In addition, substantial reductions
were observed for Thr3 and His5, suggesting their important role
in stabilizing the conformation through intramolecular hydrogen
bonds rather than simply filling the pocket, as shown in Fig. 5D.
SAR studies by Ogilvie et al. further supported that the peptide 1
(12) backbone of chain NH and carbonyl of Ile2 formed a com-
plementary pair of polar interactions with the backbone amide of
Ser135, and carbonyls of Thr3 and His5 obtained helpful polar
interactions with Arg165136. This observation defined three hy-
drophobic features (residues of Ile2, Tyr6, and Trp7), three HBAs
(polar contacts with Ser135 and Arg165, and a positively charged
side chain of Arg165), and a hydrogen bond donor (Ser135), as the
key pharmacophore queries for in silico small-molecule design.
The next step involved defining the secondary structure that
mimics the bent main chain structure of Gly4 of the cyclic peptide
(12). To find a cyclized skeleton, imidazolidinones were selected
by the researchers because of their varied experiences in antiviral
reagents and their ability to introduce various substituents through
chemical modifications137. The authors selected the 4-
carboxyamide-substituted imidazolidinone scaffold to achieve
structural elongation to the pharmacophore queries while
acquiring key interactions between Thr3-Gly4 and the protein.
Fig. 5D illustrates the 3-amino-2-hydroxypyridine derivative,
transition molecule (13), which mimics the key pharmacophore
features of Ile2 through virtual screening of carboxyamide de-
rivatives. At this site, the researchers considered substituents
should satisfy forming polar interactions with the side chain of
Arg165, as in peptide 1 (12), and fill the protein pocket similar to
the side chain of His5 (Fig. 5E)51. The molecule 13 placed the
terminal lipophilic group via a 5-membered heterocyclic linker
from the benzyl position, filling the hydrophobic pocket as if it
were the side chain of Trp7 in peptide 1 (12). To further occupy
the phenyl pyrazole pocket, intermediate molecules (14) and (15)
were generated and picked by the virtual screening algorithm to
enhance docking energy and binding activity (Fig. 5D). For the
final step, the authors conducted a SAR study of herpesvirus
protease candidate molecules to refine the inhibitory activity. As
shown in Fig. 5D, Yoshida et al. demonstrated a de novo pocket-
fitting design to improve HCMVPro inhibitory activity51. The 2-
hydroxypyridine structures in molecule 13 (15) were replaced
by the bicyclic lactam of molecule 14 (16) to fit into the bicyclic
lactam pocket51. The ortho position of the phenyl ring was
substituted with pyrazole to fill the gap between HCMVPro and the
peptidomimetic ligand (Fig. 5E). From 32% inhibition at 99 mmol/L
of molecule 13 (15), the partial pocket-fitted molecule 14 (16)
exhibited an IC50 of 9.8 mmol/L, while the sufficiently occupying
molecule 15 (17) demonstrated a favorable IC50 of 2.5 mmol/L
against HCMVPro. In retrospect, as shown in Fig. 5F, the original
peptide, shown in red surfaces, has been greatly streamlined into
the small-molecule 15 (17), depicted in orange sticks, while
maintaining an acceptable activity level. The authors have suc-
cessfully demonstrated the feasibility of using this peptide-to-
small molecule strategy to optimize the drug-like properties of
peptides and convert them into small molecules with improved
potency, selectivity, and pharmacokinetic profiles.



Figure 5 The discovery of non-covalent, active-site small molecule b-herpesvirus inhibitor (compound 19 (17)). (A) The overview workflow of

the discovery of compound 19 (17). (B) The X-ray co-crystal structure analysis of cyclic peptide (12) binding with HCMVPro, and interactions of

peptide Ile2-Trp7 with HCMVPro residues. (C) Alanine scanning result of cyclic peptide amino acids, cell-free IC50 of HCMVPro. The color

represents differences from native peptide and mutation type, from red to yellow and green indicates the importance of each residue. (D) The

pharmacophore-guided in silico optimization from cyclic peptide 1 (12) to intermediate molecules (13e15) and active molecules (15e17). The

SAR study and structure-based optimization was performed to obtain compound 19 (17). (E) The binding pattern and two pockets to be fitted by

compound 19 (17). (F) The simplification from cyclic peptide (represented in red) to small molecule (17, represented in orange) when binding the

b-herpesvirus protease (HCMVPro, represented in pale blue).
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As the authors expected, the “peptide-to-small molecule”
approach, which involves the custom design of small molecules
based on the pharmacophore characteristics of high-affinity pep-
tides, is an excellent supplement to other hit-finding strategies for
small-molecule drug discovery. These strategies include tradi-
tional high-throughput screening (HTS), fragment-based
screening, and DNA-encoded library screening. This method of-
fers a unique perspective, providing a tailored solution in drug
discovery. This approach can potentially expand the scope of drug
targets beyond traditional small molecules and biologics, enabling
the discovery of new classes of therapeutics for viral diseases and
other indications. The utilization of co-structure analysis, alanine
scanning, GIST molecular dynamics analysis, pocket fitting, and
SAR optimization has now become a systematical workflow that
fuses classical methods and novel technologies for transitioning
from peptides to small molecules. The two cyclic peptide cases
and other remarkable achievements by Yoshida and the team are
expected to expand the applicability of cyclic peptides39,51.
Further optimization of the inhibitors and evaluation of their ef-
ficacy and safety in preclinical and clinical studies will be
necessary to advance them toward clinical use. In addition, the
“peptide-to-small molecule” strategy can be applied to other drug
targets and disease areas, potentially leading to the discovery of
new drugs with improved efficacy and safety profiles. Overall, this
study provides a valuable contribution to the field of drug
discovery and highlights the potential of innovative strategies to
address unmet medical needs.
3. Computational intelligence aided transformation from
peptide to small molecule

3.1. Small-molecule trypsin inhibitor from peptide through EKO
strategy: Compound 2l (18)

In 2022, Lyu et al. obtained a novel small-molecule compound 2l
(18), optimized from natural trypsin inhibitors, based on the
structure of a series of natural peptides (Fig. 6A)138e143. The
whole process was guided by a recent analysis method, “EKO
strategy.” Briefly shown in Fig. 6B, this strategy, proposed by Lyu
et al., begins with identifying the interface of interest to resi-
dues49. It then uses a chamber and database to obtain structurally
characterized ligands, ultimately overlaying the best-matched
small molecule144. The EKO strategy, introduced by Perez et al.,
represents one of the earliest data mining approaches to match
PPIs with probes via virtual affinity selection from a vast PPI li-
brary using specific small-molecule baits145.

Lyu et al. discovered a common segment, called the “interface
triplet,” among six naturally occurring trypsin inhibitor proteins.
This discovery was made by analyzing a similar structure



Figure 6 The design of ghrelin inhibitor compound 2l from peptides by EKO strategy. (A) The workflow of this case from trypsin inhibitor

peptides and interfaces into small molecules. (B) The basic procedure of Exploring Key Orientation (EKO) strategy. (C) The overlay structure of

trypsin inhibitor aligned with six natural trypsin inhibitor ligands, indicating three pockets: S1, S10, S20 (Burgundy red: Infestin-1, PDB 2F3C;

pale pink: Bowman-Birk type trypsin inhibitor, PDB 3RU4; yellow: Buckwheat trypsin inhibitor, PDB 3RDZ; mint: Kunitz-type trypsin inhibitor,

PDB 1ZRO; blue: ecotin, PDB 4NIY; pink: Enterolobium contortisiliquum trypsin inhibitor, PDB 4J2Y). (D) Replacement of peptide backbone to

5-membered aromatic rings when filling triplet regions, the EKO strategy gave the scaffold alignment to bovine pancreatic trypsin inhibitor (PDB:

BPTI) with RMSD of 0.37 Å. Retro-synthesis analysis of 5-membered aromatic triazoles as replacement of the peptide backbone giving out 12

TT-Mers. Among 12 TT-Mers, chemical structure compound 2l (18) stands out with better Kd activity. Figure was generated from BioRender.com.

(E) Conformation twist made by lone pair electrons of two triazole rings that may apply cis- and trans- orientations. (F) The interactions appeared

between molecules and three pockets, salt bridge and hydrogen bonds. The detail of co-structure of compound 2l (18) and trypsin protein, three

pockets of triazoles are also indicated in pale green (S1 pocket), light yellow (S20 pocket) and light red (S10 pocket extend).
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fingerprint, consisting of three residues and occupying three
pocket extensions (S1, S10, and S20, Fig. 6C) in the active site of
trypsin49. This segment appears to dominate the interaction energy
in PPIs. Subsequently, the team conducted a peptidomimetic
design based on the key features of the interface triplet and
evaluated them using the EKO strategy. As shown in Fig. 6D, the
team used two five-membered ring motifs to replace four
consecutive peptide backbone atoms, with the fifth atom stabi-
lizing a certain conformation using tension from the ring113. The
EKO strategy was then deployed to evaluate the best scaffold for
inhibitory binding small molecules. Among all the tripeptide
mimics scanned, one kind, consisting of two triazoles and collo-
quially referred to as the “TT-Mer” molecules, emerged as a
promising simulator solution. Fig. 6D illustrates its alignment with
the interface triplet, evidenced by an RMSD of 0.37 Å and
apparent ease of synthesis49. Next, the team designed and
synthesized 12 “TT-Mer” variant molecules (compounds 2i‒2l)
with different substitute groups R1, R2, and R3 (Fig. 6D). Among
these 12 compounds, compound 2l (18) exhibited the strongest
binding affinity with a dissociation constant (Kd) value of
2.1 mmol/L. As shown in Fig. 6F, the crystal structure of com-
pound 2l with trypsin was solved, indicating three pockets with
orientations of three potential substituent groups. Side chains R2

and R3 occupied the S10 and S1 pockets corresponding to the
interface triplet in the parent PPI used for the EKO analysis.
Benzamidine group on the R3 substituent formed a salt bridge with
Asp189, as well as hydrogen bonds with Ser190 and the backbone
carbonyl of Gly219. This strategy proposed key speculation that
conformations overlay well and can be reinforced in the protein
receptor when R1‒R3 substituent groups in Fig. 6D correspond to
appropriate regions of the proteineligand interface. Following the
small-molecule mimicry, candidates like compound 2l, with high
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affinity (Kd Z 2.1 mmol/L), can be subjected to further
pharmacophore-guided design and additional SAR studies to take
full advantage of them.

In a general sense, the adaption of the EKO strategy illumi-
nates a new path for designing small-molecule peptidomimetics.
This approach is valuable for quickly identifying position of in-
terests and finding the best scaffold and function groups. It es-
tablishes a universal path for modifying small molecules from
peptides for target proteins, with low cost, a much-reduced cycle,
and the potential for broad application. Nevertheless, some topics
remain to be discussed. When deciding the favorable conforma-
tion, the force field used for molecular mechanics in EKO was
assisted model building and energy refinement (AMBER). How-
ever, it may suffer from a deficiency of energy gap resolution
below the cutoff threshold from EKO analysis (3 kcal/mol)146,147.
Consequently, both conformation forms were classified as
“populated” in the EKO strategy because of their similar differ-
ences. There should be additional validation tools for the EKO
strategy and small-molecule candidates in the future. Typically,
when facing the protein interface, finding natural high-affinity
ligands towards desired receptors could be a great option. High-
lighted with the EKO strategy, the team overlayed peptides with
mass molecular weight to find key structures rapidly and conve-
niently. However, aspects of the EKO strategy can still be
improved. As shown in Fig. 6E, the conformational twists are too
subtle to be detected within the detection limit using EKO mea-
sures. One additional experimental validation step would be
needed nonetheless. In any case, this novel strategy is a splendid
option form a high-affinity natural peptide library to create small
molecules.

3.2. Novel tech-aided peptidomimetic design: Ghrelin receptor
inhibitor compound 17 (20)

The field of AI-aided drug design has been broadly developed for
decades. ML, a technology within AI, enables computer systems
to learn from data and improve performance without explicit
programming148e151. In simple terms, ML allows machines to
automatically discover patterns and rules from large amounts of
data, empowering them to make predictions or decisions148.
Inspired by previous research reported by David Baker and his
team, who used reinforcement ML to sample and design peptides,
Liu et al. introduced a process for transforming peptides into small
molecules using powerful ML. This reveals a new workflow for
modifying proteins and peptides (Fig. 7A)46,152. Researchers are
now attempting to apply ML to inhibitor design targeting ghrelin
receptors (GRs). GR, also known as the growth hormone secre-
tagogue receptor, comprises 28 amino acids and plays a crucial
role in growth hormone metabolism and glucose homeostasis
(shown in green, Fig. 7B)153e155. Positron emission tomography
(PET) is the imaging technology in clinical approach for diagnosis
and prognosis based on molecular interactions to validate drug
leads in vivo prior to clinical trials156,157. In drug discovery, PET
functions as medical imaging technique that is used to visualize
the metabolic processes and functions of tissue using radioactive
tracers, to validate the evidence in structure and activity re-
lationships158. However, in current research, peptide substrates
were also found effective in targeting GRs but quickly degraded in
the gastrointestinal tract159e162. To overcome this drawback using
a practical ML model, the key features of peptides must be
determined and then computational intelligence can be applied in
the design process.
In this case, the team chose ML to guide the transformation of
peptides and peptidomimetics from huge database into small
molecules. After balancing three modeling strategies and opti-
mizing the best method of input ingredients, compound 17 (20)
was selected as part of the external dataset used to evaluate the
applicability of the machine learning model in real-world situa-
tions, demonstrating outstanding activity (IC50 Z 0.3 nmol/L).
Liu et al. first extracted all molecules with binding affinity to GR
from the ChEMBL library, forming a potential first database of
1444 molecules recorded with binding activity. From this data-
base, 1080 binding compounds with outstanding mmol/L-level
binding were selected as the “binding” database46. To avoid biased
prediction, Liu et al. selected 1297 random molecules from the
ChEMBL library, with molecular weights between 320 and 2000,
as the “random” database46. The team trained various ML models
using a training dataset that exclusively contained peptides or
small molecules or a combination of both. This approach was
employed to assess whether ML models trained with distinct
datasets (peptides only, small molecules only, and a mixture of
both) could effectively predict small molecule binders163,164.
Then, Liu et al. established an ML model to guide molecule
design, retrieving binding data from the ChEMBL database,
gathering key molecule fingerprints, and generating different ML
models from various splitting plans, incorporating different data-
sets of small molecules and small peptides165. As shown in
Fig. 7B, possible candidates with common structures, such as
benzothiazole and large rings formed via peptide bonds, were
clustered into groups. Three possible algorithms, random forest,
support vector machine (SVM), and extreme gradient enhance-
ment, were used to construct ML models (Fig. 7C)166,167. All test
data groups with peptides/peptidomimetics into small-molecule
arrays exhibited extraordinary prediction abilities. After process-
ing with algorithms, the team looked for the best structure for
molecules, obtaining useful information with versatile algorithms
and by characterizing drug molecules based on molecular de-
scriptors168. Before determining key features, researchers looking
to set up a solid basis for molecules need a rigid and reliable
scaffold. For molecular representations, as shown in Fig. 7B, the
team used the Morgan fingerprint (MF)169,170. This popular cir-
cular topological descriptor encodes fragments for a structure with
a 1024-bit hashing function based on its circumstances, repre-
senting sufficient data of the key interacting site. SHapley Addi-
tive exPlanations (SHAP) scores, developed from a game theory
approach, are representations of feature importance calculated to
explain the output of ML models171,172. The team treated the ROC
scores, accuracy, f1, and MCC scores as the foundation for
ranking different models. To understand GR interactions, key
features from MF were selected, including conjugated ring sys-
tems, amine groups, and oxygen-containing groups actively
involved in ligand-receptor interactions with GR173. Conversely,
aliphatic and aromatic carbons provide hydrophobic environments
that attract nonpolar parts of GR, resulting in a stronger global
binding than training sets174. After a SHAP analysis, the final
structure was determined through the overall design of three al-
gorithms (Fig. 7D). In the final validation, the research team used
a series of small-molecule fluorine-bearing quinazolinone GR
antagonists recently discovered with high binding affinity as
external data to confirm the ML result. Surprisingly, a structure
similar to compound 21 was discovered by another research team
in 2020 (IC50 Z 15 nmol/L). Based on the data in the library
presented by MF, as shown in Fig. 7E, compounds 21 (19) and 17
(20) exhibit similar structures; the only difference is they were



Figure 7 The discovery of small molecular ghrelin receptor inhibitors from peptides, analyzing and reconstructing using machine learning

approaches. (A) The working flow of machine learning from peptides and peptidomimetics. (B) The structure of Ghrelin Receptor derived from

peptide (light lime, ligand shown in green, respectively), with the SVM algorithm classifying key structure into different assays by similarity

(structures around the computer icon, essential structural component shown in red). (C) After processed in machine learning model with Tanimoto

coefficient algorithm, top ranked fragments were shown from Morgan fingerprint, the central atom and related bonds are marked as highlights.

Figure was generated from BioRender.com. (D) Deconstruction of highly weighted features from final ghrelin receptor inhibitor candidate,

compound 17 (20) with outstanding activity (IC50 Z 0.3 nmol/L). The highly weighted features are validated and highlighted in red in the

structure of the compound. (E) The structure of top ranking compound, compound 2l (13), and compound 17 (14). The core structure reveals

similar relativity. (F) Co-crystal binding of GR and compound 17 (20), revealing predicted interactions with environment.
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originally discovered manually and by cyber-intelligence. The
SVM model correctly predicted the representative compound 17
and binding details in the pocket. Subsequent activity validation
was outstanding (IC50 Z 0.3 nmol/L). The docking model is
derived from the crystal structure of GR (Fig. 7F, PDB ID:
6KO5)175.

The ML model has paved a novel way to transform peptides
into small molecules accurately and effectively. Liu et al. suc-
cessfully demonstrated that ML is a reasonable approach to
identifying outstanding small-molecule compound 17 (20) from a
massive database46. However, there are still several aspects that
need improvement. First, the foundation properties of the pro-
gram, such as the size of the database, the variety of compound
structures, and molecular fingerprints, considerably impact the
model performance and should be optimized for a decent training
process. Second, the sample constitution, combining peptides/
peptidomimetics and small molecules, is favorable in this case, but
the validation of models using peptides/peptidomimetics only re-
quires further studies. In addition, the “one hot encode” method is
sparse in high dimension, which means the codes of peptide/
peptidomimetic simulation structures might encumber the whole
process. In cases with a huge library of binding molecules as the
size of the training data significantly influences the performance
of machine learning models, ML can still be beneficial in iden-
tifying exceptional small molecules.

3.3. Advanced in silico drug discovery for potent YAP-TEAD
PPI disruptors: IAG-933 (26)

The Yes-Associated Protein (YAP) is one of the key effectors of
the Hippo signaling pathway, which plays a crucial role in con-
trolling organ size, tissue regeneration, and tumorigenesis176e178.
However, in many cancers or tumors, this pathway is dysregu-
lated, leading to the interaction of YAP with transcription factors
such as Transcriptional Enhancer Associate Domain (TEAD)
proteins179e184. This interaction activates the expression of genes
involved in cell proliferation, survival, and stemness, promoting
tumor growth and progression. Consequently, targeting the
YAPeTEAD interaction has emerged as a promising therapeutic
strategy for cancer treatment by inhibiting the oncogenic functions

http://BioRender.com


Figure 8 The discovery of small molecular YAPeTEAD inhibitors from PPI interface, designed and analyzed using novel tech aided ap-

proaches. (A) The design procedure from over 2000 virtual candidates to the final molecule IAG-933 which is under clinical trial. (B) YAP

wrapping around the TEAD surface, YAP shown in pink and TEAD in teal blue. From left to right are b-loop, a-helix and U-loop. (C) The

structure of YAP U-loop residues binding to TEAD pocket. (Red and blue areas represent oxygen and nitrogen binding sites, respectively). (D)

Binding details of the TEAD U-loop pocket. (E) The binding pattern of compound 2 (22) with TEAD pocket. (F) WATMD analysis of solvent

exposure, compound 2 (22) in top and compound 5 (25) in the bottom. (G) The schematic of free energy analysis of YAPeTEAD inhibitor

compound series. (H) Structure of compound 1 (21) to IAG-933 (26).
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of YAP in the Hippo pathway. In 2022e2023, the researches of
Novartis published a series of researches on the discovery and
optimization of YAPeTEAD PPI inhibitor IAG-93354,55,185. This
small molecule inhibitor was reformed from a peptide hit and
optimized using advanced in silico techniques to the clinical
trial53e55.

Between the YAP and TEAD, the interface is enormously
extensive and slack that traditional druggable binding pockets are
unable to be defined (Fig. 8A, PDB ID: 3KYS)186e190. The
interface is mainly composed of three major parts from left to
right on Fig. 8A: b-strand, a-helix, and U-loop188. The YAP binds
to TEAD by wrapping across whole surface, thus small molecule
drug discovery was impeded by untraceable direct binding
pockets, leading peptides to be the more competitive druggable
category191e193. Among this total 3500 Å2 area, Furet et al. re-
ported two shallow pockets separated by distance of 16 Å on the
TEAD surface, one binds with YAP a-helix 61‒73 amino acids,
another binds with YAP U-loop 85‒99 amino acids55. In previous
research, Furet et al. discovered that the U-loop pocket manifests
more affinity to become a more attractive target52. Subsequently,
the researchers designed a series of potent linear 15-mer peptide
inhibitors derived from the YAP U-loop sequence 85‒99 using the
structure-based design52,194. Based on the linear peptides’ in-
vestigations, the team found that the Met 86 on the YAP U-loop
can be replaced by a 6-chlorotryptophan for amplified affinity,
thus conceptualized a high throughput virtual screening from the
TEAD X-ray crystal structure (PDB ID:6Q36). Docking proced-
ure with Novartis compound collection was performed with
GLIDE using the core constraint setting, all structures were
limited with obtaining either a 6-chloroindole or a chlorophenyl
moiety occupying the same position as the Met86 to mimic195.
After the screening, the top 2000 molecules were visually
inspected into a refined set of 500 compounds that binds to the
U-loop appropriately. These around 500 compounds were firstly
assessed in a TR-FRET assay for biochemical analyzation,
affirming the inhibitory of YAPeTEAD PPI that identified
approximately 150 compounds. Around 70 of them produced a
chemical shift that indicated an active binding in the protein
spectra secondly. Next, 2D [13C,1H]-HMQC spectra were applied
to confirm the binding, giving out the first decent hit compound 1
(21) with around 180 mmol/L dissociation constant Kd. However,
in the following X-ray structure analysis, dihydrobenzofuran core
located at the bottom of the pocket revealed that the racemate
compound 1 (21) cannot makes salt bridge interactions with res-
idue Glu391TEAD4 (Glu392TEAD3) and residue Glu417TEAD3

simultaneously in one enantiomer. Thus, the research team turned
to subordinate compound 2 (22) as another attractive starting
point, considering its diminutive volume and potential of selec-
tivity to TEAD U-loop pocket. As shown in Fig. 8E, compound 2
(22) tends to disclose an unoccupied area which oriented toward
position 4 of dihydrobenzofuran bicycle. Forming the upper
border, residues Ile271, Leu296, Val266 are ideal binding posi-
tions for a phenyl group, because adequate van der Waals in-
teractions can be formed without conformational strain. Added a
phenyl group at the 4 position of compound 2 (22), gives the
compound 3 (23) that shows amazingly 86-folds of affinity in-
crease (22: IC50 Z 267 mmol/L, 23: IC50 Z 3.1 mmol/L). Given
that this affinity was based on only one face of the 4-phenyl
substituent, the research team set off to add substituents on the
4-phenyl ring toward deeper site of the pocket. One ortho position
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was introduced of amide group to make hydrogen bonds possible
with backbone carbonyl oxygen atom of Gln270 and Lys274,
resulting in a 21-fold increase of activity for compound 4 (24,
IC50 Z 150 nmol/L). Another ortho position was added with a
small fluorine substituent to compound 5 (25), with an IC50 value
of 27 nmol/L. Finally for the meta position, the research team
applied the Amber MD suite for molecular dynamic simulation to
seek improved solubility196,197. The structure of TEAD3 (PDB ID:
8A0V) was used to dock with small molecules 21-25 under
ff19SB forcefield and TIP3P water model and 3D-RISM solvent
system198e201. At the meta position, a 2-methoxyethoxy substit-
uent was added which can improve the interaction with solvent
surface of compound 5 (25), confirmed by WATMD tool devel-
oped by Novartis shown in Fig. 8F 202,203. Along the optimization
of YAPeTEAD inhibitors to achieve a terrific IC50 value of
2.7 nmol/L of compound 5 (25), the research team performed
alchemical binding free energy calculations using relative and
absolute binding free energy techniques in Amber20204e206.
Exemplary for relative binding free energy (RBFE) calculations.
As shown in Fig. 8G, within a classic thermodynamic cycle
combined with RDKit to align structural similarity from small
molecule 22 to 25, a perturbation map was then created to set up
the calculations and a graph was assembled using NetworkX207.

As a successful small molecule transformed from the YAP
peptide sequence, compound 5 (25) was further optimized to IAG-
933 (26), with improved binding and selectivity as well as phar-
macokinetic properties that IAG-933 (26) can be successfully
promoted into clinical trials. In the latest research, Furet et al.
confirmed its inhibitory toward the PPI of YAPeTEAD in a rapid
way through destructing the coactivators binding56. And phar-
macological bioassay of IAG-933 (26) demonstrated directly and
selectively pharmacological disruption of the YAPeTEAD inter-
face by inhibiting Hippo-dependent and RASeMAPK-altered
cancers56. Being a novel approach guided by in silico screen-
GLIDE docking-MD simulated binding assay, these researches
paved a way of discovering wide and shallow pockets that were
once impossible for small molecules. As the IAG-933 (26) is
under phase I clinical trial, it strongly proved that certain peptides
with clear co-crystal structures and appropriate binding sites can
be transformed into small molecules.

4. Conclusions and perspectives

Recent research optimizing peptides to small molecules can be
primarily categorized into classical and novel designs. The case of
compound 14 (5) revealed a step-by-step train of thought; com-
pound 7 (6) introduced the dual-action design to combine ordinary
function with peptide mimicry; GC-376 (8) inspired rational
design based on interfaces, and compound 12b (11) indicated that
the sequence of a peptide can be investigated to shrink into small
molecules. Additionally, compound 2l (18), conducted under the
guidance of the EKO theory, demonstrated a more advanced
approach to designing and evaluating small-molecule peptidomi-
metics from numerous peptide templates. Compound 17 (20)
proved that ML and AI can be used to accelerate the whole pro-
cess like never before. In second configuration, novel techniques
are more involved in the drug discovery process and replaced the
deduction of traditional way with new evidence and power of
computational machines. Various methods can be applied to
different peptides and situations. For macrocyclic peptides
providing clear X-ray structures, a classical design involving
cocrystal analysis is suitable. Key interfaces of large peptides can
be analyzed using ML, and small peptides can be fragmented and
simulated by small molecules. For many native peptides binding
to the same target, the EKO strategy can summarize commonal-
ities to determine the overlapping segments and guide the design
of small molecules. If the binding peptide can be sampled into the
database, then the ML method will help find the essential small-
molecule structure. In a general perspective, as shown in Fig. 9,
the process can be described in four stages.

Stage I: From native peptides to potential molecules and
optimized small molecules: Classic approaches involve collecting
information from peptide sequence, properties, and structures to
identify characteristics of peptidomimetics presenting. Medicinal
chemists utilize methods like alanine scanning and X-ray co-
structure. Computational approaches enable large-scale data pro-
cessing with HTS, virtual screening, EKO, etc.

Stage II: From primary peptidomimetics to active peptides: To
slim the scaffold, residue deletion or replacement with a hetero-
cyclic ring of scaffolds is used to define active scaffolds.
Computational measures involve algorithms and theories like
AMBER, GROningen MAchine for Chemical Simulations, and
GIST to assist in defining active scaffolds with properties and
activity because these algorithms and theories are based on a
systematical mechanism that is suitable for optimizing solvation
and binding forcefield.

Stage III: From active scaffolds to potential molecules that
mimic the special secondary conformation of peptides: Classic
approaches suggest the use of NMR, cocrystal, and cyclic con-
straints for identifying potential molecules. Computers present
peptide structural information with different fingerprints and/or
docking guidance from deep learning.

Stage IV: From potential molecules to further optimized active
molecules: Ordinarily, strategies like SAR studies in pharmaco-
phore replacement and redesign after checking are used to identify
the best binding pattern and interactions. Meanwhile, computa-
tional intelligence programs, including SiteMap, QSAR studies,
integrated learning, and dynamic molecular mechanics, enable
multitasking in activity enhancement to finally obtain small
molecules derived from certain peptides.

As time went on, the strategy of optimizing peptides into small
molecules evolves tremendously from the first peptide insulin used
as drug in 1923 to present time 2024 when Google DeepMind
laboratory just announced new version of ground-breaking
AlphaFold3 in Fig. 9. Traditional methods have areas for
improvement, including high overheads in time and cost,
complexity, randomization during processes, and uncertainty of
inspiration. With the development of various disciplines, new
ideas and techniques drive advances in medicinal chemistry ap-
proaches, optimizing peptides into small molecules. Rational
analysis raised by researchers like Yoshida helps identify in-
teractions for small-molecule mimicry, while ML algorithms
expedite peptide library collection and potential scaffold
designing. In an optimistic outlook, this field of research might
soon be widely popular and utilized by researchers from phar-
maceutical chemistry, pharmacology, and biology39,50,51. Accu-
mulating experiences can further expand drug sources and better
optimize drug forms. Novel techniques can complement the
deficiency of traditional design in analyzing binding patterns and
generating substituent groups. Additional peptides can be devel-
oped into small molecules to improve druggability and integrated
functions across multiple targets. Nevertheless, there are still
problems and deficiencies that remain to be addressed. The current
detection in chemical property evaluations requires higher



Figure 9 Universal strategy and available technologies from identifying peptides to transformation of small molecules, and the timeline of

special event on the road from peptides to small molecules.
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precision for theoretical corresponding, and secondary confor-
mational optimization necessitates a comprehensive understand-
ing of particular peptides and binding pockets. Developing
capabilities in key fragment identification and small molecular
model refinement will enable medicinal chemists to “transform”
peptides into small molecules with additional cutting-edge tech-
nology, a much-shortened drug development process, and better-
achieved therapeutic effects. Furthermore, this field of research
will guide additional aspects like small molecular ligand warhead
design, peptidomimetic target discovery, and diagnostic reagent or
biomarker development.

Peptide-to-small-molecule (PTSM) strategy is a way of
condensation of large peptide, while the fragment-based-drug-
design (FBDD) is the other solution to expand a core fragment hit
to large molecules. They are two perspectives to the same top-
icddrug discovery and optimization. Drug hits are random and
unpredictable, both peptides and small molecules are often taken
into account in drug discovery. And next step for optimization,
PTSM takes a crucial part working on a peptide template main-
taining its activity and bioavailability to improve the ADMET
properties, etc. The FBDD obtain more binding effects while
preserving the small molecule scaffold core. As described in part
2.1 Yoshida’s case, starting with a peptide display to obtain pep-
tide hits with decent affinity in vitro, with a series of cocrystal
studies to determine the pharmacophore docking-optimization
process, to small molecules39. And in part 3.2 the case of
Wenjie Liu, a potential database was established with peptide and
molecular fragments46. This in silico process excluded traditional
approaches of design-check-redesign cycle, instead the structures
were stored with data packages and processed by computers and
algorithms, to output the final small molecule.

The first advantages of the PTSM strategy are the accelerated
peptide hit discovery process from large peptide screening data-
base, while more “hard-to-drug” targets can be included. Second,
is the more comprehensive understanding of the binding sites
thanks to the large peptide hit that reveals the induced-fit pocket
information for de novo design to follow. Concluded from the
cases above, to applicate the PTSM strategy, a peptide screening
platform is needed in the first place, in vitro or in silico are all
suitable. Next, a cocrystal structure analysis or cyto-EM can be
included to provide a solid basis for binding pattern studies, to
guide the following optimization. The third step requires a decent
structure-based design and optimization toward final small mole-
cule drug. Challenges will be more diversified and intricate, as
peptides are unable to convey the exactly properties into small
molecules and obstacles optimizing chemical structures. However
as for the opportunities, the computer-aided-drug-design (CADD)
and artificial-intelligence-drug-design (AIDD) is clearly thriving
along with the artificial intelligence and machine learning market.
The Generative Pre-trained Transformer engines that collect
pathway signaling information from disease phenotypes,
AlphaFold 3 that convert the sequence into predicted protein
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structures, and molecular scaffold generative algorithms to grow
hit molecules with more binding sites. In parallel, the PTSM
strategy will draw more importance in the next era of computa-
tional time.
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