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Protein-protein interactions (PPIs) orchestrate cellular function yet remain largely underexploited as
therapeutic targets. Although the human interactome is estimated to contain more than 650 000 PPlIs, only
117 interactions (~0.02%) have reported inhibitors. review human PPIs with peptide,
peptidomimetic, small-molecule and antibody inhibitors, and classify them according to the dominant

Here, we

secondary structure at the interaction interface. This framework separates PPls into a-helix-, B-strand- and
disordered/loop-mediated interactions, revealing clear links between interface topology and inhibitor
discovery strategies. a-Helical interfaces account for most reported inhibitors, whereas p-strand-mediated
and dynamic interactions remain comparatively underexplored despite their biological importance. Across
structural classes, successful inhibitor discovery has been enabled by structure-guided approaches,
including rational peptide design, macrocyclisation, fragment-based screening and peptide-directed ligand
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design. However, progress remains slow for challenging targets, particularly coiled-coil interactions and
intrinsically disordered regions. Emerging technologies, including cryo-electron microscopy and machine
DOI: 10.1039/d6md00552g learning-guided structure prediction, are rapidly expanding access to these targets. By connecting interface
architecture with optimal inhibitor modality and discovery strategy, this review provides a framework for

rsc.li/medchem accelerating the development of next-generation PPI therapeutics.

Protein-protein interactions

Protein-protein interactions (PPIs) are specific, functional
contacts between proteins." They underpin all biological
functions in living and viral systems, influencing entire
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signalling cascades, supporting metabolic activity and gene
expression.'™

The diverse biological roles of PPIs result in a remarkable
range of interaction types, which can be classified in several
ways. Quantitative characterisation of PPIs can be achieved
through mathematical analysis of native surface contacts or
chemical properties at the interface.*® Experimental
quantitative analysis can be achieved by measuring biophysical
parameters such as dissociation rates (Kd) and stoichiometry,
accomplished by techniques such as surface plasmon resonance
(SPR) and isothermal titration calorimetry (ITC) or fluorescence
based measurements such as fluorescence polarization and
Forster's Resonance Energy Transfer (FRET).”

A more binary classification of PPIs is possible by identifying
obligate/non-obligate interactions, where proteins can be found
as a part of a complex (obligate) or exist independently (non-
obligate). Furthermore, non-obligate proteins can produce
transient or permanent interactions based on a PPI's stability.®
Qualitative classification can be collated by protein features,
including sequence motifs or individual residue properties,
observing binding hotspots by sequence mutagenesis.”"’
Alternatively, PPIs can also be defined by peptide-domain
interactions, as peptide motifs are increasingly being recognised
for their contributions towards an interaction.'™'> The vast
complexity of these interactions makes PPIs compelling drug
targets due to their high level of specificity and broad
application towards a range of disease targets.

Dysregulation of PPIs contributes to the pathogenesis of
numerous diseases, particularly well understood in cancer,
neurodegeneration and immune diseases."”*® PPIs are
attractive in drug discovery due to their significant role in
biological networks, offering powerful control over disease
pathogenesis, instead of targeting a singular protein such as
a receptor or enzyme.'® The clinical translation of PPI
inhibitors is accelerating, providing compelling evidence that
targets once considered “undruggable” can be successfully
modulated therapeutically. A landmark achievement was the
approval of Venetoclax in 2016, a BCL-2/BH3 interaction
inhibitor discovered through a structure-guided fragment-
based drug discovery campaign. Venetoclax demonstrated
that small molecules can effectively disrupt high-affinity PPIs
and achieve meaningful clinical benefit in patients. Beyond
approved drugs, the clinical development pipeline continues
to expand, with more than 20 small-molecule PPI inhibitors
having entered clinical trials across multiple target classes."®
The translation of peptide-based approaches has also
progressed, exemplified by ALRN-6924, a stapled a-helical
mimetic targeting the MDM2/MDMX-p53 interaction, which
became the first PPI-targeting stapled peptide to enter
clinical trials in 2014." In parallel, antibody therapeutics
directed against extracellular PPIs have achieved substantial
clinical success, particularly through blockade of immune
checkpoint interactions such as PD-1/PD-L1 and CD40/
CD40L."® Collectively, these clinical milestones establish PPIs
as one of the most promising frontiers for the development
of next-generation therapeutics. This review provides an
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overview of the current landscape
inhibitors for the human proteome.

in developing PPI

Inhibitors of protein-protein interactions

PPIs are notoriously challenging to target due to their large
surface area and shallow binding grooves. For instance,
although more than 650000 PPIs are predicted in the human
interactome, in 2012, it was predicted that only 0.01% had an
inhibitor.”*>* Despite the increasing popularity of PPI targeting
for drug discovery in the following 13 years (Fig. 1A), 85% of the
human proteome remains undrugged, highlighting a need to
improve our understanding of targeting PPIs.>*°

Analyses of PPI inhibition based on buried surface area have
shown that larger interfaces are generally more amenable to
peptide inhibitors, whereas smaller interfaces are often better
suited to small molecules.>**?” Whilst databases exist that
categorise small molecule inhibitors of PPIs, these do not
consider the contributions of peptide inhibitors towards the
field.*®**° Peptide-based PPI inhibition is typically understood
by residue hot-spots, amino acids with significant contribution
to the free binding energy of an interaction.® The approach
taken here looks at the secondary structures that control PPIs,
categorising them to better understand the strategies used to
design and identify peptides or small molecules inhibitors for
particular interaction motifs.

Our analysis of the published literature for protein-protein
interaction inhibitors until 2025 found 117 human PPIs (0.02%)
with inhibitors (Table 1), doubling the 2012 prediction. Here we
provide a review of the human PPI literature, identifying those
with peptide or small molecule inhibitors, categorising the types
of interactions, and highlighting the techniques used to tackle
these challenging targets. This does not include the literature
on PPIs between species, from, for example, infection and
pathogen invasion.

Many PPIs are driven by short peptide motifs that either
adopt defined secondary structures, such as o-helices and
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Fig. 1 (A) Publications by year for protein-protein interaction
inhibitors from PubMed (B) PPI inhibitors categorised by key secondary
structure motif, a-helix (blue), B-strand (orange), loop (yellow),
intrinsically disordered region (green).
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Table 1 Human protein-protein interactions with reported inhibitors and the year the first inhibitor was reported, categorised by interaction type and

inhibitor type?> >4

Protein-Protein Interactions

Peptide Peptidomimetic | Small Molecule mAb
Helix-in-groove
PPI Year PPI Year PPI Year PPI Year
Bcl-2/BH3 domain?° 1996 Gag-PLCR346 2004 B-catenin/BCL947.48 2012 DCN1/UBC124° 2017
14-3-3/a-synucleins® 1999 Smac/XIAP5! 2007 Med25/ATF63a52 2013 APC/Asef53 2017
p53/hDM254 2000 Mcl-1/BH355 2010 HIFa,/p300°6 2013 NF-Y dimer%’ 2019
CBP/p30038 2000 AKAP/Calmodulin>® 2010 EZH2/EED®0 2013 RbAp48/MTA16L 2020
AR/TIF262 2002 ppaF/Sec6163 2011 4E-BP/elF4E®4 2015 PALB2/BRCA265 2020
Cdk5/p2566 2002 PP1/RIPPOS? 2012 TGIF1/SIN3A®8 2016 SRSF1/SRSF369 2021
Rac1/Tiam17° 2004 Collagen/Hsp477t 2017 Hsp70/Bim72 2021 NPAS3/ARNT”3 2023
Skp2/CKS174 2005 B-arrestin/AP-275 2017 PRMT5/RioK176 2021 DRP1/MiD4977 2023
ATG5/ATG16L78 2014 CSF1R/DAPK17® 2019 CDK9-cyclin T180-82 2022 RFFL/CFTR83 2023
ERCC1/XPF84 2015 HSP90/CDC378 2019 CDC42/IQGAP18®8 2022 NLRP3/NEK787 2024
XRCC4/lig4s® 2016 NCOA4/FTH18° 2021 GIT/PIX20 2022 Smad2/3/Smad4°! 2024
Coiled Coils
Fos/Jun?? 2006 EGFR JXT*3 2014 FOXP3/FOXP%4 2022 HOP/HSP90% 2024
MITF% 2012 HSF197 2018 Nrf2/MafG®8 2023
Myc/Max?? 2002 Shroom/Rho!® 2015 MBD?2 /P66al0! 2019 Beclin 1/ATG14L102 2020
Strand-in-Groove
IgG/FcRn103 2006 SENP/SUMO104 2004 GKAP/SHANK1-PDZ10> 2006 PKCe/RACK2106 1997
HER2/EGFR107 2011 PCSK9/LDLR108 2013 APP/Mint210° 2021 BRCA2/RAD51110 2010
CAD/iCAD!11 2012 SORT1/PGRN112 2013 a-synuclein dimer?13 2022 BCL6/BCOR114 2018
Mad2/Cdc20115 2015 | Syndecan/Syntenin!l6 2021
Sheet to Sheet
CD2/CD5817 2002 IL33/ST2118 2009 ICOS/ICOS-L119 2020 PICK1/GluA120 2018
UuPAR/uPA121 1994 RANKL/RANK?122 2010 PD-1/PD-L1123 2013 CCL5/HNP1124 2016
Grb2 SH2 dimerl2> 1996 IL17/IL17A126 2013 TNFa trimer?? 2005 PSD95/nNOS128 2009
RUNX1/CBFB12° 2015 PRL/CNNM130 2008 TG2/FN131 2014 RAS/PI3Ky132 2018
Loops
Keap1/Nrf2133 2006 | calpain/calpastatini3* 2009 Menin/MLL3> 2010 GADPH/6PKC*3 2016
ERCC1/XPA136 2007 MLL1/WDR5137 2010 YAP/TEAD*0 2014
p62/Keap1138 2016 NCS-1/Ric8a*? 2017 B-TrCP/Nrf213° 2022
Disordered Sequences
CID/PLCy1140 2018 PLK1/PDB141 2003 SALL4/NuRD142 2018 Rev1-CT/PolD3143 2017
a-synuclein/CHMP2B144 2023 PCNA/PIP-box145 2012 PARP1/BRCT146 2015 SRPK1/SRSF16° 2021
p47phox/p22phox147 2012 TRIM24/PHD48 2015 NHERF1/EBP50142 2019 SUV39H1/HP110 2023
BRD9/Histone!s! 2015 DX2/HSP70152 2019 Z0-1/CLD?153 2020 ELF3/MED23154 2023

B-strands, or remain intrinsically disordered.”" Categorisation
of human PPIs based on structural characteristics highlights
more than 50% of PPIs with reported inhibitors are mediated
by o-helical interfaces and over 30% by B-strands. The
remaining interactions were categorised as disordered or
loop mediated (<20%) (Fig. 1B). Across all structural classes,
rationally designed peptides are often the first examples of
inhibitors towards PPIs. Equally, screening assays are popular
for identifying small molecules inhibitors across all PPI
(Table 1).

Categorisation of interactions by secondary structure

Protein-protein interactions can be organised by the presence
of interacting o-helix, B-strand or disordered secondary
structures (Fig. 2). The most prevalent secondary structure
reported at PPI interfaces are o-helices, featured in 62% of

3932 | RSC Med. Chem., 2026, 17, 3930-3946

multi-protein complexes according to data from the protein
data bank (PDB).**** This is likely because much of our
understanding of protein interactions comes from crystal
structure studies. This may have introduced a disproportionate
prevalence of a-helices, as they tend to crystalise more readily
due to the stability of their secondary structure.**>*

o-Helices most often form a PPI through a helix-in-groove
interaction, where the surface of a partner protein forms a
hydrophobic pocket (Fig. 2C). Alternatively, they can interact
with one another to form coiled coils. These structure-to-
structure interactions form a shallow hydrophobic surface,
supported by neighbouring ionic interactions between two
helices (Fig. 2A).

B-Strands are also capable of forming features in groove
(Fig. 2D) and structure to structure interactions (Fig. 2B).
Analysis of PDB complexes finds B-strands contribute to 22%
of binding interactions.*® Considering our analysis of PPI

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Examples of protein-protein interactions in proposed
categories. (A) Coiled coil interaction MBD2/P66a (PDB: 2L2L). (B)
Sheet to sheet interaction ICOS/ICOSL (PDB: 6X4G). (C) Helix-in-
groove interaction oestrogen receptor/nuclear coactivator 2 (PDB:
1GWAQ). (D) Strand-in-groove interaction GKAP/SHANK (PDB: 7A00). (E)
IDR in groove interaction Revl-CT/PolD3 (PDB: 2N1G). (F) Helix-loop-
helix, YAP/TEAD (PDB: 6Q36). (G) Strand-loop-strand PRL/CNNM (PDB:
5 K22). (H) IDR loop ERCC1/XPA (PDB: 2INW).

secondary structure (Fig. 1), these statistics appear to
correlate with our PPI inhibitor categorisation (50% o-helical,
30% pB-strand), highlighting the majority of PPIs known
currently rely on a-helix or B-sheet binding into a groove on a
partner protein surface.’”

Dynamic proteins or intrinsically disordered regions (IDRs)
lack permanent secondary structures, which can also render
IDRs promiscuous in their protein binding partners.*® However,
some IDRs create specific contacts through recognition
sequences of amino acids, making them an attractive target
(Fig. 2E).*°

A sub-category of IDRs are loop structures. Loops can be
flanked by supporting secondary structures (Fig. 2F-H) but rely
on dynamic sequences to bind to the surface of a partner
protein. Whilst no literature currently defines the prevalence of
these structures, there are increasing reports of inhibitors
disrupting these PPIs."***

Utilising this categorisation, we can review the approaches
currently used to target PPIs, highlighting recent advancements
and the challenges that remain in PPI drug discovery.

Inhibitors of a-helix mediated interactions

The number of reported PPIs with helices at the interface is
more than all other categories combined (Table 1).%%%3%*
Perhaps, the landscape of PPI inhibitors is skewed towards
designs for o-helical targets as a result (50% of inhibitors
reported). These largely target helix-in-groove interactions,
with a smaller collection of a-helix mediated PPI inhibitors
reported against coiled coil interactions (9% of inhibitors).
This may be due to coiled coil's reliance on shallow knob-in-
hole interfaces distributed evenly across the a-helical surface

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Percentage of helix-in-groove PPIs with contributions across 1-

3 faces of the helix. (A) Examples of one face binding, p53/hdm2 (PDB:

1YCR) (B) two faces, Cdk2/p25 (PDB: 300G) (C) three faces, MyoA/
MTIP (PDB: 4A0OM).

of both protein partners. Multiple approaches for designing
peptide and small molecule inhibitors have been described,
utilising knowledge of hot-spot residues across small surface
areas for both coiled coil and helical binding grooves.'*>*°

Helix-in-groove interactions

Helix-in-groove PPIs can be categorised based on the relative
energy contributions of residues across three interfacial
domains of an a-helix (Fig. 3).">® Notably, it is predicted that
60% of a-helical PPIs present hot-spot residues concentrated
on a singular face of a helix (Fig. 3A).*® Peptide inhibitors
frequently serve as chemical probes for screening assays or to
direct small molecule inhibitor discovery towards a desired
interaction site. Alternatively, small molecule inhibitors can
be designed to mimic key binding residues of a helical
peptide sequence.

Helix-in-groove inhibitor design strategy: rational peptide
design

Structural information of a helical sequence can provide
valuable information on the location of key binding pockets
on a binding surface, and subsequent peptide inhibitor
design. An example of this is the helix-in-groove interaction
between the N-terminal transactivation domain of p53 and
its negative regulators ADM2/x, which promotes nuclear
export and degradation of p53. The a-helix of p53 engages a
deep hydrophobic pocket on the ADM2/x via a singular face
of the helix (Fig. 3A). Structural studies of p53 have revealed
that this interaction is driven by three residue hotspots,
Phe19, Trp23 and Leu26 along the helix."”””"*® Peptides
derived from the native p53 sequence display nanomolar
affinity for kIDM2 in biophysical studies.'*®

Another well characterised example of a helix-in-groove
interaction is the helical BH3 domain of Bid, Bim or Noxa
binding to pro-apoptotic protein Bcl-2. The conserved BH3 helix
occupies four hydrophobic pockets on a singular face of the
a-helix with key isoleucine and phenylalanine residues.'®’
Utilising the native sequence, high-affinity peptides were

RSC Med. Chem., 2026, 17, 3930-3946 | 3933
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synthesised, forming the basis of competition binding assays to
engineer Bel-2 specific peptides with nanomolar affinity.'*"'**

Helix-in-groove inhibitor design strategy: peptide libraries

Surface display screening techniques or peptide arrays can help
researchers screen large combinatorial peptide libraries to
achieve greater affinity for a PPI compared to wild-type peptides.
Surface display technology combines genetic recombination
with affinity selection to screen large varieties of peptide
sequences towards a protein target.'®>™® Peptide arrays utilise
immobilisation of a large number of peptide sequences on a
solid support, offering a high-throughput approach to residue
scanning within a peptide to gain understanding of interactions
to a PPI interface.'®*'®” This has been achieved for the helix-in-
groove PPI between Bim/BclxL. This technique has achieved
nanomolar potency for the displacement of rationally designed
wild-type peptide in fluorescence polarisation assays.'®"®*

Phage display methods have also improved upon the
sequence affinity of p53 wild-type peptides, observing two-fold
greater affinity for ADM2/x proteins. Interestingly, the lead
peptides retained the core hotspot residues.'®® Further
investigation by residue scanning has highlighted the
importance of non-contact residues in stabilising helical
conformations in both wildtype and display-derived
peptides.'® Mirror image phage display has also been used to
identify D-amino acid sequences with affinity for MDM2,
overcoming proteolytic susceptibility of peptides."”®

Helix-in-groove inhibitor design strategy: helical mimetics

Peptide inhibitors offer a scaffold for the design of small
molecule inhibitors, guiding the development of
peptidomimetics. Helical mimetic scaffolds have been reported
for hot spot functionality across all three faces of helix-in-groove
forming interactions. On a singular face of an a-helix several
scaffolds have been reported, with molecular modelling studies

O "I B

Kq:0.3 pM

K;:0.62 pM

Fig. 4 Helical mimetic scaffolds for inhibition of p53/hDM2 helix-in-
groove interaction. (1) Terphenyl scaffold’* (2) benzamide scaffold’?
(3) pyridyl-pyridone scaffold'’®> (4) oxopiperazine scaffold.’* Side-
chain mimetics highlighted in orange.

3934 | RSC Med. Chem., 2026, 17, 3930-3946
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showing good overlap for coverage of the 7, i + 4 and i + 7
residues within a helix."”*"”” Inhibitors of p53/hDM2 terphenyl
(1), benzamide (2), pyridyl-pyridone (3), and oxopiperazine (4)
structures have demonstrated nanomolar inhibition for helix-in-
groove interactions including p53/ADM2 (Fig. 4). Helical
mimetic scaffolds have also been utilised to afford inhibitors of
Bel-xL/Bak, Cdc42/Dbs and Hif1a/p300 PPI's,**1°%178:179

Oxopiperazine scaffolds have been applied for the inhibition
of the PEX5-PEX14 single facing helical interaction (Fig. 5).
Peroxin (PEX) proteins are responsible for biogenesis of
peroxisomal pathways in trypanosome parasites. PEX5 produces
an amphipathic helix on a singular face with key tryptophan
and phenylalanine residues across a five-residue sequence
(WxxxF) (5)."%° The small interaction site makes the PPI an ideal
candidate for an oxopiperazine mimetic approach, designing a
small molecule inhibitor of the interaction. After a structure
based design campaign, a lead compound (6) with a K; of 27 uM
was afforded for the PEX5/PEX14 interaction (Fig. 5B)."*' This
demonstrates promise for helical mimetics across short surface
areas in helix-in-groove interactions without the need for
excessive compound screening.

Building on this principle, other helix-in-groove PPIs have
been targeted using a scaffold-based approach. Steroid receptors
and their coactivators form helix-in-groove PPIs across two faces
of the helix on the co-activator protein (Fig. 6). The oestrogen
receptor utilises three key hydrophobic points of contact with
leucine residues (LxxLL) (7) which has been used to design
helically constrained peptides and small molecule inhibitors
utilising a pyrimidine scaffold (8) to reach the three binding
pockets across the receptor surface with a K; of 29 uM for the
displacement of a peptide containing the LxxLL motif."**

The helical interaction between MTIP and the myosin A
tail in Plasmodium falciparum is one of the few literature
examples of successful PPI inhibitors for interactions across

Peptide Wild Type j\H (8)
CLTERHKILHRLLQE (7) )\ NZ |N K;: 29 uM
H
\ )\)\/Y

Ko:1uM

B ahis

Fig. 6 (A) Helix-in-groove interaction of nuclear coactivator with
oestrogen receptor (PDB: 1L2I). (B) Pyrimidine based inhibitor (8)
designed from the GRIP-1 peptide (7) LxxLL motif, highlighted in
orange and magenta.'®?

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (A) MyoA peptide binding to MITP protein surface (9). Three
helical faces highlighted in green, orange and magenta. (PDB: 2AUC)
(B) pyrazole-urea compound (10) with surface interactions coloured in
orange and magenta.’®3

three faces of a helix. Myosin tail interacting protein (MTIP)
forms a closed complex around the Myosin A (MyoA) tail
helix which stabilises the interaction using eight key charged
or hydrophobic residues (Fig. 7)."** Across a 15-mer peptide
sequence (9), it was found that a helical peptide based on the
MyoA tail could inhibit P. falciparum growth with an ECs, of
84 uM.'® Analysis of the hotspot residues of the 15-mer
helical peptide led to the identification of a class of pyrazole-
urea compounds (10) with a lead compound capable of
inhibiting parasite growth (ECs, of 300 nM). Structural
modelling demonstrated the ability of the compound to bind
several of the binding pockets found by two of the helical
faces of the MyoA peptide (Fig. 7B)."®

Helix-in-groove inhibitor design strategy: peptide-directed
ligand design

An emerging method for the identification of small molecule
inhibitors of helix-in-groove interactions is peptide-directed
ligand design. By utilising knowledge of hot-spot residues in a
peptide sequence, peptide-small molecule hybrids show
improved affinity for a target protein in a PPI. This has been
achieved for helix-in-groove interactions including cdk2/cyclin
A, p53/hdm2 and Noxa/Mcl-1."%¢'%% Notably, combining in silico
screening with synthesis achieved a 50% success rate in binding
assays towards the p53/hdm2 interaction.

A peptide inhibitor of the Noxa/Mcl-1 interaction (Fig. 8A)
has been used as a scaffold (11) to investigate small molecule
fragments active in displacing the wild-type helix-in-groove PPI
(Fig. 8D)."®” Via peptide-small molecule hybrids (12-19), this led
to the identification of potent small molecule inhibitors for the
interaction (20-21)."®”'%® This approach provides a more
efficient route to small-molecule PPI inhibitors than
conventional high-throughput screening.'®”#%

Inhibitors of coiled coil mediated interactions

Coiled coils are made up of a-helices capable of forming helix-
to-helix interactions. These form from two or more o-helices
winding into a super-helix.'” Coiled coils benefit from a
repeated heptadic motif (abcdefg), (Fig. 9). These structures are
amphipathic in nature, with hydrophobic amino acids
conserved at positions a and d and polar residues at positions e
and g."°" On complementary monomers, a and d positions

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Peptide directed-ligand design. (A) Noxa/Mcl-1 interaction
(PDB: 2NLA) and NoxaB peptide. (B) Triazole linked peptide-small
molecule hybrids. (C) Small molecule fragments that compete with
NoxaB peptide. (D) Resulting small molecules inhibitors 187188

associate to create a hydrophobic core. Coiled coils can exist
naturally as dimers, trimers, or tetramers. Coiled coil
assemblies containing three or more helices are often referred
to as helical bundles.

Coiled coil inhibitor design strategy: rational peptide design

Coiled coil peptide inhibitors have been discovered through
rational sequence design. Using native protein sequences from
dimeric coiled coils forming transcription factors such as Myc-
Max, Fos/Jun and GCN4 peptides PPI inhibitors have been
identified.>'*>'* Improvement on the linear peptide sequence
can be made through incorporation of a hydrocarbon staple
across the external face of the helix. This was effectively
deployed for an Nrf2-derived 16-mer which inhibited Nrf2/MafG
binding (K4 = 337 nM).”®

Coiled coil inhibitor design strategy: combinatorial libraries

Combinatorial libraries have been used to find peptide
inhibitors against the Fos/Jun and microphthalmia associated

Fig. 9 Helical wheel diagram of residue positions on coiled coil
interacting proteins. Hydrophobic positions “a” and “d” (orange), polar
positions “e” and “g” (blue).

RSC Med. Chem., 2026, 17, 3930-3946 | 3935
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transcription factor (MTIF) coiled coil interaction.”*°® Used in
combination with protein fragment complementation assays,
screening sequence libraries for improved coiled coil
interactions achieved lead peptide coiled coil disrupters at low
uM concentrations.”***

Coiled coil inhibitor design strategy: de novo peptide design

Due to the highly ordered nature of sequences found in coiled
coil interactions, it is possible to design de novo peptide
sequences to inhibit this type of PPL'*™"” Coiled coil forming
peptide sequences are predicted using computational models
and experimentally determined using peptide arrays.'>> For
example, SYNZIP was used to generate peptides specific to basic
leucine zippers (bZIPs) and found that over 80% of peptide
designs synthesised could bind to their target protein.'>
However, 40% were also capable of self-association, an added
challenge in designing coiled coil forming peptides."*®

More recently de novo peptide design was applied using
CCbuilder to form crosslinked helical dimers capable of
selectively sequestering Myc and inhibiting PPI formation with
Max. Researchers designed de novo peptides capable of stable
coiled coil formation in complex with Myc with nanomolar
affinity, without disrupting the Max homodimer."’

Coiled coil inhibitor design strategy: small molecule
identification

Small molecule inhibitors of coiled coil interactions are limited.
This has largely been due to the shallow binding pockets
characteristic of coiled coils.”*° HTS has identified several small
against the Myc/Max dimer.’%?%"?%?
Disruption of the interaction may occur through binding into
the loop region in the centre of the helix-loop-helix of Myc,
rather than directly binding to the Myc o-helix. In silico
screening has helped improve the hit rate of HTS identification
of small molecule inhibitors of the MDB2/p66a. coiled coil with
two lead compounds demonstrating low micromolar activity
(ICso of 1.5-1 uM)."®" Other small molecule inhibitors are
reported against larger helical bundle structures, found by HTS
methods, perhaps benefitting from a deeper binding groove
forming across multiple helices.'*”'*> Considering alternative
routes to HTS may offer more efficient methods for disruption
of this type of PPI by small molecules. The predictable heptadic
assembly of coiled coils offers guidance on key residues that
could be employed to derive helical mimetic small molecules
similar to those derived from helix-in-groove interactions.”*®

molecule inhibitors

Inhibitors of p-strand mediated interactions

A B-strand is a 3-10 amino acid sequence forming a pleated
backbone motif through tetrahedral bond formation around
the Co atom.?** B-sheet structures occur from two or more
B-strands connected laterally through hydrogen bond
networks to form twisted flat sheets at dihedral angles of
135°/-135°.>°> Most interactions mediated by B-strands can
be categorised as a strand or hairpin into a binding groove or
a B-sheet interaction with another B-sheet (Fig. 2). Hotspot
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analysis of B-strand mediated PPIs has found the majority
employ residues on faces for hydrogen bonding or side chain
interactions with a partner protein, often with uneven and
unpredictable distribution.*®

B-Strand and p-sheet interaction inhibitors

B-Sheets form through three or more connected B-strands,
twisted into parallel or anti-parallel pleats to create a large and
flat surface area. Designing mimetics for p-strand and p-sheet
mediated PPIs presents significant challenges compared to
o-helices. In particular, B-strands can be prone to aggregation,
driven by interstrand hydrogen bonding networks with adjacent
strands. Consequently, mimetics require careful design to
minimise self-assembly.>**>%

p-Strand inhibitor design strategy: rational peptide design
modifications

Short peptide sequences can fail to adopt secondary structure.
Peptidomimetic strategies such as N-substitution of backbone
10B).
N-Methylation to constrain peptide backbones has been used to

amides can help support B-sheet formation (Fig.

improve activity of inhibitors towards the small ubiquitin-like
modifier (SUMO) interaction with the SUMO interacting motif
(SIM) of RanBP2 (Fig. 10A).°® N-Methylation screening of a 13-
mer peptide sequence (21) of the RanBP2 SIM improved the
ICs0 and Kp, two-fold compared to the parent peptide in two of
the twelve derivatives synthesised (Fig. 10C).>°

p-Strand inhibitor design strategy: peptide-directed ligand
design

Peptides offer an advantage over small molecules to afford
B-strand inhibitors due to their ability to interact over a large
flat surface.”™ Information gained from peptide inhibitors of
B-sheets can direct efforts to afford small molecule inhibitors
(Fig. 11). Peptide-directed ligand design has been applied to the
Shankl PDZ/GKAP PPI identifying peptide-small molecule
hybrids with improved activity over the wild-type 6-mer GKAP
derived B-strand peptide. Ac-EAQTRL-OH, (23) has a Kp, of 1 uM
determined by fluorescence polarisation against the Shank1
PDZ. Connecting a library of small molecule fragments to
truncated 3-mer sequence (24) by arylhydrazone bond formation
(Fig. 11B), led to the identification of hit compounds with low
uM IC5, competing with the native peptide (Fig. 11C).*"*

A

S'M27°5_2717
Ac-DNEIEVIIVWEKK-NH,
(21)1C4,: 10.7 uM

c Me-lle,0; Me-lle,;,,
Ac-DNEIEVIIVWEKK-NH, ~ Ac-DNEIEVIIVWEKK-NH,
(22)ICq, : 5.4 uM (23)1Cs,: 7.9 uM

Fig. 10 (A) SIM/SUMO interaction (PDB: 2LAS). (B) N-Methylation of
the peptide backbones. (C) Hit SIM peptides with N-methylated
isoleucine residues.?®?
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A IC50:4.5uM

(FP competition with
‘ FITC-AhX-TRL-OH)

H
R&N’N\n’ﬁa\/rRL'OH (24)

S el O,

Ac-EAQTRL-OH
GKAP Wild-Type
Ac-EAQTRL-OH (23)
Ko:1uM

o)

w2 O

ICsy: 5.8 M |<:so 4 a uM ICs:6.2 UM ICs0: 2.3 1M
(25) (27) (28)
Fig. 11 Peptide-small molecule strategy for GKAP/SHANK1

interaction. (A) GKAP C-terminal peptide (PDB: 1Q3P). (B) Peptide
hydrazone structure. (C) Structures of hit compounds with ICsq
reported by competition fluorescence polarisation.?**

B-Strand inhibitor design strategy: small molecule
identification

Currently reported small molecule inhibitors of f-sheet
interactions have been identified through HTS of large
compound libraries, achieving remarkably low hit rates around
0.01%."2>*'>?13  Characterised by hydrophobic binding
interactions, small molecules found this way benefit from
extended aromatic ring structures to capture n-m stacking
interactions between inhibitors and the target protein.'?%>'?71

In silico library screening has been applied to improve hit
rates in conjunction with structure guided approaches to PPI
inhibition. Interestingly, applying the same library screen
towards a B-strand-in-groove interaction has been shown to
produce a lower hit rate compared to an o-helix-in-groove
PPL>" Recognition of this gap in pharmacophore libraries
designed to target f-strand interactions could guide
development of tailored scaffold libraries, improving drug
discovery toward alternative PPIs.

B-Sheet peptide inhibitor design strategies

Designing inhibitors of B-sheet interactions can be achieved
through peptides derived from native sequences of
interacting sheets. In this approach cyclic or hairpin peptides
sit flat across the B-sheet surface, with every other side chain
pointing towards the B-sheet surface, directly mimicking a
B-sheet interaction. The PD-1/PD-L1 interaction provides an
example where $-hairpin structures have been used to induce
turn structures in peptides and small molecules
(Fig. 12.2"77%'°) Where the native peptide sequence of a
hairpin p-sheet of PD-L1 (29) has affinity for the PD-1
B-sheet, residue mutation from glycine to proline improved
binding affinity 2-fold (30). Peptides capable of disrupting
the PD-1/PD-L1 PPI have also been found by phage display
techniques (Fig. 12C and E). Linear peptides (31) were further
improved by installing an azobenzene turn unit (32)
generating a light-activated B-hairpin forming peptide (ICs,
of 79 nM), with greater activity than the parent peptide (ICs,
of 4.6 uM).**

Macrocyclisation-inducing units can be applied to peptide
inhibitors to constrain f-sheet mimetics, such as the ICOS/
ICOS-L interaction (Fig. 13A). Employing known key residues
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PDL-1 B-hairpin

R
b
RCMISYPGADYKRI o
NI

(30)Kp 1.8 pM  ©

PDL-1 Wild-Type
114RCMISYGGADYKRI'2®

(29) Kp 3.66 uM N

N
PG unit 0

C Phage Display Linear Peptide Azobenzene umt E Phage Display Cyclic Peptide

Anti-PD1 Linear Peptide Q\/
Ac-WHFSYNWRWLPP-NH,
(31)IC5 4.68 UM \‘: . Nj/u\ R’Hrn\l)k'l\
o R o
Anti-PD1 Cyclic Peptide
cyclo(CNLNWTYYSRHC)
(33) 1Cs0 6 UM

Ac-WHFSYN-AMPP-RWLPP-NH,
(32)IC5, 79 NM

Fig. 12 PD-1/PDL-1 inhibitor strategies. (A) Native PD-L1 derived peptide
(orange) interacting with PD-1 (PDB: 4ZQK). (B) Proline-glycine turn unit
installed into native PD-L1 peptide.??® (C) Phage display derived PD-1
binding peptide.2°® (D) Azobenzene unit containing peptide.?%° (E) Cyclic
phage display peptide containing disulfide bridge.?*-2'°

involved in the ICOS-L B-sheet, Tyr51, Tyr53 and GIn55, an in
silico design strategy was used to design a macrocyclic
peptide towards the ICOS B-sheet. Introducing Pro-Gly, p-Pro-
Gly turn units, disulfide bridge combinations and residue
optimisation, led to a 12-mer bicyclic peptide inhibitor (34),
with an ICs, of 22.8 uM by TR-FRET against the ICOS/ICOS-L

interaction (Fig. 13B).”*

Small molecule inhibitors of f§-sheets

Small molecules have been found through fragment high-
throughput screening against B-sheet mediated PPIs.>**>**
However this approach remains inefficient, with most
inhibitors reporting micromolar activity. Even the most
potent of small molecule inhibitors are a product of hit-rates
below 2%.>*®

Inhibitors of dynamic protein region interactions

PPIs mediated by intrinsically disordered regions (IDR) often
lack a defined secondary structure, relying on hotspot residues
within a dynamic recognition sequence, or constrained loops
between secondary structures that can be reproduced by
macrocyclisation. Often disordered PPI structures will occupy a
well characterised binding pocket, which can be exploited when

N
A/\\_/}a B my { jr\
\//’\ _ NH
':—'/NHO QH/ o o
o ( H Ny
HL Nn.gLN : H
N :
H o

Y,
0 NH S o.,Fo
it H o N~y .
N)J]/ Y\NJ]/N\H/'\NJ\/N\,-&
/g o ,/\\‘/ o H & o
NS0 oAl it

Cyclic Peptide HN
cyclo-RVY[COPGWCIWVLPG. NANH

(34)ICg,: 22.7 M

1COS-L Wild-Type
S1IYVYWQSS
[2HCLVL™9]
Fig. 13 ICOS/ICOS-L interaction. (A) Interaction of ICOS-L f-strand,
key residues highlighted in orange (PDB: 6X4G). (B) Cyclic peptide
structure of ICOS-L derived bicyclic peptides proposed key residues
highlighted in orange.?*
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P6-Gag Wild-Type —S— —Ss—
PEPTAPPEE (35) AACLHFFLAMPPAHVLDIC
Kp:16.6 uM (36)Kp: 5.5uM

Fig. 14 UEV/p6-Gag interaction. (A) 9-mer p6 proline recognition
sequence (green, 35) (PDB: 30BU).?2° (B) macrocyclic peptide (36).22”

designing inhibitors. Loops between fixed secondary structures
are less flexible that true IDRs, but their flexibility has made
inhibitor design challenging. As such, methods to constrain
loop structures have been applied to peptide inhibitor design.
Reports of inhibitors against dynamic PPIs has increased the
most in the last decade (Table 1). Inhibitors are increasingly
incorporating structural information from peptide inhibitors to
guide small molecule discovery,4%:143145:146

IDR inhibitor design strategies: peptide combinatorial
libraries

Disordered PPIs forming from recognition sequences can be
targeted by native and random peptide sequences (Fig. 14).
The HIV-1 Gag p6 protein binds to host Endosomal Sorting
Complex Required for Transport (ESCRT-I) Ubiquitin E2
variant (UEV) subunit through a disordered 9-mer sequence
(35). As the ESCRT protein is highly structured, information
about the binding groove of the PPI is well characterised,
despite the lack of secondary structure from the p6 binding
protein (Fig. 14B).>*°

Whilst small molecules disrupting the UEV-p6 PPI have
yet to be reported, peptide modifications have been explored
using screening by genetically encoded libraries. Screening of
the lanthipeptide library of 10° macrocyclic peptides with a
bacterial display system identified lead peptide 36, that
demonstrated a 3-fold improvement over the parent peptide
in binding to the UEV protein.>”” Interestingly the hit peptide
bears no sequence similarity to the wild-type, raising
questions as to the mode of PPI inhibition (Fig. 14B).

IDR inhibitor design strategies: peptidomimetics

Peptidomimetics can improve inhibitor activity, using hot-
spot residues as an anchoring scaffold to explore the
surrounding chemical space. This has been achieved in the
IDR PPI between a phosphoprotein recognition sequence to
the BRCA1 protein (Fig. 15A).>*® Utilising a small molecule
microarray, peptidomimetics were generated (38) conserving
a key phosphoserine anchoring to the binding pocket
(Fig. 15B).>**7>*° This led to a 3-fold improvement in ICs,
against the native phosphopeptide binding sequence (37) by
retaining the key Trp, pSer and Phe moieties of the native
peptide sequence (Fig. 15C).

IDR inhibitor design strategies: small molecule identification

Rational approaches to IDR PPI inhibitors have yielded highly
potent small molecule inhibitors. The well-defined binding
pocket found in the bromodomain and extra-terminal
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NH
Phosphopeptide
Wild-Type \N 0
TpSPTF Rational Peptide HN, P (iL
Ac-TpSPTF-OH N—" N
(37)1Cs: 3uM 0.0 O

Hg TOH
c HN o
L ( G
Peptidomimetic 3 : H 3
(38)ICs: 0.3 uM 6 o~
oS0

Fig. 15 (A) Phosphopeptide (green) recognition sequence interacting
with BRCA1 (PDB: 3KOK). (B) Phosphopeptide derived peptide (37),
hotspot residues highlighted in red.??® (C) Lead phosphopep-
tidomimetic (38).228-230

domain (BET) family of proteins relies on acetylated lysine
(KAc) for recognition of IDR PPIs with histone proteins
(Fig. 15A).>**** The first examples of bromodomain PPI
inhibitors investigated thienodiazepine structures with anti-
inflammatory activity. Structure-activity-relationship studies
developed a small molecule (40) capable of displacing
peptide binding to the bromodomain-containing protein 4
(BRD4) (Fig. 16). Modelling small molecules off the key KAc
residues achieved nanomolar ICs, values in competition
against the parent peptide (39).>**

Inhibitors of loop mediated interactions

An emerging target for PPI inhibitors are loop structures at
interaction sites, with evidence from the PDB that as many as
50% of protein complexes feature mediation by loops.”**?*>
The majority of characterised loop interactions were B-turns
(31%) followed by loops between o-helices (11%).>**

Loop mediated inhibitor design strategies: rational peptide
design

Loops present a unique challenge compared to o-helices and
B-sheets interactions, as they lack predictable structures to
manufacture standard scaffolds across a range of targets.>*°
Identification of key hot-spot residues within loops has
allowed for the identification of attractive interfaces such as
Nrf2/Keapl and YAP/TEAD.>**

Macrocyclisation of wild-type peptides can improve
peptide affinity in loop mediated PPIs (Fig. 17). For example,

o
A" peptide Wild-Type L L c =
ARK(Ac)S HN

: |

‘ NH, O oy © ,Nt(‘ N cl
)\er N/\n/N OH NON
H o 7/
° OH s
Rational Peptide
i ARK(Ac)S (39) Small Molecule
HN"SNH  Kp:4.6pM (40) IC5o: 33nM

N

Fig. 16 BRD4/histone interaction. (A) Protein H3K14ac peptide (39)
(PDB: 3JZG), 4-mer acetylated lysine recognition sequence (green). (B)
Acetylated peptide with affinity for BRD4 protein.?! (C) Small molecule
JQ1 (40).2*
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A Nrf2 Wild-Type Ac-L DPETGEFL-OH B

(41) K, : 83nM t
S S lEeNenens
. - H

07 0H
Ac-cyclo[GLDPETGEFL]-OH
(42)K,:18nM

Fig. 17 Nrf2/Keapl interaction. (A) Nrf2 ETGE loop motif bound to
Keapl (PDB: 2DYH). Linear peptide (41) and (B) cyclised Nrf2 derived
peptide (42).2%7

inhibition of the loop unit of Nrf2 engaging the Keapl
B-propeller has been achieved using a glycine linker for head-
to-tail cyclisation of the Nrf2 derived linear LDPETGEFL (41)
improving the Kp from 86 nM to 18 nM in SPR,
demonstrating a 4-fold increase in binding affinity (42).*’

Peptides incorporating non-natural amino acids have
achieved potent inhibition of loop mediated interactions, such
as the YAP-TEAD helix-loop-helix (Fig. 18A). Investigation by
mutation studies has identified hot-spot residues and key
positions for installation of turn units.*® This led to a 15-mer
peptide inhibitor (44) improving linear peptide inhibition from
ICs of 68 uM to 9.2 nM (Fig. 18B).>**

Loop mediated inhibitor design strategies: small molecule
identification

Following similar trajectories to the inhibitors of a-helix and
B-strand mediated PPIs, screening assays have identified
inhibitors of loop mediated PPIs, achieving similarly low hit
rates.>'> However, once a hit compound has been found, SAR
studies can achieve greater potency towards a target PPL.

A well-documented example of this is the naphthalene
containing small molecules found to inhibit Nrf2/Keap1.>*

Initially found by HTS against the wild-type peptide,
several iterations explored the chemical space occupied in
the hydrophobic binding pocket formed by Keap1.>°7>*
Fragment-based drug discovery has also been applied

YAP Wild-Type
PMRLRKLPDSFFKPP
(43)1C5;: 68 UM

cl

HNZ NH,
P(W(6-C))RK(Cha)(Hyp)DSF(Nal)KEP
(44)1C5,:91M

Fig. 18 (A) YAP/TEAD interaction (PDB:6Q36). Linear (43) and (B)
residue mutated peptide inhibitor (44).40-2%8
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towards the Nrf2/Keapl PPI achieving 10-fold improvement
in hit rate over traditional HTS.>*®

Conclusion

Drug discovery on PPIs has wide ranging applications for
disease management, often finding molecules with high
specificity for target. The literature collated here provides a
snapshot into the range of success in the inhibition of diverse
types of PPL

o-Helix mediated interactions are the most prominent
secondary structure found within the proteome and participate
in over 50% of the druggable PPIs presently investigated,
describing helix-in-groove PPIs. Interestingly, coiled coils
represent an underexplored PPI within helix-mediated PPI
inhibitors. Utilising tools for helical mimetics or fragment-based
drug discovery to design small molecules of these PPIs could
offer a new method for targeted coiled coil interactions.
fB-strands, less common in overall protein content, were featured
in 30% of PPIs with inhibitors. Strand-in-groove interactions have
been described as more challenging to find hits against by HTS
in comparison to helix-in-groove PPIs.*! Alternative methods to
fragment-based inhibitor discovery, such as peptide directed
ligand design, may offer improved efficiency to small molecule
design of B-strand PPIs.*'' The remaining interactions with
inhibitors found are dynamic PPIs, including loops and IDR
recognition sequences. Peptide inhibitors of B-strands and loop
structures benefit from macrocyclisation techniques to stabilise
the desired secondary structure, whilst also improving cell
permeability and protection against degradation. Structure-based
design of small molecules, guided by key PPI hotspot residues
enables the development of potent inhibitors with nanomolar
affinity for IDR PPIs. This rational SAR-driven approach is a
promising direction for PPI drug discovery.

Despite advances in drug discovery, small molecule
inhibitors across all categories of PPIs are still predominantly
found by HTS, typically observing hits at rates lower than
1%.2*>*” Some HTS techniques use competition assays against
peptide inhibitors derived from native PPI interfaces. Targeting
hot-spot residues and sequences critical for binding, combined
with fragment-based drug discovery, could afford greater
selectivity and efficiency in small molecule design. 68811
Additionally the use of techniques to screen large libraries of
peptide sequences such as phage display, mRNA display or
peptide arrays expands the potential for designing peptide

inhibitors targeting both structured and unstructured
PPIs.>*®2% There is an increasing abundance of structural data
published depicting the secondary structures of PPIs,

complemented by machine learning programs such as
AlphaFold3 and RosettaFold, which can help to visualise
challenging dynamic proteins in complex where crystal
structure data is unavailable. Methods to identify PPI inhibitors
rely on this structural data, and as such the inhibitors identified
are skewed to the more stable interactions. The growth of
structural biology methods such as Cryo-EM more readily allows
for the characterisation of protein complexes, revealing
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structural details about intrinsically disordered regions, and
multiple protein partners. This data, coupled with protein
complex structure prediction will rapidly increase the targets for
inhibitor development. There remains a challenge to develop
methods more suited to less well studied interactions,
particularly IDRs and coiled coils. This review highlights the
current imbalance in PPI inhibitor discovery when grouped by
structural features. Interestingly, a limited number of inhibitors
have been reported against intrinsically disordered regions,
despite these structures being significantly represented at sites
of known disease mutations.>*® Highlighting a need to develop
inhibitors against PPIs without defined secondary structure.
Looking forward, the greatest opportunities in PPI drug
discovery lie within underexplored interaction classes,
particularly intrinsically disordered regions. Advances in cryo-
EM, machine-learning-based structure prediction and AI-
enabled ligand discovery are rapidly expanding the accessible
PPI landscape. As structural coverage of the interactome grows,
approaches that integrate peptide engineering, fragment-based
discovery and computational design will be increasingly
important for transforming currently intractable PPIs into
tractable therapeutic targets. The structural framework
presented here provides a basis for prioritising discovery
strategies according to interface architecture and may help
accelerate the development of future PPI therapeutics.
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