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Abstract
Modulating disease-relevant protein-protein interactions (PPIs) using small-molecule inhibitors is a quite indispensable diagnos-
tic and therapeutic strategy in averting pathophysiological cues and disease progression. Over the years, targeting intracellular
PPIs as drug design targets has been a challenging task owing to their highly dynamic and expansive interfacial areas (flat,
featureless and relatively large). However, advances in PPI-focused drug discovery technology have been reported and a few
drugs are already on the market, with some potential drug-like candidates already in clinical trials. In this article, we review the
advances, successes and remaining challenges in the application of small molecules as valuable PPI modulators in disease
diagnosis and therapeutics.
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Abbreviations
PPI Protein-protein interactions
IL-2 Interleukin-2
IL-2Rα Interleukin-2 receptor alpha chain
FBDD Fragment-based drug discovery
FBLD Fragment-based lead discovery
SAR Structure-activity relationship
NMR Nuclear magnetic resonance
Bcl-2 B cell lymphoma 2
Bcl-XL B cell lymphoma-extra large
CS Computational solvent
MDM2 Mouse double minute 2 homolog
HPV Human papillomavirus
TNF Tumour necrosis factor
TNF-α Tumour necrosis factor alpha
TNFR1 Tumour necrosis factor receptor 1
FtsZ Filamenting temperature-sensitive mutant Z
ZipA Z interacting protein A

HTS High-throughput screening
CBF Core binding factor
DOS Diversity-oriented synthesis
Shh Sonic Hedgehog
Ptc1 Protein phosphatase 2C homolog 1
mTOR Mammalian target of rapamycin
FKBP12 FK-binding protein 12
DPC DNA-programmed chemistry
STATs Signal t ransducers and act ivators of

transcription
mAb Monoclonal antibody
HER2 Human epidermal growth factor receptor 2
ICAM-1 Intercellular adhesion molecule-1
VEGF Vascular endothelial growth factor
G-CSF Granulocyte colony-stimulating factor
TPO Thrombopoietin
LFA-1 Leukocyte integrin lymphocyte function-

associated antigen 1
GPCR G protein-coupled receptor
CCR5 C-C chemokine receptor type 5
CXCR4 C-X-C chemokine receptor type 4
CXCR7 C-X-C chemokine receptor type 7
MM Multiple myeloma
B-CLL B cell chronic lymphocytic leukaemia
APC Adenomatous polyposis coli
GSK-3 Glycogen synthase kinase 3
Tcf T cell factor
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DLBCL Diffuse large B cell lymphoma
BCL6 B cell lymphoma 6
SMRT Silencing mediator for retinoid or thyroid-

hormone receptors
HDAC3 Histone deacetylase 3
CHK1 Checkpoint kinase 1
CDKN1A Cyclin-dependent kinase inhibitor 1
ATR Ataxia telangiectasia and Rad3-related protein
CADD Computer-aided drug design
AKAP A-kinase anchoring protein
cAMP Cyclic adenosine monophosphate
Ub Ubiquitin
UPS Ubiquitin proteasome system
UPP Ubiquitin-proteasome pathway
CRL Cullin RING E3 ligase
Ki Inhibition constant
TRAIL TNF-related apoptosis-inducing ligand
SCLC Small cell lung cancer
PACs Pancreatic acinar cells
SAHBs Stabilised alpha-helix of Bcl-2 domains
T-ALL T cell acute lymphoblastic leukaemia
ADAM A disintegrin and metalloproteinase
ICN1 Intracellular domain of NOTCH1
MAML Mastermind-like
dnMAML1 Dominant-negative fragment of MAML1

Introduction

Modern drug discovery is driven bymolecular targets with the
aim of identifying new therapeutic agents that can selectively
target disease-specific molecular mechanisms or pathways
(Díaz-Eufracio et al. 2018). In this context, protein-protein
interactions (PPIs) are an attractive emerging class of molec-
ular targets and are critically important in the progression of
many disease states (Robertson and Spring 2018; Zhang et al.
2018). PPIs are engineered to provide a therapeutically tracta-
ble way of tweaking and manipulating the interplay in order to
address the progression of many disease states (Du et al.
2018). They are involved in hubs of reversible and irreversible
cellular processes, assembling and disassembling rapidly,
reassembling and rearranging in order to restore normative
cellular functions (Robertson and Spring 2018). There are
more than 645,000 reported disease-relevant PPIs in the hu-
man interactome. However, only 2% of these had been
targeted with drugs by 2011. Most of the remaining disease-
relevant PPIs in protein complexes, such as transcription fac-
tors and many other signalling proteins, have been widely
considered ‘undruggable’ and remain elusive, under-
explored and yet to be fully understood (Gonzalez and Kann
2012; Díaz-Eufracio et al. 2018; Robertson and Spring 2018;
Zhang et al. 2018).

Inhibiting PPIs using small molecules is a tremendously
important diagnostic and therapeutic strategy that may lead
to greatly protracted remissions and even curative therapies
for a number of diseases (Stevers et al. 2018). The emergence
of new technologies has unveiled the potential of PPIs in drug
discovery and has enabled regular discovery of small-
molecule PPI modulators as significant smart-drug targets
(Grossmann et al. 2015; Jana et al. 2017). Over the years,
PPI-focused drug technology has been regarded as prototypi-
cally intractable because of the highly dynamic and expansive
PPIs interfacial areas (Taylor et al. 2018). However, recent
advances have resulted in a few drugs being placed on the
market, with some potential drug-like candidates already in
clinical trials. In this study, we review the advances, successes
and remaining challenges in the application of small mole-
cules as valuable PPI modulators in disease diagnosis and
therapeutics.

Strategies for targeting protein-protein
interactions

Over the years, technological progress has played an impera-
tive role in the identification of small-molecule modulators of
PPIs that have to date reached clinical production (Stevers
et al. 2018). The use of structural biology to determine
‘hotspots’ in PPIs’ binding interfaces has been an important
strategy in discovering small-molecule modulators
(Robertson and Spring 2018; Zhang et al. 2018). Despite the
large sizes of PPIs’ interfaces, only a small subset of amino
acid residues that comprise the hotspot contributes most of the
binding free energy. These ‘hotspot’ regions are potential tar-
gets for drug discovery (Zhang et al. 2018). A classic way of
identifying and defining hotspots in PPIs has been the combi-
nation of alanine-scanning mutagenesis and X-ray crystallog-
raphy (Moreira et al. 2007; Wells and McClendon 2007). The
initial application of this strategy was used to identify a
hotspot in the binding interface between the extracellular do-
main of human growth hormone and its receptor (Clackson
and Wells 1995).

Using alanine-scanning mutagenesis, other classic PPI
hotspots of high-fidelity protein regions, such as the Fc frag-
ment hinge region-binding domain, have been identified
(Wells and McClendon 2007). Mutagenesis and structural
studies of the binding events of interleukin-2 (IL-2) and the
IL-2 receptor alpha chain (IL-2Rα) provide more classical
insight (Wilson and Arkin 2011). The first small molecule
(Ro26-4550) capable of inhibiting the IL-2/IL-2Rα interac-
tion was discovered in 1997 (Wilson and Arkin 2011).
Despite the compound not qualifying as a drug, it provided
proof-of-principle that small-molecule PPI inhibitor drug dis-
covery or design might be feasible. Moreover, structural stud-
ies of the Ro26-4550/IL-2 complex helped to characterise the
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IL-2 binding site, and served as the starting point for the de-
sign of higher affinity small-molecule IL-2/IL-2Rα PPI inhib-
itors (Wilson and Arkin 2011).

Fragment-based drug discovery (FBDD) (often referred to
as fragment-based lead discovery, FBLD) is a key strategy for
the discovery and design of small-molecule modulators of
PPIs (Everts 2008; Erlanson et al. 2016; Robson-Tull 2018).
It involves first identifying small chemical fragments (~
200 Da), which may only bind at millimolar affinity to their
targets (shown in Fig. 1). The fragments are then expanded or
linked to other fragments that bind to nearby regions on the
target in order to design a ‘lead’ with stronger affinity (Everts
2008; Erlanson et al. 2016). These ‘leads’ are then optimised
via medicinal chemistry and may then be entered into preclin-
ical and eventually clinical studies. Tethering and structure-
activity relationship by nuclear magnetic resonance (SAR by
NMR) are the two methods for FBDD/FBLD of potential
modulators of PPIs (Erlanson et al. 2016; Robson-Tull
2018). Tethering involves constructing mutant forms of the
target protein that contain the amino acid cysteine near a do-
main involved in PPIs (shown in Fig. 2), and then exposing it
to a fragment library of disulphide moiety-linked organic
compounds of less than 200 Da in molecular weight (Wilson
and Arkin 2011). The goal is to select for compounds that bind
weakly to the PPIs’ binding site near a native or engineered
cysteine residue. The tethering technology was used to ex-
plore the IL-2 binding site for Ro26-4550 and to discover
the IL-2Rα receptor antagonist (SP4206), which is an inhib-
itor of the IL-2/IL-2Rα PPIs (Arkin et al. 2003; Wilson and
Arkin 2011).

SAR by NMR involves the use of a high-throughput NMR
technique to screen chemical libraries for fragment-sized com-
pounds that bind to a protein sub-site with micromolar binding
constants (Ma et al. 2016; Rüdisser et al. 2016). Using struc-
tural information from NMR to locate the binding sites for the
compounds within a sub-site, ligands that bind to distinct but
nearby sites within the sub-site can be identified. The two
ligands can then be linked together to produce a new

compound that binds to the domain with high affinity. This
compound can thereafter be further optimised via medicinal
chemistry to yield ‘lead’ compounds and ultimately, drug can-
didates (Ma et al. 2016; Robson-Tull 2018). SAR by NMR
has been used to discover inhibitors of Bcl-2 family members
that inhibit apoptosis (Oltersdorf et al. 2005). A very good
example is ABT-263 (also known as Navitoclax, shown in
Fig. 9a), which works by stimulating apoptosis in tumours
(Duan et al. 2018).

Computational identification of hotspots for fragment-
based drug design is another useful strategy in the discovery
and design of lead compounds that address PPIs (Kozakov
et al. 2011; Pan et al. 2018). It predicts the ability to bind
fragment-sized small molecules and the side-chain flexibility
necessary for the expansion of ‘pockets’. This strategy is
known as computational solvent (CS) mapping (Landon
et al. 2007; Hall et al. 2012). The emergence of CS mapping
has enabled the virtual identification of druggable binding
sites within PPIs and the subsequent discovery or design of
small-molecule PPI modulators (Cencic et al. 2011; Kozakov
et al. 2011). Druggable hotspots for well-studied PPI targets
that were identified via CSmapping include IL-2/IL-2Ra, Bcl-
XL/BAK, MDM2/p53, HPV-11 E2/HPV-11 E1, ZipA/FtsZ
and TNF-α/TNFR1. CS mapping constitutes a powerful en-
abling technology that can help move the field of small-
molecule PPI inhibitors up the technology curve and enable
the discovery and development of numerous drugs that target
PPIs (Kozakov et al. 2011; Pan et al. 2018).

Another indirect strategy for discovering small-molecule
PPI modulators involves searching for allosteric modulators.
An allosteric site is a region of a protein that lies outside the
binding site for the protein natural ligand, but when modulat-
ed, changes the conformation of the protein in such a way that
it affects the activity of the binding site (Hansen et al. 2018;
Trinh et al. 2018). For example, the anti-HIV/AIDS drug
maraviroc, an allosteric PPI inhibitor of the CCR5 chemokine
receptor, was discovered via high-throughput screening
(HTS) (Dorr et al. 2005). Another serendipitous discovery of

Fig. 1 Fragment-based drug
discovery strategy. a Selection of
a target compatible with the
biophysical screening technique.
b Production and purification of
the target protein. c The fragment
library design. d Biophysical
screening of the fragment library.
e Validation of hits to identify the
fragment binding mode. f
Development of the fragment(s)
into a lead molecule (figure taken
from Robson-Tull 2018)
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small-molecule allosteric modulators of PPIs is the discovery
of compounds that act at an allosteric site to inhibit the sub-
units of the heterodimeric transcription factor core binding
factor (CBF) CBFβ and Runx1 (also known as CBFα)
(Gorczynski et al. 2007). Developing methods for identifica-
tion of allosteric sites in proteins and discovering drugs that
modulate the activity of these proteins by binding to these
allosteric sites is now the focus of pharmaceutical studies
(Hansen et al. 2005; Hansen et al. 2018; Trinh et al. 2018).

The design of improved chemical libraries for targeting
PPIs using methods such as diversity-oriented synthesis
(DOS) has also been of benefit to PPI-focused drug technol-
ogy (Hajduk et al. 2011; Basso et al. 2019; Luise and Wyatt
2019). In DOS, chemical libraries are developed to cover larg-
er portions of chemical space than the standard libraries de-
rived from combinatorial chemistry. Synthetic schemes are
developed to maximise the number of structures and scaffolds
produced in as few steps as possible to fill the largest amount
of chemical space (Nielsen and Schreiber 2008; Schreiber
2009; Luise and Wyatt 2019). DOS is the best way to create
drug-size and structurally diverse molecules efficiently. It is
applicable in cases where a drug for a specific disease has to
be developed without knowledge of the specific targets in-
volved in the pathophysiological cues (Basso et al. 2019;
Luise and Wyatt 2019). Library screening of structurally di-
verse compounds using the chemical genetics approach aug-
ments the ideal strategy to identify the targets. DOS com-
pounds that inhibit key biological targets such as PPIs in-
volved in signal transduction pathways are ideal probes and
such compounds are very useful in exploring biological path-
ways in vitro and in small, easily permeated organisms, such
as zebrafish embryos (Nielsen and Schreiber 2008; Schreiber
2009).

In recent years, the synthesis of diverse libraries in as small
a number of steps as possible has been developed through a
modular strategy known as ‘Build/Couple/Pair’ (B/C/P)
(Galloway et al. 2010). Compounds that have been discovered
via screening of DOS libraries using such a modular strategy

have been found to modulate PPIs, transcription factor/DNA
interactions and multidrug resistance in pathogens (Galloway
et al. 2010). One example is robotnikinin. It inhibits the inter-
action between the 12-pass transmembrane receptor Patched 1
(Ptc1) and the extracellular protein Sonic Hedgehog (Shh)
(Hitzenberger et al. 2017; Carballo et al. 2018). The Shh/
Ptc1 interaction activates the cancer-implicated Hedgehog
pathway, which is necessary for embryonic development
(Stanton et al. 2009; Carballo et al. 2018). Robotnikinin is a
useful probe, not a drug, and like many macrocycles
(robotnikinin is itself a macrocycle) has drug-like physico-
chemical properties (Stanton et al. 2009; Hitzenberger et al.
2017).

With the rise in DOS and the B/P/C strategy,
macrocycles have also become an emerging and promis-
ing strategy in targeting PPIs (Driggers et al. 2008; Song
et al. 2017). Macrocyclic natural products have provided
many drugs, including macrolide antibiotics (e.g. erythro-
mycin and azithromycin), other antibiotics (rifampin and
vancomycin), immunosuppressors (e.g. cyclosporine,
rapamycin and sirolimus) and cancer chemotherapy drugs
(temsirolimus, everolimus and epothilone) (Song et al.
2017). Some of these compounds are modulators of
PPIs, e.g. paclitaxel, epothilone B, dictyostatin and
halichondrin B (Driggers et al. 2008; Miller et al. 2018).
These compounds modulate (stabilise or disrupt) the in-
teraction between α and β sub-units of the tubulin hetero-
dimer, thus disturbing microtubule dynamics and acting as
antimitotics. Other PPI modulators include the mammali-
an target of rapamycin (mTOR) inhibitor. Rapamycin (al-
so known as sirolimus) forms a complex with FK-binding
protein 12 (FKBP12). This complex forms a PPI with the
mTOR complex 1, thus inhibiting its activity (Driggers
et al. 2008). Rapamycin/sirolimus’ anticancer derivatives
temsirolimus and everolimus work via the same mecha-
nism as well. Similarly, the macrocyclic natural product
cyclosporine A, an immunosuppressant, forms a complex
with cyclophilin A, which forms a PPI with calcineurin.

Fig. 2 The application of tethering in identifying leads in fragment-based
drug design. Protein mutant forms with the cysteine mutation near a
domain involved in PPIs are constructed. The mutant is exposed to a
fragment library of disulphide moiety-linked organic compounds of less

than 200 Da and compounds that bind weakly to the PPIs’ binding site
near a native or engineered cysteine residue are selected (figure taken
from Haberman 2012)
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This complex inhibits the action of calcineurin, which
when not inhibited activates the expression of IL-2
(Driggers et al. 2008).

Macrocycles demonstrate drug-like physicochemical
properties with respect to factors such as solubility and
lipophilicity. They display oral bioavailability, metabolic
stability and good pharmacokinetic and pharmacodynamic
properties (Driggers et al. 2008; Alihodzić et al. 2018).
However, macrocyclic natural products have not received
much attention in addressing challenging PPI targets and
in solving such pressing problems as the need for new
drugs to combat microbial ant ibiot ic resis tance
(Alihodzić et al. 2018). The emergence of strategies for
the synthesis of macrocycle-rich chemical libraries such
as B/C/P and the recent breakthrough in respect of the
synthesis of organic compounds, such as olefin metathe-
sis, have put macrocycles within easier reach of medicinal
chemists (Lee and Grubbs 2001; Yu et al. 2011). The
synthesis of macrocycl ic compounds via DNA-
programmed chemistry (DPC) technology has also
beneficiated the PPI-focused drug technology (Franzini
and Randolph 2016; Zhou et al. 2018). DPC allows the
control of high-fidelity chemical reactions needed for syn-
thesis of the desired libraries through tagging specific re-
actants with hybridised DNA molecules. Once libraries
are synthesised, screening for biological activity via affin-
ity selection follows. The DPC strategy has led to the
discovery of macrocycles, such as E-32712, that disrupt
the interaction of tumour necrosis factor (TNF) with its
receptor, TNFR (Drahl 2009; Franzini and Randolph
2016; Zhou et al. 2018).

These new technologies, combined with cellular
screening assays (including high-content screening), help
to discover and design PPI modulators. Cellular assays
help to assess the activity of whole intracellular path-
ways or portions of pathways to identify compounds that
inhibit these pathways via disruption of key PPIs (Mella
et al. 2018; Booij et al. 2019). Two examples of cellular
screening assays are ligand signal transducers and acti-
vators of transcription (STATs) technology and BioImage
Redistribution technology. Ligand STATs technology
takes advantage of the activation of the intracellular sig-
nal transduction pathway through STATs and high-
throughput fluorescent reporter assay (Pándy-Szekeres
et al. 2018), whereas BioImage redistribution technology
focuses on pathways that involve intracellular transloca-
tion of a signalling protein from one intracellular com-
partment to another, such as from the cytoplasm to the
nucleus or vice versa (Lage et al. 2018). Taken together,
these strategies help to discover and design PPI modula-
tors. Potent PPI modulators have already been developed
and some potential drug-like candidates have already
reached clinical production.

The challenges of targeting protein-protein
interactions

Undruggability of PPIs

PPIs represent challenging targets for small-molecule drugs
that have the potential to become available orally (Zhang
et al. 2018). They have highly dynamic and expansive inter-
facial areas of approximately 1500–3000 Å, compared with
those involved in interactions between proteins and small mol-
ecules, which are approximately 300–1000 Å (Gonzalez and
Kann 2012; Robertson and Spring 2018). PPIs’ contact sur-
faces are usually flat, featureless and relatively large. They are
deficient in the kind of cavities present in the surfaces of
proteins that bind to small-molecule ligands. Previously,
PPIs were regarded as prototypically ‘intractable’ and
‘undruggable’ (Robertson and Spring 2018; Zhang et al.
2018). PPIs do not have natural small-molecule ligands;
hence, these ligands cannot be used to initiate design of drug
molecules. The contact surface area in PPIs often involves
ramified amino acid residues whose sequences in the polypep-
tide chain are not juxtaposed. The amino acid residues are
only augmented through the three-dimensional folding state
of the native protein (Jochim and Arora 2010). This makes it
impossible to use short peptide chains derived from the pro-
tein structure as starting points for the design of
peptidomimetic drugs. Furthermore, high-throughput screen-
ing using combinatorial libraries rarely identifies compounds
that address PPIs (Haberman 2012).

Target validation and druggability

In PPI-focused drug technology, target validation and
druggability have been the focal points in selecting targets
for drug discovery (Feng et al. 2017). Target validation refers
to a process of determining that a target is critically involved
in a disease pathway and that modulating the target with a
drug is likely to have a positive therapeutic effect (Modell
et al. 2016; Feng et al. 2017). However, druggable targets refer
to biomolecules that can be modulated with drugs, usually
using well-proven drug discovery science and technology
aimed at developing both large-molecule and small-molecule
drugs (Modell et al. 2016). Over the years, large-molecule
drugs or biologics have been the fastest-growing and most
successful class of biologics. Examples include monoclonal
antibody (mAb) drugs and recombinant proteins (Sinha et al.
2012). Most of these drugs are involved in PPIs and are indi-
cated for oncology and inflammatory diseases. They address
appropriate targets, such as cell-surface receptors (e.g. HER2
in breast cancer and CD20 in non-Hodgkin’s lymphoma) and
cytokines (e.g. TNF-alpha (TNF-α) in inflammatory diseases
such as rheumatoid arthritis) (Allison 2009; Feng et al. 2017).
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Large-molecule biologics circumvent the druggability
problems encountered when developing small-molecule drugs
in PPI-focused drug technology (Wan 2016). However, they
have limitations and setbacks. Large-molecule biologics do
not address intracellular targets, are usually not orally avail-
able and are administered parenterally (Debouck and Metcalf
2000). Thus, small-molecule drugs have been synthesised to
curb these challenges. Small-molecule drugs are orally avail-
able, less expensive, easy to administer and convenient for
patients. The discovery of small-molecule drugs typically en-
tails the use of medicinal and combinatorial chemistry, in
some cases augmented by structure-based drug design
(Debouck and Metcalf 2000; Wan 2016). The central goal of
medicinal chemistry was to design and select small-molecule
compounds that have ‘drug-like properties’with good absorp-
tion, distribution, metabolism and elimination properties
needed for orally deliverable drugs. Hence, the ‘Rule of
Five’, a set of parameters that predicts a compound’s solubility
and permeability, was often used (Lipinski et al. 2012).
However, natural products and some small-molecule drugs
did not fit the Rule of Five criteria. This led to the ascendancy
of two waves of technology-driven drug discovery tech-
niques: combinatorial chemistry combined with HTS and
genomics-driven drug discovery (Debouck and Metcalf
2000; Wan 2016).

Combinatorial chemistry produces libraries of small organ-
ic compounds, which are subjected to HTS to discover com-
pounds that address targets derived from genomics (Taylor
et al. 2018). Once an active skeleton has been identified, com-
binatorial chemistry is a superb technology for optimising the
structures of lead compounds. The use of combinatorial chem-
istry and HTS permits the examination of large numbers of
compounds in a short time, implying that a few drugs could
reach the market and achieve blockbuster status (Li and
Vederas 2009; Taylor et al. 2018). Moreover, emphasis have
been on organic compounds that can be synthesised using
combinatorial chemistry because they are more amenable to
use in HTS and have relatively simpler structures than natural
products. However, in the majority of cases, combinatorial
libraries of these synthetic organic compounds are based on
structural modification of existing drugs, thus rendering other
classes of drug targets such as PPIs ‘hard targets,’ ‘challenging
targets,’ or simply ‘undruggable’ (Bauer et al. 2010). Hence,
approximately 10–14% of human proteins are druggable ac-
cording to the current libraries of drug-like molecules. The use
of current combinatorial libraries of synthetic organic mole-
cules for de novo drug discovery has been sorely lacking
(Newman and Cragg 2007).

In contrast to combinatorial libraries of synthetic com-
pounds, natural products play a crucial role in the discov-
ery of drug leads. Current synthetic libraries are indirectly
based on natural products (Bauer et al. 2010; Wan 2016).
Thus, the envisioned governing paradigm of medicinal

and combinatorial chemistry is to develop new libraries
based on natural product scaffolds that are underrepre-
sented in current libraries. Approximately 83% of small
natural product scaffolds and 20% of small metabolite
scaffolds are not represented in commercially available
libraries. These underrepresented scaffolds may enable
to address what are now considered ‘undruggable,’ ‘hard’
or ‘challenging’ targets (Haberman 2012). Hence, drugs
or drug candidates that modulate PPIs (for example natu-
ral products or natural product-like compounds), screen-
ing natural product libraries and synthesising natural
product-like compounds remain one approach to discov-
ering drugs that address PPIs (Bauer et al. 2010;
Haberman 2012; Wan 2016).

Targeted protein-protein interactions

Cell-surface receptors

Many cell-surface receptors modulate their physiological
functions through PPIs and these include receptors for
cytokines, chemokines, growth factors and integrins.
Integrins bind to extracellular matrix proteins or to
members of the immunoglobulin superfamily, such as
intercellular adhesion molecule-1 (ICAM-1) and Fc re-
ceptors (which bind to the Fc regions of antibodies)
(Guidolin et al. 2019; Husain et al. 2019). Large-
molecule drugs such as recombinant proteins and
mAbs target many of the cell-surface receptors. These
include biologic inhibitors of VEGF and TNF, and re-
combinant versions of proteins that are ligands for cell-
surface receptors such as erythropoietin and granulocyte
colony-stimulating factor (G-CSF) (Parveen et al. 2019).
Erythropoietin is used for cancer chemotherapy and the
treatment of anaemia associated with dialysis undertaken
in the treatment of chronic renal failure (Fecková et al.
2019). G-CSF is used for the treatment of neutropenia
associated with bone marrow transplantation, cancer
chemotherapy and increasing the number of blood
haematopoietic stem cells in haematopoietic stem cell
transplantation (Zhao et al. 2019). In cases where devel-
oping biologic drugs to modulate such cell-surface re-
ceptors has not been possible, small-molecule receptor
modulators are orally available, less expensive and safer
than the corresponding biologics (Parveen et al. 2019).
The development of small-molecule drugs that modulate
these receptors is challenging; however, some potential
drugs have already reached clinical production (Fecková
et al. 2019; Zhao et al. 2019). The modulators of cell-
surface receptors that interact with proteins or peptides
other than chemokine receptors are listed in Table 1.
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Cytokine receptors

Most small-molecule PPI modulators of cytokine receptors
are PPI inhibitors or antagonists. Using the proprietary cellular
screening assay, STATs technology, small-molecule cytokine
mimetics that are agonists have been developed (Silva et al.
2019). These include SB-247464, a small-molecule non-pep-
tide mimetic of murine G-CSF (Tian et al. 1998). G-CSF (like
many other cytokines and growth factors) binds to the extra-
cellular domains of its receptors and dimerises them, resulting
in the activation of intracellular signalling through a pathway
that leads to the phosphorylation of members of the STAT
class of signalling proteins. The phosphorylated STATs form
homodimers, which are translocated into the nucleus and bind
to a synthetic STAT-responsive promoter that drives expres-
sion of a fluorescent reporter gene (Tian et al. 1998; Zhao et al.
2019). Screened small organic compounds selected SB-
247464 (shown in Fig. 3a). In support of this model, SB-
250017, a related non-symmetrical compound was developed.
However, it can bind to the extracellular domain of the recep-
tor but cannot dimerise it. Hence, SB-250017 acts as an an-
tagonist of SB-247464 but has no effect on the activation of
the receptor by G-CSF (Haberman 2012).

More so, STATs technology has been used to discover
small-molecule non-peptide agonists of the human
thrombopoietin (TPO) receptor (Erickson-Miller et al. 2005).
Optimisation of their initial compound, SB-394725, led to the
development of eltrombopag (SB-497115-GR). The small-

molecule TPO agonist eltrombopag (shown in Fig. 3b) pro-
vides an alternative to recombinant human TPO, which can
elicit anti-endogenous TPO antibodies in some patients,
resulting in profound thrombocytopenia (Li et al. 2001).
Eltrombopag is the only synthetic small-molecule direct (i.e.
not allosteric) PPI modulator to reach the market. It is ap-
proved for the treatment of the rare disease, idiopathic throm-
bocytopenic purpura. Eltrombopag is also being tested in
phase III clinical trials to treat low platelet count in patients
with liver cirrhosis due to hepatitis C and in phase II trials in
oncology. GSK2285921 (follow-on compound to
eltrombopag) is being tested in phase II clinical trials in on-
cology. With respect to oncology, SB-559457 (a related com-
pound to eltrombopag) was found to be specifically toxic to
primary human myeloid leukaemia cells in culture (Kalota
and Gewirtz 2010).

More recently, small-molecule agonists of the human re-
ceptors for erythropoietin (EPO) and G-CSF were discovered
using STATs technology (Miller et al. 2015). STATs cellular
assay technology is good for discovering such compounds,
provided the chemical libraries screened in these assays con-
tain viable hits. Research has discovered a lead series of small-
molecule, selective EPO receptor agonists (including
LG5640) that display partial efficacy compared with recom-
binant human EPO in several models of EPO-induced eryth-
ropoiesis (Haberman 2012; Miller et al. 2015; Zhao et al.
2019).

Integrins

The integrin superfamily of proteins consists of cell-surface
receptors that mediate attachment between cells and either the
extracellular matrix or other cells (Takada et al. 2007). Among
these proteins is the leukocyte integrin lymphocyte function-
associated antigen 1 (LFA-1). LFA-1 is found on such leuko-
cytes as T cells, B cells, macrophages and neutrophils, and is
involved in recruitment to sites of infection or inflammation.
LFA-1 on T cells binds to the immunoglobulin superfamily
member ICAM-1 on, for example, antigen-presenting cells
and endothelial cells (Dustin et al. 2004). The LFA-1/
ICAM-1 PPI plays an important role in processes such as T
cell activation, T cell homing to peripheral lymphoid organs
and sites of inflammation (Dustin et al. 2004; Graff et al.
2008). This PPI is thus a target for the discovery of drugs to
treat inflammatory conditions. Using a tethering-based FBDD
platform, compounds that potently inhibit both human T cell
migration and T cell activation by disrupting LFA-1/ICAM-1
PPIs have so far been discovered (Haberman 2012; Zhong
et al. 2012).

One of the compounds (SAR1118) showed good pharma-
cokinetic properties and oral availability in rodents and
inhibited neutrophil migration in a murine peritonitis model
(Zhong et al. 2012). A phase I clinical trial (conducted in

Table 1 PPI modulators in development targeting cell-surface receptors
(Haberman 2012)

Receptor Compound Comment

Thrombopoietin
receptor

Eltrombopag Agonist approved for
idiopathic
thrombocytopenic
purpura; in Phase III
trials in hepatitis

Thrombopoietin
receptor

GSK2285921 Agonist, phase II,
Oncology

Erythropoietin receptor LG5640; lead
agonist
compound;
ligand

Agonist, advanced
discovery stage

Granulocyte
colony-stimulating
factor

Lead
optimisation;
ligand

Agonist

Lymphocyte function
associated
antigen/intercellular
adhesion molecule-1
PPI

SAR code:
SAR1118

Antagonist; phase III, dry
eye syndrome. It is a
target in inflammatory
conditions including dry
eye.

Tumour necrosis
factor/tumour necro-
sis factor receptor
PPI

E-32712 and
other lead
macrocyclic
compounds

Antagonist
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2008) and phase II clinical trial (conducted in 2011) of
SAR1118 observed that it was safe, well tolerated and dem-
onstrated statistically significant improvements in tear produc-
tion and visual function. A phase III study of SAR1118 ob-
served positive ophthalmic solution in the treatment of dry eye
syndrome. In addition to dry eye, SAR1118 will be tested in a
broad range of ocular inflammatory conditions, including di-
abetic macular oedema (Haberman 2012; Zhong et al. 2012).

Chemokine receptor

Chemokines and their receptors are attractive drug targets be-
cause of their role in inflammatory diseases. Chemokines in-
duce chemotaxis. They are members of a family of small
cytokines. Chemokine receptors are members of the G
protein-coupled receptor (GPCR) superfamily. They bind to
natural small-molecule ligands (Guidolin et al. 2019; Husain
et al. 2019). Numerous small-molecule drugs that are compet-
itive inhibitors of these ligands already exist. GPCR antago-
nists represent the largest class of drugs produced (Miszta
et al. 2018; Husain et al. 2019). Chemokine receptors bind
to chemokines (small proteins) and thus represent a class of
PPIs. Discovering small molecules that directly inhibit che-
mokine receptors at their chemokine binding sites has been an
insurmountable task, presenting difficulties in discovering PPI
modulators. However, discovering small-molecule chemo-
kine receptor antagonists that act via an allosteric mechanism
is easier, because GPCRs exert their signalling activities via
complex ligand-mediated conformational changes, which
may be a particularly ‘allosteric’ class of proteins (Miszta
et al. 2018). Natural ligands and drugs that bind to
‘orthosteric’ sites on GPCRs induce unique GPCR conforma-
tional states that activate a discrete subset of signalling path-
ways and cellular behaviours. Since allosteric modulators of
GPCRs work by causing conformational changes in the struc-
tures of these proteins, some of them may also give rise to
functional selectivity in the actions of orthosteric natural

ligands that co-bind to the GPCR (Conn et al. 2009; Husain
et al. 2019; Miszta et al. 2018).

In the case of GPCRs—including chemokine receptors—
whose natural ligands are peptides or proteins, allosteric sites
(defined as binding sites for known allosteric modulators of
these receptors) are located in distinct sites on the receptor
proteins from the orthosteric peptide binding sites (Conn
et al. 2009; Miszta et al. 2018). Chemokines bind specifically
to orthosteric sites that are located in the extracellular domains
of their receptors. Allosteric sites on chemokine receptors are
located in transmembrane domains that are distant from the
chemokine binding sites (Conn et al. 2009). Small-molecule
allosteric modulators that bind to these sites were developed
via fairly standard medicinal chemistry and high-throughput
screening, augmented with structure-based drug design. Thus,
although orthosteric binding sites on chemokine receptors
(and on other GPCRs that have peptide ligands) have proven
so far to be intractable for the discovery of small-molecule
modulators, the discovery of drug-like small-molecule alloste-
ric modulators of chemokine receptors is much more feasible
(Conn et al. 2009; Haberman 2012; Miszta et al. 2018; Husain
et al. 2019).

However, the discovery of small-molecule chemokine re-
ceptor antagonists has been a challenging task. Most of the
agents that have been entered into clinical trials have failed,
purely because the diseases addressed by these compounds
have complex biology and, poor predictive animal models
and target redundancy was used (Horuk 2009; Haberman
2012; Miszta et al. 2018). So far, only two small-molecule
chemokine antagonists have entered the market. One example
is the allosteric CCR5 antagonist maraviroc for the treatment
of HIV/AIDS (shown in Fig. 4a). The other is the CXCR4
inhibitor plerixafor (shown in Fig. 4b). Plerixafor is a partial
antagonist of the chemokine receptor CXCR4 and an alloste-
ric agonist of CXCR7 (Kalatskaya et al. 2009). It is used
together with G-CSF to mobilise haematopoietic stem cells
to the peripheral blood for autologous transplantation in

a                                                                                    b

Fig. 3 Chemical structure of a SB-247464—a small-molecule cytokine
non-peptide mimetic agonist of murine G-CSF developed using the pro-
prietary cellular screening assay, STATs technology (figure taken from

Grosdidier et al. 2009); and b eltrombopag—a synthetic small-molecule
TPO agonist approved for the treatment of idiopathic thrombocytopenic
purpura (figure taken from Susanto 2015)
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patients with non-Hodgkin lymphoma and multiple myeloma
(Davies et al. 2007) (Table 2).

TNF/TNFR PPI

TNF/TNFR PPIs were previously regarded as intractable.
However, macrocycles that block the interaction of TNF with
its receptor, TNFR, were discovered (Drahl 2009; Parveen
et al. 2019). The TNF/TNFR PPIs are involved in numerous
inflammatory diseases such as rheumatoid arthritis, and TNF
is the target of several large-selling biologic TNF inhibitors.
E-32712 is one example of an orally active TNF/TNFR inhib-
itory macrocycle discovered so far (Drahl 2009; Parveen et al.
2019).

Intracellular signalling pathways

Signal transduction is a process by which extracellular signals
mediate changes within a cell via intracellular signalling path-
ways (Miszta et al. 2018; Husain et al. 2019). It begins when
an extracellular signalling molecule activates a cell-surface
receptor or an intracellular receptor. Once activated, receptors

mediate changes in intracellular target molecules and subse-
quently initiate cascades of molecular changes through path-
ways. The end result is a physiological response such as cel-
lular differentiation, cell growth, cell proliferation, secretion
of signalling molecules (such as growth factors or cytokines),
cellular motility, cellular adhesion or apoptosis. Signal trans-
duction and intracellular signalling pathways are also funda-
mental in pathophysiological cues and disease progression.
They often become dysregulated in metabolic diseases, im-
mune diseases, cancer and many other diseases (Conn et al.
2009; Miszta et al. 2018; Husain et al. 2019).

Studies have targeted tractable signalling receptors such as
GPCRs, nuclear receptors, growth factor receptors and cyto-
kine receptors as drug targets (Miszta et al. 2018). The emer-
gence of kinase inhibitors has been another very significant
breakthrough. It began with the discovery of imatinib and led
to the discovery of other inhibitors aimed at treating different
types of cancer (Bhullar et al. 2018; Ferguson and Gray 2018).
However, many intracellular signal transduction pathways re-
main inaccessible because they are driven by key components
that have so far been intractable. Most important are the
‘undruggable’ PPIs, which are key components of all

Table 2 Selected chemokine receptor modulators in development (Haberman 2012)

Compound Chemokine receptor Comments

Maraviroc CCR5 HIVentry inhibitor; for the treatment of HIV infection

Plerixafor CXCR4 (partial agonist); CXCR7
(allosteric agonist)

Used in combination with G-CSF to mobilise haematopoietic stem cells to the peripheral blood for
autologous transplantation in cancer patients; for treatment of HIV infection

Traficet-EN CCR9 Phase III, Crohn’s disease

Reparixin CXCR1/CXCR2 Phase II, breast cancer

Navarixin CXCR1/CXCR2 Phase II, chronic obstructive pulmonary disease

SB656933 CXCR2 Phase II, ulcerative colitis

Cenicriviroc CCR5 and CCR2 Phase IIb, HIV infection

CCX140 CCR2 Phase II, diabetic nephropathy

CCX354 CCR1 Phase II, rheumatoid arthritis

PF-4136309 CCR2 Phase II, hepatitis C infection with abnormal liver enzymes

a b

Fig. 4 Chemical structure of a maraviroc—a small-molecule allosteric
CCR5 chemokine antagonist used for the treatment of HIV/AIDS (figure
taken from Xu et al. 2014); and b plerixafor—a partial antagonist of the
chemokine receptor CXCR4 and an allosteric agonist of CXCR7. It is

used for autologous transplantation in patients with non-Hodgkin lym-
phoma and multiple myeloma (figure taken fromVenkata Narasimha Rao
et al. 2017)
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signalling pathways, for example PPIs between transcription
factors and multicomponent protein complexes that are key
mediators of intracellular signalling. Small-molecule modula-
tors of PPIs that target signal transduction pathways are yet to
be developed and there have been a keen interest in targeting
these ‘undruggable’ targets (Ferguson and Gray 2018; Miszta
et al. 2018; Husain et al. 2019).

Tcf/β-catenin transcription factor complex

Small-molecule inhibitors of the oncogenic Tcf/β-catenin
transcription factor complex that is central to theWnt pathway
have been discovered (Lepourcelet et al. 2004; Yan et al.
2017; Jeong et al. 2018). The Wnt pathway is dysregulated
in several types of cancer, which include hepatocellular carci-
noma, multiple myeloma (MM), B cell chronic lymphocytic
leukaemia (B-CLL) and colorectal cancer. Due to the central
role of the Wnt pathway in these cancers, PPIs that are criti-
cally involved in the pathway have been targeted. One exam-
ple is the ‘destruction complex’, a multicomponent cytoplas-
mic protein complex that includes among others the proteins
adenomatous polyposis coli (APC) and glycogen synthase
kinase 3 (GSK-3). Under normative cellular functions (when
the ‘destruction complex’ is intact), GSK-3 phosphorylates β-
catenin, a multifunctional protein that is involved both in sig-
nal transduction and in intercellular adhesion. This phosphor-
ylation targets β-catenin for degradation in the cytoplasm
(Yan et al. 2017; Jeong et al. 2018).

However, when the ‘destruction complex’ is disrupted via
signalling fromWnt family ligands bound to their cell-surface
receptor, β-catenin accumulates in the cytoplasm and moves
into the nucleus. There, it binds to transcription factors of the
T cell factor (Tcf) family, including Tcf4, the major Tcf
expressed in stem cells of the gut and in colorectal cancer. In
the absence of β-catenin, Tcf proteins are transcriptional re-
pressors (Lepourcelet et al. 2004; Yan et al. 2017). β-Catenin
binding changes Tcf proteins from repressors into transcrip-
tional activators that activate a set of downstream genes, in-
cluding the oncogene c-Myc and the cell cycle protein cyclin
D1. In precancerous colonic adenomas or colorectal cancers,
APC is often mutated and no destruction complex forms. This
results in constitutive stabilisation of β-catenin, which can
freely move into the nucleus and bind to Tcf4. In the case of
other cancers caused by dysregulation of the Wnt pathway, β-
catenin also becomes stabilised, via other genetic changes that
do not involve ACP (Yan et al. 2017; Jeong et al. 2018).

Several small-molecule inhibitors of the human Tcf/β-
catenin PPI have been developed through structural and mu-
tagenesis studies of the PPI (which identified a hotspot),
followed by assay development and screening of natural prod-
uct libraries (Lepourcelet et al. 2004). Of the tested com-
pounds, two fungal derivatives, PKF115-584 and
CGP049090, gave the best results in all the assays and were

tested in preclinical studies. However, the molecular mecha-
nisms by which the compounds act on this PPI remain elusive
and are not yet clear. Hence, studies have been focussed on
other means to target the Wnt pathway by performing chem-
ical genetic studies to identify novel targets that modulate the
pathway (Huang et al. 2009).

BCL6/SMRT PPI in B cell lymphoma

Diffuse large B cell lymphoma (DLBCL) is the most common
type of non-Hodgkin’s lymphoma and accounts for about
30% of all lymphomas (Friedberg 2011). B cell lymphoma 6
(BCL6) acts as an oncogene in the majority of cases of
DLBCLs (Compton and Hiebert 2010). The BTB domains
of BCL6 interact with a co-repressor known as SMRT (silenc-
ing mediator for retinoid or thyroid-hormone receptors).
SMRT in turn facilitates the recruitment of histone deacetylase
3 (HDAC3) to the DNA promoters bound by BCL6. This
results in the repression of the genes controlled by the pro-
moters, via removal of acetyl groups from histones of chro-
matin (Compton and Hiebert 2010; Friedberg 2011).

In normal lymphoid germinal centre B cell development,
immunoglobulin genes undergo recombinations and somatic
mutations to generate antibody diversity. Despite this genomic
instability, germinal centre B cells are able to undergo rapid
proliferation because BCL6 represses a set of genes that reg-
ulate the DNA damage response and cell cycle checkpoints
(Compton and Hiebert 2010). Among these genes are CHK1
(checkpoint kinase 1), cyclin-dependent kinase inhibitor 1
(CDKN1A), ATR (ataxia telangiectasia and Rad3-related pro-
tein) and TP53 (which codes for p53). Once B cell clonal
diversity has been achieved, BCL6 expression is downregu-
lated. This allows restoration of cell cycle checkpoints, normal
DNA damage control and B cell differentiation and matura-
tion. Oncogenic overexpression of BCL6 through chromo-
somal translocation, gene amplification or promoter mutation
results in continued B cell progenitor proliferation and acqui-
sition of additional mutations. This results in an aggressive B
cell lymphoma (Compton and Hebert 2010; Friedberg 2011;
Haberman 2012).

Cerchietti and co-workers (Cerchietti et al. 2010) discov-
ered small-molecule antagonists of the PPI between BCL6
and SMRT, and demonstrated that these compounds could kill
DLBCL cells in vitro. Using computer-aided drug design
(CADD) (to first identify putative small-molecule binding
sites), screening by virtual docking of the compounds into
the putative binding site and selection based on maximising
chemical diversity and Lipinski’s Rule of Five, a lead com-
pound whose reproducibly inhibited BCL6/SMRT PPI in
DLBCL was designed (Cerchietti et al. 2010). Furthermore,
they performed structural and mutagenesis studies (which
identified a hotspot), performed CADD, and used their models
for virtual screening of 1,000,000 commercially available
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compounds. Compound selection was based on chemical di-
versity, drug-likeness, immediate commercial availability and
the ability to block BCL6-mediated transcriptional repression
in a cellular assay (Haberman 2012).

A lead compound designated ‘79-6’ (PubChem
CID5721353, shown in Fig. 5a), which specifically killed
BCL6-positive lymphoma cell lines and BCL6-positive
tumour cells in xenograft models was identified.
However, the five-membered ring of 79-6 contains sul-
phur, which is prone to oxidation and may consequently
result in loss of efficacy, hence the need to optimise 79-6
in order to develop a clinical candidate for BCL6-targeted
therapy (Cerchietti et al. 2010). Furthermore, epigenetic
regulation was identified as a potentially important area of
opportunity for drug discovery (Haberman 2012). So far,
two inhibitors of class I HDACs have been approved for
the treatment of cutaneous T cell lymphoma—vorinostat
(Zolinza) and romidepsin (Istodax). Other agents are be-
ing tested in clinical trials for various types of cancer.
However, the mechanisms by which these compounds
work, and why they appear to be active against certain
cancers but not others and not normal cells, remain elu-
sive (Cerchietti et al. 2010; Haberman 2012).

HDAC inhibitors have been studied in clinical trials against
DLBCL as single agents, but the results have been disappoint-
ing (Compton and Hiebert 2010). BCL6/SMRT PPI antago-
nist in combination with rituximab (which targets the B cell-
specific cell-surface protein CD20) is a potential agent to treat
DLBCL (Haberman 2012). Currently, rituximab is used in
combination with chemotherapy to treat DLBCL. However,
there is still a large proportion of patients with unfavourable
prognosis. Hence, a drug that specifically targets the BCL6/
SMRT PPI, perhaps used in combination with rituximab, may
address the unmet medical needs and reduce the need for toxic
chemotherapy in DLBCL patients. The discovery and devel-
opment of inhibitors of the BCL6/SMRTPPI has gainedwider
interest in the treatment of DLBCL (Compton and Hiebert
2010; Haberman 2012).

AKAP-protein kinase A interaction

Scaffolding proteins are a tremendously important means by
which the cell organises signal transduction pathways. They
form PPIs with the signalling proteins (Conn et al. 2009).
Thus, discovering small-molecule inhibitors of these PPIs is
a potential strategy for targeting a wide array of signalling
pathways (Miszta et al. 2018; Husain et al. 2019). A-kinase
anchoring proteins (AKAPs) (also known as cAMP-
dependent protein kinases) are scaffolding proteins that tether
protein kinase A (PKA) and other signalling proteins to spe-
cific intracellular sites. They are a family of serine/threonine
kinases whose activity is dependent on cellular levels of cyclic
AMP (cAMP). Thus, the tethering of PKA via PPIs with an
AKAP results in the compartmentalisation of cAMP signal-
ling within the cell (Christian et al. 2011).

Small-molecule inhibitors of the AKAP/PKA interaction
have been developed for the potential treatment of chronic
heart failure. AKAP18δ is an AKAP isoform that serves as a
scaffold for organising the adrenaline-beta-adrenoreceptor-
cAMP-PKA signalling pathway in cardiac muscle (Lygren
and Taskén 2008). Targeting AKAP18δ and its PPIs with
PKA is a potential approach to modulate the cardiac myocyte
cAMP-PKA system (Christian et al. 2011). Hence, research
efforts have been centred on developing a screening assay for
the disruption of the AKAP18δ/PKA PPIs by screening a
library of over 20,000 ‘drug-like’ compounds. This led to
t h e i d e n t i f i c a t i o n o f 3 ′ , 3 - d i a m i n o - 4 , 4 ′ -
dihydroxydiphenylmethane, designated FMP-API-1 (shown
in Fig. 5b), which disrupt the AKAP18δ/PKA PPIs via an
allosteric mechanism with micromolar dissociation constant
(Christian et al. 2011). In the meantime, FMP-API-1 might
be used as a tool compound to investigate the function of
AKAP-PKA PPIs in cells and in animal models. However,
higher affinity drug-like small-molecule AKAP/PKA PPI an-
tagonists are still sought. Thus, scaffolding proteins provide
numerous opportunities for targeting by small-molecule PPI
modulators (Miszta et al. 2018; Husain et al. 2019).

ba 

Fig. 5 Chemical structure of a ‘79-6’ (PubChem CID5721353)—a
target-specific lead compound known to kill BCL6-positive lymphoma
cell lines and BCL6-positive tumour cells in xenograft models (figure
taken from Yasui et al. 2017) and b FMP-API-1—a 3′,3-diamino-4,4′-

dihydroxydiphenylmethane ‘drug-like’ compound identified to disrupt
the AKAP18δ/PKA PPIs via an allosteric mechanism with a micromolar
dissociation constant (figure taken from Christian et al. 2011)
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The ubiquitin system

The ubiquitin (Ub) system is a vital regulatory system
based on covalently linking the small (8.5 kDa) regulatory
protein, Ub, to numerous specific protein targets in all eu-
karyotic cells (Cohen and Tcherpakov 2010; Varshavsky
2017; Wertz and Wang 2019). This system is involved in
functions such as regulation of intracellular protein turn-
over, mitosis, innate immunity and certain protein kinases
and other enzymes (Cohen and Tcherpakov 2010). The
ubiquitinylation cascade is a potential target for the devel-
opment of specific smart drugs. In protein degradation the
Ub system works together with the proteasome in a path-
way known as the Ub proteasome system (UPS) where Ub
is used to tag proteins for degradation by the proteasome
(Cohen and Tcherpakov 2010; Varshavsky 2017). The
ubiquitinylation pathway is complex and involves several
levels of mediators, which include Ub activators (E1), Ub-
conjugating enzymes (E2) and Ub ligases (E3) (as shown
in Fig. 6). In this pathway, Ub moves from E1s to E2s. E3s
interact with ubiquitinylated E2s and substrate proteins via
PPIs where Ub is transferred from E2 to the substrate. This
Ub moiety is recycled when the cycle is complete,
resulting in tagging of substrates with polyubiquitin
chains. In humans, there are about 10 E1s, 40 E2s and over
600 E3s (Varshavsky 2017; Wertz and Wang 2019).

The Ub system is a virtually untapped area of opportunity
for drug discovery and development. Drugs that target the
UPS and the ubiquitinylation pathway itself are in clinical
development (Wertz and Wang 2019). Examples include
bortezomib, MLN4924 (which inhibits a pathway that acti-
vates one class of E3s), the Cullin RING E3 ligases (CRLs)

and CC0651 (an allosteric modulator that inhibits the
ubiquitinylation activity of an E2 that interacts with CRLs)
(Appel 2011; Varshavsky 2017; Wertz and Wang 2019).
Bortezomib targets protease activity of the proteasome. It
blocks proteasomal disposal of all ubiquitinylated proteins in
the cell. However, bortezomib remains a useful drug in MM,
where blocking of the proteasome results in an overload of
damaged proteins, which subsequently destroys the cell via
apoptosis (Appel 2011). Based on bortezomib mechanism of
action, it is highly nonspecific and has severe adverse effects.
As a result, developing second-generation proteasome inhibi-
tors, which include MLN9708 and MLN4924 became a ne-
cessity. MLN9708 is an oral drug, more specific and with
fewer side effects than bortezomib. MLN9708 is being tested
in phase I and phase II trials in MM patients (Appel 2011).

MLN4924 is another drug in clinical trials that targets an
arm of the ubiquitinylation cascade itself (Deshaies 2009;
Soucy et al. 2009). It is an AMP analog that inhibits
NEDD8-activating enzyme (NAE). NEDD8 is a Ub-like pro-
tein and NAE is an E1 for neddylation. Inhibition of
neddylation by MLN4924 at the E1 (NEDD8-activating) step
thus indirectly inhibits one class of E3s, the CRLs, without the
need to inhibit the PPIs between members of this class of E3s
and the substrate proteins that bind to them, or the need to
inhibit the catalytic activity of E2s or the PPIs between E2s
and the CRL E3s. MLN4924 is thus much more specific than
bortezomib in inhibiting the Ub system. However, it is not
very specific with respect to targeting proteins for degrada-
tion. MLN4924 has potentially important anti-tumour effects
and induces apoptosis. MLN4924 is now being tested in phase
I clinical trials in patients with solid and haematological tu-
mours (Deshaies 2009; Soucy et al. 2009).

Fig. 6 A schematic illustration of
the Ubiquitin-proteasome path-
way (UPP). Ub is conjugated to
proteins that are destined for deg-
radation by an ATP-dependent
process that involves three en-
zymes. A chain of five Ub mole-
cules attached to the protein sub-
strate is sufficient for the complex
to be recognised by the 26S pro-
teasome. In addition to ATP-
dependent reactions, Ub is re-
moved and the protein is
linearised and fed into the central
core of the proteasome, where it is
digested to peptides. The peptides
are degraded to amino acids by
peptidases in the cytoplasm or
used in antigen presentation
(figure taken from Haq and
Ramakrishna, 2017)
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Another strategy to inhibit CRLs indirectly, this time at the
E2 level, was developed (Ceccarelli et al. 2011). This led to
the discovery of CC0651, an allosteric inhibitor of the E2 Ub-
conjugating enzyme Cdc34. CC0651 analogs inhibited prolif-
eration of human cancer cell lines. They also caused accumu-
lation of the CDK inhibitor p27Kip, which led to uncontrolled
DNA synthesis in the S-phase of the cell cycle, leading to
DNA damage and induction of apoptosis. The E2 inhibitor
CC0651 and its analogs appear to be more specific than
MLN4924, which inhibits the activity of all CRLs.
However, the target of CC0651 still ubiquitinylates hundreds
of substrate proteins, so it is relatively nonspecific (Ceccarelli
et al. 2011; Haberman 2012).

The best agents that target the Ub system are the PPI mod-
ulators that target E3s, which interact with their substrates via
PPIs (Lecker et al. 2006; Haberman 2012). However, because
of the intractability of PPIs, the development of specific agents
that target the Ub system has been a major bottleneck.
Research efforts have led to the development of an agent that
targets one E3, the human homolog of mouse double minute 2
(MDM2) protein. HDM2 interacts with p53 via a PPI (as
shown in Fig. 7) (Moll and Petrenko 2003). The p53 is often
referred to as the ‘guardian of the genome’, controls pathways
that respond to DNA damage or other stress signals by
blocking cell proliferation by inducing either DNA repair or
apoptosis. The p53 is mutated or inactivated in nearly all hu-
man cancers, which allows the uncontrolled proliferation of
cancer cells, rendering them resistant to cytotoxic chemother-
apy (Moll and Petrenko 2003). In approximately half of hu-
man cancers, p53 is inactivated via mutation. In the other half,
p53 remains unmutated but is inactivated. The main means of
inactivation is via HDM2, which is overexpressed in the ma-
jority of cancers with wild-type p53. HDM2 regulates p53 in
three ways: inhibition of p53-induced transcription, promo-
tion of export of p53 out of the nucleus and inducing p53

degradation by the proteasome (Moll and Petrenko 2003).
The last two activities mentioned both involve HDM2’s E3
Ub ligase activity, thus presenting a potential target for PPI-
focused drug development (Lecker et al. 2006; Haberman
2012; Varshavsky 2017; Wertz and Wang 2019).

Currently, there are two leading drug candidates that spe-
cifically disrupt the HDM2/p53 PPI (Shangary and Wang
2009). The most advanced compound, now being tested in
phase I clinical trials, is RG7112, is an analog of nutlin-3a
(Vassilev et al. 2004; Shangary and Wang 2009; Cheok et al.
2011). Nutlin-3a is the active enantiomer isolated from race-
mic nutlin-3, which have been studied in various cell culture
and preclinical animal models, as a monotherapy and in com-
bination therapies (Shangary and Wang 2009; Cheok et al.
2011; Crane et al. 2015). These studies showed that nutlin-3
potently induced apoptosis in cell lines derived from such
haematologic cancers as acute myeloid leukaemia, acute
lymphoblastoid leukaemia, MM and B-CLL. These
haematologic tumours and other HDM2/p53 PPI-disrupting
agents are potential targets for treatment with nutlin-3, since
they exhibit a high percentage of unmutated TP53 at diagno-
sis. These studies concur with the development of nutlins in
cancer, either as single agents or in combination therapies.
They led to the entry of the nutlin-3 analog RG7112 into phase
I clinical trials in haematologic malignancies and advanced
solid tumours (Haberman 2012).

The other compound is MI-219, analogs of which are cur-
rently being tested in advanced preclinical studies (Shangary
et al. 2008; Shangary and Wang 2009). MI-219 binds to
HDM2 with an inhibition constant (Ki) of 5 nM. It is designed
to mimic not only phenylalanine 19, tryptophan 23 and leu-
cine 26 in the p53 binding site for HDM2 but also a fourth
residue, leucine 22, which appears to play an important role in
the HDM2/p53 PPI as well (Shangary and Wang 2009). MI-
219 has good pharmacological properties, a high degree of

Fig. 7 A schematic diagram
showing HDM2/p53 PPI. MDM2
and p53 form an auto-regulatory
feedback channel. p53 stimulates
the expression ofMDM2;MDM2
in turn inhibits p53 activity be-
cause it stimulates its degradation
in the nucleus and the cytoplasm,
blocks its transcriptional activity
and promotes its nuclear export.
A broad range of DNA-damaging
agents or deregulated oncogenes
induces p53 activation (figure
taken from Carry and Garcia-
Echeverria 2013)
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specificity for MDM2 and induced accumulation of p53, as
well as inhibiting the growth of cancer cell lines with wild-
type p53 with submicromolar IC50 values (Shangary and
Wang 2009; Cheok et al. 2011). MI-219 analogs have also
been tested and have demonstrated activity in combination
therapies with etoposide, doxorubicin and cisplatin in mouse
models of lung cancer, rhabdomyosarcoma and pancreatic
cancer. These agents were found to have minimal toxic effects
in normal cells. Given the large number and specificity of E3
Ub ligases and their important role in intracellular pathways,
there is a large field of possibility for discovery of novel PPI
modulators that target these biomolecules and their interac-
tions with their substrates (Shangary and Wang 2009; Cheok
et al. 2011).

JNJ-26854165, a novel tryptamine derivative is another
compound in phase I clinical trials in advanced or refractory
solid tumours. JNJ-26854165 is thought to be a possible
HDM2/p53 inhibitor; however, it appears to work via a dif-
ferent mechanism of action that does not involve HDM2
(Kojima et al. 2010). It appears to work via accelerating the
proteasomal degradation of p21 and to antagonise the p53-
mediated transcriptional induction of p21. JNJ-26854165 also
induces apoptosis in tumour cells with mutant p53 via induc-
ing delay in the S-phase of mitosis and upregulation of expres-
sion of the transcription factor E2F1 (a key mediator of an
important pathway that controls cellular proliferation). This
results in apoptosis, preferentially of S-phase cells. JNJ-
26854165 has similar effects on tumours to HDM2/p53 PPIs
like the nutlins and MI-219 (Cheok et al. 2011; Haberman
2012).

Apoptosis regulators

Apoptosis is an ATP-dependent pathway of programmed cell
death in all-multicellular animals (Danial and Korsmeyer
2004; Wyllie 2010). It is essential for normal embryonic de-
velopment and for maintaining normal cellular homeostasis in
adults, as well as for response to infectious agents. Apoptosis
is dysregulated in several major diseases. Cancer is the major
focus of studies seeking to develop drugs that modulate apo-
ptotic pathways, since apoptosis is blocked in perhaps all can-
cers. This is a significant target in uncontrolled cellular prolif-
eration in cancer (Danial and Korsmeyer 2004; Wyllie 2010).
An illustration of apoptosis in ovarian cancer and some of the
targeted therapeutic approaches is shown in Fig. 8.

Central to apoptotic pathways are two families of proteins,
the caspases and the B cell lymphoma-2 (Bcl-2) family
(Danial and Korsmeyer 2004; Wyllie 2010). Caspases are a
class of serine proteases that function in apoptosis. They form
a cascade that ultimately results in cell death. Bcl-2 family
proteins control this process, either halting the processes that
result in apoptotic cell death or allowing these processes to go
forward. However, the central pathways of apoptosis are

controlled by a complex system of pro-apoptotic and anti-
apoptotic Bcl-2 family members, which act to ensure that
apoptosis is only triggered when it is appropriate. Bcl-2 family
member interactions that control apoptosis are PPIs. Thus, it
has been difficult to discover agents that affect the central
pathways of apoptosis and that are capable of being taken into
the clinic (Danial and Korsmeyer 2004; Wyllie 2010;
Haberman 2012).

The central pathways of apoptosis include an intrinsic and
an extrinsic pathway (Ubanako et al. 2015). The intrinsic path-
way is triggered by cellular stress (which includes among
others the deprivation of growth factors needed for survival,
drug treatments or ionising radiation), p53-mediated apoptotic
signals triggered by DNA damage, virus infection, hypoxia
and energy deprivation. The intrinsic pathway is also modu-
lated by other signal transduction pathways, such as ‘onco-
gene overdrive’ in which the Myc oncogene may trigger apo-
ptosis instead of hyperproliferation and malignant transforma-
tion, the Akt/PTEN pathway (which when dysregulated is a
factor in several types of cancer) and the UPS pathway for
degradation of unwanted or defective intracellular proteins
(Boone et al. 2011; Ubanako et al. 2015). Triggers of the
intrinsic pathway operate mainly via modulating members of
the Bcl-2 family. Bcl-2 family proteins possess homologous
domains that can enter into PPIs among the family members.
Anti-apoptotic members of the Bcl-2 family, such as Bcl-2,
Bcl-xL and Mcl-1, possess four conserved domains called
BH1, BH2, BH3 and BH4. BH 1, 2 and 4 define a hydropho-
bic groove within the molecule, and BH3 is an 8-to-12 amino
acid domain that binds within that groove. These anti-
apoptotic proteins localise to the mitochondria, where they
specifically bind and sequester pro-apoptotic multi-domain
Bcl-2 family members, such as Bak and Bax (Danial and
Korsmeyer 2004; Wyllie 2010; Haberman 2012; Ubanako
et al. 2015).

The extrinsic apoptotic pathway is triggered by a class of
cell-surface receptors of the TNFR family and their corre-
sponding TNF family ligands (Danial and Korsmeyer 2004;
Wyllie 2010; Ubanako et al. 2015). These receptor/ligand
pairs include TNFR/TNF-α (tumour necrosis factor-alpha),
Fas/FasL (Fas ligand) and TRAIL receptor/TRAIL (TRAIL
= TNF-related apoptosis-inducing ligand). TRAIL is of great
interest to cancer biologists and oncology drug developers,
since it has been found to induce apoptosis selectively in can-
cer cells, independent of p53, which is usually inactivated in
human cancers. However, the physiological role of TRAIL is
not well understood (Zaba et al. 2010; Haberman 2012).

The binding of a specific ligand to TNFR family receptors
on the cell surface leads to clustering of the receptors. The
intracellular domains of the receptor complexes then bind to
death adaptor proteins, such as Fas-associated death domain
protein (Danial and Korsmeyer 2004; Ubanako et al. 2015).
These in turn bind to an initiator caspase, caspase 8, which is
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autocatalytically activated. Caspase 8 activates effector
caspases (for example, caspase 3 and 7) leading to apoptosis.
Caspase 8 also initiates the intrinsic programme of apoptosis
via cleavage of the inactive p22 form of Bid, resulting in the
formation of an active form of Bid. This in turn triggers the
intrinsic pathway of apoptosis via mitochondria membrane
pore formation by complexing of pro-apoptotic Bcl-2 family
proteins (Danial and Korsmeyer 2004; Wyllie 2010; Ubanako
et al. 2015).

The intention of cancer research is to develop PPI-
focused small-molecule drugs specifically targeting the
relevant PPIs of Bcl-2 family proteins, since all the

interactions between the Bcl-2 family members are PPIs
(Adams and Cory 2007). Currently, three Bcl-2 family
PPI-disrupting agents (BH3 mimetics) are being tested in
clinical trials, namely navitoclax, obatoclax and ABT-199
(Venetoclax). Navitoclax (ABT-263) (shown in Fig. 9a) is
the result of the fragment-based drug discovery method-
ology known as SAR by NMR, which led to a Bcl-2
inhibitor designated as ABT-737 (shown in Fig. 9b).
ABT-737 might be useful for the treatment of lymphoma
and small cell lung cancer (SCLC) as a monotherapy. It
can also be used for a wide variety of cancers in combi-
nation with cytotoxic agents or radiation. However, it has

Fig. 8 A schematic mechanism of apoptosis in ovarian cancer and some
current targeted molecular therapeutic approaches. Two main pathways of
apoptosis have been elucidated: the death receptor (extrinsic) pathway and the
mitochondrial (intrinsic) pathway. Targetedmolecular therapeutic approaches
include angiogenesis inhibitors, inhibitors of the epidermal growth factor
receptor (EGFR), aurora kinase inhibitors, poly ADP Ribose Polymerase

(PARP) inhibitors, platelet-derived growth factor (PDGF) receptor inhibitors,
MTOR inhibitors, targeting Bcl-2 family in ovarian cancer and apoptosis,
minimising expression of inhibitors of apoptosis (IAP) as target for ovarian
cancer, therapeutic potential of TNF family members, wild-type p53: the
genomic guardian target, interferons (IFN), integrins and insulin-like growth
factor (IGF) (figure taken from Ubanako et al. 2015)
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poor physiochemical and pharmaceutical properties
(Keller et al. 2006; Tse et al. 2008).

ABT-737 is deficient in oral bioavailability properties and
its poor solubility makes formulation for intravenous delivery
exigent. Hence, these issue rendered ABT-737 a poor prospect
for clinical development (Tse et al. 2008). However, ABT-737
was later optimised to produce a second-generation com-
pound, navitoclax, which has improved physicochemical
and pharmacological properties and is orally available.
Navitoclax is being tested in phase I and phase II clinical trials
in various cancers, including combination therapies with
drugs such as Rituxan (rituximab) and Tarceva (erlotinib), as
well as with cytotoxic chemotherapies and as a single agent
(Roberts et al. 2012).

Obatoclax (GX15-070) (shown in Fig. 9c) is a pan-Bcl-2
inhibitor that inhibits Mcl-1.Mcl-1 is overexpressed in several
types of cancer, which include prostate cancers (Dash et al.
2010). The interest of cancer research is in the development of
small-molecule PPI inhibitor drugs that target Mcl-1. One
such drug, obatoclax, was discovered by using a high-
throughput protein-protein interaction assay to screen natural
product libraries (Shore and Viallet 2005; Nguyen et al. 2007).
Studies indicated that obatoclax inhibited the Mcl-1 apoptotic
pathway by disrupting the Mcl-1/BAK and the Mcl-1/BAX
PPIs. It overcame apoptosis Mcl-1-mediated resistance in
lymphoma cells and cultured melanoma cells (Nguyen et al.
2007). However, because of its poor solubility, obatoclax can-
not be an oral drug. Nevertheless, intravenous administration
of obatoclax showed single-agent anti-tumour activity in
mouse xenograft models bearing several different types of
human carcinomas. This suggests that obatoclax is an impor-
tant Mcl-1-inhibitor in cases where Mcl-1 is involved in
blocking apoptosis (Nguyen et al. 2007; Haberman 2012).

ABT-199 (Venetoclax) (shown in Fig. 9d) is a BH3 mimet-
ic that selectively inhibits Bcl-2 (Jakubowska et al. 2018). It
was initially used for the treatment of relapsed chronic lym-
phocytic leukaemia. Early generations of Bcl-2 inhibitors in-
duced sustained Ca2+ retaliations in pancreatic acinar cells

(PACs), inducing cell death. Therefore, BH3 mimetics are
assumably toxic to the pancreas when used to treat cancer.
Although ABT-199 was shown to kill Bcl-2-dependent cancer
cells without affecting intracellular Ca2+ signalling, its effects
on PACs remain elusive (Jakubowska et al. 2018). Hence, it is
of paramount importance to assess whether this recently ap-
proved anti-leukaemic drug might potentially have
pancreatotoxic effects. Inhibition of Bcl-2 via ABT-199 did
not elicit intracellular Ca2+ signalling on its own. It did not
potentiate Ca2+ signalling induced by physiological or patho-
physiological stimuli in PACs, although ABT-199 did not af-
fect cell death in PACs under conditions that killed ABT-199-
sensitive cancer cells. Cytosolic Ca2+ extrusion was slightly
enhanced in the presence of ABT-199. In contrast, inhibition
of Bcl-xL potentiated pathophysiological Ca2+ responses in
PACs without exacerbating cell death (Jakubowska et al.
2018).

Stapled peptides

In parallel with second-generation technologies and the dis-
covery and development of small-molecule PPI modulators,
peptides have been designed that mimic the amino acid se-
quence and secondary structures of protein domains that are
involved in PPIs. This has led to the emergence of ‘stapled
peptides’ comprising a small loop rigidifying the peptide con-
formation (Ali et al. 2019; Verhoork et al. 2019). These mi-
metics are resistant to degradation by proteolytic enzymes
have favourable pharmacological properties and are able to
penetrate cells (Schafmeister et al. 2000; Walensky et al.
2010; Kim et al. 2011). The initial application of stapled pep-
tide technology was to the Bcl-2 family PPI system, which
controls apoptosis (Verhoork et al. 2019). As discussed earlier,
Bid is one of the BH3-only pro-apoptotic members of the Bcl-
2 family. It appears to exert its pro-apoptotic activity by bind-
ing to the hydrophobic groove of anti-apoptotic BH-1/2/3/4
proteins such as Bcl-2 and Bcl-xL. This releases pro-apoptotic
BH-1/2/3 proteins from their complexes with the anti-

b a c d

Fig. 9 Chemical structure of a ABT-263 (navitoclax)—an orally active
anticancer drug which does not have off-target effects (figure taken from
Tse et al. 2008). b ABT-737—an orally bioavailable, selective small
molecule B cell lymphoma 2 (Bcl-2) homology 3 (BH3) mimetic, with
potential pro-apoptotic and antineoplastic activities (figure taken from Tse
et al. 2008). c Obatoclax mesylate (GX15-070)—an experimental drug

for the treatment of various types of cancer which include leukaemia,
myelofibrosis, Hodgkin’s lymphoma and mantle-cell lymphoma among
others (figure taken from Goard and Schimmer 2013). d ABT-199
(venetoclax)—a BH3-mimetic Bcl-2 inhibitor, does not cause Ca2+-sig-
nalling dysregulation or toxicity in pancreatic acinar cells (figure taken
from Souers et al. 2013)
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apoptotic proteins, enabling them to initiate the intrinsic path-
way of apoptosis. Beginning in the mid-1990s, studies to de-
velop a Bid mimetic peptide have been ongoing until now
(Kim et al. 2011; Ali et al. 2019; Verhoork et al. 2019).

The BH3 domain of Bid that triggers apoptosis possesses
an α-helical structure, which was lost upon synthesis of a
peptide with the amino acid sequence of the Bid BH3 domain.
Additionally, this protein was ineffective in disrupting PPIs
between Bcl-2 or Bcl-xL and BH-1/2/3 pro-apoptotic pro-
teins, and was subject to degradation by serum and cellular
proteases (Kim et al. 2011; Ali et al. 2019). Moreover, such
peptides could not penetrate cells; hence, the stapled peptide
technology was applied to produce a stable α-helical form of
the peptide. To construct stapled peptides, synthesised pep-
tides with the amino acid sequence of the domain of interest
(in this case, the Bid BH3 domain) incorporate two appropri-
ately spaced non-natural amino acids bearing olefin side
chains (Walensky et al. 2004; Kim et al. 2011; Ali et al.
2019; Verhoork et al. 2019). The peptides were designed using
the three-dimensional structures of the target protein and the
interacting partner domain to provide the sequence of the sta-
pled peptide. Using molecular visualisation software, they
analysed the binding interface between these two biomole-
cules and confirmed that the partner-binding domain was α-
helical. Thereafter, they selected amino acid sequences that
were not directly involved in target recognition as candidates
for substitution with non-natural amino acids. The synthesised
peptides each contain two olefin-bearing amino acid residues
3, 4 or 7 amino acid residues apart. These modified peptides
were designed to project the reactive olefin residues on the
same face of the α-helix (Haberman 2012; Ali et al. 2019;
Verhoork et al. 2019).

The bridge between the two non-natural amino acids
(staple) was formed by using ruthenium-mediated ring-clos-
ing olefin metathesis (shown in Fig. 10). The ‘staple’ in a
stapled peptide forms a macrocyclic ring with the amino acid
residues it encompasses. The range of bridge lengths of 3, 4 or
7 amino acid residues is used to identify the optimal stapled
peptide with respect to affinity for its target and other proper-
ties relevant to serving as a drug candidate (Kim et al. 2011;
Haberman 2012).

Peptide stapling results in stabilisation of the α-helical
form of peptides such as the Bid BH3 domain and other pep-
tides derived from domains that are α-helical in their natural
proteins. Such peptides are resistant to proteases and can also
be cell-penetrant (Kim et al. 2011; Haberman 2012).
Hydrocarbon staples promote effective cellular uptake via
endocytic vesicle trafficking. Cellular penetration by a stapled
peptide is also dependent on the net charge of the molecule;
those with net positive charges show better cellular uptake
(Kim et al. 2011; Haberman 2012).

In the original application of the stapled peptide technolo-
gy, the constructed stapled peptide Bid BH3 mimetics was
called ‘stabilized alpha-helix of Bcl-2 domains’ (SAHBs:
Walensky et al. 2004). SAHBs were α-helical, protease-
resistant and penetrated cells. One example of the SAHBs that
were studied further is SAHBA, which was found to cause the
same structural changes in Bcl-xL as did Bid. Intravenous
administration of SAHBA consistently caused tumour regres-
sion in mouse xenograft models of human leukaemia, as well
as improved survival (median survival 5 days for control an-
imals, and 11 days for SAHBA-treated animals). SAHBA
showed no overt toxicity in normal tissues. The studies de-
signed to create a Bid mimetic using stapled peptide technol-
ogy provided proof of principle for the technology and served
as a starting point to build a pipeline of preclinical candidates
based on stapled peptides (Walensky et al. 2004; Kim et al.
2011; Haberman 2012).

The notch pathway

The notch pathway regulates various aspects of cell prolifera-
tion, cellular differentiation, cell-cell communication and cel-
lular survival or death. It is essential for the development of
the nervous and haematopoietic systems (Huang et al. 2019).
Deregulation of the notch pathway is involved in various can-
cers, including lung cancer, pancreatic cancer, cancer of the
ovary and cancer of immature T cells (T cell acute lympho-
blastic leukaemia (T-ALL)). Notch is a cell-membrane recep-
tor just like its ligands (members of the Delta, Serrate and Lag-
2 family). The notch pathway becomes activated when the
extracellular domain of notch binds to a notch ligand on the

Fig. 10 Construction of a stapled peptide. A ‘staple’ is formed between two non-natural amino acids by using Grubb’s ruthenium-mediated ring-closing
olefin metathesis. The staple forms a macrocyclic ring with the amino acid residues (figure taken from Haberman 2012)
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surface of an adjacent cell, leading to sequential proteolytic
cleavage of the notch intracellular domain, first by an A
disintegrin and metalloproteinase (ADAM) family
metalloprotease such as TNF-α-converting enzyme (also
known as ADAM17) and then by a γ-secretase complex
(Moellering et al. 2009; Haberman 2012; Huang et al. 2019).

The free intracellular domain of notch (also known as the
intracellular domain of NOTCH1 (ICN1)) translocates to the
nucleus and docks with the DNA-bound transcription factor
CSL (CBF1, Suppressor of Hairless and Lag-1) (Moellering
et al. 2009). The CSL/ICN1 interaction creates a long shallow
groove along the interface of the two proteins, which serves as
a docking site for coactivator proteins of the mastermind-like
(MAML) family, such as MAML1. The resulting trimolecular
complex initiates specific transcription of notch-dependent
target genes, which uses a stapled peptide to target the notch
signal transcription pathway (Moellering et al. 2009;
Haberman 2012).

As with other key signal transduction pathways, the notch
pathway is centred on PPIs, especially the crucial ternary tran-
scription factor complex CSL/ICN1/MAML1. The discovery
of small-molecule drugs that modulate this pathway had thus
been considered unfeasible (Moellering et al. 2009; Haberman
2012) until the application of stapled peptide technology to
discover agents that modulate this pathway, in particular the
key transcription factor complex (Huang et al. 2019). Previous
research found that a dominant-negative fragment of
MAML1, designated as dnMAML1 (consisting of amino acid
residues 13–74) antagonised notch signalling and cell prolif-
eration when expressed in T-ALL cells (Moellering et al.
2009). X-ray diffraction studies showed that the dnMAML1
polypeptide formed anα-helix, which docks with the elongat-
ed groove formed by the ICN1/CSL complex. This suggested
that it might be possible to design a stapled peptide based on a
portion of the sequence of dnMAML1. Such a stapled peptide
might inhibit binding of MAML1 to the ICN1/CSL complex,
thus blocking transcription of downstream notch-dependent
target genes (Moellering et al. 2009; Haberman 2012;
Huang et al. 2019).

Moellering and colleagues therefore synthesised a set of six
short candidate peptides, which together encompassed the en-
tire contact surface of dnMAML1 with the ICN1/CSL com-
plex (Moellering et al. 2009). Functional studies with these
peptides led them to select the 15-amino-acid stapled peptide
SAHM1, which showed that stapling conferred a marked he-
lical character (94% helical) to SAMH1, compared with its
non-stapled counterpart. SAMH1 was found to be cell-pene-
trant. Biochemical studies showed that SAMH1 bound to the
ICN1/CSL complex competitively withMAML1. Cell culture
studies in the KOPT-K1 human T-ALL cell line with a notch-
regulated fluorescent reporter gene showed that SAMH1 spe-
cifically repressed transcription of notch target genes, in a
dose-dependent manner. Gene expression analysis in KOPT-

K1 and HPB-ALL human T cell leukaemia cells showed that
SAMH1 specifically repressed transcription of notch pathway
downstream target genes (Moellering et al. 2009; Haberman
2012; Huang et al. 2019).

More so, SAMH1 markedly reduced proliferation of sev-
eral T-ALL cell lines in vitro, but was ineffective against leu-
kaemia cell lines that did not depend on the notch pathway for
cell proliferation (Al-Shehabi et al. 2019; Majer et al. 2019).
In sensitive T-ALL cell lines, SAMH1 treatment also triggered
apoptosis. In a mouse model of T-ALL, twice-daily intraper-
itoneal injection of SAMH1 resulted in significant dose-
dependent regression of leukaemia, compared with vehicle-
treated mice. Studies of mononuclear cells from SAMH1-
and vehicle-treated mice confirmed that SAMH1 treatment
resulted in a significant decrease in notch target gene tran-
scription (Al-Shehabi et al. 2019; Majer et al. 2019). These
studies showed that SAMH1 is a direct transcriptional antag-
onist of the notch pathway. This suggests that SAHM1 can be
used to determine the role of this pathway in normal physiol-
ogy and development, and in disease processes. SAMH1 also
provides a starting point for drug development, especially in
notch-driven cancers such as T-ALL (Haberman 2012; Al-
Shehabi et al. 2019; Majer et al. 2019).

Conclusions and future perspectives

The discovery and development of protein-protein interaction
modulators has been difficult, because of the structure of
protein-interacting interfaces, the lack of natural ligands for
PPIs to serve as starting points for drug design and the unsuit-
ability of proprietary chemical libraries for use in HTS cam-
paigns to identify compounds that modulate PPIs (Jana et al.
2017; Stevers et al. 2018; Albert et al. 2019). Despite the
difficulty of discovering and developing PPI modulatory
drugs, developing PPI modulators is becoming of increasing
strategic importance. However, most of the known small-
molecule drugs discovered to date address only 2% of human
proteins. Most of the remaining proteins are critically involved
in disease pathways, lie within the category of intractable tar-
gets and are PPIs (Feng et al. 2017; Lage et al. 2018; Guidolin
et al. 2019; Husain et al. 2019). Despite the difficulties in
discovering small-molecule PPI modulators that are capable
of being taken into clinical trials, drugs are already on the
market and some drug-like candidates have reached clinical
production. Central to these successes has been the determi-
nation of ‘hotspots’ in protein-protein interfaces. By targeting
hotspots, several compounds that directly modulate PPIs have
been discovered (Robertson and Spring 2018; Zhang et al.
2018). However, this has been on a sporadic ‘one compound
at a time’ basis (Haberman 2012). Examples include
eltrombopag, as well as several others currently being tested
in clinical trials. In addition to these direct PPI modulators,
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there are allosteric chemokine receptor modulators, which in-
clude maraviroc, plerixafor and several others now undergo-
ing clinical trials (Kalota and Gewirtz 2010).

Following failure to meet the strategic needs to expand the
number of targets that can be addressed by developable drugs
using the sporadic, ‘one compound at a time’ approach
(Haberman 2012), developing second-generation technolo-
gies designed to enable the fabrication of small-molecule
and peptide PPI modulators on a more consistent basis be-
comes imperative. These include CS mapping, diversity-
oriented synthesis of chemical libraries, DPC technology for
synthesis of libraries of macrocyclic compounds and stapled-
peptide technology (Drahl 2009; Franzini and Randolph
2016; Zhou et al. 2018). Responding to these new technolo-
gies, research vistas are moving back into the PPI modulator
field. Whether the new suite of enabling technologies for PPI
modulator discovery and development will enable this area to
be successful and to meet the strategic needs for discovery and
development remains an open question. Most of the com-
pounds that have been discovered using these technologies
are in clinical and preclinical stages (Taylor et al. 2018;
Stevers et al. 2018; Albert et al. 2019; Fecková et al. 2019;
Zhao et al. 2019). It will be necessary for some of these com-
pounds to enter clinical production, achieve proof of concept
and thereafter reach the market. Nevertheless, the PPI modu-
lator field is an exciting area that is gaining increasing interest
and investment in the PPI-focused technology development
curve.
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