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substrate-based kinase inhibitors
to improve target selectivity and overcome drug
resistance

Biswajit Biswas, Yen-Hua Huang, David J. Craik * and Conan K. Wang *

Human kinases are recognized as one of the most important drug targets associated with cancer. There are

>80 FDA-approved kinase inhibitors to date, most of which work by inhibiting ATP binding to the kinase.

However, the frequent development of single-point mutations within the kinase domain has made

overcoming drug resistance a major challenge in drug discovery today. Targeting the substrate site of

kinases can offer a more selective and resistance-resilient solution compared to ATP inhibition but has

traditionally been challenging. However, emerging technologies for the discovery of drug leads using

recombinant display and stabilization of lead compounds have increased interest in targeting the

substrate site of kinases. This review discusses recent advances in the substrate-based inhibition of

protein kinases and the potential of such approaches for overcoming the emergence of resistance.
Introduction

Protein kinases catalyze one of the most fundamental
biochemical reactions of life. They transfer the g-phosphate of
a purine nucleotide triphosphate (ATP/GTP) to the hydroxyl
group of their substrate proteins.1 Over 500 human kinases
carry out this type of reaction to regulate key cellular processes
that range from cell growth to cell cycle progression and cell
differentiation, proliferation, metabolism, and apoptosis.
However, when kinases become dysregulated, they transition
into drivers of disease, commonly cancer.2,3 The rst cellular
iswajit Biswas is a PhD candi-
ate at the Institute for Molec-
lar Bioscience, the University of
ueensland. His research
ocuses on targeting kinases for
nti-cancer drug development,
mploying diverse high-
hroughput screening tech-
iques and peptide/protein
ngineering tools.

n Research Council Centre of Excellence

cience, The University of Queensland,

l: c.wang@imb.uq.edu.au; d.craik@imb.

3147
proto-oncogene, identied over 40 years ago, was found to
encode c-Src kinase.4 Kinases are amongst the most common
cancer gene-encoded protein domains and are attractive drug
targets.5

Inhibiting the ATP binding site of kinases was initially
viewed as an unsurmountable challenge because of the high
intracellular ATP concentration.6 However, with the FDA
approval in 2001 and the clinical success of BCR-Abl inhibitor
imatinib, interest in developing oral ATP-competitive kinase
inhibitors skyrocketed.7,8 As of April 2024, 81 protein kinase
inhibitors have been approved by the FDA, most of which work
by inhibiting ATP binding to the kinase domain.9 Moreover, six
additional inhibitors have been approved for lipid kinases and
a staggering 600 kinase-targeting agents are under clinical trials
according to a report in 2021.6 The major challenge in drug
discovery today, however, is the rapid emergence of drug
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resistance, typically developing from such acquired mutations
within the kinase domain that prevent ATP-inhibitor
binding.8,10 Another, now pressing challenge, relates to poly-
pharmacology, i.e., ATP-competitive inhibitors can act on more
than one kinase. Interestingly, targeting multiple kinases can
have favourable efficacy effects but also lead to adverse patient
outcomes in other cases,11,12 pointing to the need in general of
being able to ne-tune inhibitor activity.

To enable greater selectivity and combat drug resistance,
there are increasing calls to explore non-ATP-mediated kinase
inhibition.6,13 Substrate binding is another molecular interac-
tion essential to kinase function. Unlike the ATP-binding site,
the substrate-binding site of protein kinases is less conserved
and thus offers better selectivity.14 Should mutations be
acquired within the site to reduce inhibitor binding, the coin-
cident effect would be reduced kinase activity. However, the
substrate binding site has a shallow and open surface, which
has made the design of small molecule inhibitors difficult.14,15

Furthermore, the molecular details of kinase–substrate inter-
actions have been sparse until recently, which has further
hindered the development of substrate-site inhibitors.15 Despite
these difficulties, the eld has progressed, and a multitude of
kinase substrate-site inhibitors have been reported.

In this review, we aim to provide an up-to-date discussion of
substrate-site inhibitors and their potential in overcoming drug
resistance. As background for the need for such inhibitors, we
summarize the FDA-approved ATP-competitive kinase inhibi-
tors and highlight mutations to the ATP-binding region asso-
ciated with their drug resistance. For comprehensive
discussions of ATP-competitive inhibitors, we refer readers to
several recent reports.6,8,9,12 Substrate-site inhibitors, on the
other hand, have been reviewed in very few articles, each
focusing on specic modalities without providing a complete
overview and not including recent studies.14,16,17 This article will
cover both small molecule and peptide-based substrate-site
inhibitors, but with a focus on the latter. This focus on
peptides and their design technologies is because most re-
ported substrate-site inhibitors have been peptides. Peptides
naturally mimic the substrates of protein kinases and therefore
present as promising leads in drug development. Finally, we
David J: Craik

David Craik, AO, FAA, FRS, is
a Group Leader at the Institute
for Molecular Bioscience at the
University of Queensland, and
Director of the Australian
Research Council Centre of
Excellence for Innovations in
Peptide and Protein Science. His
group focusses on the discovery
and applications of disulde-
rich macrocyclic peptides from
plants and animals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
discuss the evidence that explores the potential of substrate-site
inhibitors in overcoming the emergence of drug resistance.
Structural and mechanistic features of
kinases

Human protein kinases can be classied based on their
substrate specicity and/or sequence similarity. According to
the amino acid they phosphorylate, most are named either
serine/threonine kinases (STKs) or tyrosine kinases (TKs), with
STKs (>300 reported) being more prevalent than TKs (>50).18

Sequence analyses of these kinases have borne a separate and
more granular classication scheme that begins with their
division into eukaryotic (ePKs, 478 kinases) and atypical protein
kinases (aPKs, 40 kinases), with the former, but not latter,
having the ‘kinase catalytic domain’.19 The ePKs are further
divided into 9 groups, and these are, in order of abundance: TK
(tyrosine kinase), CAMK (Ca2+/calmodulin-dependent kin-
ase),TKL (tyrosine kinase-like), AGC (protein kinase A, G and C
related), CMGC (Cdk, GSK, MAPK, Cdk-like related), STE
(STE20, STE11, and STE7 related), CK1 (casein kinase 1), RGC
(receptor guanylyl cyclase), and “others”.20,21 PKA (c-AMP
dependent protein kinase) is a prototypical example of both
an STK and an AGC, and its crystal structure was the rst to
reveal the bi-lobal fold of the kinase catalytic domain.22 Another
example, Abl, is prototypical of TKs, and its kinase domain was
the rst to be successfully drugged for the treatment of cancer.8

Fig. 1a shows a typical catalytic cycle carried out by the
protein kinase domain once activated, usually by being itself
phosphorylated. The ATP binding, magnesium complexation
and substrate recognition and positioning steps at the catalytic
site are followed by phosphoryl transfer, and nally release of
the substrate (phosphorylated) and ADP products.23 In some
cases the order of these steps varies, for instance substrate
binding can precede ATP binding, and ADP can be released
before substrate dissociation.24 Regardless, when the catalytic
cycle becomes dysregulated, it results in aberrant phosphory-
lation and disease.25 As an example, a constitutive active mutant
of Abl is the oncogenic cause of chronic myeloid leukaemia.26
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Fig. 1 Typical phosphorylation mechanism and structural features of protein kinases. ‘a’ shows the typical catalytic reaction carried out by
kinases and ‘b’ shows the essential structural features of the enzyme's kinase domain. Created with https://BioRender.com.
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Kinase binding to either ATP or substrates is governed by
different binding properties. Generally, ATP binding is driven
by moderate affinity in the 10–100 mM range combined with
high intracellular ATP concentrations of 1–10 mM.27 By
contrast, the substrate binding affinity is substrate and kinase-
dependent and can involve regions outside the substrate
sequence motif (a contiguous ∼10 amino acid region around
the acceptor residue) and catalytic site. For example, an N-
terminal SH2 domain oen aids the positioning of protein
substrates for catalysis by Src TKs.28 Abl utilizes the SH2 and
SH3 domains adjacent to its kinase domain to mediate
substrate recognition.29 Substrate binding is thus likely stronger
than the mM affinity for a peptide representing the sequence
motif.30 It is also difficult to generalise for the substrate
concentrations inside cells. While there are ∼700 000 potential
intracellular phosphorylatable sites, kinases vary greatly in the
number of sites they phosphorylate and their substrate recog-
nition motifs.24

The ePK catalytic domain has approximately 250 amino acid
residues and contains the essential structural features for cat-
alysing substrate phosphorylation (Fig. 1b). The domain has an
N-terminal and a C-terminal lobe connected through a hinge
region.31 The N-terminal lobe is made up of ve b-strands (b1-
b5) and one a-helix (aC-helix), while the C-terminal lobe
comprises four short b-strands (b6-b9) and seven a-helices (aD-
13132 | Chem. Sci., 2024, 15, 13130–13147
aI).32 The C-terminal lobe also contains a exible polypeptide
segment, which is divided into the catalytic, activation and ‘P+1’
loops, and is important for catalysis and coordinating kinase
binding tomagnesium, ATP and substrates.32 The conformation
of the activation loop can change between activated and inac-
tivated kinase states to facilitate or inhibit/block binding of ATP
and substrates.33

The ATP-binding site is a deep pocket formed between the
two lobes of the kinase domain.15 Once bound, ATP resides near
23 residues in PKA (PDB ID: 3X2V) and 17 residues in Abl (PDB
ID: 2 G2I, residues within 5 Å proximity). In general, the adenine
of ATP is surrounded by conserved hydrophobic residues and
forms hydrogen bonds to the hinge region.34 The remainder of
ATP binds to a hydrophilic channel that extends towards the
substrate binding site, usually interacting with the N-terminal
lobe through an AxK motif (Ala, x, Lys) and a glycine-rich loop
(GxGxxG motif) that binds with the triphosphate group and the
ribose moiety.35,36 This phosphate binding region of the N-
terminal lobe between b1 and b2 containing the AxK motif
and glycine-rich loop is also known as the ‘P-loop’.37,38 In the
activated kinase state, the DFG motif (Asp, Phe, Gly) of the
activation loop positions the ATP for phosphotransfer.39

The majority of the approved kinase inhibitors target this
ATP-binding site for inhibiting phosphorylation. Some inhibi-
tors, as elaborated on later, engage adjacent regions outside the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ATP pocket that are not occupied by ATP in attempts to increase
inhibitor potency and/or selectivity. The ‘entrance’ and ‘buried’
regions are two such regions and have structural and sequence
diversity among different kinases.40 The entrance region
resembles a solvent-exposed hydrophobic slot and access to it is
controlled by the conformation of the DFGmotif.41 Access to the
buried region is controlled by a single amino acid residue in the
hinge region - known as the ‘gatekeeper residue’.42 Mutation of
the gatekeeper residue is a predominant cause of drug resis-
tance for ATP competitive inhibitors.43

The substrate-binding site is a shallow cle adjacent to the
ATP-binding site in the C-terminal lobe.15 The co-crystal struc-
ture of PKA bound to a 20-amino acid peptide substrate, iden-
tied 32 residues that constitute this site (PDB ID: 3X2V, within
5 Å proximity). Compared to those of STKs, the substrate-
binding sites of TKs are deeper to accommodate the larger
tyrosine acceptor residue.24 Generally, peptide substrates bind
the substrate-binding site in an extended conformation.30 In
this canonical binding mode, the substrate phosphorylation
site is secured by the ‘P+1’ loop, which in turn is anchored to the
aF-helix. The HRD-arginine of the catalytic loop anchors the
primary phosphate.36 Residues upstream of the phosphoryla-
tion site form multiple bonds to the aC-helix and activation
loop while residues downstream lie in a groove formed by the
aF, aD and aG-helices.32 These residues in contact with the
substrate help determine substrate specicity. For PKA and
many other AGC subfamily kinases, the His of the HRD motif is
replaced by Tyr.44 Moreover, two Glu residues of PKA in the b6
and aF helix select for positively charged residues at P-2 and P-5
substrate positions and a hydrophobic pocket formed by resi-
dues from the P+1 loop favours a hydrophobic residue at the
P+1 position of the substrate.32,45

Protein kinases phosphorylate substrates with specic
sequence motifs, typically described using short linear peptides
(∼10 amino acids). Multiple studies have revealed the phos-
phorylation site motifs for specic kinases.18,30 For instance, c-
Src and Abl show distinct preferences for consensus substrate
sequence motifs: c-Src favors Ile at −1 and Phe at +3 of its
substrate whereas Abl prefers Ala at +1 and Pro at +3 (positions
relative to the central Tyr).46 However, overlaps in sequence
specicity have also been reported.47 Kinases with close
homology from the same subgroups can share identical or
similar phosphorylation motifs, as seen in the consensus
sequences reported for three Pim kinases.48 Additionally,
considerable overlaps also exist between different kinase
groups; for instance, both MAPKs and CDKs share the same
minimal phosphorylation sequence motifs (Ser-Thr-Pro).47

Frequent mutations within and around the substrate-
binding site are oen observed in cancer and congenital
diseases. Such cancer-associated mutations can cause
substantial changes in substrate phosphorylation site speci-
city, rewire signalling networks (by impairing recognition of
the kinase to the specicity determining residues of the
substrate for example), and result in large decreases in the
catalytic activity.30,49 Even a single amino acid substitution can
cause marked changes in specicity and catalytic activity. For
example, mutation within the activation loop of PKA from Phe
© 2024 The Author(s). Published by the Royal Society of Chemistry
to Val altered the substrate selectivity.50 As expected, multiple
point mutations tend to have greater effects and can render the
enzyme inactive.30 For instance, mutations of four residues
within the substrate binding site of Pim-1 STK converted it into
a nonfunctional kinase. Interestingly, introduction of two
compensating mutations into the substrate restored its phos-
phorylating ability.51
Activity and selectivity of FDA-
approved small molecule inhibitors of
kinases

As noted earlier, 81 protein kinase inhibitors have been
approved by the US FDA as of April 2024, and most of which are
for use against cancer. The approved cancer indications
include, but are not limited to, chronic myeloid leukaemia,
acute lymphoblastic leukaemia, HER2-positive breast cancer,
non-small cell lung carcinoma, renal cell carcinoma, metastatic
melanoma, squamous-cell carcinoma, hepatocellular carci-
noma, pancreatic cancer, systemic mastocytosis, gastrointes-
tinal stromal tumors, anaplastic thyroid cancers.9 Amongst the
81 drugs, 38 have been approved for only one cancer indication
so far, whereas 34 have been approved for multiple cancer types.
Kinase inhibitors can be used for non-cancerous applications as
well. Three drugs are approved for use in both cancerous and
non-cancerous diseases, and nine drugs for non-cancerous
disorders only. Altogether, these therapeutic activities have
been achieved by targeting mostly TKs (Fig. 2b, generated with
KinMap52), which indicates that untapped drug development
opportunities remain as STKs are also associated with human
diseases.

Most of the inhibitors approved by the FDA are small
molecules and have resulted from over two decades of drug
development (Fig. 2). The rst kinase inhibitor approved by the
FDA was rapamycin (also known as sirolimus) as an immuno-
suppressive agent in 1999.53 The next inhibitor approved was
imatinib two years later in 2001, and it was the rst anticancer
kinase inhibitor.54 The per-year approval number has increased
signicantly since then, with the greatest number of kinase
inhibitors (nine) approved in 2020. Apart from the approved
drugs, over 600 kinase inhibitors are in clinical trials, including
both small molecules and other biological agents,6 which
highlights the ongoing importance of kinases as drug targets
and the current interest in modalities beyond small molecules.

Small-molecule kinase inhibitors have been categorized into
‘types’ to distinguish their mechanisms of action.6,55 Type I and
II inhibitors bind within the ATP-binding pocket but target
different activation and conformational states. Type I inhibitors
target the active DFG-in kinase conformation. Conversely, type
II inhibitors target the inactive DFG-out conformation to access
additional sites occluded in the active state. An intermediate
binding mode between the two types, referred to as type I1/2,
targets the inactive DFG-in conformation. Type III and IV
inhibitors do not compete with ATP but differ in their binding
proximity to the ATP-binding site.13 In addition, bivalent
inhibitors (type V), covalent inhibitors (type VI), and
Chem. Sci., 2024, 15, 13130–13147 | 13133
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macrocycles have been reported. Bivalent inhibitors usually link
a type 1 inhibitor with another binder, i.e., a substrate-site tar-
geting ligand or SH2 domain ligand.56 Covalent inhibitors
usually attach to the ATP binding region, thereby working as
ATP-competitive inhibitors.57 Macrocycles are generated by
macrocyclization of a previously approved kinase inhibitor.58

Most of the FDA-approved kinase drugs, i.e., 71 of the
inhibitors, show their activity by binding to the ATP-binding site
of target kinases (Fig. 2). These ATP-competitive inhibitors
comprise 60 inhibitors of type I, II and/or I1/2 (some have
multiple binding modes); nine covalent inhibitors of type VI;
and two that have a yet undened mode of binding. By contrast,
only 10 inhibitors do not compete with ATP (Fig. 2). This
minority group comprises four inhibitors of type III; four of type
IV; and two that are unclassied. The much smaller number of
non-ATP-competitive compared to ATP-competitive inhibitors
could potentially reect the underlying difficulty in their
development. For instance, targeting allosteric sites can be
challenging because these sites are shallower, broader, more
solvent-exposed, and less well-dened than the ATP-binding
site.15,59 Despite this, asciminib represents a type IV drug that
was recently developed to target BCR-Abl. It perturbs substrate
binding by interacting with the C-terminal myristate-binding
site, which is distal to the ATP-binding site.60 Tirbanibulin is
another recently approved drug, interesting because of its dual
mechanism of action, acting as an inhibitor of tubulin poly-
merization and reportedly also as a substrate-site inhibitor of c-
Src kinase.61

ATP-competitive kinase inhibitors need to be sufficiently
potent to out-compete intracellular ATP concentrations. Inhib-
itor potency has commonly been expressed as IC50 values
(concentration of inhibitor required to inhibit 50% of activity).
This indicator of therapeutic efficacy is useful to understand the
culminative effect of the intrinsic affinity of inhibitors, the
kinase and ATP concentration, and the affinity between ATP and
the kinase,62 with the corresponding caveat of it being difficult
to replicate precisely between independent experimental
setups. Accordingly, reported IC50 values for the same inhibitor
have varied widely, but generally range between the sub-
nanomolar to micromolar levels.9,63 To provide some indica-
tion of the magnitude of these values, imatinib showed an IC50

value of 436 nM in ELISA and 682 nM in ATP-depletion assay
against BCR-Abl1 expressed in BA/F3 cells64 while asciminib had
an IC50 value of 0.5 nM in a Caliper assay against Abl1 expressed
in E. coli.65 The high potency of ATP-competitive inhibitors is
important as it increases their selectivity.62

Nevertheless, many kinase inhibitors have low selectivity and
are effective against more than one kinase. Non-selective kinase
inhibition is oen linked to unwanted side effects. For example,
sorafenib has been reported for severe side effects including
desquamation, alopecia, pruritus, hand/foot–skin reaction, and
sublingual hemorrhage.66 Three of the FDA-approved drugs are
effective against multiple kinase groups and 26 against multiple
subgroups within the same kinase group. For example, imatinib
is effective against BCR-Abl, c-KIT, and PDGFRa; and sorafenib
against c-RAF, B-RAF, VEGFR1-3, and PDGFRb. In total, 49 of
the approved drugs have activity against one subgroup of
© 2024 The Author(s). Published by the Royal Society of Chemistry
kinase. Some of the drugs, however, are extremely selective and
have activity against only one subgroup type. For example,
abrocitinib is only effective against JAK1 67 while fedratinib is
only selective to JAK2.68 It is possible that the number of multi-
kinase inhibitors is much higher than reported as many of the
drugs have not been examined thoroughly against the complete
panel of human kinases.9

The need to develop selective kinase inhibitors has moti-
vated wider exploration into determinants of kinase selectivity.
Within all inhibitor types and ATP-competitive inhibitors, type I
inhibitors are generally thought to be less selective than type II
inhibitors because they occupy only the conserved ATP-binding
pocket. However, several type I inhibitors are more selective
than some type II inhibitors,69 indicating difficulty in predicting
selectivity based solely on the type of ATP-competitive inhibitor
or the current classication scheme is insufficiently nuanced at
the molecular level. The irreversible ATP-competitive inhibitor
ibrutinib gained attention for having high selectivity,70 but
along with other type VI inhibitors, it has only been successfully
developed for selectivity targeting BTK (Bruton's tyrosine
kinase). The most selective drugs are thought to be inhibitors
that do not compete with ATP binding, such as type III and IV
inhibitors because they occupy less conserved regions.13,70 For
instance, cobimetinib is a carboxamide-based type III MEK1/2
inhibitor that is positioned to form an H-bond with amino
acid residues of b3 and catalytic loop as well as g-phosphoryl
oxygen of ATP.63 Similar to cobimetinib, other type III inhibitors
like binimetinib, selumetinib have selective activity against
MEK1/2.71 Asciminib is a type IV BCR-Abl1 inhibitor that binds
to the myristate binding pocket in the N-terminal lobe distant
from the ATP or substrate binding site (Fig. 2) and is selective
for Abl kinase.60
Emergence of resistance to approved
small molecule kinase inhibitors

Although an increasing number of ATP-competitive kinase
inhibitors are being approved, they are not curative, and
patients risk disease relapse due to drug resistance.72,73 Resis-
tance to kinase inhibitors can be pre-existing (innate) or develop
aer treatment (acquired).74 The causes of resistance are
complex and diverse and include mutation of the target kinase,
acquisition of bypass signalling pathways, and histological
transformation.72,75 Amongst these, point mutations within the
kinase domain are the predominant cause of acquired resis-
tance76 and can develop within a short timeframe, at times
occurring within months to years of treatment.77 These types of
mutations are best characterized for Abl and EGFR TKs, which
were the earliest to be drugged by ATP-competitive inhibitors,
i.e., imatinib54 and getinib,78 respectively. Most resistance-
causing mutations have been found within the hinge region
(specically the gatekeeper residue), the entrance region, and
the DFG-motif.79

All six Abl kinase inhibitors approved by the FDA have
already been reported as developing resistance in CML (chronic
myeloid leukaemia) patients.80 Studies with imatinib-resistant
Chem. Sci., 2024, 15, 13130–13147 | 13135
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Fig. 3 Single point mutations conferring resistance to the FDA-approved Abl and EGFR TK inhibitors over the years. Residues with the most
frequent mutations are indicated by purple colour. Created with https://BioRender.com.
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CML and Philadelphia chromosome-positive acute lympho-
blastic leukaemia patients detected mutations in 30% to 83%
cases.81 Mutations giving rise to drug resistance are shown in
Fig. 3. Such mutations either reduce the inhibitors' affinity
towards the target kinase while maintaining catalytic activity
and sometimes increase the affinity of the kinase for ATP over
the inhibitor.76 The mutation at the gatekeeper residue T315 is
one of the most common and causes resistance to ve of the
FDA-approved ATP-competitive Abl kinase inhibitors – imati-
nib, nilotinib, dasatinib, bosutinib, and natinib (Fig. 3).
Therefore, although Abl kinase inhibitors have developed since
imatinib, in some cases to address drug resistance challenges of
the previously approved drugs, there remain acquired muta-
tions that persistently subvert drug activity. Apart from the
gatekeeper T315, the othermutations associated with resistance
usually centre within the P-loop at positions M244, G250, Q252,
Y253, and E255; hinge region at position F317; activation loop at
position H396; and the C-lobe at position M351 and F359.80 The
allosteric inhibitor asciminib is not affected by some of these
mutations around the ATP-binding pocket at T315, G250, Y253,
E255, and H396; however, resistance still occurs due to muta-
tions in the C-lobe at A337, W464, P465, V468, and I502.80,82

Nine EGFR/HER kinase inhibitors are approved by the FDA.
Mutation of the gatekeeper T790 residue can be found in 50% of
13136 | Chem. Sci., 2024, 15, 13130–13147
NSCLC patients83 and mutation of the activation loop at L858 is
associated with 90% of NSCLC patients treated with EGFR
inhibitors (Fig. 3).84 Resistance to the rst two EGFR inhibitors
getinib and erlotinib is associated with these two mutations.85

In the case of afatinib resistance, mutations at T790 and L858
are also the most common, with mutations in the activation
loop residue L861 and P-loop G719 being less frequent.86,87

Osimertinib, a third generation TKI, has been developed to
target NCSLC patients with T790 and L858 mutations.88

However, resistance to the drug has been linked to mutations at
the entrance region of the ATP-binding pocket of residues L792,
G796, C797 and in the P-loop of residues L718, G724.89,90 For
dacomitinib, mutations of the gatekeeper T790 and ATP-
entrance region C797 residues have been reported as the
mechanism of acquired resistance to the drug.91 The acquired
resistance to tucatinib has been linked to the mutation in the
aC-helix of residue L755.92 Finally, resistance to mobocertinib
has been linked to a single-point mutation at C797.93

Like TKs and their inhibitors, single-point mutations to STKs
have been linked to resistance to their respective inhibitors.
Such emergence of resistance from mutations is oen observed
in drugs that target the RAS/RAF/MEK/ERK pathway. For
instance, mutations to allosteric pocket gatekeeper residue
V211 of MEK1 have been reported for creating resistance to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Previously reported small-molecule substrate-site inhibitors of different kinasesa

Class
Origin and development
approach Name Target kinase Assay Potency (nM) Reference

TK inhibitors Screening of styryl
benzylsulfone library

ON012380 BCR-Abl SC 9*a 104
ON044580 BCR-Abl,

JAK2
SC 7940*a, 1230*a 105

Natural product isolated
from Streptomyces sp.

Erbstatin EGFR SC 3070*a 106 and 107

Derivatives of erbstatin ST638
(Tyrphostin)

EGFR SC 1100*a 108

AG 538 IGF-1R SC 400*a 109
Secondary metabolite from
Euphorbia lagascae

Piceatannol p56lck SC 66 000*a 110 and 111

Screening of low
molecular-weight phenols

MEB-SCI
(compound 12)

c-Src KI 16 000*b 112

Screening of
hydroxynaphthalene and
hydroxyindole methyl
esters and amides

Compound 2f pp60c-src KI, AC 16 000*b 113

Modication of tyrosine Tirbanibulin
(KX-01/KX2-391)

c-Src KI, CAMD 46 000*b 61

STK inhibitors In silico screening of
a compound database

Compound 76 ERK SC, CAMD 5000*a 114

Screening of compounds
from corn silks

Compound 30 GSK-3b SC, CAMD 590*a 115

Screening of a compound
database with a lanthanide-
based immunoassay

BI-78D3 JNK KI, CAMD 280*b 116

High throughput screening
of a compound library

CMPD1 p38a SC, SPR, XRC, DXMS 330∼a 117

Structure-based design PS210 PDK1 KI, XRC, CAMD 2000*b 118
In silico screening of
a SPECS compound
database

PI-273 PI4KIIa SC, SPR 470*a 119

Screening of a styryl
benzylsulfone library

ON01910 Plk1 SC 10*a 120

a Substrate Competition (SC), Kinase Inhibition (KI), ATP Competition (AC), Computer Aided Molecular Docking (CAMD), Surface Plasmon
Resonance (SPR), X-ray Crystallography (XRC), Deuterium Exchange Mass Spectrometry (DXMS), * IC50, ∼ Ki,

aIC50/Ki value determined using
SC, bIC50 value determined using KI.
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binimetinib and other allosteric inhibitors.94 Another study re-
ported mutation in K57 of MEK1, Q61 of NRAS, and Q61 of
KRAS for developing resistance to BRAF/MEK inhibitors dab-
rafenib and trametinib.95 These mutations increased the cata-
lytic activity of the kinases, reduced their sensitivity for the drug
and/or amplied the activation of the targeted pathway.

Apart from acquired mutations, a major mechanism of
mutation-independent resistance is the reactivation of signal-
ling pathways downstream of the targeted kinase, resulting
again in dysregulated cell proliferation and disease relapse. In
CML patients with the BCR-Abl as the oncogenic driver,
increased downstream signalling of pathways involving the
kinases PI3K, MAPK, SRC, JAK/STAT can overcome the inhibi-
tory effects of Abl-targeted drugs.80 The activity of EGFR-targeted
inhibitors can be bypassed through downstream reactivation of
pathways including RAF–MEK–ERK and PI3K–PDK1–AKT.96 The
other mutation-independent mechanisms involve plasticity-
mediated resistance with epigenetic and transcriptional
changes, mutations in the epigenetic regulators like, DNMT3A,
© 2024 The Author(s). Published by the Royal Society of Chemistry
ASXL1, SETBP1, and IDH1 as well as downstream signalling
activation by stromal cytokines.97–99 For CDK4/6 STKs, the
mutation-independent resistance mechanisms include alter-
ations of the controlling factors for cell cycle progression,
amplication or overexpression of CDK4/6, cyclin D1, cyclin E,
p16, and E2F, epigenetic alterations, aberrant PI3K/AKT/mTOR
signaling, immune evasion as well as autophagy.100 The most
common approach considered for targeting mutation inde-
pendent resistance is through combination therapies. These
include the use of BCR-Abl inhibitors combined with drugs that
target JAK2/STAT;101 EGFR inhibitors combined with drugs that
target IGF1R;102 and CDK4/6 STK inhibitors combined with
drugs that target PI3K, mTOR, AKT.103
Substrate-site inhibitors of kinases

Substrate-site inhibitors have yet to reach the level of clinical
impact of ATP-competitive drugs, and thus we highlight below
studies on their discovery and activities to exemplify the early
Chem. Sci., 2024, 15, 13130–13147 | 13137
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Fig. 4 Structures of small-molecule substrate-site inhibitors of protein kinases and their IC50 values. ‘a’ shows the small-molecule inhibitors for
TKs and ‘b’ shows the small-molecule inhibitors for STKs. Refer to Table 1 for the inhibitory assays. Created with https://BioRender.com.
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stages of drug development. We also summarise trends relating
to their selectivity and activity against drug-resistant kinases so
that comparison with approved drugs can be made. These
properties are reviewed separately for small molecules and
peptides – the two modalities on which many studies have been
investigated.
Small molecule inhibitors

Small molecule substrate-site TK and STK inhibitors have been
sourced from nature and synthetic chemical libraries (Table 1
and Fig. 4). One of the earliest reports rened an active extract
from the owering plant Euphorbia lagascae to isolate the
secondary metabolite picearannol, which inhibited the p40 TK
in a substrate-competitive and non-ATP-competitive manner.110

In a more focussed approach, Reddy et al., chemically elabo-
rated chemotypes unrelated to ATP and any other kinase-
inhibitory purine or pyrimidine analogues to search for non-
ATP-competitive inhibitors.121 They found substrate-site inhib-
itors in the form of the a-benzoyl styryl benzyl suldes
ON012380 and ON044580 as BCR-Abl inhibitors and the
13138 | Chem. Sci., 2024, 15, 13130–13147
unsaturated sulfone ON01910 as a Plk1 inhibitor.104,120,122 One
challenge for discovery of novel chemotypes from synthetic
chemical libraries is the requirement for a custom-built assay
because the substrate can vary between kinases. Stebbins et al.
developed a lanthanide-based immunoassay to detect the
interaction of JNK1 with its substrate JNK interacting protein 1
and used it to screen 30 000 compounds, discovering potential
candidates including the JNK inhibitor BI-78D3.116 Finally,
chemical libraries have been screened in silico through
computational docking into the substrate-binding site followed
by validation through activity assays. The PI4KIIa inhibitor PI-
273 119 and ERK inhibitor compound 76 114 are examples of
molecules discovered in such an approach.

Validation of substrate-site inhibitory mechanisms has
mainly been done using competition assays, and in some cases,
with additional structural data. Under the assumption of the
substrate and ATP-binding sites being distinct, one expects that
true substrate-site inhibitors are strictly affected by competing
substrates and not ATP molecules. Thus, competitive assays
have provided seemingly compelling evidence of substrate-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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competitive modes of action, such as for ON012380, ON044580,
CMPD1, PI-273, ON01910 because their inhibitory curves and
IC50 values shi only upon varying of the substrate but not the
ATP concentrations.105,117,119,120,123 However, directly linking
substrate-site inhibition to interaction with the kinase requires
binding experiments, such as was done using surface plasmon
resonance (SPR) to evaluate the PI4KIIa inhibitor PI-273,119 and
uorescence binding assays to assess the p38a inhibitor
CMPD1.117 For the FDA-approved tirbanibulin, kinase binding
was unaffected by an ATP-site binder, suggesting binding to
a non-ATP site.61 Higher resolution data is essential to show that
inhibition happens specically at the substrate-binding site.
Computer-aided docking is useful for this purpose and has
been performed for the ERK inhibitor (compound 76), c-Src
inhibitor tirbanibulin, and MEB-SCI (compound 12),61,112,114

but experimental evidence is more denitive. Davidson et al.
applied deuterium exchange mass spectrometry to map the
binding interactions of CMPD1.117 The most concrete evidence
of substrate-site binding was provided for the PDK1 inhibitor
PS210 which comprises competition assays, differential scan-
ning uorimetry, cell-based experiments, and crystal structures
of the inhibitors engaging the substrate-binding site of PDK1.118

There is some uncertainty regarding the true mechanism of
action of some reported molecules. For instance, the apoptotic
action of ON012380 on CML cells might be unrelated to its
kinase inhibition based on cellular substrate phosphorylation
levels,123 contrary to earlier suggestions based primarily on
competitive assays.104 In addition, tirbanibulin has also been
linked to the inhibition of tubulin polymerization as a second
mechanism of action.61

Substrate-site inhibitors have IC50 values that lie within the
low nM to mM range (Table 1). As mentioned above, IC50 values
are difficult to compare between studies and they are illustrated
in Fig. 4 simply for indicative purposes of potency. As illus-
trated, the styryl benzyl sulfones ON012380 and ON01910 have
IC50 values of 9 and 10 nM against BCR-Abl TK and Plk1 STK,
respectively, whereas another styryl benzyl sulde, ON044580,
has an IC50 value of 7.94 mM against BCR-Abl. The FDA
approved tirbanibulin has a IC50 value of 46 mM against c-Src
TK. Though tempting to speculate that the substrate competi-
tive inhibitors are less potent than FDA-approved inhibitors, it
is difficult to conclude this because of their opposing mecha-
nisms of action and variable ATP and unknown substrate
concentrations inside cells.24,27

Selectivity has been reported as a key feature of substrate-site
inhibitors. For instance, the PDK1 inhibitor PS210 was tested
against a panel of 121 kinases at 10 mM concentration and did
not alter the activity of any other kinase except its target,
including downstream signalling components such as S6K,
PKB/Akt or GSK3.118 Other molecules have also exhibited single
target selectivity, including compound 30 against 41 kinases (at
5 mM concentration), and ON012380 against 23 kinases (and
demonstrated substantially higher IC50 values than for BCR-
Abl).104,115 In some cases, target specicity has been reported
aer testing against a smaller number of 5 to 11 kinases. AG538,
compound 12, PI-273, ON01910 are examples of such inhibi-
tors. In those studies, some of the inhibitors like AG538 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
ON01910 inhibited other kinases but have much higher IC50

values than their targets.120,124 To our knowledge, no selectivity
studies have been reported for compound 2f, BI-78D3 and tir-
banibulin. In general, the small-molecule substrate site kinase
inhibitors are more selective than the ATP competitive inhibi-
tors, but more investigations are needed to denitively conrm
this observation.

A few small molecule substrate-site inhibitors have been
reported to be effective against resistant mutants of kinases. For
example, the BCR-Abl kinase inhibitors ON012380 104 and
ON044580 105 are effective against the imatinib-resistant T315I
mutant variant. ON044580 is effective against the V617F mutant
variant of JAK2.105 It can be argued that the conserved mutable
residues within the ATP binding site make the ATP-competitive
inhibitors more susceptible to resistance and the exible
substrate-site inhibitors have the potential to be advantageous
in this regard. However, the effectiveness of the majority of the
substrate-site inhibitors against mutant kinases has yet to be
explored.

Peptide inhibitors. A canonical peptide substrate repre-
senting a phosphorylatable residue and its neighboring resi-
dues is the mimimum recognition motif for binding to the
kinase catalytic site, and thus is an attractive starting lead for
development.125 Naturally, such peptides can originate from the
phosphorylatable region of endogenous protein substrates that
act directly in downstream signaling (Table 2 and Fig. 5). Oen
considered during selection of the starting peptide is the
consensus sequence derived from articial peptide libraries,
which effectively summarises residues required for kinase
recognition. Lee et al. developed an inhibitor for PKCa by
substituting the phosphorylatable Ser residue to an Ala in the 9-
residue consensus sequence.130 Optimum peptide substrates
discovered from peptide libraries are those that are catalyzed
most efficiently. One of the earlier reports investigated the
optimum substrate sequence of c-Src kinase and through
macrocyclization discovered peptides with IC50 values in the
micromolar range.126

Peptide substrates are typically limited by their low activity,
poor stability and poor cell penetration. Litman et al. developed
an AKT inhibitor by using a substrate sequence from GSK3,
a downstream signaling protein.132 They altered the substrate
amino acids using non-canonical amino acids to enhance cell
permeability as well as stability and reported PTR 6164 as
a potent AKT inhibitor (IC50 0.45 mM). Huang et al. graed the
optimum peptide substrate of Abl kinase into a cyclic cystine
knotted scaffold (MCoTI-II) reported to have high stability and
cell-penetrating properties (Fig. 5).131 Kumar et al. reported the
introduction of conformational constraints as well, i.e., head-to-
tail and terminus-to-side chain bridging of synthetic c-Src
substrate-based peptide inhibitor for increased activity.133 Hah
et al. developed c-Src inhibitor based on a strategy to convert
weak consensus sequences into higher affinity ligands by teth-
ering to a sequence that binds the SH2 domain adjacent to the
catalytic domain.135

Unconventional peptide substrates have also been developed
into inhibitors. Mitogen-inducible gene 6 (MIG6) binds and
inhibits EGFR, involving a region of MIG6 that is primed by an
Chem. Sci., 2024, 15, 13130–13147 | 13139
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Table 2 Previously reported peptide substrate-site inhibitors of different kinasesa

Origin Development approach Name Target kinase Assay Potency (nM) Reference

Endogenous
substrates

Alteration of optimum
substrate sequence

Peptide 29 p60c-src SC 130*a 126
Peptide 4 Akt1 SC, CAMM 95∼a 127 and 128
N-myristoyl-
RKRTLRRL

PKC SC 6900*a 129

Optimization of consensus
sequence from
downstream signaling
substrate

Peptide 6 PKCa SC 1.9*a 130

Graing of optimum
substrates with other
scaffolds

MTAbl13 T315BCR-Abl KI, CAMM 1300*b 131

Replacement of substrate
amino acids with non-
canonical ones

PTR 6164 Akt/PKB SC, CAMM 450*a 132

Conformational
constraints of peptide
substrate

Peptide 31 p60c-src SC 280*a 133 and 134

Conformational
constraints of consensus
sequence

Peptide 13 c-Src SC 40*a 135

Unconventional peptide
substrate

Peptide 5 and 10 EGFR CAMD — 136

Prephosphorylation of
peptide substrate

L803 GSK-3b SC, CAMM 40 000*a 137 and 138

Optimization of
pseudosubstrate sequence

PKI PKA SC 2.3∼a 139 and 140
[K17] PKC PKC SP 75*c 141
GSK3b-N (3–12) GSK3b SC, XRC 700 000∼a 142

Exogenous
peptide

Optimization of HIV-1 Tat
peptide

Tat-peptide PKCa, PKA SC, LSM 22*a, 1200*a 143

Optimization of cationic
cell-penetrating peptides

C[RW]5 c-Src SC 2800*a 144

Bioengineering of
lactazole-like thiopeptides

TP15 TNIK SC, SPR, XRC 14*a 145

Allosteric
inhibitors

Optimization of
downstream target
(MAPKAPK2) sequence

Peptide 6 p38a SC, CAMD 1.3*a 146

Optimization of JNK
scaffolding protein (JIP-1)
sequence

TI-JIP JNK SC, SPR 1100∼a 147 and 148

Retro-inverso form of yeast-
screened peptide

D-PYC98 JNK SC, SPR — 149

a Substrate Competition (SC), Substrate Phosphorylation (SP), Kinase Inhibition (KI), X-ray Crystallography (XRC), Computer Aided Molecular
Modelling (CAMM), Computer Aided Molecular Docking (CAMD), Surface Plasmon Resonance (SPR), Laser Scanning Microscopy (LSM); * IC50,
∼ Ki,

aIC50/Ki value determined using SC, bIC50 value determined using KI, cIC50 value determined using SP.
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upstream kinase and becomes phosphorylated again during
inhibition.150 This substrate binding region of MIG6 has been
used for targeting the EGFR-resistant mutant L858R.136 Plotkin
et al. reported the use of a pre-phosphorylated substrate of GSK-
3 called SXXXS(p) for synthesizing an inhibitor in the mM
range.138 Another interesting source of substrates found natu-
rally are pseudosubstrates, which occupy the substrate site but
are not phosphorylated. An example is the protein kinase
inhibitor peptide, also named as PKI, discovered in the 1970s,
which was the rst lead in designing peptide inhibitors of
protein kinases.151 PKI is an endogenous thermostable peptide
that specically binds to and inhibits the catalytic subunit of
PKA.140,152
13140 | Chem. Sci., 2024, 15, 13130–13147
Substrate-site inhibitors have been developed without using
known substrates as leads. For example, HIV-1 Tat, a cationic
cell-penetrating peptide was used by Ekokoshi et al. to develop
substrate-competitive inhibitors of PKCa in the nM range and
PKA in the mM range.143 Although only evidence for a non-ATP-
competitive mechanism was shown, it is intriguing that Shirazi
et al. also reported cationic cell-penetrating peptides to be
kinase inhibitors, albeit for a different type of peptide and for c-
Src kinase, because those types of peptides were not originally
designed for kinase inhibitory activity.144 Vinogradov et al. re-
ported the bioengineering of thiopeptides based on lactazole
A.145 They built a pseudo-natural product library of over 1012

using mRNA display and screened it against TNIK, discovering
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Peptide inhibitors of protein kinases. ‘a’ and ‘b’ show the functional difference between ATP-competitive and substrate site kinase
inhibitors. ‘c’, ‘d’, ‘e’ and ‘f’ show different approaches for designing endogenous substrate-sequence based peptide inhibitors. ‘g’ shows an
example of a pseudo-natural thiopeptide kinase inhibitor. Refer to Table 2 for inhibitory assays associated with the IC50s. Created with https://
BioRender.com.

Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
1:

21
:4

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
TP15 as the most potent and selective TNIK substrate-site
inhibitor with an IC50 in the low nM range (14 nM, Fig. 5).

We note that other studies have also considered peptides
and proteins that bind outside of the catalytic cle to be
substrates. These binders therefore potentially and/or partially
involve allosteric mechanisms to inhibit substrate binding at
the catalytic site. For example, Nagao et al. developed an
© 2024 The Author(s). Published by the Royal Society of Chemistry
inhibitor of a mitogen-activated protein kinase (MAPK) p38a
based on binding to its docking site by MAPK-activated protein
kinase 2 (MAPKAPK2).146 Niu et al. reported a peptide inhibitor
of JNK derived from the amino acid residue of JIP-1 (JNK-
interacting protein 1).147 Ngoei et al. discovered a peptide
binder of JNK from a yeast two-hybrid screen of a gene fragment
library, and surprisingly (because specic binding is assumed
Chem. Sci., 2024, 15, 13130–13147 | 13141
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to require stereospecic interactions) found that its retro-
inverso form, D-PYC98, was more potent.149 The peptide had
a non-ATP-competitive mechanism and was suggested to bind
the docking site of JNK.

The substrate-competitive inhibitory effect of most of the
studied peptides has been demonstrated in assays where
substrate concentrations were varied to observe the inhibition
of phosphorylation. For instance, endogenous PKI,139 PKC
pseudo-substrate-based inhibitors,141 c-Src optimum substrate-
based inhibitors,126 analogues of CIYKYY as c-Src inhibitors,134

AKT peptide inhibitor,132 PKCa peptide inhibitor130 and HIV-1
Tat-peptide inhibitors143 have been described as substrate-site
inhibitors based on such substrate-competitive assays. Some-
times the substrate-competitive assay has been supported by
molecular docking as evidenced in the case of BCR-Abl inhibitor
MTAbl13 131 and p38aMAPK inhibitor peptides.146 For some of
the reported peptide inhibitors, direct binding to the substrate
site of target kinases has been proven by SPR analysis. For
instance, the binding of JNK inhibitor TI-JIP and D-PYC98-TAT
to the kinase was studied by SPR.148,149 In addition to substrate-
competitive assays and SPR analyses, the substrate-site binding
of the TNIK inhibitor TP15 was validated by determining the
crystal structure of the inhibitor-bound protein.145

Like small molecules, most peptide substrate-site inhibitors
offer specicity and selectivity for their target kinases. The AKT
inhibitors AKTide-2T and PTR6164 were tested against a panel
of structurally related kinases (IC50 was measured),127,132 GSK-3b
inhibitor L803 was tested against ve other kinases (at 200 mM
concentration),138 and c-Src inhibitor peptides were tested
against two other TKs (IC50 was measured).144 The inhibitors
showed substantially high potency for their target kinase
compared to a pool of other kinases. All these mentioned
peptide inhibitors were designed based on their substrate
sequence. On the other hand, the PKCa inhibitor HIV-1 Tat
exogenous peptide was tested against 70 kinases at 1 and 10 mM
concentrations. It showed inhibitory activity against other AGC
kinase groups (PKB, SGK1, S6K1, MSK1), two CAMK-kinases
(CAMK1 and MELK), and one STE kinase (MKK1).143 Another
non-substrate-based TNIK inhibitor, TP15, was tested against
67 kinases at 1 and 10 mM concentrations and selectively
inhibited its target over other kinases, inhibiting two other
Ste20 family kinases, mammalian sterile twenty-like 1 and, to
a lesser extent, lymphocyte-oriented kinase.145 In short,
although most peptide substrate-site kinase inhibitors have
efficient target selectivity, more investigations are necessary to
establish the generality of this specicity.

The potency of peptide inhibitors is mostly in the lower mM
or nM range and is variable. Substrate-based inhibitors that
have been further optimized oen demonstrate IC50 values in
the nM range. For instance, the PKCa inhibitor optimized by
Lee et al. has an IC50 value of 1.9 nM, and the c-Src inhibitor
reported by Hah et al. has an IC50 value of 40 nM.130,135 The TNIK
inhibitor TP15 has an IC50 value of 14 nM.145 These peptides
have also been reported to have good target selectivity. However,
the less selective HIV-1 Tat peptide inhibitor had a higher IC50

value of 1.2 mM for PKA.143 In general, the more selective
inhibitors have greater potency.
13142 | Chem. Sci., 2024, 15, 13130–13147
The effectiveness of peptide inhibitors against resistant
mutants of kinases has not been extensively reported. In one
report by Huang et al., the inhibitor MTAbl13 showed activity
against the T315I drug-resistant mutant of Abl kinase.131

Further studies are necessary to evaluate the effectiveness of
substrate-site peptide inhibitors against the emergence of
resistance.
Alternative approaches to substrate-
based inhibition

Bivalent inhibitors that interact with both the substrate and
ATP binding sites of kinases have been developed to increase
the specicity of ATP competitive inhibitors.17,153 For instance,
Brandvold et al. conjugated the consensus substrate sequence
of c-Src TK to an ATP-site inhibitor (compound 3), resulting in
near-perfect selectivity against a panel of 213 kinases and an
IC50 value of <30 nM.154 Poot et al. conjugated a high-affinity
pseudosubstrate against PKC STK to an ATP inhibitor, result-
ing in bivalent inhibitors 2–4 times stronger than ATP-
competitive inhibitors.155 Sõrmus et al. used the crystal struc-
ture of PKA bound to a peptide inhibitor to identify a substrate-
site inhibitor fragment, which was then conjugated to an ATP-
site inhibitor.156 Schnitzler et al. used structural information
of heparin-CK2a complex to develop a bivalent inhibitor.157

Although the major goal of bivalent inhibitors is to increase
target specicity, detailed kinase selectivity panel assays have
not been sufficiently utilized for most of the reported inhibitors.
In addition, comparative analyses of their potency with clini-
cally used kinase inhibitors are limited.153 The potential of the
bivalent inhibitors against the emergence of single-point
mutations and subsequent resistance is also largely under-
studied. The c-Src inhibitor compound 3, was tested against
T338I mutant variant. The binding affinity, although found to
be better than dasatinib, was 3500-fold less compared to the
non-mutant c-Src.154 Shokat et al. ligated the rst-generation
mTOR inhibitor rapamycin with the second-generation
MLN0128 to develop bivalent inhibitors.158 However, the
newer generations of mTOR inhibitors are also susceptible to
resistance-causing mutations.159
Future prospects

Inhibition of kinases through non-ATP mechanisms to achieve
greater selectivity and resistance-resilience is dening a new era
of kinase drug development for the treatment of cancer.
Accordingly, the targeting of the substrate-binding site has
attracted great interest. While it is tempting to speculate that
the approval of tirbanibulin, a dual functional inhibitor, is
a sign of more substrate-site inhibitors to come, some uncer-
tainty on the signicance of its substrate-competitive ability
perhaps points to broader questions in the eld. For example,
yet to be established is a denitive understanding of the
mechanisms of reported substrate-site inhibitors, with few
studies showing comprehensive evidence spanning from
competitive assays to structural data and functional validation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The small-molecule PDK1 inhibitor PS210 118 and the peptide-
based TNIK inhibitor TP15 145 are among the best validated in
vitro and have been shown to bind at or around the substrate-
binding site.

With the number of studies on substrate-site inhibitors being
far fewer than the vast efforts on targeting the ATP-binding site, it
is premature to draw denitive comparisons between the tar-
geting of the two sites and clinical outcomes. Nevertheless, some
promising trends are emerging, as highlighted below.

The potential for higher selectivity by targeting the substrate-
binding site is underpinned by the structural understanding
that, while the kinase domain is conserved, the substrate-site
has evolved to carry out specic functions for each kinase,
unlike the ATP-binding site whose function is common to all
kinases. However, although kinases recognize specic substrate
motifs, it is important to note that there is some degree of
crosstalk between the various kinases and the array of
substrates, and therefore the general question arises as to the
level of selectivity achievable or required. Encouragingly,
substrate-site inhibitors have demonstrated high selectivity. For
example, PS210 selectively inhibits PDK1 from within a panel of
121 kinases118 and TP15 shows good selectivity for TNIK.145

From these two examples, it can be seen that both small
molecules and peptides can achieve high selectivity at the
substrate site despite it being a shallow structure. Nevertheless,
peptides are thought to be better equipped than small mole-
cules for targeting such shallow surfaces. It is worth noting that
selectivity is not the only important consideration for the
development of substrate inhibitors. If we compare to the
situation with ATP-competitive inhibitors, where there are
examples of high selectivity but also many examples of poor
selectivity, then one needs to consider if there are additional
benets in pursuing the substrate-binding site. One such
benet would be in the potential for reduced susceptibility to
the development of resistance.

Inhibition at the substrate-binding sites presents an onco-
genic kinase with a conundrum – acquire mutations to reduce
inhibitor affinity but at the cost of endogenous substrate binding.
More evidence is required to see if this consideration leads to
a lower incidence of resistance for substrate-based compared to
ATP-competitive inhibitors. There is also the possibility that
other resistance mechanisms might emerge for substrate-based
inhibitors. Promising observations so far are that substrate-site
inhibitors are, as expected, effective against kinases resistant to
ATP-competitive inhibitors. The small molecules ON012380 123

and ON044580 105 and the peptide MTAbl13 131 all inhibit the
notorious T315 mutant of BCR-Abl. Because peptides likely
engage more interactions with the target kinase, it might be
harder to acquire mutations that completely block peptide
binding as opposed to small molecule binding, but this has yet to
be demonstrated. One envisaged use of substrate-site inhibitors
is co-administration with an ATP-competitive inhibitor to help
reduce the acquisition of mutations.

There are differing drug design and discovery considerations
relating to small molecules and peptides, important to realising
the promise of substrate-site inhibition. In terms of lead
discovery, peptides have an advantage over small molecules in
© 2024 The Author(s). Published by the Royal Society of Chemistry
that the natural substrates provide a guide to suitable sequences
as starting points for drug design. Moreover, in the future, there
is likely to be a greater emphasis on high throughput approaches
for lead discovery that are tailored to peptides. For example,
TP15, the TNIK inhibitor was discovered by screening a bio-
engineered peptide library using mRNA display.145 Such high-
throughput techniques offer an efficient alternative over the
manual sequence-based identication of substrate-site inhibi-
tors. However, peptide-based leads typically need to be opti-
mised. In the past, most efforts in this eld utilized conventional
chemical modication of substrate sequences for peptide
inhibitor development. It is worth noting that mRNA display
methods now offer the possibility of including non-canonical
amino acids, not only for increasing the chemical diversity
available in the screening libraries, but also for incorporating
residues that might have more favourable biophysical properties
than the 20 standard proteogenic amino acids.

While there are benets to developing peptides as substrate-
site inhibitors because they are naturally suited to binding the
substrate-binding site, there are also challenges relating to their
pharmacokinetic properties.160 Some aspects of these chal-
lenges can be met via strategic chemical modications. For
example, linear peptides are susceptible to proteolytic attack,
but cyclization and other forms of chemical constraint have
resulted in substrate-site inhibitors with improved stability.
When constrained in the active conformation, stabilised
peptides can have higher activity than their linear forms. This
was observed in the study on synthetic c-Src substrate-based
peptide inhibitors.133 Another major challenge is cellular
delivery because the cell membrane acts as a molecular sieve
preventing the passive entry of large molecular compounds.
Other uptake pathways into cells have been characterized but
oen internalized molecules are trapped in endosomal
compartments. Emerging technologies for quantifying cytosolic
uptake promise to set the foundation for discovery of new
molecular entities that not only cross cell membranes at high
efficiency but also reach the cytosol at concentrations required
for therapeutic efficacy.161

Conclusions

Substrate-site inhibitors might offer a solution to tackle the
problems of selectivity and drug resistance and therefore could
become some of the most important drugs in the next decade.
Future work directed at the discovery of substrate-site inhibitors
should consider thorough validation to clearly dene their
mechanisms of action at the molecular, cellular, and biological
levels. This would allow for a better understanding of the
potential of substrate-site inhibitors as therapeutics, building
upon the promising and exciting data on their selectivity and
activity already reported.

Data availability

No primary research results, soware or code have been
included and no new data were generated or analysed as part of
this review.
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