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Protein Structural Dynamics in Covalent Drug Design: Insights 
from Irreversible and Reversible Inhibitors
Ruchira Basua and Steven Fletcher*a, b

Proteins form complex networks critical to various biological processes; many become involved in disease-related 
pathologies – only a subset of these proteins are considered to be druggable by conventional, non-covalent small-molecule 
therapeutics. Covalent drugs, which encompass irreversible inhibitors and reversible covalent inhibitors, are small-molecule 
modalities that chemically conjugate with their therapeutic targets and have emerged as a strategy to more effectively target 
these proteins, with structure-based approaches guiding their design, and achieving an improved therapeutic effect, 
predominantly through sustained inhibitions. In this review, we focus on the impact of covalent bond formation on protein 
structural dynamics, such as the generation/trapping of cryptic pockets, and how these phenomena may be leveraged in  
orthosteric and allosteric drug design. Further, while irrreversible inhibitors result in longer residence times with permanent 
changes of target proteins that will require protein re-synthesis, reversible covalent inhibitors enjoy the benefit of samplng 
different adducts, wherein one particular conjugate may be favoured through stabilizing structural reogranizations; this may 
prove significant when a protein presents multiple nucleophilic residues, and selectivity is a concern. Herein, we explore 
selected case studies that examine the mechanistic consequences of protein–drug conjugations, recommending a more 
dynamic structural perspective in rational drug development.

1. Introduction
The Human Proteome Project estimates the number of 
proteins in the human body to be   ̴20,000 when correlated 
with their encoded genes.1 This number increases 
dramatically based on considerations of associated splice 
variants (isoforms) or post-translational modifications, such 
as methylations, acetylations and phosphorylations.2 These 
proteins interact with ligands and other protein partners to 
form extensive cellular networks which play critical roles in 
physiological and pathological processes such as cell 
proliferation, apoptosis, signal transduction, inflammation, 
metastasis and directly correlates with our health and well-
being.3 Aberrations in the interactome in the form of 
mutations, amplification or suppression of proteins can 
contribute to diseases such as cancer, infections, 
cardiovascular diseases and neurodegenerative disorders, 
among others.4,5 However, only a subpopulation of this 
proteome is considered to be druggable (total 854 proteins 
as described in the Human Protein Atlas) which includes both 
extracellular and intracellular targets such as receptors, ion 
channels and enzymes.6 FDA-approved small molecules and 
biologics (antibodies, peptides, oligonucleotides) are 
designed to effectively bind to these targets resulting in 
activation or inhibition of biological pathways, achieving 

therapeutic effects.7 Among these therapeutic entities, small 
molecules dominate almost 90% of the pharmaceutical drug 
market with approximately 50 drugs being approved by the 
FDA each year.7,8 Depending on the desired physiological 
response from the target, these small molecule scaffolds are 
customized to feature special pharmacological attributes 
and accordingly largely classified, into covalent and non-
covalent drugs.9 In addition to druggable proteins, there are 
also ‘undruggable’ proteins that are challenging to target 
using conventional drug discovery techniques due to their 
lack of well-defined binding pockets and high structural 
plasticity. For both types of drug targets, there has been a 
significant shift in efforts to modulate their function using 
covalent drug modalities.10 Fifty years ago,  drug discovery 
efforts typically involved phenotypic library screenings and, 
accidental breakthroughs, trial-and-error and exhaustive 
structure-activity relationship studies to build up an idea of 
the structure of the binding site, all of which can be time-
consuming and inefficient. But now, more conventional 
methods feature rational decision-making coupled with 
computational modeling, structural biology data and other 
high-throughput techniques that gradually gained popularity 
for targeted design of non-covalent drugs.11  More recently, 
scientific advances have extended this precision to covalent 
drug design, utilizing structure–activity relationship analyses 
and detailed biochemical characterization.12 

For most covalent drugs, early-phase drug discovery 
processes rely heavily on structural studies to elucidate 
crucial interactions between the target macromolecules and 
the drug candidates in order to guide drug design.13 Insights 
from these studies are used in various stages - identification 
and validation of potential binding sites, predictions of drug-
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target interactions, understanding mechanisms of action, de 
novo design and lead optimization.14 Common techniques 
used to extract such information from protein 3D structures 
include X-ray crystallography, NMR, hydrogen/deuterium 
exchange mass spectrometry, small molecule FRET, 
cryogenic electron microscopy and computer-aided 
approaches such as molecular dynamic (MD) simulations.15 
However, protein macromolecules do not exist in a single 
rigid form in a physiological context – rather, they are highly 
adaptable and exist as an ensemble of constantly fluctuating 
conformational states; more sophisticated CADD software is 
becoming better able to predict these.16,17,18,19 Molecular 
recognition process involving interactions between these 
protein states and their native ligands can be triggered 
through induced fit or conformational selection.20 These 
events can have important consequences in protein function 
and are commonly explored in various structural and 
biological mechanism studies.21,22 Similar to binding their 
native ligands, conformational alterations in protein 
structures can be expected to occur as a result of covalent 
drug binding as well. However, the contribution of these 
events to drug development studies remains somewhat 
underrepresented in the literature. Few drug design studies 
provide a comprehensive analysis of protein structural 
dynamics or the consequential effects of drug binding, and 
how these insights could enhance design optimization. While 
some protein-drug binding events may involve straight-
forward structural changes or well-established mechanisms, 
some conformational shifts in proteins may be fortuitous and 
hold great potential for drug design efforts. Therefore, a 
deeper understanding is needed for the effects of drug 
binding on the global and local structural fluctuations of 
proteins, and its mechanistic impacts beyond just the 
placement of the drug motifs in the binding site and 
geometries of the neighbouring amino acid side chains. To 
provide a robust foundation for this perspective to the drug 
development community, this review will discuss selected 
case studies that have investigated the impact of covalent 
drug interactions on protein dynamics and how these 
insights influenced subsequent drug modelling. In order to 
present the most relevant and up-to-date information, 
publications exploring clinically-significant therapeutic 
protein targets in the last decade will be highlighted.

2. Non-Covalent versus Covalent Inhibition

2.1.1. General Overview

Non-covalent inhibitors encompass a class of molecules that 
rely on intermolecular interactions (such as salt bridges, 
hydrogen bonding and van der Walls forces) to engage with 
amino acids at its binding site of target enzymes or receptors. 
The binding is temporary meaning it involves a rapid steady-
state equilibrium process characterized by the 
thermodynamic equilibrium constant Keq (occupancy-driven 
pharmacology) (Figure 1a). In other words, the magnitude of 
the association (kon) and dissociation (koff) rate constants of 
the drug molecule quantifies how well it binds to the protein 
(binding affinity). These values can influence the measured 
potency (IC50, half-maximal inhibitory concentration) under 
experimental conditions as described by the Cheng-Prusoff 
equation. Covalent drugs, on the other hand, possess 

reactive electrophilic handles called warheads that modulate 
the target protein via chemical transformation at the 
complexation site. Their mechanism of action involves a two-
step process (Figure 1b and c) starting with recognition and 
binding of the molecular scaffold to its complementary site. 
This resulting complex is reversible in nature, and the on and 
off kinetics are defined by kon and koff. This is followed by a 
covalent interaction of the reactive moiety with a 
neighbouring amino acid on the protein (cysteine, lysine etc.) 
which is a nucleophilic residue.23,24 An appropriate 
orientation of the reactive handle and its accessible 
placement near the side chain is required for a successful 
adduct formation which can be stable for hours or days. This 
second step can lead to either a reversible or an irreversible 
covalent adduct (expanded upon in section 3.1). In case of 
irreversible covalent drugs, the second step is represented 
by the maximal rate of inactivation (kinact) under ligand 
saturation condition, calculated using concentration-
dependent inhibition assays.25 The term [kinact/Kirr] (called 
inactivation efficiency) is the quantifiable metric generally 
preferred over IC50 for comparing the potency of these 
molecules (where Kirr is the global equilibrium constant).26 
This is because, unlike non-covalent binding, irreversible 
covalent inhibition is a mechanism-based pharmacology and 
therefore, the apparent IC50 value is now no longer time-
independent. Both affinity and reactivity needs to be 
characterized individually so these parameters can be better 
adjusted for covalent drug design.25 Usually, this is directly 
measured via covalent labelling using mass spectrometry or 
indirectly, with time-dependent continuous assays.27 In 
general, covalent and non-covalent drugs  can regulate 
target proteins via different mechanisms: inactivation of 
enzymes by out-competing native ligands or blocking 
catalytic amino acids, disruption of protein-protein 
interactions, mimicking messenger molecules to activate or 
inhibit receptors, degradation of misfunctioning proteins or 
binding to allosteric sites that lead to conformational 
changes in the protein.28, 29, 30, 31 While a non-covalent drug 
can readily dissociate from its protein binding site, the 
covalent mode of binding, affording a longer residence time, 
makes the drug molecule, to all intents and purposes, an 
integral part of the protein. Due to the stable linkage formed 
in the second step, the duration of action is prolonged. It 
follows that any structural impacts on the protein caused by 
this mechanism may be more pronounced and persistent 
compared to the non-covalent binding mode.
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Kirr = Keq+ kinact/kon

kon
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koff

Keq = koff/kon

kinact

kon

koff

kfr

Krev = Keq ÷ (1+ kfr/kbr)

kbr

a

b

c

Figure 1. Schematic illustration and overview of the kinetics of three types of 
mechanisms for: a.) non-covalent inhibitors, b.) irreversible covalent 
inhibitors, c.) reversible covalent inhibitors. Orange bean: target protein, grey 
circle: drug molecule, yellow triangle: target residue, red box: warhead.  
Adapted from Reference 21. 

2.1.2. Significance in drug discovery and historical 
perspective: 
The main foci of drug development programs are to 
strengthen the interaction between the target protein and 
the drug candidate as well as to reduce potential off-target 
effects, which influences the drug’s pharmacodynamic 
profile.32,10 Caution should be adopted when comparing 
binding affinities (Kd) and IC50 values in the context of non-
covalent versus covalent inhibitors, because Kd’s and IC50’s 
are time-dependent parameters. The preferred parameter 
for covalent inhibitors is kinact/Kirr, since this is a time-
independent parameter.33 Installing a warhead onto a non-
covalent inhibitor may enhance the inhibition of a target 
protein, but it may not. The latter outcome may be due to 
too short of an incubation time in the assay to permit the 
covalent bond to form. Or equally possible is that if the 
covalent bond does form, perhaps, due to an inaccurately 
positioned warhead, the interactions from the non-
covalent portion of the drug have become somewhat 
compromised. In general, time permitting, an 
improvement in inhibitory potency would be expected 
with a congener of a non-covalent inhibitor in which a 
suitably reactive and appropriately positioned electrophilic 
warhead has been installed.34 Since the formation of a 
covalent bond will result in an increased residence time, it 
is further expected that a covalent inhibitor will yield a 
sustained inhibition of its therapeutic target.

Historically, drug discovery efforts have been 
predominantly focussed on non-covalent drugs over 
covalent drugs on account of toxicity concerns, selectivity 
issues and resistance mechanisms that are often observed 
for covalent moieties.35 Whether through rational design 
or high-throughput screening, non-covalent drugs have 
been long established as effective therapeutic strategies 
and often used as starting points for covalent drug 
design.36,37 Even if a non-covalent drug binds non-

specifically to proteins other than its target, the low affinity 
ensures that it gets dislodged before any side-effect can 
manifest.38 The warheads on covalent drugs, on the other 
hand, inherently achieving longer residence times, may be 
susceptible to off-target reactivity that might cause an 
immune response, other toxic side effects as well as reduce 
drug availability at the target site.39,40 For example, 
cysteine-reactive species might bind to high 
concentrations of intracellular glutathione or other 
proteins with hyper-reactive cysteines.41 Nevertheless, 
covalent drug approvals have significantly increased in the 
last decade with many covalent inhibitors reaching 
blockbuster status.42,43 Additionally, proteomic screenings 
during early developmental phases and toxicity screenings 
during pre-clinical trials can help eliminate compounds 
with indiscriminatory reactivities.44 Many covalent drugs 
like aspirin and penicillin were discovered serendipitously 
over a century ago, where their mechanism was not 
clinically validated until much later.11 A more targeted 
approach in medicinal chemistry efforts for covalent drug 
design (targeted covalent inhibition) became more popular 
in recent years supported by advancements in structural 
biology techniques, proteomics studies, bioinformatics and 
computational biology methods.45,46,47 Pharmaceutical 
companies began actively pursuing covalent mechanisms 
(non-equilibrium binding) of inhibition in the early 2000s, 
especially for targets like BTK, KRASG12C and EGFR.48 Recent 
success stories include the development of well-tolerated 
covalent inhibitors against challenging drug targets such as 
Ibrutinib (BTK) and Sotorasib (KRASG12C)49,50. The main 
advantages of covalent drugs are their high potency and 
prolonged residence time at the target binding site 
(smaller koff values) which reinforces the modulatory action 
of the molecule.51 This, in turn, reduces their dosage 
requirements during formulation and improves patient 
compliance, which can be a liability for non-covalent 
drugs.11,52 While non-covalent drugs rely heavily on the 
affinity component to drive the interaction, covalent drugs 
need not be very high-affinity ligands as long as the 
covalent bond formed is selective and rapid, which can 
ultimately influence the overall efficacy of the drug.53,54 
Furthermore, ‘undruggable’ proteins which do not have 
deep grooves needed for non-covalent drug docking, can 
still be effectively latched onto by covalent inhibitors via 
strategically-selected surface-exposed residues.9,55 As of 
now, there are more than 50 covalent inhibitors either 
approved or in clinical trials, in different disease states such 
an cancer, infections, immune, cardiovascular, 
gastrointestinal or CNS disorders.48,56 This number is 
predicted to increase as the value and interest in these 
innovative chemistries rises both in academic circles as 
well as pharmaceutical companies.52,57 

3. Irreversible Versus Reversible Covalent Inhibition

3.1.1. General Overview
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As previously mentioned, both irreversible and reversible 
covalent inhibitors exhibit a temporary equilibrium state 
(Keq) in the initial binding stage followed by the formation 
of a drug-protein covalent conjugate. The adduct formed is 
permanent in the case of irreversible covalent binders; the 
modified protein will need to be re-synthesized. This can 
be especially useful the in case of undruggable protein 
targets like KRAS that employ highly competitive 
endogenous ligands (GDP/GTP) with tight affinities and 
sub-millimolar cellular concentrations.58 Similarly, this 
long-standing bond formation can be beneficial for 
‘selective’ drugging of specific kinase isoforms via non-
catalytic amino acids at their ATP-binding pockets.59 For 
reversible covalent binders, on the other hand, this 
covalent bond formed is short-lived as the bond formation 
can be reversed, effectively releasing/regenerating the 
protein.60 The rate of this reversal (dissociation) step can 
be controlled based on the chemistry of the warhead and 
the protein microenvironment around it.48 For example, 
introducing a nitrile group at the α-position of an 
irreversible acrylamide moiety can not only increase its 
reactivity but also render the warhead’s conjugation 
chemistry reversible.61 Similarly, the orientation of the 
target amino acid and its protonation state due to the local 
pH of the binding site, steric factors as well as nature of the 
other interacting residues can play a significant role on the 
reaction rate.39 From a kinetics perspective, the difference 
in the covalent adduct formation step can be explained in 
terms of the reaction rate constants. For an irreversible 
binder, the first order rate constant (kinact) describes a full 
neutralization of the bound target (Figure 1b) which is 
incorporated into the equilibrium constant (Kirr). The 
function of the protein cannot be restored unless it is 
resynthesized in the cell. In the case of a reversible 
covalent entity, a secondary equilibrium chemistry is 
established, represented by the forward and backward 
reactions (kfr and kbr, respectively) which is included in the 
global equilibrium constant Krev (Figure 1c). Significant 
advances in reversible covalent inhibitors have been made, 
fuelled by advances in electrophilic warhead chemistries.62 
Recent examples for FDA-approved reversible covalent 
drugs include Paxlovid (nirmatrelvir), a SARS-CoV2 
protease inhibitor and Voxelotor, a haemoglobin inhibitor 
for sickle cell disease.63,64,65 According to the Drug Hunter’s 
site, Paxlovid was voted 2021 Small Molecule of the Year 
by the drug development community, largely edging out 
non-covalent inhibitors like MRTX1133 (KRASG12D) and KB-
0742 (CDK9).47 

3.1.2. Target Residues and Reactive Electrophilic Warhead 
Partners
Covalent inhibitor interactions can be grouped under three 
most common classes based on their mechanistic schemes: 
nucleophilic addition, addition-elimination and 
nucleophilic substitution.66 These chemistries can show 

differing levels of reactivities and specificities based on the 
electrophilic warhead and nucleophilic target residue  
partner.67 Different nucleophilic amino acids are selected 
based on their reactivities and accessibilities on the target 
proteins (Figure 2).68 These residues may even be involved 
in enzymatic catalysis or may be a drug-resistance inducing 
mutation. Cysteine is the most commonly targeted residue 
due to the high nucleophilicity of its thiol group, unique 
redox activity, frequent role in catalysis and/or poorly 
conserved nature lending selectivity to the target 
isoform.23 However, due to its low occurrence in drug 
targets, other residues (such as lysine, serine, threonine, 
tyrosine, histidine) that show higher prevalence in the 
proteome are gradually receiving more attention.69 
Electrophiles on the warheads can be fine-tuned to 
preferentially engage specific amino acids and there are a 
multitude of functional groups to choose from when 
deciding the type of chemistry required (reversible or 
irreversible).60 These include acrylamides, haloacetamides, 
epoxides, sulphur (VI) centres, phosphorous centres, 
enones, cyanoacrylamides, nitriles, aldehydes or ketones, 
boronic acids centres like ortho-CHO-phenylboronic 
acids.62 (Figure 2).     

Figure 2. General structures of irreversible and reversible covalent warhead 
chemistries with their complementary reactive amino acid targets. X = Cl, 
Br, I.

3.1.3. Irreversible versus Reversible Covalent Inhibitors
As mentioned in previous sections, irreversible covalent 
inhibitors have the potential for high selectivities and 
potencies for their targets due to long-lasting duration of 
action, ability to bind shallow surface grooves and out-
compete high affinity native ligands.56,70 However, this is 
also accompanied with concerns regarding adverse side-
effects on accounts of their indiscriminate reactivities with 
off-target nucleophiles as well as on-target toxicities.71,72 
Reversible covalent drugs, on the other hand, are 
essentially designed to combine the strengths of covalent 
(longer residence time) and non-covalent drugs (weaker 
off-target binding through reversibility).73,74,75 By 
controlling the kinetics of the warhead of the inhibitor by 
introducing modifications on its chemistry, researchers are 
aiming to strike an optimum balance in the residence time 
of the binder with the on-target or off-target 
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biomolecule.40,76 Namely, in case of on-target binding,  
with the initial association of the drug with the protein 
being cooperatively driven by non-covalent interactions 
(hydrogen bonding, hydrophobic effects), the association 
constant kon  need not be very fast. The overall uncoupling 
process between the drug and target, however, should be 
slow so that there is sufficient time for the molecule to be 
efficacious in the bound form (increased residence time), 
based on the turnover rate of the protein.27,76 On the other 
hand, for  weak or unsuitable interactions such as in case 
of off-target binding, the dissociation should be fast, i.e. 
the covalent bond should quickly disconnect and the 
molecule should detach. This ensures that associated 
toxicity issues are mitigated, thus improving the safety 
profile of the drug molecule.

Overall, the covalent mechanism of action (whether 
reversible or irreversible) can offer many pharmacological 
benefits and has been shown to exhibit immense potential 
to access a wide variety of both druggable and undruggable 
targets. To further solidify the advantages offered by these 
modalities, it is imperative to investigate ways in which 
they modulate target protein conformation – which could 
impact their binding affinity and selectivity. Therefore, the 
case studies discussed in the next section will be examining 
specific covalent inhibitors and their impact on protein 
structure. Structural changes may include induction of 
hidden cavities called ‘cryptic pockets’ in the protein body 
that are not apparent in the apo form – can be an 
favourable attribute for undruggable targets from a drug 
discovery perspective.77 This may manifest through side-
chain or loop movements, or even domain rearrangements 
due to interaction of the molecule with classical binding 
sites. Broadly, in this review, these drugs have been 
categorised into three sections: active site binders 
indicating drug molecules that  orthosterically compete 
with natural ligands for their binding site and influence the 
target protein function; protein–protein interaction (PPI) 
inhibitors, wherein low-molecular-weight ligands are 
fashioned to target the PPI interface; and allosteric 
inhibitors encompassing drug molecules that bind to 
alternate sites on the protein surface that indirectly 
modulate its function through conformational 
adjustments. 

4. Methodological Approaches: Role in Structural 
Dynamics and Comparison
Whether a protein exhibits local structural rearrangements or 
allosteric changes due to ligand binding, these alterations can 
have important functional and biological consequences. 
Different biophysical methods are employed to evaluate these 
changes for target validation and drug discovery.78 X-ray 
crystallography is one technique heavily relied on to obtain a 3D 
visualization of the protein–ligand bound structure, modeled 
based on its electron-density maps.79 For covalent drugs, this 
technique helps provide atomic level details of the exact 
location and orientation of the covalent bond, whether it is 
formed or not, and the residues involved in the adduct 

formation in addition to other structural information.80 
Fragment-based covalent drug design often use high 
throughput X-ray crystal structure information by screening 
electrophilic fragment libraries to identify and improve on the 
affinity of the binder through structure-based 
optimization.81,82,83 Unexpected structural changes can be 
observed during these screenings that can leveraged for drug 
design. A recent success story is the development of Sotorasib 
(Fig 10) – where co-crystal structure information of a previously 
unrecognized cryptic pocket on KRASG12C was exploited in the 
development of this highly potent inhibitor with favorable 
ADME properties.84 The Schrödinger SiteMap program is a tool 
that uses crystal structure information to predict druggability of 
a target protein binding site based on computational scores.85 A 
recent study using this program found that ligand-binding 
initiated conformational changes in some proteins that 
significantly improved its druggability score compared to its 
ligand-free state.86 Nonetheless, large sample requirements and 
the need for high quality crystals for X-ray crystallography can 
be a significant bottleneck for this process. Additionally, this 
method does not yield any dynamic information with respect to 
the binding process which could be crucial for covalent drug 
development.87 HDX-MS can work around these issues and 
provide information at peptide-level resolution based on 
changes in solvent exchange rates upon ligand binding, and 
associated domain movements.88,89 Fluctuations in the solvent 
accessibility of the binding site or otherwise, can give a 
comparative view of the exact regions in the protein involved in 
ligand interaction or even mechanism of inhibition.90,88 

Cryptic pocket formation upon ligand binding, as discussed in 
some of the case studies, were mostly discovered through 
serendipity.91 However, having prior knowledge of these 
‘hidden’ cavities holds great untapped potential in drug 
discovery.92 While biophysical techniques like X-ray 
crystallography may not always provide sufficient information 
about the presence of cryptic sites in the ‘static’ ligand–bound 
protein structure, MD simulations can serve to account for that 
protein flexibility under different physiological conditions and 
be utilized to model these novel binding events along with 
predicting its kinetics.93,94,95 Conventional MD simulations, 
however, may not explore all possible protein conformational 
changes quickly enough, but enhanced sampling techniques can 
help accelerate this by searching through multiple metastable 
states of a protein and identify its relevant druggable 
conformations.96,97 For a more in-depth overview of current 
advances in computational modeling methods for exploring 
cryptic pocket formation in drug targets, the reader is 
encouraged to read a review by Bemelmans and co-authors.98 
In case of allosteric binders, there is no immediate correlation 
between affinity and efficacy of the drug – thus making it 
challenging to evaluate and optimize using classical docking 
approaches. MD simulations have been combined with machine 
learning to bridge this gap by relating the functional effects of 
allosteric inhibitors with protein dynamics.99 Principal 
Component Analysis (PCA) is a dimensionality reduction 
technique that can be applied to MD simulation datasets to map 
the trajectory of protein dynamics and discern movement 
patterns that could be missed through direct observation.100 
However, virtual screening depends on high-quality structural 
information which may not be available for many therapeutic 
targets. In such cases, AlphaFold (an artificial intelligence 
program) can be used to provide initial predictions of the 
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protein structure (but may or may not be active state).101 
Combining this with MD simulations and deep learning have 
helped identify previously unknown binding sites for allosteric 
ligands, in addition to exhibiting positive correlation between 
the compound’s predicted affinities and experimental 
potencies.102 

Table 1: Summary of Case Studies

Finally, cryo-EM is another high resolution technique that can 

reconstruct the 3D structure of a flash-frozen protein-ligand 

complex based on images taken at different angles.103 Time-
resolved cryo-EM elevates this method by incorporating a 
dynamic visualization of different intermediate states of a 
protein captured across different time points in a biochemical 
process.104 This can potentially provide insights into ligand or 
drug-induced transitional changes in a protein structure – 
whether through cryptic site formation or long range allosteric 
effect, and guide structure-based optimization. However, low 
throughput nature of cryo-EM, instrument costs along with 
limited resolution could be a setback to easily incorporating this 

method into drug discovery pipeline.103
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5. Case Studies 

As introduced in Section 2.1.2, while it is predicted that the 
formation of a covalent bond should improve the affinity of the 
ligand for its target protein, the specific parameter used to 
confirm that should be kinact/Kirr, which is time-independent, 
rather than the time-dependent IC50 or Ki data – consideration 
of the latter can be, at best, ambiguous or, at worst, 
misleading.105,54 In the case studies of covalent inhibitors that 
follow, we have provided control data for the non-covalent 
counterparts, where it was available. Aside from improved 
affinities, a covalent inhibitor is always expected to yield 
sustained inhibition. Further, a covalent inhibitor may be able 
to trap a transient state within a protein’s “breathing” 
motions/structural dynamics wherein an ensemble of 
populations are sampled, and this may result in the discovery of 
a cryptic pocket.91,106 The corresponding non-covalent inhibitor 
would not be capable of trapping such a transient state, and 
thus would not be expected to bind as tightly, if at all. Moreover, 
any inhibition would not be sustained. 

We have surveyed the literature and identified a small number 
of covalent inhibitors that have accompanying structural data 
that describes specific changes induced to the proteins; these 
are summarized in Table 1, and then elaborated below. To the 
best of our knowledge, there are no reports of inhibitors 
carrying boronic acid/boronate reversible covalent warheads 
eliciting changes in protein structure. However, given their 
prevalence, and their significance in the FDA-approved multiple 
myeloma drugs bortezomib and ixazomib, we considered this 
class too significant to be omitted.107 Further, a co-crystal 
structure has been solved of the adenosine A1 receptor (A1-AR) 
–  a G-protein-coupled receptor (GPCR) that plays vital roles in 
cardiovascular, renal and neuronal processes –  bound to the 
selective covalent antagonist DU172 whose arylsulfonyl fluoride 
warhead reacted with Tyr271. However, to the best of our 
knowledge, this is the only reported high-resolution structure of 
A1-AR;108 there is no apo crystal structure. Thus it is not clear 
specifically what impacts the covalent binding interaction had 
on the structural dynamics of the A1-AR GPCR; given this 
uncertainty, this example will be presented in the Table only. 

We begin with covalent and reversible covalent inhibitors 
inducing the formation of cryptic pockets by reaction with the 
protein active site (Section 5.1) or the protein surface (Section 
5.2) and we discuss how these pockets may be leveraged in drug 
discovery. The third part of our case studies deals with allosteric 
inhibitors (Section 5.3) that cause protein structural 
reorganizations.

5.1. Cryptic Pockets: Active Sites

Cryptic pockets are binding pockets that become apparent 
only upon small molecule ligand or drug binding, and these 
can be leveraged in targeting “undruggable” proteins 
and/or achieving selectivity.98 These phenomena appear 
less commonly in enzyme active sites, and are more 
prevalent at protein surfaces.77,109 In the case of the 
former, the cryptic pocket is more likely to be already 
present, and is just occluded, while in the latter, it may be 
completely absent. Structural dynamics of protein active 
sites are limited, likely owing to the requirement to 

maintain an ordered well-defined pocket or cavity to 
ensure catalytic efficiency and selectivity.122,123 We begin 
with enzyme active sites: SARS-CoV2 MPro, a protease, and 
JAK3, a kinase.

5.1.1. Case Study 1: SARS-Cov2 MPro

The main protease MPro of SARS-CoV2 virus is a cysteine 
hydrolase involved in the processing of viral polyproteins 
that subsequently regulate transcription, replication and 
other pathways necessary for the survival of the virus.110 
Lack of such protease homologs in the human proteome 
makes MPro an accessible target for selective inhibitors 
with minimal host side effects.111 The protein exist as a 
dimer (protomers A and B), each with three subdomains 
(D1, D2 and D3). The crevice created between the D1 and 
D2 domains forms the substrate-binding site and contains 
the catalytic dyad residues Cys145 and His41; while the D3 
domain is responsible for the dimerization of the 
protein.112 This dimerization is essential for enzymatic 
activity through stabilization of the catalytic sites.113 Joshi 
and colleagues used an automated deep learning workflow 
for high-throughput virtual screening of covalent inhibitors 
to identify potential hits for the MPro active site.114 This AI-
driven approach coupled with in silico docking strategies 
generated multiple candidates that were further validated 
by native mass spec and FRET studies. Four hit compounds 
with chloroacetamide warheads were confirmed to 
covalently modify the protein by intact mass spectrometry 
(MS). The most potent hit 1 (Figure 3A) exhibited the 
highest inactivation efficiency kinact/Kirr of   ̴4460 M-1s-1 
(highest kinact and lowest Kirr compared to other hits) 
derived from fluorescence-based saturation kinetics 
experiment. In the X-ray co-crystal structure with this 
molecule, the site of derivatization was revealed to be 
Cys145; in addition, the carbonyl group of the warhead 
formed H-bond contacts with the backbone amides of 
Cys145 and Gly143 lining the oxyanion hole ((PDB ID: 8DLB; 
Figure 3C)). Two lipophilic sub-pockets S2 and S4 lined by 
Met49, Met165 and Leu167 which are partially blocked by 
these side chains in the apo form of the protein, was seen 
to be exposed by steric interactions with the phenyl ring of 
compound 1 (Figure 3C), relative to the apo protein (Figure 
3B; PDB ID: 7CAM). It is presumed the authors purchased 
and evaluated the racemic form of 1; however, since the 
(S)-enantiomer is the isomer that co-crystallized with MPro, 
it may be of interest to synthesize and biologically evaluate 
(S)-1. The opening of this cryptic site  is more dramatic for 
native peptide substrates and peptide-based inhibitors; 
this significant malleability makes sense given that SARS-
CoV2-MPro has 11 endogenous cleavage targets.47,115 

Page 7 of 24 RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 9

:3
9:

50
 A

M
. 

 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
DOI: 10.1039/D5CB00230C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00230c


REVIEW RSC Chemical Biology

8 | RSC Chem. Biol., 2025, 00, 1-3 This journal is © The Royal Society of Chemistry 2025

Please do not adjust margins

Please do not adjust margins

Figure 3. A. Chemical Structure of the  SARS-CoV2 MPro inhibitor; SARS-CoV2 
MPro B. apo protein (PDB ID: 7CAM; C. co-crystallized with 1 (PDB ID: 8DLB). 
For clarity, only one protomer is shown.

5.1.2. Case Study 2: Janus Kinase 3 (JAK3)

In the previous case study, two rather subtle cryptic 
pockets were revealed with the opening up of the S2 and 
S4 sub-pockets in the presence of an irreversible inhibitor. 
Sometimes, the cryptic pockets observed may be de novo 
pockets, rather than the expansion of existing smaller 
pockets, as was observed with some reversible covalent 
inhibitors of the JAK3 kinase active site developed by 
Oxford University’s Structural Genomics Consortium. 
Janus Kinases (JAK) are a family of homologous cytosolic 
kinases (JAK1/2/3 and TYK2) that function in close 
association with cytokine receptors and regulate various 
crucial signal transduction pathways including immune-
regulation. Aberrations in JAK-mediated pathways have 
been implicated in hematologic cancers and immune 
disorders.116 Compared to its other kinase isoforms, JAK3 
is of unique therapeutic interest for selective inhibition, 
because of its localized expression in the lymphatic system 
and bone marrow, which can potentially abrogate off-
target effects.117 Furthermore, JAK3 structurally differs 
from JAK1/2 in the availability of a solvent-exposed 
cysteine (Cys909) near the ATP-binding site. This was 
leveraged by Forster and colleagues towards the design of  
selective covalent inhibitors against JAK3 starting with a 
tricyclic 1,6-dihydroimidazo[4,5-d]pyrrolo[2,3-b]pyridine 
scaffold like that in compounds 2-7 (Figure 4).84,118 Their 
initial designs  with irreversible acrylamide-based 
warheads installed at the imidazole C2 position of parental 
compound 2 did not yield significantly potent inhibitors, 
e.g. compound 3: IC50 = 548 nM. Tuning the reactivity of 
their warhead, they switched to the more electrophilic (but 
also reversible) α-cyanoacrylamide-based handle,119 
arriving at compound 4a (FM-381, Figure 4), which showed 
remarkable inhibition of JAK3 kinase activity (IC50 = 127 
pM) and excellent JAK3  selectivity (400-, 2700- and 3600-
fold over JAK1, JAK2 and TYK2, respectively).84,118 
Additionally, kinetic analysis from a reporter displacement 
assay showed that 4a had a high on-target residence time 
of 50 min for JAK3 compared to < 1.4 min on JAK1, JAK2 

and TYK2. When 4a and its analogue 4b were tested 
against 410 other unrelated kinases, no significant effect 
was observed on their activities, especially for a set of ten 
kinases that possessed cysteines at a position equivalent to 
Cys909 for JAK3. The importance of the ability to form a 
(reversible) covalent bond was highlighted by inert 5 
displaying a moderate IC50 to JAK3 of 181 nM. High-
resolution X-ray crystal structures of compounds 4a and 4b 
complexed with JAK3 (PDB IDs: 5LWM and 5LWN, 
respectively) revealed formation of a new cryptic ‘arginine 
pocket’ on the protein surface, decorated with residues 
Arg911, Asp912 and Arg953 and occupied by the 
electrophilic warhead.118,120 In each case, the cyclohexyl 
group was lodged in the ATP-binding site.    

Figure 4. Chemical Structures of JAK3 inhibitors with the electrophilic warheads 
highlighted in red.

                                                                                                                                                                                                                                                                                                                                                                          

The nitrile component of the 4b warhead formed hydrogen 
bonds with Arg911 by fully rearranging its side chain 
orientation, while the Arg953 guanidine group was flipped 
by almost 180°, relative to the apo protein; when 
compared with 16 other available crystal structures of 
JAK3, they concluded that this distinct realignment of the 
Arg residues to form the cavity was a unique feature 
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caused by the covalent binding event. When comparing the 
co-crystal structures of JAK3–4b (Figure 5B (PDB ID: 
5LWN), with that of pan-JAK inhibitor 6 (tofacitinib, IC50 = 
3.5 nM; Figure 5A (PDB ID: 3LXK)) and compound 7, a non-
acrylamide analogue of 4a (IC50 = 130 nM; Figure 5C), the 
induced pocket in Figure 5B was seen to be distinctly 
absent and the two arginines exhibited the same poses for 
both molecules.120 In all these cases (4b, 5 and 6), the 
hydrogen bonding interactions of the indole-type scaffold 
with the hinge residues Glu903 and Leu905 backbones 
were retained. A clear bond formation between the α-
cyanoacrylamide moiety of compound 4a and Cys909 was 
not captured in the electron density maps.118 This could be  
due to the rate of reversibility of the covalent bond not 
being fully represented by the equilibrium binding poses 
captured by the crystallization process.121 The co-crystal 
structure of compound 4b, however, exhibited both the 
covalent and non-covalent modes of binding with Cys909 – 
thus validating the reversible binding mechanism for these 
molecules. Either way, based on the observations, it was 
clear that the induction of this polar cavity is largely driven 
by the connections introduced by the extended reversible 
covalent handle. Furthermore, they overlaid the sequence 
of the arginine pocket of JAK3 with the ten other kinases 
having a cysteine equivalent to JAK3 Cys909. One of the 
arginines (at Arg953) was mostly conserved across all the 
kinases and the Asp912 was replaced by other residues 
(Glu, Asn and Lys) at their corresponding positions in five 
of the kinases. Interestingly, it was found that Arg911 is 
unique to JAK3 – all the other kinases predominantly have 
leucine at this position, therefore unable to form H-bond 
contacts with the warhead nitrile group. It could be 
reasonably inferred that in addition to the cysteine bond 
formation,  the warhead’s interaction with Arg911 leading 
to cavity formation was another factor responsible for the 
high degree of kinome-wide selectivity demonstrated by 
compound 4a for JAK3. For these covalent and non-
covalent compounds, a comparison of their kinetic 
parameters such as on-target residence times may have 
helped further establish a correlation between the 
covalent bond and the induced pocket formed with their 
corresponding observed potencies and selectivities.

  

Figure 5. JAK3 protein co-crystallized with: (A) the non-covalent inhibitor 
tocafitinib (6; PDB ID: 3LXK);  (B) the covalent inhibitor 4b (PDB ID: 5LWN), 
yellow arrow highlights the cryptic “arginine pocket”; (C) 7, non-acrylamide 
analogue of 4a  (PDB ID: 6GLB).

5.2. Cryptic Pockets: Protein–Protein Interactions
While structural dynamics of protein active sites are 
limited,122,123 PPIs are far more dynamic and malleable, and 
this flexibility is presumably required to facilitate the 
recognition of the binding site on one protein by multiple 
other protein partners,124 as is the case in the BCL-2 family 
or proteins,125 and because of this cryptic pocket formation 
in the context of covalent inhibitors may be more 
profound, as has recently been observed with BFL-1, an 
anti-apoptotic protein of the BCL-2 family.

5.2.1. Case Study 3: BFL-1

The B-cell lymphoma 2 (BCL-2) is an extensive protein 
family comprising anti-apoptotic proteins (BCL-2, BCL-xL, 
MCL-1, BFL-1 and BCL-w) and pro-apoptotic proteins, 
which are sub-divided into multi-domain effector proteins 
(including BAX and BAK)  and BH3-only proteins (e.g. BID, 
BIM, NOXA, BAD, BIK).126 A complex web of interactions 
between these proteins help maintain a delicate balance 
between cell death and cell survival. In response to cellular 
stress signals, the pro-apoptotic proteins initiate the 
mitochondrial apoptotic pathway leading to programmed 
cell death.92 However, in case of tumorigenesis, there is an 
upregulation of pro-survival proteins that can disrupt this 
intrinsic pathway and help the cell bypass apoptosis. 
Towards the discovery of targeted anti-cancer 
therapeutics, the BCL-2 family has garnered a lot of 
attention,127 especially BCL-2 and BCL-xL,128 and, in the last 
decade, MCL-1.129,130 Indeed, the BCL-2 inhibitor 
venetoclax (Venclexta®) is now the standard-of-care for 
acute myeloid leukemia. On the other hand, BFL-1 (and 
BFL-w) is regarded as the “underdog” of the anti-apoptotic 
BCL-2 proteins, having received much less attention, 
although it is amplified in various types of cancer 
(leukemia, lymphoma, melanoma), and may contribute to 
therapeutic resistance,131 establishing BFL-1 as an 
attractive target for drug development.132 BFL-1 
predominantly associates with BH3-only members like 
BIM, BID and NOXA – where an amphipathic helical patch 
of 16-25 residues of the BH3 domain connects with a 
channel of hydrophobic pockets along the BH3-binding 
groove of BFL-1.133 In an attempt to selectively inhibit the 
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interaction between BFL-1 and the pro-apoptotic protein 
NOXA, the Walensky group capitalized on the presence of 
a unique cysteine residue (Cys55) in BFL-1 at its BH3-
binding interface to design a covalent peptide-based 
binder.134 Interestingly, their stapled peptide “D-NA-NOXA 
SAHB” carrying an acrylamide electrophile reacted with 
Cys55, generated a hydrophobic, cryptic binding pocket in 
the vicinity of the p1 sub-pocket of the BH3-binding grove 
(Figure 6), that may inform future drug design. This is 
reminiscent of Steven Fesik’s earlier work in the discovery 
of MCL-1 inhibitors, whereby an p2-localized cryptic pocket 
was revealed in the presence of hydrophobic phenols.135

Figure 6: (A) apo-BFL-1 (PDB ID: 5WHI); (B) BFL1 co-crystallized with D-NA-
NOXA SAHB (PDB ID: 5WHH), demonstrating the induction of a 
hydrophobic, cryptic pocket subjacent to Cys55.

Harvey et al. extended this strategy towards identifying 
potential small molecule-based alternatives to target the 
BH3-binding domain.136 They employed a disulfide 
‘tethering’ technology to screen a library of disulfide 
containing compounds against the BFL-1 protein.137 Intact 
MS and a competitive fluorescence polarization assay were 
used to verify the most potent binder, 4E14 (compound 8 
Figure 7) that derivatized Cys55 irreversibly in BFL-1 and 
exhibited an IC50 of 1.3 µM. They used 
hydrogen/deuterium exchange MS (HDX-MS) to study the 
conformational effects of this covalent derivatization on 
the protein structure by analyzing the hydrogen-deuterium 
accessibility/ exchangeability in the protein backbone 
amide Hs. They observed that after 10s of deuteration 
upon compound 8 treatment, the regions closer to the  
cysteine residue in the upper part of the canonical groove 
(lined by alpha helices α2 and α3) showed maximum 
protection due to initial interaction and shielding of the 
binding site. After 10 mins of deuterium exchange, 
however, this area of protection gradually  extended to 
include the α1- α2 loops and α4, indicating that the 
covalent engagement led to gradual reduction in structural 
flexibility of the binding groove and its surrounding 
connected regions. This experiment was repeated with a 
C55S-mutated BFL-1 to observe the differences in the 
absence of the disulfide bond formation with compound 8. 
Interestingly, a slight deprotection of the canonical groove 
upon binding was observed, which could potentially 
indicate an ‘opening motion’ of the α2 helical region 

initiated due to non-covalent docking of the molecule. This 
conformational displacement around the groove was 
previously observed in crystal structure determination for 
a covalent peptide binder of BFL-1 as well.138 X-ray 
crystallographic structure of the BFL-1/compound 8 
complex (PDB ID: 6VO4) also supported these 
observations. The indole component of compound 8 
docked into the deepest hydrophobic pocket called ‘p2’ in 
the BH3-binding groove which is normally occupied by a 
highly conserved leucine in all pro-apoptotic BH3 
proteins.139  It was predicted to interact with residues 
Val48, Leu52, Val74 and Phe95 lining the p2 pocket along 
with a Glu78, another unique residue that distinguishes 

BFL-1 from its other pro-survival sister 
proteins.133 The binding event also allowed the 
disulfide linker to access a cryptic pocket 
adjacent to the p2 site formed by Leu52, Leu56, 
Val74 and Phe95, followed by stabilization of 
the alpha-helical domains surrounding the 
binding region. This cryptic pocket is not formed 
in the case of interaction of a BH3-mimetic 
peptide with MCL-1, a  BFL-1 sister protein, 
which means this unique rearrangement may be 
selectively tailored for cysteine-based covalent 
targeting of BFL-1.138 Structural modifications 
on the indole component of compound 8 (L- to 
D-form, addition of a methyl group and 
replacement to naphthyl) led to reduction or 
loss in potency in cytochrome c release assay 
when compared to 8. Docking studies with these 
analogues also showed less favorable contact 

with the p2 and cryptic pockets. It would be interesting to 
further investigate if an inhibitor with more potent 
interactions with the BFL-1 pocket than compound 8 could 
lead to further stabilization of the helical domain. 

More recently, Lucas and coworkers  utilized a rapid mass 
spectrometry-based screening technology to identify 
acrylamide-based covalent binders of BFL-1, validated with 
a FRET-based competition assay to measure potency.140 
For one of the hits with poor potency (IC50    ̴23 µM), they 
were unable to acquire a resolvable crystal structure.141 
SAR optimization of this molecule improved its potency by 
4-fold (IC50 = 5.1 µM (kinact/Kirr = 18 M-1 s-1), compound 9, 
Figure 7) which facilitated the acquisition of a high-
resolution co-crystal structure (PDB ID: 9FL0); a covalent 
bond was observed between the acrylamide warhead and 
Cys55. Significantly, the para-chlorobenzyl group was 
found in the aforementioned hydrophobic cryptic pocket 
that had been previously observed by Walensky’s team 
with their stapled peptides.134,97 Further optimization 
initially focused on attempts to capture a hydrogen bond 
with Glu78, which yielded, among others, racemic 
compound 10a (Figure 7; IC50 = 0.48 µM, kinact/Kirr = 240 M-

1 s-1). As predicted from docking studies and the order of 
magnitude improvement in activity, the co-crystal 
structure of BFL-1 with compound ()-10a (PDB ID: 9FKZ) 
showed that the rac-3-aminocyclopentyl moiety engaged 
in an H-bond with Glu78 while maintaining the induction of 
the cryptic hydrophobic pocket –and the covalent bond 
with Cys55 that were observed with compound 9. Figure 8 
clearly shows this cryptic pocket in the BFL-1-10a complex, 
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whose formation was mainly ascribed to a shift of Phe95 
from an “in” position to an “out” position (cyan and grey, 
respectively, in Figure 8C). Next, 10a was further optimized 
by varying the para-chlorobenzyl group: compound 10b 
was their most potent with an IC50 of 0.022 µM (kinact/Kirr = 
4600 M-1 s-1). Subsequently, they also saw an improvement 
in cellular potency as judged by activation of caspase 3/7 
activity (EC50 = 370 nM for 10b). Interestingly, in the BFL-1 
co-crystal structure for compound 10b (PDB ID: 9FKY), in 
order  to accommodate the additional substituents on the 
benzylic group, the acrylamide warhead was observed to 
rotate in order to maintain the covalent bond with Cys55 
(when compared to the binding pose of 10a). Since the 
authors’ initial goal was to screen a library of warheads, 
their quest was focused on the discovery of covalent 
inhibitors; it does not appear that a non-covalent congener 
of 9-10b was prepared, so the benefit of the covalent bond 
formation with this inhibitor scaffold on BFL-1 inhibition is 
unclear at this time.

Figure 7. Chemical Structures of small-molecule BFL-1 inhibitors with the 
electrophilic warheads highlighted in red.

5.3. Allosteric Inhibitors

As with the malleability of protein surfaces at PPIs, it may 
be envisaged that allosteric binding sites on protein 
surfaces may likewise be flexible upon covalent ligand 
binding, generating cryptic pockets and/or structural 
reoganizations, without pocket formation, but which 
stabilize the protein-ligand complex. Highly flexible 
regions of the protein can mold into transient grooves (in 
specific functional states) and form novel interactions 
with the drug that have not been discovered before. 
Therefore, these dynamic regions should be examined 
more closely for potential movements that can be 
utilized for allosteric influence on protein activity or 
protein-protein interactions.

5.3.1. Case Study 4: KRASG12C

KRAS is a member of the oncogenic RAS family, 
functioning as a GTPase to control cellular proliferation 
and differentiation through enzymatic cycling of GDP-
bound ‘off-state’ and GTP-bound ‘on-state’.142 It is one of 

the most widely studied target in cancer research and 
has been considered to be ‘undruggable’ for several 
decades.143 The protein has three main domains: the 
effector domain involved in downstream interactions 
(RAF-MEK-ERK pathway), the hypervariable region and 
the allosteric domain – both involved in membrane 
interactions.144 The effector domain contains two 
structurally dynamic regions, switch I and II loops – both 
of which harbor residues that are involved in engaging 
with the γ-phosphate of GTP and a Mg2+ ion, which 
activates the protein to bind to regulatory partners.145 
Hydrolysis to GDP eliminates these interactions to 
restore the inactive state of KRAS. Mutations in KRAS 
(such as G12C) traps the protein in the on-state leading 
to constitutive activation of downstream signaling, 
making it a driver of several cancers such as colorectal, 
lung and pancreatic cancer.146

Picomolar affinity of GDP/GTP for KRAS renders the 
design of efficacious (and selective) drugs highly 
challenging, which is compounded by a scarcity of 
alternative druggable sites due to a relatively featureless 
protein surface.145 However, Shokat’s group recently 
discovered new “switch” pockets on the surface of 
KRASG12C that were found to undergo conformational 
shifts upon nucleotide binding and regulate effector 
interactions.147 Ostrem and colleagues found that the 
mutant cysteine (Cys12) was favorably positioned 
between the switch regions and was exploited in the 
screening of a disulfide-tethering compound library using 
intact protein mass spectrometry.81 One of their initial 
probes showing the highest degree of dose-dependent 
modification in the MS assay (compound 11, Figure 9) 
was co-crystallized with GDP-bound-KRASG12C (PDB ID: 
4LUC). Compound 11 was seen occupying a previously 
obscured allosteric site called the switch-II pocket (S-IIP), 
whilst in disulfide conjunction with the target cysteine. 
This groove was bordered by α2 (switch II loop), α3 
helices and central β-sheet. This S-IIP is only accessible in 
the GDP-bound protein and completely blocked in the 
active form. Further evaluation of the binding contacts 
between 11 and switch-II region revealed both 
hydrophobic and H-bonding contacts as well as the 
presence of additional sub-sites in the pocket which 
could be amenable to accommodating structural 
modifications.

To generate irreversible inhibitors with extended 
inhibitory activities and to avoid a sensitivity to cellular 
redox chemistry, they abandoned the reversible covalent  
disulfide warhead and shifted to irreversible covalent  

Page 11 of 24 RSC Chemical Biology

R
S

C
C

he
m

ic
al

B
io

lo
gy

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 9

:3
9:

50
 A

M
. 

 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
DOI: 10.1039/D5CB00230C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00230c


REVIEW RSC Chemical Biology

12 | RSC Chem. Biol., 2025, 00, 1-3 This journal is © The Royal Society of Chemistry 2025

Please do not adjust margins

Please do not adjust margins

designs, such as a cysteine-reactive vinylsulfonamide-
based warhead (12; Figure 9), as well as acryalmides. 
 

Figure 8: (A) A co-crystal structure of BFL-1 and compound 10a, and (B) a 
zoomed-in, transverse perspective (PDB ID: 9FKZ); (C) unsurfaced structures 
of apo BFL-1 (PDB ID: 5WHI; cyan) overlaid with PDB ID: 9FKZ (grey, ligand 
removed for clarity) highlighting the shift of Phe95 and its role in the 
hydrophobic cryptic pocket formation.

While reversible covalent disulfide 11 exhibited subtle 
rearrangement of the switch-II region to form S-IIP with 
minimal influence on the switch-I site, it was shown that 
irreversible inhibitor 12 displaced residues forming the S-
IIP to a greater degree, as observed in the KRASG12C–12 
co-crystal structure (PDB ID: 4YLF; Figure 11B, compare 
with GDP-bound KRASG12C (Figure 11A)). This in turn 
introduced partial disorder in the switch-I region while 
the electron density for Mg2+ (required for effective GTP 
binding) was also not detected. Therefore, it is predicted 
that by indirectly preventing GTP-binding, these 
compounds not only favored the GDP-bound state of 
KRAS but also reduced its affinity to effectors such as Ras. 
This allosteric rearrangement in an otherwise 
‘undruggable’ protein surface was not only crucial for 
inhibitor library screening and the SAR process but also 
necessary in tilting favor of KRAS towards its inactive 
state. 

Building from Shokat’s work, Patricelli et al. designed a 
potent acrylamide-based covalent inhibitor ARS-853 
(compound 13, cellular IC50 1.6 µM, Figure 9) was 
selective to GDP-bound KRASG12C but did not interact 
with the GTP-bound form.148 In the co-crystal structure 
of GDP-bound KRASG12C–13 (PDB ID: 5F2E; Figure 11C), 
this compound occupied the S-IIP, while being covalently 
bound to Cys12. Rotation of the α-2 helix allowed the 
hydrophobic S-IIP to harbor the phenyl ring where the 
chloro- and cyclopropyl groups made van der Waals 
contacts. The hydroxyl group on the phenyl ring and the 
warhead carbonyl formed H-bonds with residues Asp69 
and a conserved Lys16, respectively. The mechanism of 
inhibition proposed by these authors  further solidified 
the observations by Ostrem et al.81 Based on a 
combination of structural and biochemical evaluations, 
they discovered that the electrophilic warhead moiety of 
ARS-853 was positioned in the groove that was typically 
occupied by the terminal phosphate group of GTP, which 
explained the compound’s lack of preference for the 
GTP-bound active form. They also suggested that there 

was cooperative interaction between the inhibitor, GDP 
and Mg2+ ion which stabilized the GDP-bound form of 
KRASG12C and prevented subsequent GDP-to-GTP 

exchange. The 
switch-I and -II loops 
were also seen to be 
more 
conformationally 
stabilized when 
compared to their 
more disordered 
nature in the active 
form of KRAS. Lack 
of structural 
mobility of the 
switch regions 
could, therefore, 

interfere with effector binding and consequently, deter 
downstream signaling. Although ARS-853 showed low 
micromolar potency in cells, it did not show suitable 
chemical stability in mouse models. Janes and coworkers 
wanted to further improve the pharmacokinetic 
properties of ARS-853, namely its metabolic stability and 
quick kinetic sampling to ‘capture’ the GDP-bound 
KRAS.149 Replacement of the chlorophenol in the ARS-
853 series with a rigid quinazoline scaffold yielded 
second generation compound, ARS-1620 (compound 14, 
Figure 9) with substantial improvement in potency in 
both biochemical and cell-based assay. Interestingly, 
only the S-conformational atropisomer form of ARS-1620 
showed this high degree of activity, with the R-
atropisomer form being completely inactive in 
biochemical assays. The S-atropisomer exhibited the 
same mode of engagement in crystal structure (PDB ID: 
5V9U; Figure 11C) as the previous inhibitors – trapping 
the GDP-bound protein in an inactive state. Upon 
comprehensive in vivo and in vitro evaluation, ARS-1620 
was considered to be the first potent and selective 
covalent inhibitor of GDP-bound KRASG12C with favorable 
ADME properties. However, the oncogenic mutations in 
KRAS stabilize its GTP-bound form, not the GDP-bound 
state which was being singly targeted by the previous 
KRAS inhibitors. 

 

Figure 9. 
Chemical Structures of KRAS-G12C inhibitors with the electrophilic warheads 
highlighted in red.
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Continued optimization of 14 by Canon and colleagues, 
yielded acrylamide-based lead candidate AMG510 
(Sotorasib, 16, Figure 9) which was the first KRASG12C 
inhibitor to proceed to clinical trials and was approved in 
2021 for the treatment of non-small cell lung 
cancer.150,84Last, the inert/saturated, propionamide 
congeners of 14 and 16, 15 and 17 (Figure 9), 
respectively, were unremarkable inhibitors149 There are 
multiple other examples of allosteric as well as direct 
inhibitors of KRAS in literature. The reader is directed to 
an excellent review article by Chen et al. with 
comprehensive analysis and extensive structural details 
of these inhibitors for further information.144 

Figure 10. KRAS-G12C, with Cys12 (yellow), Switch I (blue) and Switch II 
(cyan) regions highlighted; ligands, green (coloured by atom type); GDP, 
white (coloured by atom type): (A) co-crystallized with GDP(PDB ID: 
4L8G); co-crystallized with (B) 12 (PDB ID: 4LYF); (C) 13 (PDB ID: 5F2E), 
Mg2+ cation, magenta sphere.

5.3.2. Case Study 5: MCL-1

As introduced earlier, MCL-1 is an anti-apoptotic member 
of BCL-2 family of proteins that regulates programmed cell 
death.151 MCL-1  sequesters pro-apoptotic BCL-2 proteins 
through capturing their BH3 domains within its BH3-
binding groove. This prevents the activation of the 
downstream mitochondrial caspase pathway, thereby 
inhibiting apoptosis.152 The BH3-binding region is a 
hydrophobic groove formed by multiple helices (α2, α3, 
α4, α5) which exhibits differing levels of affinity to its pro-
apoptotic partners.153 MCL-1 is a promising drug target 
because of its overexpression in various malignancies such 
as skin, lung, blood and cervical cancers and also due to its 
implication in drug resistance,154,155,156 accordingly, a large 
number of medicinal chemistry programs have been 
developed towards the discovery of MCL-1 
therapeutics.129,130  Lee et al. performed a competitive 
small molecule library screening against a complex 
between MCL-1 and a stapled peptide BH3-domain mimic 
(SAHBA).157, 158 They identified a potent aryl sulfonamide-
based irreversible inhibitor, compound 18 (MAIM1, Figure 
11) that showed an IC50 of 15 nM (competitive 
fluorescence polarization assay), and which covalently-
engaged a cysteine residue (Cys286); this was confirmed 
with a C286S mutant that was not derivatized with MAIM1. 
Interestingly, this residue was located on the opposite face 

of the canonical BH3 binding groove and, therefore, 
inhibited the complex via allosteric changes in MCL-1. They 
used HDX-MS analysis to assess the effect of complexation 
between MCL-1 and a BID BH3-peptide with and without  
conjugation. They monitored both the regions around the 
Cys286 as well as the BID peptide binding site and how they 
were protected against deuterium uptake, relative to 
unbound protein. In the case of only MAIM1 interaction 
with MCL-1, only slight protection was detected in the 
areas adjacent to where the inhibitor bound (the N-
terminal α3- α4 loop region of α4 helix). However, in the 
case of the BID BH3-peptide interaction with MCL-1, a 
more extensive protection was observed that extended 
along the canonical groove (α3, α4 and α5 helices) and to 

some extent, the α6-helix that harbored Cys286. Finally, in 
the case of the BH3-peptide binding to MCL-1 after pre-
treatment with MAIM1, the deuterium exchange rate in 
the canonical groove increased compared to the peptide 
alone. This suggested that the small molecule binding 
event allosterically altered the distal canonical site 
preventing the BH3-peptide from engaging. Similar results 
were observed with a C286W mutant, wherein the 
tryptophan mimicked the bound quinone moiety of 
MAIM1. The authors also performed MD simulations to 
assess the protein flexibility upon MAIM1 binding – an 
RMSF plot analysis showed a decrease in structural 
flexibility of MCL-1 around the BH3-binding groove. 
Previously, there had been evidence of the BH3-binding 
domains of anti-apoptotic BCL-2 proteins (like BCL-XL and 
MCL-1) exhibiting different extent of adaptability to ligand 
interactions.127,134,140,159 In other words, the structural 
plasticity of these proteins induced the required secondary 
structure folding needed in its α-helical binding partners to 
boost their binding contacts in the BH3 domain. Lee et al. 
hypothesized that the covalent derivatization of the 
Cys286 altered the flexibility of this region, thus preventing 
interaction with the BH3 ligands. 

Benabderrahmane and coworkers used molecular dynamic 
simulation studies to further explore this hypothesis by 
introducing a mutation (C286W) in the MCL-1 and 
observing its behavior in silico.106 The mutant Trp set in 
motion a coordinated movement across multiple helices 
and internal loops in their protein simulations. The bulky 
hydrophobic side chain was seen to transiently pack into  a 
cryptic pocket which altered the secondary structure of the 
adjacent α3 helix, pushed away the α4 helix and the α3- α4 
loop; and reoriented the α3 helix in a ‘standing’ 
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conformation. They also observed the formation of 
additional salt bridges that were responsible for stabilizing 
the new alignment of the α3 helix – this deformed the BH3 
binding groove and therefore, responsible for inhibiting 
the BH3 ligand binding. Based on principal component 
analysis for these dynamics, they described the 
movements of the protein as a ‘breathing motion’ at the 
BH3 binding interface along with internal loop motions. 
They used Metadynamics, which is an enhanced sampling 
technique in MD simulations, to visualize the free energy 
landscape (FEL) and profile this ‘breathing’ motion. Their 
results suggest  an equilibrium between two predominant 
states: a more open conformation that was ‘ready to bind’  
to pro-apoptotic partners and a closed conformation that 
could hinder the anti-apoptotic process. Binding of a ligand 
or a Trp mutation at the Cys286 allosteric site of MCL-1 
seems to favor a shift to the more conformationally rigid 
closed form of the protein. It would be interesting to 
further investigate into the cryptic pocket environment 
induced in MCL-1 by the Trp residue,  whether MAIM1 
conjugation could cause a similar allostery effect, what side 
chain interactions are involved, and whether optimization 
of these contacts could help improve the potency of the 
molecule. 

Figure 11. (A) Chemical Structure of MCL-1 irreversible inhibitor MAIM1 
(18), and (B) a cartoon representation of its allosteric mechanism of 
action.

5.3.3. Case Study 6: AKT1 

AKT1 is a Ser/Thr kinase protein and a key player in the 
PI3K-AKT1-mTOR pathway. Upon stimulation, AKT1 
localizes from the cytoplasm to the plasma membrane, 
initiating autophosphorylation and regulation of 
downstream proteins that control processes like 
differentiation, proliferation and cell migration.160,161 
Mutations in AKT1 leads to constitutive activation of the 
enzyme and is implicated in breast, prostate and ovarian 
cancers.162,163 There are several AKT inhibitors in 
development and clinical trials that target the oncogenic 
AKT pathway.164 However, AKT1 shares sequence 
homology with other isoforms (AKT2 and AKT3)165 thus 
many AKT inhibitors by default are pan-AKT inhibitors. The 
AKT protein family comprises a membrane-binding 
pleckstrin homology (PH) domain and C-terminal kinase 
domain connected by an α-helical linker. Intramolecular 
folding of these two domains on to each other inactivates 
the kinase (PH-in conformation). The most common 
oncogenic activating mutation of AKT is E17K; notably, this 
residue is distant from the kinase ATP binding site, where 
most current AKT inhibitors bind.166 By analyzing the 
crystal structure of AKT1 bound to the allosteric inhibitor 
ARQ092 (miransertib, 19, Figure 12), Taunton’s group 
deduced that, according to molecular modelling, the 

mutant lysine E17K  could be found within 8 Å of the 
allosteric inhibitor, suggesting the ε-amino group could be 
trapped by a suitable electrophilic warhead.167 
Accordingly, they designed the salicylaldehyde-based 
inhibitor 20. Remarkably, 20 was selective for AKT1-E17K 
over wild-type AKT1 (Figure 12), which itself presents three 
conserved lysine residues on its surface. The authors 
reasoned this selectivity was directly linked to the 
reversibility of the covalent bond formation and the 
selection for the serendipitous neo-zinc chelate afforded 
by tetrahedral coordination of a Zn2+ ion by lone pairs from 
the E17K imine adduct nitrogen atom, the salylaldimine 
hydroxyl group (of 20), along with two cysteines (Cys296, 
Cys310), which was associated with some structural 
reorganization of the AKT1E17K protein surface, as shown in 
Figure 13B. This finding supports the concept of residence 
time-based selectivity. Intact protein mass spectrometry-
based experiments revealed that compound  20 
dissociated 18-fold faster from wild-type AKT (t1/2 6.3 min) 
compared to AKT1E17K (t1/2 114.7 min) – indicating longer 
on-target presence.  Finally, 20 showed efficacy in an 
AKT1E17K tumor xenograft model.
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Figure 12. Chemical structures of (A) reversible; (B) reversible covalent and (C) 
irreversible inhibitors of AKT1.

Another first-in class allosteric inhibitor of AKT1, 
borussertib (21, Figure 12), binds to an interfacial pocket, 
sandwiched between the kinase and PH domain (PDB ID: 
6HHF).168 The warhead irreversibly engages with Cys296 of 
the catalytic domain, forms a crucial - stacking 
interaction with Trp80 of the PH domain and other 
hydrophobic contacts (with Tyr272, Leu210, Leu264, 
Ile290), stabilizing the interdomain interaction and 
effectively ‘locking’ AKT1 in an inactive state.169,170 
Immunoblot assays with washout experiments were 
performed to ascertain the duration of action of the 
covalent drug based on its effect on AKT-mediated 
signalling. Efficient downregulation was observed up to 24 
hrs even after the washout – indicating prolonged 
inhibitory effect in vivo. The efficacy of borussertib was 
also confirmed with cellular and xenograft models. 
Uhlenbrock et. al.,  used this molecule as template to 
design derivatives for pre-clinical evaluation through SAR 
analysis.171 One of their most potent and kinase selective 
candidates, 22 was co-crystallized with AKT1 (PDB ID: 6HHI; 
Figure 14). It was also seen to have a similar binding pose 
as borussertib, with confirmed labelling of Cys296 and 
additional H-bonding with the backbone amide of Glu85. 
Biochemical characterization with fluorescence-based 
assay showed that compared to borussertib (IC50   ̴0.8 nM 
and kinact/Kirr   ̴0.85 µM-1s-1), compound 22 showed less 
favourable values (IC50   ̴3.6 nM and kinact/Kirr   ̴0.2 µM-1s-1). 
Nonetheless, this molecule showed potent inhibition 
across multiple cancer cell lines as well as improved Phase 
1 metabolic stability compared to borussertib. This unique 
class of allosteric inhibitors further validates the 
importance of leveraging domain-based conformational 
changes of kinases to alter their activity profiles, using 
covalent drugs. Considering that non-covalent binders 
cannot form sufficiently tight complexes with their host 
proteins (limitation on maximum possible affinity), 

chemical bonds created by covalent modalities to secure 
two different regions of a protein together can offer a 
promising alternative.172  The mechanism of action of 22 
(and 21) echoes an intra-protein version of the emerging 
field of RIPTACs, wherein two ligands for two proteins of 
interest are coupled together to promote the aggregation, 
and thereby inhibition, of those two proteins.173,174

Figure 13. Co-crystal structures of (A) AKT1(wt)–ARQ092 (PDB ID: 5KCV); 
(B) AKT1E17K–20 (PDBID: 8UW9), demonstrating the formation of a 
covalent salicylaldimine complex with E17K, and a neo-chelate Zn2+ 
complex that led to structural reorganization of the protein surface.

Figure 14. A co-crystal structure of AKT1 and 22 (PDB ID: 6HHI), indicating the small-
molecule 22 facilitates  the formation of a deactivating intra-domain complex, upon 

forming a covalent bond with Cys296.
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5.4 PROTACs and Other Degraders

Although outside the scope of this review, given a lack of structural 
data, covalent and reversible covalent chemistries have recently 
been implemented in PROTAC design.175,176 PROTACs are bivalent 
compounds that comprise a ligand for the target protein coupled to 
a ligand for an E3 ligase, which promotes the ubiquitination of the 
target protein and subsequent recognition by the proteasome 
followed by degradation. Importantly, once the degradation is 
complete, the PROTAC is released, able to promote the degradation 
of another target protein molecule, and so on. On the one hand, 
covalent PROTACs may afford a potent and drug-like molecule of 
lower molecular weight but on the other hand, the recycling 
characteristic of PROTACs would be compromised, but this may be 
restored by reversible covalent chemistries.177,176 To the best of our 
knowledge, there are no reports of impacts on protein structural 
dynamics of covalent (versus non-covalent) PROTACs, but this 
information will obviously be of utility in the design of protein 
specific degraders. One significant concern of PROTACs is that they 
do not need to be incredibly tight binders, as they operate through 
event-driven, rather than occupancy-driven, pharmacology, and thus 
they may inadvertently degrade an unintended protein.175,176 
PROTACs built from ligands that induce and bind cryptic pockets may 
serve to allay these concerns, especially when trying to target a 
specific isoform within a family of proteins. 

6. Discussion
Structural changes induced locally in a protein by the interaction 

with the drug molecule, even with a single residue, such as a 
cysteine, can be capitalized upon in the design of inhibitors that are 
selective to the target protein isoform or subtype. Structural biology 
techniques used to compare the bound form of the protein with the 
apo form can help unveil these accessible sites. Further, advances in 
computational chemistry may help identify such pockets, or, at least, 
guide the medicinal chemist towards a potentially malleable site. 
These changes can then be further characterized to make more 
informed decisions about the molecule regarding its improvements 
in target affinity. Novel sites on a protein surface or its interior can 
be induced as more pharmacophoric features are added on drug 
molecule – which warrants a closer look using structural biology 
characterization in order to make more informed decisions regarding 
its improvements in target affinity.

Applying such strategies may be especially beneficial for the 
most heavily targeted regulatory proteins such as kinases (as we saw 
with the JAK3 case study) and G-protein coupled receptors (such as 
with  A1-AR in Table 1), but also with other protein families, such as 
proteases, e.g, SARS-CoV2-MPro.178 Since kinases tend to have 
multiple isoforms and highly differential tissue expressions, effective 
drug candidates that lend selectivity as well as specificity could help 
reduce potential off-target effects.

In our literature search, we found more examples of cryptic 
pocket formations in PPIs, rather than in enzyme active sites. As 
mentioned earlier, this likely stems from the requirement of a 
protein surface to be inherently more adaptable, permitting the 
recognition of multiple protein partners, in contrast to more rigid 
enzyme active sites that have evolved to recognize just one, or a 
small handful, of ligands. Indeed, the BFL-1 case studies underscores 
this point, with the formation of a significant lipophilic cavity 
subjacent to the targeted Cys55. Lucas and co-workers successfully 

leveraged the discovery of this cryptic pocket to yield a suitable tool 
compound to further study the effects of BFL-1 inhibition in vivo. 

Cryptic pockets have not only been observed at ligand or protein-
binding sites, but at allosteric sites, too. For example, inhibitors 
designed to react with oncogenic mutants of K-RAS, such as KRAS-
G12C, exploited the highly ‘malleable’ nature of the protein, 
facilitating its being locked into a preferred active or inactive state 
via allosteric modulation due to covalent drug binding. Covalent 
allosteric inhibitors may also yield structural changes distant to the 
site of conjugation as demonstrated by the partial inhibition of MCL-
1 upon reaction of Cys268 with MAIM1: this somewhat incapacitated 
the ability of the MCL-1 protein to recognize the BH3 domains of its 
partner proteins. Interestingly, this effect was emulated by a single 
point mutation of Cys268Trp. Additionally, considering that MCL-1 
binds with different pro-apoptotic partners with variable dissociation 
constants, the extent of ‘rigidification’ of the canonical groove upon 
allosteric derivatization may vary and inhibit different BH3 protein 
partners to different extents. This may thus be a source of selectivity, 
and may also be considered in the context of other PPIs.

Last, while a significant portion of this review has focused on the 
formation of cryptic pockets, a well-defined cavity is not always 
formed. An example of this was provided by the development of 
selective inhibitors of an oncogenic mutation of AKT1, which also 
showcased the utility of a reversible covalent electrophilic warhead, 
permitting the sampling of multiple conjugates, until the most stable 
conjugate (neo zinc chelate) was found.

7. Conclusions
Protein functions are closely associated with their structural 
dynamics – so is their mode of interaction with other 
biomolecules including drugs.21 These therapeutic molecules 
can sample multiple conformational states of proteins and may 
prefer to bind to, or select for, a specific state, or can induce 
changes in the structure upon binding. Either way, the case 
studies discussed in this review article underscore that even 
minor conformational changes in the target protein domains 
that manifest upon the chemical association with an inhibitor 
can reduce or eliminate binding to their native partners. 
Alternatively, these binders can only partially occupy the spaces 
proximal to the active sites but have significant competing 
effect on docking by a native binding partner. There are other 
examples in the literature describing such protein dynamics for 
non-covalent inhibitors as well.179,180,181 In the interest of brevity 
and relevance to the topic, only covalent inhibitors were 
highlighted in this article. It would not be unreasonable to 
expect that most inhibitors currently under research could 
potentially have different extents of structural impacts on their 
protein targets – that have simply escaped observation due to 
lack of enough evidence or the necessary techniques. Acquiring 
a detailed understanding or complete picture of these structural 
changes can also be challenging using just one technique. For 
example, X-ray crystal structures capture only one single 
conformational state of the protein-inhibitor complex at a time. 
The snapshots may yield electron density maps that are difficult 
to model for highly flexible regions, which would be needed to 
understand the very essence of the dynamic process. Similarly, 
HDX-MS results can only be used for an indirect inference and 
not a visual representation of the protein structural changes. 
For complex protein systems, these experiments can be difficult 
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to perform as well as would require careful analytical 
processing.

Irreversible and reversible covalent inhibitors each present 
their own benefits. Irreversible inhibitors may induce 
(presumably permanent) cryptic pockets, as in the BFL-1 case 
study. Equally, reversible covalent inhibitors may also afford 
new binding pockets that can be exploited in rational drug 
design, as in the KRAS case study, although it is predicted these 
will be transient, and the protein structure will be regenerated 
upon the ligand’s departure. While reversible covalent 
inhibitors typically exhibit shorter residence times and possibly 
a reduced therapeutic effect relative to the corresponding 
irreversible inhibitors, reversibility may mitigate toxicity that 
might be experienced otherwise. In a landmark publication, Jack 
Tauton’s recent work on the development of selective AKT1-
E17K inhibitors using reversible covalent chemistry highlights 
the inherent advantage of the reversibility and associated 
structural reorganization that may select for one specific adduct 
when multiple adducts are possible. 

Covalent inhibitors often yield improvements in target 
protein binding relative to their non-covalent counterparts, 
although this is not always the case. This may be due to the 
formation of a single covalent bond in addition to an array of 
non-covalent interactions that were already present. 
Alternatively, in the event the warhead was not installed 
judiciously, crucial non-covalent interactions may be 
compromised, or even lost, upon the chemical reaction taking 
place. Of course, sustained inhibition, i.e. an increased period of 
target occupancy/increased residence time, would always be 
observed, which can provide a significant therapeutic benefit. In 
the case studies, where the data were available, we described 
the relative benefit of the chemical warhead to target binding. 
Where profound differences in inhibitory activities may be 
observed is in the event a covalent inhibitor traps a specific 
transient state of a protein, such as a cryptic pocket, that may 
then be leveraged in lead optimization: such a pocket may not 
be accessible to a non-covalent inhibitor, as its existence may 
be too fleeting to be exploited. In other words, drugs equipped 
with electrophilic warheads have the inherent ability to harness 
transient states adopted during a protein’s “breathing” 
motions, providing a source of increased affinity (and maybe 
selectivity) that would otherwise not seem possible based on 
static structures.
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