Idiosyncratic drug-related
toxicity

(IDT). A rare adverse event that is
observed after administration of
certain drugs and is frequently
immunogenic in origin.

Targeted covalent inhibitor
An inhibitor bearing a
bond-forming functional group
of low reactivity that, following
binding to the target protein, is
positioned to react rapidly with
a specific non-catalytic residue
at the target site. For the
purposes of this Review, it is
assumed that covalent
modification is essentially
irreversible.
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The resurgence of covalent drugs

Drugs that form a covalent attachment to their target
have traditionally been considered as conceptually dis-
tinct from conventional non-covalent drugs. In particu-
lar, the fact that such drugs derive part of their affinity
by forming a covalent bond with their target has engen-
dered anxiety concerning their potential for off-target
reactivity and has led to these drugs being disfavoured as
a drug class. These concerns largely stem from pioneer-
ing work that was carried out in the early 1970s on the
hepatotoxic properties of compounds such as bromoben-
zene and acetaminophen, which undergo metabolism to
form highly reactive intermediates that covalently bind
to liver proteins. Although there has been much contro-
versy over the years on the role of covalent binding in
the pathogenesis of idiosyncratic drug-related toxicity, the
formation of chemically reactive drug metabolites has
been viewed as a risk factor in drug development, either
through direct tissue damage or through haptenization
of proteins that may elicit an immune response.

Consequently, despite many examples of successful
and effective drugs that function through a covalent
mechanism (for example, esomeprazole (Nexium;
AstraZeneca) and clopidogrel (Plavix; Sanofi- Aventis/
Bristol-Myers Squibb); see Supplementary informa-
tion S1 (table)), there has been a reluctance to apply a
covalent mode of action in drug discovery programmes.
Indeed, essentially all existing first-in-class covalent
drugs were initially discovered through screening in bio-
logical assays, and their covalent molecular mechanisms
were elucidated afterwards.

In recent years, it has been recognized that the dis-
tinct strengths of covalent and non-covalent modes of
drug action may be combined by designing compounds
that combine carefully tuned reactivity with specific
complementarity to the target. This concept has a
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Abstract | Covalent drugs have proved to be successful therapies for various indications, but
largely owing to safety concerns, they are rarely considered when initiating a target-directed
drug discovery project. There is a need to reassess this important class of drugs, and to
reconcile the discordance between the historic success of covalent drugs and the reluctance
of most drug discovery teams to include them in their armamentarium. This Review surveys
the prevalence and pharmacological advantages of covalent drugs, discusses how potential
risks and challenges may be addressed through innovative design, and presents the broad
opportunities provided by targeted covalent inhibitors.

long track-record in the form of mechanism-based or
suicide inhibitors that directly target a catalytic nucle-
ophile within the active site of the enzyme. However,
current covalent drug discovery programmes take a
different approach by instead targeting a non-catalytic
nucleophile that is poorly conserved across the target
protein family. Such compounds, herein referred to
as ‘targeted covalent inhibitors’ (TCIs), possess distinct
selectivity profiles compared to reversible inhibitors or
mechanism-based inactivators. Moreover, unlike these
earlier approaches that are mostly specific to enzymes,
the TCI approach is quite general and can be applied to
many druggable proteins.

In this Review, we briefly examine the clinical util-
ity of covalent drugs and their potential pharmacologi-
cal advantages compared to conventional agents. We
discuss the potential risks and challenges associated
with covalent drugs and how they may be mitigated
by careful optimization of binding and reactivity using
structure-based drug design. We summarize mechanis-
tic and design considerations for TCIs, and some of the
ways in which the discovery and optimization of such
compounds differ from the methods used for more
traditional agents.

Prevalence of covalent drugs

Despite generally being avoided by the pharmaceutical
industry, covalent drugs have been approved as treat-
ments for diverse clinical indications and have made a
major positive impact on human health'. In addition,
covalent drugs have proved to be a highly profitable class
of therapeutics for the pharmaceutical industry. Indeed,
three of the ten top-selling drugs in the United States
in 2009 (clopidogrel, lansoprazole and esomeprazole)
are covalent inhibitors of their targets, and all three have

NATURE REVIEWS ‘ DRUG DISCOVERY

VOLUME 10 | APRIL 2011 [ 307

© 2011 Macmillan Publishers Limited. All rights reserved



http://www.nature.com/nrd/journal/v10/n4/suppinfo/nrd3410.html
http://www.nature.com/nrd/journal/v10/n4/suppinfo/nrd3410.html
mailto:jsingh@avilatx.com

REVIEWS

Covalent inhibitor

An inhibitor that reacts with its
target protein to form a
covalent complex in which the
protein has lost its function.
Covalent inhibitors can be
reversible or irreversible,
depending on the rate of the

reverse reaction. In this Review,

we predominantly consider
irreversible inhibitors, and so
the terms ‘covalent inhibitor’
and ‘irreversible inhibitor’ are
used interchangeably.

achieved blockbuster status. We estimate that together,
the 26 covalent drugs for which data are available
account for over US$33 billion in annual worldwide sales
(Supplementary information S1 (table)). Moreover, this
figure probably underestimates the pharmacoeconomic
impact of covalent drugs, as many are now available as
generics.

Another metric that may be used to assess the impact
of covalent drugs is to examine target patient popula-
tions. In 2008, clopidogrel and esomeprazole together
accounted for approximately 60 million prescriptions in
the United States?, and aspirin (another covalent drug)
is the most widely used medication in the world, with an
estimated 80 billion tablets being consumed annually in
the United States alone*.

An analysis of 39 covalent drugs that have been
approved by the US Food and Drug Administration
(FDA) shows that approximately 33% of these drugs
are anti-infectives (most notably the B-lactam class of
antibiotics), 20% treat cancer, 15% treat gastrointestinal
disorders, and ~15% are used to treat central nervous
system and cardiovascular indications (FIC. 1). In oncol-
ogy, important covalent drugs include inhibitors of
aromatase®, thymidylate synthetase® and ribonucleotide
reductase’. Clopidogrel — a drug that covalently inhibits
P2Y purinergic receptor 12 — represents a breakthrough
treatment for vascular disorders®. Proton pump inhibi-
tors (PPIs) such as omeprazole, esomeprazole and lan-
soprazole have been shown to be safe and effective in
millions of patients’. Covalent drugs have also made an
impact in the treatment of central nervous system dis-
orders, with monoamine oxidase inhibitors such as rasa-
giline (Azilect; Teva/Lundbeck) and selegiline (Zelapar;

[ Anti-infective
[ ] Cancer 0 Inflammation
[ Gastrointestinal ] Other

[] Central nervous system

[] Cardiovascular

Figure 1| Prevalence of approved covalent drugs by
therapeutic indication (n = 39). Pie chart of 39 covalent
drugs as detailed in Supplementary information S1 (table).
Anti-infective (33%), cancer (20%), gastrointestinal (15%),
central nervous system (10%), cardiovascular (5%),
inflammation (3%) and other areas (13%).

Valeant Pharmaceuticals) being used to treat depression
and Parkinson’s disease’’. Several of these successful
covalent drugs are used as long-term therapies (for
example, proton pump and 5a-reductase inhibitors),
which indicates that a covalent mechanism of action
may be efficacious for the chronic treatment of serious
diseases.

The scope of molecular targets that can be addressed
by covalent drugs is broad. Approximately one-third of
all enzyme targets for which there is an FDA-approved
inhibitor have an example of an approved covalent drug?.
Although the majority of covalent drugs target enzymes,
there are examples of agents that target other protein
classes — for example, clopidogrel, which modifies a
G protein-coupled receptor!.

However, a common element in the discovery of
covalent drugs is that they were identified not by design
but by serendipity, with their covalent mechanism
of action becoming apparent only after their clinical
utility had been well established. The earliest exam-
ple is aspirin (FIG. 2), which was first marketed over
100 years ago; aspirin covalently modifies cyclooxy-
genase by causing acetylation of a serine residue that
is proximal to the active site'?. Penicillin antibiotics
represent another class of covalent inhibitors, as the
penicillin B-lactam binds covalently to the active site
serine of penicillin binding protein 1B (also known as
bacterial DD-transpeptidase) to form inactive penicil-
loyl enzymes that are unable to catalyse a key step in
cell-wall synthesis".

PPIs are another example of a major class of cova-
lent drugs that was discovered by pharmacological
screening, and the PPI omeprazole has revolutionized
the treatment of gastrointestinal reflux disease. PPIs are
activated by acid in the gastric compartment; this locally
converts the drug into a covalent modifier of the proton
pump, thus minimizing systemic exposure to the active
form. This covalent modification leads to a long dura-
tion of action, which makes PPIs effective at treating
acid reflux diseases. Although this class of compounds
was discovered through a rational screening process, the
covalent mechanism of action was discovered post hoc
rather than designed'. Similarly, the anticlotting drug
clopidogrel was discovered through a pharmacological
screen for antiplatelet drugs'.

Over recent decades, the growing reliance on tar-
get-based and structure-guided approaches to drug
discovery, combined with concerns about potential
toxicity risks, led to a bias against covalent inhibitors
throughout the discovery pipeline. Rather than iden-
tifying active compounds in cell-based assays first and
establishing their target and mechanism of action after-
wards, target-based discovery focuses on a specific pro-
tein and mechanism of action. Not only the molecular
target, but typically also the particular binding site and
desired mode of action must be specified at the start of
the project. Accordingly, there is a reluctance to pursue
covalent mechanisms of action, owing to concerns over
nonspecific or off-target activity, or lack of appreciation
of the clinical precedent for this approach’. Hence, there
has been a growing divergence between the historical

308 [ APRIL 2011 [ VOLUME 10

www.nature.com/reviews/drugdisc

© 2011 Macmillan Publishers Limited. All rights reserved



CO,H

Y

Bayer synthesizes
and distributes
aspirin to patients

S

Aspirin

D

Penicillin

'

N
(6]

Pencillin synthesized
and used in the
Second World War.

w

0,H

REVIEWS

Neratinib l

Development of
targeted covalent
drugs for the ERBB family

Late-stage clinical testing of targeted
covalent drugs: neratinib (HKI-272)
and afatinib (BIBW-2992)

Discovery Blockbuster proton
of penicillin pump inhibitor
H,CO Q\N (omeprazole) approved
J\ 20
N s~
H
‘- OCH;
\
Omeprazole N

Blockbuster antiplatelet
drug Plavix (clopidogrel)
approved

Clopidogrel

Figure 2 | Timeline of covalent drugs. Over the past 100 years there have been many examples of medicines that are

covalent drugs.

and current success of covalent drugs and a reluctance
to include covalent mechanisms of action in the drug
discovery armamentarium.

Safety

The scepticism over the potential of covalent drugs
appears to stem largely from safety concerns, owing to
adverse reactions that have been associated with two
major classes of therapeutic agents that covalently modify
cellular proteins. These classes are: drugs that contain a
pre-existing reactive electrophilic functionality in the par-
ent structure (for example, penicillin); and compounds
that undergo biotransformation in vivo to yield chemi-
cally reactive, electrophilic metabolites (for example,
acetaminophen). The second group encompasses numer-
ous therapeutic categories in which the parent compound
is subjected to one or more metabolic reactions that lead
to the formation of chemically reactive intermediates that
covalently modify cellular proteins'.

Random, covalent binding of highly reactive drug
metabolites to cellular macromolecules can some-
times result in acute tissue injury, or it can activate the
immune system through haptenization of proteins. This
can result in the generation of antibodies that target
elements of the drug molecule or autoantibodies that
recognize epitopes on proteins that are now rendered
‘foreign’”’. The molecular mechanisms by which biolog-
ically reactive intermediates cause their characteristic
toxicities are complex and poorly understood, and the
role of covalent modification of proteins by electrophilic
metabolites in mediating the adverse effects associated
with their parent drugs remains controversial.

However, recent advances in analytical techniques
have provided insights into the structures of reactive
drug metabolites'®"*. Compilations of ‘toxicophores’ —
functional groups that can be metabolized into reactive
electrophiles — are available as guides for medicinal
chemists who are engaged in drug design, and most
pharmaceutical companies have now taken steps to
minimize this potential liability in drug candidates®.
The dose of a drug also appears to be important, as the
majority of approved drugs that have been withdrawn
from the market owing to safety concerns were admin-
istered at doses greater than 100 mg per day, whereas
most drugs that are given at doses lower than 10 mg per
day have acceptable safety profiles”.

It is important to recognize two fundamental differ-
ences between TCI drugs that are the subject of this arti-
cle and compounds that are highly reactive per se and/
or generate electrophilic metabolites. First, the reactive
functionality present in highly reactive compounds,
including the electrophilic intermediates they generate
through metabolic processes (for example, quinones or
acyl halides), typically exhibits much higher chemical
reactivity than the weakly electrophilic warheads that are
incorporated into TCIs. As a result, these electrophiles
will alkylate or acylate a broad range of proteins with
which they come into contact®. Second, these highly
reactive compounds and drug metabolites typically
modify those nucleophilic residues on proteins that
are most accessible from the medium, as opposed to
requiring a specific, non-covalent orientation within
the enzyme active site, as in the case of TCIs. As a con-
sequence, chemically reactive drugs and reactive drug
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Figure 3 | Special considerations in the discovery and development of targeted covalent inhibitors. For each area,
specific activities that are important for designing and optimizing covalent drugs are highlighted. PK/PD,

pharmacokinetics/pharmacodynamics.

Irreversible inhibitor

An inhibitor that possesses an
off-rate that is slow relative to
the rate of re-synthesis of the
target protein in vivo, so that
once the target protein is
inhibited, it does not regain
activity.

metabolites exhibit a low degree of molecular selectiv-
ity in their covalent interactions with cellular proteins.
Thus, it may be argued that there should be a lower
chance of a covalent protein modification leading to an
adverse reaction with a TCI than with a reactive elec-
trophile that modifies biological macromolecules on a
relatively indiscriminate basis'.

The demonstrated safety profiles of many approved
covalent drugs seem to support this expectation,
although it must be stressed that as generally applica-
ble animal models for the human immune system do
not exist, there remains a possibility that haptenization
of proteins by TCIs may — in rare cases — lead to an
adverse immune response in humans; the risk of such a
phenomenon cannot be accurately assessed using cur-
rent technology. Clearly, the safety of TCI drugs will
need to be evaluated on a case-by-case basis, through
conventional preclinical and clinical studies, as with any
other new chemical entity.

Importantly, TCI development is currently focusing
on life-threatening indications for which there are no
effective therapies, so the benefits of the mechanism
of action of TCIs can be justified relative to the risk of
potential immunotoxicities. This benefit-risk analysis
has informed the widespread clinical utility of 3-lactam
antibiotics. Several TCIs have generated encourag-
ing efficacy data with safety profiles that have allowed
them to advance into late-stage clinical testing. As TCIs
advance towards the market, important information
about their safety profiles and perhaps a better under-
standing of their potential to exert immunotoxicity will
become available.

Mechanistic and pharmacological features
General mechanistic features. There are important
issues to consider in the discovery and optimization
of covalent drugs compared to reversible drugs (FIG. 3).
These include: whether a target is amenable to specific
covalent inhibition, and the characterization of the cova-
lent mechanism of action at the in vitro as well as the
in vivo level.

The action of a target-specific covalent inhibitor
can be described by the generic mechanism shown in
equation 1.

ky
E+1 Eel =————- E-1I (1)
K, k.,
Initial Final
non-covalent  covalent
complex complex

Inhibition occurs in at least two steps: the compound
must first bind non-covalently to the target protein, plac-
ing its moderately reactive electrophile close to a specific
nucleophile on the protein. The resulting complex then
undergoes specific bond formation, which gives rise to
the inhibited complex. In cases in which bond formation
is effectively irreversible, k_, will essentially be zero. TCIs
are distinct from mechanism-based inactivators in that
the latter use the catalytic machinery of an enzyme tar-
get to convert an unreactive ligand into a highly reactive
intermediate, which then leads to covalent, irreversible
inhibition of the enzyme target.

It is apparent from equation 1 that in considering the
impact of covalent bond formation on inhibition, it is
appropriate to think in terms of a continuum or range of
covalent effects. One extreme is defined by fully irrevers-
ible inhibitors, for which k_,=0. If they are given sufficient
time to react, irreversible covalent inhibitors will provide
complete and permanent blockade of the target protein,
with their concentration and time-dependent inhibi-
tion governed by K, and k2 (BOX 1). The other extreme
is defined by fully non-covalent compounds, for which
the final covalent complex, E - I, does not form and thus
k,=o0.

Reversible covalent inhibitors have finite values for
both k, and k , and they encompass a range of behav-
iours between these two extremes, in which covalent
bond formation increases the degree of inhibition and
thus renders the inhibitor more potent, and in which
the lifetime of the inhibited complex is typically gov-
erned by k . Some non-covalent inhibitors have binding
mechanisms that involve slow conformational changes
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Re-synthesis rate

The rate at which a cell and/or
organism replaces a protein
target with freshly synthesized
functional protein. The
re-synthesis rate defines the
rate at which an irreversibly
inhibited protein target will
recover activity in vivo, once
the inhibitor is no longer
present.

subsequent to initial binding, similar to that shown in
equation 1 but without the formation of a covalent com-
plex. These so-called ‘slow, tight-binding inhibitors’ share
some of the favourable properties of covalent drugs, such
as a long target residence time (vide infra).

It is important to note that even though a protein
target is subjected to irreversible inhibition, activity
will be restored following re-synthesis of that enzyme
or receptor, once the unbound drug has been cleared
from the body. Thus, inhibition can be considered to
be mechanistically irreversible if the kinetic half-life of
the covalent complex is long compared to re-synthesis of
the target protein. The time taken for the activity of the
target protein to recover after withdrawal or elimination
of the compound depends on both the residence time of
the inhibitor—protein complex and also on the protein
re-synthesis rate.

Owing to the kinetic considerations outlined above,
the approaches required to identify and optimize cova-
lent inhibitors differ in important ways from the methods
used for reversible inhibitors. The potency and selectiv-
ity of conventional reversible inhibitors are typically
defined in terms of the equilibrium binding affinity for
the target, or the concentration of the compound that is
required to achieve 50% inhibition in a biochemical or
cellular assay (IC, ). However, the potency of irreversible
or slowly reversible covalent inhibitors must be consid-
ered quite differently, as described in BOX 1. If the reac-
tion is allowed to proceed for a sufficient period of time,
any inhibitor concentration (provided it is higher than
the target concentration) would be expected to result in
essentially complete inhibition. Explicit consideration
of the time-dependence of inhibition is thus essential
to any assessment of the absolute or relative activity of
covalent inhibitors. The kinetics of inhibition for revers-
ible inhibitors, particularly the target residence time, has
also started to receive increased attention for reversible
inhibitors in recent years*,

Importantly; the potency and selectivity of an irrevers-
ible inhibitor can be optimized by altering the structure of
the compound to modulate either its non-covalent bind-
ing to the target (K), or the rate at which it reacts with
the target nucleophile after it is bound (k,). These dual
parameters allow the potency and selectivity of covalent
inhibitors to be fine-tuned, and they have been used to
characterize structure-activity relationships (SARs) for
irreversible inhibitors of several drug targets, includ-
ing dopamine hydroxylase”, caspases® and the serine
hydrolase fatty acid amide hydrolase (FAAH)*.

Potency. A major challenge in drug discovery is achiev-
ing high potency and selectivity in a compound with-
out increasing its molecular mass to the point at which
beneficial pharmaceutical properties are jeopardized.
It seems that covalent inhibitors may have the potential
to address this challenge. There is a limit to the bind-
ing affinity that can generally be achieved for a ligand
of a given size using non-covalent interactions®. This
concept is quantified in terms of ‘ligand efficiency’,
defined as the free energy of binding per heavy atom of
the ligand®'. Thus, it has been shown — across a set of
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drug optimization projects — that the maximum non-
covalent binding energy that can be achieved by con-
ventional medicinal chemistry is, on average, ~0.3 kcal
per mol per heavy atom?®. However, this level of ligand
efficiency can be difficult to attain.

Houk and colleagues™ have reported that protein-
ligand complexes that rely on covalent interactions rou-
tinely exceed these ligand efficiency limits. Inhibitors
that rely on covalent bonding dramatically favour the
bound form, which leads to potencies and ligand effi-
ciencies that are either exceptionally high or, for irre-
versible covalent interactions, even essentially infinite.
Covalent bonding thus allows high potency to be rou-
tinely achieved in compounds of low molecular mass,
along with all the beneficial pharmaceutical properties
that are associated with small size.

Moreover, for some applications it has been shown
that exceptionally high affinities are desirable. The
TCI approach provides a means for reliably improving
potency in situations in which this cannot always be
achieved with non-covalent compounds. This approach
places considerably fewer constraints on the size and
structure of the remainder of the molecule, thus giving
greater scope for the optimization of other important
properties such as absorption, distribution, metabolism
and excretion (ADME)®.

Selectivity. Covalent inhibitors have two drivers for
achieving selectivity towards their protein target: the
initial binding step, K, and the subsequent chemical
step, k2 (equation 1). For high selectivity, the non-cov-
alent affinity (K) of the inhibitor must be high enough
to ensure that the compound binds selectively to the
desired target and achieves a residence time that is suf-
ficient for a covalent reaction. Similarly, the reaction rate
of the bound inhibitor (k,) must be high enough to give
a high probability that the reaction will occur within the
lifetime of the non-covalent complex that is formed in
the initial step of the reaction. However, because highly
reactive electrophiles must be avoided, this reaction rate
must be achieved primarily by optimal positioning of
the electrophile relative to the nucleophile on the target.
Thus, achieving desirable selectivity requires optimi-
zation of both K, and k,. The effect of this strategy on
the acquisition of SAR data and its use in optimizing
covalent inhibitors is discussed in BOX 1.

The factors that affect K are, in terms of the struc-
tural recognition of the target by the drug, generally
quite distinct from those that affect k,. Non-covalent
binding typically correlates with overall sequence and
structural conservation at the binding site, which often
makes it difficult to achieve high degrees of discrimi-
nation between closely related members of the same
protein family. By contrast, k, depends on the presence
of an appropriate nucleophilic residue at a specific posi-
tion on the target, which — depending on the residue
chosen — may or may not be conserved across a protein
family. The availability of these two orthogonal drivers
of drug-target interaction allows exceptional potency
and selectivity to be achieved for carefully designed
compounds™.
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Achieving high selectivity against off-target reac-
tions clearly requires that the intrinsic reactivity of the
electrophilic warhead on the inhibitor must be low, such
that reaction with thiols is only appreciable when it is
preceded by specific non-covalent binding, which holds
the reacting groups at a mutual distance and orientation
that is highly favourable for reaction. It is well known
that an intimate proximity between reacting groups can
accelerate the rate of reaction by many orders of mag-
nitude®*?*, and this can allow efficient bonding between
reactants for which the intrinsic bimolecular reaction
rate is negligible. In the case of covalent drugs, the elec-
trophilic reactivity must be sufficiently low so that no
appreciable irreversible reaction occurs with other thiol-
containing molecules, even if they are present at a high
concentration in vivo.

Even with an electrophile of low intrinsic reactivity,
achieving selectivity can be challenging if the compound
targets a nucleophilic residue that is highly conserved
across a protein family, as is the case for suicide inhibi-
tors. This is because each family member can be
expected to present an appropriately positioned nucle-
ophile. For example, many covalent inhibitors have been
described for the serine protease and cysteine protease
families”, in which the inhibitor covalently modifies the
catalytically essential nucleophile. Consequently, selec-
tivity has typically been difficult to achieve, because
even relatively weak binding to the active site of an off-
target protease within the same family could result in a
covalent interaction with the conserved catalytic nucle-
ophile and lead to irreversible inhibition*. Similarly, in
the protein kinase family, covalent inhibitors (such as
wortmannin) that target a conserved, catalytic lysine
residue have substantial selectivity challenges that are
compounded by the intrinsic reactivity of the elec-
trophile. However, there are rare examples in which
high selectivity has been achieved; for example, an irre-
versible inhibitor of FAAH exhibits excellent potency
and selectivity in vitro and in vivo®.

An alternative strategy, which is embodied in the
TCI approach, is to develop inhibitors that covalently
target a nucleophile that is unique or rare across a pro-
tein family, thereby ensuring that covalent bond for-
mation cannot occur with most other family members.
This approach can lead to high selectivity against closely
related proteins because although the inhibitor might
bind transiently to the active sites of such proteins, it
will not covalently label them if they lack the targeted
nucleophilic residue in the appropriate position. Only
inhibitors that possess favourable values for both K|
and k, will bind to and react with the target. Proteomic
analysis confirms the selectivity of covalent inhibitors
towards off-target proteins in complex biological mix-
tures and supports their potential for high specificity at
therapeutic concentrations****.

Pharmacodynamics. Irreversible inhibition has impor-
tant and potentially advantageous consequences for drug
pharmaco-dynamics in which the level and frequency of
dosing relates to the extent and duration of the result-
ing pharmacological effect. In particular, when covalent

modification of a drug target is irreversible, the restora-
tion of pharmacological activity requires re-synthesis
of the protein target. Schramm and colleagues*' have
termed the situation in which the rate of inhibitor dis-
sociation is negligible compared to the lifetime of the
protein target as the “ultimate physiological goal” of
inhibitor design*'.

The prolonged duration of drug action on the tar-
get effectively uncouples the pharmacodynamics of the
drug from the pharmacokinetics of exposure, as target
inhibition persists after the drug has been cleared. This
property of covalent drugs enables less frequent dos-
ing and the potential for lower drug doses. For exam-
ple, benzimidazole-based PPIs — such as omeprazole
— have relatively short pharmacokinetic half-lives
(1-2 hours), but these covalent agents can be dosed
daily because the (H*+K*)ATPase has a slow re-synthe-
sis half-life (~54 hours) and, consequently, the half-life
for the recovery of gastric acid secretion is as long as
28 hours after treatment with omeprazole®.

The prolonged duration of inhibition for the covalently
modified drug target also contributes to the selectivity that
can be achieved with TCIs in vivo. This is because even
in cases in which the inhibitor is capable of binding non-
covalently to an off-target, unless binding is exception-
ally strong (that is, much stronger than the non-covalent
interactions with the intended target), the resulting com-
plex will be short-lived and inhibition will be relieved as
the drug is cleared. Thus, sustained inhibition will only
be achieved for targets that have both non-covalent and
covalent complementarity with the drug.

Importantly, after the target protein has been inac-
tivated by the irreversible reaction, the drug should
preferably be cleared rapidly to minimize off-target
interactions (both covalent and non-covalent), which
could conceivably reduce non-mechanism-based toxic-
ity. Although reversible inhibitors with long residence
times could potentially achieve a prolonged duration
of action as well, the use of a covalent inhibitor-based
strategy is a reliable and rational way to confer this
important property.

Drug resistance

A major challenge for the treatment of cancer and infec-
tious diseases is the emergence of drug resistance owing
to mutations in the binding site of a drug target. It
appears that irreversible inhibitors may maintain activ-
ity against drug-resistant mutations that are acquired
after treatment with reversible inhibitors®.

For example, approximately 50% of patients with
non-small-cell lung carcinoma (NSCLC) who initially
responded to reversible EGFR inhibitors relapsed owing
to the emergence of tumour cells that express EGFR
with mutations at T790M and/or L858R in the ATP
binding site*>*!. Screening of a panel of known inhibi-
tors for activity against an NSCLC cell line express-
ing the T790M-L858R double-mutant form of EGFR
showed that the irreversible inhibitors were all effective
at inhibiting cell proliferation****. By contrast, none
of the reversible EGFR inhibitors tested was effective
against the mutant cell line.
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Box 1| Assessing the potency of irreversible inhibitors

Irreversible inhibitors interact with their targets in a time-dependent fashion, and the reaction proceeds to completion
rather than to equilibrium. The potency and selectivity of covalent inhibitors is governed by two parameters: the affinity
of initial non-covalent binding, K, and the rate of the subsequent bond-forming reaction, k, (see equation 1 in main text).
The consequences of these characteristics are described below.

Limitations of IC, measurements

Conventional IC, measurements (the concentration of a compound that is required to achieve 50% inhibition in a
biochemical or cellular assay) are of limited value for characterizing potency, selectivity and structure-activity
relationships (SARs) for irreversible inhibitors. IC, values that are measured at a set incubation time are largely arbitrary;
incubation for a different period of time would give a different value. Even relative IC,  values can be misleading;
depending on their values for K, and k,, the relative IC, values for two compounds can change substantially when
measured at different incubation times’".

SAR analysis for covalent inhibitors

Performing SAR analyses on covalent inhibitors is straightforward and highly enabling for structure-guided
optimization. Conventional assays are used to measure the extent of inhibition at several time points for a number of
inhibitor concentrations, [l], (see the figure, part a). The observed rate constant for inhibition, k b at each concentration is
determined from the slope of a semi-logarithmic plot of inhibition versus time (as shown), or by fitting the kinetic data to a
standard exponential rate equation. The k | _values are re-plotted against inhibitor concentration as shown in the figure,

part b, and fitted to a hyperbolic equation, k
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second-order rate constant for the reaction of the inhibitor with the target. Consideration of K. and k, separately can
provide direct and quantitative information on whether changes in activity result from changes in the binding
complementarity between the compound and target (which is reflected as changes in K), or whether they result from
changes in the rate with which the bound inhibitor reacts covalently with the target (which is reflected in k,), or from
changes in both binding and bonding steps. Figure is modified, with permission, from REF. 47 © (1997) ACS
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One reason why irreversible inhibitors might be
more effective against resistance mutants is that they
do not affect the extent of inhibition; they only affect the
rate at which the inhibited complex forms. Thus, given
sufficient exposure to the compound, even mutants that
react considerably more slowly will become fully inhib-
ited. An irreversible mechanism of action also helps
to mitigate against competition by high intracellular
concentrations of ATP*. Another possible advantage
of irreversible inhibitors in this regard is their sus-
tained duration of inhibition of the target, as repeated
periods of incomplete target coverage could promote
the development of resistance mutations.

Beyond oncology, it seems that irreversible inhibitors
may have applications in the treatment of infectious dis-
eases that have developed resistance to existing therapies.
For example, numerous mutations in hepatitis C virus
(HCV) protease have been reported that render HCV
resistant to the emerging protease inhibitors that are cur-
rently in clinical development. However, an irreversible
HCYV protease inhibitor has recently been described that
is active against clinical mutations and therefore may pro-
vide an alternative strategy to overcome the substantial
challenge of drug resistance®.

Although targeting rare amino acids is a strategy for
conferring selectivity of covalent inhibitors, evasion
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Figure 4 | X-ray complexes of targeted covalent
inhibitors covalently bound to their targets.

a| Epidermal growth factor receptor (EGFR) with neratinib
(HKI-72) (PDB code: 2]1V). b | Hepatitis C virus (HCV)
protease with ligand 3 (PDB code: 30YP). The protein
backbone is shown in green, and the small molecule and the
cysteine side chain of the protein are shown in a stick
representation and coloured by atom type. For both the
EGFR and the HCV protein, a covalent bond exists between
the targeted covalent inhibitor and the cysteine side chain.

Table 1| Covalent drugs in clinical development

Drug Structure Target; Clinical Refs
(company) mechanism of stage

action
Neratinib Pan-ERBB; Phase IlI 63
(Pfizer) TCI

l"f ‘ Cl
%N JVO\ ii
NH w
NC N X _CH3
BN S
L
= (0] CHs
T U

Afatinib/BIBW-2992 o Pan-ERBB; Phase Ill 61
(Boehringer Ingelheim) O TCI
& N
CHs o) ﬁ
N
HsC™ N \\/\/“\ ” =
HN % ‘
NF
Cl
PF-00299804 Not disclosed Pan-ERBB; Phase Il 62
(Pfizer) TCI

of inhibition may arise by mutational resistance in
indications such as cancer and infectious diseases. In
such situations, the rarity of the targeted amino acid
may indicate that it is not essential to the function of
the targeted protein, thus offering a facile escape from
TCI therapy. However, mutations in tumours typically
exist before therapy and only emerge clonally follow-
ing inhibition, so it may be possible to anticipate this
mechanism of resistance through tumour proteomics
analysis. With pathogens, therapy-induced mutation is
often observed, regardless of the mechanism of action
of the inhibitor. It should be noted, however, that many
non-catalytic residues are well-conserved, which implies
that they have important yet obscure roles in the fitness
of the organism.

In practice, when designing a therapeutic agent with
the maximum potential for clinical success, TCIs offer
the possibility of dual inhibitory mechanisms: irre-
versible modification of the intended amino acid and
reversible occupancy of the binding site. Thus, should a
pathogen or tumour attempt to evade covalent inhibition
by mutation of the targeted nucleophile, the retention of
high-affinity non-covalent inhibition provides a second
mechanism for inhibition.

Design and optimization of TCls

The design of covalent drugs requires careful optimiza-
tion of both the non-covalent binding affinity (which
is reflected in K)) and the reactivity of the electrophilic
warhead (which is reflected in k,). The initial design
of TCIs involves three key steps. First, bioinformatics
analysis is used to identify a nucleophilic amino acid
(for example, cysteine) that is either inside or near to a
functionally relevant binding site on a drug target, but
is rare in that protein family. Next, a reversible inhibi-
tor is identified for which the binding mode is known.
Finally, structure-based computational methods are
used to guide the design of modified ligands that have
electrophilic functionality, and are positioned to react
specifically with the nucleophilic amino acid in the
target protein.

From the initial designs, a small set of candidate com-
pounds can be synthesized and tested for their ability
to modify the target compound. The most active com-
pounds are then characterized to determine K. and k,
(BOX 1), thus allowing their activity to be optimized in
rational, data-driven ways. Small modifications to the
inhibitor structure that introduce minor changes in
the orientation of the electrophilic warhead with respect
to the nucleophilic reaction partner on the target protein
can be used to optimize potency and selectivity, the suc-
cess of these efforts being monitored through increases
in k,. The potency and selectivity of the inhibitor can
also be modulated by tuning the non-covalent affinity
of the compound to optimize K.

The opportunity to start with reversible inhibitors
that display inherent affinity enables less reactive elec-
trophiles to be used for TCIs, thus minimizing off-target
reactivity. Because the attachment of the electrophilic
warhead does not generally increase either the molec-
ular mass or the lipophilicity of the compound, the
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Table 1 (cont.) | Covalent drugs in clinical development

Drug Structure Target; Clinical
(company) Mechanism of stage
action
Carfilzomib Proteosome; Phase lll
(Onyx Pharmaceuticals) alkalytes catalytic
threonine
¢ (¢ = (¢
O§ & B B
A
PN TN Y TV
O O (0} -
Abiraterone CYP17A1; Phase lll
(Johnson & Johnson) mechanism-
based inactivator
HO
Iniparib/BSI201 PARP1; prodrug Phase [l
(Sanofi-Aventis)
PCI-32765 Bruton’s tyrosine Phase Il
(Pharmacyclics) kinase; TCI
- 9
Telaprevir HCV protease; NDA
(Vertex reversible
Pharmaceuticals) hemiketal with
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<r ° H H : )S/\
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Boceprevir HCV protease; NDA
(Merck) | reversible

hemiketal with
catalytic serine

_NH,

CYP17A1, cytochrome P450 17A1; HCV, hepatitis C virus; NDA, new drug application;
PARP1, poly(ADP-ribose) polymerase 1; TCl, targeted covalent inhibitor.
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ability to start from a drug-like, non-covalent scaffold
increases the likelihood of quickly achieving a drug
candidate with desired pharmaceutical characteristics.

An early example of the TCI approach targeted the
kinase domain of EGFR, which is a major oncology
drug target”’. The majority of EGFR inhibitors target the
ATP binding site, which is highly conserved across the
471 human protein kinases, thus making it difficult to
achieve high levels of selectivity. Bioinformatics analysis
has identified a cysteine residue (Cys797) in the ATP
binding site of the EGFR kinase that is rare in the protein
kinase family®. Starting with the natural co-factor, ATP,
structure-based methods were used to design thioad-
enosine, which was predicted to bind to EGFR and cov-
alently modify Cys797; this prediction was confirmed
experimentally. Subsequently, this strategy was applied
to more drug-like EGFR inhibitors such as quinazo-
lines*®*. The design strategy involved modelling the
quinazoline inhibitor into the binding site of EGFR and
identifying suitable positions on the scaffold to append
an electrophile to allow efficient covalent bonding with
Cys797 (FIC. 4a). This TCI approach was originally applied
to EGFR in the early 1990s*” and subsequently to other
protein kinases®*~>, proteases® (FIC. 4b) and recently
to transthyretin (TTR) to achieve highly selective
irreversible inhibitors®.

Various electrophilic functionalities have been tried
with TCIs, with the constraint that the groups show
minimal nonspecific reactivity towards other thiols
but react efficiently with the target cysteine residue
when held in proximity. Ultimately, an acrylamide or
substituted acrylamide proved to be the electrophile of
choice across several scaffolds; acrylamides imparted
potency and selectivity against the enzyme in both bio-
chemical assays and in cells, and showed strong activity
in vivo™.

Several publications have reported on TCIs that use
substituted acrylamides as warheads and demonstrated
that they are relatively poor electrophiles and require
proximity to their target proteins for reaction. For exam-
ple, incorporation of an acrylamide onto a quinazoline
core at position six completely inactivated EGFR signal-
ling in cells in less than a minute, whereas substitution
of the quinazoline core at position seven took hours®.
In addition, an acrylamide-containing HCV protease
inhibitor specifically labelled HCV protease on only
one out of seven possible cysteines, and this inhibitor
exhibited low reactivity towards off-target proteins in
cells. Beyond acrylamides, chemoselective agents that
covalently modify the abundant plasma protein TTR in
preference to the large number of other human plasma
proteins have also been described™.

These data are encouraging as they demonstrate that
specificity can be achieved with the TCI approach; how-
ever, it is important to carefully assess their potential for
off-target reactivity. A number of papers have described
the assessment of the inherent reactivity of TCIs towards
nonspecific thiols, such as glutathione***. For more
advanced compounds, the potential for performing
radiolabelling studies to assess the off-target reactivity of
irreversible inhibitors is feasible. Radiolabelling studies
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have demonstrated high specificity of irreversible EGFR
inhibitors in cellular lysates®>*’. These studies were also
useful in demonstrating that neratinib (HKI-272) forms
areversible covalent adduct with K190 of human serum
albumin but not with mouse, rat or rabbit serum albu-
min®**. In addition, proteomics-based approaches have
been suggested as a way to evaluate off-target reactivity
and ‘de-risk’ the safety issues of irreversible inhibitors®.
The opportunity to use these assays to minimize the off-
target reactivity enables a data-driven means to reduce
the potential for toxicities.

The advancement of several rationally engineered
covalent inhibitors into late-stage clinical trials validates
the TCI approach as a new path for the expansion of
this therapeutic class. To date, only a small fraction of
the targets for which the TCI approach could be applied
has been exploited clinically. For example, bioinformat-
ics analysis of the protein kinase ATP-binding site has
shown that there is a broad opportunity for TCIs to
target uncommon cysteines (~100 kinases)®. However,
so far only three of these kinases have been pursued
clinically with TClIs, in contrast to over 50 kinases that
have been pursued with reversible inhibitors (see the
ChEMBL-og website).

As selectivity and drug resistance remain serious issues
for many kinase inhibitors, there is a need for further explo-
ration of the potential of the TCI approach to overcome
these limitations. Importantly, the general applicability of
the approach beyond the kinase family is also validated
by examples of recently designed covalent inhibitors that
have been reported for TTR*? and HCV protease®. Efforts
are underway to analyse the human genome using struc-
tural bioinformatics and chemogenomics to assess the
breadth of targets amenable to the TCI opportunity (J.S.
and R.P, unpublished observations).

Clinical progress with TCls

Despite the apparent lack of attention towards covalent
inhibitor drug discovery by most pharmaceutical compa-
nies, there are several examples of covalent drugs that are
progressing to late-stage clinical development (TABLE 1).
Afatinib (BIBW-2992)¢' and PF-00299804 (REF. 62) are
potent TCIs of both EGFR and the receptor tyrosine-
protein kinase ERBB2, and have advanced to Phase III
trials for NSCLC. There has also been progress in the
treatment of metastatic breast cancer with the irreversible

EGFR/ERBB2 inhibitor neratinib*. Recently, results
from a Phase II trial showed that neratinib had substan-
tial clinical activity and was well tolerated as a form of
monotherapy®. This trial involved patients with breast
cancer tumours that were positive for ERBB2, who either
had or had not previously undergone therapy with tras-
tuzumab (Herceptin; Genentech/Roche)®.

There has also been progress in targeting Bruton’s
tyrosine kinase (BTK) with a TCI-based approach for the
treatment of haematological cancers. Two covalent BTK
inhibitors — AVL-292 and PCI-32765 — have advanced
into clinical trials and they demonstrate potent inhibition
of the target and prolonged duration of action, with excit-
ing early clinical activity observed with PCI-32765 in a
small trial of haematological cancers®. In addition, the
cytochrome P450 17A1 inhibitor abiraterone has advanced
to Phase III clinical trials in prostate cancer®. Beyond can-
cer, the reversible covalent HCV protease inhibitors tel-
apravir and boceprevir are currently awaiting approval for
the treatment of HCV infection.

Summary

Despite the many examples of successful covalent drugs,
principles for the rational design of these molecules have
only recently emerged, thus enabling the expansion of
this therapeutic class. It is now apparent that structural
bioinformatics approaches, coupled with structure-based
drug design, may enable the engineering of highly selec-
tive covalent drugs.

As TCIs advance through clinical development,
important insights into their safety and efficacy profiles
will emerge, which will enable a better understanding
of the benefit-risk balance of this mechanism of drug
action. Also, for cases in which TCIs can be compared
clinically with reversible drugs against the same target,
it will be important to assess the benefits and/or disad-
vantages of these different mechanisms of action to both
the efficacy and safety of TCIs.

The purpose of this Review is to encourage the
investigation and promote an informed assessment of
the advantages and limitations of a covalent approach,
and to demonstrate that a covalent strategy is compat-
ible with a target-directed, structure-guided drug dis-
covery paradigm. We anticipate that the next decade
will see a resurgence of interest in this important class
of therapeutics.
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