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Abstract

Targeted covalent inhibitors are currently showing great promise for systems that are normally
difficult to target with small molecule therapies. This renewed interest has spurred the refinement
of existing computational methods as well as the design of new ones, expanding the toolbox for
discovery and optimization of selective and effective covalent inhibitors. Commonly applied
approaches are covalent docking methods that predict the conformation of the covalent complex
with known residues. More recently, a new predictive method, reactive docking, was developed
building on the growing corpus of data generated by large proteomics experiments. This method
was successfully used in several “Inverse Drug Discovery” programs that use high-throughput
techniques to isolate effective compounds based on screening of entire compound libraries based
on desired phenotypes.
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A New Paradigm in Drug Discovery

The discovery of Targeted Covalent Inhibitors (TCI) has reignited interest in covalent
compounds as drug candidates [1-4] (Figure 1). While the strict definition provided by
Singh et al [1] is limited to reactive binders targeting non-catalytic residues, we believe a
more broader definition of TCI should include all covalent inhibitors that show selectivity
against the target for which they have been designed. Of particular interest, these compounds
are being used as exploratory tools in the early phases of drug discovery [5,6] and in
“Inverse Drug Discovery” approaches that identify targets based on interventions to
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phenotype. These compounds can simplify the identification of the molecular target
responsible for phenotypic changes in cells when screening compound libraries. The hit-to-
lead refinement process can then combine high specificity with covalent modification,
leading to optimal inhibitors. They are typically developed by screening focused libraries of
electrophilic fragments, but they can also be performed by attaching warheads to existing
non-covalent-binding ligands, or functionalization of DNA-encoded libraries [7].

Covalent site- or residue-specific molecules can be used as molecular probes to characterize
biological role or location of their targets [8,9] or modulate their activity and function for
therapeutic purposes. In these cases, residues targeted can play a direct role in catalytic sites,
like in caspases [10], glutathione transferase [11], and cathepsin K [12], or aberrant
mutations that can be opportunistically exploited, such as for the KRAS G12C mutant [13].
Many natural compounds also exhibit an irreversible binding mechanism [14], with a variety
of warheads and chemically diverse scaffolds. The TCI approach has already shown
significant successes: kinase TCI have been approved by the FDA for the treatment of
cancer, including ibrutinib and acalabrutinib targeting BTK and afatinib and osimertinib
against EGFR [2]. Drug candidates against KRAS G12C mutation are undergoing clinical
trials for cancer treatment (Clinical Trial Number': NCT03785249, NCT03600883,
NCTO04006301). Ibrutinib is also being evaluated for the treatment of Chronic Graft Versus
Host Disease (cGVHD) occurring in bone marrow or stem cell transplants (Clinical Trial
Number: NCT04294641).

Lately, there has been interest in reversible covalent inhibitors as well [15], which associate
some of the advantages of irreversible binders with reduced chances of side effects [16].
Computational approaches are being developed hand-in-hand with high-throughput
screening approaches, to reconcile experimental results and to drive innovation into new
chemical spaces.

Unique Features of Targeted Covalent Inhibitors

Design of a TCI is always a careful balancing act, to find the right mix of “treatment and
toxicity” [17], optimizing the potency of the compound while minimizing off-target
reactivity. Over the years, there has been an on-going debate on the liability of idiosyncratic
toxicity [1] with covalent drugs. It has been argued that unlike conventional binding drugs,
in which toxicity is often the result of an unbalanced pharmacological response, covalent
drugs are more likely to induce idiosyncratic toxicity [18,19] resulting from binding to off-
target proteins which often results in adverse immune response. Although, it has been shown
that ideal TCI can have relatively high selectivity and low off-target interactions. Looking to
Nature, penicillin achieves this balance with a typical drug-sized molecule that closely
mimics bacterial peptidoglycans, and the intrinsic reactivity of the pB-lactam ring [20] is
boosted significantly in the proper context, becoming a highly active warhead [21]. There
are is number of components in both the irreversible binder molecule and its target that
dictate the final outcome of the interaction, and TCI combine and exploit several of these
factors.

i)https://www.clinicaltrials.gov

Trends Pharmacol Sci. Author manuscript; available in PMC 2021 December 01.


https://clinicaltrials.gov/ct2/show/NCT03785249
https://clinicaltrials.gov/ct2/show/NCT03600883
https://clinicaltrials.gov/ct2/show/NCT04006301
https://clinicaltrials.gov/ct2/show/NCT04294641
https://www.clinicaltrials.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bianco et al.

Page 3

Target components.

Structural and physico-chemical characteristics affect and modulate the intrinsic reactivity of
amino acids, which will deviate from what is measured in isolated conditions. For example,
the structural context in which residues are found in folded proteins can alter the pKj of side
chain moieties, making them more prone to participate in reactions. A clear example of
residue selectivity is represented by the sulfur(V1)-fluoride exchange (SUFEX) warheads.
Tyrosine phenols that can be targeted very selectively with fluorosulfate SUFEx warheads
[22] when flanked by positively charged amino acids such as lysine, arginine, and histidine
[23,24]. Similar residue propensity can be found for sulfonyl fluorides targeting pKj -
perturbed lysines [22]. The same residues have been proven not to react when the protein is
not found in its naturally folded state because flanking interactions are lost [25]. Several
laboratories have characterized the intrinsic reactivity of different warheads, using
theoretical methods[26], MS [27,28], and NMR [29], which can be used to predict their
interaction with amino acids and quantify possible reactivity-driven off-target interaction.
Similarly, a number of attempts have been made to use predictive computational models to
estimate the reactivity of given classes of functional groups [30-34].

Beside cysteines [35-37], a number of studies addressed the proteome-wide reactivity of
specific residues, such as serines [38], lysines [39], and others [37]. Due to the irreversible
nature of the interaction, low initial affinity is sufficient to stabilize the non-covalent adduct
and facilitate the formation of the new covalent bond. This represents a clear advantage over
conventional binders because it allows targeting of less druggable sites [40]. That said, while
not as indispensable as for reversible binders, the proximity of cavities and pockets on the
macromolecular surface near the targeted residues further increases the likelihood of the
reaction occurring [41]. The shape of such cavities can be exploited for increasing
specificity and affinity of the binders, hence allowing use of less reactive warheads. The
application of any structure-based methods relies on the availability of accurate models of
the targets. Therefore very flexible proteins represent a major challenge for reversible and
irreversible binders alike, and the accuracy of predictions is reduced dramatically when
using a single conformation, gpo structures with no well-defined binding site pockets, or
allosteric/cryptic pockets. Although, since modeling of irreversible binding events relies on
the accurate description of the reaction geometries, the issue of target flexibility could
arguably have a higher impact on the modeling of covalent binders.

Ligand components.

On the binder side, for it to be sufficiently specific it is essential that the warhead has the
proper balance of low reactivity and orientational bias, so that it will react only when in
close proximity and in optimal relative orientation with the desired target. Orientational
optimization depends on several factors, including tuning of the solution conformation to
match the bound conformation, and orienting the warhead to promote the desired chemical
reaction mechanism. Most effort has been focused on targeting cysteines with a.--
unsaturated carbonyl compounds, although many additional approaches, with different
chemical warheads targeting cysteine, lysine, tyrosine, and many other amino acids are
being explored [3,42,43]. Remarkably, with an opportune warhead even the protein N-
terminus can be targeted [44] as shown in a recently approved drug for sickle cell disease
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[45]. SUFEX chemistry has gathered a significant amount of interest for the design of TClI,
lately, due to their relatively low reactivity and their precise geometric and structural
constraints. These constraints are ideal characteristics for design of TCI, greatly narrowing
the odds of off-target sites with similar target and pocket geometry. Overviews of different
warheads and their selectivity are discussed in detail in several recent reviews [3,46]. The
intrinsic reactivity of warheads can be assessed experimentally or computationally using a
non-specific covalent modifier such as glutathione. For a comprehensive review on assessing
electrophilic reactivity, refer to Schwobel [28]. Lonsdale [31] presents a novel approach
using pKj assessment, which is compared with previously reported approaches such as
NMR chemical shifts and quantum mechanical (QM) model calculations, to estimate
reactivity of a series of acrylamides using glutathione.

Given the stringent characteristics of TCI, the identification of drug design leads depends on
the opportune design of the library to be screened. On one hand, the choice of the opportune
warheads controls the selectivity and provides the basic intrinsic reactivity of the molecule.
On the other hand, ultimate reactivity is also modulated by the chemical features of the non-
reactive components, which can be discriminated by the target prior to the reaction
conditions to be satisfied. Parker and Cravatt showed that stereoisomers can be discriminated
even by non-enzymatic binding pockets [47], hence can be used to provide further reactivity
fine tuning. Irreversible warheads can be the starting point for the design of reversible
binders: by introducing opportune chemical modifications, the reactivity of irreversible
warheads can be modulated to turn them into reversible ones [48,49]. Zhang [50] applied
Free Energy Perturbation (FEP) protocols based on molecular dynamics (MD) to predict the
binding free energies of reversible covalent drugs and rank their reactivity. Schirmeister [49]
applied QM methods and hybrid QM/MM methods to present a proof of principle of rational
design of reversible covalent vinylsulfone inhibitors.

The kinetics of TCI are unique, a fact that must be reflected in any rational design effort
[51,52]. They do not follow typical binding kinetics, so measures such as Kp and 1C50 alone
are not sufficient to describe their kinetics. Rather, the kinetics are dependent on a two-step
mechanism. First, the reversible binding of the molecule to the site is characterized by the
binding constant K. Then, the reaction of the warhead with the target is based on K. the
rate of reaction. The overall course of the reaction is then related to the second-order rate
constant K,,./K, and occupancy steadily increases with time. The dual contributions of
these Kinetics are reflected in observed properties of TCI. A recent high-throughput screen
of fragments decorated with several mildly electrophilic warheads gave encouraging results,
increasing normally-weak binding strength of these small molecules through covalent
attachment to cysteine, while also revealing that promiscuous inhibitors were surprisingly
rare [53]. Studies with EGFR TCI have revealed that the efficacy of these compounds is
closely tied to the reversible binding strength [54], underscoring the desirable ability to tune
specificity by tailoring the traditional binding characteristics of the molecule to the active
site.
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Kinetics of reversible covalent inhibitors is further complicated due to the fact that the
formation of the new covalent bond is under thermodynamic control [50,55].

Their residence times can vary significantly from a few minutes to multiple days [48,56].

Computational Methods

Design of TCl is particularly amenable to structure-based approaches, because their
specificity is largely a function of (1) the binding strength of the groups carrying the
warhead, and (2) the molecular context of the target that results in the positioning of
susceptible groups in proximity to the warhead. If the reactivity of the species involved is
properly characterized, it is possible to apply all of the traditional approaches for structure-
based drug discovery to this context, including fragment screening, modification of an
existing lead compound with a warhead, and brute-force virtual screening of entire libraries
of synthetically accessible compounds. A variety of computational methods have been
developed to allow a structure-based approach to discovery of covalent inhibitors. These
methods face several challenges --prediction of binding poses and prediction of reaction
rates--and progress has been made addressing both of them. Highly computationally-
intensive methods, such as hybrid MM/QM methods presented by Schmidt [57] and Yu [58]
seek to characterize the entire process of binding and covalent attachment [52]. We focus
here on simpler, faster docking methods that are designed for virtual screens and compound
discovery.

Site Prediction.

The structural context of the target amino acid is a key component determining reactivity.
Typically, deprotonated states of the sidechain provide the nucleophile for the reaction, so
nearby cationic residues can promote formation of the reactive form. AwoonorWilliams [52]
reviews several methods for predicting the pKj of target amino acids. Since kinases have
emerged as a particularly amenable target for development of TCI, several studies have
focused on analyzing the entire body of available structures to identify possible targets
within the kinase “Cysteinome” [59,60]. Zhao [61] analyzed 1599 structures of 169 unique
kinases that had one or more cysteines in the active site, characterizing five potential
structural sites for covalent attachment by TCI. The characteristics of these sites were
analyzed by function-site interaction fingerprinting (Fs-IFP), which includes information on
the directionality of target thiols and if they are consistent with potential covalent reactions.
Density functional theory (DFT) calculations were further used to characterize the reactivity.

A retrospective analysis based on a structure-based pocket prediction tool [62] was
performed on 68 diverse protein structures, for which isoTOP-ABPP and TMT-ABPP
experiments identified the labeling of 74 cysteines. The results showed that 68% of the
cysteines are located in close proximity to a druggable pocket [41]. Similarly, Zhang [50]
analyzed 1462 sites of covalent attachment to cysteine by both small, highly active covalent
ligands and TClI, finding that these cysteines have lower pK; and higher exposure. The study
also showed that druggable pockets are found close to cysteines in 88.1% of the TCI
complexes, whereas local pockets were found in only 64.3% of complexes with highly active
covalent inhibitors and 60.8% of non-covalent inhibitors. Based on these observations, they
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were able to formulate a predictive algorithm for finding potential covalent binding sites.
These results confirm the hypothesis that the noncovalent binding affinity and the geometry
of pockets are essential to drive the covalent bond formation in TCI.

Covalent Docking

Most current docking methods focus on modeling the conformation of covalent inhibitors in
the bound covalent complex. Several detailed reviews of methods are available, so individual
methods are not compared here [52,63,64]. Three conceptual methods are typically
employed: biased (or constrained), tethered and hybrid.

Biased methods modify the site of attachment in the target and the ligand and add new
potentials to the force field to favor or constrain conformations consistent with the covalent
bond. Examples include CovalentDock [65] and the two-point attractor method of AutoDock
[66]. In a simpler variation, termed SCAR (steric clashes alleviating receptor), the cysteine
may be removed entirely, and the bond inferred after traditional docking [67] (Figure 2).

Tethered approaches, employed in popular tools such as GOLD [68] and many others [66]
pre-form the covalent complex based on the known chemistry and geometry of the bond, and
use the docking engine to optimize the pose and evaluate non-covalent interactions for the
remaining portion of the ligand. This has the great advantage of speeding up the entire
docking simulation, since translational degrees of freedom can be ignored (Figure 2). Both
approaches ignore the energetics of covalent bond formation, enforcing an idealized covalent
bond and scoring docked complexes primarily on the non-covalent interactions.

Hybrid methods combine conventional methods with biased or tethered methods and are
relatively more articulated and complex. Multi-step protocols are performed to evaluate first
the strength and specificity of the non-covalent interaction, and then probability of reaction
is estimated based on the proximity and relative orientation of warhead and target, often
after a refinement process (e.g. MD). Examples include CovDock, DUckCov, and
EnzyDock.

CovDock [69] ranks TCI by predicting poses of non-covalent and covalently-bound states
and defining an apparent binding affinity score that is the average of the two. This assumes
that the energetics of bond formation are the same across a given set of trial TCI, allowing
ranking of compounds with identical or similar warheads. A multistep process is used,
positioning the ligand in an alanine-mutated site with Glide [70] with a constraint to keep
the warhead within 8 Angstroms of the desired position, restoring the amino acid and
choosing poses with acceptable covalent geometry, and refining and scoring the covalent
complex. The method shows a 29/38 success rate in pose prediction in a retrospective study
of two classes of inhibitors, and affinity predictions with R-squared correlations of 0.62 for
11 acrylamides with cSrc kinase and 0.32 for 27 peptidyl ketoamides with HIV serine
protease. The method is compute-intensive (1-3 hours/ligand), so a faster method,
CovDock-VS [71], has also been developed that speeds up the process by incorporating
approximations at several steps.
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DuckCov [72] is a rapid pipeline for virtual screening of TCI. First, the non-covalent
complex is predicted using rDock [73] to place ligands based on pharmacophores and
constraining the warhead to be in proximity to the target amino acid. Then, hydrogen
bonding is evaluated using DUck, a dynamic undocking approach [74]. Finally, the best
candidates are subjected to compute-intensive evaluation using CovDock. The method was
validated by virtual screening of ~55,000 acrylamides against specific sites in two kinases,
with 3/5 successful hits in JAK3 confirmed by an enzyme-based activity assay and 4/9 hits
for KRas confirmed by NMR. EnzyDock [75] uses a CHARMM-based molecular mechanics
approach to explore chemical states along a reaction pathway. One state is first docked to the
desired active site, then other states are docked and subjected to molecular dynamics in
similar conformations. The method was applied to model Michael addition of covalent
inhibitors on cysteines in four proteins, incorporating the non-bonded state and the covalent
state into the process. Validation was performed by comparing experimental and predicted
conformations of the covalent state. Retrospective comparisons of docking methods show
that they are effective in reproducing observed covalent complexes about half the time. Wen
[76] compared four popular methods, docking 330 known complexes with serine or cysteine,
and results were assessed using a typical RMS threshold, giving success rates of 44-57%.
Scarpino [77] compared six methods using 207 complexes with cysteine in 54 targets, and
found success rates of 37-62%. RMSD<2.0A for best scored pose was used as the criterion
for success in both studies. As with traditional docking methods, these studies found that the
success was dependent on the size and flexibility of the ligands, as well as the accessibility
and flexibility of the target amino acid side chain, with significant differences between
different types of warheads.

Wen [76] also makes the compelling statement: “The performance of an ideal covalent
docking tool should be independent of receptor class, warhead type and reaction
mechanisms.” This is often the goal for development of traditional computational docking
tools: to create a single tool that is parameterized and calibrated to be effective for all
possible applications. In practice, however, this is rarely the case, and most existing tools are
effective for drug-like molecules with characteristics roughly corresponding to Lipinski’s
Rule-of-Five, binding to relatively rigid, most often protein, targets. When we add the
rapidly-growing diversity of covalent warheads, this goal becomes even harder to achieve.
The current solution to this conundrum is two-fold: developers of methods do their best to
provide general tools, but at the same time, engineer in enough flexibility in methods to
allow customization for challenging systems. Given the moderate performance of current
force fields in predicting binding affinities, many workers currently tune force fields to
optimize performance for their desired application. In addition, search algorithms often
require significant customization if the application strays from well-behaved ligands and
largely-rigid receptors. The recent report of lysine-targeted inhibitors to a challenging target,
elF4E, is a case in point [78]: the authors modified DOCKovalent [79] (originally designed
to model cysteine or serine modifications) to accommodate covalent attachment to
lysine,and added a minimization and rescoring step to rank the best hits, leading to two
successful leads for further development.

The availability of effective TCI has opened an exciting new approach to high-throughput
discovery, termed “phenotypic drug discovery” [80,81] or “inverse drug discovery” [82]. In
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approaches such as variations of “activity based protein profiling” (ABPP) [35], whole cells
are subjected to a cocktail of compounds, and new phenotypes are discovered and correlated
directly with the target and the site of binding/inhibition by using tandem mass spectroscopy
[34,35,51]. These proteomics experiments are very powerful and can generate huge amounts
of data useful for the design and training of new computational methods. To exploit this
data, and provide a predictive tool to expand these studies, we have developed a new
approach, Reactive Docking (Figure 3) that does not use any of the methods in the
previously defined categories [24,36,82]. Reactive Docking does not use constraints and the
ligand is modeled as completely free and untethered while interacting with the receptor,
including the potentially modifiable residue that is modeled as flexible (Figure 3). Residues
more likely to be modified are also predicted by the protocol. Then, the ultimate reaction
outcome is predicted by using conventional docking approach opportunely modified to
include an additional soft potential [70] that explores energetics and geometric neighbors of
the near-attack conformation (NAC) [83,84]. When the NAC-like conformation is not the
best energy result, the reaction is predicted not to happen. While it is not necessary to
specify the residues that have high likelihood of being modified, we developed a pre-
processing protocol to facilitate their identification, pruning residues unlikely to be
modified, such as those embedded below the protein surface (i.e. solvent inaccessible).
Reactive docking was initially developed to model cysteine modifications by acrylamide and
chloroacetamide warheads [36], but virtually any chemical reaction can be modeled. Since
its initial application, more data has been used to adapt it to model other reactions, allowing
prospective prediction of covalent binding sites on a protein or proteins of interest.

In order to be applicable in this context, any computational method needs to be fast, nimble,
and easily deployable in a very high throughput fashion. Reactive Docking has been
designed to address the challenges posed by such large experimental settings, in which
thousands of potentially modifiable residues in many diverse protein targets are evaluated
concurrently. Since it requires only the initial unmodified structures of the ligands and target,
and the information on which atoms are involved in the initial reaction mechanism, the
method can be used in a fully predictive fashion. Conversely, it can be also used to
complement the experimental data, helping address methodological limitations. For
example, when multiple potentially modifiable residues (i.e. cysteines) are present in the
same proteolytic peptide, mass spectrometry analysis can detect the modification events, but
cannot be used to resolve the location of such modifications at the single residue level.
Reactive Docking has been used successfully to resolve this ambiguity in ABPP experiments
on human T cells [41], identifying the residue most likely to be modified based on structural
data. The method has been extended and applied to other reactions, such as those involving
SuFEx warheads [25,82]. The residue scanning tool has been modified to recognize residues
targetable by SUFEX that satisfy the geometric constraints (i.e., flanking residues). The
approach has been then used prospectively in an “inverse drug discovery” campaign [82], in
which tyrosine and lysine in the human proteome were targeted with three chemical probes
functionalized with fluorosulfate groups. Reactive docking was used to determine the
structural components determining protein target preference, as well as to explain the single
residue discrimination power of the probes with competing tyrosines or lysine interactions
[82]. As target diversity and selectivity of the SUFEX warheads has continued to expand,
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reactive docking has also been used to model serine [25]. The versatility in modeling
different types of reactions, its predictive power, and the possibility of running in a high-
throughput fashion make this method applicable in large prospective drug discovery
campaigns. Recently, Reactive Docking has been deployed in the OpenPandemics -
COVID-1911, a large screening effort on the IBM World Community Grid'il targeting the
SARS-CoV?2 virus. The protocol is being used to target cysteine, tyrosine, and lysine
residues in the whole viral proteome, screening libraries containing millions of compounds
functionalized with diverse warheads. Building on the previous work with large proteomics
experiments, the goal is to exploit its predictive power to perform virtual screenings of
covalent targets across the viral proteome, expanding the range of targets from the well-
characterized catalytic sites.

Concluding Remarks

The clear benefit of covalent inhibitors is their irreversible mechanism of action, making it
possible to target traditionally undruggable sites and allowing innovative new phenotypic
screening approaches. TCI remove the major impediment to use of covalent inhibition, by
allowing fine-tuning of the specificity of these inhibitors and greatly reducing unwanted off-
target effects. Computational approaches are working hand-in-hand with high-throughput
screening to help answer these challenges. Modeling is instrumental in the discovery and
deployment of these new inhibitors, helping to increase specificity and affinity of the
binders, hence allowing use of less reactive, safer warheads. The availability of a large
amount of experimental data laid the foundations for the development of more advanced and
fully predictive computational methods for high-throughput screening of irreversible
inhibitors. While there are experimental high-throughput approaches, such as DNA-encoded
libraries, and covalent fragment-based screenings, they require significant amount of
resources to be performed (equipment, reagents, facilities, trained personnel, etc.).
Conversely, continuing the trend [85] set for conventional virtual screening methods,
computational methods are the optimal tool to efficiently explore broad regions of the
chemical space [86], while requiring very limited resources as many computational
approaches can be run on commaodity hardware. Computational methods are well-suited for
assessing the potential druggability of targets in very high-throughput fashion [85], and
provide an effective way to reduce the number of compounds to test. Ultimately, they
represent a valuable complement to experimental efforts, reducing considerably the
resources required to identify new molecular modulators of biological targets, enriching the
number of hits [85], and effectively increasing the efficiency of experimental resources.

The field faces several outstanding questions that need to be addressed in the near future (see
Outstanding Questions). New selective warheads are being designed [87] and we anticipate
many more to be developed, possibly exploiting novel mechanisms. Computational methods
will need to anticipate and promote discovery of such new warheads and mechanisms,
providing new effective tools that evolve at the same pace as this very energetic field. This
will involve continued enhancement of the basic methods of reactive docking to incorporate

!!?https://www.worldcommunitygrid.org/research/opn1/0verview.do
i https:/ww.worldcommunitygrid.org
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these new reaction models. In addition, effective approaches to large proteome-wide virtual
screens are still under intense development, looking for a sweet spot that balances detail and
accuracy of the method with computational feasibility. Methods will include new
developments in the underlying physics of the interaction, incorporating mechanistic details
with more accuracy, as well as moving to platforms that allow deployment of very large
screening efforts, such as distributed computing and HPC platforms.

The final challenge is to improve TCI, and methods to discover them, to the level where they
are common solutions to therapeutic challenges. Looking to previous structure-based efforts
with conventional binders, this will involve a strong synergistic dialog between
computational and experimental efforts. Drug design efforts are typically cyclic, with
computational efforts alternating with experimental efforts, each improving at each turn of
the cycle. Enhancement to the methodology is often concurrent with this process, as the
effectiveness of both the method of discovery and the efficacy of the compounds is evaluated
at each step. The field of TCI design is in its infancy, and will greatly benefit from this same
course of cyclic development. The growing flow of experimental data generated will be
essential to improve the quality of the predictive models, which in turn will provide reliable
and more accurate high-throughput approaches. Computation will certainly play a central
role, contributing to driving the innovation in experimental approaches, sharpening
specificity, and providing new structural insight to target most intractable sites.
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Outstanding questions

How can computation spur the discovery of new warheads with new
mechanisms?

How can computational methods be improved and optimized to overcome the
current limitations in docking accuracy and ranking ability?

How can high-throughput virtual screening methods can be applied to
irreversible inhibitors?

How can computational methods be used to predict warhead reactivity and
binding kinetics?

How can computation help to fine tune the balance of warhead strength with
specificity of non-covalent moieties in TCI?

How can computation address the extra complexity coming from the target
flexibility and the identification of cryptic sites?
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Highlights

Molecular modeling is widely applied in drug discovery, with a number of
successful approaches. Only recently there have been applications to the
characterization of covalent inhibitors.

Several methods have been proposed, but a number of challenges arise from
the modeling of the warhead reactivity, predict residue propensity to react,
and ultimately the prediction of reaction outcome.

The recent resurgence of interest in covalent inhibitors is generating large
amounts of experimental data that can be used to train computational models
and improve the accuracy of predictive methods.

In order to be useful in drug discovery campaigns, computational methods
need to achieve an ideal balance between accuracy and speed, in order to
reduce experimental resources required to identify new hits while being
applicable in high-throughput fashion.
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Reversible Inhibitors
Equilibrium between the
bound and unbound state
High specificity

CovalentInhibitors
High reactivity
Low specificity

?

@ High reactivity warhead
—

Targeted Covalent Inhibitors (TCI)
Low reactivity
High specificity

@ Low reactivity warhead

Figure 1. Conceptual approaches for inhibitor design.
Different binding mechanism of action for reversible inhibitors, covalent inhibitors, and

Targeted Covalent Inhibitors (TCI)
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(a) Two-point attractor method

Docking
—

(b) SCAR (steric clashes alleviating receptor)

Docking
—

(c) Tethered methods

C
's
Docking
—

Figure 2. Schematic of covalent docking methods.
Overview of docking methods to model covalent binding. (a) Two-point attractor method

uses two dummy atom types (X and Z) to superimpose and constrain atoms involved in the
bond. (5) SCAR method removes the atoms that form the bond during docking, then adds

them to the predicted complex. (¢) Tethered methods start with a trial conformation for the
covalent complex, then optimize the pose by exploring the available conformational space.
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SOLVENT-ACCESSIBLE FOCUSED DOCKING REACTIVE DOCKING OUTCOME DICTATED BY
RESIDUE SCANNING ON SELECTED LIGAND-RECEPTOR AND WARHEAD
(CYS) RESIDUES INTERACTIONS

Figure 3. Reactive Docking Pipeline.
(Left) Scanning of all the solvent accessible residues and independent docking on each

residue. (Righf) Simulation of the reaction event: a custom soft potential is defined between
the reactive atoms. If reactive atoms in docking results are found at appropriate bonding
distance, the reaction is considered likely to occur
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