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Targeting Non-Catalytic Cysteine Residues Through Structure-
Guided Drug Discovery

Kenneth K. Hallenbecka, David M. Turnera, Adam R. Rensloa, and Michelle R. Arkina,*

aSmall Molecule Discovery Center and Department of Pharmaceutical Chemistry, University of 
California, San Francisco, California, USA

Abstract

The targeting of non-catalytic cysteine residues with small molecules is drawing increased 

attention from drug discovery scientists and chemical biologists. From a biological perspective, 

genomic and proteomic studies have revealed the presence of cysteine mutations in several 

oncogenic proteins, suggesting both a functional role for these residues and also a strategy for 

targeting them in an ‘allele specific’ manner. For the medicinal chemist, the structure-guided 

design of cysteine-reactive molecules is an appealing strategy to realize improved selectivity and 

pharmacodynamic properties in drug leads. Finally, for chemical biologists, the modification of 

cysteine residues provides a unique means to probe protein structure and allosteric regulation. 

Here, we review three applications of cysteine-modifying small molecules: 1) the optimization of 

existing drug leads, 2) the discovery of new lead compounds, and 3) the use of cysteine-reactive 

molecules as probes of protein dynamics. In each case, structure-guided design plays a key role in 

determining which cysteine residue(s) to target and in designing compounds with the proper 

geometry to enable both covalent interaction with the targeted cysteine and productive non-

covalent interactions with nearby protein residues.
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1. INTRODUCTION

Cysteine is an underrepresented residue in protein sequence (3.3% frequency [1]) but is 

disproportionately involved in protein function, with >50% of cysteine residues being 

solvent exposed and implicated in a myriad of biochemical processes [2]. Cysteine serves as 

the reactive nucleophile in many hydrolases (such as cysteine proteases) and can mediate 

redox reactions (e.g., protein disulfide isomerase). Oxidized forms of cysteine with sulfenic 

acid or nitrosothiol functionality are increasingly appreciated as playing a role in cellular 

signaling, and this suggests the possibility of targeting such oxidized forms with specific 
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small molecules [3–4]. Finally, disulfide bond formation between two cysteine residues has 

been long recognized as contributing to protein tertiary structure. Taken together, these 

features make cysteine an attractive target for modification by small molecules. Here, we 

focus on approaches to target non-catalytic cysteine residues.

The concept behind covalent modification of cysteine residues is schematized in Fig. (1). An 

initial non-covalent complex (E*I) positions the electrophilic group within range of the 

nucleophilic thiol moiety and facilitates bond formation (k2). For truly irreversible 

inhibitors, the resulting covalent complex (E-I) remains intact; however, for reversible 

electrophiles (e.g. disulfides), the ligand-bound complex dissociates (k−2) over time to 

reform the initial non-covalent complex (E*I). Thus, cysteine-modifying drugs rely on two 

binding interactions – covalent and non-covalent – that can be independently and iteratively 

optimized to obtain the necessary selectivity and potency to be useful chemical probes or 

drug leads.

Cysteine-modifying compounds have been directed at both catalytic and non-catalytic 

residues. Modifying catalytic cysteines, such as those found in deubiquitinases and caspases, 

have an obvious impact on enzyme function. However, catalytic residues in enzyme active 

sites are generally highly conserved within families, and isoform selectivity can be difficult 

to achieve. Non-catalytic cysteines are generally less conserved, making them attractive for 

selective target modulation. Chemical proteomic studies employing activity-based probes 

have identified various reactive, functional, and non-catalytic cysteine residues whose 

functions could be probed and modulated with drug-like covalent molecules. These studies 

have revealed that inherent thiol reactivity spans six orders of magnitude [5], an observation 

that is gergermane in any effort to develop highly selective cysteine-targeted compounds.

As appreciation for the targetable nature of cysteine residues has grown, covalent approaches 

to drug discovery are also resurgent. However, covalent pharmacology inevitably raises the 

concern that reactive drugs or drug metabolites can induce organ damage or evoke an 

immune response through off-target (nonselective) binding to other proteins [6–7]. A related 

concern is that an electrophilic drug can lose activity because it is rapidly inactivated and 

eliminated via reaction with native nucleophiles (e.g. GSH) [6, 8].

These arguments are often countered by noting that many safe and well tolerated drugs in 

use for decades, such as aspirin and penicillin, act via covalent modification of their targets 

[9–10] and that the intentional targeting of nucleophilic sites with appropriately tuned 

electrophiles can mitigate the risk of covalent pharmacology. Giving appropriate attention to 

these potential issues is likely a factor in the recent clinical successes of covalent drug 

candidates [11].

Taking the advantages and challenges into account, the design of selective cysteine-

modifying molecules as drug leads or as chemical probes for biomolecules has proven an 

attractive approach for the following distinct applications:

1. Lead optimization. Covalent pharmacology can enhance potency and selectivity 

of lead compounds, most compellingly by increasing target residence time. 

Covalent pharmacology is typically associated with ‘durable’ target inhibition in 
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vivo, and often very different pharmacokinetic/ pharmacodynamic (PK/PD) 

relationships as compared to drugs exhibiting reversible, fast-off inhibition 

kinetics [6]. Selectivity for protein isoforms containing the targeted residue is 

another benefit of this approach for lead optimization. Nearly any cysteine 

proximal to a known drug-binding site is a potential candidate. Knowledge of the 

structure, to support computational-guided design of the cysteine-reactive 

analog, is also highly desirable.

2. Chemical handles to identify new lead scaffolds. In targets where structural data 

indicates a binding pocket is available near a solvent-exposed cysteine, screening 

libraries of diverse molecules containing a cysteine-reactive moiety is an 

effective strategy for lead discovery. Computational approaches help triage 

promising target sites and identify scaffolds around which to build electrophile 

libraries for screening. One particularly interesting application for new drug 

discovery is targeting cysteine mutations found in oncogenic proteins; cysteine 

reactive molecules could first validate the function of these mutations in disease, 

then serve as lead compounds for therapeutic development.

3. Site-specific study of protein allostery, dynamics, and structure-function 

relationships. Native or engineered surface cysteines can be used to find 

molecules that bind at known sites of allosteric regulation, or can uncover 

previously undetected (‘cryptic’) binding pockets.

2. IMPROVING DRUG PROPERTIES FOR KNOWN SCAFFOLDS

2.1. Kinases

It is startling to recall that twenty-five years ago, kinases were considered ‘undruggable’ 

targets. The central importance of kinases and the high structural homology within the 

family suggested that imperfect selectivity would lead to unacceptable levels of toxicity. 

Through the creative efforts of many laboratories, kinase inhibitors are now a well-

established class of cancer therapeutics. However, the development of drug resistance during 

kinase-inhibitor therapy is also common. First-generation inhibitors of epidermal growth 

factor receptor (EGFR) were effective in treating certain subtypes of lung carcinoma, but a 

mutation in the gatekeeper residue (T790M) resulted in a steric clash in the binding site (Fig. 

2A) ultimately leading to clinical relapse [12–13]. Walter and colleagues demonstrated that 

EGFR Cys797, which sits at the edge of the ATP-binding pocket and is present in just 2% of 

kinases, could be targeted to improve potency and recover function in the presence of 

T790M [14]. Selectively targeting a rare cysteine to increase drug residence time was 

expected to result in an improved clinical outcome (Fig. 2A, B). However, the effectiveness 

of second-generation EGFR inhibitors was limited by on-target toxicity, since the drugs 

inhibited both mutant and WT EGFR [15–16]. To selectively target T790M EGFR, the 1st 

and 2nd generation quinazoline scaffold was replaced by other heterocyclic scaffolds into 

which an acrylamide electrophile could be readily introduced [17]. Several pyrimidine-based 

molecules were identified that exhibited 30 to 100-fold selectivity for T790M over WT 

EGFR. One of these pyrimidines, Osimertinib [18] was approved by the FDA in November 

2015, while and Rociletinib [19], was not approved for treatment of non-small-cell lung 
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cancer [20–21]. The search for the next generation of covalent EGFR inhibitors continues, 

guided by rational design and lessons learned from the clinic [22].

As these examples illustrate, the Michael reaction between cysteine thiol as nucleophile and 

an alpha-beta unsaturated carbonyl (e.g. acrylamide) has figured prominently in the design 

of covalent kinase inhibitors. Michael ‘acceptors’ are attractive for these applications 

because their reactivity can be tuned by changing the nature of the electron-withdrawing 

carbonyl (or related) function and/or by altering the steric environment surrounding the 

electrophilic beta carbon atom.

The early success of covalent EGFR inhibitors motivated use of the approach in many other 

kinases. Ibrutinib, which received a breakthrough drug designation in 2013 for mantle cell 

lymphoma, del17p chronic lymphocytic leukemia and Waldenstrom's macroglobulinemia 

[23], contains an acrylamide warhead that irreversibly modifies Cys481 in Bruton’s tyrosine 

kinase (BTK). Ibrutinib’s scaffold was identified in a screen and was prioritized because it 

showed selectivity for a small group of Tec and Src-family kinases. Sequence comparison 

and structural homology modeling suggested that BTK contained a nucleophilic cysteine in 

the position analogous to Cys797 in EGFR [24]. This observation motivated a structure-

guided medicinal chemistry effort that sampled three potential Michael acceptors – 

propiolamide, vinyl sulfonamide, and acrylamide – and found the last had the best activity 

(0.5 nM against BTK) and selectivity profile.

The Janus kinase (JAK) family have >80% amino acid identity in their ATP-binding site, 

exemplifying the kinase selectivity problem. Because of their importance to cytokine 

signaling pathways and potential as autoimmune disease therapeutics, many pan-JAK 

inhibitors have been described [25]. However, no reversible, isoform-specific inhibitors 

exist. JAK3 is the only JAK that contains a cysteine (Cys909) at the EGFR and BTK site, 

and was therefore targeted with tricyclic JAK inhibitors that included a terminal electrophile 

designed to irreversibly react with JAK3 Cys909 [26]. These compounds inhibited JAK3 

with <100 nM potency in cells and selectively ablated JAK3-dependent signaling pathways, 

with little to no JAK2 activity up to 50 µM. However, Goedken and colleagues reported poor 

pharmacokinetic profiles for these JAK3 compounds [26], and more optimization is 

necessary before JAK3 inhibitors catch up to their EGFR or BTK counterparts.

As it happens, covalent kinase inhibition is not solely a product of human ingenuity. The 

fungal natural product hypothemycin [27] and related macrocycles [28] are known to 

covalently inhibit a subset of human kinases with a cysteine preceding the kinase DXG 

motif (Fig. 2C,D). These socalled CDXG kinases comprise 48 of 518 human kinases and 

include important cancer drug targets such as MEK, ERK, PDGFR, VEGFR2, and FLT3 

[29–30]. The macrocyclic structure of these compounds contains a cis-enone that serves as 

the cysteine-reactive moiety. The epoxide present in some family members is remarkably 

unreactive due to a macrocyclic conformation that blocks the approach of potential 

nucleophiles. The wholly synthetic drug candidate E6201, described as a dual MEK1 and 

FLT3 inhibitor, is in early clinical trials for advanced hematologic malignancies with 

documented FLT3 mutation [31]. The pharmacokinetics of E6201 in preclinical species and 

in humans is characterized by moderate to high distribution but rapid clearance [32]. This 
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PK profile might be regarded as appropriate for a drug exhibiting covalent pharmacology, 

since high distribution allows the compound to get to its target, but rapid clearance means 

that unbound, potentially reactive molecules are removed from circulation.

2.2. Beyond Kinases

These kinase examples illustrate a general principle: if a non-covalent scaffold for a target 

pocket is already available, adding a suitably positioned electrophilic group to form a 

covalent bond with a nearby non-catalytic cysteine residue provides large gains in potency. 

To achieve this, analogs of the inhibitor are prepared in which an electrophilic function, 

typically a Michael acceptor, is placed in a position and orientation informed by structural 

information about ligand binding, if available. Recent studies have extended this approach to 

non-kinase enzymes. For example, in 2011, Avila Therapeutics reported selective 

peptidomimetic inhibitors targeting a cysteine in Hepatitis C virus (HCV) protease [33]. 

Using sequence and structural alignment, they identified non-catalytic Cys159, which does 

not occur in human proteases but was conserved across all 919 HCV NS3 sequences known 

at the time. To target this cysteine, an acrylamide electrophile was introduced in a chemical 

scaffold based on the protease inhibitor telaprevir, realizing gains in IC50 from 2,500 nM for 

telaprevir to 2 nM for the electrophilic analog (Fig. 2E,F). The addition of the acrylamide 

also improved selectivity vs off-target mammalian proteases. Whereas covalent protease 

inhibitors targeting active-site nucleophiles are common, to our knowledge, HCV NS3 is the 

only published example where a non-catalytic cysteine was leveraged to develop an 

irreversible protease inhibitor.

Daniel et al, recently reported a similar strategy for inhibiting histone deacetylases 

(HDACs). The HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) was modified to 

include a covalent moiety that reacted with a conserved cysteine 5.6A from the enzyme 

active site [34]. This dual-action inhibitor did not achieve isoform selectivity or increased 

potency, but represented an interesting example of using structure-guided design and 

cysteine modification to develop a novel drug-targeting scheme.

3. IDENTIFYING NEW SCAFFOLDS

Incorporating cysteine reactivity into de novo drug (and probe) discovery efforts is a newer 

concept that builds on the successes described above. This hit-discovery strategy might be 

adopted because non-covalent approaches failed to give validated chemical starting points, 

as is often the case for challenging targets like protein-protein interactions and some classes 

of proteases, or because the targeted cysteine is hypothesized to be important for the 

protein’s pathological function. For instance, a recent survey of oncogenic mutations found 

that mutations to cysteine were 2.6-fold more likely than would be expected by chance; of 

the fifteen most commonly found cysteine mutants, fourteen were surface exposed and 

several were known to affect protein function [35]. Oncogenic cysteine mutations in the 

extracellular domain of fibroblast growth factor receptor (FGFR3), for instance, are found in 

88% of mutated FGFR3, and have been shown to induce ligand-independent activation of 

the receptor through disulfide bond formation. Conceptually, these mutations could be 

strong candidates for a cysteine-targeted discovery approach.
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Of surface-available, non-catalytic cysteines, only a subset is proximal to a site capable of 

interacting favorably with a small molecule. When structural data are available, 

computational methods for detecting potential binding pockets are therefore useful for 

assessing potential druggability. Several programs, including FTmap [36] and WaterMap 

[37], predict binding pockets on a protein surface. As an example, FTmap is a simple, 

DOCKING-based algorithm that scans a protein surface for propensity to bind very small 

organic molecules. Clusters of molecules indicate hotspots for ligand binding and suggest 

whether a tractable pocket is available [36]. FTMap has been applied to regions of FGFR3 

near two of the known cysteine mutations, and the hotspot analysis suggests that one residue 

has more of a pocket than the other [35]. Neither pocket was high scoring, but it is important 

to note that proteins have regions of structural flexibility, and even small changes in side 

chain orientation or secondary structure can create cryptic pockets not seen in the unbound 

protein structure [38].

Of equal importance to the selection of a druggable cysteine/ binding site, is the selection of 

a suitable compound library to screen. As in traditional high-throughput screening, there are 

three general approaches: targeted libraries designed to bind conserved features of target 

class (e.g., kinases), diversity libraries meant for screening a wide range of targets, and 

virtual screens.

3.1. Computational Library Design

Computational methods have recently been described for virtual screening of covalent small 

molecules [39–40]. For example, in silico screening using DOCKovalent, an adaptation of 

DOCK3.6, led to experimentally validated inhibitors of the β-lactamase AmpC and kinases 

RSK2 and MSK1 [40]. In this method, a large virtual library based on commercially 

available compounds was built with a range of electrophiles; DOCKing was evaluated and 

the top 1% were manually prioritized for experimental validation. For AmpC, a library of 

boronic acids was screened for covalent modifiers of catalytic Ser64. Six diverse hits were 

tested for AmpC inhibition and three had a Ki < 1 µM. The most potent inhibitor (Ki = 40 

nM) was crystalized to confirm the predicted docking pose. Comparisons with the original 

screen motivated the purchase of seven additional compounds, ultimately yielding a 10 nM 

inhibitor with a similar binding pose. This compound represented a novel AmpC inhibitor 

with good selectivity (>104-fold) over common serine proteases that bind boronic acids.

3.2. Experimental Library Design

Assembly of cysteine-reactive small molecule libraries for experimental screening has 

tended to use a fragment-based philosophy [41–42]. Fragment-based drug discovery 

(FBDD) seeks to identify low molecular weight fragments (typically <300 Da) that bind 

with high ligand efficiency (defined as binding energy/heavy atom [43]) to sub-pockets 

within a binding site. An attractive feature of FBDD is the ability to efficiently sample 

chemical space with a relatively small number of compounds (often ≤ 2000 fragments) [44]. 

Once fragments are identified, hits are further evolved into more complex and optimized 

leads [45–46]. Since a cysteine-reactive library generally needs to be synthesized from 

scratch, the focus on small libraries of fragment-sized molecules is appealing. Furthermore, 

the use of covalent elements in the fragment library serves to increase the initial potency, 
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making fragments easier to find in a binding- or activity-based screen. Finally, the use of 

engineered or native cysteine residues makes these methods site-directed, allowing the 

chemical biologist to evaluate the ligandability of a given site on a protein.

In designing a cysteine-reactive fragment library, one must consider the nature/reactivity of 

the electrophile, the structure of the non-covalent ‘diversity’ elements, and the linker 

between them. The distance between the electrophilic warhead and the diversity element is 

important because an effective hit must make productive interactions with the protein whilst 

also displaying the electrophile at the correct distance to react with the cysteine residue. 

Thus, linker lengths and geometries provide another opportunity for diversification. The 

composition of the linker can also have important effects on the chemical reactivity of the 

electrophile, as described below.

In selecting diversity elements for a library, one can take cues from a large literature on 

fragment library design [47– 48]. For instance, researchers at Astex proposed guidelines for 

constructing fragment libraries with desirable physiochemical properties [49]. This rule of 

thumb, dubbed the "Rule of three" [50] recommends a molecular weight <300 Da, number 

of H-bond acceptors ≤3, number H-bond donors ≤3, and cLogP ≤3. Further considerations 

include limiting the number of rotatable bonds to ≤3 and the polar surface area to ≤60 Å2 

[51]. Another recent trend favors selecting fragments with greater shape diversity, including 

more sp3-rich structures to complement the generally ‘flat’ aromatic heterocycles commonly 

included in fragment libraries. While such fragments are underrepresented in commercial 

libraries, they can be accessed through bespoke synthesis or diversity-oriented synthesis 

[52–53].

Another noteworthy trend in library design is the consideration of ‘pan-acting interference’ 

(PAINs) compounds, also called ‘promiscuous,’ or ‘bad apples’ [54–58]. Several groups 

have identified chemical structures that tend to bind nonspecifically to proteins through 

covalent modification, aggregation, or redox reactions. These kinds of nonspecific covalent 

reactions are contrasted with the selective and low-reactivity electrophiles we describe here; 

however, it is important to be aware of (and perhaps remove) known ‘bad actors’ from the 

libraries during design [58].

Finally, electrophilic warheads must be selected. Electrophiles come in three flavors, 

irreversible, reversible, and slowly reversible, which will be considered separately.

3.3. Irreversible Warheads

Traditional cysteine-reactive compounds are irreversible electrophiles, and 100 – 200-

member libraries of acrylates [41] and acrylamides [59–60] have recently been reported. 

Given the wide range of cysteine nucleophilicity in proteins, it is desirable to include a range 

of electrophilic warheads with differing reactivity during library construction. This concept 

was illustrated by Flanagan and coworkers at Pfizer using LCMS and NMR based kinetic 

studies to measure thiol reactivity for a number of irreversible electrophiles. This study 

revealed a 450-fold range in reaction rates, from minutes to days [61]. To further guide 

warhead design, computational methods are available to identify those electrophiles likely to 

exhibit undesirable non-selective protein reactivity [62–63]. As seen above, acrylamides are 
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commonly used warheads, since they often show low rates of reaction in solution. Non-

covalent affinity for the binding site, however, increases the local concentration and 

residency time enough to allow reaction with the cysteine of interest.

Identifying the targets and off-targets of irreversibly covalent inhibitors can be significantly 

facilitated by the covalent nature of inhibition. In a recent example, the natural product 

hypothemycin (Fig. 2D) was found to inhibit growth of the eukaryotic parasite T. brucei, the 

causative agent of Human African Trypanosomiasis (sleeping sickness). Though the parasite 

target was unknown, Nishino and Choy et al suspected a CDXG kinase, given the known 

reactivity of hypothemycin with mammalian CDXG kinases. They used the X-ray structure 

of hypothemycin bound to ERK2 (Fig. 2C) to design a propargyl analog of hypothemycin 

for labeling and pull-down applications [64]. Application of this probe to T. brucei lysates, 

followed by ‘click’ conjugation of a fluorescent dye, allowed putative protein targets to be 

visualized by SDS-PAGE. Specific, ‘saturable’ binding interactions could be distinguished 

from non-specific labeling by co-incubation with hypothemycin, which competed with the 

probe for labeling of saturable (specific) targets. The same probe was also employed for 

pull-down and quantitative MS analysis, leading to the identification of TbGSK3short and 

TbCLK1/2 as bona fide, saturable targets of hypothemycin in T. brucei. The probe was then 

employed to demonstrate that hypothemycin treatment at cytotoxic concentrations fully 

inhibited TbCLK1 but only marginally inhibited TbGSK3short, suggesting that TbCLK1 

was the central target. While hypothemycin proved to be a relatively selective electrophile in 

the parasite proteome, the same approach can be applied to identify off-targets for less 

selective covalent inhibitors [65].

3.4. Reversible Warheads

In contrast to irreversible fragment library screening, where compounds are selected through 

a combination of kinetic trapping and binding thermodynamics, disulfide trapping 

(tethering) uses readily reversible disulfide bonds to screen for fragments based primarily on 

thermodynamic stabilization [66].

In disulfide tethering, a library of disulfide-containing fragments is assayed against a 

cysteine-containing protein under reducing conditions. Mass spectrometry or functional 

assays are used to screen for fragments that form disulfide bonds with the desired cysteine 

thiolate [67]. Using reversible disulfide-exchange chemistry allows the screening assay to 

reach thermodynamic equilibrium; this equilibrium (and the stringency of the screen) is also 

controlled by the reduction potential of the buffer, which is varied based on the chemical 

reactivity of the target cysteine [68]. The library design also favors hit-selection based on 

non-covalent binding interactions; the disulfide moieties are separated from the diversity 

elements by 2–3 carbon aliphatic linkers, which serve to separate the diversity element from 

the reacting thiol and lend similar intrinsic nucleophilicity to each library member. Disulfide 

hits are then developed into leads through replacement of the disulfide bond with 

electrophiles such as acrylamide [69], or they can be converted to non-reactive ligands 

through removal of the thiol and structure-guided optimization [70]. For example, in 

developing inhibitors of the interleukin-2 (IL-2)/IL-2 receptor interactions, disulfide 
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trapping identified a pharmacophore that bound in a site proximal to that of a known 

inhibitor; linking the two compounds provided a 30-fold enhancement in affinity [71].

3.5. Converting Reversible to Irreversible Warheads

The GTPase K-Ras (Ki-ras2 Kirsten rat sarcoma viral oncogene homolog) is an oncogene 

with many cancer-associated activating mutations [72]. Pharmacological inhibition of K-Ras 

has been the goal of many drug discovery efforts but the target has proved mostly intractable 

[73]. One K-Ras mutation, G12C, introduces a cysteine that sits proximal to the Switch-I 

and -II regions involved in K-Ras nucleotide binding. A disulfide tethering screen of 480 

fragments identified two fragments that labeled the G12C mutant [69]. Crystal structures of 

K-Ras bound to an optimized screening hit (compound 6; Fig. 3A,B) informed the 

replacement of the reversible thiol with irreversible electrophiles such as vinyl sulfonamide 

and acrylamide. The less reactive acrylamides were selected for further optimization because 

these electrophiles have precedence in modern drugs. The acrylamide-containing compound 

bound to a previously unidentified allosteric pocket that formed under the switch-II pocket, 

stabilizing the inactive GDP-bound state and also disrupting the binding of effector proteins. 

Despite this novel mechanism of inhibition, the compound was ultimately incapable of 

engaging intracellular K-Ras, motivating efforts to find more potent G12C-specific 

molecules. Wellspring Biosciences recently reported ARS-853 (Fig. 3A,C), which was 

optimized from the original acrylamides through iterative structure-guided design and 

crystallography [74]. ARS-853 follows a different trajectory in the binding site (Fig. 3A), 

but binds to the same switch-II pocket and ablates downstream signaling in cells with low 

micromolar potency. ARS-853 is the first reported K-Ras inhibitor to reach the potency 

range of a quality drug lead.

The K-Ras G12C mutation is also close enough to the nucleotide binding site that it can be 

used in conjunction with a GDP analog to covalently inhibit at the active site. This approach 

yielded SML-8-73-1, a nucleotide analog that forms a stable thioether with G12C and 

competes for binding with GDP and GTP [75–76]. Though SML-8-73-1 bears two ionizable 

functions and is cell impermeable, cell-permeable analogs showed EC50 values of 25–45 µM 

against three K-Ras G12C cell lines. Achieving sub-micromolar cell-based activity with a 

GDP analog will be challenging and may require a permeable prodrug strategy. 

Nevertheless, the general strategy of targeting disease-specific cysteine mutants is a novel 

and highly attractive one that might well be applied to other targets with surface-exposed 

cysteine mutations [35].

3.6. Slowly Reversible Warheads

The most recent development in cysteine targeting has been the development of slowly 

reversible electrophiles. These warheads offer the benefits of irreversible and rapidly 

reversible chemistries, while mitigating their limitations. Since slowly reversible inhibitors 

can be selected based on thermodynamic binding, it should be possible to optimize their 

non-covalent interactions with the binding site. Additionally, reversibly covalent ligands 

could provide the high affinity and long residency time of covalent warheads while reducing 

the risks of immunogenicity arising from truly irreversible binding. Modulating the 
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residency time of the E-I complex (Fig. 1) can enable on-target action in vivo long after free 

drug has been eliminated from circulation [77].

The concept of slowly reversible electrophiles was described by Taunton and coworkers in 

2012 [78]. In this work, a Michael acceptor based on the α-cyanoacrylamide function was 

found to react with cysteine thiols in a slowly reversible reaction. The labeling of C436 on 

the kinase RSK2 was evaluated with a series of congeneric pyrrolopyrimidine inhibitors 

bearing various electrophilic side chains positioned to react with C436. Acrylate and 

acrylamide-based inhibitors showed irreversible inhibition, while the cyanoacrylamide 

analog exhibited reversible inhibition. Interestingly, the kinetically stable covalent bond 

between C436 and the cyanoacrylamide inhibitor was rapidly broken upon unfolding of the 

kinase domain of RSK2 with detergent. This result revealed that non-covalent interactions 

between the inhibitor and surrounding residues of the binding site served to stabilize the 

covalent adduct.

The slowly reversible reactivity of cyanoacrylamides motivated a subsequent effort to 

explore tuning of target residence time via systematic modifications to the cyanoacrylamide 

warhead [79]. Bradshaw et al. targeted C481 in BTK, the same cysteine targeted by the 

irreversible acrylamide Ibrutinib. Unlike C436 in RSK2, C481 in BTK lies outside the 

immediate confines of the ATP binding site. Accessing this surface-exposed residue thus 

necessitated the introduction of a piperidine spacer between the hinge-binding 

pyrazolopyrimidine core and the cyanoacrylamide. Additionally, the cyanoacrylamide 

warhead in the BTK inhibitor was ‘reversed’, with the linkage formed via the amide function 

of the cyanoacrylamide rather than at the beta carbon as in the RSK2 inhibitors. Thus, 

structure-based design was crucial in successfully engaging cysteines C436 and C481 in 

RSK2 and BTK, respectively.

Reversing the orientation of the cyanoacrylamide also allowed the kinetics of compound 

dissociation to be altered via introduction of various substituents at the electrophilic beta 

carbon. Increasing the steric demands of this substituent correlated with increasing target 

residence time (reduced off rate); 20 hours after removing unbound compound, ~60% of the 

t-Bu compound was still bound to BTK (Fig. 4, compound 3), compared to ~30% for i-Pr 

(2) and ~10% for the Me-containing compound (1). The authors hypothesize that the 

increased residence time was due to changes in binding orientation and shielding of the Cα 
proton, which slowed elimination of Cys481. Further exploration of diverse beta substituents 

led to a series of inhibitors exhibiting a range of target residence times, from minutes to 

several days. Importantly, the intrinsic potency of these inhibitors in biochemical assays was 

not correlated with the durability of target engagement, highlighting the potential of this 

approach to enable separate optimization of potency and target residence times to meet the 

requirements of a specific therapeutic application.

One of the most promising BTK inhibitors, exhibiting a residence time of >1 week in vitro, 

was tested for kinase selectivity across a panel of kinases. Only 6 of 254 tested kinases were 

inhibited >90% at 1 µM, and each of these sensitive kinases possessed the analogous C481. 

Importantly, other C481 kinases, including EGFR and JAK3 that were regarded as possible 

off-targets, were relatively unaffected (IC50 > 3 µM). Finally, this compound was evaluated 
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for BTK inhibition in vivo and was found to retain target engagement >24 hours after oral 

dosing, by which time free inhibitor had been cleared from circulation. Overall, the 

tunability of slowly reversible warheads and the corresponding benefits in terms of 

selectivity and in vivo PD properties make a convincing case for the wider application of this 

approach in drug discovery [79].

4. EXPLORING ALLOSTERY

Cysteine-targeted agents have also served as chemical-biology tools to explore protein 

conformation and allostery. Conformational changes, e.g., caused by posttranslational 

modification, protein-protein interactions, and the binding of signaling molecules, play a 

critical role in protein function. Designing molecules that affect a specific protein state could 

make for highly selective drugs. However, compounds that act at allosteric sites on proteins 

are often found serendipitously. Allosteric sites can also be cryptic sites, in that they are not 

apparent in crystal structures of the unbound protein and are therefore difficult to discover 

and model computationally. On the other hand, some cryptic sites might not bind 

endogenous ligands, yet might have nascent allosteric potential that synthetic ligands could 

harness. For these reasons, predicting and evaluating the functional relevance of cryptic sites 

are active areas of research, and the potential to proactively identify and target allosteric 

and/or cryptic sites remains an important challenge for structure-based drug discovery.

4.1. Native Cysteine Residues

In the case of caspases, disulfide trapping identified a previously unknown allosteric site. 

Caspase-7 is a dimeric cysteine protease and a potent effector of cell death by apoptosis. The 

enzyme is expressed as an inactive dimeric zymogen that is cleaved under apoptotic 

conditions to the active form; a series of loop movements causes a significant change in the 

overall conformation of the active sites and the dimer interface. Disulfide tethering identified 

two compounds called FICA and DICA (Fig. 3D,E) that bound selectively to the Cys290 

residue at the dimer interface and stabilized a zymogen-like, inactive conformation of the 

‘active’ caspase-7 [80]. Caspase-1, a caspase involved in proinflammatory processes, was 

also found to have a cysteine residue (Cys331) at the dimer interface that could be targeted 

by a disulfide-containing compound (Fig. 3F,G) [81]. Each of these disulfide-trapped 

compounds bound with two molecules tethered to symmetry-related cysteines at the 

interface, but the compounds bound with different orientations; for instance, compound 34 

made compound-compound interactions in the caspase-1 site (Fig. 3G), while the two bound 

DICA molecules did not interact (Fig. 3D). For both proteins, analysis of the structures of 

the compound-trapped inactive state and the active conformation uncovered an allosteric 

network over the 15A between the allosteric site and the enzyme active site [82–83]. In an 

interesting and potentially generalizable application, compound 34-bound caspase-1 was 

used to select anti-caspase-1 antibodies that preferentially bound to the inactive 

conformation [84].

4.2. Engineered Cysteine Residues

Naturally, many allosteric or cryptic sites will not have native cysteine residues nearby. In 

these cases, engineering cysteine residues and probing them with cysteine-reactive 
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compounds can provide deep insight into protein structure and dynamics. The surface of the 

protein hormone IL-2 was probed with a series of cysteine residues followed by disulfide 

trapping. IL-2 is a four-helix bundle that binds to a trimeric receptor. Eleven cysteine 

mutations were made, one-at-a-time, along the surface of the alpha-chain binding site of 

IL-2 [38]. This face of IL-2 was found to be amphiphilic, with one side being hydrophilic, 

flat, and structurally stable, while the other side was more hydrophobic and structurally 

dynamic. Disulfide screening identified many more compounds that bound to the dynamic 

portion of the interface, in some cases trapping conformations not seen in structures of the 

apo protein, including conformations induced by the binding of ligands at other locations on 

the surface of IL-2. Thus, protein-protein interfaces can have regions of structural adaptivity, 

which might have a role in binding multiple protein partners [85] and/or may be exploited by 

small-molecule ligands [38, 86].

Protein-protein interactions can also allosterically regulate enzyme activity, as is the case 

with different classes of kinases. The AGC kinases, for instance, have a common allosteric 

site in the N-lobe of the kinase domain, where substrate proteins or regulatory domains of 

the kinase itself can bind [87]. Binding to this allosteric site co-localizes the substrate and 

enzyme and also allosterically activates catalysis by positioning the regulatory ‘C helix’ into 

an active position. The AGC kinase PDK1 is a well-studied example of this allosteric 

regulation, and multiple small-molecule modulators that bind to the allosteric site have been 

designed. Cysteine mutagenesis followed by disulfide trapping identified several compounds 

that allosterically activated or inhibited kinase activity [88]. Importantly, both inhibitors and 

activators could be selected at the same cysteine residue; hence, the details of the non-

covalent binding interactions and molecular shape determined allosteric outcome, not 

structural changes in the protein due to cysteine mutagenesis per se. X-ray structures of an 

activator and inhibitor bound to PDK1 (Fig. 3H) highlighted the mechanism of allostery; the 

smaller compound (Fig. 3J) stabilized a conformation in which the regulatory C-helix was 

pulled away from the active site, while the larger compound (Fig. 3I) pushed the Chelix 

down and into the active conformation [88]. These studies underscore the subtlety between 

binding and allostery that makes small-molecule design of allosteric modulators both 

fascinating and complicated.

Bishop and coworkers have taken a protein engineering approach to develop selective 

allosteric inhibitors of protein tyrosine phosphatase (PTP) enzymes [89]. This important 

class of signaling enzymes has encountered significant challenges for drug discovery, given 

the similarity of the active site across the family and the challenge with obtaining cell-

permeable active-site inhibitors. The Bishop lab found that the PTP Shp2 was sensitive to 

inhibition by the cysteine-reactive dye FLAsH, which binds to 2-, 3-, or 4 cysteine residues. 

They identified two nearby cysteine residues, Cys333 and Cys367 that were buried in the 

apo-structure of Shp2, but became surface accessible in the presence of FLAsH [89]. 

Cys333 is unique to Shp2 among PTPs, potentially providing a novel therapeutic strategy for 

targeting Shp2. However, FLAsH itself did not bind tightly enough to wild type Shp2 to bind 

selectively in cell lysates, so the investigators engineered an additional Cys368 to provide 

trivalent coordination of FLAsH [90]. Intriguingly, they were able to create similar allosteric 

sites by engineering cysteine residues at the analogous position in several PTPs. Thus, they 
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discovered a novel, cryptic allosteric site that can be used to probe the functions of specific 

PTPs in cells.

Cysteine mutagenesis/reactivity has also been used to experimentally validate potential 

hidden/cryptic allosteric sites identified computationally. Bowman, et al. utilized a Markov 

state model that evaluated protein structural changes on the microsecond to millisecond 

timescale [91]. Using a drug-resistant mutant of TEM-1 beta-lactamase as a model system, 

they collected an ensemble of protein structures and looked for transient pockets that a) were 

fragment-to-lead sized, b) correlated with motions at the active site, and c) included residues 

that changed from buried to surface-exposed upon pocket formation. They then mutated 

these residues to cysteine and used the thiol-detection reagent 5,5’-dithiobis-(2-nitrobenzoic 

acid) (DTNB) to demonstrate that they could be labeled. The rate of DTNB reaction with 

cysteine mutants supported the hypothesis that pockets opened and closed transiently. In 

three cases, TNB-labeled enzyme had a reduced catalytic efficiency, suggesting that trapping 

these pockets did have an allosteric effect on the active site. The authors envisaged a pipeline 

in which cryptic pockets would be identified computationally, then validated through 

cysteine mutation and screening with cysteine-reactive libraries. Structure-guided design 

could then be used to optimize the compounds so that they allosterically inhibit the non-

cysteine containing protein.

CONCLUSION

The post-translational modification (PTM) of reactive amino acid side chains is well 

recognized as an essential mechanism by which biology regulates cell signaling, protein 

structure, and the epigenetic control of gene expression. The various examples and 

approaches to cysteine modification described herein might be considered as examples of 

unnatural PTM leveraging the vastly greater access to chemical space enabled by synthetic 

organic chemistry. While chemical biologists and drug discovery scientists have yet to equal 

the exquisite selectivity of biochemical PTM, structure-guided design and ever improving 

computational tools for predicting chemical reactivity and ligand binding portend a bright 

future for cysteine-reactive small molecules in chemical biology and drug discovery.
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LIST OF ABBREVIATIONS

BTK Bruton’s Tyrosine Kinase

DTNB 5,5’-dithiobis-(2-nitrobenzoic acid)

EGFR Epidermal Growth Factor Receptor

ERK Extracellular-Signal-Regulated Kinase

FBDD Fragment Based Drug Discovery

FGFR Fibroblast Growth Factor Receptor

GSH Glutathione

HCV Hepatitis C Virus

HDAC Histone Deacetylase

IL-2 Interleukin-2

JAK Janus Kinase

LCMS Liquid Chromatography Mass Spectrometry

MOA Mechanism of Action

NMR Nuclear Magnetic Resonance

PD Pharmacodynamics

PDGFR Platelet-Derived Growth Factor Receptor

PDK1 Phosphoinositide-Dependent Kinase-1

PK Pharmacokinetics

PTM Post-Translational Modification

PTP Protein Tyrosine Phosphatase

RSK Ribosomal s6 Kinase

SAHA Suberoylanilide Hydroxamic Acid

VEGFR Vascular Endothelial Growth Factor Recepotor
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Fig. (1). 
Schematic of Covalent Enzyme Inhibition. An initial non-covalent binding event brings the 

cysteine sulfhydryl group in proximity to the warhead X, driving covalent bond formation. 

The covalent bond can be irreversible (e.g vinyl sulfonamide), where k−2 is zero, reversible 

(e.g. another sulfhydryl group) where k−2 depends on reaction conditions or slowly 

reversible (e.g. cyanoacrylamide), where k−2 depends on warhead reactivity.
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Fig. (2). 
Deriving Covalent Inhibitors from Known Scaffolds. A–B) Non-covalent 1st generation 

EGFR inhibitor Gefitinib (purple) overlaid with covalent 2nd generation inhibitor Afatinib 

(white). T790, the eventual site of resistance mutation, is shown. B–C) Natural product 

Hypothemycin bound to ERK2 and synthetic drug candidate E6201. E–F) Telaprevir 

(purple) overlaid with covalent derivative Compound 3 (white), which binds to conserved 

Cys159.
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Fig. (3). 
Applications of Disulfide Tethering. A–C) K-Ras G12C mutation targeted by an optimized 

tethering hit (white; B), validating a new pocket; chemical optimization of electrophilic 

analogs led to an irreversible inhibitor (purple; C) with nM potency. D,E) Caspase-1 

zymogen dimer (monomers colored tan/purple) bound to two DICA molecules at Cys290. 

F,G) Caspase-7 dimer (monomer surface colored tan/purple) bound to two interacting copies 

of Compound 34 (F). H–J) PDK1 bound to activator JS30 (purple; I) and inhibitor 1F8 

(white; J) at the PIF-pocket. The activator shifts the regulatory C-helix down toward the 

active site where an active-site inhibitor BIM-II is bound (purple).
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Fig. (4). 
Slowly Reversible Cyanoacrylamide Inhibitors of BTK. The core Ibrutinib scaffold was 

systematically substituted with three cyanoacrylamide warheads: 1 Me, 2 i-Pr, and 3 t-Bu. 

Compounds 1–3 had similar EC50 values, but vastly differing residence times (τ) that 

correlated with increasing steric demand (t-Bu > i-Pr > Me).
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