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Abstract

Covalently bound protein kinase inhibitors have been frequently designed to target non-catalytic 

cysteines at the ATP binding site. Thus, it is important to know if a given cysteine can form a 

covalent bond. Here we combine a function-site interaction fingerprint method and DFT 

calculations to determine the potential of cysteines to form a covalent interaction with an inhibitor. 

By harnessing the human structural kinome, a comprehensive structure-based binding site cysteine 

dataset was assembled. The orientation of the cysteine thiol group indicates which cysteines can 

potentially form covalent bonds. These covalent inhibitor accessible cysteines are located within 

five regions: P-loop, roof of pocket, front pocket, catalytic-2 of the catalytic loop and DFG-3 close 

to the DFG peptide. In an independent test set, these cysteines covered 95% of covalent kinase 

inhibitors. This study provides new insights into cysteine reactivity and preference which is 

important for the prospective development of covalent kinase inhibitors.
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Introduction

Abnormal kinase regulation is responsible for more than 200 diseases, notably various 

cancers.1,2 Consequently, protein kinases have been very important drug targets for 

anticancer drug discovery.3,4 However, to design a targeted kinase inhibitor with the desired 

selectivity is a daunting task as all kinases share a similar catalytic domain that binds ATP.5 

Through July 2016, 30 kinase-targeted drugs had been approved by U.S. Food and Drug 

Administration (FDA) (http://www.fda.gov/),6 These drugs have proved successful7 in 

reducing patient suffering and prolonging patient survival in treating multiple diseases, 

especially cancers.8 However, reported off-target toxicities and acquired-mutation resistance 

dictate that prospective kinase-targeted inhibitors act at a lower dose and with higher 

specificity.4

Covalent targeting-kinase inhibitors have received increasing attention because of their high 

binding affinity and selectivity.9–11 Diverse covalent kinase inhibitors have been developed 

(see recent reviews9,12,13 and herein). More notably, the FDA approved three irreversible 

inhibitors recently. First is Afatinib for patients with metastatic non-small cell lung cancer 

(NSCLC), which is driven by epidermal growth factor receptor (EGFR) exon 19 deletions or 

exon 21 (L858R) substitution mutations.14 Second is the BTK inhibitor, Ibrutinib, for B-cell 

malignancies.15,16 Third is Osimertinib used to treat patients with EGFR T790M mutation-

positive metastatic NSCLC17. All three drugs were designed by combining a reversible-

inhibitor scaffold possessing competency against their primary targets and an electrophilic 

functional group capable of covalent Michael addition to cysteine.14,18 Recent studies9,19,20 

have indicated that combining a reversible inhibitor with an electrophilic center is a 

practicable strategy for developing irreversible kinase inhibitors.3,9 The reversible-inhibitor 

scaffolds are important to assure targeting the desired kinase and the electrophilic functional 

group improves the specificity and binding affinity.3,19,21 Currently, diverse electrophilic 

functional groups,9 such as acrylamide and its derivatives,22 have been used to achieve 

covalent binding to the non-catalytic cysteines. Meanwhile, the abundant cysteine residues 

as nucleophilic groups, located within different parts of the binding site for various kinases, 

provides a potential opportunity for developing specific irreversible inhibitors by harnessing 

the different cysteine locations.6 Gray et al6,9 reviewed the locations of cysteines for the 

whole human kinome using primary sequence alignment and classified accessible cysteines 

into different regions including Gatekeeper, Roof region, Hinge region, DFG region, and P-

loop, respectively. The known arrangement of cysteines provides useful information for 

designing a covalent inhibitor that can access the targeted cysteine by merging an 
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appropriate electrophilic group with the given reversible inhibitor scaffold. However, having 

an electrophilic group and a spatially accessible cysteine is not necessarily sufficient. The 

Michael addition reaction requires both a favorable steric and electronic interaction between 

the nucleophilic and electrophilic groups.23 Thus, it is vital to learn which cysteines can 

indeed react with the electrophilic center; this requires structure-based information.

In this paper we address this question by combining a function-site interaction fingerprint 

(Fs-IFP) method and density functional theory (DFT) calculations across the whole human 

structural kinome, which is increasing rapidly.24–26 As of July 2016, there were277 4 

kinase-ligand complex structures (235 kinases) in the PDB (http://www.rcsb.org/).27 

Previously we have developed and applied the Fs-IFP approach to study binding modes 

across the human kinome and hence only a synopsis is given here.28,29 The Fs-IFP approach 

encodes the 3D binding modes of any given kinase-ligand complex structure into 1D 

interaction fingerprints for further large-scale analysis. The interaction fingerprint provides 

the interaction details of every atom at the interface of the binding pocket. In particular, the 

encoded fingerprint of the cysteine sulfur atom will directly indicate if the direction of the 

thiol group is favorable for covalent interaction. Thus the potential covalent reaction for 

every cysteinecan be analyzed

To further quantify the effect of microenvironments on cysteine reactivity within the binding 

site, DFT calculations are performed systematically. Cysteine-involved Michael addition has 

been widely studied (http://www.organic-chemistry.org/).30,31 Cronin et al32,33 suggest a 

simultaneous mechanism as shown in Figure 1, Scheme 1. Johannes et al34 and David J. et 

al35 reported a stepwise mechanism with the loose transition state in weak-base buffer 

solution for a set of α, β-unsaturated aldehydes, ketones or esters as the electrophilic groups, 

as shown in Figure 1, Scheme 2. In this paper, our purpose is to gain insights into solvent 

effects and steric effects for given cysteine covalent reactions within the binding site. Such 

an analysis is necessary to better interpret the reactivity of each cysteine-electrophile pair in 

the protein. To achieve this we built the representative computational model for the cysteine-

involved addition reaction in the binding site. A series of multi-dimension potential energy 

surfaces with different dielectric constants including ε=0.0, ε=7.43 and ε=78.36 and the 

multi-dimension potential energy surface for the conformation space of the cysteine dihedral 

χ1 are calculated to qualitatively characterize the reactivity of any given cysteine.

Results

Cysteine distribution

Using the Fs-IFP method, we obtained the distribution of cysteines across the human 

kinome. In 2774 complex structures, 1599 structures (belong to 169 kinases) have at least 

one cysteine located at their respective binding sites. These cysteines are distributed at 63 

different amino acid locations as indicated in Figure S1 and Table S1, with all positions 

marked.36 Furthermore, 17 amino acid locations have at least one contact between the 

cysteine and the corresponding ligand. The 17 amino acid locations are marked in different 

colors (Figure 2a) following the distribution at different regions within the binding pocket 

and labeled as listed in Table S1. We then counted the number of accessible cysteines at 

every positions and the number of cysteines involved in interactions with the ligands from 
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the 1599 structures. Figure 2b illustrates the distribution of cysteines across all structure 

which are given in Table S2. The top two interacting positions(12% of kinases) are located at 

Hinge-2 and DFG-3 (Figure 2b). We also assembled the distribution of all 43 PDB structures 

with cysteine-ligand covalent contacts (green in Figure 2b; red in Table S2), which are 

distributed at P-loop-5, P-loop-9, Hinge-1, Front-2, Front-3 and DFG-3. Notably, 29 of the 

43 cysteine-ligand covalent-contact structures occur at the sub-region of Front-2. What 

follows are details of the interactions between the cysteines and the corresponding ligands.

Details of the cysteine interactions

Figure 3a shows a cysteine composed of 6 non-hydrogen atoms: four (CA, C, O and N) as 

part of the backbone and the other two (CB and SG) as part of the side chain. Figure 3b 

indicates that two types of cysteine-ligand interactions dominate, hydrophobic interactions 

and hydrogen-bond interactions. 78.6% are hydrophobic contacts from atoms C(0.3%), 

CA(8.6%), CB(24.9%) and SG(44.7%). 5.1% are hydrogen-bond contacts with oxygen as an 

acceptor and 16.3% are hydrogen-bond contacts with nitrogen as a donor (Figure 3b). This 

distribution indicates that SG is structurally accessible in many kinases and provides 

abundant opportunities for developing covalent inhibitors. Figure 3c shows the detailed 

distribution of the interactions to which the atoms in cysteines contribute. In the following 

sections, we detail the possible covalent reactions at all locations described in Figures 2a and 

3c.

P-loop—As shown in Figure 2a, there are three cysteine-involved positions P-loop-5, P-

loop-7 and P-loop-9 located within the P-loop. Here the cysteine contributes mainly to the 

hydrophobic interactions via the side chain atoms CB and SG. The hydrophobic interaction 

from SG is the primary contribution (green in Figure 3c at locations P-loop-5, P-loop-7 and 

P-loop-9). Notably, at location P -loop-5, the cysteine contributes to not only the 

hydrophobic interaction from SG but also the hydrogen-bond interaction from N as a donor. 

In the binding pocket of the kinase domain, the P-loop is located at the front cleft,37 which is 

solvent-accessible38. Several released PDB structures exhibit covalent interactions with the 

P-loop. An example is shown in Figure 4a (pdb id 4r6v),21 where the cysteine at P-loop-5 

donates the covalent contact with the ligand. Other structures with covalent interactions 

include pdb id4d9t, 4d9u, 4jg6, 4jg7 and 4jg8. 22,39 Thus, the P-loop can be utilized to 

design potential covalent inhibitor s.

Roof of pocket—Here the cysteine is located at Roof-3, which is on the roof of the 

binding pocket (Figures 2a and 4b). All cysteines are involved in the hydrophobic interaction 

from CB (4%) and SG (96%) (Figure 3c). Generally, the amino acid in this position is 

conserved to facilitate ATP binding.40 Previous reports28 have showed that this position is 

mainly occupied by an alanine, which provides a conserved interaction with the adenine ring 

of ATP (Figure 4b). Currently, most type-I and type-II inhibitors are also designed to utilize 

an adenine-like group that forms at least a hydrogen-bond with the kinase hinge,41 so the 

position is available to interact with a given electrophile. In designing a covalent inhibitor 

using the cysteine at the roof of the pocket, it is important to consider not only the covalent 

interaction at the roof, but also the hydrogen-bond interactions with the hinge.6
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Hydrophobic subpocket—There are four sites Helix-9, Helix-11, Beta4-2 and Beta4-4, 

which contribute to possible cysteine interactions (Figures 2a and 3c). These cysteines 

provide hydrophobic interactions from the side chain atoms SG and CB. Notably, these sites 

are located at the deeper back pocket that forms the typical hydrophobic subpocket of the 

kinase domain.42 DFT calculations show that the cysteine-involved addition reaction is more 

favorable in polar solvent, which has high dielectric constant43, than in a hydrophobic 

environment( Figure 5).

Figure 5 shows the potential energy surfaces (PESs) of cysteine-ligand Michael addition 

using a DFT calculation. The PESs for two reaction mechanistic possibilities (Scheme 1 and 

2) are shown in Figure 5a and 5b, respectively. In Figure 5a, there is an energy barrier 46.2 

kcal mol−1 (ε=0), which is consistent with experiment23. Importantly, there is a lower 

energy barrier in higher dielectric constants (40.1 kcal mol−1 in ε=78.35 and 42.3 kcal mol−1 

in ε=7.43). In weak basic solvent (an NH3 molecule as a micro-solvation molecule44) 

(Figure 5b), the cysteine-involved addition reaction shows much lower energy barriers (19.7 

kcal mol−1 in ε=0, 17.3 kcal mol−1 in ε=7.43 and 16.6 kcal mol−1 in ε=78.35) than for 

Scheme 1. Comparatively speaking, our investigation indicates Scheme 2 is the energetically 

favored mechanism, again consistent with experiment45. In Scheme 2, the proton atom of the 

thiol group was transferred to the NH3 molecule leading to charge localization of the thiol 

group and a stabilized transition state. More notably, in either scheme, the addition reaction 

is more favorable in a polar environment (high dielectric constants)45, especially in basic 

buffer that facilitates producing the thiolate group.35 This makes sense as the high dielectric 

constant increases the dielectric screen between the general acid and the general base 

leading to the charge localization of the reaction groups. Thus, the transition state is further 

stabilized and the energy barrier reduced.

Our survey has shown that the thiol group of cysteine in the hydrophobic sub-pocket is not 

easily polarized. Therefore it is difficult to form a covalent interaction between any given 

ligand and the cysteine in the hydrophobic sub-pocket because of the lack of the polarization 

step in Michael addition.23

Hinge region—Here the cysteine has the most contacts since the majority of inhibitors 

bind at the anchor site, e.g., interacting with ATP through 2~3 contacts (Figure 2b).6 For 

Hinge positions, Hinge-1, Hinge-2 and Hinge-3, the major contacts are from the backbone 

atoms (Figure 3c). At location Hinge-1, the majority of interactions are from two different 

atoms: SG (56%) and CA (40%). This suggests that both backbone and side chain atoms 

contribute to ligand interactions in the hinge region. This agrees with the observation of at 

least two or three contacts between the hinge and the corresponding ligand.6,24,42 The side 

chain of cysteine points outside the pocket (Figure 4c), thus it is difficult to design an 

irreversible inhibitor by utilizing the cysteine at Hinge-146. At location Hinge-2, the main 

contacts are from the main-chain atoms CA (40%) and N (30%), consistent with the 

observation of more than one contact point between the hinge and the corresponding ligand, 

as was true for Hinge-1. We further inspect the directions of the side chain of cysteine at 

Hinge-2 (Figure 2b). 360 structures have this protein-ligand interaction and the distribution 

of the χ1 dihedral (N-CA-CB-SG) is shown in Figure 6a, in which the distribution of χ1 is 

from −76.0 to −34.0 degree with the peak at about −62.0 degrees. Based on the distribution 
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and the premise of the backbone atom N pointing to the Gatekeeper (Figure 4d), the side 

chains always point towards the bottom of the pocket, and all SG atoms point toward the 

deeper hydrophobic sub-pocket (Figure 4d). In this orientation the cysteine side chain is not 

easily accessed because of an unfavorable direction and unfavorable polarization of the thiol 

group, similar to that found in the hydrophobic sub-pocket. Moreover, there is a strong steric 

clash at location Hinge-2 when linking the given electrophile. If the reaction were to occur, 

the linked electrophilic group should locate at the bottom of binding pocket along the 

direction of the cysteine side chain, but there is no space for this interaction, as shown in 

Figure 4d. On the other hand, if the dihedral χ1 of cysteine is rotated and adjusted to 

accommodate the linked electrophilic group, the rotation action needs to overcome a high 

energy barrier, as shown on the calculated potential energy surface (Figure 6b), in which the 

low energy points are located around χ1 = −175.0°, that correspond to the bonded distance 

between electrophile and nucleophile (d1 = 1.83 Å). The calculated potential energy surface 

also quantitatively confirms the energy barrier along the rotation of the dihedral χ1. An 

energy barrier of at least 20.0 kcal mol−1needs to be overcome following the rotation 

pathway via (χ1 = −175.0°, d1 = 1.83 Å) as shown in Figure 6b. Due to the steric effect, the 

cysteine located at Hinge-2 is not easily accessible to the electrophilic group. At location 

Hinge-3 the main interactions are from the backbone atom CA. Here the side chains point 

outside the binding pocket, as shown in Figure 4e. The thiol group on the side chain of 

cysteine is not accessible for covalent reaction. In summary, although many contacts occur at 

the hinge region, it is difficult to design covalent inhibitors.

Front pocket—The interaction at Front-2 and Front-3 primarily involves the side-chain 

atoms (CB and SG) (Figure 3c). Further, the front pocket is located at the edge of the 

binding site, which not only exposes the favorable polar environment for covalent reaction,38 

but also provides sufficient open space to tolerate a diverse set of electrophilic groups.9,47 

This region is capable of forming a covalent bond to cysteine, as also validated by binding of 

irreversible inhibitors including the aforementioned three FDA-approved irreversible drugs, 

Afatinib, Ibrutinib and Osimertinib3,15,17,19 and 31 covalent-interaction kinase-ligand PDB 

structures (Table S1).

Catalytic loop—There are two cysteine-involved positions within the catalytic loop, 

Catalytic-2 and Catalytic-9 (Figure 2a). Catalytic-2 is located at the bottom of the allosteric 

site between the C-Helix and the DFG peptide. The tails of several type-II inhibitors 

frequently touch this position, for example, Imatinib in binding c-Kit (pdb 1t46) (Figure 

4f).48 Here the cysteine side-chain atoms provide the contacts. It is possible to design an 

irreversible inhibitor by bonding with the cysteine at this site. At location Catalytic-9, the 

interactions are from the backbone atom CA. 125 structures have the cysteine at this position 

(Figure 2b). We aligned these binding sites and confirmed that all cysteine side chains at 

location Catalytic-9 have the same conformation, and point toward the outside of the binding 

pocket (Figure 4g). This is in agreement with the fact that only the atom CA provides the 

contact, as shown in Figure 3c (an example from pdb id 4aoj (Figure 4g)). Both positions, 

Catalytic-2 and Catalytic-9, are located at the flexible catalytic loop between the N-lobe and 

C-lobe, which may change the conformations of the cysteine. Thus, in using this position to 
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design a covalent ligand, it is necessary to have the cysteine in a suitable conformational 

state.49

DFG peptide—Close to the DFG peptide, there are two cysteine-accessible locations at 

DFG-3 and DFG-4 (Figure 2a). For DFG-3, approximately 88% of the interactions are from 

side chain atoms. Moreover, the position is close to two polar residues, Asp from the DFG 

peptide and Lys, a catalytic residue from the roof50. This suggests the position can be used 

to design irreversible inhibitors. Within the structural kinome, there are several covalent 

kinase-ligand complexes such as pdb ids 4zzm, 4zzo, 5lcj and 5lck.51,52 For DFG-4, the 

majority of interactions come from the backbone oxygen atom and the side chains of all 

cysteines point outside the binding pocket (Figure 4h). It is less likely for the cysteine at this 

position will form a covalent bond with the ATP competitive inhibitor. However, the cysteine 

is available if, when designing a covalent inhibitor, the binding mode is that of a type-III 

inhibitor, which resides in the allosteric binding site. DFG-4 is at the location of the 

activation loop, which is flexible. It is necessary to model the orientation of the side chain of 

any cysteine to determine if it points towards the binding pocket.

In summary, we inspected the orientation of every cysteine located at the binding site using 

the metric of regional hydrophilicity, the side chain conformation, and the interaction details 

of the thiol for every cysteine. We found that the five regions, including P-loop, roof of 

pocket, front pocket, Catalytic-2 of catalytic loop and DFG-3 close to the DFG peptide, are 

the most accessible for covalent inhibitor design (Figure 7a).

Focusing on these five regions, we extracted all reactive cysteines in each region across the 

whole human structural kinome as shown in Figure 7b. 69 kinases were predicted to 

accommodate a covalent inhibitor (the complete list is found in Table S3 and Figure 

S2).Moreover, for all other kinases without PDB structures, we extracted the reactive 

cysteines based on a multiple sequence alignment (Figure 7c). Here 75 kinases were 

predicted to be accessible to a covalent inhibitor (complete data are listed in Table S4 and 

Figure S3). Thus, given any kinase, it is possible to determine if a covalent inhibitor can 

likely be designed based on these reactive cysteines. It is interesting that only Her3 

(ErbB3)53, a well-known anticancer target,54 has a cysteine at the region of Roof across the 

whole human kinome (Figure 7b–c). Thus, it would be a potential strategy to utilize the roof 

cysteine to design the covalent inhibitor to achieve the desired selectivity for Her3.55,56 

Another example is the TEC family kinase57, which comprises five members in mammals: 

BMX, BTK, ITK, TEC and RLK. All of them have a reactive cysteine located at the front 

pocket as shown in Figure 7a–c. Currently, there is more than one irreversible inhibitor for 

the members BMX, BTK and ITK58. This implies that the covalent inhibitors of BMX, 

BTK, and ITK can be repurposed to treat diseases associated with TEC and RLK 59.

Further, we found that the kinase MAP2K7, an essential component of MAP kinase signal 

pathway,60 has three reactive cysteines distributed within the P-loop, front pocket, and close 

to the DFG region. This provides new opportunities to design highly selective covalent 

inhibitors by taking advantage of the reactive cysteines at different positions. This provides a 

strategy to overcome the resistance of covalent inhibitors61 by selectively reacting with 

cysteines at different positions on the same target.
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Evaluation of the cysteine accessibility rule

We collected available covalent kinase inhibitors (CKIs) as a CKI dataset (details shown in 

Table S5). The CKI dataset includes 124 CKIs that bind to 44 kinases, as visualized using 

the kinase profiling visualization tool, TREEspot (https://www.discoverx.com/) (Figure 8a). 

The lipid kinase family62 and every major group of protein kinase63 with the exception of 

CK1 have released CKIs. The number of CKIs varies from kinase to kinase. For example, 

EGFR has 36 CKIs. More importantly, the cysteines, which are used to form covalent 

interactions, are from different regions as shown in Figure 8b (the complete cysteine-site and 

compounds information is available in supporting information Table S5 for all CKIs ). We 

note that there are 119 CKIs covalently bound to cysteines located near the ATP binding site. 

Among them, 74 CKIs are at Front pocket, 31 CKIs at P-loop, 10 CKIs at DFG-3, 2 CKIs at 

Roof, 1 CKI at Catalytic-2 and 1 CKI at Hinge-1, respectively. Thus, a total of 118 CKIs are 

located at our five predicted favorable regions (Front pocket, P-loop, DFG-3, Roof and 

Catalytic-2). Additionally, one CKI (BLU9931) is located in the hinge region, which we 

predicted to be a very challenging design location. The binding mode obtained by Kohl et 

al46 at Hinge-146 is shown in Figure 9a, and proved selectivity for FGFR4 from FGFR1-3.

Five other CKIs are bound to cysteines located at Remote cysteine, Extended front pocket 

and Activation loop, which are a little far away from the ATP binding site (Figure 9b–d). 

Figure 9b shows that the two covalent inhibitors, THZ1 and Bio-THZ164, covalently bind 

Cys312 in CDK7, which is at the tail region and remote from the ATP binding site. Gray et 

al 64 found the unanticipated binding mode where the Cys312 traverses the ATP cleft to 

locate near the front pocket and binds with the acrylamide moiety of THZ1. Recently, Gray 

et al published another similar CKI (THZ531) which targets Cys1039 in CDK12 and 

Cys1017 in CDK13 with the same binding mode.47 The CKIs CDDO-Me65 and 

Nimbolide66 form covalent interactions with the cysteine located at the activation loop 

(Figure 9c), which was identified by a residue mutation experiment that showed the two 

CKIs could form adducts with the Cys179 of the kinase IKKβ65,66. Figure 9d shows the 

Cys119 forming a covalent interaction with one CKI (23225637-2) of p38α67,68. It is worth 

noting that the position of Cys119 is adjacent to the front pocket, named the extended front 

pocket67,68. Li et al used a D-recruitment site probe to explore the covalent interaction with 

Cys11967. It showed that the scaffold did not bind into the ATP binding site68. It would be 

interesting to develop new CKIs by designing an ATP competitive scaffold with a long tail 

electrophilic moiety that can form a covalent bond with Cys119. Finally, all of the cysteines 

bound to the five CKIs are located on the surface of the kinase domain and thus are 

important in understanding protein-protein interactions, protein-substrate interactions and 

signal pathways64,65.

Discussion and Conclusions

Despite recent advances in kinase-targeted covalent inhibitor discovery, most covalent 

inhibitors seem to have been found serendipitously. In this work, we systematically explore 

which cysteines can react covalently with the electrophilic group of the inhibitor ligand. We 

introduce a new approach to characterize the reactive cysteines across the human kinome. 

Our approach integrates the structural Fs-IFP method with quantum chemistry calculations 
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thereby studying the interaction between cysteine and ligand at atomic detail. DFT 

calculations further quantify the environment and the preference for the cysteine to be 

involved in a covalent reaction.

With a detailed analysis of the cysteine-involved interactions at every location, we provided 

new insights into potential covalent-reaction positions. As shown in Figure 2a, the positions, 

including the P-loop, roof of the pocket, front pocket, Catalytic-2 of catalytic loop and 

DFG-3 close to the DFG peptide, have the potential to form covalent inhibitors. In contrast, 

within the Hinge region it is difficult for the cysteine to undertake a covalent reaction with 

the ligand, although there are many contacts between cysteine and ligand. These insights 

provide guidelines for the design of irreversible kinase inhibitors with the desired 

affinity20,22 or residence time20,22.

Our analysis benefits from the rapidly growing number of PDB structures. Besides the 

marked positions in Figure 2a, we also indexed all kinases with released PDB structures 

(Table S1), which includes 63 locations around the binding site( Figure S1), and can be used 

for further exploration. Table S1 contains the cysteine-involved positions, details of the 

interaction, the kinases involved, the UniProt entry and the corresponding PDB structures, 

respectively. As more PDB structures are added, we will update Table S1 periodically.

In summary, we analyzed the potential covalent-reaction sites for every cysteine in the 

binding pocket of the human kinome with the aim of determining which cysteines are 

available for developing irreversible kinase inhibitors. Associated with this work is a dataset 

of all protein kinase structures and their associated cysteines where each cysteine-ligand 

interaction is described. The overall aim is to aid in the design of covalent protein kinase 

inhibitors.

Experimental Section

Fs-IFP encoding

The Fs-IFP method is an efficient means of delineating the binding-site on a proteome scale, 

as detailed in our previous paper.28 In brief, the Fs-IFP method includes three steps. Step 1 is 

to prepare the kinase-ligand dataset. In this study, we download all kinase structures released 

through July, 2016 from the RCSB Protein Data Bank (http://www.rcsb.org/)27. Then the 

homology models, apo structures and the structures without kinase domains were excluded, 

resulting in 2774 kinase-ligand complex structures from 235 independent kinases and 2084 

unique ligands. Step 2 is to align all binding sites using SMAP 2.1.69–71 For every complex 

structure, the residues at less than 6.5 Å72 from any heavy atom of the ligand were used to 

define the binding site; all other parameters were set to their defaults. This results in a 

matrix, where each row represents the amino acid residues that constitute the binding site for 

every kinase-ligand complex structure and every column represents the accessible amino 

acid residues located at the same spatial location. Step 3 is to encode the binding site-ligand 

interaction using Fs-IFP. Every binding site is described using 80 amino acids, and every 

amino acid is encoded using a 7-bit array that represents 7 types of interactions.73 Thus, 

every binding site of every kinase-ligand complex structure was encoded using a length of 

560 bits (7 bits × 80 residues). In this paper, we performed the encode by using IChem 
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software,74,75 which is a toolkit for detecting the protein-ligand interaction and which not 

only outputs the interaction types between binding site and ligand, but also the contribution 

of every atom to the interaction.

DFT calculation

Guided by the cysteine-involved reaction mechanism in Figure 1, the solvent effects were 

explored by calculating the multi-dimension potential energy surfaces (PESs). Due to 

multiple bonds forming and breaking in both schemes, a multi-dimensional reaction 

coordinate driving method76,77 was used to obtain a series of PESs with different dielectric 

constants. Starting from the optimized cysteine-electrophile-addition product, every energy 

point on a two-dimensional PESs was obtained by geometry optimization along the 

restrained reaction coordinates. Here the reaction coordinate was restrained to a designated 

value by using a harmonic restraining potential 

. The reaction coordinate RCj is defined as a 

combination of interatomic Euclidean distances involved with forming/breaking bonds in the 

j-th dimension, namely, RCj = Σ cidi, where di are the distances, with ci = 1 if the bond is to 

be broken, or ci = −1 if the bond is to be formed. The restraining force constant krestrained is 

1000 kcal mol−1 Å−2. The j-th dimension of reference reaction coordinate value RCj(ref) 
starts from a starting conformation and is changed by 0.1 Å after one point has been 

optimized to optimize the next point. The actual reaction coordinate values after restrained 

optimization are always within 0.01 Å from the respective reference value. In Scheme 1, we 

used the first dimension to designate the nucleophilic attack on the thiol group of cysteine. 

Thus, the first dimension of the reaction coordinate (j = 1) was defined as RC1 = d1, and d1 

described the distance between the sulfur atom (S) of the thiol group and the carbon atom 

(C2) of α,β unsaturated carbonyls. The RC1(ref) value means the designed distance between 

the sulfur atom and the carbon atom of α,β unsaturated carbonyls. The second dimension of 

the reaction coordinate is for the transfer of the proton and the reaction coordinate is RC2 = 

d3 − d2, where the interatomic distances d2[S-H] and d3[H-C1], mark the distance between 

the sulfur atom and the hydrogen atom, the distance between the hydrogen atom and the 

carbon atom of the αβ, unsaturated carbonyls, respectively. In Scheme 2, the proton is 

transferred from the NH3 molecule to the carbon atom (C2) of α,β unsaturated carbonyls as 

the first dimension reaction coordinate: RC1 = d4 − d5. The proton transfer from the thiol 

group to the NH3 molecule and the thiolate group attacking the carbon atom of the α,β 
unsaturated carbonyls as nucleophile are used as the second reaction coordinate: RC2 = d1 + 

d3 − d2 as shown in Scheme 2. In different polarizable continuum models (ε=0.0, ε=7.43 

and ε=78.36 respectively), every energy point on the PESs was recalculated using a single-

point energy calculation at the level of B3LYP/ 6-31G*/PCM78–81.

To indicate the steric hindrance effect for the addition reaction, the thiol group 

conformational space was explored by calculating the PES of the rotation of dihedral χ1. 

The optimized product conformation P as starting point is shown in Scheme 1. The dihedral 

χ1 is chosen and every 10° one conformation is calculated with the restrained distance d1. 

The interatomic distance d1 is restrained82 from 2.00 to 1.83 Å at 0.01 Å intervals to show 
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the process of the nucleophile attacking of the thiol group by the electrophilic group and 

following the d1, the energy change was obtained.

The computational model, which retained all the important elements of the Michael addition 

reaction in the binding site, was built. The electrophilic group was the representative 

acryloyl group, which is also part of the three FDA-approved covalent drugs14,15,17. The 

protein part and the reversible scaffold part were also modeled as shown in Figure 1. Using 

the micro solvation approach83, a base molecule NH3 is added to provide a weak-base-buffer 

experiment ensemble for Scheme 2. All DFT calculations were performed by Gaussian0984 

on the NIH high-performance Biowulf cluster (https://hpc.nih.gov/). All structures were 

optimized at the B3LYP/6-31G* level78–81 with the Gaussian09 default convergence 

threshold84.

Sequence alignment

All 532 human kinase-domain sequences were downloaded from kinase.com, and online 

Clustal Omega (v1.2.4) (http://www.ebi.ac.uk/Tools/msa/clustalo/) was used for multiple 

sequence alignment. The default parameters were set for the alignment. For every region of 

accessible cysteines, the sequence slices of the corresponding kinases with the involved 

cysteines were extracted (Table S6).

CKI dataset

We collected all potential CKIs from two databases with the quantitative cysteine-inhibitor 

interaction information. One database is the IUPHAR/BPS Guide to Pharmacology database 

(version 2017.1; http://www.guidetopharmacology.org), which provides expert-curated 

quantitative intermolecular interactions between the successful and potential drugs and their 

targets across the human genome85. First, we extracted all human kinase drugs and potential 

drugs from every kinase target represented by UniProtKB ID (http://www.uniprot.org/docs/

pkinfam). Then the gene name (i.e. geneID) of every kinase was obtained by UniProtKB ID 

from UniProt database (http://www.uniprot.org),86 641 kinase-targeted molecules were 

directly downloaded from PubChem (http://pubchem.ncbi.nlm.nih.gov) 87 using the 

keywords “geneID and section=curated ligands”. Finally the 27 CKIs were obtained by 

screening the quantitative texts of 641 molecules in IUPHAR/BPS Guide to Pharmacology 

database and meanwhile the cysteine site information was also confirmed manually. The 

second database, Cyteinome (version 2016; http://www.cysteinome.org/)88, collects proteins 

with targetable cysteine and their covalent inhibitors from public scientific literatures and 

database resources27,86,87,89. Similar to the former procedure, we also use UniProtKB ID86 

as the reference to download every kinase web page. Then we extracted 122 covalent 

modulators from the web pages. Molecule probes and inhibitors were eliminated if they 

were bound to the non-kinase domain. Finally, 106 active covalent inhibitors were collected 

from the Cyteinome database. 9 CKIs were common to the two databases. In total there were 

124 covalent small-molecule inhibitors in the CKI dataset.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IFP interaction fingerprint

Fs-IFP functional site interaction fingerprint

DFT density functional theory

DFG Asp-Phe-Gly peptide
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ITK interleukin-2 (IL-2)-inducible T-cell kinase
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Figure 1. 
Model system and reaction schemes for cysteine-involved addition. di is the interatomic 

distance between two atoms.
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Figure 2. 
(a) The locations of cysteines and the structure template from pdb id 3byu. (b) Statistics for 

the accessible cysteines, the details of the interactions between cysteines and ligands, and 

the existed covalent interactions between cysteines and ligands.
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Figure 3. 
The detailed interactions of cysteines. (a) The six atoms of cysteine. (b) The distribution of 

different types of interactions for different atoms. (c) The rate of contributed interactions for 

different atoms at eachlocation.
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Figure 4. 
Cysteines at different locations; sulfur atom in yellow, cysteine in green; and ligand in blue. 

(a) Cysteine at P-loop (pdb id 4r6v). (b) Cysteine at roof of the binding pocket (pdb id 4riy). 

(c) Cysteines at location Hinge-1 of the hinge region (representative pdb id 3m2w). (d) 

Cysteines at location Hinge-2 of the hinge region (representative pdb id 2ywp). (e) Cysteines 

at location Hinge-3 of the hinge region (representative pdb id 3lco). (f) Cysteines at location 

Catalytic-2 of the catalytic loop (representative pdb id 1t46). (g) Cysteines at location 

Catalytic-9 of the catalytic loop (representative pdb id 4a0j). (h) Cysteine at location DFG-4 

close to the DFG peptide (representative pdb id 3wf7).
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Figure 5. 
The potential energy surfaces(PESs). (a) For scheme 1 in different dielectric constants. (b) 

For scheme 2 in different dielectric constants. ΔE for energy barrier from the reactant to the 

transition state (TS) and the energy unit is kcal mol−1. ε is the dielectric constant.
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Figure 6. 
(a) Distribution of the cysteine dihedralangle χ1at location Hinge -2. (b) PES for the 

conformation space of the cysteine dihedralangle χ1;Y -axis for the interatomic distance d1.
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Figure 7. 
Reactive cysteines across the human kinome. (a) The reactive cysteines distributed at the five 

regions of binding sites marked in different colors. (b) The kinases with released 3D kinase 

structures. (c) The kinases without released kinase structures. (b) and (c) were generated 

using KinMap (http://kinhub.org/) and the high resolution figures are available in supporting 

information Figure S2–3.
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Figure 8. 
(a) Distribution of the kinases with the released CKIs. (b) Distribution of cysteines of 

contributing to form covalent adducts.
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Figure 9. 
Cysteines located at different locations. (a) Cysteine at Hinge-1 with the covalent ligand 

(pdb id 4xcu). (b) Remote cysteine from the binding site (pdb id 1ua2). (c) Cysteine at the 

activation loop (pdb id 4e3c). (d) Cysteine at the extended front pocket (pdb id 3itz).
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