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1. Computational Methods

1.1 The Empirical Valence Bond (EVB) Method
We used the empirical valence bond (EVB) method to evaluate the proposed chemical 

steps of the catalytic activity in enzymes. The EVB is a QM/MM method where the chemical 
reactions are described by mixing the relevant diabatic states. The th diabatic state constituting 𝑖
the EVB Hamiltonian has an energy

𝐻𝑖𝑖 ≡ 𝜖𝑖 =  𝛼𝑖
𝑔𝑎𝑠 + 𝑈𝑖

𝑖𝑛𝑡𝑟𝑎(𝑟,𝑞) + 𝑈𝑖
𝑆𝑠(𝑟, 𝑞, 𝑟′, 𝑠) + 𝑈𝑠𝑠(𝑟′,𝑞′), #(S1)

where  and  are, respectively, the atomic coordinates and partial charges of a region of the 𝑟 𝑞
reacting fragments (solute/region 1) in the th diabatic basis, and  and  are the positions and 𝑖 𝑟′ 𝑞′
charges of the rest of the system (solvent/region 2). The various energy contributions are as 
follows:  is the gas-phase energy,  is the region 1 intramolecular potential,  𝛼𝑖

𝑔𝑎𝑠 𝑈𝑖
𝑖𝑛𝑡𝑟𝑎(𝑟,𝑞) 𝑈𝑠𝑠(𝑟′,𝑞′)

is the region 2 potential, and  is the interaction between the two regions.𝑈𝑖
𝑆𝑠(𝑟, 𝑞, 𝑟′, 𝑠)

We performed our EVB calculations using the Q6 software package1 and the AMBER 
force field2 for region 2 atoms. The standard ff14sb force field was used for protein atoms3. The 
force field parameters for atoms in the non-covalent and covalent ligands were determined from 
the GAFF force field using Ambertools4. Bond breaking and forming within region 1 is modeled 
using a Morse potential

𝑉𝑏 = 𝐷𝑀 [1 ― 𝑒𝑎(𝑏 ― 𝑏0)  ]2
,  #(S2)#

where  is the bond length between the atoms,  is the equilibrium bond length,  controls the 𝑏 𝑏0 𝑎
effective equilibrium force constant, and  is the bond dissociation energy.𝐷𝑀

The EVB free energy surfaces are calculated with FEP/umbrella sampling using linear 
combinations of the diagonal Hamiltonian energies as mapping potentials. For a reaction going 
from an initial state 1 to a final state 2, this potential has the form

𝜖𝑚 = 𝜆𝑚𝜖1 + (1 ― 𝜆𝑚)𝜖2, #(S3)

where  guides the potential from state 1 to state 2. The differential free energy in a 0 ≤ 𝜆𝑚 ≤ 1
single sampling window of the guiding potential is

𝛿𝐺(𝜆𝑚→ 𝜆𝑚 + 1) = ―𝑘𝑇ln [〈𝑒 ―
𝜖𝑚 + 1 ― 𝜖𝑚

𝑘𝑇 〉
𝑚

]#(S4)



which is integrated to the free energy surface of the guiding potential

∆𝐺(𝜆𝑛) = ∆𝐺(𝜆0→ 𝜆𝑛) =
𝑛 ― 1

∑
𝑖 = 0

𝛿𝐺(𝜆𝑖→ 𝜆𝑖 + 1). #(S5)

We use umbrella sampling to obtain the free energy surface  of the reaction coordinate, Δ𝐺(𝑋𝑛)
which we take to be the energy gap . Δ𝜖 = 𝜖1 ― 𝜖2

exp [ ―∆𝐺(𝑋𝑛)/𝑘𝑇] = exp [ ―∆𝐺(𝜆𝑚)/𝑘𝑇]〈 exp [ ― (𝜖𝑚(𝑋𝑛) ― 𝐸𝑔(𝑋𝑛))/𝑘𝑇 ]〉𝑚  #(S6)

where  is the ground state energy of the EVB Hamiltonian matrix. Here  is the mapping 𝐸𝑔(𝑋𝑛) 𝜖𝑚
potential that keeps  near .X 𝑋𝑛

The EVB parameters used in our simulations are tabulated in Schemes S3-S14.

1.2 Protein Dipole Langevin Dipole (PDLD)
The evaluation of the protein-ligand binding free energies in this study done using the semi-
macroscopic protein dipole Langevin dipole (PDLD-S) method, using the linear response 
approximation (PDLD/S-LRA/β)5. The electrostatic contribution is evaluated within the LRA 
formulation by averaging the protein-ligand electrostatic energy over trajectories that are 
propagated on the potentials of both the polar and non-polar states of the ligand6. The PDLD 
calculation was done using the Polaris module of MOLARIS-XG7. The scaling of the non-
electrostatic term was increased by 0.5. The system is embedded in a 16 Å simulation sphere 
centered around the acalabrutinib inhibitor and surrounded by a bulk continuum. The 
electrostatic interactions were treated by the Local Reaction Field (LRF) method8. The 
electrostatic binding PDLD energies was averaged over 21 different configurations equilibrated 
for 20ps.

1.3 Time-dependent kinetic simulations
The kinetic simulations of the BTK and ITK with the acalabrutinib inhibitor was done 

using Mathematica9. The reaction schemes of Eqs. 1 and 2 in the main text were implemented as 
systems of ordinary differential equations and numerically solved for the given initial conditions 
at varying initial concentrations of inhibitor. Integration of the ODEs yields an observable product 
concentration  as well as the product formation velocity . After a long time, the [P](𝑡) 𝑣(𝑡) =

𝑑[P]
𝑑𝑡

product formation velocity follows an effective exponential decay , where  is 𝑣(𝑡) ≈ 𝑣𝑖𝑒 ― 𝑘𝑜𝑏𝑠𝑡 𝑣𝑖
the initial velocity of product formation and  is the observed effective (pseudo-first order) rate 𝑘𝑜𝑏𝑠
constant of product formation. This rate is calculated from our kinetic simulations using

𝑘𝑐𝑎𝑙𝑐 = ― (ln 𝑣(𝑇 + Δ𝑡) ― ln 𝑣(𝑇))/Δ𝑡  #(S7)

where  is a sufficiently large amount of time to allow  to exhibit linear behavior on a semi-𝑇 𝑣(𝑡)
log scale, and  is small compared to . We then obtain  for different initial concentrations Δ𝑡 𝑇 𝑘𝑐𝑎𝑙𝑐

. In the limit of small inhibitor concentrations, we expect  to follow the linear behavior[I]0 𝑘𝑐𝑎𝑙𝑐



𝑘𝑐𝑎𝑙𝑐 =
1

1 +
𝐾𝑚

[S]0

𝑘𝑖𝑛𝑎𝑐
𝐾𝑖

 [I]0, #(S8)

which we use to extract the calculated  of the simulated assay. 𝑘𝑒𝑓𝑓 = 𝑘𝑖𝑛𝑎𝑐𝑡/𝐾𝑖
The inhibition fraction  is also plotted at different times as a function of log initial [EI]/[E]0

concentration of the inhibitor. The intersection of the inhibition curves with the half-fraction line 
allows us to infer the time-dependent . We are primarily interested in observing its long-IC50(𝑡)
time behavior at approximately sub  concentrations.μM
2. EVB Parameters and alternative reaction mechanisms

The complete set of reaction pathways attempted for BTK and ITK are summarized in 
Schemes S1 and S2 and illustrated in Figures 1 and 2. We explored different pathways in ITK that 
include the possibility of a chemically involved aspartate residue. However, such pathways 
consistently result in a higher overall barrier in protein. Schemes S3-S10 illustrate all individual 
possible steps for the ITK schemes and tabulate their EVB parameters. Likewise, Figures S11-S14 
illustrate the steps for the BTK schemes and tabulate their corresponding EVB parameters.



 

Scheme S1. Summary of all attempted catalytic reaction paths and their barriers in BTK enzyme, 
where the free energy measured in kcal/mol.



Scheme S2. Summary of all attempted catalytic reaction paths and their barriers in ITK enzyme, 
where the free energy measured in kcal/mol. 



Figure S1. Illustration of reaction mechanism steps for BTK shown in scheme S1, which include 
proton transfer (PT), nucleophilic attack (NA), and tautomerization (Taut) steps. 



Figure S2. Illustration of reaction mechanism steps for ITK shown in scheme S2, which include 
proton transfer (PT), nucleophilic attack (NA), and tautomerization (Taut) steps. 



Figure S3. Spearman correlation between the IC50 and the characteristics of each non-conserved 
residue in the tyrosine kinases’ active site. Considered are twelve residues. Each residue’s formal 
charge and hydrophobicity are regarded as features. BTK is used for residue numbering. The 
hydrophobicity scale is obtained from ref 10.



Table S1. Kinetic parameters for the catalytic process used in kinetic simulations, in which the 
process of ATP binding and phosphorylation is approximated by Michaelis-Menten kinetics11–13. 
The kinetic equation is completely determined using  and 𝑘inact = 𝑘eff ∗ 𝐾𝑖 𝑘 ―1,cat = 𝐾𝑚𝑘1 ―

.𝑘𝑠,cat
 

Table S2. Kinetic parameters for the inhibition process used in the kinetic simulations of 
experimental assays using Eq. (1) in the main text. We estimated  to obtain dynamics closely 𝐾𝑖
resembling Liclican (2020)13. We additionally estimated  for both enzymes, 𝑘1 = 0.1 s ―1 nM ―1

which has no bearing on long-time dynamics. The kinetic equation is completely determined 
using  and .𝑘inact = 𝑘eff 𝐾𝑖 𝑘 ―1 = 𝑘1 𝐾𝑖

Enzyme Parameter Value Source
𝐾𝑚 150 μM Reference 13.

𝑘eff,cat 3.7 × 10 ―3 s ―1 μM ―1 Reference 12.
𝑘𝑠 0.05 s ―1 nM ―1 EstimateBTK

[S]0 300 μM Reference 13.
𝐾𝑚 36 𝜇M Reference 11.
𝑘𝑠,cat 0.0105 𝑠 ―1 Reference 11.
𝑘𝑠 0.1 s ―1 nM ―1 EstimateITK

[S]0 100 μM Reference 13.

Enzyme Parameter Value Source
𝐾𝑖 60 nM Estimate
𝑘eff 3.0 × 10 ―5 s ―1 nM ―1 Reference 13.
𝑘1 0.1 s ―1 nM ―1 EstimateBTK

[E]0 5 nM Reference 13.
𝐾𝑖 10,000 nM Estimate
𝑘eff 7 × 10 ―9 s ―1 nM ―1 Reference 13.
𝑘1 0.1 s ―1 nM ―1 EstimateITK

[E]0 5 nM Reference 13.



Figure S4. Simulation of experimental assay conditions using the parameters and initial 
conditions in Tables S1 and S2, simulating the experimental procedure in Liclican (2020)13 for 
(a) BTK and (b) ITK enzyme assays. 



Scheme S3

Scheme S3 Figure. The first proton transfer (PT1) from aspartic acid 445 to cysteine 442, appearing in scheme S2 
(a) and (d) 

Scheme S3 Table. Atomic charges used for the first proton transfer in ITK from cysteine 442 to aspartic acid 445.
Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)

CB -0.109 2C 0.078 CT
HB1 0.126 H1 0.039 H1
HB2 0.126 H1 0.039 H1
SG -0.414 SH -1.117 SH

Cysteine

HG 0.263 HS 0.539 HO
CB -0.457 2C -0.544 2C
CG 1.181 CO 1.073 C

OD1 -1.021 O2 -0.745 O
OD2 -1.021 O2 -0.729 OH
HB1 0.140 HC 0.202 HC

Aspartic acid

HB2 0.140 HC 0.202 HC

                     
Calibration

𝑯𝟏𝟐 𝜶
4.78 80.44

Atom Type
Atom type LJ Rm LJ_eps SP_Ci

SH 2.0 0.25 91
HS 0.6 0.0157 50
HO 0.0 0.0 50
O2 1.66 0.21 91
OH 1.72 0.21 50

Bond Type
PRM_ID D(kcal/mol) alpha r0
HS-SH 94.0 1.4 1.345
HO-OH 102.0 2.35 0.960



Scheme S4

Scheme S4 Figure. The Nucleophilic acid (NA) step between cysteine 442 and C19 of inhibitor, in scheme S2 (a) 
and (d).

Scheme S4 Table. Atomic charges used in ITK for the nucleophilic attack between the sulfur of cysteine 442 and 
the carbon C19 carbon of the inhibitor.

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB 0.078 CT 0.0785 c3

HB1 0.039 H1 0.179 h1
HB2 0.039 H1 0.179 H1Cysteine
SG -1.118 S -0.448 ss
C21 -0.335 c3 -0.206 c3

H211 0.189 hc 0.074 hc
H212 0.189 hc 0.074 hc
H213 0.189 hc 0.074 hc
C19 0.315 c1 0.815 c2
C13 -0.599 cg -1.495 c1
C7 0.996 c 1.209 c2
O1 -0.795 o -0.858 o
N1 -0.059 n -0.253 n
C4 -0.336 c3 -0.329 c3

H41 0.193 h1 0.189 h1
H42 0.193 h1 0.189 h1
C1 -0.336 c3 0.329 c3

Inhibitor

H1 0.193 h1 0.189 h1

                                                                                                                
Calibration

𝑯𝟏𝟐 𝜶
61.77 130.51

Atom Type
Atom_type LJ_Rm LJ_eps SP_Ci

   S 2.0 0.25 30
ss 2.0 0.25 90
c1 1.9 0.0157 91
c2 1.9 0.21 91

Bond Type
PRM_ID D(kcal/mol) alpha r0

c2-ss 90.0 1.4 1.86



Scheme S5

Scheme S5 Figure. The second proton transfer (PT2) from aspartic acid 445 to water and from water to inhibitor, 
corresponding to scheme S2 (a), (b), and (d).

Scheme S5 Table. Atomic charges used for the second proton transfer in ITK from water to inhibitor and from 
aspartic acid to water.

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.255 c3 -0.367 c3

HB1 0.179 h1 0.201 h1
HB2 0.179 h1 0.201 h1Cysteine
SG -0.448 ss -0.195 ss
C21 -0.206 c3 -0.713 c3

H211 0.075 hc 0.250 hc
H212 0.075 hc 0.250 hc
H213 0.075 hc 0.250 hc
C19 0.816 c2 0.336 c2
C13 -1.495 c1 -0.351 c1
C7 1.208 c2 0.600 c2
O1 -0.858 o -0.717 oh
N1 -0.253 n -0.406 nh
C4 -0.329 c3 -0.146 c3

H42 0.189 h1 0.140 h1
H43 0.189 h1 0.140 h1
C1 -0.329 c3 -0.146 c3

Inhibitor

H1 0.189 h1 0.140 h1
CB -0.544 2C -0.457 2C
CG 1.074 C 1.181 CO

OD1 -0.745 O -1.022 O2
OD2 -0.729 OH -1.022 O2
HB1 0.202 HC 0.140 HC
HB2 0.202 HC 0.140 HC

Aspartic acid

HD2 0.538 HO 0.417 HW
O -0.834 OW -0.834 OW
H1 0.417 HW 0.417 HWWater
H2 0.417 HW 0.531 ho

                                    



Calibration
𝑯𝟏𝟐 𝜶

26.64 -21.07
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
o 1.66 0.21 91
oh 1.72 0.21 50
O2 1.66 0.21 91
OH 1.72 0.21 50
HO 0.0 0.0 50
HW 0.0 0.0 50
OW 1.76 0.152 53
ho 0.0 0.0 50

Bond Type 
PRM_ID D(kcal/mol) alpha r0
HW-OW 97.2 2.0 0.988
HO-OH 102.0 2.0 0.988
Ho-oh 102.0 2.0 0.988

 



Scheme S6

Scheme S6 Figure. The direct tautomerization step appearing in schemes S1 (a) and S2 (a)-(c).

Scheme S6 Table. Atomic charges used for the direct tautomerization reaction, the proton transfer through the 
inhibitor in ITK.

                  
Calibration

𝑯𝟏𝟐 𝜶
2.75 -89.38

Atom Type
Atom_type LJ_Rm LJ_eps SP_Ci

c1 1.9 0.21 53
ce 1.9 0.089 53
oh 1.72 0.21 53
o 1.66 0.21 50
ho 0.0 0.0 50

Bond Type
PRM_ID D(kcal/mol) alpha r0

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.367 c3 -0.278 c3

HB1 0.201 h1 0.197 h1
HB2 0.201 h1 0.197 h1
SG -0.195 ss -0.225 ss
C21 -0.713 c3 -0.339 c3

H211 0.250 hc 0.161 hc
H212 0.250 hc 0.161 hc
H213 0.250 hc 0.161 hc
C19 0.336 c2 0.368 c2
C13 -0.351 c1 -0.579 ce
C7 0.601 c2 0.904 c
O1 -0.717 oh -0.799 o
N1 -0.406 nh -0.051 n
C4 -0.146 c3 -0.403 c3

H42 0.140 h1 0.212 h1
H43 0.140 h1 0.212 h1
C1 -0.146 c3 -0.406 c3
H1 0.140 h1 0.212 h1

Inhibitor

H2 0.531 ho 0.292 ha



ho-oh 102.0 2.0 0.988
ce-ha 100.0 2.3 1.1



Scheme S7

Scheme S7 Figure. The concerted proton transfer and nucleophilic attack step corresponding to scheme S2 (b).

Scheme S7 Table. Atomic charges used for the first proton transfer between cysteine 442 and aspartic acid 445 and 
the nucleophilic attack between sulfur of cysteine and C19 of inhibitor in ITK.

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.116 2C -0.255 c3

HB1 0.117 H1 0.179 h1
HB2 0.117 H1 0.179 h1
SG -0.391 SH -0.448 ss

Cysteine

HG 0.267 HS 0.536 HO
CB -0.463 2C -0.545 2C
CG 1.195 CO 1.093 C

OD1 -0.992 O2 -0.737 O
OD2 -0.992 O2 -0.722 OH
HB2 0.124 HC 0.184 HC

Aspartic acid

HB3 0.124 HC 0.184 HC
C21 -0.336 c3 -0.205 c3

H211 0.189 hc 0.075 hc
H212 0.189 hc 0.075 hc
H213 0.189 hc 0.075 hc
C19 0.316 c1 0.816 c2
C13 -0.599 cg -1.494 c1
C7 0.996 c 1.208 c2
O1 -0.795 o -0.858 o
N1 -0.056 n -0.253 n
C4 -0.336 c3 -0.329 c3

H42 0.193 h1 0.189 h1
H43 0.193 h1 0.189 h1
C1 -0.336 c3 -0.329 c3

Inhibitor

H1 0.193 h1 0.189 h1

Calibration
𝑯𝟏𝟐 𝜶

65.23 213.03
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
SH 2.0 0.25 53



                
ss 2.0 0.25 91
HS 0.6 0.015 53
HO 0.0 0.0 53
O2 1.66 0.21 90
OH 1.72 0.21 50
c1 1.9 0.21 91
c2 1.9 0.086 91

Bond Type
PRM_ID D(kcal/mol) alpha r0
HS-SH 94.0 1.4 1.345
HO-OH 102.0 2.0 0.988
c2-ss 90.0 1.2 1.86



Scheme S8

Scheme S8 Figure. The direct proton transfer and nucleophilic attack step corresponding to scheme S2 (c).

Scheme S8 Table. Atomic charges used for the first proton transfer between cysteine 442 and O1 atom of inhibitor 
and the nucleophilic attack between sulfur of cysteine and C19 of inhibitor in ITK.

Calibration
𝑯𝟏𝟐 𝜶

36.78 208.89
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
SH 2.0 0.25 30
ss 2.0 0.25 90
HS 0.6 0.0157 50
HO 0.0 0.0 50
O2 1.66 0.21 90
OH 1.7 0.21 50

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.109 2C -0.367 c3

HB1 0.126 H1 0.201 h1
HB2 0.126 H1 0.201 h1
SG -0.414 SH -0.195 ss

Cysteine

HG 0.262 HS 0.531 HO
C21 -0.336 c3 -0.713 c3

H211 0.189 hc 0.251 hc
H212 0.189 hc 0.251 hc
H213 0.189 hc 0.251 hc
C19 0.316 c1 0.336 c2
C13 -0.599 cg -0.351 c1
C7 0.996 c 0.601 c2
O1 -0.795 o -0.717 o
N1 -0.057 n -0.406 n
C4 -0.336 c3 -0.146 c3

H42 0.193 h1 0.140 h1
H43 0.193 h1 0.140 h1
C1 -0.336 c3 -0.146 c3

Inhibitor

H1 0.193 h1 0.140 h1



c1 1.908 0.21 91
c2 1.908 0.089 91

Bond Type
PRM_ID D(kcal/mol) alpha r0
HS-SH 94.0 1.4 1.345
HO-OH 102.0 2.0 0.988
c2-ss 90.0 1.2 1.86

Improper_types
Index Fc phi0 PRM_ID
3 10.5 180.0 Cg-c-n-0



Scheme S9

Scheme S9 Figure. The solvent assisted tautomerization step corresponding to scheme S2 (d).

Scheme S9 Table. Atomic charges used for solvent assisted tautomerization in ITK.
Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)

CB -0.367 c3 -0.278 c3
HB1 0.201 h1 0.197 h1
HB2 0.201 h1 0.197 h1
SG -0.195 ss -0.225 ss
C21 -0.713 c3 -0.339 c3
H211 0.251 hc 0.162 hc
H212 0.251 hc 0.162 hc
H213 0.251 hc 0.162 hc
C19 0.335 c2 0.368 c2
C13 -0.351 c1 -0.579 ce
C7 0.601 c2 0.904 c
O1 -0.717 oh -0.798 o
N1 -0.406 nh -0.051 n
C4 -0.146 c3 -0.403 c3
H42 0.140 h1 0.212 h1
H43 0.140 h1 0.212 h1
C1 -0.146 c3 -0.404 c3
H1 0.140 h1 0.212 h1

Inhibitor

H2 0.531 ho 0.417 HW
O -0.834 OW -0.834 OW
H1 0.417 HW 0.417 HW

Water

H2 0.417 HW 0.292 ha

Calibration
𝑯𝟏𝟐 𝜶

14.83 -68.02
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
c1 1.908 0.21 53
ce 1.908 0.086 53
oh 1.72 0.21 53
o 1.66 0.21 50



    
ho 0.0 0.0 50

HW 0.0 0.0 50
OW 1.768 0.152 90
ha 1.459 0.015 53

Bond Type
PRM_ID D(kcal/mol) alpha r0
HW-OW 97.2 2.0 0.988

ho-oh 102.0 2.0 0.988
ce-ha 100.0 2.3 1.1



Scheme S10

Scheme S10 Figure. The solvent-assisted concerted proton transfers nucleophilic attack step corresponding to 
scheme S2.

Scheme S10 Table. Atomic charges used for the solvent assisted PT-NA reaction in ITK.

Calibration
𝑯𝟏𝟐 𝜶

38.98 162.44
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
SH 2.0 0.25 53
ss 2.0 0.25 91
HS 0.6 0.0157 53

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.109 2C -0.367 c3
HB1 0.126 H1 0.201 h1
HB2 0.126 H1 0.201 h1
SG -0.414 SH -0.195 ss

Cysteine

HG 0.263 HS 0.417 HW
C21 -0.336 c3 -0.713 c3
H211 0.189 hc 0.250 hc
H212 0.189 hc 0.250 hc
H213 0.189 hc 0.250 hc
C19 0.316 c1 0.336 c2
C13 -0.599 cg -0.351 c1
C7 0.996 c 0.601 c2
O1 -0.795 o -0.717 oh
N1 -0.057 n -0.406 nh
C4 -0.336 c3 -0.146 c3
H42 0.193 h1 0.140 h1
H43 0.193 h1 0.140 h1
C1 -0.336 c3 -0.146 c3

Inhibitor

H1 0.193 h1 0.140 h1
O -0.834 OW -0.834 OW
H1 0.417 HW 0.417 HW

Water

H2 0.417 HW 0.531 ho



ho 0.0 0.0 53
c1 1.908 0.1 50
c2 1.908 0.086 50
o 1.66 0.21 90
oh 1.72 0.21 50

Bond Type
PRM_ID D(kcal/mol) alpha r0
HW-OW 97.2 2.0 0.988
HS-SH 94.0 1.4 1.345
ho-oh 102.0 2.0 0.988
c2-ss 90.0 1.2 1.86

Torsion type
PRM_ID FC Mult Psi0

oh-c2-c1-c2 97.2 2.0 0.988



BTK
Scheme S11

Scheme S11 Figure. The concerted proton transfer-nucleophilic attack (PTNA) step corresponding to scheme S1 
(a).

Scheme S11 Table. Atomic charges used for the first proton transfer between cysteine 481to O1 of inhibitor, and 
the nucleophilic attack between sulfur of cysteine and C19 of inhibitor in BTK.

Calibration
𝑯𝟏𝟐 𝜶

38.98 162.44
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
SH 2.0 0.25 30
ss 2.0 0.25 90
HS 0.6 0.0157 50

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.116 2C -0.367 c3

HB1 0.117 H1 0.201 h1
HB2 0.117 H1 0.201 h1
SG -0.391 SH -0.195 ss

Cysteine

HG 0.267 HS 0.531 HO
C21 -0.336 c3 -0.713 2C

H211 0.189 hc 0.250 hc
H212 0.189 hc 0.250 hc
H213 0.189 hc 0.250 hc
C19 0.315 c1 0.336 c2
C13 -0.599 cg -0.351 c1
C7 0.996 c 0.601 c2
O1 -0.795 o -0.717 oh
N1 -0.057 n -0.406 nh
C4 -0.336 c3 -0.146 c3

H42 0.193 h1 0.140 h1
H43 0.193 h1 0.140 h1
C1 -0.336 c3 -0.146 c3

Inhibitor

H1 0.193 h1 0.140 h1



ho 0.0 0.0 50
c1 1.908 0.1 91
c2 1.908 0.086 91
o 1.66 0.21 90
oh 1.72 0.21 50

Bond Type
PRM_ID D(kcal/mol) alpha r0
HS-SH 94.0 1.4 1.345
ho-oh 102.0 2.0 0.988
c2-ss 90.0 1.2 1.86



Scheme S12

Scheme S12 Figure. The direct tautomerization step corresponding to scheme S1 (a).

Scheme S12 Table. Atomic charges used for tautomerization in BTK.
Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)

CB -0.367 c3 -0.278 c3
HB1 0.201 h1 0.197 h1
HB2 0.201 h1 0.197 h1CYS
SG -0.195 ss -0.225 ss
C21 -0.713 c3 -0.339 c3

H211 0.250 hc 0.161 hc
H212 0.250 hc 0.161 hc
H213 0.250 hc 0.161 hc
C19 0.336 c2 0.368 c2
C13 -0.351 c1 -0.579 ce
C7 0.601 c2 0.904 c
O1 -0.717 oh -0.799 o
N1 -0.406 nh -0.051 n
C4 -0.146 c3 -0.403 c3

H42 0.140 h1 0.212 h1
H43 0.140 h1 0.212 h1
C1 -0.146 c3 -0.406 c3
H1 0.140 h1 0.212 h1

inhibitor

H2 0.531 ho 0.292 ha

Calibration
𝑯𝟏𝟐 𝜶

18.68 -50.95
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
c1 1.908 0.21 53
ce 1.908 0.086 53
oh 1.72 0.21 53
o 1.66 0.21 50
ho 0.0 0.0 50
ha 1.459 0.015 50

       Bond Type



PRM_ID D(kcal/mol) alpha r0
ho-oh 102.0 2.35 0.960
ce-ha 100.0 2.3 1.1



Scheme S13

Scheme S13 Figure. The concerted solvent assisted proton transfer-nucleophilic attack (PT-NA) step corresponding 
to scheme S1 (b).

Scheme S13 Table. Atomic charges used for the first proton transfer between cysteine 481and water, and the 
nucleophilic attack between sulfur of cysteine and C19 of inhibitor in BTK.

Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)
CB -0.109 2C -0.367 c3
HB1 0.126 H1 0.201 h1
HB2 0.126 H1 0.201 h1
SG -0.414 SH -0.195 ss

Cysteine

HG 0.263 HS 0.417 HW
C21 -0.336 c3 -0.713 c3
H211 0.189 hc 0.250 hc
H212 0.189 hc 0.250 hc
H213 0.189 hc 0.250 hc
C19 0.316 c1 0.336 c2
C13 -0.599 cg -0.351 c1
C7 0.996 c 0.601 c2
O1 -0.795 o -0.717 oh
N1 -0.057 n -0.406 nh
C4 -0.336 c3 -0.146 c3
H42 0.193 h1 0.140 h1
H43 0.193 h1 0.140 h1
C1 -0.336 c3 -0.146 c3

Inhibitor

H1 0.193 h1 0.140 h1
O -0.834 OW -0.834 OW
H1 0.417 HW 0.531 ho

Water

H2 0.417 HW 0.417 HW

Calibration
𝑯𝟏𝟐 𝜶

45.41 134.66
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
SH 2.0 0.25 53
ss 2.0 0.25 91



      
HS 0.6 0.0157 53
HW 0.0 0.0 53
c1 1.908 0.21 50
c2 1.908 0.086 50
o 1.66 0.21 90
oh 1.721 0.21 50

OW 1.768 0.152 90
ho 0.0 0.0 53

Bond Type
PRM_ID D(kcal/mol) alpha r0
HW-OW 97.2 2.0 0.988
HS-SH 94.0 1.4 1.345
ho-oh 102.0 2.0 0.988
c2-ss 90.0 1.2 1.86



Scheme S14

Scheme S14 Figure. The solvent assisted tautomerization step corresponding to scheme S1 (b).

Scheme S14 Table. Atomic charges used for solvent assisted tautomerization in BTK.
Systems Atom RESP charges in RS state Atom type (RS) RESP charges in PS state Atom type (PS)

CB -0.367 c3 -0.278 c3
HB1 0.201 h1 0.197 h1
HB2 0.201 h1 0.197 h1Cysteine
SG -0.195 ss -0.225 ss
C21 -0.713 c3 -0.339 c3

H211 0.251 hc 0.162 hc
H212 0.251 hc 0.162 hc
H213 0.251 hc 0.162 hc
C19 0.326 c2 0.367 c2
C13 -0.351 c1 -0.579 ce
C7 0.601 c2 0.904 c
O1 -0.717 oh -0.799 o
N1 -0.406 nh -0.051 n
C4 -0.146 c3 -0.404 c3

H42 0.140 h1 0.212 h1
H43 0.140 h1 0.212 h1
C1 -0.146 c3 -0.404 c3
H1 0.140 h1 0.212 h1

Inhibitor

H2 0.531 ho 0.417 HW
O -0.834 OW -0.834 OW
H1 0.417 HW 0.417 HWWater
H2 0.417 HW 0.292 ha

Calibration
𝑯𝟏𝟐 𝜶

47.24 -71.71
Atom Type

Atom_type LJ_Rm LJ_eps SP_Ci
  c1 1.908 0.086 53
ce 1.908 0.086 53
oh 1.72 0.21 53
o 1.66 0.21 50
ho 0.0 0.0 50



HW 0.0 0.0 50
OW 1.768 0.152 53
ha 1.459 0.015 50

Bond Type
PRM_ID D(kcal/mol) alpha r0
HW-OW 97.2 2.0 0.988

ho-oh 102.0 2.0 0.988
ce-ha 100.0 2.3 1.1
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