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ARTICLE INFO ABSTRACT

Keywords: Utilizing a,p-unsaturated carbonyl group as Michael acceptors to react with thiols represents a successful strategy
KRASC12 for developing KRAS®!2C inhibitors. Despite this, the precise reaction mechanism between KRAS!%¢ and co-
Covalent Inhibitors valent inhibitors remains a subject of debate, primarily due to the absence of an appropriate residue capable of
glll/,[r/MM deprotonating the cysteine thiol as a base. To uncover this reaction mechanism, we first discussed the chemical

reaction mechanism in solvent conditions via density functional theory (DFT) calculation. Based on this, we then
proposed and validated the enzymatic reaction mechanism by employing quantum mechanics/molecular me-
chanics (QM/MM) calculation. Our QM/MM analysis suggests that, in biological conditions, proton transfer and
nucleophilic addition may proceed through a concerted process to form an enolate intermediate, bypassing the
need for a base catalyst. This proposed mechanism differs from previous findings. Following the formation of the
enolate intermediate, solvent-assisted tautomerization results in the final product. Our calculations indicate that
solvent-assisted tautomerization is the rate-limiting step in the catalytic cycle under biological conditions. On the
basis of this reaction mechanism, the calculated kinac/ki for two inhibitors is consistent well with the experi-
mental results. Our findings provide new insights into the reaction mechanism between the cysteine of KRASS!2¢
and the covalent inhibitors and may provide valuable information for designing effective covalent inhibitors
targeting KRAS®12€ and other similar targets.

Reaction Mechanism

1. Introduction

Over the past decades, multiple mutations within the Kirsten Rat
Sarcoma Viral Oncogene Homologue (KRAS) have been identified in
numerous highly lethal cancers [1,2], including pancreatic ductal
adenocarcinoma (PDAC) [3], non-small cell lung cancer [4] (NSCLC),
and colorectal cancer [5] (CRC). Among the occurred mutations,
KRAS®'2¢ mutation is high-frequently detected and closely associated
with the occurrence of various cancers. KRAS®!'?C mutant is also
considered a promising and valid drug target for KRAS inhibitor
development [6], breaking the undruggable history of KRAS [1].
AMG510 (also known as Sotorasib), the first drug in clinical use to target
KRASC12€ [7 8], contains o,B-unsaturated carbonyl functional group and
can covalently bind to the residue CYS12, thereby locking KRAS®%C in
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its inactive GDP-bound state [9]. However, the reaction mechanism
between AMG510 and KRAS®'2€ s still controversial, hindering further
design and discovery of covalent inhibitors targeting KRAS®'%C,

Typically, the reaction between KRAS®'2C and AMG510 can be
regarded as the addition of thiols to Michael acceptors. Scheme 1(a)
shows the overall reaction process between thiols and o,3-unsaturated
carbonyl group of the covalent inhibitors [10]. A key covalent bond is
formed between C and S via Michael addition. Scheme 1(b) shows the
general mechanism between o,p-unsaturated carbonyl and RSH under
both solvent conditions and biological environments.

In the solution reaction condition, the exogenous base acts as a
catalyst role, facilitating the catalytic cycle [11,12]. Generally, the
overall reaction process can be divided into three steps [10,13,14].
Firstly, RSH is deprotonated by the exogenous base to form the thiolate
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anion RS. Then, a C-S bond is formed between RS and the
o,p-unsaturated carbonyl group of the compound by nucleophilic addi-
tion [15,16]. Finally, the enolate anion is protonated by the BH™
generated in step 1 to obtain the final product. However, the addition of
thiols to the Michael acceptor in the biological system is different from
the solution reaction conditions [17-22]. In the absence of an exogenous
base, the base residues around the cysteine will generally act as a proton
acceptor and facilitate the reaction. However, to our knowledge, not all
proteins have appropriate base residues surrounding the cysteine, such
as Bruton’s tyrosine kinase [17,23], and KRAS®'2C, Mulholland et al.
[17] suggested a possible mechanism between Bruton’s tyrosine kinase
and covalent inhibitors in the absence of appropriate base residue
(Scheme 1b), the carbonyl group of the compound 2 would accept the
proton from RSH to form the enolate intermediate. Subsequently, the
key C-S bond in intermediate 5 was formed by nucleophilic addition
between RS™ and enolate. It is still unknown if this mechanism is suitable

(a) Overall transformation:
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for the reaction between KRAS®12C and its covalent inhibitors. Gener-
ally, the differences in the surrounding environment of various biolog-
ical systems may lead to distinct reaction mechanisms. To explore the
reaction mechanism of KRAS®*2C with covalent inhibitors, several re-
searches have been performed. For example, Nemukhin et al. [22]
studied the reaction mechanism between the compound ARS-107 and
KRASC®!%¢, However, their research directly ignored the proton of SH in
the reaction model, the C-S bond was formed via S addition to
o,p-unsaturated carbonyl of ARS-107 compounds. Additionally, after the
formation of the enolate anion intermediate, a proton from water co-
ordinates with Mg?" and saturates the enolate anion, resulting in the
presence of a hydroxide anion in the final product. Keseru et. al [24] also
adopted a similar strategy. Therefore, their unclosed and insufficient
reaction cycle remains to be further discussed. To solve these problems,
in this investigation, we explored the reaction mechanism between
KRAS®'%C and two covalent inhibitors (AMG510 and O5Y) by QM and

0 0
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(b) The general reaction mechanism between the covalent warehead and
RSH in solvent condition and in biological environment (neutral condition).
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Scheme 1. The suggested general reaction mechanisms of thiols addition to «,B-unsaturated carbonyl group of covalent inhibitors. (a) the overall transformation of
the reaction. (b) the general mechanism between the covalent warheads and RSH in solvent condition and biological environment. (c) a concerted proton transfer/

nucleophilic addition and tautomerization mechanism.
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QM/MM methods. AMG510 possesses a 6-member ring-linked warhead,
while O5Y features a 4-member ring-linked warhead. To investigate the
impact of warheads with different structures on the reaction process,
both compounds were selected as research subjects.

Our calculated results show that the exogenous base HPOZcan
decrease the energy barrier of the nucleophilic addition step and facil-
itate the whole catalytic cycle in the solution reaction condition. How-
ever, in the absence of base residues in a biological environment, we
proposed a concerted mechanism to form an enolate intermediate via
the proton transfer/nucleophilic addition step as shown in Scheme 1(c).
Based on this reaction mechanism, we subsequently calculated the ki,
act/ki values of covalent inhibitors to KRAS®!2C, The obtained results are
in good agreement with the experimental findings, indicating the val-
idity of our proposed model. The accurate reaction mechanism may
provide valuable information for the design of safer and more selective
covalent inhibitors targeting KRAS®'2€ and other similar targets.

2. Methods

Fig. 1 shows our overall research ideas for the reaction mechanism
between KRAS®!2C and two covalent inhibitors (AMG510 and O5Y).
First, QM calculation was performed to explore the solution reaction
mechanism of two covalent inhibitors with different warheads (AMG510
with warhead D and O5Y with warhead A shown in Fig. 1). Then, the
molecular dynamics simulation was performed on the complexes of the
covalent inhibitors with KRAS®'2C, After the conformational clustering
analysis, two QM/MM models were constructed and investigated.

2.1. DFT calculation method

In the small models, all the initial structures including reactants,
intermediates, transition states, and products were manually con-
structed via Gaussview 6.0 software [24] and then optimized freely at
the B3LYP-D3 [25]/6-31G(d) [26] calculation level. In previous work,
B3LYP is recommended to model cysteine reactivity [27] and can obtain
a suitable electronic description consistent with higher-level methods
[28]. The exchange-correlation function (B3LYP-D3) which can better
describe noncovalent interaction [29] and keep consistent with experi-
mental findings [30], was applied in this work. To validate that the
optimized structure corresponds to a stationary point, a vibrational
analysis was conducted. The intrinsic reaction coordinate [31] (IRC)
path analysis was used to prove the energy profiles linking each tran-
sition state to two minima of the proposed intermediates. To give more
accurate energy information, the single-point energy was calculated at
B3LYP-D3/6-311++G(d,p) [32] level after preliminary structure opti-
mization. Moreover, considering the influence of the solvent effect, all of
the reactions were calculated with a polarizable continuum model [33,
34] (PCM) at a dielectric constant of 78 (water). All of the density
functional theory calculations were performed using the Gaussian 16
softpackage [35].

e
AMG510 H«)\)j

Molecular dynamic simulation
i of complexes
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2.2. Classical MD simulations

To obtain reliable starting structures for QM/MM calculations, mo-
lecular dyanmics simulations were initially performed for the complexes
of KRAS®2C and two covalent inhibitors. Both the crystal structures for
AMG510 and O5Y with KRAS®!2C have been reported with PDB ID 60IM
[36] and 6P8Y [37], respectively. In two crystal structures, the in-
hibitors are covalently bound to KRAS®'2€, But in the crystal structure of
AMG510-KRAS®'%C | there are missing amino acid residues. At the same
time, to minimize the structural difference between 05Y-KRAS®'%C and
AMGSlO-KRASGlzC, the structure of AMG510-KRAS®'* was con-
structed by manually modifying the covalent ligand of O5Y-KRAS®!2C,
For the sake of simplicity, the AMG510-KRAS®'%¢ is simplified as
AMG-KRASC'?C in this article. As shown in Fig. S1(a), two covalent in-
hibitors exhibit a similar binding pose in in KRAS®!2C. To ensure the
conformation consistent with the AMG-KRAS®12C crystal structure, after
manual modification, the constructed structure of AMG-KRAS®2C was
compared with 60IM [37]. The modelled AMG-KRASC12C complex was
aligned to 60IM and the result was given in Fig. S1(b) with RMSD
0.962 A. As can be seen in Fig. S1(b), the direction and location of
AGMS510 in the complex is well consistent with the AMG510 in 60IM,
proving that our modelled structure is reliable and can be used in the
following molecular dynamics (MD) simulation. Classical MD simula-
tions were carried out using the pmemd module of the GPU-accelerated
Amber 20 package [38,39]. Force field parameters for the Mg?" and
GDP were generated by the MCPB.py [40] modules with the general
Amber force field [41] (gaff). Besides, the Amber ff14SB [42] force field
was used for the standard residues. The C12 residue, which is bonded to
the covalent inhibitors O5Y and AMG510 in their complexes, was
considered a non-standard residue. The relevant parameters for this
residue were added using the Ambertools leap program. The complex
was placed within a cubic TIP3P water box, ensuring that the complex
was positioned approximately 15 A away from the edges of the box.
After the initial equilibrations, 300 ns MD simulations were performed.
Following the MD simulation, the root mean square deviations (RMSDs)
of the complexes (shown in Fig. S2) were calculated over the simulated
time period to evaluate the convergence of the system. The clustering
analysis was performed on the extracted conformations from the equi-
librium trajectories by using the cpptraj module [43]. All of the con-
formations were clustered into 4 classifications for each system. As
indicated in Table S1 and Fig. S3, cluster 1 accounted for approximately
80% of the conformations in both the O5Y-KRAS®12¢ complex and the
AMG-KRAS®12¢ complex. Therefore, cluster 1 was chosen as the initial
conformation for the subsequent QM/MM calculations.

2.3. QM/MM calculations

At present, QM/MM has been one of the most successful methods for
investigating enzymatic reaction mechanisms [44-51]. In this study, the
ONIOM [52] calculation method was applied for QM/MM calculations.
During the QM/MM calculations, the complexes of KRAS®'2¢ and water

Solvent condition.

Reaction
— 2 —» mechanism
Y -~ comparison .
b 3;* Biological
’ - .
 » o, environment

QM/MM calculations of the
complexes

Integrating the reaction mechanism and
aiding drug design.

Fig. 1. Protocol for theoretical investigation of thiols addition to Michael acceptor.
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molecules located at 4 A around the complex were selected as the
QM/MM region. The representative conformations of O5Y-KRAS®!%¢
and AMG-KRAS®12C show that there are no extra residues near the C12
that can act as a proton acceptor (Fig. S4.). Besides, the analysis of
H-bonds between inhibitors and KRAS®'2¢ were given in Table S2 and
S3. The presence of low-frequency hydrogen bonds between the in-
hibitors and KRAS®12C suggests that the surrounding residues of the
covalent ligand are unable to form strong non-bonded interactions to
stabilize the conformation of the inhibitor during the reaction. The
strong non-bond interactions have been considered as one important
factor to select QM region during QM/MM calculations [53,54]. As
illustrated in Fig. S5, during the MD simulation of the AMG-KRAS®!%¢
complex, the average distance between the S atom of C12 and the O
atom of the phosphate in GDP was measured to be 5.6 A. During the MD
simulation of O5Y-KRAS®'2€ complex, the average distance between the
S atom of C12 and the O atom of phosphate in GDP is 6.9 A. Here, the
phosphate group of GDP and K15 forms two hydrogen bonds but far
away from the covalent ligand. Therefore, to save computational cost,
the covalent inhibitors (O5Y and AMG510) and residue C12 were
selected as the QM region as shown in Fig. 2. As results, for the
05Y-KRAS®'2C model, 5377 atoms were kept in whole QM/MM model,
and 84 atoms were kept in the QM region. The charge, spin multiplicity
of the QM region and the overall system were set to (0,1), (-7,1),
respectively, for the reason of 7 Na* were added in the MD simulation.
Similarly, in the AMG-KRAS®'%¢ model, 5238 atoms were kept for
QM/MM calculation and 92 atoms were selected in the QM region. The
charge, spin multiplicity of QM region and the whole system were set to
(0,1) and (—7,1), respectively.

The keyword quadmac [55] was employed in the optimization,
which performed a quadratic step in the coordinate between QM and
MM atoms. To better keep the interaction of the Mg2+ and GDP, the
phosphate group of GDP and Mg were frozen in our QM/MM calcu-
lations. The gaff force field was applied to describe the MM region. The
generated parameters of bond angle, bond distance, bond stretching and
bond bending are given in supporting information. For the QM/MM
model, the ONIOM(B3LYP/6-31 G(d):AMBER) level of the theory rec-
ommended by Lameira [27] was used in the overall structure optimi-
zation and frequency analysis of QM region. The B3LYP method has
been used widely to discuss the enzymatic mechanisms [56-61] and can
give reasonable results. The more precision single-point energy of the
QM/MM model was calculated at ONIOM(B3LYP-D3/6-311 ++G(d,p):

0 SH
> 0
A11-NH HN—/
G13
C12
Br
= 0
K\". l; ,'{I
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AMBER) level which can well recur the experimental results [30]. The
default mechanical embedding was adopted in ONIOM calculation. And
the IRC path analysis was employed to prove the energy profiles con-
necting each transition state to two minima of the proposed
intermediates.

3. Results

3.1. The calculation results of small models suggest that exogenous base
facilitates the catalytic cycle

As shown in Scheme 2, we first discussed the influence of different
o,p-unsaturated carbonyl-containing warheads on the reaction process.
The warhead screening experiment can simulate the reaction between
thiol addition to the o,p-unsaturated carbonyl group and obtain the
glutathione (GSH) half-times which can represent the reaction rate be-
tween covalent warheads and cysteine. Based on the screened structure
of warhead, the inhibitor can be further designed. For example, the in-
hibitors O5Y and AMG510 contain a 4-member ring linked warhead A
and 6-member ring linked warhead D, respectivly. Uncovering the re-
action mechanism between covalent warhead and GSH may provide a
guidance for the reaction mechanism of KRAS®'%¢ and its covalent
inhibitors.

The warhead screening experimental condition was given in Scheme
2, the reactants GSH and covalent warhead were placed in the water
solvent and the phosphate buffer was used as the base [62]. Victor et al.
[63] found an intriguing phenomenon that covalent inhibitors A and D
both with the same a,p-unsaturated carbonyl group have small differ-
ence in warhead structures, leading to different experimental GSH
half-times. The GSH half-times of warhead A and D are about 100 mins
and 200 mins respectively.

To explore why small difference in warhead structure leads to
obvious difference in GSH half-times, the reaction mechanism between
GSH and warheads was calculated by QM method. Two small reaction
models were constructed and the halogen atom X was replaced by F in
the calculation. In this reaction, the pH of the buffer solvent is 7.4 and
the pKa of -SH and two -COOH are 9.69, 1.98, and 3.49 [64], respec-
tively, meaning that -SH can still be protonated under the reaction
conditions. Furthermore, the concentration of HPO7 ion is almost 2 to
4-fold excess of HyPO3 ion [65]. Hence, we mainly discussed the HPO%
catalyzed reaction mechanism between GSH and compounds A or D. As

Frozen atoms ..--*~, -
® V;T'a.

el

QM region

Fig. 2. The selected QM region and frozen atoms in QM/MM calculations. The QM region atoms was outlined by red color line.
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Scheme 2. Representative o,p-unsaturated carbonyl warhead, and its GSH half-life values.

shown in Fig. 3, GSH is firstly deprotonated by the HPOZ to form the key
intermediate thiol anion INT1. Subsequently, the thiol anion attacks the
o,p-unsaturated carbonyl warhead A or D, which needs to overcome
energy barrier of 16.5 and 17.0 kcal/mol, respectively. The calculated
energy barrier is well consistent with Cee’s work [62], indicating that
our suggested mechanism is reasonable. Warhead A can form two
hydrogen bonds with the thiol anion, leading to a related low energy
barrier when compared with warhead D. Finally, the generated HoPO}

AG kcal/mol

GSH

A-TS1 A-INT2

A-TS2

species can serve as a proton donor, facilitating the protonation of the
unsaturated intermediate (INT2) and leading to the release of the final
product.

We also discussed the case of HoPOj as a base to catalyze the reaction
process. The calculated results were given in Fig. S6. It can be seen that
the HyPOy as the base is thermodynamically unfavorable to the reaction
with an energy barrier of 44.5 kcal/mol.

Proton transfer/nucleophilic addition in the absence of HPO? is also

A-TS2

Fig. 3. HPO? catalyzed reaction mechanism between GSH and two warheads in buffer solvent. The energies are obtained at the B3LYP-D3/6-311++G(d,p)//B3LYP-

D3/6-31G(d) level and are given in kcal mol ™ relative to the reactants.
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investigated. As shown in Fig. 4, we find that 2-INT1 with warhead A or
D may experience a concerted step to obtain the enolate intermediate
when the base is absent in the proton transfer/nucleophilic attack step.
The energy barrier of the proton transfer/nucleophilic addition are 28.0
(2-INT1-2-A-TS1) and 27.9 (2-INT1—2-D-TS1) kcal/mol, respectively.
The IRC paths of the concerted step were given in Fig. S7 and Fig. S8. It is
a relatively high energy barrier for the reaction along the concerted
proton transfer/nucleophilic addition to obtain the enolate in-
termediates compared to the base catalyzed reaction. But in biological
condition, without the proper residue as base, the reaction may adopt
the concerted proton transfer/nucleophilic addition to get the
intermediate.

In a word, our small model calculations proved the HPOF can reduce
the energy barrier of the nucleophilic addition step and facilitate the
reaction cycle. Moreover, without the catalysis of the base, the reaction
may experience a concerted proton transfer/nucleophilic addition pro-
cess to obtain the enolate intermediate. The proton transfer/nucleo-
philic addition transition state model can be employed in our subsequent
QM/MM calculations.

3.2. The QM/MM calculations show that proton transfer and nucleophilic
addition may adopt a concerted mechanism under biological reaction
conditions, and solvent-assisted tautomerization is the rate-determining
step

Based on the small reaction model, we further explored the reaction
mechanism between KRAS®'%C and covalent inhibitors based on oM/
MM method. In general, thiol addition to the «,f-unsaturated carbonyl
group of the covalent inhibitors may have four possible reaction
mechanisms [17], as shown in Fig. 5, including direct proton transfer
(Path A), solvent-assisted proton transfer (Path B), direct proton transfer
followed by the nucleophilic addition and solvent-assisted tautomeri-
zation (Path C), and solvent assisted proton transfer/nucleophilic
addition and tautomerization (Path D).

Based on this assumption, here, several possible reaction mecha-
nisms between O5Y and KRAS®!% were explored based on QM/MM
calculations. As shown in Fig. 6, our calculation results show that Path A
and Path B need to overcome much higher energy barriers compared
with Path C and D. Direct proton transfer and nucleophilic addition need
to overcome an energy barrier of 48.3 kcal/mol (O5Y-TSA). Besides,
water-assisted proton transfer and nucleophilic addition need to over-
come an energy barrier of 33.1 kcal/mol (O5Y-TSB). The calculated

R‘I

¥

results indicate the reaction between O5Y and KRAS®'2C will not go
2 H i
2HPO4 . R'I N
A
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2-A-TS1 2-D-TS1 L

Computational and Structural Biotechnology Journal 23 (2024) 1408-1417

through Path A and Path B. Relatively, in path C, the carbonyl group of
O5Y acting as a proton acceptor can reduce the energy barrier of the
proton transfer. The calculation results show that the proton transfer
and nucleophilic addition may experience a concerted step to obtain the
enolate intermediate O5Y-INTC. The reaction in path C didn’t experi-
ence the ion pair state and the IRC path in Fig. S9 further proved the
concerted process. In Path C, this step only needs to overcome an energy
barrier of 4.6 kcal/mol (O5Y-TSC1). The suggested concerted mecha-
nism is different from the previously reported stepwise process [17].
Following this step, water-assisted tautomerization, which needs to
overcome an energy barrier of 18.7 kcal/mol (O5Y-INTC—O5Y-TSC2),
is the rate-determining step of whole reaction process. Besides, we also
discussed water-assisted proton transfer/nucleophilic addition
(O5Y-TSD1, 6.8 kcal/mol). The energy of the transition state is
2.2 kcal/mol higher than O5Y-TSC1. Hence, the reaction along Path C to
obtain the enolate intermediate is more favorable.

To further validate our proposed reaction mechanism, we also dis-
cussed the reaction mechanism between AMG510 and KRAS®12C (shown
in Fig. 7). The reaction along Path A has to overcome an energy barrier
of 52.9 kcal/mol (AMG-TSA). As for Path B, the energy barrier in the
reaction is 31.8 kcal/mol (AMG-TSB). The Path C has a relative low
energy barrier of 12.1 kcal/mol (AMG-TSC1). The IRC curve shown in
Fig. S10 indicates the reaction does experience a concerted step to give
the enolate intermediate. Similar with the O5Y-KRAS system, the water-
assisted tautomerization (AMG-TSC2, 15.7 kcal/mol) is the rate-
determining step in the whole reaction. Furthermore, in our investiga-
tion of solvent-assisted proton transfer (Path D), we observed that the
involvement of a water molecule in the reaction did not significantly
lower the energy barrier of the proton transfer/nucleophilic addition
step. The energy barrier of the water-involved transition state (AMG-
TSD1) was found to be 19.0 kcal/mol, which is 6.9 kcal/mol higher
compared to the energy barrier of the direct proton transfer process
(AMG-TSC1).

In addition to the four pathways discussed above, we also computed
the reported mechanism suggested by previous work [22,24], where
they used the thiol anion as the starting point of reaction. As depicted in
Fig. S11, in Path E, cysteine 12 is deprotonated and the reaction pro-
ceeds with the thiol anion as the starting point, allowing for the for-
mation of the C-S bond through nucleophilic attack. The energy barriers
for C-S bond formation are calculated to be 6.3 kcal/mol (O5Y-TSE1)
and 3.9 kcal/mol (AMG-TSE1), respectively. Subsequently, an inter-
mediate is formed, which is then protonated by a water molecule. The
protonation step is identified as the rate-determining step for the entire
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N\;)L”/\Rz RL(@/N\:/”\”/\RQ
- T =5
H’ Y FH,C B H / FH2C
O_ 0 \\O"( (0]
N&NH N<>—NH
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I H CH,F \g :H CH,F
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2-D-TS1 N 2-D-INT2
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Fig. 4. Proton transfer/nucleophilic attack via a concerted process in the absence of proper base. The energies are obtained at the B3LYP-D3/6-311++G(d,p)//

B3LYP-D3/6-31G(d) level and are given in kcal mol! relative to the reactants.
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reaction. The activation energies for two inhibitors are determined to be
19.6 kcal/mol (O5Y-TSE2) and 24.5 kcal/mol (AMG-TSE2), respec-
tively, which are higher than those of the reaction along Path C.

Based on the obtained results and discussions, it can be concluded
that Path C is the most probable reaction mechanism between the
investigated covalent inhibitors and KRAS®'%, Compared to O5Y,
AMG510 with a relatively large steric hindrance of six-member ring
linker in the warhead may lead to a relatively high energy barrier in the
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proton transfer/nucleophilic addition step.

Our computational results show that proton transfer and nucleo-
philic addition may experience a concerted step to obtain the enolate
intermediate, which is different from Mulholland’s [17] research and
can provide new insights into the thiol additions to Michael acceptors.
Furthermore, invoking a water molecule to assist the proton trans-
fer/nucleophilic addition is kinetically unfavorable. Finally, both two
QM/MM models show that solvent-assisted tautomerization is the
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rate-determining step which is consistent with the Mulholland’s [17]
report.

Based on the reaction mechanism, the Kinact and kinact/ki together
with the activation energy AG for two inhibitors O5Y and AMG510 were
calculated and given in Table 1. The kjpact refers to the rate constant for
enzyme inactivation [66,67] which is calculated by using the Eyring
equation [68], and the k; is approximately equal to the experimental ICsq
value [69]. The calculated kjyact/ki for O5Y and AMG510 are 2304 and
10745, respectively, which are well consistent with the experimental
values (2640 and 9900), further demonstrating that our proposed
model, reaction mechanism and calculation methods are reliable.

4. Conclusions

In this study, in order to elucidate the reaction mechanism between
KRAS®'2€ and its covalent inhibitors, we successively explored the re-
action mechanisms in solution and biological environments by
employing DFT and QM/MM methods. The obtained results strongly
suggest that the exogenous base HPO4% plays a crucial role in facili-
tating the entire reaction cycle. Specifically, the presence of HPO4* as a

Table 1

The calculated and experimental kiyace and kinact/k; values of two covalent KRAS
inhibitors. The corresponding activation energy AG (calculated using transition
state theory) is also given for comparison.

Inhibitor AG Inactivation rate, ICso Kinact/ki Kinact/ki
(kcal/ Kinact 1) (uM) (Exp, M''s”  (Cal, M's"
mol) 1 H
05Y 16.5 1.49 0.638 2640[63] 2304
[63]
AMGS510 15.7 5.48 0.051 9900(8] 10745
[8]
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base can effectively reduce the energy barrier associated with nucleo-
philic attack in the solution environment. However, as shown in Fig. 8,
in the absence of the base, the proton transfer/nucleophilic attack may
experience a concerted step to form an enolate intermediate by using the
carbonyl group of the warhead as proton acceptor.The biological reac-
tion process also adopts a similar concerted mechanism. The rate-
determining step of the whole reaction in biological condition is

(0]
e \)Lg RSH
Q 3
R-S R H--0
R-sij'
Concerted
Process
H-- $
P
H/ “‘H\\: H_O
R_SJR'
R/

Solvent assisted
tautomerization

Fig. 8. Reaction mechanism of thiol addition to o,f-unsaturated carbonyl of
covalent inhibitors in biological system.
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solvent-assisted tautomerization which is consistent with previous
research. Based on the proposed reaction mechanism, the calculated
inactivation rate kinaet and kinact/k; values are well consistent with the
experiment results, indicating that our suggested reaction mechanism is
reliable.

By employing QM and QM/MM methods, the reaction mechanism
between KRAS®!?C and its covalent inhibitors was proposed. This re-
action mechanism may also be suitable for other cysteine-targeting co-
valent inhibitors. For example, covalent inhibitors containing
cyanoacrylamide, alanamide, and bicyclic [1.1.0] butylamine functional
groups have o,f-unsaturated carbonyl moiety (as shown in Figure S11
[70]) and may have a reaction mechanism similar to the two covalent
inhibitors we discussed. The suggested reaction mechanism can provide
the important information for the design of more effective covalent
drugs targeting KRAS®12€ and other similar targets.
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