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Abstract: As an important cancer therapeutic target, extracellular signal-regulated kinases (ERK)
are involved in triggering various cellular responses in tumors. Regulation of the ERK signaling
pathway by the small molecular inhibitors is highly desired for the sake of cancer therapy. In
contrast to the routine inhibitors targeting ERKs through long-range non-bonding interactions,
Ponatinib, a covalent inhibitor to ERK2 with a macrocyclic structure characterized by the ,3-C=C
unsaturated ketone, can form the stable -C(S)-C(H)-type complex via the four-center barrier due to the
nucleophilic addition reaction of the thiol group of the Cys166 residue of ERK2 with the C=C double
bond of Ponatinib with reaction free-energy barrier of 47.2 kcal/mol. Reaction mechanisms for the
covalent binding were calculated using QM /MM methods and molecular dynamics simulations. The
interaction modes and the corresponding binding free energies were obtained for the non-covalent
and covalent complexation. The binding free energies of the non-covalent and covalent inhibitions
are 14.8 kcal/mol and 33.4 kcal/mol, respectively. The mechanistic study stimulated a rational
design on the modified Ponatinib structure by substituting the C=C bond with the C=N bond. It was
demonstrated that the new compound exhibits better inhibition activity toward ERK2 in term of both
thermodynamic and kinetic aspects through the covalent binding with a lower reaction free-energy
barrier of 23.1 kcal/mol. The present theoretical work sheds new light on the development of the
covalent inhibitors for the regulation of ERKs.

Keywords: ERK regulation; covalent inhibitors; thiol addition reaction; quantum chemical calculation;
molecular dynamics simulations

1. Introduction

Extracellular signal-regulated kinases (ERKSs) are a class of protein kinases belonging
to the mitogen-activated protein kinases (MAPK) family. These kinases are critical com-
ponents to the RAS/RAF/MEK (mitogen-activated protein kinase kinase) /ERK pathway
and are involved in triggering various cellular responses in tumors, such as cell survival,
differentiation, and progression [1,2]. It has been demonstrated that the ERKs act as the
“switch” in the downstream of the signaling pathway, inducing the development of cancer
triggered by various growth factors or mutant proteins [3]. For the cancers like ovarian
cancer, bladder cancer, lung cancer, and breast cancer, the ERK subtypes, namely ERK1 and
ERK?2, were found to be amplified significantly. Moreover, the overactivation of ERKs is
responsible for the upregulation of anti-apoptotic proteins, leading to drug resistance in
various types of cancers [4-7]. Although several small molecular inhibitors targeted on
BRAF and MEK such as Dabrafenib and Vemurafenib have passed clinical validation in
treatment of BRAF-mutant melanomas [8,9], several studies have demonstrated that drug
resistance occurred, and ERK 1/2 can be re-activated after the prolonged administration of
inhibitors of receptor tyrosine kinases (RTK), RAF, and MEK [10-12]. In comparison to the
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upstream kinases, few mutations are observed in cancer cell genomes due to their conser-
vative amino acid sequence and structure [13]. It has been demonstrated that the inhibitors
targeted straightforwardly on ERK 1/2 exhibited a higher specificity and lower risk of drug
resistance compared with RAF or MEK inhibitors [14]. Therefore, ERK is believed to be an
important cancer therapeutic target, and the regulation of the ERK signaling pathway has
become a hot topic among researchers.

Over the past few decades, several classes of inhibitors targeting ERKs, for instance
ATP competitive inhibitors and ERK 1/2 allosteric inhibitors [15,16], have been suggested
for the sake of cancer therapy. However, these inhibitors are still in either laboratory devel-
opment or clinical trial stages. In recent years, more and more targeted covalent inhibitors
(TCIs) have been approved for the treatment of cancers and other diseases by the Food and
Drug Administration (FDA). TCls are also treated as one of the effective strategies to inhibit
ERK via the covalent bond with the residue cysteine 166 (Cys166) of ERK by means of the
nucleophilic addition reaction [17-23]. In contrast to the traditional inhibitors, the covalent
inhibitors refer to the small molecules that are capable of binding covalently to the tar-
get [24]. Regarding to the biological functions, the small molecules associate reversibly with
the target enzyme through non-bonding interactions (e.g., hydrogen bond, van der Waals
interaction, hydrophobic interaction, etc.) between the reactive moiety of the inhibitor and
the close proximity of the reactive residue of the targeted enzyme. Subsequently, the reac-
tive center, i.e., warhead, of the inhibitor, which is usually an electrophilic functional group,
forms the covalent bond to the reactive entity of the enzyme [25]. Interestingly, the earliest
covalent inhibitor can be traced back to acetylsalicylic acid, commonly known as aspirin.
Until 1970s, aspirin was discovered to irreversibly inhibit acetylation of cyclooxygenase
by covalently bonding to the serine residue [26,27]. Recently, several covalent inhibitors
have been approved for clinic use. For instance, the drug nirmatrelvir, targeting the main
protease of severe acute respiratory syndrome coronavirus 2 (e.g., SARS-CoV-2 Mpro), has
been issued emergency-use authorization for medication [28,29]. Due to the nature of the co-
valent bonding, the covalent inhibitors have a more persistent effect than the non-covalent
inhibitors. Moreover, the covalent inhibitors exhibit a high level of specificity to the target
proteins, reducing the impact on other proteins to lower drug resistance. However, the com-
putational design of the covalent inhibitor is challenging because the chemical reactions are
involved rather than the non-bonding interactions. Moreover, unique challenges, including
the reactivity of nucleophilic residue of interest, occurrence of covalent binding in reality,
and the on- and off-target selectivity of the compound, are obstacles to the discovery of
covalent inhibitors [30-32]. Therefore, mechanistic study on the covalent inhibitors is of
great significance for the development of new drugs.

Ponatinib is a covalent inhibitor to ERK2, as shown in Figure 1. It appears to be a
macrocyclic compound with the prototypical «,[3-unsaturated ketone structure, associated
with the hydrophobic benzene, methoxy, and ester groups. Two C=C double bonds are
located at 1’-2" and 7'-8' sites, respectively. It was found that the molecular structure
of Ponatinib interacts with ERK2 via the covalent bonding between the «,-unsaturated
ketone group and the cysteine residue (Cys166) for the S-C bond, leading to the strong
inhibition of ERK2 activation, as indicated by the IC50 of 0.08 uM [33]. Although the
molecular recognition of Ponatinib to ERK2 provided a new therapeutic approach for
the treatment of malignant tumors, the corresponding structure of the Ponatinib—ERK2
complex is still elusive because the observed S-C bond distance is as long as 2.35 A (PDB:
3W55), which is about 0.5 longer than the normally covalent S-C bond. Apparently, it is
hard to distinguish whether covalent bonding has occurred between Ponatinib and the
Cys166 residue of ERK2, whereas the 7/C=8'C double bond of Ponatinib is converted to
a single bond, as indicated by the distance of 1.5 A between 7'C and 8/C in the co-crystal
structure. Presumably, several unsaturated sites of Ponatinib could be the possible reactive
centers for the nucleophilic additions to the Cys166 residue. Therefore, it is necessary to
figure out how Ponatinib covalently binds to ERK in order to provide the exact interaction
modes for the Ponatinib—-ERK2 complexation. It is interesting to note that the compound FR
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(Figure 1), being analogous to Ponatinib in structure, exhibits very low inhibitory activity
against ERK2. With the saturated C-C single bonds at 1-2" and 7'-8' sites, the IC50 of FR is
elevated by about two orders of magnitude due to the absence of the covalent binding in the
association of FR with ERK2. Since more than one reactive site exists in Ponatinib towards
the Cys166 residue, the detailed reaction mechanism for the reaction of Ponatinib with ERK2
is unclear. In this work, molecular dynamics simulations were carried out to clarify the
interaction mechanisms of Ponatinib with ERK2 in terms of both covalent and non-covalent
binding by means of the free-energy calculations. The energetic routes for the reactions of
Ponatinib with ERK2 were calculated using density functional theory. The bonding nature
for the Ponatinib—~ERK2 covalent interaction was revealed. The present theoretical findings
offer significant insights for the rational design of the «,3-unsaturated ketone-based ERK2
covalent inhibitors. Moreover, a new covalent inhibitor with greater biological activity
than Ponatinib was proposed as the «,3-C=C bond that can be substituted by the C=N
double bond.

OH O

(b) OH 0

(@[T,
=

OH

Figure 1. Molecular structures of Ponatinib (a) and the analog FR (b).

2. Results and Discussion
2.1. Noncovalent Inhibitions

The interaction mode between Ponatinib and ERK2 at the noncovalent binding state
is illustrated in Figure 2. Apparently, the interaction between the o, 3-unsaturated ketone
moiety and the Cys166 residue is fairly weak, as indicated by the long distance (e.g., 5.0 A)
between the 7/-C=8'-C double bond and the S atom of Cys166. Moreover, no apparent
interaction of the carbonyl group with ERK2 was observed during the simulations. The
dominant interaction between Ponatinib and ERK2 consists of a groups of hydrogen bonds.
For instance, the hydroxyl group at 5'-C site of Ponatinib serves as a proton donor, forming
two hydrogen bonds with the residues Aspl11 and Ser153 of ERK?2, respectively. The
hydroxyl group at 4’-C of Ponatinib also acts as a proton donor in the hydrogen bond
interaction with respect to the residue Ile31. Moreover, the carbonyl group of the ester
moiety at 12’-C forms a C=0...H hydrogen bond with the residue Lys54. The methoxy
group and the benzene ring of Ponatinib is oriented towards the 3-fold region of ERK2,
i.e., Vall01-Met108. As a result, Ponatinib engages in the significant hydrophobic interac-
tions with the surrounding eight residues such as Val39, Met108, Leul56, and so on.



Int. . Mol. Sci. 2023, 24, 15223

40f 15

a b
Asp106
AlaS2
1le165 M";;r‘:"i@ LysS4
5 =
cmmﬂ? Ltulﬁﬁ
@ v ® . s
%77“"36
‘,6
” Gn10s Ne3t ’
USer153 ‘ . . ®
, ) , b N
s VX { Aspl106 . ° 0
& | > T w‘ /ﬁ:&““
Asplll ®
Aspll;}‘" 324 f\%
(;1,32 Serl53

Figure 2. Interaction modes of Ponatinib toward ERK2 at the non-covalent binding state, (a) 3D
diagram of the binding pocket, and (b) 2D interaction diagram showing the hydrogen bonds and
hydrophobic residues. The green sticks represents molecule Ponatinib, blue sticks represents residues
of ERK2 formed interaction with Ponatinib, yellow dash represents hydrogen bonds.

The interaction modes between FR and ERK2 are illustrated in Figure 3. Although FR
can be docked into the same binding pocket as Ponatinib, it adopts an opposite orientation
regarding the binding sites. Rather than the 3-fold region, the terminal methoxy group is
oriented towards the o-helix region of ERK?2, i.e., His61-Phe78. Therefore, the hydrophobic
pocket consists of only six residues, namely Glu33, Gly34, Ala35, and Tyr113 together with
Leul56 and Val39, which are residues in the Ponatinib pocket. In addition, because of the
presence of the saturated alkane sketches, FR stays further far away from the active Cys166
residue, as indicated by the 8'-C-S distance of 8.7 A, excluding any chemical bonding
between FR and ERK2. However, a hydrogen bond exists between the carbonyl group
of ketone and the Tyr36 residue. The other significant hydrogen bond appears to be the
carbonyl group of ester with respect to the Ser153 residue with the O. . .O distance of 2.6 A.
In contrast to Ponatinib, only the OH group at the 4'-C site forms a weak hydrogen bond
with Lys54. One NH. . .O hydrogen bond exists between the O of the methoxy group and
the Tyr36 residue.
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Figure 3. Interaction modes of FR toward ERK2 at the non-covalent binding state, (a) 3D diagram of
the binding pocket, and (b) 2D interaction diagram showing the hydrogen bonds and hydrophobic
residues. The green sticks represents molecule FR, blue sticks represents residues of ERK2 formed
interaction with FR, yellow dash represents hydrogen bonds.
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The difference in the binding modes of Ponatinib-ERK2 from FR-ERK2 might be
attributed to the significant difference in the respective inhibitory activity toward ERK2.
The binding free energies of Ponatinib and FR interacting with ERK2 were predicted the-
oretically according to the molecular dynamics (MD) trajectories and are summarized
in Table 1. For the sake of validation, the co-crystallized ligand with ERK2 (PDB: 3w55)
was extracted and then re-docked into the binding pocket. The comparison between the
experimental structure and the re-docked structure is shown in Figure S1 in the Support-
ing Information. The root mean square deviations (RMSD) between the experimental
and the docked conformations was as low as 0.11 A, proving the credibility of docking
procedure. As confirmed by the 100-ns RMSD and the total energy (Etor) profiles of the
complexes (Figure S2 in the Supporting Information), the simulated systems appear to
be stable enough in terms of both structures and energetics to reach the thermodynamic
equilibrium. As could be seen in Table 1, the binding free energy of Ponatinib—ERK2 was
calculated to be —14.8 kcal/mol, whereas that of FR-ERK2 is as high as 24.0 kcal/mol, as
indicative of the non-spontaneous affinition for FR to ERK2, which is in agreement with
the lesser activity of FR toward ERK2. In view of the individual contributions to the free
energy, the significant difference between nonPE and nonFE could be attributed to the
weaker hydrogen bond interactions (—37.1 kcal/mol vs. —28.4 kcal/mol) and the stronger
polar solvation energy (50.7 kcal/mol vs. 75.6 kcal/mol) of the latter, as demonstrated
in the respective interaction modes. The electrostatic interaction and nonpolar solvation
free energies do not show any difference for nonPE and nonFE in the consideration of
the theoretical uncertainty. Therefore, the «,f3-unsaturated C=C bond is critical for the
inhibition activity of the Ponatinib-type compounds.

Table 1. Predicted binding energies (in kcal/mol) of various complexes.

Complexes AEvdw AEelec AGPB AGSA AGbind
nonPE -371+£32 —247+78 50.7 £ 6.9 -3.6+03 —14.8 £3.2
covPE —33.4+£3.0
nonFE —284+43 —211+£79 756 +£73 —21+06 240+48

nonPE-mod —-357+4.0 —-534+73 82.1£6.2 -31+13 —121+47

covPE-mod —42.0+ 4.0

2.2. Covalent Binding of Ponatinib to ERK2

It is worth noting that the Cys166 residue of ERK2 can react with Ponatinib by the
1,2-additions to either C=C or C=0 bonds. In view of the molecular structure of Ponatinib
(Figure 1), four reaction centers are available, namely the C=C bonds at 1’-2 and 7'-8 and
the C=0 bonds at 6’-C and 12'-C sites. Preliminary calculations showed that the addition of
the S-H bond of Cys166 to the C=0 bond surmounts significant barriers, and the products
are highly endothermic. Therefore, the thiol group of Cys166 prefers to react with the C=C
bonds of Ponatinib. The optimized geometries of the transition states and products for the
associations of S atom of Cys166 with 7'-C, 8'-C, and 1’-C are shown in Figure 4. Note that
the addition of S to 2/-C is forbidden because of the steric hindrance of the macro cycle. The
energetics for the respective barrier heights and reaction heats in terms of both internal and
free energies are listed in Table 2. Energetically, the S atom prefers addition to the 8'-C atom
to form the S-C bond via a four-center barrier TS1. The breaking S-H bond is stretched from
1.35 A to 1.90 A. The forming S-C and the H-C bonds are 2.79 A and 1.22 A, respectively.
Meanwhile, the C=C double bond is elongated to 1.42 A to form the C-C single bond in the
adduct P1. The S-C bond in the adduct is 1.83 A, which is roughly 1 A shorter than that in
TS1, implying that TS1 is an early barrier. In terms of free energy at 298.15 K, the barrier
height is 47.2 kcal/mol, and the formation of the adduct P1 is exothermic by 12.1 kcal /mol.
Therefore, the covalent bonding between Ponatinib and ERK2 via the Cyc166 residue can
take place spontaneously and with a moderate rate.



Int. . Mol. Sci. 2023, 24, 15223 6 of 15

N\
1
~

N\ A
@ 274 e v
J [1.42
190 -, AT
1.22 ‘ﬁ.
— r
/ L
TS1 P1 I
.
\
\ - v
7_‘.
>__
- { r~ .
( /
(
TS2 P2
Y s
\ r h \
P B Y N
| e\ T 185

P * 10 d ‘
T ?}H ‘ 1.54 &) ~
143 212 \ | oy

; A o ‘\:1.17 r : 9

§ N\ - S
TS3 P3

Figure 4. M06-2X/6-31G(d,p) optimized geometries of the transition states (TSn) and adduct (Pn)
involved in the reaction of Ponatinib with cysteine. The reaction centers are shown in ball-stick
models, and the rest of the atoms are in sticks. Grey balls represent C atoms; yellow balls represent
S atoms; red balls represent O atoms; white balls represent H atoms. Bond distances are in A, and

angles are in degrees.
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Table 2. Zero-point energy corrections (AZPE) and the relative electronic (AE) and free energies
at 298.15 K for the species involved in the reaction of Ponatinib with cysteine calculated at the
MO06-2X/6-31G(d,p)-PCM level of theory (units: kcal/mol).

Species AZPE AE AG
TS1 -1.1 342 472
P1 3.3 —28.2 —12.1
TS2 -1.5 441 56.2
P2 3.7 —274 —94
TS3 —0.35 40.3 51.7
P3 5.1 —-29.1 —8.2
wTS1 2.0 21.2 47.5
wTS2 2.1 29.8 55.7
mod-TS1 0.15 241 37.6
mod-P1 44 —34.6 -16.3
mod-wTS1 25 —5.3 23.1

For comparison, the addition of the S atom to 7'-C site, which is adjacent to the car-
bonyl, proceeds via TS2. Although the S-C bond in the adduct P2 is similar to that in P1,
the reacting bonds in TS2 do show differences from those in TS1. For instance, the breaking
S-H bond is 1.68 A, which is 0.22 A shorter than that in TS1. Moreover, the forming S-C
and H-C bonds are 0.27 A shorter and 0.14 A longer, respectively. As a result, the barrier
height for TS2 is about 9 kcal/mol higher than that for TS1, but the formation of the adduct
P2 becomes less exothermic. The addition of S to the 1'-C site involves a moderate barrier
TS3. The forming S-C bond is as long as 3.10 A. In contrast, the forming H-C bond is
only 1.17 A, which is nearly the equilibrium length of the H-C bond in the adduct P3, as
the breaking S-H bond is stretched to 2.12 A. Energetically, the barrier height for TS3 is
4.4 kcal/mol higher than that for TS1, while the adduct P3 is about 4 kcal /mol less exother-
mic. Therefore, neither addition to 1’-C nor 7’-C could be competitive. The formation of
the 8’-C-S bond should be the predominant reaction mechanism for the covalent bonding
of Ponatinib to ERK2. Although the experimental S-C bond length in the Ponatinib—ERK2
complex (PDB:3W55) is apparently longer than the predicted 1.83 A in the adduct P1, the
covalent bonding to the 8'-C site is confirmed both theoretically and experimentally.

In the consideration of the significant barrier for TS1, a water-catalyzed mechanism for
the addition of Ponatinib with cysteine was considered for completeness. It has been well
established that the single water molecule is capable of reducing the barrier for the proton-
transfer process considerably besides the solvent effect. The optimized H,O-catalyzed
wTS1 is shown in Figure 5. Evidently, the H,O molecule acts as a bridge for the proton
transfer from S to 8'-C site. The breaking S-H bond is stretched to 2.13 A. The bridging
O-H bonds are 0.99 A and 1.20 A, respectively. The forming H-C bond is 1.41 A, which is
about 0.2 A longer than that in the non-catalyzed TS1. The barrier height is lowered by
13.0 kcal/mol due to the catalysis of one HyO molecule. The other reaction path could be
catalyzed as well by one H,O molecule, but the barrier height for wTS2 is still higher than
TS1 by about 9 kcal/mol (Figure 5). It should be noted that the HyO-catalyzed free-energy
barrier is almost identical to the non-catalysis for both TS1 and TS2. Therefore, the addition
of cysteine to Ponatinib proceeds preferentially to form the S-C bond at the 8'-C site. By
means of the QM /MM method, the covalent binding energy of Ponatinib to ERK2 was
calculated to be 33.4 kcal/mol, which is approximately twice that of the non-covalent
binding, as indicative of the critical role of the addition reaction of Ponatinib with the
Cys166 residue.
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Figure 5. M06-2X/6-31G(d,p) optimized geometries of the HyO-catalyzed transition states (WTSn)
involved in the reaction of Ponatinib with cysteine. The reaction centers are shown in ball-stick
models, and the rest of the atoms are in sticks. Grey balls represent C atoms; yellow balls represent S
atoms; red balls represent O atoms; white balls represent H atoms. Bond distances are in A.

The covalent binding of Ponatinib with ERK2 was simulated to reveal the difference in
the interaction modes from the non-covalent binding. The results are illustrated in Figure 6.
Note that the covalent bond distance S-C and angle S-C-C were monitored over the 100 ns
MD trajectory (Figure S3 in the Supporting Information). It appears that the covalent
moiety of Ponatinib and ERK?2 is fairly stable with the averaged bond length of 1.90 A and
angle of 110.9°, as confirmed by the marginal fluctuations of the temporal profiles.
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Ser153 s 2
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Asp:f% 4
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\(’/ Met108 Tyfjf% Cys166

I
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GIn105

Figure 6. Interaction modes of Ponatinib toward ERK2 at the covalent binding state, (a) 3D diagram
of the binding pocket, and (b) 2D interaction diagram showing the hydrogen bonds and hydrophobic
residues. The green sticks represents molecule Ponatinib, blue sticks represents residues of ERK2
formed interaction with Ponatinib, yellow dash represents hydrogen bonds.

As could be seen in Figure 6, although Ponatinib is still located in the same binding
pocket, its conformation has changed considerably due to the existence of the covalent S-C
and H-C bonds and the conversion of the trans-orientated C=C double bond to the C-C
single bond. As for the hydrogen-bonding interactions, the 5'-OH with the Ser153 residue
remains, but the hydrogen bond distance is shorted from 3.2 A in nonPE to 2.8 A in covPE.
The strong hydrogen bond due to Lys54 with the ester carbonyl group disappears. Two
residues, i.e., GIn105 and Asp106, migrate from the hydrophobic regions in nonPE to the
O atom in the ester carbonyl group and the phenol group, respectively, to form two new
hydrogen bonds. Meanwhile, two hydrogen-bonding residues in nonPE, namely Ile31 and
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Asp111, are moved to the hydrophobic region. The hydrophobic interaction due to the
Gly32 residue is replacement by the Thr110 residue to keep the same size of the hydrophobic
cavity. Above all, the covalent inhibitor Ponatinib is capable of binding to ERK2 stably in
both A noncovalent state and covalent state. Both binding modes make a contribution to
the inhibitory effect against ERK2 of Ponatinib. The process of the covalent bond formation
is undertaken via a successive approaching path between the ,3-unsaturated ketone of
Ponatinib and Cys166 of ERK2, which might lead to the fairly long S-C bond, as observed
in the experimental crystal structure.

2.3. The Modified Ponatinib Covalent Inhibitor

As mentioned above, the reaction of Ponatinib with cysteine surmounts a barrier of
47.2 kcal/mol. Despite the H,O catalysis, the barrier for the S-H addition to the C=C bond
is too high to be feasible because of the inherent inert nature of the C=C double bond to the
weak nucleophilic addition. Therefore, it is proposed that the C=C bond could be replaced
by the C=N bond, which is more reactive toward the SH group due to the strong proton
affinity of the N atom.

The modified Ponatinib is shown schematically as mod-P in Figure 7, together with
the optimized transition state (mod-TS1) for the reaction of mod-P with cysteine. Evidently,
mod-P is very similar to Ponatinib in geometry. The cyclic conformation of mod-P is
nearly identical to that of Ponatinib, which is essential for the occurrence of mod-P in
the same binding pocket of ERK2 as Ponatinib. The barrier height for the formation of
the covalent -SC-NH- structure was calculated to be 37.6 kcal/mol (see Table 2), which is
about 10 kcal/mol lower than that for Ponatinib. In view of the geometrical parameters,
the breaking S-H bond is elongated by only 0.1 A, i.e., 1.45 A vs. 1.90 A for Ponatinib.
Meanwhile, the forming S-C bond is 1.89 A, which is about 0.9 A shorter than that for
Ponatinib. The forming H-N bond is still far away (e.g., 1.61 A) from the equilibrium length
in the adduct. Taking advantage of the N substitution, the adduct between mod-P and
cysteine, namely mod-P1 in Figure 7, becomes more stable by about 4 kcal/mol than that
for Ponatinib. The S-C bond length does not change in the covalent bonding of mod-P to
cysteine. It is interesting to note that the water molecules might play an important role
in the reaction of mod-P with cysteine. As shown in Table 2, the HyO-catalyzed barrier
mod-wTS1 is only 23.1 kcal /mol in terms of free energy, implying that the covalent bonding
of mod-P can occur more feasibly than in Ponatinib in both thermodynamic and kinetic
aspects. Therefore, the o, 3-C=N-unsaturated ketone molecule appears to be a potential
covalent inhibitor of ERK2 with better performance than Ponatinib.

The interaction modes of mod-P with ERK2 at noncovalent and covalent binding states
are shown in Figures 8 and 9, respectively. For the non-covalent binding, the complex of
mod-P with ERK?2 involves similar hydrogen bonds as nonPE, but the hydrophobic cavity
is different in view of the surrounding residues. The binding free energy of mod-P to ERK2
agrees with that of Ponatinib within the computational errors. Although the electrostatic
interaction of mod-P with ERK2 is almost two-folds stronger than that of Ponatinib, the
polar-solvation free energy is so high that the binding free energy is compensated consid-
erably. For the covalent binding, the association of mod-P with ERK2 becomes evidently
stronger as indicated by the binding free energy of 42 kcal/mol, which is 8.6 kcal/mol
higher than that for Ponatinib. In comparison with the covPE complex, the mod-P/ERK2
complex involves more hydrogen bonds, e.g., Asp110 with the 4’-OH and Met108 with the
terminal methoxy, where both Asp110 and Met108 residues merge from the hydrophobic
region. The new hydrophobic cavity for the mod-P/ERK2 complex includes two new
residues, i.e., [le84 and Leul07, besides the common Ile31, Val39, Ala52, and Leul56. All
the above modifications can contribute more or less to the affinity of mod-P with ERK2.
In addition, binding pose metadynamics (BMPD) was performed to explore the binding
stability of the ligands. The PoseScore values for Ponatinib and mod-P were calculated to
be 4.04 and 1.57, respectively (Figure 54 in the Supporting Information). Therefore, mod-P
possesses better binding affinity than Ponatinib toward ERK2, which is consistent with
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the prediction by the binding energy calculations. Moreover, the ContactScore values for
Ponatinib and mod-P were estimated to be 0.621 and 0.647, respectively, suggesting that the
nonbonding interactions in both covPE and covPE-mod complexes are persistent enough
for the stable ligand—protein binding. It is therefore worth testing the potent biological
activity of mod-P for the inhibition of ERK2.
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Figure 7. M06-2X/6-31G(d,p) optimized geometries of the HyO-catalyzed transition states (wTSn)
involved in the reaction of Ponatinib with cysteine. The reaction centers are shown in ball-stick
models, and the rest of the atoms are in sticks. Grey balls represent C atoms; yellow balls represent
S atoms; red balls represent O atoms; white balls represent H atoms; blue balls represent N atoms.
Bond distances are in A, and angles are in degrees.
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Figure 8. Interaction modes of mod-P toward ERK2 at the non-covalent binding state, (a) 3D diagram
of the binding pocket, and (b) 2D interaction diagram showing the hydrogen bonds and hydrophobic
residues. The green sticks represents molecule mod-P, blue sticks represents residues of ERK2 formed
interaction with mod-P, yellow dash represents hydrogen bonds.
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Figure 9. Interaction modes of mod-P toward ERK2 at the covalent binding state, (a) 3D diagram of
the binding pocket, and (b) 2D interaction diagram showing the hydrogen bonds and hydrophobic
residues. The green sticks represents molecule mod-P, blue sticks represents residues of ERK2 formed
interaction with mod-P, yellow dash represents hydrogen bonds.

3. Materials and Methods
3.1. Molecular Dynamics Simulation

MD simulations were conducted on the covalently bonded complex of Ponatinib with
ERK2 and the regular non-covalent complex, denoted as covPE and nonPE, respectively.
For the sake of comparison, MD simulation was performed on the non-covalent complex
of FR with ERK2, i.e., nonFE under the identical experimental conditions. On the basis of
the experimental structure (PDB: 3W55), Ponatinib was docked into the binding pocket of
ERK2 to form a covalent bond with the residue Cys166 by means of a covalent molecular
docking approach [34], resulting in the covPE complex. Meanwhile, Ponatinib and FR
were docked into the respective binding pockets using the conventional docking technique
to generate the corresponding non-covalent complexes nonPE and nonFE. The reliability
of docking was verified by re-docking the ligand extracted from the experimental struc-
ture into the docking pocket. Subsequently, the restrained electrostatic potential (RESP)
charges [35] of the ligands were calculated using the Antechamber module [36] and Gaus-
sian16 programs [37]. All the complexes were simulated using the GAFF2 force field [38]
for ligands and the Amberff19SB protein force field [39] for ERK2, as implemented in the
LEaP module. The complexes were solvated in a 10.3 nm x 10.3 nm X 10.3 nm cubic box
by the TIP3P water molecules with the periodic boundary conditions. The whole systems
were neutralized by adding Na* and CI" ions for charge balance. The non-bonded cutoff
distance was set to be 8 A, and the particle mesh Ewald method was employed to calculate
the long-range electrostatic interactions.

The simulation cells were subjected to energy minimization using the steepest descent
method for 500 steps, followed by the conjugate gradient method for 4500 steps. Subse-
quently, the systems were heated slowly to the ambient conditions (e.g., 298.15 K) within
200 ps by the consecutive constant temperature and fixed volume (NVT) simulations. A
500 ps NVT ensemble equilibration simulation was performed to ensure that the solvent
molecules are distributed uniformly in the solvent box. Then, the systems were simulated
for 500 ps under the constant atmospheric pressure and 298.15 K (NPT). Finally, each of the
equilibrated systems was simulated for 100 ns for production. The integration time step
was 2 fs, and the trajectory data were saved every 100 ps for analysis. RMSD and Etot of
the complexes were monitored to examine the relative stability of the systems in terms of
both structure and energy.
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3.2. Binding Free Energy

The binding free energy (AGping) of the non-covalent nonPE and nonFE complexes was
calculated using the molecular mechanics/Poisson-Boltzmann surface area (MM /PBSA)
method, as implemented in the Ambertools programs [40]. Using the last 40 ns MD
trajectories, the binding free energy of the complexes due to the non-covalent interactions
can be obtained by Formulas (1) and (2), i.e.,

AGping = AGeomplex — (AGERKz + AGligand) 1)

AGping = AEjnt + AEypw + AEgc + AGpp + AGsy ()

where AE; represents the internal potential energy; AEypw and AE.. are the van der
Waals and electrostatic interaction energies, respectively; AGpg and AGgp correspond to
the polar and nonpolar solvation free energies, respectively. As for the covalent com-
plex, the binding free energy was computed using the hybrid QM /MM method as imple-
mented in the ONIOM protocols [41,42]. Briefly, the Cartesian coordinates of the covPE
and nonPE complexes from the MD trajectories were used to generate the double-layer
ONIOM(QM:MM) model. The high-level QM layer includes Ponatinib and the Cys166
residue of ERK2 as calculated at the M06-2X/def2-TZVP level of theory [43,44]. The
low-level MM layer contains all the remaining residues of ERK2 as treated using the
Amberff19SB protein force field [39]. The solvent molecules and ions were excluded for
simplification. Note that the ONIOM calculations were performed by an electrostatic
embedding approach for both optimization and thermodynamic statistical analysis.

3.3. Reaction Mechanisms for the Covalent Bonding

The covalent bonding between Ponatinib and ERK2 was simulated using the reac-
tion of Ponatinib with cysteine molecules. Geometries of reactants, transition states, and
products were fully optimized using the density functional M06-2X [43] with the stan-
dard 6-31G(d,p) basis set [45]. The effect of solvation was included implicitly using the
polarizable continuum model (PCM) with the integral equation formalism variant [46].
Harmonic vibrational frequencies were calculated at the same level to obtain the zero-point
energy (ZPE) and free-energy corrections and to confirm the nature of stationary point.
The minimum has all real frequencies, and the transition state has only one imaginary
frequency corresponding to the vibration along the designated reaction coordinate. In-
trinsic reaction coordinate calculations [47,48] were employed to verify the connectivity
between the transition states and the corresponding reactants and products. All the ab
initio calculations were performed using the Gaussian16 programs [37].

3.4. Binding Pose Metadynamics

Binding pose metadynamics (BPMD) is an automated enhanced sampling metadynamics-
based approach, in which the ligand is forced to move in and around its binding pose.
Instead of running long metadynamics simulations until the free-energy surface is fully
converged, multiple candidate poses are perturbed in short simulations. These poses
are then evaluated by stability using the observed RMSD relative to the initial ligand
coordinates and persistence of hydrogen bonds during the metadynamics simulations [49].
The stable coordinates of covPE and covPE-mod were retrieved to conduct BPMD using
OpenBPMD, an open-source Python reimplementation and reinterpretation of BPMD [50].
After the potential energy minimization of 10,000 steps, the systems were equilibrated by
500 ps NVT ensemble sampling to prove the system slowly reached the desired temperature
of 300 K. For each system, a total of 10 independent metadynamics production simulations
of 10 ns were performed using the RMSD of all the heavy atoms from the starting pose as
the collective variables (CV). PoseScore, representing the average RMSD from the beginning
pose, was calculated to be the indication of the ligand stability during the simulations. In
addition, ContactScore, a metric similar to PersScore but taking not only hydrogen bonds
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but also other nonbonding interactions into consideration, was calculated to track the
persistence of the complexation between the ligand and protein [49].

4. Conclusions

The mechanisms for the covalent binding of Ponatinib with ERK2 have been clar-
ified in detail on the basis of molecular dynamics simulations and quantum chemistry
calculations. The Ponatinib molecule enters the binding pocket of ERK2, which consists
of both hydrogen bonds and a hydrophobic cavity. Subsequently, the Cys166 residue of
ERK2 approaches the x,3-C=C-unsaturated moiety. The S and H atoms of the thiol group
of Cys166 are added to the 8'-C and 7'-C atoms of Ponatinib, respectively, to form the
stable adduct with the -C(S)-C(H)- sketch via a four-center barrier or a six-center H,O-
catalyzed barrier. The binding free energies of the non-covalent and covalent inhibitions
are 14.8 kcal/mol and 33.4 kcal/mol, respectively. The barrier height for the covalent
binding was estimated to be 47.2 kcal/mol. In case the C=C bonds were saturated, both
covalent binding and also spontaneous complexation cannot take place. However, the
covalent reaction might be carried out efficiently once the o, 3-C=C bond is substituted by
the «,3-C=N bond, leading to the -C(S)-N(H)-type complex. The barrier height is reduced
to only 23.1 kcal/mol, and the covalent complex becomes even more stable. The modified
Ponatinib appears to be a potential inhibitor to ERK2. These findings elucidate new insights
into the mechanistic aspects of the covalent bonding and interaction modes between the
o, 3-unsaturated molecules and ERK2, proving that targeting on the residue Cys166 of
ERK2 by the nucleophilicity covalent inhibitor is feasible. The results provide a theoretical
basis for designing novel «,3-unsaturated ketone-based ERK2 covalent inhibitors.
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