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ABSTRACT: Allosteric inhibitors of mitogen-activated protein
kinase 1 (MEK1) reveal distinct interactions with MEK1 activation
loop residues. The structural analyses will determine whether, and
how, distinct inhibitors suppress the phosphorylation of MEK1 and
may guide future therapeutic development. In this study, we
explored the suppression mechanism of the phosphorylation
process in the presence of MEK allosteric inhibitors, such as
selumetinib, trametinib, cobimetinib, and CH5126766, by employ-
ing molecular dynamics simulations accompanied by principal
component analysis. The simulations of wildtype MEK1 show that
Ser222 can come close to γ-phosphate but not Ser218. We have
found the conformation where Ser222 is within 5 Å of distance,
which makes Ser222 accessible for γ-phosphate. The conformation
analysis from the simulations of MEK1 in the presence of allosteric inhibitors reveals that the inhibitor restricts the flexibility of
Ser222 through strong interactions with the activation loop, Lys97, and water mediates interactions with amino acids in the vicinity.
The results reveal that all the inhibitors act as screeners between the activation loop and Mg-ATP and restricting the flexibility of the
activation loop through strong interaction causes the suppression of the phosphorylation process of MEK1. The results conclude
that a strong interaction of allosteric inhibitors with the activation loop restricts the movement of Ser222 toward Mg-ATP, which
could be the dominant factor for the suppression of phosphorylation in MEK1. This research will provide novel insights to design
effective anticancer therapeutics for targeting MEK1 in the future.

■ INTRODUCTION
Extracellular signal-regulated kinase 1/2 is a member of the
mitogen-activated protein kinase (MAPK) family.1 Its primary
function involves participating in signaling cascades that
facilitate the transmission of extracellular signals to intracellular
targets. Consequently, MAPK cascades represent pivotal
components of the signaling pathway, governing fundamental
cellular processes like cell proliferation, differentiation, and
stress responses.1−3 Dysfunction of this pathway has been
associated with several diseases such as inflammation, chronic
obstructive pulmonary disease, influenza, cardio-fascio-cuta-
neous syndrome, and neuropathic pain.4−7 In particular,
considerable resources have been committed to the search
for novel inhibitors targeting the extracellular signal regulated
kinase (ERK) pathway, with a particular focus on one of its
components, MEK1 and MEK2. These proteins exhibit broad
cellular expression and play integral roles within the signal
transduction cascade known as the MAPK cascade.8,9

MEK1 and MEK2 serve as dual-specificity protein kinases,
facilitating phosphorylation on both tyrosine and threonine
residues to activate ERK1 and ERK2. These kinases are

themselves phosphorylated and activated by RAF kinases and
exhibit relatively restricted substrate specificity. The initial
discovery in the realm of ERK pathway inhibition, PD98059,
was documented as the first of its kind and demonstrated its
mechanism of action as an apparent allosteric inhibitor for
MEK1 and MEK2, operating independently of ATP.10

Subsequently, MEK inhibitors (MEKis) have established
themselves as indispensable research instruments, essential
for expanding our understanding of ERK1 and ERK2 biology,
while also affirming the significance of MEK1 and MEK2 as
potential targets for cancer therapy.11,12

Human MEK1 comprises an N-terminal segment, a protein
kinase domain, and a C-terminal region.13 Within the N-
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terminus, there is an inhibitory segment (residues 43−59) that
plays a role in the interaction between MEK1 and its ERK
substrates. The N-terminal lobe of MEK1 contains the
conserved glycine-rich ATP-phosphate-binding loop (P-
loop), and the active site of MEK1 is facilitated by eight
specific residues, aiding in the binding of both ATP and
competitive inhibitors.14

MEK1 exists in different conformations, and its activity is
regulated through phosphorylation and dephosphorylation
processes.15 The key amino acids involved in these processes
are typically serine (S) and threonine (T) residues.
Phosphorylation of MEK1 at specific serine and threonine
residues activates its kinase activity. In the case of MEK1, these
phosphorylation sites are Ser218 and Ser222. Phosphorylation
of these serine residues leads to a conformational change in
MEK1, exposing its active site, which can then phosphorylate
ERK (extracellular signal-regulated kinase).16,17 The phosphor-
ylation of MEK1 is often catalyzed by upstream kinases, such
as RAF kinases.18 Dephosphorylation of MEK1 at Ser218 and
Ser222 occurred through the action of protein phosphatases,
such as protein phosphatase 2A (PP2A), resulting in the
inactivation of MEK1.19,20 MEK1 in its dephosphorylated state
has lower kinase activity and cannot activate downstream
targets like ERK. The low- and high-activity states can adopt
different conformations that demonstrate various interactions
with ligands and inhibitors. Substituting serine residues in the
activation segment with negatively charged residues, such as
glutamate or aspartate, partially mimics phosphorylation and
results in a constitutively activated kinase.21−25

Investigations into the crystal structures of MEK1/2 have
unveiled two distinct binding pockets: the orthosteric and
allosteric inhibitors.26 The orthosteric pocket accommodates
ATP and ATP-analogues, while allosteric inhibitors find their
binding sites in the allosteric pocket. A significant feature of
this arrangement is the physical separation between the
allosteric inhibitor binding pocket and the Mg-ATP binding
pocket, shielded by the strategically positioned side chains of
Lys97 and Met143, which remain conserved in the MEK active

site.27,28 The engagement of allosteric inhibitors in this binding
pocket initiates a vital hydrogen-bond interaction and
establishes numerous noncovalent connections within the
hydrophobic pocket, which is defined by a cluster of residues.
This interaction induces a series of conformational alterations
within MEK, ultimately resulting in the perturbation of the
catalytic residue Lys97 and the consequent inactivation of
MEK’s enzymatic activity.

In the quest to modulate MEK1, researchers have crafted a
variety of allosteric inhibitors that precisely target this allosteric
pocket.29−32 The allosteric inhibitors are renowned for
establishing robust hydrogen bond interactions with Ser212.
This interaction effectively constrains the activation loop,
impeding subsequent phosphorylation by RAF. The ability to
disrupt MEK1/2 phosphorylation is closely associated with the
extent to which an inhibitor coordinates with Asn221 and
Ser222, subsequently displacing the activation loop. For
instance, CH5126766 adeptly binds both Asn221 and
Ser222, inducing activation loop displacement.33 Conversely,
an enantiomer nearly identical to PD0325901 fails to
coordinate Asn221 and Ser222 or displace the activation
loop, reflecting their varying efficacy in disrupting MEK1 and
MEK2 phosphorylation.34 The question of whether these
inhibitors can effectively antagonize phosphorylation at both
Ser218 and Ser222 of MEK1, as well as Ser222 and Ser226 of
MEK2, remains a subject of exploration. Hence, in this study,
we explored the suppression mechanism of the phosphor-
ylation process in the presence of MEK allosteric inhibitors
such as selumetinib, trametinib, cobimetinib, pimasertib, and
CH5126766 by employing classical molecular dynamics
simulations and essential dynamics analysis.

Computational Details. The crystal structure of MEK1
was downloaded from the protein databank (PDB id: 4u7z).35

The ATP and magnesium ions were introduced to the MEK1
structure with the aid of other crystal structures. The missing
residues from 270 to 306 were built using the MEK structure
from the Alpha fold2.36,37 The allosteric and ATP binding sites
are listed in Figure 1.

Figure 1. Overall structure of MEK1 with ATP and the allosteric inhibitor, selumetinib. Carbon atom of ATP is colored white, and that of
selumetinib is colored green. Secondary structure of the protein is colored differently, helix as dark cyan, beta-strand as gold, and coil as gray. (A)
MEK structure with ATP and allosteric inhibitors. (B) Mg-ATP. (C) 2D interaction diagram of allosteric inhibitor.
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The chemical structures of all of the considered inhibitors
are shown in Figure 2.

The inhibitors were docked at the allosteric site using
Autodock Vina.38,39 The alignment of the docked ligand
molecule is correlated to the inhibitor in the crystal structure.
MD simulations were performed for the complex of MEK and
inhibitors with Mg-ATP using the GROMACS-2020 pack-
age.40−42 AMBER99SB-ildn force field parameters were used
for the protein. The Lennard-Jones parameters for Mg were
taken from the literature.43,44 The structures of selumetinib,
trametinib, cobimetinib, and CH5126766 were optimized
using density functional theory (DFT) calculations by
employing the Gaussian16 package using the B3LYP/6-
31G** level of theory.45 The charges and force field
parameters were generated for inhibitors using the ante-
chamber program.46 The complex was solvated in a cubic box
with a TIP3P water model.47 The total charge of the complex
was neutralized by adding 0.15 nM of NaCl. The solvated
structures were energy-minimized using the steepest decent
algorithm.48 The minimized structures were carried out for
equilibration at 298 K and 1 bar pressure for 1 ns by imposing
positional restraints on the structures. Velocity rescaling and
Parrinello Rahman algorithms were applied to control the
temperature and pressure.49,50 The electrostatic interactions
were calculated using the particle mesh Ewald method,51 and
bonds between hydrogen and heavy atoms were constrained

with the help of the LINCS algorithm.52 The production run
was performed for 100 ns in the NPT ensemble. The structures
were visualized and analyzed using Pymol.53 Root-mean-square
deviation (RMSD) and radius of gyration were calculated for
MEK1 by excluding the highly flexible loop region (residues
from 270 to 306) for all of the cases.

To evaluate the binding free energies of protein and ligand
complexes, we employed the free energy perturbation
(FEP)54,55 method within an explicit water environment.
Starting with the final snapshot from 100 ns molecular
dynamics simulations, this method involved a two-step process.
First, we decoupled the ligand from the protein−ligand
complex in an explicit water environment, and second, we
decoupled the ligand from the water environment. The
intricate decoupling process entailed gradually deactivating
van der Waals and electrostatic interactions responsible for
complex formation (protein−ligand or water−ligand) using
the coupling parameter (λ). Initially, electrostatic interactions
were systematically turned off, while van der Waals interactions
persisted. Subsequently, we ceased van der Waals interactions
between the protein and ligand (water and ligand) using the
coupling parameter (λ). The deactivation of electrostatic
interactions involved a stepwise change in λ (0, 0.25, 0.5, 0.75,
and 1.0) from 0 to 1 with a step size of Δλ = 0.25. van der
Waals interactions were turned off with nonuniformly
distributed values of λ (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.65,
0.7, 0.75, 0.8, 0.85, 0.9, 0.95, and 1.0). This procedure was
applied to decouple ligands from both the protein−ligand
complex and the water environment. Consequently, we
employed 21 windows, each spanning 1 ns, to systematically
untether the ligand from the protein−ligand and water−ligand
complexes. To compute the free energy difference between the
two end states, we utilized the Bennett acceptance ratio (BAR)
method.56 The BAR method is used to estimate the free energy
difference between two states with the following equation:

+ { }

=
+ { + }

U G
i

U G
j

1
1 exp ( )

1
1 exp ( )

ij

ij (1)

where β is the reciprocal of the thermodynamic temperature,
ΔG is the free energy difference between states i and j, and
ΔUij = Uj − Ui is the potential energy difference.

For every λ-point, we performed energy minimization on the
structures using the steepest descent method. Subsequently,
employing Langevin dynamics, we subjected the resulting
structures to equilibration within an isothermal−isobaric
(NPT) ensemble, maintaining conditions at 298 K and 1 bar
of pressure. The remainder of the simulation protocol closely
mirrored the procedures outlined in the classic molecular
dynamics (MD) section.

■ RESULTS AND DISCUSSION
Figure 3 shows that the RMSD of backbone of MEK1 in the
case of apo and complexes with inhibitors reaches acceptable
equilibrium after 20 ns of simulations. We have carried out
three independent simulations for all the complexes, and the
resulted trajectories did not show any significant differences
between them. The calculated RMSD for three independent
simulations is shown in Figure S1. Mg-ATP is stable at the

Figure 2. Two-dimensional structures of allosteric inhibitors
considered in this study.
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orthosteric site throughout the simulation of MEK-Mg-ATP.
The coordination around the Mg ion is not disturbed during
the simulation. The RMSD values range from 1 to 2.25 Å. The
RMSD values are slightly higher for apo MEK than for the
complexes of inhibitors. All of the inhibitors stabilize MEK
more than the apo state. The calculated radius of gyration (Rg)
helps us to understand the overall shape and size variations of
MEK in the presence of allosteric inhibitors and ATP. Rg
shows the conformational changes in MEK in the presence of
inhibitors. The average variations in MEK presented by Rg of
apo, selumetinib, cobimetinib, trametinib, pimasertib, and
CH5126766 are 20.0, 19.8, 19.7, 19.8, 19.8, and 19.7 Å,
respectively. It is clear from Figure 3 that apo MEK has a
higher Rg value than the allosteric inhibitors. The lowest Rg is

found for cobimetinib and CH5126766. A large value of Rg
corresponds to the wide conformational distribution of MEK1
in the apo state. The lower value for cobimetinib and
CH5126766 suggests the higher compactness of MEK1. It is
clear that the compactness of the protein increases after
binding with allosteric inhibitors. Each inhibitor exhibits
different Rg values due to variations in its chemical structures.
The surface area of MEK1 that is accessible to the solvent is
shown in Figure 3. It shows that the solvent-accessible surface
area (SASA) is increased for apo and pimasertib, whereas the
same is decreased in the case of selumetinib. However, no clear
pattern is observed for cobimetinib, trametinib, and
CH5126766. Their SASA values fluctuate between 160.0 and
175.0 nm.2 The average SASA of MEK1 is 171.0, 164.8, 169.4,

Figure 3. (a) Root-mean-square deviation, (b) radius of gyration, (c) solvent accessible surface area, and (d) distance between Ser222 and ATP.
Running averages have been taken for clear visualization. Each allosteric inhibitor is denoted by a color.
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168.2, 173.3, and 166.9 nm2 for apo, selumetinib, cobimetinib,
trametinib, pimasertib, and CH5126766, respectively. These
results indicate that MEK1 expanded in the case of apo. A
possibility may be due to the local unfolding of secondary
structures. The loss of secondary structure may lead to less
stability of MEK1, whereas selumetinib increases the stability
of MEK1 by retaining the local folded conformations. The
variations in RMSD, Rg, and SASA of MEK1 occurred due to
the flexible activation loop region. The minimum distance
between Ser222 and the ATP molecule was analyzed to
understand the flexibility of the activation loop. In the starting
conformation, the distance between Ser222 is around 14 Å
from the γ-phosphate of ATP. The calculated distance between
Ser222 and γ- phosphate in Figures 3 and S2 shows the wide
range of distance distribution in apo, selumetinib, cobimetinib,
trametinib, pimasertib, and CH5126766. The activation loop
moves toward and away from ATP. The predominant
structures of MEK1 have an activation loop moved away
from ATP in the case of apo and allosteric inhibitors. However,
it is noted that an ensemble of conformations is in close
contact with ATP within 2 Å in the case of apo and trametinib.
The distance distribution is wide in the case of apo compared
to that of allosteric inhibitors. These structures make Ser222
accessible for γ-phosphate to initiate the phosphorylation
process. Allosteric inhibitors do not allow the movement of
Ser222 in the activation loop toward ATP leading to the
suppression of the phosphorylation process in the presence of
considered inhibitors.

Interactions of Allosteric Inhibitors with MEK1. All of
the allosteric inhibitors have crucial interactions with Ser212,
Phe209, Val127, and Lys97. Ser212 and Phe209 are away from
the activation loop. Lys97 is important for its catalytic activity.
The two-dimensional interaction diagrams of allosteric
inhibitors are shown in Figure 4. Selumetinib, cobimetinib,
trametinib, and pimasertib have interactions with the activation
loop and Lys97, whereas CH5126766 does not interact with
Lys97. It can be noted that a few of the inhibitors have
additional interactions other than the activation loop and
Lys97.

The shapes of the considered allosteric inhibitors differ from
each other. The binding affinity and specificity of the inhibitor
determine the strength of the interaction with MEK1. Due to
variations in the shape of the molecule, the resulting structural
changes in MEK1 are varied with each inhibitor, which can be
seen from Rg and SASA analysis. The activity of the inhibitor
depends on how strongly it can hold the activation loop and
Lys97 to prevent their participation in the phosphorylation
process. Hence, the interaction between ATP and Lys97 is
calculated throughout the simulation of each inhibitor and
shown in Figure 5.

Selumetinib, cobimetinib, trametinib, and pimasertib pre-
vent the participation of Lys97 in the phosphorylation process
by increasing the distance between Lys97 and ATP. The
distance ranges from 3 to 4 Å. On the other hand, the same
distance lies within 2−3 Å in the case of apo and CH5126766.
ATP has hydrogen bond interactions with Lys97 for apo and
CH5126766, which can facilitate the phosphorylation process
through the involvement of Lys97. The absence of interaction
between Lys97 and CH5126766 may reduce its ability to
suppress the phosphorylation process. This result is in
agreement with the previous experimental report,33 where
they have shown the reduced activity for CH5126766 for
isolated MEK1, and it may be because of the lack of Lys97

interaction. Another experimental study has presented the
importance of Lys97 in the phosphorylation process, and
mutation of Lys97 leads to suppression of autophosphor-
ylation.57 The increased distance between Lys97 and ATP in
the presence of inhibitors (selumetinib, cobimetinib, trameti-
nib, and pimasertib) is due to their strong interaction with
Lys97. Selumetinib, pimasertib, and trametinib interact with
Lys97 through the carbonyl group, but it is the halogen atom
for cobimetinib. The estimated distance between Lys97 and
inhibitors is shown in Figure 5. In addition, Ser212, Phe209,
and Val127 interactions are also stable throughout the MD
simulations for all of the inhibitors during 100 ns. We have
noticed that a few pharmacophore characteristics of allosteric
inhibitors are (i) distance between Lys97 and Ser212, (ii)
angle between Lys97, inhibitors, and Ser212, and (iii) triangle
formation between Lys97, Val127, and Ser212.

Figure 6 shows the distance between Lys97 and Ser212 in
the case of apo and inhibitors. The distance decreases for apo
as the activation loop is free to fluctuate toward Lys97. The
movement causes flexibility in Ser222 and Ser212. The same
distance is stable at around 10 Å for allosteric inhibitors, except
in the case of pimasertib. The decrease in the distance for

Figure 4. Two-dimensional interaction diagrams for allosteric
inhibitors with MEK1.
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pimasertib is due to the available space between Lys97 and
Ser212. In all the inhibitors, the space occupied by the
presence of fused rings interacts with Ser212, whereas
pimasertib has a single aromatic ring that does not fit exactly
between Lys97 and Ser212. The unoccupied space allows
movement of the activation loop, which might also affect the
flexibility of Ser222. It is important for the suppression of the
phosphorylation process. The angle used to measure the
planarity in the interaction between Lys97, Ser212, and
inhibitors, as well as the triangle formation within the allosteric
site is defined in Figure 7.

From Figure 8, the estimated angles of Lys97, inhibitors, and
Ser212 show that they are planar in selumetinib, cobimetinib,
trametinib, and pimasertib. The angle between the interacting
atoms with Ser212, Lys97, and Val127 forms a triangle in all
the inhibitors, and the results are shown in Figure 9. The
results reveal that characteristics such as distance between
Lys97 and Ser212, planarity, and triangle formation are subtle
properties of allosteric inhibitors to restrict the flexibility of the
activation loop and catalytic Lys97 to suppress the
phosphorylation process.

Free Energy Calculations. Additionally, a comparative
analysis was conducted by juxtaposing the computed
alchemical free energies with the corresponding experimental
IC50 values for a designated set of MEK1 inhibitors, as
delineated in Table 1. The results presented reveal a
discernible correlation between these two data sets, affirming
the fidelity of our alchemical free energy calculations in
accurately encapsulating the thermodynamic intricacies of
ligand binding. Specifically, trametinib, cobimetinib, and
selumetinib, with IC50 values below 15 nM, exhibit free energy
values within the range of approximately −20 kcal/mol and
above. Notably, the experimental IC50 value of pimasertib,
correlated with cell lines, has been singularly assessed without
direct comparison to those of other ligands. Nevertheless, its
calculated free energy value of −16.95 kcal/mol underscores its
robust binding affinity to MEK1.

Figure 5. (A). Distance between ATP and Lys97. (B) Distance between Lys97 and the inhibitor. Running averages have been taken for all the
distances for clear visualization. The distance of each allosteric inhibitor is denoted by a color.

Figure 6. Minimum distance between Ser212 and Lys97. Running
averages have been taken for all the distances for clear visualization.
The distance of each allosteric inhibitor is denoted by a color.

Figure 7. Definition of the planar angle and triangle formation. Planar
angle forms between Lys97, inhibitors (carbon atom in the circle),
and Ser212. Triangle forms between Lys97, Ser212, and Val127.
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Intriguingly, a deviation was observed in the free energy
value of CH5126766 (not shown in Table 1). The incongruity
between the calculation and IC50 value could be attributed to
the inherent limitations of free energy methods when applied
to large and flexible ligands, such as CH5126766, which
surpasses the others in size. The complexities associated with
the conformational flexibility and size of CH5126766 may
impede the accuracy of the free energy predictions, thereby
elucidating the observed disparity from the experimental trend.

Secondary Structural Changes in the Activation
Segment. The activation loop (Ile216 to Ser222) forms a

small helix. The previous studies show that the secondary
structure conformation plays a role in activating MEK1 by
phosphorylation and activated mutants.58 The active mutations
and phosphorylation can cause the helix conformation to
disappear, whereas the nonactive conformation retains 90% of
the helical content in the activation loop. The active mutations
reduced helical content of the activation loop to less than
10%.58 Hence, the estimated average helical content of the
activation loop with seven residues throughout the 100 ns
simulation for apo, selumetinib, cobimetinib, trametinib,
pimasertib, and CH5126766 is 0%, 10%, 27%, 1%, 9%, and
21%, respectively. It can be noted that helical content is
significantly decreased and is switched to the loop in the case
of apo with ATP. The small helix of the activation loop is
transformed to the loop conformation in the case of wild type
and trametinib. The other allosteric inhibitors hold the helical
conformation of the activation loop, and the retention of
helical content is more than 20% in the case of cobimetinib
and CH5126766. The allosteric inhibitors restrict the

Figure 8. Calculated angle between Lys97, inhibitors, and Ser212. This angle is used to measure the planarity in the interaction between Lys97,
inhibitors, and Ser212. Running averages have been taken for all the angles for clear visualization. The angles for each allosteric inhibitor are
denoted by a different color.

Figure 9. Calculated angle between Lys97, Ser212, and Val127. This angle is used to measure the triangle formation while interaction with
inhibitors. Running averages have been taken for all the angles for clear visualization. The angles for each allosteric inhibitor are denoted by a
different color.

Table 1. Calculated Free Energies of MEK1 Inhibitors and
Their Experimental IC50 Values

inhibitor IC50 free energy (kcal/mol)

trametinib 0.92 nM −24.55 ± 0.53
cobimetinib 4.2 nM −19.58 ± 1.16
pimasertib 5 nM−2 μM (cell activity) −16.95 ± 0.97
selumetinib 14 nM −22.85 ± 0.77
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conformational changes in the activation loop, inhibiting the
activation of MEK1.

Essential Dynamics of MEK1. Principal component
analysis (PCA) provides a detailed picture of biomolecular
motions by reducing the dimensionality using the covariance
matrix of all conformations. The first few principal components
(PCs) describe the most important collective system modes
related to the functional motions of a biomolecular system.
The free energy surface (FES) constructed from PC1 and PC2

can provide insights into the dynamic processes that occur in
MEK1 for apo and selumetinib. FES corresponding to apo
reveals that the activation loop can come closer to ATP and
those conformations fall in the relatively lower energy regions
(Figure 10). However, it can be noted from Figure 11 that the
same event does not occur in the presence of selumetinib and
other allosteric inhibitors.

FES allows the identification of dominant conformational
states such as the activation loop close to ATP with relatively

Figure 10. Free energy landscape of MEK1 with ATP. Free energy landscape is derived by using the projection of principal component-1 (PC1)
and principal component-2 (PC2). Blue color represents low-energy regions, and red indicates high-energy regions.

Figure 11. Free energy landscape of MEK1 with selumetinib. Free energy landscape is derived using the projection of principal component-1
(PC1) and principal component-2 (PC2). Blue color represents low-energy regions, and red indicates high-energy regions.
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low energies throughout the simulation. The extreme
projections for PC1 and PC2 during 100 ns of MD simulation
are shown in Figure 12.

The arrows show the magnitude and direction of the motion
of residues. The projection of eigenvectors and eigenvalues to
MEK1 gives information about the collective or slow motions
corresponding to the phosphorylation process. The Pro-rich
loop shows a highly fluctuated region compared with other
loops. Pro-rich loop and Ser222 are in correlated motion
toward the ATP site, whereas the C-terminal is in
anticorrelated motion with the Pro-rich loop and activation
loop. The activation loop not much involved in the motion
corresponds to eigenvector-1 except Ser222. It clearly shows
that the Pro-rich loop is pushing Ser222 toward ATP in the
apo state. Ser222 in the activation loop and Pro-rich loop
displays a greater motion in the apo state. Interestingly,
selumetinib and other allosteric inhibitors suppress the
magnitude of motion of the Pro-rich loop and Ser222. On
the other hand, they increase the magnitude of motion of the
C-helix toward the activation loop. Previous study has analyzed
the effect of active and nonactive mutations on dynamics and
structure of MEK1 using molecular dynamics simulations.58

The same study has shown that active mutations enhance the
flexibility of activation and pro-rich loops, whereas the
nonactive mutation reduced the dynamics of activation and
Pro-rich loops when compared to wild types. The suppression
of flexibility of the activation loop and Pro-rich loop by the
allosteric inhibitors are correlated with the results of nonactive
mutations. The suppression of the dynamics of the activation
loop and Pro-rich loop reduces the accessibility of Ser222 to
ATP.

■ CONCLUSIONS
Molecular dynamics simulations have been carried out to
understand the structural changes that are necessary for the
phosphorylation process of MEK1 in WT and in the presence
of allosteric inhibitors. Various inhibitors such as selumetinib,
cobimetinib, trametinib, pimasertib, and CH5126766 are
considered for an understanding of the effect of allosteric
inhibitors on the phosphorylation process. The MD simu-
lations of WT MEK1 reveal that Ser222 moves toward ATP to
transfer a proton to initiate the phosphorylation process. The
same process, however, is not observed in the presence of

allosteric inhibitors. The results show that a strong interaction
of allosteric inhibitors with the activation loop restricts the
movement of Ser222 toward Mg-ATP, which may be the
dominant factor for the suppression of phosphorylation in
MEK1/2. The allosteric inhibitors also restrict the structural
changes in the activation loop, which facilitates the movement
of Ser222 toward ATP. This research will provide novel
insights to design effective anticancer therapeutics for targeting
MEK1/2 in the future.
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