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ABSTRACT: MEK1 is a protein kinase in the MAPK cellular
signaling pathway that is notable for its dual speciﬁcity and its
potential as a drug target for a variety of cancer therapies.
While much is known about the key role of MEK1 in signaling
events, understanding of the structural features that sustain
MEK1 function remains limited because of the absence of
crystal or NMR structural insights into the phosphorylated
and activated form of MEK1. In this work, homology
modeling was used to overcome this limitation and generate
computational models of the doubly phosphorylated active
MEK1 conformation. A variety of models were generated
using crystal structures of active protein kinases as homology
model templates. These models were equilibrated using
molecular dynamics simulations, and each model was validated against several known structural characteristics of activated
kinases. The best model structures were used in docking studies with ATP and a small peptide sequence that represents the
activation loop of ERK2 to identify the most important residues in stabilizing protein docking and phosphorylation. These
results provide insights for the pursuit of structure-guided mutagenesis and drug design.

■

INTRODUCTION
MEK1 is a dual-speciﬁcity protein kinase in the MAPK
phosphorylation cascade that regulates a variety of cellular
processes, including cell proliferation, diﬀerentiation, and
apoptosis.1−3 MEK1 function is activated upon double
phosphorylation at residues Ser-218 and Ser-222, with single
phosphorylation at Ser-218 or Ser-222 being necessary and
suﬃcient to activate MEK1 in vitro.4−6 As a dual-speciﬁcity
protein kinase, the activated MEK1 phosphorylates its
substrate protein ERK2 at threonine and tyrosine residues
within ERK’s activation loop.7 This interaction represents a
regulatory bottleneck for signal transduction and is important
for maintaining the ﬁdelity of cell signaling.1−3 Dysregulating
events within this pathway such as constitutively active
mutations have been observed in various cancers. Thus,
MEK1 remains a target in the eﬀorts for drug development.8,9
Structural characterization of MEK1 has been limited to date
because of technical barriers in obtaining large quantities of
active doubly phosphorylated MEK1 in a homogeneous
population, as would be required for protein crystallography
or NMR analysis. Phosphoproteins isolated from cells are
usually diverse, heterogeneous mixtures because of the
transient nature of post-translational modiﬁcation.10 Biochem© 2019 American Chemical Society

ical characterization often relies on in vitro phosphorylation
through coincubation with a known kinase. Therefore, this
approach also results in a heterogeneous mixture because of
incomplete reactions and loss of substrate speciﬁcity.
Pseudophosphorylation, in which selected residues are
mutated to glutamate/aspartate to mimic the negative charge
of a phosphate, is the most reliable for generating
homogeneous protein products, but these substitutions do
not completely reﬂect the stereochemistry and charge density
of phosphorylated amino acids.11,12 While all three of these
approaches have supported the current understanding human
kinases, they have been insuﬃcient in supporting protein
structure elucidation. Innovations in genetic code expansion to
cotranslationally incorporate phosphoserine into recombinant
human proteins are likely to support ongoing eﬀorts in
elucidating the structure and function of human phosphoproteins in their active forms.6,13−15
Given the technical challenges limiting structural insights
into active human kinases such as MEK1, this work reports ﬁve
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computational models of human MEK1 (hMEK1) in its active
doubly phosphorylated form. These models provide a
foundation for biochemists to interrogate the structural basis
of the dual speciﬁcity and for medicinal chemists to pursue
structure-guided drug design of highly selective kinase
inhibitors.

Hoover temperature control was used to maintain the
temperature at 303.15 K.
In all of the MD simulations, periodic boundary conditions
were employed with the CRYSTAL utility in CHARMM. The
particle-mesh Ewald algorithm was used for the calculation of
electrostatic interactions; electrostatic interactions were
truncated at 12 Å. Lennard-Jones interactions were truncated
at 12 Å, with a force switch smoothing function from 10 to 12
Å. The SHAKE algorithm was used to constrain covalent
bonds involving hydrogen atoms. All of the MD simulations
used the CHARMM36 biomolecular force ﬁeld for proteins,25
the CHARMM general force ﬁeld,26 and the AMBER
molecular dynamics program.27,28 Analysis of MD trajectories
used AmberTools18.27,28 Molecular docking experiments were
performed using AutoDock Vina29 through the PyRx interface.
Root-mean-square deviation calculations, distance measurements, and molecular visualization used the Visual Molecular
Dynamics (VMD) program.30
LigPlot+31 was used to identify and map intermolecular
interactions between ligands and proteins. Interaction energy
calculations used symmetry-adapted perturbation theory32
(SAPT) in conjunction with the jun-cc-pVDZ basis set. All
of the SAPT computations were performed with the PSI433
electronic structure program package.

■

COMPUTATIONAL DETAILS
Homology models were generated using the Swiss-Model
ExPASy server.16 The target sequence was human kinase
hMEK1; the sequence was taken from PDB ID 4LMN.17 The
crystal structures of ﬁve diﬀerent kinases in their activated
states were used as homology model templates for hMEK1
(Table 1).18−22
Table 1. Active Kinase Structures Used as Templates for
Homology Modeling
kinase

PDB ID

phosphorylation
substrate residue

kinase family
(subfamily)

adenosine
monophosphatedependent kinase 2
complex (protein
kinase A) (PKACa)
casein kinase 1 isoform
gamma-3 (CK1g3)
cyclin-dependent kinase
2 complex (CDK2)
human lymphocyte
kinase (LCK)
insulin receptor tyrosine
kinase (INSR)

2CPK18

Ser/Thr

AGC (PKA)

2IZS19

Ser/Thr

CK1 (CK1)

1FIN20

Ser/Thr

CMGC (CDK)

3LCK21

Tyr

TK (Src)

1IR322

Tyr

TK (InsR)

■

RESULTS AND DISCUSSION
Homology Model Analysis. The ﬁve kinase structures
chosen as homology model templates (Table 1) represent
kinases crystallized in their active states. The limited number of
crystal structures of active kinases is noteworthy because of the
limitations in producing, purifying, and crystallizing active
kinase structures. The selected templates include the adenosine
monophosphate-dependent kinase 2 complex (PKACa), casein
kinase 1 isoform gamma-3 (CK1g3), cyclin-dependent kinase 2
complex (CDK2), human lymphocyte kinase (LCK), and
insulin receptor tyrosine kinase (INSR) (Table 1).
Homology modeling often relies on sequence alignment to
identify templates with high sequence similarity to the target
protein sequence. Two types of sequence alignment analysis
were performed for the MEK1 target sequence with each of the
template sequences: a two-sequence BLAST using the blastp
algorithm34 and a pairwise sequence alignment using EMBOSS
Water with the Smith−Waterman algorithm.35 The results of
both analyses are shown in Table 2.
None of the template proteins exhibit particularly high
similarity with the target MEK1 sequence. However, work by
Gan et al.36 showed that proteins with dissimilar sequence can
still have high structural similarity. Furthermore, the work of

The homology models generated were equilibrated with
molecular dynamics (MD) simulations. CHARMM-GUI23,24
was used to generate input ﬁles for the simulations. Each
homology model was phosphorylated at Ser-218 and Ser-222;
additional atoms corresponding to a phosphate group were
added to the structure to create phosphoserine. A rectangular
water box was generated that extended 10.0 Å beyond the
protein structure. Neutralizing counterions (K+) were used.
Each structure was minimized for 2500 steps using the
steepest-descent algorithm, followed by a 25 ps MD
equilibration phase using a 1.0 fs time step. The equilibration
phase was simulated in the NVT ensemble using the Nosé−
Hoover thermostat to maintain the temperature at 303.15 K.
Subsequent production-phase MD simulations in the NPT
ensemble used a 2.0 fs time step; the extended system pressure
algorithm was used to maintain the pressure at 1 atm, and

Table 2. Sequence Alignment Analysis of Homology Model Template Proteins
pairwise sequence
alignment
Smith−
Waterman algorithm
kinase
adenosine monophosphate-dependent kinase 2 complex (protein kinase A)
(PKACa)
casein kinase 1 isoform gamma-3 (CK1g3)
cyclin-dependent kinase 2 complex (CDK2)
human lymphocyte kinase (LCK)
insulin receptor tyrosine kinase (INSR)

PDB ID

BLAST alignment
% identity

% identity

% similarity

ProSA
z-score

2CPK18

29

29

52

−7.06

2IZS19
1FIN20
3LCK21
1IR322

27
33
26
23

26
29
26
25

42
47
48
43

−6.42
−6.74
−7.40
−6.30
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Figure 1. Comparison of the crystal structure of inactive MEK1 (PDB ID 4LMN) and the homology model structure of active MEK1 based on the
template 1IR3: (left) aligned inactive (black) and active (green) MEK1 structures; (right) active MEK1 homology model with conserved kinase
motifs color-coded.

Table 3. RMSDs Calculated for Each Homology Model for Conserved Kinase Motifs of hMEK1a
RMSDs (Å)
conserved kinase motif (color in Figure 1)

residue(s)

MEK1FIN

MEK2CPK

MEK1IR3

MEK3LCK

MEK2IZS

glycine-rich loop (yellow)
K−E bridge (green)

74−82
K97
E114
M143
183−199
208−233
208−210
S218
S222
143−150

13.85
12.73
8.32
16.80
9.08
23.15
18.64
29.55
27.87
12.96

8.50
8.23
4.97
10.53
5.64
19.65
22.24
13.52
16.56
7.9

4.79
2.39
3.88
4.94
3.88
26.03
22.79
23.04
25.91
5.13

3.89
6.68
3.61
4.71
3.50
26.11
20.45
22.33
25.64
4.70

5.33
4.71
4.90
7.37
5.65
20.49
28.10
11.75
15.30
6.50

gatekeeper (red)
catalytic loop (blue)
activation loop (orange)
DFG motif (pink)
phosphorylated sites (ball-and-stick model)
hinge residues (ice blue)
a

Residue numbering is from the inactive hMEK1 structure (PDB ID 4LMN).

Kornev and Taylor37 on the conserved motifs shared by all
eukaryotic protein kinases showed that the structure of the
kinase core and the positioning of key residues is conserved in
almost all kinases but that these motifs could not be identiﬁed
by conventional sequence alignment methods. On this basis,
these ﬁve active kinases were chosen as homology model
templates despite their low sequence similarity with MEK1
because they could still provide a structural template for the
conserved kinase domains.
These templates represent structurally and functionally
diverse starting points within the human kinome.38 Both
INSR and LCK phosphorylate their substrates at a tyrosine
residue, while CK1g3, PKACa, and CDK2 are serine−
threonine dual-speciﬁcity kinases. While none of these are
serine−tyrosine dual-speciﬁcity kinases like hMEK1, they all
share some commonality with the phosphorylation event
between hMEK1 and ERK2 and are therefore reasonable
homology templates. Like MEK1, all of the homology template

kinases are activated by phosphorylation except for CDK2,
which is activated by cyclin A binding rather than
phosphorylation. In spite of the diﬀerences in the mechanisms
of activation and substrate speciﬁcities among the ﬁve
templates, the structural hallmarks of kinase activation remain
conserved.39
Each of the ﬁve putative active, equilibrated hMEK1 models
underwent rigorous validation. Important structural regions
that are hallmarks of kinase activation were analyzed to assess
how the homology models diﬀered from the inactive hMEK1
structure (Figure 1 and Table 3). All protein kinases consist of
an N lobe and a C lobe connected by a hinge region (ice blue
in Figure 1) and have an evolutionarily conserved catalytic core
that mediates substrate phosphorylation.39,40 Upon phosphorylation, protein kinases traverse three active conformations:
open, intermediate, and closed. After phosphorylation, the
protein kinase is in its “open” conformation. Binding of ATP
triggers a transition to the “intermediate” conformation, and
2385
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binding of the substrate triggers a transition to the “closed”
conformation. After the transfer of the γ-phosphate to the
substrate, the kinase releases both ADP and the phosphorylated substrate and returns to the “open” conformation.40
hMEK1 enters this active state upon phosphorylation at Ser218 and Ser-2225 (ball-and-stick models in Figure 1). Previous
analysis of protein kinase structures through local spatial
pattern (LSP) alignment identiﬁed additional structural
features that correspond to the active state structure.39,40
These include the assembly of a regulatory spine (R-spine)
that stabilizes the substrate binding site and a catalytic spine
(C-spine) that is completed by the adenine ring of bound
ATP, helping to position its γ-phosphate for catalysis. In the
protein kinase hMEK1, the gatekeeper residue Met-143 (red in
Figure 1) serves to stabilize the R-spine, more eﬃciently
shifting the equilibrium to the active state. The salt bridge
structural motif (green in Figure 1) is considered necessary but
not suﬃcient for catalytic activity. Another conserved feature
of active kinases is the conﬁguration of the DFG motif (pink in
Figure 1). The P+1 loop (orange in Figure 1) of the activation
segment is thought to facilitate substrate recognition and
binding. The DFG motif is a part of the activation segment,
which is hypothesized in hMEK1 to coordinate with a bound
Mg2+ ion, which in turn helps position the γ-phosphate of ATP
for catalysis. The glycine-rich loop (yellow in Figure 1) also
aids in this positioning, while regions of the catalytic loop (blue
in Figure 1) mediate the phosphate transfer. Speciﬁcally, Asp190 of the catalytic loop serves as a base that accepts a proton
from the protein−OH group during the transfer.39−41
To quantify the structural changes observed in the active
hMEK1 homology models, we selected eight predicted
conserved kinase motifs based on previous analyses of kinase
structures.5,39,41,42 For the glycine-rich loop, activation loop,
and catalytic loop, we selected the residues to be the broadest
possible window within hMEK1 based on the literature and
our assessment of the inactive structure. The root-mean-square
deviation (RMSD) was calculated for each conserved kinase
motif in each active hMEK1 homology model relative to the
inactive hMEK1 structure, and the results are shown in Table
3.
In all of the homology models, the most signiﬁcant structural
changes took place in the activation loop, the DFG region, and
the phosphorylated residues. This agrees with the proposed
structural changes expected to occur upon hMEK1 phosphorylation. Speciﬁcally, the activation loop, which contains the
phosphorylated serine residues, must ﬂip open to reveal the
catalytic loop for substrate binding. Furthermore, the DFG
motif must fulﬁll the necessary but not suﬃcient conformation
condition of completing the construction of the R-spine.
Homology Model Structure Validation. To verify the
physical acceptability of the homology models, protein
structure analysis using the ProSA web server43,44 was
performed. This analysis provides an overall quality score (zscore) that can then be compared to the range of scores for
native proteins with a similar number of residues. The overall
z-score for each homology model is shown in Table 2. The
range of scores for native proteins the size of hMEK1 (between
200 and 400 residues) is approximately −12 to −2. All of the
homology models were within this acceptable range. The
ProSA score does not indicate that a structure is the native fold
but only that the structure does not contain obvious structural
errors.

To provide structural validation of the homology models,
each active hMEK1 model was analyzed for several important
structural characteristics of active hMEK1 predicted by
Roskoski41 on the basis of structural analysis of kinase domains
by Taylor.39,40 In the active conformation of hMEK1, Lys-97
and Glu-114 form the K−E salt bridge motif, which is not
found in the inactive conformation. The salt bridge distance,
measured from the nitrogen of Lys-97 to the oxygen of Glu114, was determined for each model, and the values are shown
in Table 4. A depiction of the salt bridge for MEK11IR3 is
Table 4. Salt Bridge Distances Measured from the Nitrogen
of Lys-97 to the Oxygen of Glu-114 for the Activated
hMEK1 Models
homology model template

N−O distance (Å)

1FIN
2CPK
1IR3
3LCK
2IZS

2.55
2.42
2.42
2.78
2.39

Figure 2. Salt bridge between Lys-97 and Glu-114 in MEK11IR3. Lys97 and Glu-114 are shown as ball-and-stick models. The active
conformation is shown in green, and the inactive conformation is
shown in black. The measured distance is shown in Å.

shown in Figure 2. For all ﬁve models, the nitrogen−oxygen
distance is between 2.4 and 2.8 Å, which is well within the
typical range for a salt bridge. Another key feature of active
hMEK1 is the orientation of the aspartate side chain in the
DFG motif. In the active conformation, Asp-208 faces into the
ATP binding pocket. In all ﬁve of the active hMEK1 models,
the Asp-208 side chain faces into the ATP-binding pocket; a
depiction for MEK11IR3 is shown in Figure 3. Finally, the DFG
motif in the activation segment can adopt an “in” or “out”
conformation, which depends on the orientation of Phe-209 in
relation to the R-spine and the C-spine. In the “in”
conformation, Phe-209 interacts with Leu-118 and His-188,
completing the R-spine. In the “out” conformation, Phe-209
interacts with Ala-95, Val-82, and Leu-197, and Val-198, ﬁlling
the position in the C-spine that the adenine ring of docked
2386
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Once the active state open conformation is reached upon
hMEK1 phosphorylation, the protein kinase must bind ATP
and adopt the intermediate conformation.39,40 To model this
mechanism, ATP was ﬁrst docked into the hMEK1 active site.
Since all of the model activated hMEK1 structures displayed
the key structural features of active state MEK1, a separate
docking experiment was run for each equilibrated structure. To
generate a wide range of docking poses, a global docking study
(in which the entire hMEK1 protein was searched for possible
ligand binding sites) identiﬁed 10 binding poses per model.
Then the search space was narrowed to the catalytic region of
hMEK1, and 20 additional poses per model were identiﬁed.
The conformations generated from docking were sorted
according to two important interactions identiﬁed by
Roskoski.41,42 A “good pose” was deﬁned as one in which
Leu-197 of the hMEK1 model interacts hydrophobically with
the adenine ring of ATP and exocyclic nitrogen atoms of ATP
form hydrogen bonds with the backbone of the residues in the
hinge region. The participating residue in the hinge region was
either Met-146 or Met-144. A representative docking pose for
MEK11IR3 is shown in Figure 5. On the basis of these structural
characteristics as selection criteria, one pose per hMEK1
homology model was selected from the 150 ATP docking
poses generated. The ﬁve selected poses were then evaluated
for substrate binding through a second docking experiment
with the ERK2 peptide substrate.
The model peptide sequence GFLTEYVAT corresponding
to the ERK2 activation loop and the hMEK1 substrate46 was
generated using the Spartan47 molecular modeling program.
An MMFF48 molecular mechanics minimization was performed; however, since the peptide was the ﬂexible ligand in
the docking experiment, the initial conformation was not
critical. The minimized peptide substrate representing ERK2’s
activation loop was docked against the selected hMEK1/ATP
complexes. As with the ATP docking study, ﬁrst the entire
hMEK1 surface was searched for docking poses, and then the
search space was narrowed to the catalytic region where ATP is

Figure 3. Asp-208 residue in inactive hMEK1 (black) and the active
MEK11IR3 model (green). Asp-208 is shown as a ball-and-stick model.

ATP occupies in the intermediate and closed active state
conformations. To quantify whether each of the active hMEK1
models is in the DFG “in” or “out” conformation, the distance
between the α-carbon of Phe-209 and the α-carbon of each of
the important C-spine or R-spine residues was determined, and
the values are shown in Figure 4. In all ﬁve active hMEK1
models, Phe-209 quantitatively completes the R-spine rather
than the C-spine, satisfying the DFG “in” conformation.
Docking Analysis for Identiﬁcation of Key Active Site
Residues. While the signaling function of the hMEK1−ERK2
interaction is well-studied, the structural basis for dual
phosphorylation of ERK2 by hMEK1 is not well-elucidated.
As a dual-speciﬁcity kinase, hMEK1 phosphorylates ERK2 at
both a tyrosine residue and a threonine residue.45 To identify
the key residues that interact with threonine and tyrosine in
ERK2 binding, a substrate docking experiment was performed.

Figure 4. Phe-209 residue in the DFG “in” conformation in the active MEK1IR3 model. The residues of the C-spine are shown in yellow, and the
residues of the R-spine are shown in red. In the “in” conformation, Phe-209 interacts with the R-spine residues. All measurements shown are in Å.
2387
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Figure 5. Interactions between ATP and MEK1IR3: (left) ATP docked to MEK1IR3; (right) LigPlot interaction map of interactions between ATP
and MEK1IR3.

Table 5. Analysis of Docking Poses for ATP and ERK2 Peptide in the hMEK1 Catalytic Site
hMEK1
model
MEK1IR3
MEK1IR3
MEK2CPK

docking pose
global docking
pose 6
reﬁned docking
pose 7
global docking
pose 2

interacting
residue

carboxyl oxygen of Asp-190 to H of
interacting residue (Å)

hydroxyl oxygen of interacting residue to the phosphorus of the γphosphate group (Å)

Thr-4

5.66

6.12

Tyr-6

3.72

6.40

Thr-4

5.92

3.88

docked. As expected, many docking poses from the global
docking study displayed nonspeciﬁc protein−protein docking
between some part of the hMEK1 surface and the peptide. The
docking poses generated were sorted by their interactions with
Thr-4 and Tyr-6 of the ERK2 peptide, representing Thr-183
and Tyr-185 of the ERK activation loop. The catalytic residue
of hMEK1, Asp-190, acts as a base to abstract a proton from a
hydroxyl group of threonine or tyrosine, which then enables
the threonine or tyrosine residue to conduct a nucleophilic
attack on the γ-phosphate group of ATP, resulting in transfer
of a phosphate from ATP to the substrate. To evaluate the
capacity of each computational model of active hMEK1 to
support this mechanism, the distance between the carboxyl

oxygen of Asp-190 and the proton of threonine or tyrosine was
determined. Additionally, the distance between the hydroxyl
oxygen of threonine or tyrosine and the phosphorus atom in
the γ-phosphate group of ATP was determined. On the basis of
this analysis, three docking poses were selected for further
analysis; data for these three poses are shown in Table 5. These
poses were selected because the distance from the H of the
interacting residue (tyrosine or threonine) to the carboxyl
carbon of Asp-190 was less than 6.0 Å, such that the proton
extraction would be structurally feasible.
For each of these three docking poses, the structure was
again minimized and then equilibrated for 2500 ps, followed by
a 20.0 ns production simulation. The distances between the
2388
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Figure 6. Time traces of the distances between the hydroxyl oxygens of (left) Thr-4 and (right) Tyr-6 and the phosphorus atom of the γ-phosphate
of ATP.

Figure 7. Representative interaction maps for (left) ATP and MEK1 and (right) ERK2 peptide and MEK1. Structures are taken from the 12.0 ns
snapshot.

hydroxyl oxygens of both Thr-4 and Tyr-6 and the phosphorus
atom of the γ-phosphate group were tracked throughout the
simulation. As expected, the peptide position ﬂuctuated
throughout the simulations. One particular model (global
docking pose 6 for MEK1IR3) was selected for further analysis
because both the Thr-4 and Tyr-6 time traces (shown in
Figure 6) were within 10 Å of the key catalytic residues
between 11 and 13 ns. In this region, coordinates were
extracted from the trajectory every 0.2 ns (11 coordinate
snapshots) for analysis.

For each coordinate snapshot, maps of the interactions
between ATP and hMEK1 and the ERK2 peptide and hMEK1
were generated using LigPlot+.31 Representative maps are
shown for the 12.0 ns snapshot in Figure 7. On the basis of
these interaction maps, the hMEK1 residues that contribute to
ATP and peptide binding were identiﬁed for each snapshot. A
frequency plot depicting how often each hMEK1 residue
appeared in an interaction map is shown in Figure 8. Three
hMEK1 residues appeared in every interaction map with ATP:
Glu-144, Met-146, and Leu-197. Three hMEK1 residues
appeared in every interaction map with the peptide: Gln-110,
2389
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Figure 8. Frequency graphs of hMEK1 residues interacting with (left) ATP and (right) ERK2 peptide from representative snapshots.

Arg-234, and Asn-221. The consistent interactions with Arg234 and Asn-221 are consistent with our hypothesis of the P+1
loop’s importance in substrate recognition and binding.
Docking Analysis of Known MEK1 Inhibitors. To test
the usefulness of our homology models of active hMEK1 for
drug discovery studies, docking studies were pursued using
known inhibitors. A class of hMEK1 inhibitors that would bind
diﬀerentially to the inactive versus active forms of the kinase
were sought in this eﬀort. Toward this end, over 100
compounds reported to inhibit hMEK1 were compiled and
categorized by their reported mechanisms of inhibition.
Options were narrowed down to noncompetitive inhibitors
for which crystal structures bound to hMEK1 were available,
and the FDA-approved inhibitor cobimetinib (PDB code EUI)
stood out from this analysis. The halogenated benzene ring of
cobimetinib is bound in a pocket within the inactive kinase
core that experiences a notable conformational change upon
activation. Speciﬁcally, this pocket is ﬁlled upon formation of
the K−E salt bridge (K97−E114) during activation, and this
inhibitor appears to lock the structure in an inactive state by
interfering with this hallmark K−E salt bridge.17 In the
proposed models of active hMEK1, the K−E salt bridge is
formed; therefore we predicted that this would preclude
binding of the terminal halogenated benzene ring of
cobimetinib, reducing the overall binding energy of this
inhibitor to the kinase. To test this hypothesis, cobimetinib
was docked in the equilibrated inactive hMEK1 structure as a
positive control experiment and in each of the proposed
activated hMEK1 structures generated from the homology
modeling. The docking of cobimetinib to the equilibrated
inactive hMEK1 predicted the binding event reported in the
cocrystal structure.17 When cobimetinib was docked in each of
the ﬁve models of activated hMEK1, the K−E salt bridge
precluded the inhibitor from binding in the same orientation.
The inhibitor sampled various other orientations and cavities
that appear to be less stable and less viable, as they would
preclude other key functions such as ATP binding. The
interaction energies for binding of cobimetinib to the inactive
structure and each of the ﬁve activated models are reported in
Table 6. The docking poses for inactive MEK1 and a
representative homology model (MEK1IR3) are shown in
Figure 9. PDB ﬁles of the cobimetinib/MEK1 complexes
identiﬁed in the docking study are provided in the Supporting

Table 6. Calculated Interaction Energies of Cobimetinib,
Reframetinib, and TAK-773 with the Inactive MEK1
Structure (PDB ID 4LMN) and Homology Models of
Activated MEK1
interaction energies (kcal/mol)
MEK1 model

cobimetinib

reframetinib

TAK-773

inactive MEK1
MEK2CPK
MEK2IZS
MEK1FIN
MEK3LCK
MEK1IR3

−11.5
−8.3
−8.7
−8.8
−7.6
−8.5

−9.2
−6.8
−7
−6.8
−6.3
−7.4

−9.2
−7.7
−7.2
−7.2
−6.8
−8

Information. Our predictions of the impact on inhibitor
binding were validated by the docking analysis; speciﬁcally, the
calculated interaction energies show that inhibitor binding to
the active MEK1 models is between 2.7 and 3.9 kcal/mol less
favorable than that to inactive MEK1. These observations were
further validated with two additional noncompetitive inhibitors
of hMEK1, TAK-733 (PDB ID IZG) and reframetinib (PDB
ID VRA), which also bound the inactive and active models
diﬀerentially (Table 6). These results demonstrate the utility of
these models and provide testable hypotheses for biochemical
characterization of hMEK1−inhibitor interactions.

■

CONCLUSIONS
Five computational models of activated human MEK1 were
developed. These reported computational models were
validated on the basis of hallmark characteristics of active
kinase structures. The utility of these computational models
was demonstrated through docking experiments with both
ATP and the ERK2 substrate peptide corresponding to the
ERK2 activation loop. These eﬀorts resulted in the
identiﬁcation of speciﬁc residues that are important in
stabilizing the interactions of hMEK1 with ATP and the
ERK2 substrate peptide. Additionally, docking experiments
independently identiﬁed poses that could support the
phosphorylation of both the threonine and tyrosine residues
of the EKR2 peptide, providing insights into the structural
basis for dual substrate speciﬁcity. Taken together, these data
provide the foundation for further experimental assays to
elucidate the structure−function relationships that sustain
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Figure 9. Structures of cobimetinib docked with (left) inactive MEK1 and (right) the homology model MEK1IR3. Cobimetinib is shown in the balland-stick representation, and residues K97 and E114 of MEK1 are shown in yellow.

hMEK1 activity. Given the divergent evolution of dualspeciﬁcity kinases within the human kinome, these data also
enable structure-guided drug design for the development of
more speciﬁc kinase inhibitors.49 The insights into hMEK1
gained from this work and the resulting experimental
characterization will be broadly applicable to all four
mammalian MAPK cascades that contain a MEK homologue
with dual substrate speciﬁcity that activates its protein
substrate through threonine and tyrosine dual phosphorylation.50
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