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ABSTRACT: Mitogen-activated protein kinases-interacting kinase 1 and 2 (Mnk1/2) activate the oncogene eukaryotic initiation
factor 4E (eIF4E) by phosphorylation. High level of phosphorylated eIF4E is associated with various types of cancers. Inhibition
of Mnk prevents eIF4E phosphorylation, making them potential therapeutic targets for cancer. Recently, we have designed and
synthesized a series of novel imidazopyridine and imidazopyrazine derivatives that inhibit Mnk1/2 kinases with a potency in the
nanomolar to micromolar range. In the current work we model the inhibition of Mnk kinase activity by these inhibitors using
various computational approaches. Combining homology modeling, docking, molecular dynamics simulations, and free energy
calculations, we find that all compounds bind similarly to the active sites of both kinases with their imidazopyridine and
imidazopyrazine cores anchored to the hinge regions of the kinases through hydrogen bonds. In addition, hydrogen bond
interactions between the inhibitors and the catalytic Lys78 (Mnk1), Lys113 (Mnk2) and Ser131 (Mnkl1), Ser166 (Mnk2) appear
to be important for the potency and stability of the bound conformations of the inhibitors. The computed binding free energies
(AGp,eq) of these inhibitors are in accord with experimental bioactivity data (pICs,) with correlation coefficients (r*) of 0.70 and
0.68 for Mnkl and Mnk?2 respectively. van der Waals energies and entropic effects appear to dominate the binding free energy
(AGpyeq) for each Mnk—inhibitor complex studied. The models suggest that the activities of these small molecule inhibitors arise
from interactions with multiple residues in the active sites, particularly with the hydrophobic residues.

eregulation of protein synthesis is a common event in colon, breast, bladder, lung, prostate, gastrointestinal tract,
human cancers. Eukaryotic initiation factor 4E (eIF4E), a head, neck, Hodgkin’s lymphomas, and glioblastomas.7_17
general translation initiation factor, is a key player in Recent findings suggest that eIF4E activity is a node for

translational control. It has the potential to enhance the PI3K/Akt/mTOR and Ras/Raf/MEK/ERK pathways in
translation of mRNAs that leads to production of malignancy-

associated proteins.'~* Translation of these malignancy-
associated mRNAs is suppressed under normal cellular
conditions as the availability of active eIF4E is limited;

mediating tumorigenic activity,"® thus rendering eIF4E as an
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however, their levels can increase when eIF4E is overexpressed Received: October 7, 2014
or hyperactivated.*® Elevated expression levels of eIF4E have Revised:  November 26, 2014
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Figure 1. Sequence alignment of the kinase domains of human Mnk1, Mnk2, and DAPK1 proteins. The DFD motif (DFG in the DAPK1 kinase)

and the Mnk specific insertions (I1, 12, and I3) are boxed with black and red colors, respectively. Identical “*”, conserved substitutions
are indicated and colored according to their amino acid properties.
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important target for therapeutic development. The activity of
eIF4E is regulated by posttranslational modification by mitogen
activated protein (MAP) kinase-interacting kinases 1/2. Both
Mnk kinases specifically phosphorylate eIF4E at the conserved
Ser209 residue.'” ™ Several studies have indicated that eIF4E
phosphorylation by Mnk is critical for its oncogenic
activity.”*~>*> Drosophila expressing a mutant eIF4E in which
Ser251 (homologus to mammalian Ser209) is mutated to
alanine shows reduced viability.”® Mice models in which
lymphomas were generated from Ep-Myc transgenic hema-
topoietic stem cells transfected with mutant eIF4E (Ser209Ala)
were defective in tumor development.”” Mnk1/2 knockout or
knock-in mice, in which Ser209 was replaced by alanine,
showed no eIF4E pho é)horylatlon and® significantly attenu-
ated tumor growth®?®*' confirming that Mnk1/2 kinase
activities are essential for eIF4E phosphorylation in trans-
formed cells. Surprisingly, mice with deletions in both Mnk1/2
develop normally,* indicating that phosphorylation of Ser209
by Mnk is essential for elF4E’s ability to promote tumori-
genesis,25_29 while it is dispensable in normal tissue. Thus,
targeting Mnk could be a potential therapeutic approach that
selectively affects cancer cells.

Mnk comprise a subfamily of Ser/Thr kinases and belong to
the group of Ca®*/calmodulin-dependent kinases (CaMK),**
and like many other CaMK group members, they are not
regulated by Ca*"/calmodulin. The catalytic domains of Mnk1/
2 are highly homologous with ~80% sequence identity between
them. Comparison with other protein kinases shows that Mnk
possesses special insertions (I1, 12, and I3) and a DFD motif
that are distinct from other kinases (Figure 1). Crystal
structures®>>° of the kinase domain of Mnk displays the typical
bilobal arrangement of the catalytic domain of protein kinases,
with the ATP binding cleft sandwiched between a N-terminal
and a C-terminal lobe (Figure S1, Supporting Information).
The N-terminal lobe contains a twisted sheet of five antiparallel
p-strands ($1—pS) and the regulatory helix aC. It harbors the
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elements essential for ATP binding such as the glycine-rich P-
loop (residue 51—62 in Mnkl and 86—97 in Mnk2), a
conserved lysine (Lys78 in Mnkl and Lys113 in Mnk2) in
strand 33 and a conserved glutamic acid (Glu94 in Mnkl and
Glul29 in Mnk2) in helix aC; a salt bridge between these
lysines and glutamic acids is a key feature of the active
conformations of kinases. The predominantly a-helical C-
terminal lobe contains the elements required for peptide
substrate binding and phosphate transfer, including the catalytic
loop (C-loop, residues 169—175 in Mnkl and 204-210 in
Mnk2), the magnesium-binding loop, and the activation
segment (residues 191—225 in Mnkl and 226—260 in
Mnk2). Mnkl/2 possess a noncanonical DFD motif
(Asp191—Phel92—Asp193 in Mnkl and Asp226—Phe227—
Asp228 in Mnk2) that lies within the magnesium-binding loop,
replacing the DFG (Asp—Phe—Gly) motif typically found in
other kinases. The DFD fingerprint is unique within the human
kinome. Four different crystal structures are available for
Mnk1/2. The structure of Mnkl shows an autoinhibited form
(PDB id 2HWE, resolution 2.6 A)* (Figures 2 and S1), where
Phe230 from the Mnk specific insertion region occupies a
hydrophobic pocket; this pocket is normally occupied by Phe
from the DFG motif in the active conformation of other
kinases. The insertion of Phe230 into the hydrophobic pocket
induces Phel92 of the DFD motif to flip out of the
hydrophobic pocket, yielding the Mnkl kinase in DFD-out
(inactive) conformation; the Phe230 occludes the pocket from
binding ATP. The wildtype structure of Mnk2 kinase has also
been resolved in its DFD-out conformation and is incompatible
with ATP binding (PDB id 2AC3, resolution 2.1 A)» (Figures
2 and S1). However, unlike Mnk1, the structure of Mnk2 does
not show an autoinhibited state and has an unusually extended
activation loop conformation. In addition, the crystal structures
of the Asp228Gly mutant form of Mnk2 are available both in
apo (PDB id 2ACS, resolution 3.5 A)** (Figure 2C) and
staurosporine-bound forms (PDB id 2HW?7, resolution 2.71
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A Mnk1 - Inactive
(DFD/D-Out)

B Mnk2 - Inactive
(DFD/D-Out)

(o3 Mnk2D?*® -Inactive/Active
(DFD/D-Out, DFD/D-IN)

D Mnk2D**°+ Staurosporine - Active

(DFD/D-IN)

Figure 2. Crystal structures of Mnkl and Mnk2 kinases. Cartoon representations of the overall structures of the kinase domains with prominent
structural elements colored differently: N-terminal lobe (green), C-terminal lobe (cyan), hinge region (red), catalytic loop (magenta), DFD motif
(orange), activation segment (blue). (A) Structure of Mnkl (PDB id 2HW®) in its autoinhibited form. The Phe230 from the Mnk specific insertion
and Phel192 from the DFD motif are shown as sticks. (B) Structure of Mnk2 (PDB id 2AC3) in its inactive (DFD-out) conformation; the Phe227
from the DFD motif is shown as sticks. (C) Structure of Mnk2P?2%¢ (PDB id 2AC5) in its apo form, with the DFG motif (Phe227 shown as sticks)
adopting both the active and inactive conformations. (D) Structure of Mnk2P***¢ (PDB id 2HW?7) bound with staurosporine (shown as gray sticks)

with the DFG motif in the active conformation.

A)* (Figure 2D); staurosporine is a promiscuous kinase
inhibitor that binds to the active conformations of kinases. The
Mnk2 mutant, with the second Asp in the unusual Mnk specific
DFD motif mutated to glycine (DFG) crystallizes in both the
DFG-in and the DFG-out conformations. Interestingly in both
the Mnk kinases the DFD motif adopts a DFD-out (inactive)
conformation, and such an inactive conformation, especially in
the absence of ligands, is rarely observed in kinases.

Since the DFD-out conformation of Mnk1/2 prevents ATP
binding, it may also prevent binding of ATP-competitive
inhibitors. The majority of small-molecule kinase inhibitors
developed so far act as ATP competitors targeting the ATP
binding site, with their respective kinases adopting an active
conformation. These inhibitors are referred as type I kinase
inhibitors.*” A second class of inhibitors that bind and stabilize
the inactive DFG-out conformation are called type II kinase
inhibitors.>® Several ATP competitive inhibitors targeting a
variety of kinases have been successfully developed as
therapeutics.>’* Recently a series of ATP competitive Mnk
kinase inhibitors, all with inhibitory activity in the range of 18
nM to >10000 M have been developed in house.*’ In the
current work, we use various computational methods to
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investigate the binding of these inhibitors to the catalytic
domains of Mnk kinases. Computational docking combined
with molecular dynamics (MD) simulations is routinely used in
current structure-based drug design strategies. The available
crystal structures of wildtype Mnk kinases exist in an inactive
(DFD-out) form that is not compatible for the binding of ATP
and most ATP-competitive inhibitors (Figure 2). Although a
crystal structure of the Asp228Gly mutant Mnk2 structure
exists in an active (DFG-in) conformation (Figure S,
Supporting Information), it lacks density for most of the
activation loop (A-loop) and Mnk specific insertions. Hence,
we constructed homology models of the complete catalytic
domains of Mnkl/2 and refined them with all atom MD
simulations. The ATP competitive inhibitors developed in
house were docked to the refined ensembles of the Mnk1/2
structures. The stability, dynamics, and binding energetics of
these modeled Mnk—inhibitor complexes were further

investigated using MD simulations.
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B MATERIALS AND METHODS

Homology Modeling. There are currently no crystal
structures available for wildtype Mnk1/2 kinases in their active
conformations. Hence, structures were constructed using
comparative modeling methods based on homology. Sequence
analysis shows that Mnkl and Mnk2 kinases share ~33% and
38% sequence identity (~48% and 52% sequence similarity)
respectively with the death associated protein kinase 1
(DAPK1); the three Mnk specific insertions (I1, 12, and 13)
are unique to the Mnk kinases. DAPKI being the protein with
the highest sequence identity to the Mnk kinases and having
been crystallized in an active form, we use it as a template for
homology modeling. A high resolution (1.4 A) crystal structure
of the kinase domain of the active conformation of DAPK1 in
its apo form (PDB code 1JKS)*" was used as the template to
construct the three-dimensional models of the kinase domains
of the two Mnk kinases. Although the sequence identity
between the Mnk kinases and DAPKI is relatively modest, it is
well-known that the structural folds of the kinases are
conserved.** In addition, the models were also guided by the
available crystal structures of Mnk kinases which have been
resolved only in their inactive conformations were also used as
templates. The program Modeler (version 9.12)* was used for
generation of the homology models. Several models were
generated and the models with the best physicochemical
properties were refined further using all atom MD simulations.

MD Simulations. MD simulations were carried out to
refine the homology models of the Mnk kinases and the
predicted Mnk-inhibitor complexes (see next sections). MD
simulations were carried out with the Sander module of the
program Amber11.** The partial charges and force field
parameters for each inhibitor were generated using the
Antechamber module in Amber. All atom versions of the
Amber 03 force field (ff03)* and the general Amber force field
(GAFF)* were used for the protein and the inhibitors,
respectively. The Xleap module was used to prepare the system
for the MD simulations. All the simulation systems were
neutralized with appropriate numbers of counterions. Each
neutralized system was solvated in an octahedral box with
TIP3P*” water molecules, leaving at least 10 A between the
solute atoms and the borders of the box. All MD simulations
were carried out in explicit solvent at 300 K. During the
simulations, the long-range electrostatic interactions were
treated with the particle mesh Ewald** method using a real
space cutoff distance of 9 A. The Settle*” algorithm was used to
constrain bond vibrations involving hydrogen atoms, which
allowed a time step of 2 fs during the simulations.

Solvent molecules and counterions were initially relaxed
using energy minimization with restraints on the protein and
inhibitor atoms. This was followed by unrestrained energy
minimization to remove any steric clashes. Subsequently the
system was gradually heated from 0 to 300 K using MD
simulations with positional restraints (force constant: S0 kcal
mol™ A72) on protein and inhibitors over a period of 0.25 ns
allowing water molecules and ions to move freely. During an
additional 0.25 ns, the positional restraints were gradually
reduced followed by a 2 ns unrestrained MD simulation to
equilibrate all the atoms. For the refinement simulations, three
independent MD simulations (assigning different initial
velocities) were carried out on each equilibrated Mnk1/2
structure for 100 ns with conformations saved every 10 ps. For
each Mnk1/2—inhibitor complex, a 10 ns production MD run
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was carried out from the equilibrated structures, with
conformations saved every 4 ps. A total of 50 Mnkl/2—
inhibitor complexes were each subjected to this protocol.

Cluster analysis of the sampled conformations was
performed using the kclust program in MMTSB-tools.*’
Simulation trajectories were visualized using VMD,”' and
figures were generated using Pymol.>*

Ligand Preparation. The inhibitory activities of 2§
imidazopyridine and imidazopyrazine derivatives that are
developed in house are summarized in Table 1. The 3D
structures of the inhibitors were built using Maestro and
minimized using the Macromodel module employing the OPLS-
2005 force field>® in Schrodinger 9.0.>* All the inhibitors were
then prepared with Ligprep that generates low energy tautomers
and enumerates realistic protonation states at physiological pH.

Ligand Docking. The prepared inhibitors were docked into
the binding pockets of the models of Mnkl/2 kinases using
Glide.>> A box of size 10 X 10 X 10 A for molecular docking,
corresponding to the “inner-box” in Glide, centered on the
selected active site residues was used to confine the search
space of each docked ligand. For the grid generation, the
default Glide settings were used. A rigid receptor docking
(RRD) protocol was used which fixes the protein conformation
while allowing the ligands to be flexible. All 25 inhibitors were
docked into the active sites of Mnkl/2 kinases using this
protocol, and the docked conformation of each ligand was
evaluated using the Glide Extra Precision (XP) scoring function.
Docking was carried out on several conformational substates of
the Mnk kinases identified by clustering of MD trajectories.
Because of the high flexibility of the loops, several clusters were
generated; however only the top six were populated with 10—
23% of the sampled conformations. Therefore, for the docking,
for each kinase, six conformations representing the centroid of
the six most highly populated clusters respectively were used.
Two types of docking were examined: (a) unconstrained; (b)
constrained, where a hydrogen bond between the backbone
amide nitrogen of Leul27 in Mnkl and Met162 in Mnk2 with
any acceptor in the ligand atoms was imposed.

MMPBSA Calculations. The Molecular Mechanics Pois-
son—Boltzmann Surface Area (MMPBSA) methodology has
been widely used to investigate the docking of ligands to
receptors.** "> We applied it to calculate the binding free
energies between the Mnkl/2 and inhibitors. A total of 250
conformations were extracted from the last 5 ns of the MD
simulations of each Mnkl/2—inhibitor complex. The
MMPBSA calculations were carried out after removing the
water molecules and the counterions. Binding free energies
were calculated using the single trajectory method, based on the
assumption that the bound and unbound conformations of the
protein and inhibitor are quite similar. In this protocol, the
isolated conformations of the inhibitor and the protein were
extracted from the corresponding protein—inhibitor complex.
For each conformation, the binding free energy (AGy;,q) of the
inhibitor to the protein was calculated as follows:

AGbind = Gcomplex - (Greceptor + Gligand) (1)
The binding free energy is estimated as a sum of three terms:
AGbind = AGMM + AGscl - TAS (2)

where AGyy, is the change in the molecular mechanics energy
upon complexation in the gas phase, AG,, is the change in
solvation free energy, and TAS is the change of conformational
entropy associated with ligand binding,

dx.doi.org/10.1021/bi501261j | Biochemistry 2015, 54, 32—46
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A Mnk1 - Active
(DFD/D-In)

B Mnk2 - Active
(DFD/D-In)

Figure 3. Homology models of (A) Mnkl and (B) Mnk2 kinases. Cartoon representations of the overall structures of the kinase domains with
prominent structural elements highlighted: N-terminal lobe (green), C-terminal lobe (cyan), hinge region (red), catalytic loop (magenta), DFD
motif (orange), activation segment (blue). The activation loop in both the kinases is modeled in an extended conformation.

The molecular mechanics free energy (AGyy,) is further split
into van der Waals (AG,y,) and electrostatic (AG,,,) energies:

AGMM = AGele + AGvdw (3)

The solvation free energy AG,, arises from polar (electro-
static) solvation free energy (AGpg) and nonpolar solvation
free energy (AGg,) as in eq 4:

AGy, = AGpy + AGg, 4)

AGpg is computed by solving the linearized Poisson—
Boltzmann (PB) equation using Parse radii and a solvent
probe radius of 1.4 A. In our calculations, the dielectric constant
was set to 1.0 for the interior of the solutes and 80.0 for the
solvent. AGg, was determined using a solvent accessible surface
area (SASA)—dependent term as in eq S:

AGg, =7 X SASA + f8 (s)

where y is the surface tension proportionality constant and was
set to 0.00542 kcal/(mol-A™2), and S is the offset value, which
was 0.92 kcal/mol here.

The entropy term (—TAS) was computed under the
harmonic approximation using the Nmode module in Amber
11.

Per-Residue Decomposition. In order to detect the “hot
spot” residues, the effective binding energies were decomposed
into contributions of individual residues using the MMGBSA
energy decomposition scheme. The MMGBSA calculations
were carried out in the same way as in the MMPBSA
calculations. The polar contribution to the solvation free energy
was determined by applying the generalized born (GB) method
(igh = 2),% using mbondi2 radii. The nonpolar contributions
were estimated using the ICOSA method* by a solvent
accessible surface area (SASA) dependent term using a surface
tension proportionally constant of 0.0072 kcal/mol A”.

To investigate the impact of mutational effects on ligand
binding, selected residues were computationally mutated to
alanine. The free energy changes (AAGy;,y) were defined as
AGyg(mutant) — AGy;,q(Wt) for a potential mutation from
wildtype to mutant. A positive AAG,,;,4 indicates that ligand
binding to the wildtype protein is more favorable, while

36

negative AAGy,,4 indicates that ligand binding to the (alanine)
mutant protein is more favorable.

B RESULTS AND DISCUSSION

Homology Modeling, Refinement and Ensemble
Generation. The available crystal structures of wildtype
Mnk1 and Mnk2 are in their inactive conformations and are
structurally incompatible for binding ATP or ATP-competitive
inhibitors. Hence the structures of wildtype Mnk1/2 in their
active conformations (DFD-in) were constructed by homology
modeling using (~30% amino acid identity) the 3D structure of
the death-associated protein kinase 1 (DAPK1; PDB id 1JKS,
resolution 1.4 A)*" which is another member of the CaMK
group. The structure of DAPKI also shows an unusually
extended activation loop conformation, similar to the one that
Mnk?2 adopts in its inactive state (PDB id 2AC3, Figure 2B). In
addition to the structure of DAPKI, the crystal structures of
wildtype and mutant Mnk were also used as templates during
the homology modeling process. Several models were
generated using single and multiple templates, and the model
with the best physicochemical properties was chosen for further
use. The activation loop was assumed to be in the extended
conformation and was thus modeled. The selected models
show good structural similarity to the templates, with an
average rmsd of ~1.3—1.5 A. The generated models of Mnk1/2
(Figure 3) were further refined using all atom MD simulations
in explicit solvent. For each kinase model, three independent
MD simulations were performed assigning different initial
velocities, and each simulation was carried out for 100 ns.
During the MD simulations, the sampled conformations deviate
from their initial conformations to about ~5—6 A by ~20-25
ns (Figure S2, Supporting Information) after which they are
relatively stable. This is due to large conformational changes
that the activation loops undergo, but the other parts of the
kinases stay relatively close to their starting conformations with
an rmsd of ~2—3 A throughout the simulations (Figure 4).

The conformations sampled during the last 50 ns of the MD
simulations were clustered into conformational substates using
the Kclust program from the MMTSB tool set,** with an rmsd
of 2 A set as cutoff. The cluster centroids of the top five most
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Figure 4. Refinement of the homology models of Mnkl and Mnk2.
Root mean square deviation (rmsd) of conformations sampled during
three independent (black, red, green) MD simulations of 100 ns
starting from the constructed homology models of Mnkl (A) and
Mnk2 (B). Rmsd is calculated for all residues except the activation
loop/segment (residues 169—175 in Mnkl and 226—260 in Mnk2) by

superimposing all the residues with the respective homology models.

populated clusters of both Mnk kinases show that the
secondary structural elements are quite similar, with large
structural differences localized to the loop regions, particularly
the activation loop. In addition the glycine rich P-loop also
adopts two major conformations (open and close). The highly
conserved glycine rich P-loop adopts an open conformation in
most of the kinases in their ligand free/apo forms, and a closed
conformation in the ligand/ATP-bound forms.***® Since the
conformations of the activation loop and P-loop of Mnk kinases
in their inhibitor bound states are not known, different
conformations of the activation loop and P-loop identified by
clustering were considered for the docking studies. The active
state is retained during the simulations of the kinases in their
apo as well as in their complexed states. This is not surprising

given that to witness conformational changes between the
active and inactive states during simulations, either extremely
long (by current capabilities) simulations®® or enhanced
sampling methods® are needed.

Binding Site Analysis. Both the Mnkl and Mnk2 kinases
share ~80% sequence identity within their catalytic domains
and ~85% sequence identity in the canonical ATP binding
pocket. Most of the residues in the catalytic sites of both the
kinases are identical, with differences seen mainly in two
regions (Figure S): (a) the hinge region with residues Leul27
and GInl128 in Mnkl replaced by Metl62 and Argl63
respectively in Mnk2; (b) the glycine rich P-loop, where
residues ThrS1, Ser52, GluS3, Leu54, Tyr60, and Lys62 in
Mnkl are replaced by residues GIn86, Glu87, Asp88, Val89,
His9S, and Arg97 respectively in Mnk2. Nevertheless, the
overall physicochemical properties of the canonical binding
sites of Mnk1/2 kinases appear quite similar.

Ligand Docking. Recently a series of small molecule
inhibitors that are derivatives of imidazopyridines (Table 1, left
panel) and imidazopyrazines (Table 1, right panel) were
designed and were shown to inhibit the activity of Mnk
kinases.*® The IC, values ranged from 18 nM to 10 M (Table
1). In order to model the binding of these small molecules to
Mnk1/2, we docked them into the catalytic sites of Mnk1/2
kinases in their modeled active conformations (DFD-in). To
account for receptor flexibility during the inhibitor docking
process, representative structures were extracted after clustering
the three 100 ns MD simulations of Mnk1/2 apo states. A
docking protocol was developed and benchmarked by
successfully redocking staurosporine into the crystal structure
of the D228G mutant form of Mnk2. Initially, efforts at docking
failed to correctly reproduce the experimentally observed
binding mode of staurosporine as the top ranked or lowest
energy conformation. However, imposing a constraint in the
form of a hydrogen bond between staurosporine and the
backbone amide of Met162 at the hinge region of the D228G
mutant resulted in successful reproduction of the bound
conformation (rmsd ~ 0.8 A) between the docked and the

E87

Figure S. Binding sites of Mnk1 (green) and Mnk2 (gray). Active site residues that are similar in both the kinases are shown as lines. Residues that
are different in both the kinases are highlighted as sticks and labeled accordingly.
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Table 1. Structure and Activities of Imidazopyridine (Left Panel) and Imidazopyrazine (Right Panel) Derivatives®

“Activities are given as inhibition constant (ICs,) values in nanomolar (nM).
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Figure 6. Predicted binding mode of compound 8, one of the imidazopyridine derivatives at the active sites of (A) Mnk1 and (B) Mnk2 kinase.
Residues in the active sites of the kinases are shown as lines; hydrogen bonds are indicated by dashed lines (magenta); protein residues involved in

hydrogen bond interactions are labeled accordingly.

experimental structures (Figure S3, Suppporting Information)
of staurosporine as the best docking pose in terms of energy. In
addition, staurosporine also interacts with residues Glul60 and
Glu209 through hydrogen bonds (Figure S3). We then
evaluated the generated Mnk homology models for their ability
to bind staurosporine. Although no bound structure of Mnk1
with staurosporine is available, owing to the similarity in the
active sites between Mnk1/2, staurosporine was also expected
to bind to Mnkl in a manner similar to that in Mnk2. The
docking protocol yielded docked poses of staurosporine in
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wildtype Mnk1/2 kinase domains that were similar to the
experimental conformation seen in the D228G form of Mnk2
(Figure S3).

Using this docking protocol, Mnk kinase inhibitors were
docked into the catalytic sites of the active forms of the Mnk
kinases. Although all dockings were carried out with and
without hydrogen bond constraints, reasonable binding poses
were observed only when the hydrogen bond constraints were
imposed during docking. Docking calculations were repeated
with different conformations of Mnk1/2 as identified through
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Figure 7. Predicted binding mode of compound 24, one of the imidazopyrazine derivatives, at the active sites of (A) Mnkl and (B) Mnk2 kinases.
Residues in the active sites of the kinases are shown as lines; hydrogen bonds are indicated by dashed lines (magenta); protein residues involved in

hydrogen bond interactions are labeled accordingly.

clustering the MD simulation trajectories. Ten poses for each
compound were computed, and the best docking pose for each
compound was chosen by ranking the computed binding
energy (docking score). Analysis of the top scored solutions
(lowest energy solutions) showed that all compounds bind
similarly in the active sites of both kinases, with the core
occupying the position occupied by adenine of ATP, and the
two aromatic substituents occupying two pockets located next
to the adenine-binding site. In addition, both derivatives are
anchored to the hinge region of the kinases through hydrogen
bonds and van der Waals contacts with residues from both the
N- and C-terminal lobes of the kinases.

The imidazo[1,2-a]pyridine core or imidazo[1,2-a]pyrazine
core occupies the adenine binding region in the active sites of
both Mnkl and Mnk2 (Figures 6 and 7). In both types of
compounds the imidazole acceptor atom (N) hydrogen bonds
with the amide backbone of the kinase hinge residue Leul27 in
Mnkl and Met162 in Mnk2.

The benzonitrile, phenol, or pyridine moieties (compounds
1, 10, and 11 respectively) of the imidazo[1,2-a]pyridine
derivatives and a variety of functional groups substituted in the
aromatic ring of the imidazopyrazine 3-position occupy the
hydrophobic pocket formed by residues Phel24, Val63,
Leul08, and Cys190 in Mnkl and the homologous residues
PhelS9, Val98, Leul43, and Cys22S in Mnk2 (Figures 6 and
7). The nitrile nitrogen (compounds 2—9, 12 and 19) is within
hydrogen bonding distance to the conserved catalytic Lys78 in
Mnkl and to Lys113 in Mnk2. Compound 1, which has a
phenol group, binds in the hydrophobic pocket, and the
hydroxyl oxygen is within hydrogen bonding distance to the
side chain of Lys78 in Mnkl and of Lys113 in Mnk2. In the
case of compounds 10 and 11 the pyridine group occupies the
hydrophobic pocket. Some of the imidazopyrazine derivatives
have substituents that are within hydrogen bonding distance to
the conserved Lys78 in Mnkl and Lys113 in Mnk2.
Interestingly, only compounds that have substituents that can
establish a hydrogen bond with the catalytic Lys78 in Mnkl
and Lys113 in Mnk2 show moderate to high binding affinities;
in contrast, compounds lacking the ability to form this
hydrogen bond are either weakly active or inactive (Table 1).
In addition, the optimal size of the functional group that
occupies the hydrophobic pocket is important, as compounds
with large functional groups cannot be accommodated in this
hydrophobic pocket due to steric clashes and thus have reduced
potency.

The phenyl ring attached to the C-6 of the imidazopyridine
and imidazopyrizine core is substituted with a wide variety of
functional groups and notably a piperazine benzamide group. In
all the compounds, the substituents at the 6-position occupy

39

the phosphate binding pocket close to the ATP ribose binding
pocket. A major part of the inhibitor is buried inside the protein
except the substituents at the 6-position, that interact with the
glycine-rich P-loop and the loop connecting the hinge region
and helix aD of the C-terminal lobe. For most of these
compounds this phenyl group is substituted with a solubilizing
group (either a morpholine or an alkylated piperazine)
connected via an amide. The carbonyl oxygen of the amide is
within hydrogen bonding distance of the side chain oxygen
atom of Ser131 from Mnkl and of Serl66 from Mnk2. This
hydrogen bond seems important for the potency of these
compounds, as compound 11, lacking this hydrogen bond
acceptor group, shows reduced activity, with ICs, values in the
micromolar range.

We observed no correlation between the docking score and
the experimentally determined ICs, values. The poor
correlation between the docking scores and biolo§ical data is
a major problem with current docking approaches.*® Therefore,
we employed a more sophisticated approach for the analysis of
the key interactions necessary for high inhibitory activity.

MD Simulations. In order to investigate the stability of the
modeled protein-inhibitor complexes and study their dynamics,
MD simulations were carried out for 10 ns on each complex.
The rmsd of protein atoms in the sampled protein—inhibitor
complexes reached values of ~7—8 A (Figure S4A,B) during
the early stages of the simulations, arising mostly from the
motions of the activation loop of the Mnk kinases. If the
activation loop is excluded, the rmsd of the protein is stable
with rmsd of ~2—2.5 A (Figures 8A and S4C,D). A similar
feature was observed in our simulations of the kinases in their
apo states (see above). The increased flexibility of the activation
loop is also seen in the root-mean-square fluctuation (rmsf)
calculations (rmsf of the residues in the activation loop is ~9 A
and the rest of the protein is relatively stable with rmsf at ~3
A). The compounds are also relatively stable with rmsd ~3 A
(Figures 8B and SS). No inhibitor unbinding was seen in any of
the simulations, although recent studies suggest that this may
occur at larger time scales.®

The bound conformations of the inhibitors and the
associated protein—inhibitor interactions as monitored through
the distances between interacting atoms of the ligands and the
protein binding sites (Figures S6 and S7) observed in the
starting structures were generally maintained during the MD
simulations. The hydrogen bonds in the ATP-binding pocket
play a key role in kinase function and drug inhibition. The
stability of the hydrogen bonding network predicted by Glide
was examined as a function of the simulation time. The analysis
of the MD trajectories of representative inhibitors indicates the
presence of several hydrogen bonds between the inhibitors and
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Figure 8. Rmsd of the sampled conformations of the Mnk—inhibitor
complexes during the 10 ns MD simulations starting from the docked
models. (A) rmsd of protein and (B) rmsd of compound 8 (black) and
compound 24 (red) bound to Mnk1 and of compound 8 (green) and
compound 24 (blue) bound to Mnk2. The protein rmsd is calculated
excluding the activation loop/segment residues (residues 169—175 in
Mnkl and 226—260 in Mnk2).
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Figure 9. Rmsd of the sampled conformations of the inhibitor in the
protein—inhibitor complexes during the 10 ns MD simulations starting
from the docked models: rmsd of compound 11 in complex with

Mnkl (black) and Mnk2 (red).

the kinases with moderate to high frequencies. The hydrogen
bond between the imidazole acceptor atom of the imidazopyr-
idine or imidazopyrazine core and the backbone amide nitrogen
of residues Leul27 in Mnkl and Metl62 in Mnk2 from the
hinge region was well preserved throughout the simulation with
95% occupancy for all the simulated systems.

The benzonitrile group in compounds 2—9, 12, 19 and the
different substituents at the 3-position on the aromatic ring of
imidazopyrazine derivatives that occupy the hydrophobic
pocket in Mnkl and Mnk2 stay deeply buried in the
hydrophobic pocket during the simulations. Interestingly, the

nitrogen atom of the benzonitrile group and the side chain
amine of the catalytic lysine (Lys78 in Mnkl and Lys113 in
Mnk2) move closer to each other, yielding a stable hydrogen
bond (~90% occupancy). Compound 1, which has a phenol
instead of the benzonitrile group, occupies the hydrophobic
pocket and interacts with this catalytic lysine through hydrogen
bond for most part of the simulation (~80% occupancy). Some
of these substituents form stable hydrogen bonds with these
conserved lysines in Mnk1/2. This hydrogen bond interaction
seems to be important for potency as well as for stability of the
protein—inhibitor complexes, as compounds 10, 11, and 14,
which all lack potential hydrogen bonding acceptors at this
position display moderate to weak inhibitory activity, with ICg,
mainly in the micromolar range. Moreover, the absence of this
hydrogen bonding interaction renders some instability in the
bound conformation of compounds 11 and 14. Increased
flexibility was observed for these compounds during the
simulations, with the rmsd of compound 11 reaching values
as high as ~8 A compared to ~3 A (Figure S4, Supporting
Information) for the other ligands.

Different substitutions on the phenyl ring attached to the 6-
position of imidazopyridine and imidazopyrizine core that
occupy the phosphate pocket close to the ATP ribose binding
site stay relatively stable during the simulations. The oxygen of
the amides in para positions establishes a stable hydrogen bond
(~80% occupancy) interaction with the hydroxy group of
Ser131 from Mnk1 and Ser166 from Mnk2 respectively during
the simulations. In addition to the hydrogen bond made with
the catalytic lysines seen above, this hydrogen bond also seems
important for the potency and increased structural stability of
the bound conformations of the imidazopyridine and
imidazopyrazine derivatives.

Compounds 11 and 12 both lack this benzamide group and
hence the hydrogen bond to Serl31/Serl66 from Mnkl1/2
respectively and have reduced activity, with ICy, values in the
micromolar range; they show increased flexibility in the
simulations. Compounds 4, S, 6, and 9 carry substituents at
the ortho or meta positions on the aromatic rings which
occupies the ribose pocket. Compounds 5 and 9 have an
additional amide substituent in the meta position which leads
to the formation of a hydrogen bond between the oxygen atom
of the amide and the side chain oxygen of Ser169 from Mnk2
(Figure 10); such a hydrogen bond interaction is not possible
with Mnk1, as the Mnk1 kinase has Ala134 instead of Ser169 at
this position. However, the oxygen atom of the amide from
these compounds interacts with the backbone oxygen of Ser131
in Mnkl through a water molecule. In general, increased
flexibility was seen for all the compounds that have larger

 A134

B
;") ‘\\
g L 1K113
, m162 7 e
Y 4
S169 .~ S166

Figure 10. Structural snapshots showing the differences in interactions between an inhibitor (compound 9) with the two kinases; residues in the
active sites of the kinases are shown as lines; hydrogen bonding interactions between compound 9 and (A) Mnk1 and (B) Mnk2 kinases indicated by
the dashed lines (magenta). The protein residues involved in hydrogen bond interactions are labeled accordingly.
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Table 2. Binding Free Energies of Each MNK1—Inhibitor Complex Calculated by MMPBSA“

compd AE,,. AE,q, AGg,t AGpy
1 —14.77 —49.35 —5.88 37.46
2 —18.01 —49.99 —6.2 37.5
4 —26.66 —59.09 —6.75 51.59
S —12.71 —56.02 —6.49 34.69
6 —14.77 —53.54 —6.37 40.33
7 —14.29 —49.79 -5.89 38.06
8 —18.87 —54.27 —6.27 42.86
9 —25.94 —-56.32 —6.28 47.5
10 —11.35 —47.01 —-5.59 36.23
12 —23.88 —48.16 —-5.41 41.94
13 —10.09 —47.83 —5.67 3243
15 —26.9 —49.06 —-5.78 46.77
16 —15.03 —53.69 —5.69 40.71
17 —27.95 —45.55 —-5.99 46.7
18 —27.55 —49.38 —-6.31 51.77
19 —16.51 —-52.36 —6.07 39.77
20 —19.78 —42.00 =54 38.21
21 —8.72 —47.33 —6.13 3244
22 —21.55 —49.76 —6.52 48.11
23 —374 —-51.39 —-6.31 52.1
24 —-359 —52.75 —6.49 58.13
25 —14.05 —47.42 —6.29 40.37

“Mean energies are in kcal/mol. YAGg, = 7 X SASA + f5; 7 = 0.00542 kcal/mol A% f§ = 0.92 kcal/mol. “AHqpp) = AE

AH pg)° TAS? AGyreaen)” pICs
—32.54 —10.26 —22.28 6.99
—36.69 —15.00 —21.69 6.69
—40.92 —13.73 —-27.19 7.04
—40.53 —11.5 —29.03 7.00
—34.35 —17.09 —17.26 6.48
-3191 —19.26 —12.65 5.75
—-36.55 —14.99 —-21.56 7.64
—41.04 —-7.23 —33.81 7.54
—27.72 —16.23 —11.49 6.24
—35.51 —20.02 —15.49 5.94
-31.16 —15.07 —16.09 5.57
—34.98 —20.89 —14.09 7.26
—-33.7 —20.69 —13.01 6.22
—32.8 —14.39 —18.41 5.87
—-31.46 —15.75 —15.71 6.53
—35.17 —11.62 —23.55 6.59
—28.97 —18.27 —-10.7 5.34
—-29.73 —1391 —15.82 6.54
—29.73 —19.13 —10.6 4.86
—43.01 —23.00 —20.01 6.47
-36.97 —17.4 —19.57 7.22
—-27.39 —16.1 —11.29 <5.00

+ AE,4, + AGgy + AGpp.

elec

ITAS = entropy changes. “AG,,.qpp) (calculated binding free energy by MMPBSA method) = AHpp) — TAS. prC50 = (—log IC50).

Table 3. Binding Free Energies of Each MNK2—Inhibitor Complex Calculated by MMPBSA“

compd AE, . AE 4, AGg Ab AGpg
1 —20.83 —45.45 —5.96 4243
2 —-8.39 —53.89 —6.42 30.66
4 —0.88 —67.28 —6.66 31.71
S —18.62 —55.79 —6.73 4391
6 -9.79 —52.38 —6.2 32.81
7 —9.6 —47.06 —-5.92 28.4
8 —13.48 —-52.92 —6.08 33.59
9 —15.47 —55.47 —6.55 39.69
10 —-12.6 —47.22 —5.64 34.43
12 -9.67 —46.33 —5.46 29.88
13 -85 —44.99 —5.46 29.32
15 —20.14 —46.13 —-5.63 37.46
16 —9.67 —42.77 —5.66 30.82
17 —19.53 —48.47 —6.06 42.00
18 —20.02 —-50.85 —6.08 43.45
19 -7.1 —49.1 —6.07 31.63
20 —-8.14 -50.86 —6.26 34.20
21 —9.46 —46.12 -5.93 30.44
22 —26.33 —50.74 —6.12 52.82
23 —28.89 —55.22 —6.36 49.08
24 —35.86 —-50.57 —6.04 53.53
25 —20.69 —55.53 —6.45 44.20

AH py)° TAS? AGyrea(en)” pICs
—29.82 —3.098 —26.722 7.31
—38.04 —-19.25 —18.79 691
—43.11 —21.14 —-21.97 7.14
—27.24 —1042 —26.82 7.11
—35.59 -12.35 —2324 642
—34.18 —17.98 —16.2 5.98
—38.89 —11.49 —274 7.74
—37.8 ~1091 —26.89 7.55
—31.04 —7.58 —23.46 6.26
—31.58 —13.99 —17.59 5.77
—29.63 -228 —6.83 5.84
—34.45 —1043 —24.02 741
—27.82 —-12.76 —15.06 6.38
—32.07 —11.58 —20.49 6.07
—33.51 —15.69 —17.82 6.73
—30.63 —14.03 -16.6 6.64
—-31.05 —-17.99 —13.06 5.50
—31.08 1371 —-17.37 6.70
-30.37 —14.78 —15.59 5.04
—41.39 —27.88 —13.51 6.09
—38.94 -194 —19.54 7.51
—38.47 —27.71 —10.76 <5.00

“Mean energies are in kcal/mol. YAGg, = y X SASA + f3; y = 0.00542 kcal/mol A% 8 = 0.92 kcal/mol. “AHpp) = AE, . + AE 4, + AGgy + AGpy,
ITAS = entropy changes. “AG,,.q(pp) (calculated binding free energy by MMPBSA method) = AH ) — TAS. prCSO = (—log IC50).

substitutents on the aromatic ring that occupies the ribose
pocket.

MMPBSA Binding Free Energy Calculation. The binding
free energies for the 44 imidazopyridine or imidazopyrazine
derivative inhibitor complexes with Mnkl and Mnk2 were
calculated from the MD simulations using the MM-PBSA
method described in the Materials and Methods. Compounds
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3, 11, and 14 for which increased flexibility was observed
during the simulations were not considered for the binding
energy calculations.

The calculated binding free energies, individual energy terms,
and the entropy changes of the 44 Mnk1/2 - imidazopyridine
or imidazopyrazine derivatives are listed in Tables 2 and 3. The
predicted binding affinities are in good agreement with the
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Figure 12. Decomposition of binding free energy on per residue basis for (top) Mnkl—compound 9 (the most potent of these series) (bottom)

Mnk2—compound 9 complex.

experimental data. Binding free energies calculated with the
MMPBSA approach do not reproduce the absolute exper-
imental values, but they have been shown to correlate well with
the experiment values.’®™>® To further investigate the
usefulness of the MMPBSA approach to discriminate between
weak and strong Mnk inhibitors, the correlation between
calculated binding free energies and the experimental pICs,
values of the ligands was analyzed. It is clear that this approach
represents only a rough approximation, as biological data from
an in vitro assay are used instead of pure thermodynamic values
from calorimetric studies. Therefore, an ideal correlation is not
expected. When only the enthalpic part of the free energy is
considered (AH), a correlation (> = 0.44 and 0.34 for Mnkl
and Mnk2 respectively) was observed between the predicted
enthalpy of binding and the biological activity data. When the
entropy term (TAS) calculated using the harmonic approx-
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imation in normal mode analysis (NMA) is included, a
significant improvement in the correlation was observed (1* =
0.51 and 0.56 for Mnkl and Mnk2); removal of two outliers
farther improved this (Figure 11A,B) approximately linear
relationship (correlation coefficient, = 0.70 and 0.68; Figure
11A,B).

In all 44 complexes, van der Waals, electrostatics, and
nonpolar solvation terms are quite favorable for inhibitor
binding to Mnk1/2 kinases, while the polar solvation and
entropy terms are unfavorable for binding. We then compared
the correlation between the predicted binding free energies and
each energy component. We found that the nonpolar
contributions (Vdw + SA) correlated better with the
experimental activity data, suggesting that the nonpolar
contributions, especially the van der Waals energies, contribute
the most to the binding free energy for each complex (~ —6S
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to —42 kcal/mol). This indicates that van der Waals/
hydrophobic interactions are most significant in stabilizing
the kinase—inhibitor complexes and that shape complementar-
ity is the primary factor that dominates the affinities of these
inhibitors binding to Mnk kinases. The nonpolar interaction is
a key component that determines the difference of the binding
affinities, as this term is significantly more negative for the most
active compounds (~ —62.6 kcal/mol) than for the inactive
compounds (~ —52.3 kcal/mol). Of course it also must be
pointed out that the nonpolar part together with the hydrogen
bond short-range interactions are the part of the free energy
that is most accurately computed. This arises from the
limitations of the fixed charge models and hence the lack of
polarization effects in the classical electrostatic models
employed here.

The polar energy term (AG,,.) is unfavorable for binding in
all the complexes studied here, suggesting that the desolvation
penalties imposed upon embedding the molecules into the
cavities do not favor binding. The entropy term (—TAS) has a
magnitude comparable to the electrostatic interactions. Hence,
it also plays an important role in determining the binding free
energy of the inhibitor binding to the Mnk kinases. Our results
show loss of entropy for all Mnk—inhibitor complexes. It is not
surprising since the ligands are more flexible in solution than
upon being sequestered in the complexes.

Decomposition Analysis of the Binding Free Energy.
In order to gain further insights into the energetic contributions
of individual residues to complex formation, the binding free
energies (interaction energies) were decomposed on a per-
residue level using the MMGBSA approach. The decom-
position of the relative free energies revealed that all these
complexes have similar interaction patterns (Figure 12), which
further supports the observation of the inhibitors adopting very
similar binding modes. The most favorable interactions are
formed by residues in the active sites of the kinases. Residues
Leu54, LeuS5, Val63, Leul08, Phel24, Leul77 from Mnk1 and
Val89, Leu90, Val99, Leul43, Phel59, Leu2l12 from Mnk2
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contribute the most, indicating that the hydrophobic
interactions are most critical for inhibitor binding. In addition,
residues Lys78, Ser131 from Mnkl, Lys113, Ser166 from Mnk2
and hinge region residues Lys126, Leul27 and Lys161, Met162
from Mnkl and Mnk2, respectively, interact with the inhibitor
through H-bonds and contribute significantly to the interaction
energies.

Computational alanine scanning was employed to determine
the role of active site residues on ligand binding. The
computational mutagenesis was done with the single-trajectory
method. The trajectories of the wild-type Mnk1/2—inhibitor
complexes were used to generate the structures of the mutated
Mnkl1/2—inhibitor complexes. This method depends on the
assumption that the effects of mutating a residue to alanine only
propagate locally and will result in insignificant entropic
changes. For alanine scanning only those residues that
contribute significantly (>1 kcal/mol) to the effective energy
were considered. Nine key residues excluding glycine and
alanine forming the walls of the binding pocket were mutated
(Figure S8, Supporting Information), and the results of the
mutagenesis are presented. Changes in the inhibitor—residue
interactions associated with the alanine scan show that in
general mutations of active site residues are highly unfavorable
with all the inhibitors studied here (Figure 13). Unsurprisingly,
significant losses in binding free energies were observed mainly
for the hydrophobic residues, with van der Waals components
the most affected. In addition, K78A (K113A in Mnk2)
mutated complexes undergoes a substantial destabilization as
the mutation removes a key H-bond between the side chain of
Lys78 (Lys113 in Mnk2) and the inhibitor, responsible for
stability and potency. Similarly the mutation of Ser131 in Mnkl
and Ser166 in Mnk2 also results in destabilization of the ligand
bound complex. In the case of Mnk2, serine residue 169
contributes ~1.0 kcal mol™'; in contrast this is replaced by Ala
in Mnkl. Mutation of hinge residues Lys126, Leul27 in Mnk1
and Lys161, Met162 in Mnk2 to alanine has only a moderate
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effect, since these residues interact with the inhibitor through
H-bonds with their backbone atoms.

B CONCLUSIONS

In this study an integrated computational approach that
combines homology modeling, molecular docking, MD
simulations, and MMPBSA binding free energy calculations
was used to characterize the interactions between Mnk1/2 and
a series of imidazopyridine and imidazopyrazine based
inhibitors. Homology models of Mnkl/2 in their active
conformations (DFD-in) were constructed and refined using
all atom MD simulations in explicit solvent. A series of
imidazopyridine and imidazopyrazine derivatives were docked
into the active sites of Mnkl/2 kinases. Our docking
calculations revealed that all compounds bind deeply inside
the ATP binding sites with very similar binding modes. The
imidazopyridine and imidazopyrazine cores occupy the adenine
region and are anchored to the kinase hinge through hydrogen
bonds. The substituents on both sides of the core groups
occupy the hydrophobic pocket, ribose pocket, and phosphate
binding pockets. MD simulations further revealed that the
predicted protein—inhibitor complexes are very stable, with
most of the interactions observed in the docking models well
preserved. In addition, MD simulations show that hydrogen
bonding interactions between the inhibitors and the catalytic
Lys78, Ser131 (Mnkl), and Lys113, Ser166 (Mnk2) from the
ribose pocket are important for the stability of the bound
conformations of the ligands. In addition to maintaining
hydrophobic interactions, these stable hydrogen bonds appear
to be important for increased affinity of inhibitors by increasing
the electrostatic interaction energies. The binding free energies
predicted using MMPBSA calculations are largely consistent
with the experimental data, yielding a reasonable ranking of
binding affinities. Further decomposition of components of the
binding free energy suggests that van der Waals and nonpolar
solvation terms are the major contributors for the binding of
these small molecule inhibitors to the Mnk1/2 kinases. In
addition entropy changes also play an indispensable role in
determining the binding free energies of these compounds.
Residue-level decomposition of binding energies and computa-
tional alanine scanning reveals that mostly the hydrophobic
residues at the active sites of the Mnk kinases are the major
determinants of the binding of these small molecule inhibitors.
In summary the findings in this work provide detailed structural
understanding of a set of imidazopyridine and imidazopyrazine
inhibitors targeting the DFD-in form (active form) of the
Mnk1/2 kinases and offer a basis for further rational design of
new potent inhibitors.
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Figure S1: Cartoon representation of crystal structures of Mnk1
and Mnk2 kinases. Figure S2: Rmsd of homology models of
Mnkl and Mnk2 conformations; Figure S3: Structural
comparison between the docked conformations of staurospor-
ine with its experimentally observed bound conformation.
Figure S4: Rmsd of Mnkl1/2 conformations sampled during
Mnk1/2—inhibitor complex simulations. FigureSS: Rmsd of
inhibitors conformations sampled during Mnk1/2—inhibitor
complex simulations. Figures S6 and S7: Temporal evolution of
Mnk1/2—inhibitors interactions. Figure S8: Binding pockets of
Mnk1/2 highlighting residues that are mutated during the
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alanine scanning. This material is available free of charge via the
Internet at http://pubs.acs.org.
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