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The main recognition characteristics of the ATP binding site of p38 mitogen activated protein kinase alpha
(p38R MAPK) have been explored by a combination of modeling and bioinformatics techniques, making
special emphasis in the characteristics of the site that justifies binding specificity with respect to other MAP
kinases. Particularly, we have analyzed the binding mode of a new family of p38 MAPK inhibitors based
on the pyridinyl-heterocycle core. This family of compounds has a marked pseudosymmetry and can exist
in different tautomeric forms, which makes the determination of the binding mode especially challenging.
A combination of homology modeling, quantum mechanics, classical docking, and molecular dynamics
calculations allowed us to determine the main characteristics defining the binding mode of this new scaffold
in the ATP binding site of p38R. A set of free energy calculations allowed us to verify the binding mode
proposed, giving an overall excellent agreement with the experimental values. Finally, the binding mode of
this new family of compounds was compared to that of other members of the pyridinyl and pyrimidinyl
heterocycle class.

Introduction

Tumor necrosis factor-R (TNFR) and interleukin-1â (IL-1â)
are two cytokines involved in many basic cellular processes
such as response to infectious agents or cellular stress.1 High
levels of these cytokines are also associated with the develop-
ment of a variety of inflammatory diseases such as Crohn’s
disease, toxic shock syndrome, rheumatoid arthritis (RA),
psoriasis, and inflammatory bowel disease (IBD).2 Reduction
in the levels of TNFR and IL-1â has been recognized as one of
the most promising strategies to fight an acute or chronic
inflammatory response.3 The clinical success of Enbrel (Etan-
ercept),4 a soluble TNF-R receptor, and Remicade (Infliximab),5

an antibody against TNF-R, in the treatment of RA and IBD
has confirmed the utility of this approach. Unfortunately, and
despite their success, both Enbrel and Remicade are facing the
typical drawbacks associated with a protein therapeutic: high
production costs and intravenous administration. This explains
the great interest in developing new small molecules able to
modulate the levels of TNFR and IL-1â without the problems
inherent to the pharmaceutical use of proteins.

A key step in the complex sequence of events leading to the
production of TNF-R and IL-1â is the activation of p38 mitogen
activated protein kinase (MAPK),6 a serine/threonine kinase
involved in major signal transduction pathways. Activation of
p38 MAP kinase is due to upstream MAP kinases like MMK3
and MMK6 which phosphorylate residues Thr180 and Tyr182
located in the activation loop.6 Once activated, p38 MAPK is

able to phosphorylate other downstream kinases, transcription
factors, and probably AU binding proteins leading to the
production of TNF-R and IL-1â.7 This whole signal transduction
pathway is activated when cells are exposed to a variety of
extracellular stimuli ranging from bacterial lipopolysaccharide
and UV light to proinflammatory cytokines or growth factors.8

P38 MAPK has a large homology with other members of
the MAPK superfamily like extracellular signal-regulated ki-
nases (ERK) and c-Jun N-terminal kinases (JNK), with which
p38 shares a high sequence identity. These three kinases share
a common fold and a high level of sequence identity which
handicapped the design of p38 MAPK inhibitors.8,9 The issue
of selectivity is further complicated by the existence of at least
four splicing isoforms of p38 (R, â, δ, and γ) which have a
large degree of sequence identity, but different tissue distribu-
tion, and probably also different functions.7 Thus, inhibition of
the R isoform of p38 MAPK by small molecules becomes an
especially challenging task, since a drug must not only bind
tightly to the target enzyme but also avoid interaction with other
very closely related kinases, which might trigger unpredictable
side effects. In this paper, we will try to clarify key differences
between the binding site of p38 MAPK and those of other
closely related enzymes.

The three-dimensional structure of the complex between p38
MAPK and compound1 (Figure 1)10 showed the ATP binding
site as the recognition region for the inhibitor. The complex
was stabilized by two key interactions: (i) a hydrogen bond
between pyridine nitrogen (that mimicking N1 of ATP) and the
amide proton of Met109 and (ii) a hydrophobic interaction
between the 4-fluorophenyl group and a buried apolar pocket
in the protein. Additional contacts were a hydrogen bond
between imidazole nitrogen and Lys53 and aπ-stacking between
the sulfonyl-phenyl group and Tyr35, both of which were partly
exposed to solvent. This structural knowledge provided the basis
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for the design of other imidazole derivatives, such as2 and also
analogues in which the imidazole core was replaced by other
five- and six-membered rings such as thiazole, pyrrole3,

pyrazole, pyridazine4, and bicycles such as indole5 and
4-azaindole6, among others (see Figure 1 for examples).11 They
all constitute the pyridinyl-heterocycle class of inhibitors. Close
relatives of this family of compounds have been developed in
which the pyridine has been replaced by other heterocycles with
hydrogen-bond acceptor capability such as 2-amino benzimi-
dazole712 and benzotriazole8.13 Other families of inhibitors
specific for the ATP binding site are based on different scaffolds
like the benzophenone9 and VX-745 10 (see Figure 1).14

Although the latter compound and its derivatives display a
binding mode similar to compound1, its carbonyl group induces
a hinge flip and accepts a hydrogen bond, not only from Met109,
but also from Gly110. It has been discussed that this feature
could be used to gain selectivity against other kinases lacking
a Gly at position 110. Other compounds that contact the hinge
region via a structural water bridging receptor and inhibitor such
as the triaminotriazine11 have also been developed.15 Finally,
allosteric inhibitors like12 do not bind to the ATP binding site
but into an alternative pocket generated when Phe169 is flipped
out the ATP binding site.16,17The recently developed compound
13 (see Figure 2) has been found to inhibit the production of
TNF-R and IL-1â through inhibition of p38.18 Specifically, it
showed an IC50 of 161 nM in an enzyme inhibition assay,19

which suggests that it can be a lead compound for development
of a new family of inhibitors. Compound13 belongs to the
pyridinyl-heterocycle group, but it has a unique pseudosym-
metrical structure that complicates the determination of the
binding mode, since both rings A and B (see Figure 2) could in

Figure 1. Schematic representation of several known inhibitors of p38R MAPK.

Figure 2. Representation of the four possible binding modes of
compound13corresponding to the two possible tautomers (N1-H (left)
and N2-H (right)) and the two pseudosymmetric arrangements due to
180° rotation around the pyridine-pyrazolopyridine axis (top A, and
bottom, B). For the sake of clarity, the central core of the molecule is
marked in all cases. Key residues defining the binding pocket are
displayed as reference. The numbering scheme for the bicycle nitrogens
is also displayed (N1, N2, and N7).
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principle be fitted in the hydrophobic pocket allowing the
formation of the crucial pyridine-methionine hydrogen bond.
Furthermore, the pyrazolopyridine could offer two distinct
patterns of recognition depending on the tautomeric state of the
inhibitor, leading to at least four possible recognition modes
for the compound. This multiplicity of possible degenerated
binding modes makes the determination of the real anchoring
pattern especially complex and challenging.

In this paper we will systematically investigate the recognition
properties of the ATP binding site using a large variety of
techniques and making special emphasis on the characteristics
of the binding site that can be used to increase binding and
selectivity in front of other kinases. We will also analyze in
detail using state of the art simulation techniques20-22 the
different binding modes for the pseudosymmetric pyridinyl-
heterocycle derivatives. We show how once the correct binding
mode is determined, quantitative prediction of binding affinities
in series of related compounds can be made.

Methods

Molecular Dynamics. The structure of p38R was taken from
PDB entry 1A9U, in which the enzyme forms a complex with
inhibitor 1. After removal of this inhibitor, the two tautomeric forms
of compound13 (N1H and N2H) were docked using the appropriate
modules of our CMIP program23 in both A and B (see Figure 2)
binding orientations. Docking solutions which do not respect the
hydrogen bond with Met109 or do not yield to a proper position of
the fluorophenyl group were rejected, and the scored solutions (one
for each four different binding modes: A-N1H, A-N2H, B-N1H,
and B-N2H) were refined manually trying to increase favorable
protein-drug interaction. The second step in the setup of the
molecular dynamics (MD) simulation was the placement of
counterions, a process crucial to obtain a stable trajectory in proteins
showing high density of charges. For this purpose we used the
titration module of the CMIP program23 to add Na+ and Cl- until
no singularities in the electrostatic potential were found (this implied
adding 24 Na+ and 15 Cl-). The resulting neutral system was then
hydrated by a water cap centered at the OD1 atom of Asn 155,
having a radius of 42 Å, ensuring that the whole enzyme was
engulfed in solvent. The hydration protocol followed here, quite
common in this type of studies, strongly reduces the cost of the
simulation without any significant impact on quality, since the
process of interest is localized in a small region of the protein.
The resulting systems had a total of 8100 residues and around
30 000 atoms.

Parm-98 and TIP3P force fields24,25 were used to describe
interactions for the protein residues, ions, and waters. In order to
derive atomic charges for drugs studied here the RESP26 procedure
was used with HF/6-31G(d) wavefunctions obtained considering
AM127 optimized geometries. Optimal bond lengths and angles were
taken from the AM1 optimized structures, while stretching and
bending force constants were transferred from the Parm-98 force
field. Torsional parameters defining the rotations between the central
pyrazolopyridine and the external aromatic rings were parameterized
using the PAPQMD procedure28 from AM1 torsional profiles. The
quality of the fitted torsional parameters was verified by comparison
with HF/6-31G(d) calculations in selected points of the profiles.
All the force field parameters developed here are available upon
request to the authors.

The different starting models were first optimized in a sequential
process, followed by a thermalization and equilibration protocol.29

Once they were equilibrated trajectories were followed for 2 ns
keeping mobile all water, counterions, the inhibitor, and all residues
lining the ATP binding site (group1: residues 27-89, 102-120,
129-190, 193-194, 200-202, 204-209, 211-213, 215-216, 221,
228, and 318-331). This defines a mobile region expanding around
26 Å from the inhibitor binding site. All bond lengths were kept at
equilibrium distances using SHAKE,30 which allowed us to use a

2 fs time step for the integration of Newton’s equations. A 12 Å
cutoff was used to truncate nonbonded interactions. Simulations
were carried out in the isothermic ensemble (T ) 300 K). The use
of restraints to avoid evaporation of solvent particles guarantees
that after equilibration, the collected ensemble will not be far from
the NVT one.

Some of the MD simulations sampled unstable binding modes
(see below), making impossible the determination of average
complexes, while others suggested the existence of stable recogni-
tion patterns. In the latter case, MD-averaged structures were
determined by restricted minimization of the Cartesian average of
snapshots collected in the last 0.5 ns of the trajectories.

Free Energy Calculations. Thermodynamic integration (TI)
calculations were carried out to determine the difference in binding
free energy between two related inhibitors. Following standard
thermodynamic cycles, the mutation between inhibitors was
performed by using 41 windows both in the complex with the
protein and in water. Each window consisted of 5 (or 10) ps of
equilibration followed by 5 (or 10) ps of averaging for a total of
410 (820) ps of MD simulation for each mutation both in the bound
(protein) or unbound (water) states. The mutations for the bound
state of the inhibitors were performed using the equilibrated
structures obtained at the end of the 2.0 ns MD simulation. The
mutations of the inhibitors in water were performed in cubic systems
containing the inhibitor and around a thousand waters, which were
previously equilibrated in the NPT ensemble (1 atm, 300 K) using
periodic boundary conditions, an integration step of 2 fs, SHAKE,
and a 12 Å residue-based cutoff. Technical details of the trajectories
used in TI calculations were identical to those used in MD
simulations (see above). Final free energy values and their
associated standard errors were obtained by averaging the results
for the first and second halves of the 410 and 820 ps simulations
(i.e., each value reported here is based on four independent free
energy estimates). Intramolecular contributions to free energy were
explicitly introduced in both protein and solvent calculations and
were then corrected using simulations in the gas phase.

Quantum Mechanical Calculations. Compounds based on
molecule13had different tautomeric possibilities which might yield
to different binding modes. In order to determine which is the major
tautomer we first computed the relative gas-phase stabilities of
compound13 and also of unsubstituted pyrazolopyridine using ab
initio theory,31,32at a high level (basis set up to 6-311++G(d) and
correlation up to MP4 level; for details see ref 31) which is known
to reproduce quantitatively the tautomeric population of these
molecules.33,34 Solvation effects were introduced from gas-phase
optimized geometries using our water35 optimized MST version of
the PCM model36 with all standard parameters. All ab initio
calculations were performed using Gaussian 9837 and Monster-
Gauss38 computer programs.

Active Site Characterization.We first determined key residues
for inhibitor binding by computing the interaction energies between
the inhibitors and the entire protein. For this purpose we deter-
mined39,40atom-atom Lennard-Jones and Mehler-Solmayer elec-
trostatic interactions41 along the last 0.5 ns of the respective MD
trajectories. Atomic interactions were then integrated into residues.

Classical molecular interactions (CMIP23) were used to charac-
terize the three-dimensional recognition properties of the binding
site of p38R MAPK and to compare it with that of other related
enzymes. CMIP is a GRID-type calculation, where the (Poisson-
Boltzmann) electrostatic and Lennard-Jones interaction energy of
the protein with a probe placed in all the positions of a cubic grid
centered in the region of interest is computed. To fully characterize
the site we considered two charged (O(q ) +1e-), O(q ) -1e-)
probes, a neutral one O(q ) 0), and a dehydration particle.42,43 In
order to capture the impact of protein flexibility in the definition
of binding site recognition properties, CMIP calculations were
performed using ensembles of 100 structures collected from the
last 1 ns of the trajectory of the protein bound to compound13 (in
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its more favorable tautomeric form and binding mode; see below),
which were Boltzmann-weighted as shown in eq 1

where (s) stands for each of theN structures taken from the
trajectory and the indexes vW and ele refer to van der Waals and
electrostatic interactions, respectively. The Boltzmann-weighted van
der Waals and electrostatic contributions are computed as shown
in eqs 2 and 3.

EXTEND-CMIP calculations were also used to determine the
regions of possible functionalization of compound13 to improve
binding. For this purpose the CMIP energies between the protein-
drug complex (only the active binding mode for the most stable
tautomer was considered; see below) and probe particles (neutral
carbon and oxygens with+0.1 and-0.1 e charge) were computed
as noted above in the presence of inhibitor. To avoid artifactual
probe-inhibitor interactions, the charges in the latter were an-
nihilated and the van der Waals radii were scaled by 0.5 to allow
the placement of the probe in regions where covalent ligation to
the inhibitor is possible.

Comparison with Other Kinases.CMIP calculations were also
used to find structural differences between p38R MAPK and other
kinases, which could be used to obtain specificity in binding.
Comparison was first made with closely related kinases like MAPK
p38γ MAPK (60% identity), JNK3 (40% identity), and ERK2 (45%
identity). In a second step we introduced in the comparison other
kinases which do not belong to the MAPK family and have low
homology to p38R MAPK. These included CDK2 (33% identity),
GSK3 (26% identity), and cAMP-dependent kinase (25%). CMIP
calculations were performed using in all cases the crystal structures
of the different enzymes deposited in the PDB44 and a steric probe
(a neutral oxygen). Structures for p38R MAPK, ERK, GSK3, and
cAMP-dependent kinase were solved in the absence of ligand, the
structures of JNK3 and p38γ MAPK contained an ATP analog at
the binding site, and the structure of CDK2 was solved in the
presence of an inhibitor (non-ATP analog). In all the cases CMIPs
were aligned using the common conserved residues of the ATP
binding site.

Results and Discussion

General Binding Site Characterization.The p38R MAPK
ATP binding site is located between the largeR-rich and the
small â-rich domains. The bottom of the binding site cavity is
defined by the hinge region connecting the small and large
domains. A conserved and very flexible Gly-rich loop, pertaining
to theâ-rich domain, partially covers the cavity removing water
from the region where the adenine of ATP is recognized. Most
p38R MAPK inhibitors bind to the adenine subpocket, whose
walls are defined by a series of very apolar residues located in
the â-rich domain: Val30, Val38, Ala51, Ile84, Leu86, Leu104,
Thr106 (the “gatekeeper” residue at the hinge segment), Leu108,
Met109. Residues at theR-rich domain are important for the
phosphate and ribose recognition, but in general they do not
establish many direct interactions with inhibitors bound to the
adenine subpocket (see Figure 3 panel A).

The large number of apolar residues at the adenine subpocket
defines a very hydrophobic recognition site, where the removal
of water upon inhibitor binding should be easy (see Figure 3
panel B, white arrow). On the contrary, the existence of polar
residues at the ribose and especially at the phosphate binding
subpockets generates regions of strong solvation in these parts
of the ATP binding site (see Figure 3, panel B, yellow and
orange arrows), where water removal should have a large
energetic penalty. This large asymmetry in polarity defines a
quite unique recognition site, which should avoid the anchorage
of most undesired ligands.

Since the vast majority of p38R MAPK inhibitors target the
ATP binding site, which is largely conserved in different kinases,
specificity is a major issue in the development of p38R MAPK
inhibitors. CMIP calculations (neutral oxygen as probe) show
that, despite the general similarity between the different ATP
binding sites, important differences are detected among the
kinases analyzed (see Figure 4). Thus, clear differences arise
from the fact that p38R MAPK has a wider separation between
the Gly-rich loop and the hinge than the other kinases considered
in the study. Note that this difference exists not only when the
apo form of p38R MAPK is compared with the holo forms of
JNK3 and p38γ MAPK, but also for the apo form of other
proteins like ERK, GSK3, and cAMP-dependent kinase (see
Figure 4) indicating that the differences do not arise from a
ligand-induced conformational change at the binding site. In
any case, the opening of the gorge between the Gly-rich loop
and the hinge and a slightly different orientation of Met109 in

MIPi,j,k ) Ei,j,k
vW + ∑

s)1

N

úi,j,k
S Ei,j,k

ele (s) (1)

Ei,j,k
vW ) -RT ln N-1∑

s)1

N

exp(-Ei,j,k
vW(s)/RT) (2)

úi,j,k
S )

exp(-Ei,j,k
vW(s)/RT)

∑
s)1

N

exp(-Ei,j,k
vW(s)/RT)
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Figure 3. (A) Details of the binding site for compounds1 (from PDB
entry 1A9U in red) and2 (from PDB entry 1BL7 in cyan). (B) SEDO
solvation profiles (yellow 0.1 kcal/mol) and magenta (-3.5 kcal/mol).
Arrows indicate the adenine subpocket (white), ribose subpocket
(yellow), and phosphate subpocket (orange). As a reference, compound
13 in its suggested binding mode is shown in panel B.
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p38R MAPK and the homologous residues in other kinases
generates a differential binding spot for apolar groups in all
studied kinases but p38R MAPK, where this position is more
solvent-exposed (see white contour marked with an orange
arrow in Figure 4). Finally, CMIP contours show the existence
of some differences between p38R MAPK and the other kinases
around Tyr35 (see white arrow in Figure 4) which are related to
the conformation of the side chain of the residue placed at that
position. However, MD simulations (see below) showed that
this is a very flexible region and that (at least in the absence of
the secondary substrate) the side chain at position 35 can adopt
many conformations opening or closing the pocket.

Another differential region between p38R MAPK and the
other kinases studied is located around position 106 (the amino
acid termed as “gatekeeper”). When Thr is present at that
position (p38R MAPK) the protein can accommodate a small
aromatic residue in this pocket, but when bulkier groups like
Met or Gln are present (like in JNK and ERK), this pocket is
collapsed and no aromatic residue can be fitted there (yellow
arrows panel A and B Figure 4).8,11 Clearly this, and the other
differences in CMIP between p38R MAPK and related kinases,
might be exploited to design specific inhibitors, but caution is
needed, since chain rearrangements can open unexpected binding
pockets, as recently demonstrated in the crystal structure of
JNK3 bound to a derivative of compound1.45

Determination of Binding/Tautomeric Mode for Com-
pound 13.Virtually all pyridinyl heterocycles reported so far
with a bicyclic core are of the type 5+ 611 (see for instance
compounds5 and6), where the 1-aryl-2-pyridinyl groups branch
from the five-membered ring of the bicycle. Compound13
represents a new 6+ 5 scaffold whose binding mode is
unknown. In the lack of X-ray data, modeling is the only
approach available for determining the three-dimensional model
of interaction of the ligand with the protein. Unfortunately, as

noted above, modeling is handicapped by (i) the possible
tautomerism of the compound and (ii) its pseudosymmetry,
which allows the docking of the molecule with different
orientations. Thus, our first step toward the characterization of
the binding mode of compound13 was the analysis of its
intrinsic tautomeric properties. For this purpose we performed
a high-level ab initio study (see Methods) of the N1H/N2H
tautomerism in the pyrazolopyridine group. As a model
compound we considered the unsubstituted pyrazolopyridine
(see Methods and Figure 2) group, finding a dramatic difference
(7.6 kcal/mol) in stability between the major (N1H) and the
minor (N2H) tautomer in the gas phase (see Table S1 in the
Supporting Information). Comparison of different ab initio
estimates (see Table S1) and our previous experience with
similar systems33,34,46,47strongly suggest that this value is well
converged and should be within a few tenths of a kcal/mol from
the real one. Solvation reduces the difference in stability between
the two tautomers, but the computed difference of stability (2.8
kcal/mol; see Table S1) is large enough to fully guarantee that
the N1H is the major tautomer of pyrazolopyridine in water.
Calculations repeated using similar techniques (see Methods)
with compound 13 provided a picture of the tautomeric
equilibrium of the compound close to that of the unsubstituted
pyrazolopyridine (see Table S1), the N1H tautomer being the
only one detectable in the gas phase (difference of 7.9 kcal/
mol to N2H) and the major one in water (difference around
3-4 kcal/mol). The high level of calculation used, the conver-
gence in the results, the similarity with the values obtained using
the model system, and our previous experience with related
systems allow us to be very confident on the accuracy of these
estimates.

Two possible binding modes (A and B; see Figure 2) can be
found in docking experiments (see Methods) for the two
tautomers of compound13. Both binding modes lead to almost

Figure 4. Representation of the-1.5 kcal/mol contour of CMIP (neutral oxygen as probe) for p38R MAPK (red) compared with (A) other
MAPKs (white) and (B) related kinases not pertaining to the MAPK family (white). The superposed backbones of the kinases are shown as reference.
Detail of the separation between the Gly-rich loop and the hinge in p38R MAPK and two representative kinases are shown in panels C (JNK, a
MAPK with 40% identity to p38R MAPK) and D (GSK3, a non-mitogen-activated kinase sharing 33% identity to p38R MAPK). The ribbon of
p38R MAPK is shown in green and the other kinases in panels C and D in magenta. In all cases the proposed bound model of compound13 and
the backbones of the superposed proteins are shown as reference. Color arrows are displayed to help discussion in the text.
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identical drug-protein interactions in all the molecules except
in the pyrazolopyridine moiety. For binding mode A the
pyrazolo ring is pointing to the exterior of the protein, while in
binding mode B it is pointing toward Lys53. Inspection of
previous compounds known to be active does not provide a clue
on the real binding mode, since compounds like6 seem to
support binding mode B, while compounds1 or 5 apparently
agree better with binding mode A. Thus, in order to determine
the preferred binding mode we performed 2 ns MD simulations
for the binding modes A and B. Even after verifying that the
N1H tautomer appeared as the most stable one, we could not
discard the existence of strong protein interactions stabilizing
tautomer N2H. Thus, 4 simulations were performed combining
the two binding modes and the two tautomers (i.e., simulations
A-N1H, A-N2H, B-N1H, and B-N2H). Monitoring of the rmsd
of the drug from binding site, of the drug-protein interaction
energy, and of the key hydrogen bond between the pyridine
nitrogen and the amino group of Met109 clearly favors (see
Figures 2 and 5) binding mode A (for either tautomeric form).
Our results strongly suggest that binding mode B should not
play a major role in the binding of compound13 to p38R
MAPK. This hypothesis will be further confirmed by additional
MD/TI calculations (see below) on compound13 derivatives.

Assuming that the important binding mode is A, we still need
to verify whether or not the protein shifts (from N1H to N2H)
the tautomeric preference of compound13 in its environment.
Inspection of trajectories A-N1H and A-N2H does not help us
to determine which tautomer is favored by the protein, since
both trajectories appear stable. Thus, we performed free energy
simulations where the N1H tautomer was mutated to the N2H
one and vice versa. After repeating these mutations several times
(see Methods) we arrived to a converged value for the “protein
solvation effect” of 4.6( 0.3 kcal/mol (see Figure 6). This value
is not far from that obtained for unspecific water solvation of
compound13 (Table S1), which apparently disagrees with the
fact that the N2H tautomer points the two lone pairs (those of
N7 and N1) toward Lys53 as compared to only one lone pair
(that of N7) for the N1H tautomer. However, a detailed analysis

of the trajectories helps us rationalize the MD/TI results since
(i) the expected N1sLys53 hydrogen bond (for the N2H
tautomer) seems quite weak during the dynamics and (ii) a key
water molecule bridging Lys53 and N1H atom (see Figure 7) is
found during 100% of the simulation time for the N1H tautomer.
Thus, the special plasticity of the binding site and its partial
exposure to solvent explains why the enzyme tolerates either
hydrogen-bond donors or acceptors at the N7 position. This
counterintuitive finding is supported by inspection of monocyclic
compounds1 and3, both very active, and where the position
equivalent to N7 can be occupied by either a hydrogen-bond
donor or acceptor without major impact in binding affinity.

In any case, the “protein solvation effect” is unable to revert
the intrinsic tautomeric preference of this molecule, and
accordingly compound13 is bound in the N1H form (the
difference of around 3 kcal/mol (Figure 6) guarantees that the
role played by the N2H tautomer is negligible). It is worth noting
at this point the importance of calculating intrinsic (in vacuo)
properties of ligands and not assuming that they are plastic
entities which fully adapt their conformations or topologies to
the protein architecture. The bioactive conformation/topology
of a ligand is a subtle balance of its intrinsic properties in the
gas phase and the stabilizing effect of the protein environment.

Characterization of the Binding Mode for Compound 13.
After the 2 ns MD relaxation, compound13 (in binding mode
A and N1H tautomeric form) is placed at the ATP binding site
as described above, fitting at one position that is close to that
found after the docking experiments (see Figure 7). The
molecule makes strong favorable interactions with many residues
of the protein, and no unfavorable interactions are found (Figure
8), supporting the suggested binding mode and explaining the
good inhibitory profile of this molecule. In addition to direct
drug-protein interactions there are also some drug-water
interactions involving the pyrazolo nitrogen atoms. One of these
water molecules bridging N1H and Lys53 (see the discussion
above and Figure 7) is expected to be crucial for stabilizing the
pyrazolo ring, precluding the possibility of substituting the N1
group with apolar compounds.

Figure 5. Different indicators of the two binding modes (A and B) for the two tautomeric forms (N1H and N2H). Here, rmsd refers to the root
mean square deviation (in angstrom) of the drug with respect to the starting docking position. Distance refers to the separation (in angstrom)
between the pyridine nitrogen of compound13 and the amide nitrogen of Met109. Finally, interaction energies refers to electrostatic+ van der
Waals drug-protein interactions (in kcal/mol) computed as described in Methods. Blue, B-N2H; red, A-N2H; black, B-N1H; green, A-N1H.
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Interestingly, the drug-protein interaction is dominated by
van der Waals interaction, and in fact only two groups display
sizable electrostatic interactions with the drug: Lys53 which (in
addition to the water-mediated bridge to N1H) makes a favorable
electrostatic interaction with N7 (average distance N(Lys)-N7
around 3.8 Å) and Met109, which is hydrogen bonded (NH-
(Met)-N(Pyr) around 3.0 Å to the drug throughout the
trajectory. Around 12 residues of the protein make sizable van
der Waals interactions with the drug, mostly with the aromatic
rings attached to the pyrazolopyridine core. Very surprisingly,
the strongest van der Waals drug-protein interaction is found
with Lys53, whose aliphatic side chain stacks on top of the

A-ring (the stability of this type of interaction has been largely
discussed in previous works),48 showing a versatility of Lys
residues to establish both polar interactions (via the NH3

+ group)
and apolar interactions (by means of the (CH2)4 side chain).
Other important van der Waals interactions between the drug
and the protein are made by apolar residues including Val30

(interacting with B-ring), Val38 (interacting with the pyrazol-
opyridine and A-rings), Ala51 (interacting with A-ring), Tyr35

(which stacks with the pyrazolo group), Met109 (interacting with
the pyridine moiety), and Thr106 (interacting with both A and
pyridine rings). As a result of these interactions the three
aromatic groups are very tightly bound to the enzyme. Manipu-

Figure 6. Tautomerization free energies for compound13 in three different environments. A positive sign means that the N1H tautomer is favored.
Numbers in italics correspond to the solvation effect (in water or in the protein). When both MST and MD/TI values are available, the range of
values is shown. All values are in kcal/mol.

Figure 7. Detail of the optimum binding mode for compound13 derived from MD simulations (see text). Key interactions, including a water
bridge between the drug and Lys53, are shown.

Recognition Properties of p38 MAP Kinase Journal of Medicinal Chemistry, 2007, Vol. 50, No. 2289



lation of these aromatic rings should be done with extreme
caution to avoid the generation of molecules which cannot adopt
the bioactive conformation.

Compound13 occupies most of the binding site with the
aromatic groups well fitted in mostly hydrophobic pockets,
explaining then its good inhibitory properties. Calculations using
EXTEND-CMIP methodology (see Methods) considering a
neutral probe show that there are no major unfilled pockets near
the inhibitor (Figure 9). The only small cavities found appear
at the meta/para positions of the A-ring and the meta position
of the B-ring (see Figure 9). Interestingly, when the charge of
the probe used in the CMIP-EXTEND calculations is shifted
from neutral to positive value (see Figure 9, gray and cyan
contours) the contour on meta/para-ring A diminishes, while
there appears a stronger contour of favorable interaction on
meta-ring B. On the contrary, when the charge is shifted from
neutral to negative values (see Figure 9, gray and red contours)
the contour on meta/para-ring A increases, implying a stronger
interaction. Thus, our analysis suggests that slightly electrone-
gative groups should be fit better in meta/para positions of ring
A, while slightly electropositive groups appear advisable for
the meta position of ring B. Preliminary experimental results
obtained in our laboratory (data not shown) demonstrated that
introduction of CF3 at position meta of ring A and CH3 at the
same position of ring B leads to an approximately 3-fold increase
in the inhibitory potency over compound13 giving qualitative
support to the binding mode proposed in Figures 7 and 9. There
are no direct site-directed mutagenesis experiments on p38R
MAPK bound to compound13 to support our model, but
different studies have shown that mutation of Thr106by a bulkier
substituent, which removes the binding pocket for ring A, avoids
the binding of diarylheterocycles.49 Additionally, the key role
of Lys53 in the binding of compound1 derivatives emerging

from our simulations has also been confirmed by site-directed
mutagenesis experiments.50

As an additional, more quantitative test of the proposed
binding mode, we decided to study its ability to describe
differential inhibitory properties for derivatives of compound
13 synthesized and analyzed experimentally. For this purpose
we computed theoretically (MD/TI) the change in binding free
energy upon replacement of compound13 by related analogs
(see Figure 10 and graph S1 of the Supporting Information)
assuming binding mode (A-N1H) and compared the estimates
with the experimental values51 Results summarized in Figure
10 show an excellent overall agreement between calculated and
experimental measures, giving full support to the binding mode
proposed. Thus, methylation at position N2, which will force a
lone pair to exist at position N1, favors binding both in MD/TI
calculations and experimentally (see Figure 10, compound15).
Analysis of the binding mode makes clear that this is due to
the expected favorable electrostatic interaction between the lone
pair at N1 and Lys53 and possibly to the release of the water
bridging N1H and Lys53. Substitution of the para F group of
ring B by a hydroxyl does not have a major impact on binding
(see Figure 10, compound19), which is logical considering that
this is a mostly solvent-exposed position (see Figure 7).
Introduction of a Me- or Cl- group at position C3 of the
pyrazolo ring (compounds14 and17) is in general disfavored,
which can be expected considering the steric clashes between
ring B and the C3-substituent and the fact that, according to
the model, this substituent should point to the exterior of the
protein and not to a hydrophobic pocket. In summary, the
agreement between predicted and experimental∆∆G of binding
between compound13 and its derivatives strongly support the
binding mode proposed, which seems to have predictive power

Figure 8. Interaction profiles (see Methods) in kcal/mol for the different residues of p38R MAPK and compound13. Key residues for binding are
noted in the figure.
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to design new derivatives and underscore the reliability of MD/
TI calculations in the prediction of relative free energies of
binding.

A final feature worthy of mention for compound13 is the
placement of ring B (Figure 7). This area is pointing away from
the protein and into solvent, and when exploited by rigid

substituents has traditionally been occupied by more polar
moieties such as a piperidine ring (compound 2, Figure 1),11,52

which interacts via a salt bridge with the conserved Asp168.52

It is quite interesting that p38 kinase can also accommodate a
very rigid and bulky hydrophobic substituent such as a phenyl
ring in the same position. This might have an impact on

Figure 9. EXTEND maps for compound13 bound to the binding site of p38R MAPK. Grey, cyan, and red contours correspond to neutral, positive
(+0.1), and negative (-0.1) charges, respectively. (Some of the amino acids lining the ATP binding site have been labeled on the top image in
order to help discussion in the text.)

Figure 10. Differential free energies of binding of derivatives of compound13. Black numbers refer to MD/TI estimates (typical standard errors
are around 0.1-0.2 kcal/mol), while red numbers state the experimental values.
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variables associated to lead optimization such as selectivity and
solubility. Because other kinases (see the above discussion) seem
to have a narrower, less open and less hydrophobic binding site
than p38, this phenyl ring might not always be tolerated in other
members of the family. Also, traditionally the solubilizing agents
for this class of p38 inhibitors have been placed elsewhere in
the molecule (for instance in the sulfonyl-phenyl part in the
case of compound1). The fact that the 4-hydroxy-substituted
phenyl (compound19, Figure 10) is nearly equipotent to
compound13 is indicative that this position can be altered in
search of new physicochemical properties without decreasing
potency.

Ultimately the profile of this novel pyridinyl heterocycle p38
MAP kinase inhibitor family will be defined and assessed as
more experimental data become available, but our theoretical
calculations have shed some light on how this new family of
compounds bind to p38 and have allowed us to compare their
molecular recognition with other members of the same class.
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