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ABSTRACT: Protein kinases c-Abl, b-Raf, and p38R are recognized as important targets for therapeutic
intervention. c-Abl and b-Raf aremajor targets ofmarketed oncology drugs Imatinib (Gleevec) and Sorafenib
(Nexavar), respectively, and BIRB-796 is a p38R inhibitor that reached Phase II clinical trials. A shared
feature of these drugs is the fact that they bind to the DFG-out forms of their kinase targets. Although the
discovery of this class of kinase inhibitors has increased the level of emphasis on the design of DFG-out
inhibitors, the structural determinants for their binding and stabilization of the DFG-out conformation
remain unclear. To improve our understanding of these determinants, we determined cocrystal structures of
Imatinib and Sorafenib with p38R. We also conducted a detailed analysis of Imatinib and Sorafenib binding
to p38R in comparison with BIRB-796, including binding kinetics, binding interactions, the solvent accessible
surface area (SASA) of the ligands, and stabilization of key structural elements of the protein upon ligand
binding. Our results yield an improved understanding of the structural requirements for stabilizing the DFG-
out form and a rationale for understanding the genesis of ligand selectivity among DFG-out inhibitors of
protein kinases.

Imatinib (Gleevec, STI-571, Novartis Pharma AG) (Figure 1)
is a therapeutic drug that is approved for the treatment of chronic
myelogeneous leukemia (CML) and gastrointestinal stromal
tumors (GST) (1, 2). Sorafenib (Nexavar, BAY-43006, Bayer
Pharma) is a therapeutic agent that is approved for the treatment
of advanced renal cell carcinomas (RCC) and nonresectable
hepatocellular carcinomas (HCC) (3, 4). Both drugs target pro-
tein kinases, and their clinical success has been largely attributed
to their ability to bind to an inactive conformation of their targets
inside cells (5). Binding of these compounds is associated with a
conformational change of the Asp-Phe-Gly (DFG)1 motif and
nearby activation loop (A-loop) of the protein kinase to the
“DFG-out state” (6). In this conformation, the protein is inactive
because binding of ATP is sterically excluded by a portion of the
DFGmotif and the arrangement of the catalytic groups is disrup-
ted. Hence, this mode of action is sometimes termed “allosteric
inhibition”, and the inhibitors are often termed “allosteric
inhibitors”.

Imatinib is a phenylaminopyrimidine compound that binds to
the nonphosphorylated c-Abl kinase domain. Imatinib has also

been shown to inhibit c-Kit and PDGR kinases (7) but not
known to bind or inhibit p38R kinase. X-ray crystallography has
revealed that Imatinib binds to c-Abl in an inactive DFG-out
conformation that is not compatible with substrate binding (5).
In this bindingmode, Imatinib adopts an extended configuration.
Interestingly, it was also shown that Imatinib binds to the highly
homologous c-Src kinase in the same conformation as to c-Abl
(8), even though Imatinibwas previously reported to bemarkedly
less inhibitory toward c-Src kinase activity (IC50 > 100 μM,
compared to 0.025-0.2 μM for c-Abl) (9). In another crystal
structure, it was shown that Imatinib binds to Syk kinase in a
different conformation of both protein and compound (10). In
this binding mode, the ligand undergoes a rotation around the
phenylamino linker between the pyrimidine and the phenyl ring
to form a “folded” configuration of the compound that then
binds to the DFG-in form of Syk. Since Imatinib has a signi-
ficantly different affinity for these two kinases (KD > 10 μM for
Syk compared to 0.012 μM against c-Abl) (11), it was proposed
that the preferred conformation of Imatinib with phosphorylated
c-Abl (against which it is less active) may be the same cis
conformation (10).

Sorafenib is a biaryl urea compound that targets all three
members of the Raf family of protein kinases (a-Raf, b-Raf, and
c-Raf), as well as PDGFR, VEGF 2/3, and c-Kit kinases (12). In
a situation similar to the mode of binding of Imatinib to c-Abl
kinase, Sorafenib binds to b-Raf and p38R in the DFG-out
conformation (6, 13).

‡The atomic coordinates and structure factors of p38R in complex
with Imatinib and Sorafenib have been deposited with the Protein Data
Bank as entries 3HEC and 3HEG, respectively.
*Towhomcorrespondence shouldbe addressed.E-mail: vnamboodiri@

ansarisbio.com. Phone: (215) 358-2012. Fax: (215) 358-2030.
1Abbreviations: MAPK, mitogen-activated protein kinase; DFG,

Asp-Phe-Gly in the activation loop; A-loop, activation loop; P-loop,
Gly-rich loop; SASA, solvent accessible surface area; SPR, surface
plasmon resonance; rmsd, root-mean-square deviation.
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p38R is one of four p38 isotypes that belong to the mitogen-
activated protein kinase (MAPK) family of Ser/Thr protein
kinases, which together with the extracellular signal-regulated
kinase (ERK) and c-JunN-terminal kinase (JNK) integrates and
processes various extracellular signals (14). It is one of the most
studied members of the p38 MAP kinase family and has been
characterized in great detail. Upon activation, it is doubly phos-
phorylated at residues Thr180 and Tyr182 in a TGY sequence in
the activation loop (15). Although there are approximately
90 crystal structures of the nonphosphorylated form of p38R
deposited in the Protein Data Bank (PDB), a crystal structure of
the dually phosphorylated form of p38R is not reported. How-
ever, the structure of the phosphorylated p38γ isoform has been
determined in complex with an ATP analogue (PDB entry
1CM8) (16).

A number of p38R inhibitors have progressed into clinical
trials for treatment of a variety of inflammatory diseases (17).
Most of these compounds bind to theDFG-in formof the protein
and are directly ATP competitive (18, 19). Members of another
class of inhibitors, exemplified by BIRB-796 and BI-1, bind to a
cryptic site adjacent to the ATP binding site (20, 21). BI-1 is an
N-pyrazole-N-aryl urea inhibitor of p38R with modest activity
which was subsequently refined to BIRB-796 as a potent p38R
inhibitor. The binding of this class of compounds requires a
conformational change of the activation loop to the DFG-out
state, similar to that observed for Imatinib in c-Abl and Sorafenib

in b-Raf. Both BI-1 and BIRB-796 were shown to have
unique binding properties characterized by slow on rates (kon)
and long off rates (koff) (20). The slow binding was explained
by the rate-determining requirement for a conformational
change in the DFG motif. BIRB-796 was shown to be a potent
inhibitor of LPS-stimulated TNFR production in vitro and in
vivo and subsequently entered the clinic but was later discon-
tinued (21).

Imatinib has been reported to be noninhibitory toward non-
activated p38R (KD g 10 μM) (11), suggesting that the inhibitor
either does not bind to the protein or binds in a folded confor-
mation as seen with Syk (10). Sorafenib, on the other hand, has
been shown to inhibit p38R (Table 1). Here, we report a novel
X-ray crystal structure of p38R in complex with Imatinib. We
also determined the cocrystal structure of p38a with Sorafenib in
a ligand conformation very distinct from a recently reported
structure (13). We compared our structures to published struc-
tures of Imatinib in complex with c-Abl, c-Kit, Lck, and c-Src
and Sorafenib in complexwith b-Raf to analyze differences in key
binding interactions, changes in buried solvent accessible surface
area (SASA) of the ligands, and stabilization of key structural
elements of the protein upon ligand binding.We also conducted a
functional analysis using surface plasmon resonance (SPR) to
determine the binding kinetics of Imatinib, Sorafenib, andBI-1 to
p38R kinase. Our results provide a basis for rationalizing the
properties of binding of compounds to p38R and insights into

FIGURE 1: Chemical structures of Imatinib, Sorafenib, BI-1, and BIRB-796.

Table 1: Crystallographic Diffraction and Refinement Statistics for p38R with Imatinib and Sorafenib

p38R-Imatinib p38R-Sorafenib

resolution (Å) 2.5 2.2

space group P212121 P212121
unit cell dimensions a = 65.0 Å, b = 74.0 Å, c = 74.5 Å,

R = 90�, β = 90�, γ = 90�
a = 65.5 Å, b = 74.2 Å, c = 77.8 Å,

R = 90�, β = 90�, γ = 90�
total no. of reflections 437317 205067

no. of unique reflections 14641 19920

overall completeness (last shell) (%) 99.9 (100.0) 99.6 (99.8)

Rmerge (last shell) (%) 7.7 (39.7) 8.6 (55.9)

I/σ(I) (last shell) 20.3 (3.9) 20.2 (2.1)

Rwork (%) 21.8 23.6

Rfree (%) 29.8 30.9

rmsd for covalent bond lengths (Å) 0.018 0.0016

rmsd for bond angles (deg) 1.91 1.71

average protein chain B factor (Å2) 38.98 42.16

average solvent B factor (Å2) 38.68 41.87

average B factor, other atoms (Å2) 48.11 30.99

average B factor, all atoms (Å2) 39.16 42.02
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structural requirements for the design of selective protein kinase
inhibitors targeting the DFG-out state.

MATERIALS AND METHODS

Protein Expression and Purification. The wild-type p38R
protein was expressed in Escherichia coli as described pre-
viously (22). For purification, the cell pellet was resuspended in
a lysis buffer containing 50mMTris (pH7.4), 500mMNaCl, and
10 mM imidazole and lysed using an EmulsiFlex-C5 homogeni-
zer (Avestin). The supernatant was applied to a Metal Chelate
Ni2þ XK 16 column (GE Healthcare, Piscataway, NJ), pre-
viously equilibrated with lysis buffer. Bound protein was eluted
with an imidazole gradient, and the p38R-containing fractions
were combined and dialyzed overnight at 4 �C against 50 mM
Tris (pH 7.4), 100 mM NaCl, and 1 mM DTT. A Mono Q HR
10/10 column equilibrated in 50mMTris (pH 7.4), 50 mMNaCl,
5% glycerol, 10 mM MgCl2, and 1 mM DTT was used subse-
quently to further purify the protein to homogeneity. Bound
protein was eluted with a linear NaCl gradient, and the pure
fractions were pooled and concentrated to ∼16 mg/mL, divided
into aliquots, flash-frozen in liquid nitrogen, and stored at-80 �C.
Protein Kinase Assay. The protein kinase activity of dually

phosphorylated p38R (Invitrogen, catalog number PV3304) was
determined by measuring the incorporation of 33P from
[γ-33P]ATP into the GST-ATF2 substrate as described pre-
viously (22). The reactions were conducted in a final volume of
50 μLof assay buffer containing 2.5Ci of [γ-33P]ATP, 10 μMcold
ATP, and 2 μMGST-ATF2. The ligands were preincubated with
p38R for 20 min at 30 �C, after which the reactions were initiated
by the addition of GST-ATF2 andATP. Samples were incubated
for 70 min at 30 �C before the reaction was stopped. The phos-
phorylated substrate was captured on a phosphocellulose 96-well
plate (Millipore MAPHNOB 10) and counted in a Beckmen-
Coulter LS6500 liquid scintillation counter. IC50 was defined as
the concentration of the test compound that caused a 50%
decrease in the maximal level of inhibition of p38R activity and
was calculated from replicate curves using GraphPad Prism.
SPR Biacore Binding Kinetics. Inhibitor binding kinetics

was determined using a BIAcore method as previously des-
cribed (23). Unphosphorylated p38R was immobilized to the
surface of the CM5 sensor chip by standard amine coupling via
exposed primary amines on the proteins in the presence of
saturating concentrations of SB-203580 (10 μM) or BI-1 (500
μM). Immobilization reactions were conducted at 25 �C in HBS-
EP buffer at a flow rate of 10 μL/min. Flow cells were activated
for 7 min via injection of 70 μL of a 1:1 mixture of 50 mM NHS
and 200mMEDC. A 50 μg/mL solution of p38R protein (50 μL)
was mixed with 10 μM SB-203580 in sodium acetate (pH 5.5)
and injected for 5 min. Subsequently, 35 μL of ethanolamine
was injected to block any remaining activated ester groups. SB-
203580 was readily removed from the immobilized p38R during
the postcoupling blocking and washing steps. Typical immo-
bilization levels ranged from 3000 to 6000 resonance units (RU).
Flow cells treated in the absence of p38R protein served as
reference surfaces.
Kinetic BiosensorDataAnalysis.All biosensor kinetic data

were processed using SCRUBBER (BioLogic Software Pty Ltd.)
before kinetic analysis according to the manufacturer’s instruc-
tions. In brief, the data were referenced by subtracting an
unmodified surface so that the binding responses collected over
the active surfaces were corrected for bulk refractive index
changes. Next, the association phase data were solvent corrected

to account for any signal fluctuation throughout the experiment
due to subtle DMSO concentration differences. Finally, the
response from an average of the blank injections was subtracted
to exclude any differences between the active and reference flow
cells resulting from systematic artifacts.
Determination of Crystal Structures. The p38R ligand

complexes were prepared by incubation of the pure protein with
the ligand at a molar ratio of 1:5 for∼1 h on ice (24). Sitting drops
were set up by mixing the complex with a reservoir solution
containing 10-20%PEG4000, 0.1Mcacodylic acid (pH6.0), and
50 mM n-octyl β-D-glucoside at 20 �C. Crystals could be obtained
only by seedingwith previously grown cocrystals of p38R. Imatinib
cocrystals appeared after ∼2 weeks, while Sorafenib cocrystals
appeared in ∼2 days. To determine the structure of the p38R-
Imatinib complex, we screened a large number of cocrystals for
X-ray diffraction. Of six data sets we collected, electron density for
the bound inhibitorwas visible in only one determined structure. In
contrast, of three data sets we collected for the p38R-Sorafenib
complex,we could see unambiguous electron density for the bound
inhibitor in all three structures. Overall, the p38R-Sorafenib
cocrystals were easier to grow and diffracted better in comparison
to the p38R-Imatinib cocrystals. The crystals were cryoprotected
in a solution containing the mother liquor and 25% ethylene
glycol. X-ray diffraction data were collected at 100 K, using an
ADSC Quantum 4 CCD detector at the X4A beamline of the
National Synchrotron Light Source (Brookhaven National La-
boratory, Upton, NY). The data were processed using HKL (25).
Both structures were determined by Molrep (26) using PDB entry
1ZYJ as the starting model. REFMAC (27) was used for refine-
ment and COOT (28) for model building. Figures were generated
using Pymol (DeLano Scientific).

RESULTS

X-ray Crystal Structures. Imatinib binds to p38R in the
interdomain cleft extending from the ATP binding site into the
allosteric pocket in a conformation similar to its bound form in
c-Abl, c-Kit, and c-Src kinases (5, 8, 30) (Figure 2B). In the ATP
binding site, Imatinib interacts with p38R via two hydrogen bonds
to the hinge (Figure 4A), the first through the pyrimidineNand the
backbone amino nitrogen of Met109 and the second through the
NH linker and Oγ-1 hydroxyl of Thr106. The amide nitrogen and
oxygen of the inhibitor form a hydrogen bond to the δ-carboxylate
oxygen of Glu71 and amino nitrogen of Asp168, respectively. The
piperazine group extends into the solvent but is still within the
protein cavity. The nitrogen of the piperazine ring is positioned
over two main chain carbonyl oxygens of Ile147 and His148. In
solution, the piperazine nitrogen may be protonated and form a
hydrogen bond to the carbonyl oxygens. A central water molecule
coordinates among the pyrimidine nitrogen of the inhibitor, the
ε-nitrogen of Lys53, and the Asp168 main chain carbonyl oxygen.
The central aryl ring occupies the allosteric pocket created by the
displacement of Phe169 of the DFG motif. The activation loop
beyond Gly170 and the P-loop were disordered in the electron
density maps and therefore could not be modeled.

Sorafenib binds to p38R in the DFG-out form with a ligand
conformation different from that reported by Simard et al. (PDB
entry 3GCS) (13). In our crystal structure, the pyridine nitrogen
and the ethyl picolinamide moiety in the hinge are within hydro-
gen bonding distance of the Met109 main chain (Figures 3B
and 4B). In PDB entry 3GCS, however, the trajectory of the
N-methyl-4-phenoxypicolinamide group is different. The pyridyl
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FIGURE 3: Crystal structure of p38R in complex with Sorafenib. (A) Overall fold of p38R kinase in complex with Sorafenib. The electron density
map (2Fo - Fc) contoured at 1σ is shown as blue mesh for Sorafenib. (B) Inhibitor binding site showing interactions of p38R with Sorafenib.

FIGURE 4: Comparison of p38R complexes with Imatinib and Sorafenib. (A) Close-up showing the Imatinib binding mode within p38R and
H-bond interactions. (B) Close-up showing the Sorafenib binding mode within p38R and H-bond interactions. (C) Superposition of both
structures showing the differences in the orientation of critical residues in the binding site. The Imatinib structure is colored cyan and Sorafenib
yellow. (D) Superposition of the p38R-Sorafneib complex determined by Simard et al. and our p38R-Sorafenib structure showing the difference
in the conformation of the terminal group near the hinge.

FIGURE 2: Crystal structure of the p38R-Imatinib complex. (A) Overall fold of p38R kinase in complex with Imatinib. The electron density map
(2Fo-Fc) contoured at 1σ is shownasbluemesh for Imatiniband thedetergent ( β-octyl glucoside). (B) Inhibitor binding site showing interactions
of p38R with Imatinib.
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nitrogen in the published structure is rotated and does not
interact with the hinge. Instead, the carbonyl moeity of the picoli-
namide is within hydrogen bonding distance of Met109
(Figure 4D). The Met109 side chain is also rotated out of the
inhibitor binding site in PDB entry 3GCS when compared to our
structure. The binding mode of Sorafenib seen in our crystal
structure ismore similar to its bound formwith b-Raf (PDBentry
1UWH) than with PDB entry 3GCS. All analysis of the
p38R-Sorafenib structure discussed in this paper refers to our
crystal structure.
Kinase Assay. The ability of Imatinib, Sorafenib, and BI-1 to

inhibit p38R activity in vitro was analyzed in an enzymatic
[33P]ATP kinase assay using ATF2 as the protein substrate.
The IC50 values for the three inhibitors span a 1000-fold range,
with Sorafenib being the most potent inhibitor among the three
with an IC50 of 0.057 μM (Table 2). BI-1 exhibited a significantly
lower potency (IC50 = 1.8 μM), and Imatinib was found to be
weakly inhibitory with an IC50 of 70 μM.
SPR Biacore Binding Affinity Studies. Using SPR, we

determined the association rate constant (ka), the dissociation
rate constant (kd), and the equilibrium binding constant (KD) of
Imatinib, Sorafenib, BIRB-796, and BI-1 with p38R (Table 2).
Imatinib had an on rate of 1.1 � 104 M-1 s-1 and off rate of
0.38 s-1, resulting in an overall lower binding affinity of 34 μM.
Sorafenib, on the other hand, had an on rate of 9.5� 104M-1 s-1

and an off rate of 0.018 s-1, resulting in a binding constant of
0.18 μM. BI-1 had an on rate of 5.8� 104M-1 s-1, an off rate of
0.062 s-1, and a binding affinity of 1.1 μM. BIRB-796 had an on
rate of 8.5� 104M-1 s-1 and an off rate of 8.3� 10-6 s-1 which
translated into a binding affinity of 0.001 μM.All four inhibitors
exhibited association rate constants (ka) within the same order of
magnitude. Dissociation rate constants (kd), however, varied by
several orders of magnitude, with BI-1, Sorafenib, and BIRB-796
showing progressively slower off rates reflecting the higher
stability of these complexes. In contrast, Imatinib binding is
characterized by an off rate that is 20 times faster than that of
Sorafenib, reflecting the poor stability of its complex with p38R.
Solvent Accessible Surface Area of Ligands. We gener-

ated protein ligand interaction diagrams using MOE (Chemical

Computing Group) (31) to determine the extent of the ligands
that are exposed to solvent in their respective structures.
We found that the two terminal groups in Imatinib (pyridine
group near the hinge and methylpiperazine group near the HRD
loop) and Sorafenib (ethylpicolinamide near the hinge and the
chlorophenyl group near the HRD loop) are exposed to solvent
to different extents in each of the structures (data not shown).
In the case of Imatinib, the methylpiperazine group is solvent-
exposed to a similar extent in p38R, c-Abl, c-Kit, Lck, and
c-Src (data not shown). However, the extent to which the
terminal pyrimidopyridine group follows the order c-Abl <
c-Kit < Lck < p38R < c-Src from least solvent exposed to
highest solvent exposed. In the case of Sorafenib, the terminal
methyl group attached to the picolinamide moiety is more
exposed in p38R than in b-Raf.

Using another script in MOE, we calculated SASA for the
bound ligands when they bind to their respective proteins, and
the results are listed in Table 3. Imatinib in the c-Abl and c-Kit
protein structures has only 35.4 and 41.2 Å2 of its surface area
exposed, respectively, the rest being buried inside the protein
structure. Imatinib, which is moderately active against Lck, has a
SASA value of 65.0 Å2. Interestingly, in p38R (SASA= 89.6 Å2)
and c-Src (SASA = 190.0 Å2), the values were substantially
higher. In the Sorafenib complexes, the SASA values for all three
structures were remarkably similar [44.8 Å2 for p38R, 49.9 Å2 for
b-Raf, and 49.2 Å2 for the b-Raf mutant (Table 3)]. BIRB-796
had a SASA value of 40.4 Å2, while BI-1 had a lower value of
25.8 Å2.
Buried Surface Area of Hydrophobic Residues upon

Ligand Binding. To investigate how binding of Imatinib,
Sorafenib, BI-1, and BIRB-796 affects the arrangement of
hydrophobic residues in the protein upon binding, we calculated
the percentage of all the hydrophobic protein residues lining the
inhibitor binding site that becomes exposed to solvent after
ligand binding. In the Imatinib structures, of the 13 hydrophobic
residues, three residues markedly differ in their extent of solvent
exposure in p38R when compared with c-Abl (Figure 5A). The
first residue is the equivalent Phe169 of p38R. It becomes more
exposed (22% buried) in p38R in comparison to c-Abl (Phe382)
and c-Kit (Phe811) where it is completely buried. InLck (Phe405)
and c-Src (Phe383), the residues are exposed to similar extents
(78% buried). The second residue is the equivalent Leu108 in
p38R. It is 32% buried in p38R in contrast to 72% in c-Abl
(Phe317). In c-Kit, Lck, and c-Src, the equivalent residue is polar
and is replaced with a tyrosine. The equivalent Val30 of p38R of
the P-loop is the third residue that is exposed to different extents.
In p38R, it is 42% buried compared to ∼80% in c-Abl (Leu248)
and c-Kit (Leu595). In c-Src, however, Leu273 is the most
exposed (24% buried).

Table 3: Calculated Solvent Accessible Surface Areas of Different Ligands in Their Protein Structuresa

Imatinib complexes Sorafenib complexes p38R complexes

IC50 (μM) SASA (Å2) IC50 (μM) SASA (Å2) IC50 (μM) SASA (Å2)

c-Abl (1IEP) 0.10 35.4 p38R 0.057 44.8 BI-1 (1KV1) 1.80 25.8

c-Kit (1T46) 0.40 41.2 b-Raf (1UWH) 0.40 49.9 BIRB-796 (1KV2) 0.018 40.4

LcK (2PLO) 1.0 65.0 b-Raf-V600E (1UWJ) 1.0 49.2 Sorafenib 0.057 44.8

p38R 70.0 89.4 Imatinib 70.0 89.4

c-Src (2OIQ) 100.0 191.0 Pyk2 (3FZS) 1.5 115.1

aInhibitors with lower SASA values appear in the first three rows, and inhibitors with higher SASA values appear in the last two rows.

Table 2: Summary of Enzymatic IC50 Values, Kinetic Rates, and Dis-

sociation Constants Determined by Surface Plasmon Resonance (Biacore)

for Inhibitors Binding to p38R Kinase

compound IC50 (μM) Kd (s
-1) Ka (M

-1 s-1) KD (μM)

BIRB-796 0.018 8.3� 10-6 8.5� 104 0.001

Sorafenib 0.057 0.018 9.5� 104 0.18

BI-1 1.8 0.062 5.8� 104 1.1

Imatinib 70.0 0.38 1.1� 104 34.0
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In the Sorafenib structures, the extent to which the three
equivalent hydrophobic residues discussed above are exposed
upon ligand binding is not significantly different (Figure 5B). The
equivalent residues (Phe169) in p38R and in both b-Raf struc-
tures (Phe594) are similarly exposed (∼35% buried). The equiva-
lent residue (Leu108) from the hinge in p38R is exposed to amuch
larger extent than Trp530 in b-Raf. In contrast, the equivalent
Val30 in p38R is less exposed than Ile462 of b-Raf.

DISCUSSION

We determined the crystal structures of p38R in complex with
Imatinib, as well as with Sorafenib, albeit with a different
conformation of the bound inhibitor as reported by Simard
et al. (13). A comparison of the two crystal structures reported in
this paper showed several significant differences in the inhibitor
binding site. First, the conformation of the carboxylate side chain
ofGlu71 is bidentate in the p38R-Sorafenib structure in contrast
to the unidentate conformation in the p38R-Imatinib structure

(Figure 4C). Although the effect of the different conformation of
Glu71 is not clear, it is possible that the bidentate carboxylate
oxygens form hydrogen bonds to both urea nitrogens of Sor-
afenib. Second, in the p38R-Sorafenib complex, the hingemoves
∼1.9 Å toward the binding site (Figure 6A). This might be due to
the presence of a glycine residue (Gly110), which imparts extra
flexibility to the hinge. Third, the peptide bond between Leu108
andMet109 rotates so that themethionine side chain forms a van
der Waals interaction with Phe169 (Figure 6B). Fourth, the
conformation of the “gatekeeper” residue Thr106 is different. In
the p38R-Imatinib structure, the hydroxyl group of Thr106
forms a hydrogen bondwith the amino linker between the phenyl
and pyrimidine ring.However, in the Sorafenib structure, the side
chain conformation of Thr106 undergoes a 180� rotation to face
away from the pocket. Lastly, the Phe169 side chain is rotated by
∼90� in both structures, resulting in different extents of aromatic
interactions with the pyridine ring of Sorafenib or the pyrimidine
ring of Imatinib. The conformation of Phe169 is such that its side

FIGURE 5: Extent of exposed hydrophobic residues within the ligand binding site of Imatinib- and Sorafenib-bound structures. (A) The
percentage of hydrophobic protein residues within the Imatinib binding pocket that become exposed upon ligand binding was calculated using a
script inMOE (Chemical ComputingGroup).Of the 13 hydrophobic residues in the binding site, three residues that differ significantly in terms of
the extent of solvent exposure are shown. The residues are part of the P-loop, hinge, and DFG loop, respectively. (B) Extent of exposed
hydrophobic residues within the ligand binding site of Sorafenib-bound structures. There are 12 hydrophobic residues comprising the ligand
binding site in the Sorafenib structures. The hinge residue (equivalent to Leu108 in p38R) is not part of the ligand binding site in these complexes.
The closest residue to the hinge (Leu104) is shown instead. There is not much difference in the extent of the three hydrophobic residues from the
P-loop and DFG loop, resulting in comparable binding affinities.

FIGURE 6: Conformational adjustments of the hinge region of p38R in the presence of Imatinib (cyan) and Sorafenib (yellow) structures. (A)
Superposition of both crystal structures showingmovement of the hinge (∼1.9 Å) in the Sorafenib structure. For the sake of clarity, only the hinge
residues fromThr106 toGly110 and the inhibitors are shown. (B)Rotation about the peptide bondbetweenLeu108 andMet109 results in the side
chain of Met109 facing the ATP binding site. As a result, Met109 forms a favorable van der Waals interaction with the Phe169 side chain.
Sorafenib is shown as a transparent surface, and the side chains of Met109 and Phe169 are shown as dotted surfaces.
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chain has a favorable edge-to-face interaction with Sorafenib,
while in the Imatinib structure, the interaction with the pyrimi-
dine ring of Imatinib is of a face-to-face nature (Figure 4C). In
general, an edge-to-face aromatic interaction is energetically
more favorable than a face-to-face aromatic interaction (32).

It is generally believed that ligand binding affinity is driven by
a combination of polar interactions and hydrophobic contacts
contributing ultimately to the overall stability of the complex in
solution. While polar interactions are mediated through highly
specific interactions such as hydrogen bonds and salt bridges,
hydrophobic interactions are largely dependent on the surface
area of contact between the ligand and the protein. To improve
our understanding of the differences in the binding affinity of the
inhibitors in spite of their similar binding modes versus diffe-
rent protein targets, we determined the extent to which the
inhibitor is buried within the protein cavity by (a) determining
the extent of the inhibitor exposed to solvent, (b) calculating
the solvent accessible surface area (SASA) of the ligand, and
(c) calculating the percentage of hydrophobic protein residues
within the binding pocket that become exposed upon ligand
binding.

The SASAvalues computed for Imatinibwere found to be 35.4
and 41.2 Å2 for c-Abl and c-Kit, respectively, indicating that
majority of the inhibitor is bound within the protein and has
thereforemore surface area to interact with the protein and hence
a higher affinity. The higher SASA values for p38R (89.6 Å2) and
c-Src (190.0 Å2) indicate smaller surface areas for interactionwith
the protein which correlates with their lower binding affinities
(Table 3). Imatinibwhich ismoderately active against Lck had an
intermediate SASA value of 65.0 Å2 and fell between the c-Abl/c-
Kit andp38R/c-Src pairs. In the Sorafenib structures, there are no
significant differences in SASA values of the ligand between p38R
and b-Raf (Table 3). Even though the SASA for BI-1 was smaller
than that for BIRB-796, the latter was more potent in p38R
inhibition. This can be explained by the fact that BI-1 does not
have the hinge interaction, and since it is smaller in comparison to
BIRB-796, the SASA per atom for BI-1 could be much higher
than for BIRB-796. A recent structure of BIRB-796 with the
Pyk2 kinase domain shows that it binds to the DFG-out form of
Pyk2 kinase (PDB entry 3FZS) (29). BIRB-796 has an IC50 of
1.5 μMagainst Pyk2 and is therefore∼100-fold less active than in
p38R. The SASA for BIRB-796 in the Pyk2 protein structure is
significantly larger (115.1 Å2). Overall, we have observed that
SASA values for the ligands tend to be lower in protein com-
plexes in which the ligands show more affinity and higher in
protein complexes in which they show lower affinity. It can be
used as an additional parameter to explain binding affinities
toward different protein targets.

In the ligand-free form, kinases adopt aDFG-in conformation
in which the phenylalanine residue is buried and is not solvent
accessible. The conformational change induced by allosteric
inhibitors exposes the phenylalanine residue to the solvent, which
is energetically unfavorable, resulting in a reduction in the
stability of the protein complex and ligand binding affinity. Part
of this energy loss is compensated by a gain in energy due to
ligand binding (22). The binding of Imatinib, Sorafenib, BI-1,
and BIRB-796 to p38R kinase was studied using surface plasmon
resonance. Comparison of kinetic parameters for Imatinib and
Sorafenib shows that the 200-fold difference in KD between
Imatinib and Sorafenib is derived largely from the faster dis-
sociation rate for Imatinib (∼20-fold) and to lesser extent from
the more rapid association rate for Sorafenib (∼8-fold). These

results indicate that Sorafenib has the lowest energy barrier for
binding to p38R and forms the most stable complex. Conversely,
Imatinib has both the highest energy barrier and lowest complex
stability.

The catalytic domains of protein kinases are highly conserved
across the kinome (33). Therefore, the design of potent kinase
inhibitors with a high degree of selectivity continues to be amajor
challenge for the pharmaceutical industry (34). A particular class
of inhibitor may often bind in a similar mode to different kinases,
and therefore, the basis for selectivity may not be obvious from
the analysis of only the bound structures. In this report, we have
shown that the mode of binding of Imatinib and Sorafenib in
p38R is similar to those of their respective kinase targets (c-Abl
and b-Raf) (5, 6).We have also shown that the kinetics of binding
of Imatinib to p38R are largely determined by a faster off rate
which distinguishes its binding kinetics from those of Sorafenib,
BI-1, and BIRB-796. Structural analysis of the protein inhibitor
complexes suggests that lower SASA values for ligands correlate
with higher binding affinities and higher SASA values with lower
binding affinities. Together, the findings in this report provide a
better structural understanding of allosteric inhibitors targeting
the DFG-out form of protein kinases and a basis for under-
standing ligand selectivity in protein kinases.
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