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Diaryl-heterocycle compounds were the first small-molecule
inhibitors targeting mitogen-activated protein (MAP) kin-
ases.[1] The diaryl heterocycle SB203580 binds in an adenosine
triphosphate (ATP) competitive manner to inactive and
active p38a MAP kinase with similar IC50 values.[2] A
dissociation constant (KD) of 11.5 nm was reported for the
inactive form.[3] Crystallographic studies showed that
SB203580 binds in the ATP-binding site of p38a. Similarly
to ATP, the pyridine nitrogen atom of SB203580 forms a
hydrogen bond to the backbone amide of Met109 from the
hinge region.[4] In contrast to the binding of ATP, the
positively charged side chain NH3

+ group of Lys53 forms a
hydrogen bond to the imidazole nitrogen atom of SB203580,
the fluorophenyl group is situated in the hydrophobic
pocket I, and the methylsulfinyl group contacts the phosphate
binding region below the glycine-rich loop while the linked
phenyl ring forms stacking interactions with Tyr35 in the
glycine-rich loop (Figure 1).[4,5]

In the crystal structure (PDB code: 1A9U), the interact-
ing residues are fully occupied with rather low B factors. This
clearly suggests the formation of a very rigid complex
between the inhibitor and the protein. Similar observations
are made for the crystal structures of several other small-
molecule inhibitor complexes of p38a as well as of the free
form of the protein.[5,6] The hinge region seems to be the most
important anchor point for diaryl-heterocycle kinase inhib-
itors and its sequence is very specific for each MAP kinase.[7]

To obtain a deeper insight into the effect of the conserved
pharmacophore of these inhibitors on the dynamics of their
interaction with inactive p38a in solution, we performed
NMR measurements on the prototypical SB203580/p38a

MAP kinase complex.[8]

To verify the assignment of the free form of p38a[9] and to
assign the p38a/SB203580 complex, we recorded a TROSY-
HNCA spectrum for triple-labeled samples. As reported
before,[10] only 75% of the expected resonances were
observable, probably because of intrinsic dynamic heteroge-
neity. About 70% of the observable resonances were assigned
for both forms. Comparison of the 1H–15N TROSY spectra of
p38a in its free and inhibitor-bound forms revealed chemical-
shift perturbation for a limited set of residues, all located near
the binding site of SB203580 in the crystal structure
(Figure 2), thereby confirming previous results.[10]

To detect potential conformational changes induced by
SB203580 bound to p38a in solution, we measured one-bond
1D1H–15N residual dipolar couplings (RDCs) for p38a in the free
and inhibitor-bound forms in a weakly oriented medium (with
20 mgmL�1 bacteriophage Pf1). The large size of p38a means
that the measurement of RDCs leads to large errors. Only
RDC values with an error lower than 5 Hz[11] were taken into
account; this resulted in an ensemble of 73 couplings for the
free form and 43 couplings for the inhibitor-bound form,
which exhibits more dynamic heterogeneity. Each set of
couplings was used to determine the alignment tensor by
using the singular-value decomposition approach with the

Figure 1. Structure of p38a in a complex with SB203580 (Protein Data
Bank (PDB) access code: 1A9U). SB203580, as well as residues
involved in the interaction, are represented as sticks; hydrogen bonds
are represented as blue dashed lines.
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PALES software.[12] Both sets were fitted to the crystal
structure of free p38a (PDB code: 1P38).[13] In both cases, the
RDC ensemble fits rather well to the crystal structure with
correlation coefficients of 0.94 and 0.92 (Q= 0.25 and Q=

0.31) for the free and inhibitor-bound forms, respectively (see
Table I in the Supporting Information). These values indicate
that the average overall conformations of p38a in solution, in
the free and inhibitor-bound forms, are very similar to the
conformation observed in the crystal (Figure 3).

However, for the free structure, the dipolar couplings of
Gly110 and Ala111, which were determined to be �5.9 and
19.6 Hz, respectively, had to be excluded to obtain the
excellent fit reported above. Removal of these two dipolar
couplings changed the Q value from 0.57 to 0.25, a result
indicating that the solution structure for this specific region of
the protein differs significantly from the crystal structure.
Indeed, the Gly110 and Ala111 residues would exhibit RDC
values of 21.6 and �16.9 Hz, respectively, if they had the local
conformation predicted in the 1P38 crystal structure. It has
been reported that, upon binding of particular inhibitors
(containing hydrogen-bond acceptors addressing the hinge
region), a peptide flip is induced in which the f,y angles of
Met109 and Gly110 are changed.[14] Fitting of our RDC data
with one of the crystal structures exhibiting the peptide flip
(PDB code: 1OVE) led to a surprisingly good correlation of
0.83. Interestingly, the RDC values predicted from the 1OVE
crystal structure for Gly110 and Ala111 (�7.6 and 22.9 Hz,
respectively) are very close to the experimental ones (�5.9
and 19.6 Hz, respectively). This observation indicates that, in
the free solution structure of p38a, both residues predom-
inantly adopt a conformation that differs from the crystal
structure of the free form but seems to be similar to the

conformation found in a subgroup of complex crystal
structures.[14]

Specific observation of resonances in the hinge region is
hampered by strong overlaps in the 1H–15N TROSY-HSQC
spectrum. To bypass this difficulty, we produced three samples
with sequentially labeled amino acid pairs in the hinge region,
13C15N His/15N Leu, 13C15N Leu/15N Met, and 13C15N Met/15N
Gly. 1H–15N TROSY-HSQC and 2D HNCO spectra were
recorded on these samples in the free and inhibitor-bound
forms. With this approach, most of the resonances of residues
from the inhibitor-binding regions were unambiguously
assigned for the p38a free form. Surprisingly, many of these
amide and methyl group resonances disappeared upon bind-
ing because of line broadening (Figure 4). This reveals that
these regions are undergoing motion on the intermediate-
exchange timescale (ms-to-ms timescale) in the presence of
the inhibitor. Affected regions are the glycine-rich loop
(Gly33 to Val38), parts of the hydrophobic pocket I (Ile84 to
Leu86), and the hinge region (Thr106 to Ala111). Thus, more
than one conformation of the p38a/SB203580 complex exists
in solution. This is in strong contrast to the rigid complex
observed in the crystal structure but still in agreement with
the low-resolution average binding mode derived in previous
NMR studies.[10]

Our NMR data show that the ATP-binding site of this
complex appears to be highly flexible after inhibitor binding,
in contrast to the seeming rigidity of the crystal structure. The

Figure 2. Mapping on the crystal structure of p38a/SB203580 (PDB
code: 1A9U) of residues (in blue) significantly affected upon inhibitor
binding to p38a in solution. Residues marked in red have resonances
that disappear after inhibitor binding.

Figure 3. 1D1H–15N residual dipolar couplings for p38a in its free and
inhibitor-bound forms. A) RDC ensemble of the p38a free form fitted
to the crystal structure (PDB code: 1P38) with a correlation factor of
0.94 (Q =0.25); B) RDC values of the inhibitor-bound form show a
correlation factor of 0.92 (Q =0.31).
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exact origin of the mobility in the p38a/SB203580 complex
remains unclear and will have to be investigated in more
detail in the future. The flexibility originates not from the
dipeptide flip of Gly110 and Ala111 between the crystal
structure and the solution structure of the free form
(described above), since these resonances are observed in
the bound structure in solution.

Several interesting questions arise: does the inhibitor,
according to its chemical nature, sample conformations of the
kinase preexisting in solution? Are these different conforma-
tions associated with different intrinsic flexibilities of the
binding regions or is the inhibitor itself undergoing dynamic
changes (for example, ring flipping)? In both cases, it is most
probable that, in addition to the structure observed in the
crystal, at least one additional conformation exists, with these
two (or more) conformations being in exchange on a micro- to
millisecond timescale. It could be a challenging goal to

investigate whether this dynamic behavior is a common
feature of p38a/inhibitor complexes or whether it is specific to
the SB203580 inhibitor. The determination of the additional
conformations would give important information concerning
efficient selectivity in drug design. Studies on other kinase/
inhibitor complexes are under way to explore whether these
results constitute a new paradigm for such complexes.

Experimental Section
Sample preparation: Single amino acid labeling and purification of
human p38a was carried out as published[15,16] with minor modifica-
tions. All samples were concentrated to 1 mm. Inhibitors were
prepared in [D6]dimethylsulfoxide ([D6]DMSO) at a concentration
of 50 mm and added to the protein sample in a 2:1 ratio.

NMR spectroscopy: NMR experiments were carried out at 298 K
on Bruker Avance spectrometers operating at 600 and 800 MHz and
equipped with z-gradient cryoprobes. All spectra were processed by
using the NMRPipe/NMRDraw[17] and Xwinnmr (Bruker) software.
Spectra were analyzed with the Sparky[18] and CARA[19] software. 1H,
15N, and 13C assignments of p38a were taken from the Biological
Magentic Resonance Bank (BMRB) entry bmr6468.[9] Backbone
amide resonances of the p38a/SB203580 complexes were assigned by
using 1H–15N TROSY-HSQC, TROSY-HNCA, TROSY-HNCO, and
1H–15N HSQC-NOESY spectra recorded on a triple-labeled sample
(2H, 13C, 15N) or on specifically labeled samples. RDC values were
measured on a double-labeled sample (2H, 15N) in a partially aligned
medium by using the bacteriophage Pf1 (Profos) at a concentration of
20 mgmL�1 at pH 6, thereby providing a splitting of 12.76 Hz for the
D2O signal. One-bond 1J1H–15N and residual 1D1H–15N couplings were
measured from 1H–15N HSQC and 1H–15N TROSY-HSQC spectra.
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