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The adenosine triphosphate (ATP) binding site of the p38
mitogen-activated protein kinase (MAPK) undergoes a large
conformational change during its catalytic cycle. Compounds
that target the active site, such as the pyridinyl-imidazole
SB203580 and 4-phenylaminodiarylketones,[1, 2] have been
shown to bind to p38 MAPK with a high affinity but a low
specificity as a result of the high conformational flexibility of
these compounds. Increasing the rigidity of small-molecule
inhibitors should, therefore, improve the specificity of binding
to p38 MAPK.[3] This led to the development of tricyclic
dibenzo[a,d]cycloheptenone and dibenzo[b,e]oxepinone
inhibitors,[3] which contain condensed ring systems that
stabilize the molecular geometry.

The crystal structure of p38a MAPK in complex with the
tricyclic inhibitor 2-(2-aminophenylamino)-10,11-dihydro-
dibenzo[a,d]cyclohepten-5-one[3] (1, Figure S1 in the Support-
ing Information) has been determined by Koeberle et al.[4] at
1.85 � resolution. Because crystal structures, especially of
kinase complexes, may not reflect the conformation of the
kinase in solution,[5] we used NMR spectroscopy to study the
binding mode of 1 to p38a in solution at ambient temperature.
We measured TROSY spectra of deuterated p38a in complex
with 1 (p38a–1, IC50 = 104 nm) and assigned 62% of the
detected resonances. The TROSY-HSQC spectrum of free

p38a has about 75 % of the expected signals, which confirms
previous studies.[5, 6] Comparison of the spectra of free p38a

and p38a–1 reveals chemical shift perturbations at the
binding site of the inhibitor. Compound 1 is located in the
hydrophobic back pocket and forms hydrogen bonds to the
hinge region.[4] Upon binding of 1, the resonances of most of
the amino acids that are involved in these contacts disappear
as a result of line broadening, which indicates that several
conformations are in intermediate exchange; the glycine-rich
loop is partly affected in the same way.

Figure 1A shows an overlay of the TROSY-HN(CO)
spectra of free p38a and p38a–1, which are sequentially
labeled with 13C and 15N-Leu/15N-Met (see also Figure S2 in
the Supporting Information). After the addition of 1, the
cross-peaks between Leu108–Met109 and Leu86–Leu87 are
no longer detected. TROSY-HSQC spectra with 13C and 15N-
His/15N-Leu-labeling give similar results (Figure 1 B). Upon
binding of 1, the signals from the hinge region that connects
the N lobe and the C lobe (His107, Leu108) as well as signals
from the hydrophobic pocket (Leu86, Leu87) disappear,
whereas amino acids that are distant from the binding pocket
(Leu164 and His142 in the C lobe and His80 in the N lobe)
have perturbed chemical shifts. From the disappearance of
the signals we conclude that the motion on the intermediate-
exchange timescale (ms–ms) is present in p38a–1 and is similar
to that in the p38a–SB203580 complex.[5] This is particularly
remarkable because SB203580 and 1 are structurally unre-
lated. Thus, the complex is more dynamic in the binding site
than the free kinase for both flexible SB203580 and rigid 1.

To characterize the solution structure of the kinase–
inhibitor complex, we measured 1H–15N residual dipolar
couplings (RDCs), which are sensitive probes of the orienta-
tion of the backbone. 58 RDCs that ranged from �40 to
+ 50 Hz with acceptable errors (< 5 Hz) were considered for
further analysis. We compared the RDCs of free p38a and
p38a–1 without reference to a structure (Figure S3 in the
Supporting Information) and found that many of the cou-
plings are very similar. This is an indication that the solution
structure of p38a–1 resembles the free form in large parts
(Figure S3 in the Supporting Information). The most prom-
inent discrepancies are found for Gly33 and Gly36 in the
glycine-rich loop (�34 and�26 Hz in the complex versus�9.1
and �0.3 Hz in the free form, respectively, Table 1). Compar-
ison of the N�H orientations derived from free and bound
p38a RDCs indicates that some of the N�H bonds rotate
during the formation of the complex. Among the residues for
which RDCs could be measured, Gly33 and Gly36, which are
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part of the glycine-rich loop, show the largest reorientations
(Figure S4 in the Supporting Information).

The fit between the crystal structure of free p38a (1P38)
and the RDCs of p38a–1 is relatively poor (correlation
coefficient (CC) = 0.87, Q-factor (Q) = 0.52). The fit was
improved by simultaneous refinement of 1P38 against the
RDCs and positional restraints that restrict the conforma-
tional sampling to the vicinity of the original structure. When

applying a relatively strong force, the fit becomes perfect
within a few refinement steps (CC = 1.0, Q = 0.03). The
largest structural changes occur in the glycine-rich loop and
indicate a loop-closure motion (Figure 2 and movie in the
Supporting Information).

To investigate if there is an inherent difference between
the crystal and solution structures in more detail, we back-
calculated the 58 couplings from the crystal structure of p38a–

1[4] and obtained a fit (CC = 0.787, Q = 0.557) that was even
worse than for the crystal structure of free p38a. However, an
analysis of 138 known p38a structures in the Protein Data
Bank (PDB) produced only slightly better fits, in which the
Q value never drops below 0.39 (Figure S5 in the Supporting
Information). Similar results were obtained when the aniso-
tropic parameters were fitted against crystal structures of
smaller globular proteins, such as ubiquitin.[7]

To test if the crystal structure of p38a–1 can be reconciled
with the NMR data, we refined the crystal structure of p38a–
1 against the dipolar couplings by using the ISD software
package.[8,9] As well as the RDC restraints, positional
restraints were introduced to mimic an R factor from the X-
ray crystal structure. Each positional restraint was weighted
by its inverse B factor to allow mobile atoms to move more
freely during refinement. Figure 3 A shows that the positional
restraint energy correlates strongly with the crystallographic
R factors (Rwork = 1.00, Rfree = 0.97). Joint refinement against
the positional and RDC restraints results in a hybrid structure
(PDB ID = 2lgc) that fits both the X-ray crystal structure and
the NMR spectra. Figure 3B shows the joint evolution of the
restraint energies in the first round of refinement. The initial
structure fits the NMR data well but has poor R factors (CC =

0.965, Q = 0.16, Rwork = 0.28, Rfree = 0.30). During refinement,
the X-ray energy improves initially, whereas the fit to the

Figure 1. A) Overlay of 2D HNCO spectra of free p38a (blue) and
p38a–1 (red). The samples are labeled with 13C and 15N-Leu/15N-Met.
B) Overlay of the 2D 1H-15N TROSY-HSQC spectra that were acquired
with selectively labeled 13C,15N-His/15N-Leu samples. Blue: p38a ; red:
p38a–1.

Figure 2. Ensemble that results from flexible fitting of 1P38 against the
dipolar couplings of p38a–1. The inhibitor (black) is shown in its
conformation in the crystal structure of p38a–1 from Ref. [4]. Red:
glycine-rich loop (residues 30–37); blue: hinge region (residues 106–
110); green: hydrophobic back pocket (residues 72–77 and 83–87);
orange: C lobe residues that have the largest difference between the
crystal and the hybrid structures of p38a–1 (residues 240–265, see
Figure 4A).

Table 1: Experimental RDCs for Gly33 and Gly36 in p38a and p38a–
1 and the back-calculated couplings (in Hz) for the structures of the
complex. The bottom rows shows Rwork and Rfree that are derived from the
NMR spectra and the X-ray crystal structure.

Exp.
p38a

Exp.
p38a–1

1P38 1P38
RDC
refined

p38a–1
crystal

p38a–1
hybrid
initial

p38a–1
hybrid
final

G33 �9.1 �34 �4.3 �33.2 �13.8 �27.4 �31.7
G36 �0.3 �26 11 �26.3 32.8 �20.7 �23
CC – – 0.87 0.999 0.787 0.965 0.995
Q – – 0.52 0.03 0.557 0.16 0.062
Rwork – – 0.48 0.5 0.177 0.28 0.225
Rfree – – 0.49 0.49 0.227 0.30 0.254
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couplings deteriorates, which is reflected in an increase in the
NMR restraint energy. After 100 iterations, the refinement
found a conformation that can be optimized jointly over both
energies (Figure 3 C). A second round of refinement based on
the NMR/X-ray data yielded a set of slightly different
structures with both favorable Q and R factors (Figure S6 in
the Supporting Information). The structure with best Rfree has
CC = 0.995, Q = 0.062, Rwork = 0.225, and Rfree = 0.254. Note
that for the initial structure, the quality factors that are
derived from both NMR and X-ray data were worse than for
the final hybrid structure (Table 1). The R values of the hybrid
structure are within the expected range (Figure S7 in the
Supporting Information). The RDC Q value of the final
hybrid structure is very low, whereas Rfree is slightly higher
relative to the crystal structure. By weighting the restraints
from the NMR spectra and the X-ray crystal structure
differently, Rfree was improved further, thereby shifting the
Q factor to more realistic values (see Figure S9 in the
Supporting Information), but this does not change the
structure significantly. The Ramachandran plot of both
structures is consistent (Figures S10–S15 in the Supporting
Information); the hybrid structure has a more regular
conformation, as indicated by the Procheck G factor. We
conclude that, despite minor differences, crystallographic and
RDC data can be explained with the same structure.

We compared the crystal structure of p38a–1 with the
hybrid NMR/X-ray structure to pinpoint possible differences.
The overall root mean square deviation (RMSD) between the
two structures is 0.22 � and 0.67 � for the a carbon atoms
and all non-hydrogen atoms, respectively. The core of both
structures is virtually identical, and the largest differences are
found in the C lobe (Figure 4A highlights the regions with the
largest differences), which is distant from where the inhibitor
binds. There is a good correlation (r = 0.84) between the
B factors and the local RMSD (Figure 4B) in the crystal and
hybrid structures of p38a–1. This is somewhat expected
because positional restraints are weighted by their inverse
B factors during refinement. Another interesting correlation
is noted for the difference between the measured and back-
calculated RDCs when compared between the crystal and the
hybrid structures (Figure S8 in the Supporting Information).
The correlation (r = 0.70) indicates that the mismatch

between experimental and
back-calculated couplings is
consistent across both struc-
tures, yet is scaled by more
than a factor of five. Among
the couplings that have the
largest mismatches are
Gly33 and Gly36 (Table 1
and Figure 4C). However
the remaining discrepancies
are negligible because they
drop from 20 and 58 Hz to
2.3 and 3 Hz, respectively,
during refinement, which is
within the experimental

error of the couplings. The remaining mismatch at Gly33
and Gly36 may be partly due to mobility. The two glycine
residues are located in the glycine-rich loop, which is quite
mobile in the crystal structure. The amide groups of Gly33
and Gly36 have elevated B factors of 55.5 �2 and 37.1 �2,
respectively. However, this was not further investigated
because a more detailed analysis would require RDC data
from multiple alignment media.

In conclusion, data from NMR spectroscopy show an
interaction between 1 and p38a in solution and a structural
change in the ATP binding pocket of p38a when binding to 1.
This change is consistent with the structural changes in the

Figure 3. Joint X-ray/NMR refinement and development of quality factors. A) Correlation between R factors
and X-ray energy. Black: Rwork ; red: Rfree. B) Joint optimization of the restraint energy from the X-ray crystal
structure and NMR spectra. C) Correlation between crystallographic R factors and the NMR Q factor. Black:
Rwork ; red: Rfree. The green dot in panels (B) and (C) indicates the initial structure.

Figure 4. A) Local RMSD between the crystal and hybrid structures of
p38a–1. Red: glycine-rich loop; blue: hinge region; green: hydrophobic
pocket; orange: C lobe residues. B) Correlation between the B factor
and local RMSD. C) Dipolar couplings of p38a–1 fitted with the X-ray
crystal structure (amino acids with mismatch> 20 Hz are highlighted
in red, the values for Gly33 and Ser61 are very similar and overlap in
the figure). D) Dipolar couplings for the hybrid structure (the same
amino acids are highlighted as in panel C)).
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crystal structures of free p38a and p38a–1. By using
inferential X-ray/NMR-based structure determination, we
find that the crystal structure of the complex is very close to
the hybrid structure, which is compatible with both the crystal
structure and the data from NMR experiments in solution.
However, the unrefined crystal structure does not fulfill the
solution data well, which may be a result of structural noise
(RDCs are very sensitive to orientations, whereas X-ray data
are not) or differences caused by crystal packing. We expect
that the joint refinement of sparse NMR data and X-ray
crystallography data will be useful for many systems when
checking whether crystal structures and the main conforma-
tion in solution are the same.

Experimental Section
Sample preparation: Single amino acid labeling and purification of
human p38a was carried out as previously described[10, 11] with minor
modifications. Inhibitors were prepared in [D6]DMSO at a concen-
tration of 50 mm and added to the protein sample (0.5–1.0 mm) in
a 2:1 and 1:1 ratio.

NMR spectroscopy: NMR experiments were carried out at 298 K
on Bruker Avance spectrometers equipped with z-gradient cryo-
probes operating at 400, 600, and 800 MHz. All NMR spectra were
processed by using NMRPipe/NMRDraw[12] and Xwinnmr (Bruker).
NMR spectra were analyzed by using Sparky (http://www.cgl.ucsf.
edu/home/sparky/) and CARA.[13] The resonances of the inhibitor
were assigned by recording 13C–1H HSQC, HMBC, COSY, and
NOESY spectra. Assignment of the resonances in the 1H NMR
15N NMR, and 13C NMR spectra of p38a were taken from Biological
Magnetic Resonance Data Bank (BMRB) entry bmr6468.[14] Back-
bone amide resonances of p38a–1 were assigned by using 1H-15N
TROSY-HSQC, TROSY-HNCA, and TROSY-HN(CO) spectra that
were recorded for a triple labeled sample (2D, 13C, and 15N) or
specifically labeled samples. RDCs were measured on a double
labeled sample (2D and 15N) in a partially aligned medium by using
the bacteriophage Pf1 (Profos) at a concentration of 20 mgmL�1 at
pH 6, which provides a splitting of 12.76 Hz for the D2O signal. One-
bond 1J1H–15N and residual 1D1H–15N couplings were measured in 1H-15N
HSQC and 1H-15N TROSY-HSQC spectra of p38a and p38a–1.
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