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ABSTRACT: The serine/threonine kinase p38 is a ubiquitous, highly conserved, stress responsive, signal-
transducing enzyme. It regulates the production of proinflammatory mediators and is the target of the
cytokine synthesis inhibitory pyridinylimidazoles. We have expressed human p38 inDrosophilaS2 cells
and characterized preparations of mixed unphosphorylated/monophosphorylated (inactive) and homoge-
neously diphosphorylated (active) forms of the enzyme. We observed that only the active preparation of
the enzyme has significant kinase activity when assayed using an ATF2-GST fusion protein as the
substrate. We determined that the value ofKM[ATP] in this reaction is 25µM and that the
pyridinylimidazole inhibitor of p38 kinase activity, SB203580, competes with ATP. We have found that
a tritiated pyridinylimidazole, SB202190, has an equal affinity for both the active and inactive forms of
the enzyme and that SB203580 competes with it equally well for binding to either form of the enzyme.
However, ATP can compete with the tritiated inhibitor for binding to only the active form of the enzyme.
Further, we demonstrate in vivo that at concentrations consistent with its IC50 as a cytokine inhibitor,
SB203580 can inhibit stimulus-induced phosphorylation of p38 at the Thr-Gly-Tyr activation motif. Our
observations suggest that pyridinylimidazoles may block the biological activity of p38 kinase by binding
to the inactive form of p38 and reducing its rate of activation. Under these conditions, ATP would not
effectively compete with the inhibitors in vivo.

Small molecule inhibitors of a biological process fre-
quently provide insights into regulatory mechanisms. One
such class of molecules, the pyridinylimidazoles, was shown
to inhibit proinflammatory cytokine synthesis and has
implicated the SAPK1 p38R as a necessary component in
signal transduction pathways leading to secretion of IL-1 and
TNFR (1). Molecules of this class, typified by SB203580,
exhibit a strong correlation between the extent of in vitro
p38 binding and in vivo cytokine synthesis inhibition (1).
Protein kinase inhibitors such as these, both selective and
potent in vivo, are exceedingly rare, and the mechanism of
action of this class of molecules is of great interest.

The p38R kinase belongs to the family of MAP kinases
including p38sâ andγ (1-5), JNKs-1, -2, and-3 (6-
8), and ERKs-1 and-2 (9, 10). All members of this family
of kinases are activated by phosphorylation of the Thr and
Tyr in a conserved Thr-X-Tyr motif (11-15).

Recently, three-dimensional structures of nonphosphory-
lated (inactive) p38R were reported (16, 17). Like numerous
other protein kinases whose structures have been solved (see
ref 18 for review), p38R contains two distinct domains, one

derived largely from the N-terminal portion of the protein
and the other from the C-terminal portion. In kinases whose
structures have been solved with ATP bound, the N-terminal
domain forms a binding site for the adenine ring of ATP
and the C-terminal domain provides the binding site for the
â-phosphate of ATP, the catalytic base, and the magnesium
binding sites. Together, the domains form a catalytic pocket
capable of binding all substrates in the proper orientation.
However, in the structure of the unphosphorylated form of
p38, the N-terminal and C-terminal domains of the enzyme
are misaligned. As a result, two residues that interact directly
with the â-phosphate of ATP in the cAPK crystal structure
(Lys53 and Asp168) and which therefore would be predicted
to do the same in p38 are further apart in p38 than in cAPK
(19). Thus, the structure of unphosphorylated p38 may be
suboptimal for ATP binding. This analysis suggests that the
regulation of p38 kinase activity can be explained by the
inability of unphosphorylated p38 to bind ATP tightly. As
yet, however, there are no experimental data confirming these
structure-based predictions.

Pyridinylimidazole inhibitors of p38 kinase activity, which
block proinflammatory cytokine synthesis in a variety of cell
types (1), are reported to compete with ATP (20). Despite
the structural features of the unphosphorylated form of p38
described above, which might reduce the extent of ATP
binding, a crystal structure of the complex of unphospho-
rylated p38 and SB203580 has been solved, demonstrating
the inhibitor bound in a portion of the ATP pocket of the
enzyme (21). The bound inhibitor interacts with several sites
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on the enzyme that are predicted to interact with ATP; the
pyridyl ring, the imidazole ring, and thep-methylsulfinylphe-
nyl group of the inhibitor overlap the corresponding binding
sites of the six-membered ring of the adenine, the five-
membered ring of adenine, and the phosphate groups of ATP,
respectively. The 4-phenyl ring of the inhibitor has no
counterpart in ATP and occupies a unique location in the
enyme, perhaps contributing to inhibitor selectivity, or to
other, inhibitor-specific binding properties (see below).

The subdomain structures of the free and inhibitor-bound
forms of p38 are similar, but differences involving the
orientations of the N- and C-terminal domains are apparent.
As detailed above, the orientation of these domains in free,
unphosphorylated p38 is incompatible with tight ATP
binding. However, the orientation of the two domains in
the structure of inhibitor-bound, unphosphorylated p38 is
similar to that of unphosphorylated ERK2 (19), which is
capable of binding ATP. Thus, it appears that the inhibitor
stabilizes a structure of p38 that is compatible with its
binding. ATP might accomplish a similar structural stabi-
lization, but there are no reports of ATP-bound, unphospho-
ryated p38.

If a pyridinylimidazole inhibitor of p38 is capable of high-
affinity binding to the unphosphorylated p38 and ATP is not,
the inhibitor would have an unexpected thermodynamic
advantage in vivo where the high ATP concentration would
require very high inhibitor concentrations to effectively
compete with ATP. To test this possibility, we have cloned
human p38R and expressed it in both a mixed unphospho-
rylated/monophosphorylated (inactive) form and a diphos-
phorylated (active) form. With these recombinant proteins
and a direct inhibitor binding assay, we demonstrated that a
radiolabeled pyridinylimidazole p38 inhibitor (SB202190)
can bind both inactive and active forms of the kinase equally
well and that SB203580 can compete with this ligand for
binding to either form of the enzyme. Further, while binding
of the inhibitor to the active form of the enzyme is
competitively inhibited by ATP, binding of the inhibitor to
the inactive form of the enzyme is unaffected by ATP.
Finally, we demonstrate that SB203580 inhibits stimulus
induced activating phosphorylation of p38. These data
suggest a unique mechanism by which a kinase inhibitor that
competes with ATP can function in vivo at concentrations
approximately equal to its value ofKi: by binding to a form
of the enzyme that is inaccessible to ATP and preventing its
transformation to the ATP accessible form of the enzyme.

MATERIALS AND METHODS

Protein Expression and Purification.Expression and
purification of recombinant human p38R and ATF2-GST
have been described (22).

Myelin basic protein (MBP) was purchased from Gibco/
BRL.

The protein concentration of recombinant human p38 was
calculated with the formula (1.45OD280 - 0.74OD260) × 0.5
) milligrams of protein per milliliter (23), 0.5 being a p38-
specific correction factor established by amino acid analysis.

Amino Acid Analysis.The protein concentration of rhp38
was determined for several independent preparations by
amino acid analysis. These preparations were used to
standardize quantitation by UV absorbance. Aliquots of the

protein (10µg) were dried in 6× 50 Pyrex tubes placed in
a hydrolysis vial obtained from Pierce Chemical Co. After
the vial was dried, 6 N HCl (300µL) containing 1% phenol
was added to the vial, and the vial was degassed for 3× 90
s while repeatedly flushing with nitrogen. Vapor phase
hydrolysis was performed by heating the hydrolysis vial at
120°C for 18 h. The tubes were dried in vacuo. Beckman’s
sample buffer (150µL) was added to the tubes, and after
the tubes were vortexed, samples were centrifuged in a
benchtop microfuge. Fifty microliters of the sample was
analyzed on a Beckman 6300 High Performance Amino Acid
Analyzer. A standard solution of amino acids with a known
concentration was used to calibrate the instrument. The
concentration of the unknown samples was determined on
the basis of the calibration standards.

Mammalian Tissue Culture.THP-1 cells were maintained
at densities between 2.5× 105 and 1× 106 cells/mL in
Iscove’s Modified Dulbecco’s Medium supplemented with
L-glutamine, 25 mM Hepes, 1% penicillin/streptomycin, and
10% fetal bovine serum. LPS (Re595) was obtained from
Sigma and used at a concentration of 100 ng/mL. Human
TNF-R was obtained from Upstate Biotechnology and used
at a concentration of 20 ng/mL.

Western Blots. To visualize recombinant, human p38
produced inDrosophilaS2 cells, extracts were fractionated
by SDS-PAGE (12% minigel, Novex), transferred to
Immobilon-P (Millipore), and probed with rabbit polyclonal
anti-p38(C-20) antibody (Santa Cruz Biotechnology), murine
monoclonal anti-FLAG M2 (Kodak) antibody, or rabbit
polyclonal phospho-specific p38 MAPK(Tyr182) antibody
(New England Biolabs). To visualize native human p38, 2
× 106 THP-1 cells were lysed in buffer containing 20 mM
Tris (pH 7.5)/120 mM NaCl/1% Triton X-100/1 mM EDTA/
20 mM NaF/2 mM Na3VO4/“Complete” protease inhibitor
cocktail (Boehringer Mannheim). Lysate was cleared by
centrifugation for 10 min at 1400 rpm in an Eppendorf
microcentrifuge. The supernatant (cytoplasmic extract) was
fractionated by SDS-polyacrylamide gel electrophoresis and
processed as above. The fractionated and transferred extract
was probed with rabbit polyclonal anti-p38(C-20) antibody
to visualize total p38, and rabbit polyclonal anti-phospho-
p38(Thr180/Tyr182) antibody (New England Biolabs) to vi-
sualize activated p38. In all cases, secondary, horseradish
peroxidase-conjugated antibodies were from Amersham and
the immune complexes were detected by enhanced chemi-
luminescence.

Mass Spectroscopy.Mass spectral analysis was performed
on a Finnigan MAT TSQ700 triple-quadrupole mass spec-
trometer equipped with an Applied Biosystems 130 HPLC
system. Aliquots of affinity-purified recombinant p38 were
injected onto a 2.1 mm× 100 mm C4 reversed phase column
and eluted with a linear gradient of 10 to 80% acetonitrile
in aqueous 0.085% TFA over a period of 30 min. Aquisition
of mass spectral data was initiated 5-10 min after injection
and continued for the remainder of the LC run. The p38
protein eluted off the column at approximately 50-55%
acetonitrile. Typically, 50-200 pmol of protein was ana-
lyzed.

Kinase Assay. The standard p38 kinase assays were
performed in a reaction volume of 100µL, at 30°C over a
period of 20 min under the following conditions: 25µM
Hepes (pH 7.4), 10 mM MgCl2, 0.1 mM Na3VO4, 20 mM
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â-glycerophosphate, 2 mM DTT, 5µM ATP, and 10µCi of
[γ-33P]ATP. SB203580 was added to each reaction mixture
in 2 µL of DMSO. A time course for each preparation of
enzyme was performed to ensure that reaction conditions
were within the linear range. For quantitation, the reaction
(volume of 100µL) was terminated with an equal volume
of filter-binding stop solution (100 mM EDTA and 15 mM
sodium pyrophosphate). Phosphocellulose filter plates (from
Millipore) were prewet with filter-binding stop solution; 50
µL aliquots from a single reaction were applied in triplicate
to the filter under vacuum, and the filter was subsequently
washed three times with 75 mM phosphoric acid. The filters
were counted in a Hewlett-Packard Top Count instrument,
and the average of the triplicates was determined. The moles
of phosphate incorporated were calculated by dividing the
counts retained on the filter by the total counts in each
reaction multipled by the moles of total ATP in each reaction.

For gel kinase assays, the kinase reactions were terminated
by immediately boiling in SDS loading buffer. Reaction
products were separated by SDS-PAGE (12% minigel,
Novex); the gel was dried, and results of the reaction were
visualized and quantitated with a Molecular Dynamics
Phosphoimager (model 400E).

Inhibitor Binding Assay.The inhibitor binding assay was
modified from a previously described method (1). The
binding buffer is identical to the kinase reaction buffer
described above. [2,6-3H]SB202190 [4-(4-fluorophenyl)-2-
(4-hydroxyphenyl)-5-(4-pyridyl)imidazole (71.4 mCi/mg)
(1)] was mixed with the indicated amounts of immunoaf-
finity-purified rhp38 in the presence of 200µg of ATF2-
GST in a volume of 100µL. The binding assay mixture
was incubated for 15-30 min at 30°C, and then a 50µL
portion was loaded onto a small gel filtration column (Centri-
Sep, CS-901, Princeton Separations, Princeton, NJ) which
had been prepared according to the manufacturer’s instruc-
tions using elution buffer [20 mM Tris (pH 7.4) and 50 mM
2-mercaptoethanol] to hydrate the column. Inhibitor bound
to p38 was separated from free inhibitor by centrifugation
of the column for 2 min at 514g in a Beckman Model GPR
tabletop centrifuge. The entire eluate was collected, mixed
with 5 mL of Aquasol-2 scintillation fluid (Packard), and
counted in a Beckman LS6000TA scintillation counter. The
radioactive material found in the column eluate from a
binding assay containing p38 minus that found in the eluate
from an identical assay without p38 was taken to represent
the amount of inhibitor molecules that were bound specif-
ically to p38. This p38-associated radioactive material
binding activity was saturable and could be completely
displaced by nonradioactive SB202190 as well as by
SB203580 [4-(4-fluorophenyl)-2-[4-(methylsulfinyl)phenyl]-
5-(4-pyridyl)imidazole].

RESULTS

Expression and ActiVation of Recombinant Human p38.
A cDNA encoding p38R (CSBP2) (1, 2) was generated from
human T cell RNA and modified to encode a protein with
an N-terminal FLAG epitope (FLAG-p38). A clonal line
of DrosophilaSchneider cells capable of expressing FLAG-
p38 cDNA under control of a copper inducible metallothio-
nein promoter was established (p38-S2). A commercially
available polyclonal antiserum raised against a peptide

mapping to the carboxyl terminus of p38 recognizes the
native enzyme in control mammalian cell extracts (Figure
1A, lane 2). This antiserum was used to detect recombinant
FLAG-tagged enzyme in lysates from CuSO4-treated p38-
S2 cells (Figure 1A, lanes 3 and 4). Monoclonal M2
antibody directed against the FLAG epitope reacts with a
protein with the identical molecular weight (Figure 1A, lanes
6 and 7) in the same lysates. No protein was detected with
the M2 antibody in lysates from nontransfected, CuSO4-
treated S2 cells (Figure 1A, lane 5).

In yeast or mammalian cells, p38 can be activated by
osmotic shock (2, 24). The enzyme activity results from
phosphorylation of p38 on Thr180 and Tyr182 (2, 25, 26). Thus,
the level of p38 tyrosine phosphorylation can be considered
an indicator of enzyme activation. We tested the ability of
a combination of 400 mM NaCl, 2 mM Na3VO4, and 100
µg/L okadaic acid to induce tyrosine phosphorylation of
recombinant human p38 (rhp38) inDrosophilaS2 cells. We
used a commercially available phospho-specific p38 MAPK
(Tyr182) antibody to rapidly assess the phosphorylation state
of the enzyme at various times after stimulation (Figure 1B).
A low level of constitutive tyrosine phosphorylation of rhp38
was observed in lysates from CuSO4-treated cells, and a 5
min stimulation increased the extent of tyrosine phospho-
rylation of the enzyme dramatically. No further change in
phosphorylation level was observed out to 60 min after
osmotic shock. We routinely used a 10 min osmotic shock
to activate rhp38 prior to purification of the enzyme.

Purification and Characterization of Recombinant Human
p38. Rhp38 expressed by CuSO4-treated S2 cells was
purified by immunoaffinity chromatography using anti-FLAG
agarose (Figure 2, lanes 2 and 3). Preparations of rhp38
were estimated by liquid chromatography-mass spectros-
copy to be approximately 90% pure. Liquid chromotogra-
phy-electrospray mass spectroscopy was also used to

FIGURE 1: Expression and phosphorylation of recombinant human
p38R in Drosophila S2 cells. (A) Extracts from p38-S2 were
generated after induction for 4 h with 1 mM CuSO4. The extracts
were fractionated by SDS-polyacrylamide gel electrophoresis, then
transferred to Immobilon P membrane, and probed either with
polyclonal antiserum raised against a C-terminal peptide of p38
(lanes 3 and 4) or with the anti-FLAG monoclonal antibody M2
(lanes 6 and 7). Lane 1 contained molecular weight markers (as
indicated by arrows), lane 2 the C-6 glioma cell extract probed
with anti-p38 antiserum, and lane 5 the extract from untransfected
S2 cells induced with CuSO4 and probed with anti-FLAG antibody.
(B) Extracts from p38-S2 were generated after induction for 4 h
with 1 mM CuSO4 and then treatment for varying lengths of time
with 400 mM NaCl, 2 mM sodium vanadate, and 100µg/L okadaic
acid. The extracts were fractionated by SDS-polyacrylamide gel
electrophoresis, then transferred to Immobilon P membrane, and
probed with either phospho-specific p38 MAPK (Tyr182) polyclonal
antiserum or the anti-FLAG monoclonal antibody M2, as indicated.
Lane 1 contained the extract from cells that were not treated with
NaCl, and lanes 2-5 contained extracts from cells that were treated
with NaCl for the times indicated above each lane.
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evaluate the phosphorylation state of purified recombinant
p38 (Figure 3). The majority of the purified protein from
CuSO4-induced p38-S2 cells has a molecular weight of
42 345 which is 57 mass units greater than that predicted
for rhp38 (Figure 3A). The extra 57 mass units likely results
from an unexpected modification of the recombinant protein.
Consistent with this interpretation, attempts to sequence the
rhp38 demonstrated that the amino terminus of the purified
protein was blocked (data not shown). Approximately 30%
of the protein has a molecular mass of 42 428 (Figure 3A).
This species likely represents a monophosphorylated form
of rhp38. Immunoaffinity-purified rhp38 produced by
CuSO4-induced osmotically shocked p38-S2 cells has a
molecular weight of 42 500 (Figure 3B). This molecular
weight is consistent with a diphosphorylated species of the
recombinant enzyme. To demonstrate the ability of the mass
spectrometer to distinguish between these presumed phos-
phorylation states of rhp38, we mixed equal portions of
protein from the two different preparations. The mass
spectrum of this mixture was a near perfect overlay of the
two spectra obtained separately (Figure 3C).

Bacterially produced ATF2-GST, reported to be a pre-
ferred substrate of p38 (27), was used to characterize the
activity of immunoaffinity-purified rhp38. To estimate how
much of the rhp38 kinase activity obtained from osmotically
shocked p38-S2 cells results from dual phosphorylation of
rhp38, we compared it with the kinase activity associated
with the rhp38 obtained from CuSO4-induced p38-S2 cells
that were not osmotically shocked. The rhp38 from un-

shocked cells exhibits less than 0.1% of the ATF2-GST
kinase activity associated with rhp38 from osmotically
shocked cells (Figure 4). A gel-based p38 kinase assay was
used to demonstrate that only ATF2-GST was phosphory-
lated in the reaction (Figure 5). The molecular weight of
the phosphorylated protein is consistent with the input
substrate: approximately 16 000 when MBP is used as the
substrate (Figure 5, lanes 2 and 3) and approximately 45 000
when ATF2-GST is used as the substrate (Figure 5, lanes
4 and 5). In either case, the activity of enzyme obtained
from osmotically shocked S2 cells was inhibited by SB203580
(Figure 5, lane 2 vs 3 and lane 4 vs 5).

Kinetic Mechanism of Pyridinylimidazole Inhibition. The
kinetic constants for p38 using 10 nM enzyme, under
conditions where the rate of ATF2-GST phosphorylation
was linear with respect to time, were determined. When
[ATF2-GST] ) 10 µM, the value ofKM

app[ATP] ) 25 (
5 µM (data not shown). When [ATP]) 100µM, the value
of KM

app for the GST-ATF2 substrate was 2( 1 µM (data
not shown). The effect of SB203580 on the rates of p38-
catalyzed reactions with respect to ATP was examined at
[ATF2-GST] ) 10 µM (Figure 6). Reciprocal plots of
initial velocities with respect to the concentration of ATP at
different fixed concentrations of SB203580 intersected on
the 1/V axis, confirming that SB203580 behaves as a
competitive inhibitor with respect to ATP as previously
reported (20, 22).

Analysis of Pyridinylimidazole-ATP-p38 Interaction by
a CompetitiVe Drug Binding Assay. To determine the nature
of the inhibitor-p38 interactions, we used a binding assay
similar to that previously described (1). Enzyme was
prepared from CuSO4-treated p38-S2 cells (nonactivated p38)
or from osmotically shocked CuSO4-treated p38-S2 cells
(activated p38). The tritiated form of a p38 inhibitor
(SB202190) (1) was used as the ligand. Scatchard plots of
data derived from SB202190 titrations indicated that the
ligand bound equally well to both nonactivated (Kd ) 37
nM) and activated (Kd ) 38 nM) p38 (Figure 7A,B). The
specific binding activities of the nonactivated and activated
preparations of rhp38 were virtually identical (Figure 7C),
indicating that in the nonactivated preparation both non-
phosphorylated and monophosphorylated forms of the en-
zyme were binding to the inhibitor. We observed a
maximum of 50-60% of input ligand bound in this assay
(Figure 7C), probably due to ligand-enzyme dissociation
that occurs during the separation of the bound and free ligand.
The tritiated ligand could be effectively displaced from either
nonactivated or activated p38 with either unlabeled self (data
not shown) or SB203580 (Figure 7D).

We have previously demonstrated the ability of ATP to
compete with SB202190 for binding to activated rhp38 (22).
With the preparations of enzyme characterized herein, we
used the competitive binding assay to compare the ability
of ATP to compete with SB202190 for binding to the
different forms of rhp38 (Figure 8). At [ATP]) 1 mM
(approximately 40 times itsKM in the kinase reaction), only
about 10% of the labeled compound remains bound to
activated p38. However, at this same high concentration,
ATP had no effect on the binding of the compound to
nonactivated p38. We interpret these results to indicate that
in solution and at physiologically relevant concentrations,
ATP cannot compete with this class of pyridinylimidazole

FIGURE 2: Purity of immunoaffinity-chromatographed recombinant
human p38. Extracts from p38-S2 were generated after induction
for 4 h with 1 mM CuSO4. The extracts were fractionated by
chromatography on a column containing anti-FLAG M2 resin.
Peptide eluates from the column were fractionated by SDS-
polyacrylamide gel electrophoresis, and the gel was silver stained
(Daiichi). Lane 1 contained molecular weight markers as indicated
by arrows, lane 2 the eluate generated from extracts of cells that
had not been osmotically shocked, and lane 3 the eluate generated
from extracts of cells that had been osmotically shocked.
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p38 inhibitors for binding to the non- or monophosphorylated
forms of p38.

Analysis of SB203580-p38 Interactions in ViVo. If
SB203580 binds the inactive form of p38 in vivo, as well as
in vitro, it might affect the kinetics of p38 phosphorylation.
To test this possibility, we stimulated THP-1 cells with LPS
or TNF in the presence of SB203580 at increasing concen-
trations (Figure 9). The compound inhibits the stimulus-
induced phosphorylation of p38 at concentrations precisely
consistent with its IC50 as an inhibitor of cytokine synthesis.

DISCUSSION

The number of kinases regulated via dual phosphorylation
of a Thr-X-Tyr motif and their evolutionary conservation
demonstrate the utility and versatility of this regulatory
mechanism (24). In addition, some of the biological events
controlled by Thr-X-Tyr-regulated kinases have been im-
plicated in pathological conditions (1), indicating that these
kinases may be targets for therapeutic intervention. There-
fore, understanding the mechanism by which known inhibi-

tors of these kinases function could prove useful in devel-
oping novel pharmacological agents.

In this report, we describe the biochemical and enzymo-
logical characterization of recombinant human p38 produced
in DrosophilaS2 cells. Our first observation, that osmotic
shock results in the phosphorylation and activation of human
p38 in insect cells, demonstrates the evolutionary conserva-
tion of this signal transduction pathway.

A class of compounds whose members inhibit p38sR and
â has been used to define the critical role these enzymes
play in regulating both the synthesis of and responses to IL-1
and TNF (1). We have determined that while these
compounds compete with ATP to inhibit p38 kinase activity,
they are capable of binding to inactive p38 in a manner that
is not competitive with ATP.

As a first step toward determining the mechanism by
which the pyridinylimidazole class of inhibitors blocks p38
kinase activity, we determined the Michaelis constants for
the substrates of a p38-mediated kinase reaction. As reported
(27), bacterially produced ATF2-GST serves as an efficient
protein substrate for recombinant p38 (Figure 4). We

FIGURE 3: Molecular weights of recombinant human p38 from p38-S2 cells. Approximately 50 pmol of each of the immunoaffinity-
purified preparations of p38 described in Figure 2 was characterized by LC-MS as described in Materials and Methods: (A) mass spectrum
of rhp38 from p38-S2 cells that were not osmotically shocked, (B) mass spectrum of rhp38 from p38-S2 cells that were osmotically shocked,
and (C) mass spectrum of mixed rhp38 from both untreated and osmotically shocked p38-S2 cells.

FIGURE 4: Activation of recombinant human p38. The p38-S2 cells
were induced with CuSO4 for 4 h and then either collected
immediately or osmotically shocked and then collected. Recom-
binant human p38 was immunoaffinity-purified from each of these
sets of cells. The kinase activity of these preparations of rhp38 is
presented as picomoles of PO4 associated with the ATF2-GST
substrate in a 30 min reaction: kinase activity from untreated cells
(O) and kinase activity from osmotically shocked cells (b).

FIGURE 5: Inhibitor sensitivity of recombinant human p38. A culture
of p38-S2 cells was induced with CuSO4 for 4 h and then
osmotically shocked. Recombinant human p38 was immunoaffinity-
purified from these cells. The kinase activity of this preparation of
p38 was tested in reaction mixtures containing 10µg of MBP (lanes
2 and 3) or 5µg of ATF2-GST (lanes 4 and 5) in the absence of
inhibitor (lanes 2 and 4) or in the presence of 30µM SB203580
(lanes 3 and 5). Lane 1 contained molecular weight markers as
indicated by the arrows.
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determined a value forKM
app[ATF2-GST] of 2 ( 1 µM.

This value is consistent with the previously reported values
of KM

app for protein substrates of other MAPK family
members (28). KM

app[ATP] ) 25 ( 5 µM in the p38-
mediated reaction. This value is within the expected range
based on previously examined protein kinases (29) but

is 10-fold lower than that recently reported by Young et al.
(20). Young et al. measured the value ofKM

app[ATP] using
the epidermal growth factor receptor-derived peptide (T699),
while we used a fusion protein derived from the transcription
factor ATF-2. The difference in the values of the apparent
KM is likely due to the use of different phosphate acceptors
and might reflect the contributions a protein substrate can
make to ATP binding affinity. This effect of protein
substrate on the value ofKM

app[ATP] is consistent with the
recently proposed mechanism for p38, ordered sequential
with protein substrate binding before ATP (22). Having
established the kinetic constants associated with our standard
kinase reaction, we were able to demonstrate that the
pyridinylimidazole SB203580 is a competitive inhibitor of
ATP binding to p38 kinase (Figure 6).

To assess how well the inhibitor binds to the nonactivated
form of the enzyme, we immunoaffinity purified recombinant
p38 from S2 cells that had not been treated with 400 mM
NaCl. We observed that tritiated SB202190 could bind to
both the inactive and the active forms of the enzyme (Figure
7A,B). The values ofKd for the complex between the
inhibitor and either form of the recombinant enzyme (ap-
proximately 37 nM) in our binding assay are similar to
published data for the native protein (30-50 nM) (1). We
also demonstrated that SB203580, the pyridinylimidazole
molecule most commonly used, competes effectively with
the labeled molecule for binding to either form of the enzyme

FIGURE 6: Kinetic analysis of the nature of p38 inhibition by a
triarylimidazole. Standard kinase reactions with 10 nM diphospho-
rylated p38 and ATP at varying concentrations as indicated without
(O) or with 50 (b), 100 (0), or 200 (9) nM SB203580 were carried
out for 20 min at 30°C. Kinetic parameters were determined using
a nonlinear least-squares fit of the [S]-V data to the competitive
inhibition rate equation (GraFit 3.5, Erithacus Software Ltd., Staines,
U.K.). The graph shows a double-reciprocal plot of the fit data.

FIGURE 7: Determination of the affinity between inhibitors of p38 and differently phosphorylated species of p38. (A and B) Increasing
concentrations of [2,6-3H]SB202190 were incubated with 4.8 nM p38 isolated from untreated p38-S2 cells (A) or 8 nM p38 from cells that
had been osmotically shocked prior to harvesting (B). The amount of free inhibitor was calculated as the difference between the amounts
of bound inhibitor and total inhibitor in the binding assay. The data points were fit to a line with DeltaGraph (Delta Point, Inc., Monterey,
CA), and the value ofKd was calculated as the negative reciprocal of the slope term in the formula defining each line. (C) Increasing
concentrations of rhp38 isolated from CuSO4-induced S2 cells that were untreated (O) or from cells that had been osmotically shocked (b)
were incubated with 25 nM [2,6-3H]SB202190. (D) [2,6-3H]SB202190 (12.5 nM) and SB203580 at the indicated concentrations were
incubated with 24 nM p38 isolated from untreated p38-S2 cells (O) or 25 nM p38 from cells that had been osmotically shocked prior to
harvesting (b). In all cases, protein-inhibitor complexes were separated from free inhibitor as described in Materials and Methods.
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(Figure 7D). Finally, we used the binding assay to demon-
strate that activation of the enzyme results in a conformation
which allows ATP to compete with the inhibitor for binding.
This conformation must be distinct from that of the inactive
enzyme since ATP cannot compete with the inhibitor for
binding to the nonphosphorylated form. These results are
consistent with the predictions from the crystal structure of
p38 which demonstrate that in the unphosphorylated state
of the enzyme the catalytic residues which would interact
with ATP are misaligned (16, 17) but, taken together with
the structural analysis of pyridinylimidazole-bound p38 (21),
suggest that the inhibitor can bind to a conformation of the
inactive enzyme that ATP cannot.

Our data, together with the data derived from the crystal
structures of ERK2 (19) and p38 (16, 17), suggest that at
least one aspect of the regulation of ERK2 and p38 by dual
phosphorylation might result from different mechanisms. In
the case of ERK2, ATP binds unphosphorylated ERK2 and
phosphorylation of Thr183 and Tyr185 causes a change in the
phosphoacceptor recognition site and a change in the
structure of the catalytic pocket, allowing ATP to achieve
an enzymatically productive orientation (30). Our data

suggest that in contrast with ERK2, ATP binds to the
unphosphorylated form of p38 so poorly that at physiological
concentrations it is not bound to the enzyme at all. Phos-
phorylation of p38 at Thr180 and Tyr182 induces a significant
reorientation of the two major domains of p38, aligning
several key residues in these domains and significantly
increasing its affinity for ATP.

Together, our results suggest two possible mechanisms by
which a kinase inhibitor that is competitive with respect to
ATP binding can act with the same relative potency in vitro
that it does in vivo, in the face of a high in vivo ATP
concentration (possibly 100 times its value ofKM

app). In
either model, the inhibitor binds to a form of the enzyme
that is not accessible to the competitor. One model results
from the possibility that the inhibitor, once bound to the
inactive enzyme, can then stay bound to the enzyme for the
duration of the enzyme’s active state lifetime, thus inhibiting
the enzyme activity despite potential competition with ATP.
In vitro, under phosphatase-free conditions, the active state
lifetime of the enzyme is virtually infinite, and thus,
inhibition by the pyridinylimidazole is strictly competitive
with ATP. In vivo, however, activated p38 will be inacti-
vated by cellular phosphatases at some cell- and stimulus-
dependent rate. Thus, with an inhibitor with a sufficient
affinity and an enzyme active state with a sufficiently short
lifetime, the inhibitor would behave as if it were noncom-
petitive with ATP. To establish the possible relevance of
this hypothesis, accurate measurements of both in vitro
enzyme-inhibitor complex half-lives and in vivo enzyme
active state half-lives will be required.

A second model results from the possibility that the
inactive p38-inhibitor complex is a poorer substrate for
activating kinases than is inactive p38 alone. Data presented
in Figure 9 are consistent with this model. From these data,
it appears that pyridinylimidazole inhibitors of p38 kinase
may possess a previously undetected activity that makes them
uniquely effective in vivo, the ability to bind the inactive
form of p38 noncompetitively with ATP and then keep the
enzyme in a configuration that cannot bind ATP. Thus, the
true activity of these compounds in vivo may be inhibition
of p38 activation rather than inhibition of p38 enzymatic
activity.
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