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ABSTRACT: p38 has been shown to be a critical enzyme in the pro-inflammatory cytokine pathway and is
a member of the mitogen-activated protein (MAP) kinase family. While the details for p38 activation
and subsequent signal transduction have begun to be elucidated, little is known about the kinetic mechanism
for p38. In this study, we have determined the kinetic mechanism for p38 MAP kinase. Data from
initial velocity patterns in the presence and absence of a dead-end inhibitor and two triarylimidazole p38
inhibitors were consistent with an ordered sequential mechanism for p38 with protein substrate, glutathione
S-transferase-activating transcription factor 2 (GST-ATF2), binding before ATP. The ATP analog, adenylyl
methylenediphosphonate (AMP-PCP), and two triarylimidazoles were competitive inhibitors versus ATP
and uncompetitive inhibitors versus GST-ATF2. Equilibrium binding studies utilizing a tritiated ATP-
competitive inhibitor were also consistent with this mechanism and suggest an inability of ATP to bind
to p38 in the absence of protein substrate. Moreover, the Michaelis constant for GST-ATF2 was 12-fold
greater than the dissociation constant, indicating that the binding of ATP affected the binding of GST-
ATF2. An ordered sequential mechanism with protein substrate binding first is unique to p38 compared
to cyclic AMP-dependent protein kinase (cAPK) and most tyrosine kinases and helps to explain the
interaction between enzyme, substrates, and inhibitors.

The biochemical pathways for the inflammatory response
mediated through the activation of mitogen-activated protein
(MAP)1 kinases have generated a great deal of interest in
the past several years. A number of reports describe the
role of MAP kinases in cellular processes such as cell
proliferation, response to environmental stress, and cell death
(Han et al., 1994; Raingeaud et al., 1995; Johnson et al.,
1996; Lee & Young, 1996). The focus of our study was on
p38; a MAP kinase first shown to be phosphorylated and
activated in response to lipopolysaccharide (LPS, or endo-
toxin) (Han et al., 1993). Besides LPS, subsequent studies
have shown that other environmental stimuli such as TNFR,
IL-1â, and hyperosmolality each lead to activation of p38
(Han et al., 1994; Raingeaud et al., 1995). In 1994, Lee et
al., utilizing a combination of binding assays, photoaffinity
labeling, cDNA cloning, and biochemical characterization
experiments, identified p38 MAP kinase as a critical enzyme
involved in the regulation of inflammatory cytokine biosyn-
thesis. Moreover, they showed that p38 could be potently
and specifically inhibitedin Vitro andin ViVo by a series of
pyridinylimidazoles (Lee et al., 1993; Cuenda et al., 1995),
thereby leading to inhibition of cytokine production. While

some of the details for many of the above processes are
known, there are no studies that have investigated the kinetic
mechanism of p38.

In 1982, Cook et al. reported that the kinetic mechanism
for cAMP-dependent protein kinase (cAPK), a Ser/Thr kinase
family member, proceeded by a random addition of substrates
and an ordered release of products. In contrast, Whitehouse
et al. (1983) suggested a steady-state ordered sequential
mechanism for cAPK with ATP binding first. The kinetic
mechanisms for several tyrosine kinases have also been
reported. Results from steady-state kinetic analysis of human
c-terminal src kinase (csk) support either a random sequential
mechanism or an ordered mechanism in which ATP binds
before poly(Glu,Tyr) (Cole et al., 1994). Steady-state data
for pp60 c-src utilizing a synthetic peptide showed a random
sequential kinetic mechanism (Boener et al., 1995). Like
cAPK, two different mechanisms have been reported for the
epidermal growth factor receptor (EGFR). Posner et al.
(1992) described a rapid equilibrium random sequential
mechanism for EGFR utilizing either poly(Glu6Ala3Tyr) or
Val5-angiotensin II as substrate. On the other hand, Erneux
et al. (1983) reported an ordered sequential mechanism for
EGFR with synthetic peptide substrate binding before ATP.

The current study was designed to investigate the kinetic
mechanism for p38 MAP kinase. Steady-state kinetic
analysis of the incorporation of33P-labeled phosphate into
GST-ATF2 was utilized to monitor catalysis. The ATP
analog adenylyl methylenediphosphonate (AMP-PCP) and
two triarylimidazole p38 inhibitors were utilized to determine
the mode of inhibition versus GST-ATF2 and ATP. The
major finding of this study was that the kinetic mechanism
for p38 MAP kinase proceeded by a rapid-equilibrium
ordered sequential mechanism with protein substrate, GST-
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ATF2, binding before ATP. Furthermore, the data were
consistent with GST-ATF2 and ATP being interacting
substrates and suggest that ATP binds very poorly to p38 in
the absence of protein substrate.

MATERIALS AND METHODS

Expression and Purification of p38 and GST-ATF2.
cDNA encoding p38 was generated from human T cell RNA
using the GeneAmp protocol (Perkin Elmer). The cDNA
was modified to encode an N-terminal FLAG epitope
(Kodak) and was cloned into plasmid pRMHA-3 (derived
from pRmHA-1; Bunch et al., 1988) under transcriptional
control of a copper-inducible metallothionein promoter. The
new plasmid (pRM-h38a) was cotransfected with a neomycin
resistance plasmid, pS2-neo (derived from pUChsneo; Steller
& Pirrotta, 1985), intoDrosophilaSchneider S2 cells, and
clonal selection in 1.5 mg/mL active G418 for stable
transfectants was carried out. The p38-S2 line was chosen
from among 38 candidate clones by virtue of its relatively
high level of Flag-p38 expression as measured by Western
blot analysis. S2 cells were grown in Schneider’sDrosophila
medium (Gibco) supplemented with 10% fetal calf serum
(Biocell), 50µg/mL gentamicin (Gibco), and 2 mM glutamate
(Gibco) to a density of 2× 106 cells/mL in 1 L spinner flasks
at 30 °C. Expression of recombinant p38 was induced by
treating transfected cells with 1 mM CuSO4 for 4 h. To
induce phosphorylation of recombinant p38, CuSO4-induced
cells were stimulated 10 min prior to harvest with 400 mM
NaCl, 2 mM Na3VO4, and 100µg/L okadaic acid. Cell
pellets from 2 L of cells were washed with PBS, 2 mM Na3-
VO4, and lysed in 20 mM Tris, pH 7.5, 120 mM NaCl, 1%
Triton X-100, 2 mM EDTA, 20 mM NaF, 4 mM Na3VO4,
and 2 mM Pefabloc SC (Boehringer Mannheim). Extracts
were centrifuged for 10 min at 13000g, and p38 from a 30
mL lysate was immunoaffinity-purified by column chroma-
tography through 2.5 mL of packed anti-FLAG M2 resin
(Kodak). The affinity resin was equilibrated with lysis
buffer. After the extract was loaded, the resin was washed
with 10 column volumes of lysis buffer, 10 column volumes
of buffer A (10 mM Tris, pH 7.5, 500 mM NaCl, and 20%
glycerol), and then 10 column volumes of buffer B (10 mM
Tris, pH 7.5, 150 mM NaCl, and 20% glycerol). The fusion
protein was eluted in buffer B containing 100µg/mL FLAG
peptide.
cDNA encoding the N-terminal 115 amino acids of ATF2

was generated from human brain poly(A)RNA (Clonetech)
and cloned in pGEX-5X-1(Pharmacia) as a GST fusion
protein. The resulting plasmid, pGST-ATF2, was transfected
into BL21(DE3 pLys S) cells (Novagen). Expression of
GST-ATF2 protein was induced by treating the cells for 2 h
with 1 mM IPTG. The protein was purified over glu-
tathione-agarose according to standard procedures (Phar-
macia).
Steady-State Kinetics.Initial velocity studies utilized to

determine the steady-state constants for ATP and GST-ATF2
were carried out in 100µL volumes containing the final
concentrations of the following: 25 mM HEPES (Sigma)
(pH 7.4); 10 mM MgCl2 (Sigma); 2 mM DTT (Sigma); 20
mM â-glycerophosphate (Sigma); 0.1 mM Na3VO4 (Sigma);
4 µCi of [γ-33P]ATP (2000 Ci/mmol; 1 Ci) 37 GBq)
(Amersham); 2.5-250µM ATP (Pharmacia); and 1.16-11.6
µM GST-ATF2. Buffer composition was optimized for pH

and DTT and MgCl2 concentrations. MgCl2 was varied from
1 to 100 mM. The MgCl2 concentration which gave
maximal velocity was between 10 and 30 mM. The reactions
were initiated with the addition of 5 nM p38 (final
concentration) and incubated for 60 min at 30°C. Under
these conditions, less than 10% of substrate was converted
to product. Moreover, aliquots taken at 0, 10, 20, 30, 40,
and 60 min revealed that the reaction was linear for this time
course over the entire range and combination of substrate
concentrations: [GST-ATF2] ) 11.6µM/[ATP] ) 250µM
(correlation coefficient) 0.999); [GST-ATF2] ) 11.6µM/
[ATP] ) 2.5 µM (correlation coefficient) 0.997); [GST-
ATF2] ) 0.58µM/[ATP] ) 2.5µM (correlation coefficient
) 0.997). Reactions were stopped with 100µL of 100 mM
EDTA/15 mM sodium pyrophosphate. Fifty microliters of
the stopped reaction was spotted in triplicate on a 15 mM
sodium pyrophosphate-pretreated phosphocellulose 96-well
plate (Millipore MAPHNOB 10). The samples were vacuum-
filtered and washed 3 times each with 100µL of 75 mM
H3PO4 to remove excess [γ-33P]ATP. After washing and a
final filtration step to remove H3PO4, 50µL of Microscint-
20 (Packard) was added to each well, and samples were
analyzed on a Packard Topcount liquid scintillation counter.
All enzyme reactions were performed at least twice. The
initial velocities as a function of both GST-ATF2 and ATP
concentrations were fitted to equations for ternary complex
(sequential) and ping-pong mechanisms (Leatherbarrow,
1992). Kinetic constants were determined from nonlinear
least-squares analysis (Leatherbarrow, 1992).

Enzyme Inhibition.Enzyme inhibition studies were per-
formed as described for two-substrate kinetics. When ATP
was the varied substrate, [GST-ATF2] was fixed at 11.6µM,
and when GST-ATF2 was the varied substrate, [ATP] was
fixed at 50µM. For inhibition experiments, the concentra-
tion of AMP-PCP (Sigma) ranged from 25µM to 2.5 mM;
[SB 203580] ranged from 2 to 250 nM; and [SB 202190]
ranged from 15 to 480 nM. The initial velocities were fitted
to equations for competitive, uncompetitive, and full non-
competitive inhibition, and kinetic constants were determined
from a nonlinear least-squares fit (Leatherbarrow, 1992).
Reactions were spotted in triplicate, and inhibition reactions
were performed twice for AMP-PCP and SB 203580 and
once for SB 202190.

Equilibrium Binding Assays.Equilibrium binding of [2,6-
3H]-SB 202190 (71.4 mCi/mg) to p38 in the presence of
GST-ATF2 or BSA was measured in 100µL of a reaction
mixture which contained 2 mM Tris (Digene) (pH 7.4), 5
mM mercaptoethanol (Sigma), 25 mM HEPES (pH 7.4), 10
mM MgCl2, 2 mM DTT, 20 mMâ-glycerophosphate, 0.1
mM Na3VO4, 17 nM [2,6-3H]-SB 202190, 187 nM p38, 52
µM GST-ATF-2 or 50µM BSA, and ATP from 10µM to
5 mM. The mixture was incubated for 15 min at 30°C; 45
µL was applied in duplicate to Centri-Sep (Princeton
Separations) gel filtration columns (size exclusion limit∼25
kDa) that were prewashed with 0.8 mL of 2 mM Tris (pH
7.4) and 5 mM mercaptoethanol. p38-bound [2,6-3H]-SB
202190 was separated from unbound [2,6-3H]-SB 202190
by centrifugation at 700g for 2 min; 40µL aliquots were
added to 4 mL of Ultima Gold (Packard) scintillation fluid
and counted using a Packard Tricarb 2500-TR liquid scintil-
lation counter. Data presented are from the average of three
experiments.
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RESULTS

Initial Velocity Studies.Two-substrate profile analysis was
performed on activated p38 MAP kinase utilizing GST-ATF2
and ATP. Double-reciprocal plots of 1/V versus 1/[GST-
ATF2] and 1/V versus 1/[ATP] are presented in Figure 1A
and Figure 1B, respectively. Intersecting line patterns were
observed, indicating a sequential kinetic mechanism. The
steady-state kinetic constants generated from fitting the data
to the equation for formation of a ternary complex are given
in Table 1. The dissociation constantKi GST-ATF2 was
approximately 12-fold less than the correspondingKm value,
indicating interactive substrate binding.
Equilibrium Binding.We were further able to probe how

binding of protein substrate affected binding of ATP by
utilizing equilibrium binding experiments. A useful com-
pound for such experiments was reported by Lee et al. (1994)
and is shown in Figure 2A. Scatchard analysis of SB 202190
by Lee et al. (1994) yielded aKd of 30-50 nM with a single
binding site. In our experiments, we measured the ability
of ATP to compete with SB 202190 for binding to p38 in
the presence of GST-ATF2, a protein substrate, or BSA, a

nonphosphorylatable protein as a control. The results are
depicted in Figure 3 and revealed GST-ATF2 enhanced the
ability of ATP to compete with SB 202190 for binding to
p38 by 10-fold compared to BSA, a nonspecific protein
carrier.
Mode of Inhibition. To extend the findings from the two-

substrate profile analysis which showed that p38 MAP kinase
proceeded by a sequential mechanism, we attempted to
distinguish between random or ordered addition of substrates
by investigating the mode of inhibition for the ATP analog,
AMP-PCP, versus ATP or protein substrate, GST-ATF2.
Analysis of kinetic data utilizing dead-end inhibitors has been
shown to be valuable in determining and distinguishing
kinetic mechanisms (Fromm, 1979). AMP-PCP was a
competitive inhibitor versus ATP, havingKis ) 69( 18µM
(Figure 4A; Table 2), and an uncompetitive inhibitor versus
GST-ATF2 (Figure 4B; Table 2). Comparison of the
standard error analysis and regression analysis (reducedø2)
between the fits for competitive inhibition, full noncompeti-
tive inhibition, and uncompetitive inhibition favors competi-
tive inhibition for AMP-PCP versus ATP. Like analysis
favors uncompetitive inhibition for AMP-PCP versus GST-
ATF2. These data are consistent with an ordered sequential
kinetic mechanism for p38 with protein substrate binding
before ATP (Scheme 1). These kinetic data are also
consistent with our equilibrium binding studies (Figure 3)

FIGURE1: Two-substrate profile analysis for p38 MAP kinase. (A)
Double-reciprocal plot of 1/V (min/nM) versus 1/[GST-ATF2]
(µM-1) at seven fixed ATP concentrations. (B) Double-reciprocal
plot of 1/V (min/nM) versus 1/[ATP] (µM-1) at five fixed GST-
ATF2 concentrations. The data were fit to the equation for ternary
complex formation (Leatherbarrow, 1992).

Table 1: Kinetic Constants for p38 MAP Kinase from
Two-Substrate Kineticsa

substrate Km (µM) kcat (min-1) Kia (µM)

GST-ATF2 6.2( 0.6 4.8( 0.2 0.5( 0.3
MgATP 23( 2
a The kinetic parameters were calculated from the equation for a

ternary complex. The errors shown are standard errors. Data are from
a single experiment performed in triplicate. Repeat experiments yielded
identical results.

FIGURE 2: (A) Structure for SB 202190. (B) Structure for SB
203580.

FIGURE 3: Equilibrium binding of ATP to p38 in the presence of
GST-ATF2 (open circles) and BSA (filled circles): binding
competition with [2,6-3H]-SB 202190. Maximum cpm for binding
of SB 202190 to p38 in the presence of GST-ATF2) 10 000 and
in the presence of BSA) 5000.
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suggesting ATP can only bind to the E‚GST-ATF2 complex
and not free enzyme.
In an effort to understand the mechanism by which the

triarylimidazoles inhibit p38, we investigated the mode of
inhibition for SB 203580 (Figure 2B) which was reported
to be a specific inhibitor of p38 MAP kinase (Cuenda et al.,
1995). SB 203580 was a competitive inhibitor versus ATP,
havingKis ) 34 ( 2 nM (Table 2), and an uncompetitive
inhibitor versus GST-ATF2 (Table 2). Similar inhibition
patterns were seen for SB 202190 versus ATP and GST-
ATF2. TheKis value for SB 202190 is given in Table 2.

DISCUSSION

Our study focused on determining the kinetic mechanism
for p38 MAP kinase, a member of the Ser/Thr protein kinase
family. To date, there are no reports that examine the kinetic
mechanism for any of the MAP kinases. Rather, mechanistic
studies on cAPK have served as the paradigm for the Ser/
Thr and consequently MAP kinase families (Cook et al.,
1982; Whitehouse et al., 1983; Kong & Cook, 1988; Adams
& Taylor, 1992). With a number of recent reports showing
p38 to be a critical enzyme in pro-inflammatory cytokine
biosynthetic pathways and cell proliferation (Han et al., 1994;
Raingeaud et al., 1995; Lee & Young, 1996), an understand-
ing of the kinetic mechanism for p38 MAP kinase will be
useful.
Using a combination of initial velocity studies, equilibrium

binding, and dead-end inhibition patterns (Figures 1, 3, and
4), we have generated a compelling set of data for p38 that
suggests an ordered sequential kinetic mechanism whereby
protein substrate binds first and is required for ATP binding.
This is the first such report for this type of mechanism for
a Ser/Thr protein kinase. The inhibition pattern for AMP-
PCP versus ATP showed the characteristic intersecting line
pattern for competitive inhibition (Segel, 1975; Figure 4A).
This pattern was expected considering AMP-PCP differs in
structure from ATP only by addition of a methylene group
inserted between theâ- and γ-phosphates of ATP. The
parallel line pattern characteristic of uncompetitive inhibition
(Segel, 1975; Figure 4B) was seen for the competition
between AMP-PCP and GST-ATF2. Such a pattern would
suggest that AMP-PCP can only bind to the E‚GST-ATF2
complex. Indeed, when the data are fit to full noncompetitive
inhibition, theKis term representing the E‚I complex is very
poorly defined (3.1× 1018 ( 2.1 × 1018), indicating that
AMP-PCP, like ATP, does not bind to free enzyme, but
requires GST‚ATF2 to be bound first.
The inhibition data for AMP-PCP also help to explain the

observation from the initial velocity studies (Figure 1; Table
1) which demonstrated that GST-ATF2 and ATP were
interacting sites. In many ways, the observation that the
binding of protein substrate can affect the binding of ATP
to p38 is very similar to that which was observed in the
crystal structure of inhibitor peptide (PKI) and ATP-bound
cAPK (Zheng et al., 1993). The crystal structure of the
ternary complex revealed that the binding of PKI and
MgATP is synergistic and that both Mg2+ and ATP bind
poorly to uncomplexed enzyme. Indeed, Whitehouse and
Walsh (1983) showed a large increase in the affinity of
MgATP for cAPK complexed with PKI compared to
uncomplexed cAPK. While the observation that the protein
substrate and ATP binding sites in p38 were interactive can
be reconciled with the X-ray crystal structure data for cAPK,
the kinetic data for cAPK support independent peptide and
ATP binding sites (Cook et al., 1982; Whitehouse et al.,
1983; Kong & Cook, 1988).
As Cook et al. (1982) reported for cAPK, many of the

tyrosine kinases have been reported to proceed by a random
sequential mechanism (Posner et al., 1992; Cole et al., 1994;
& Boerner et al., 1995). It is unclear why p38 shows a
different kinetic mechanism from these other kinases. All
of these mechanisms were determined utilizing peptide
substrates for the kinase of interest. In our experiments, we
chose the transcription factor ATF2 as a protein substrate

FIGURE4: AMP-PCP inhibition of p38. (A) Double-reciprocal plot
of 1/V(min/nM) versus 1/[ATP] (µM-1) performed at five fixed
AMP-PCP concentrations. The GST-ATF2 concentration was fixed
at 11.6µM. The data were fit to the equation for competitive
inhibition (Leatherbarrow, 1992). (B) Double-reciprocal plot of 1/V
(min/nM) versus 1/[GST-ATF2] (µM-1) at five fixed AMP-PCP
concentrations. The ATP concentration was fixed at 50µM. The
data were fit to the equation for uncompetitive inhibition (Leath-
erbarrow, 1992).

Table 2: Inhibition Constants and Mode of Inhibition for p38 MAP
Kinasea

inhibitor
varied
substrate

inhibition
pattern Kis (µM) Kii (µM)

AMP-PCP GST-ATF2 UC 274( 20
SB 203580 GST-ATF2 UC 0.084( 0.006
SB 202190 GST-ATF2 UC 0.063( 0.005
AMP-PCP ATP C 69( 18
SB 203580 ATP C 0.034( 0.002
SB 202190 ATP C 0.016( 0.001

a Inhibition constants were calculated from the equation for either
uncompetitive or competitive inhibition. The errors shown are standard
errors. Data are from a single experiment performed in triplicate. Repeat
experiments yielded identical results.

Scheme 1: Ordered Sequential Kinetic Mechanism for p38
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for p38. Raingeaud et al. (1995) showed this protein was a
good in Vitro substrate for p38 and suggested ATF2 as a
potentialin ViVo substrate for p38 as well. It is yet unclear
whether the kinetic mechanism for various kinases will be
affected by differences between protein and peptide sub-
strates, but it is reasonable to believe that peptides may not
provide all of the contacts that a protein substrate would.
Moreover, the ATP binding domain may be inaccessible in
the free enzyme form, and upon protein substrate binding, a
conformational change occurs which makes the site open
for ATP binding. Or perhaps, in p38, protein substrate itself
forms some of the ATP binding domain. In fact, Wilson et
al. (1996) have suggested from their crystal structure data
of unactivated and uncomplexed p38 that the ATP and
protein binding domains would have to change their orienta-
tion in order for catalysis to occur. It should be noted that
any comparison between p38, cAPK, and members of the
tyrosine kinase family should be taken in context of their
low level of amino acid identity (approximately 20-25%
with other protein kinases whose structures have been
reported; Wilson et al., 1996). Indeed, Wilson et al. (1996)
reported large differences in the phosphorylation lip and
peptide binding channel between p38 and ERK-2 (extracel-
lular-regulated protein kinase), a MAP kinase family member
which shares 48% amino acid identity with p38. Finally,
an ordered sequential kinetic mechanism for p38 where
protein substrate is bound first may be linked to the
mechanism of activation for p38 and may produce a
conformation in p38 that gives specificity to a particular
upstream kinase activator. It will be interesting to see if
other MAP kinases proceed by the same kinetic mechanism
as p38 or if they are more similar to cAPK.
Our results from the inhibition of p38 by two triarylimid-

azoles and the equilibrium binding studies (Table 2; Figure
3) are also consistent with an ordered sequential mechanism
for p38 with GST-ATF2 binding first. SB 202190 and SB
203580 are both competitive with ATP. The uncompetitive
inhibition between these compounds and GST-ATF2 sug-
gests inhibitor, like ATP and AMP-PCP, preferentially binds
to the E‚GST-ATF2 complex. However, fitting the data to
the equation for full noncompetitive inhibition yields a poorly
definedKis term for both SB 203580 (789( 595 nM) and
SB 202190 (347( 192 nM), suggesting that the triarylimid-
azoles may show some association with free enzyme,
whereas ATP and AMP-PCP, as discussed earlier, show no
association with free enzyme. The equilibrium binding
studies also show that the requirement for an E‚GST-ATF2
complex for ATP binding is more pronounced than that for
the inhibitor. Little competition between ATP and SB
202190 is seen when p38 does not contain bound GST-ATF2
(as is the case with BSA; Figure 3). However, SB 202190
can bind to BSA-complexed p38 whereas ATP cannot. A
similar result is seen for activated p38 (i.e., phosphorylated)
and unactivated (nonphosphorylated) p38. That is, ATP is
unable to bind to unactivated p38 whereas drug is able to
bind to unactivated p38 (O’Neill et al., unpublished results).
One possible explanation for the weak inhibitor binding to
free enzyme is that perhaps BSA can serve a similar aid for
drug binding as protein substrate does, but is unable to
perform this role for ATP. It is interesting to speculate that
the putative conformational changes that occur upon substrate
binding have differential effects upon ATP and inhibitor
binding and perhaps BSA may induce the needed effect for

inhibitor only. Alternatively, it may be a combination of
effects from protein substrate binding and the p38 phospho-
rylation state that give rise to differential binding of ATP
and drug to free and bound enzyme.
Understanding the kinetic mechanism for two-substrate

reactions is important for inhibitor screening. For example,
since p38 exhibits an ordered sequential mechanism with
protein substrate binding first, any binding assay must include
substrate if one is to detect inhibitors that are competitive
with ATP. In general, for the p38 case, a catalytic assay
would be more appropriate because both ATP and inhibitor
bind preferentially to the E‚GST-ATF2 complex. In a
catalytic assay, it is likely that inhibitors of both ATP and
protein substrate would be detected.
In summary, we have determined the kinetic mechanism

for p38 to be ordered sequential with protein substrate
binding first. Moreover, ATP and AMP-PCP bind only to
the E‚GST-ATF2 complex. The triarylimidazoles also
preferentially bind to the E‚GST-ATF2 complex, but show
some ability to bind to free enzyme. This indicates while
similar, ATP binding and drug binding to p38 have somewhat
different structural requirements. Given this mechanism, it
will be interesting to compare the X-ray crystal structures
of uncomplexed p38 and a ternary complex of p38‚AMP-
PCP‚protein/peptide substrate or p38‚drug‚protein/peptide
substrate to see what structural features are required for such
a mechanism.
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