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ABSTRACT: p38 is a member of the mitogen-activated protein (MAP) kinase family. Activation
(phosphorylation) of p38 acts as a switch for the transcriptional and translational regulation of a number
of proteins, including the proinflammatory cytokines. Investigation of a set of small peptides revealed
that, as with protein substrates, p38-R behaves as a proline-directed Ser/Thr MAP kinase for a peptide
substrate, peptide4 (IPTSPITTTYFFFKKK). We investigated the steady-state kinetic mechanism of the
p38-R-catalyzed kinase reaction with EGF receptor peptide, peptide1, as a substrate. Lineweaver-Burk
analysis of the substrate kinetics yielded a family of lines intersecting to the left of the ordinate, with
either ATP or peptide1 as the varied substrate. Kinetic analysis in the presence of ADP yielded a
competitive inhibition pattern when ATP was the varied substrate and a noncompetitive pattern if peptide
1 was the varied substrate. At saturating peptide substrate concentrations, inhibition by phosphopeptide
product yielded an uncompetitive pattern when ATP was the varied substrate. These data are consistent
with ordered binding with ATP as the initial substrate. We provide further evidence of the existence of
a productive p38‚ATP binary complex in that (a) activated p38-R has intrinsic ATPase activity, (b) ATPase
and kinase activities are coupled, and (c) inhibitors of ATPase activity also inhibit the kinase activity
with a similar inhibition constant. Thekcat for the kinase reaction was lowered by 1.8-fold when ATP-γ-S
was used. Microviscosity linearly affected thekcat values of both the ATP and ATP-γ-S reactions with a
slope of about 0.8. These observations were interpreted to mean that the phosphoryl transfer step is not
rate-limiting and that the release of product and/or enzyme isomerization is a possible rate-limiting
step(s).

p38 is a member of the mitogen-activated protein (MAP)
kinase family of intracellular enzymes which are part of the
signal transduction cascade transmitting signals from an
extracellular stimulus to the nucleus of the cell (1-4). Three
groups of enzymes belong to the MAP kinase family:
extracellular signal-regulated kinases (ERKs), c-Jun N-
terminal kinases (JNKs), and p38s. The MAP kinases are
distinguished by their unique phosphorylation sites on a triad
of amino acids, Thr-X-Tyr. Amino acid X in the triad is Glu,
Pro, and Gly in ERKs, JNKs, and p38s, respectively. Both
Thr and Tyr must be phosphorylated for full activity, and
the dual specificity kinase which phosphorylates MAP kinase
is called MAP kinase kinase (MKK). Among the MAP
kinases, ERKs are primarily activated in response to growth
factors and hormones while JNKs and p38s are activated in
response to environmental and cellular stresses such as
osmotic shock, UV radiation, cytotoxic chemicals, and
proinflammatory cytokines. Hence, JNKs and p38s are also
called stress-activated protein kinases (SAPKs). Activated
p38 enters the nucleus chaperoned by transporter proteins
to activate specific transcription factors which in turn
modulate the synthesis of various proteins, including the
proinflammatory cytokines. It has been well documented,
in vitro, that the concentrations of proinflammatory cytokines,

IL-1 â and TNF-R, are elevated in concert with the activation
of p38 and that inhibitors of p38 activity decrease the level
of the proinflammatory cytokines dramatically (5-7). Hence,
p38 is a target for the design of drugs for autoimmune
indications such as rheumatoid arthritis and inflammatory
bowel disease.

To date, there are four isoforms of p38 known, namely,
p38-R, -â, -γ, and -δ (8-12). The R- and â-isoforms are
expressed in most tissues, whereas theγ-isoform is expressed
primarily in the skeletal muscles. p38-δ, on the other hand,
appears to be predominantly expressed in the lung, testis,
kidney, and small intestine (1, 11). The sequence alignments
showed that p38-δ is approximately 61, 59, and 65%
identical to p38-R, -â, and -γ, respectively. Pyridinylimida-
zole inhibitors such as SB202190 and SB203580 are very
selective for p38, potently inhibit theR- andâ-isoforms, and
do not inhibit theγ- andδ-isoforms (13-15). A number of
crystal structures of p38-R have been determined, with and
without inhibitor bound at the ATP pocket (13, 16-18), to
aid in the drug discovery process. A crystallographic study
of VK-19911, another pyridinylimidazole inhibitor, in com-
plex with p38-R predicted that Thr106 may be the specificity
determinant (residue 106 is Thr in p38-R and -â, while it is
Met in theγ- andδ-isoforms) for binding pyridinylimidazole
inhibitors. Mutation of Thr106 to Met in p38-R indeed
eliminated the affinity for VK-19911 and other pyridinylimi-
dazole inhibitors (13). In monocytes, macrophages, and

* Corresponding author. E-mail: pazhanisamy@vpharm.com. Tele-
phone: (617) 577-6769. Fax: (617) 577-6713.

2079Biochemistry2000,39, 2079-2087

10.1021/bi9919495 CCC: $19.00 © 2000 American Chemical Society
Published on Web 02/02/2000



neutrophils, p38-R is abundantly expressed while p38-â is
expressed at a low level (12). Both in cell assays and in in
vivo animal studies, pyridinylimidazole inhibitors were able
to block the synthesis of IL-1â and TNF-R (19). Hence,
p38-R has been the primary focus of anti-inflammatory drug
discovery.

The kinetic mechanisms of a number of protein kinase
reactions have been investigated extensively. PKA is one of
the most thoroughly studied Ser/Thr protein kinases (20-
22). It follows an ordered binding mechanism with ATP as
the first substrate to bind. KDR, a receptor tyrosine kinase,
experiences rapid equilibrium ordered binding with ATP as
the first substrate (23). On the other hand, for p60c-src
tyrosine kinase, the kinetic mechanism is rapid equilibrium
random binding (24). LoGrasso et al. reported a sequential
order of binding for the p38-R-catalyzed kinase reaction
using ATF2 as the phosphoryl acceptor. They found that the
protein substrate was the first substrate to bind (25). This
conclusion seemed inconsistent with our finding that highly
purified activated recombinant p38-R has significant ATPase
activity. We, therefore, investigated the kinetic mechanism
of the kinase reaction catalyzed by p38-R. A peptide based
on the EGF receptor phosphorylation site (Thr669) was used
as a substrate instead of the protein substrate. The kinase
kinetics were monitored either by a spectrophotometric
coupled-enzyme assay or by HPLC analysis of quenched
samples. From the substrate kinetics and kinetics of inhibition
by substrate analogues and products, we conclude that
phosphoryl transfer to the synthetic peptide follows a
sequential ordered mechanism with ATP as the initial
substrate. We used viscosity and ATP-γ-S effects on rates
to further understand the nature of the rate-limiting step for
the p38-catalyzed kinase reaction. MAP kinases are known
to phosphorylate proteins only on a Ser or Thr that is directly
linked to proline on its C-terminus. We report here the proline
directedness of phosphorylation by p38-R MAP kinase using
synthetic substrates.

MATERIALS AND METHODS

Materials.Pyruvate kinase, lactate dehydrogenase, ATP-
γ-S, phosphoenolpyruvate (PEP), and NADH were purchased
from Boehringer Mannheim. ADP, ATP, and its analogues
AMPPNP1 and AMPPCP were obtained from Sigma Chemi-
cal Co. EGF receptor peptide (peptide1, KRELVEPLTPS-
GEAPNQALLR) and other peptide substrates were pur-
chased from either AnaSpec or American Peptide Co.
EnzChek (E-6646), a phosphate assay kit, was purchased
from Molecular Probes.

ActiVated p38.(His)6-p38 was expressed in baculovirus-
infected Sf9 cells, and the unactivated (His)6-p38 was purified
as described previously (16) by omitting the final size-
exclusion chromatography step. About 10-20 mg of dialyzed
Q-Sepharose-eluted p38-R was diluted to a concentration of
0.5 mg/mL in buffer A [50 mM HEPES (pH 7.5), 2 mM

DTT, and 5% (v/v) glycerol containing 10 mM MgCl2]. A
constitutively active double mutant of MKK6, (DD)MKK6,
was added to a final concentration of 10µg/mL, and the
activation was initiated by the addition of 2 mM ATP at 20
°C. After reaction for 30 min, the activation mixture was
applied to a 1 cm× 10 cm Mono-Q HR 10/10 column
(Pharmacia) preequilibrated with buffer A and eluted with a
20 column volume gradient to buffer A containing 0.5 M
NaCl. The activated p38 peak was pooled and dialyzed at 4
°C versus buffer A. Next, hydrophobic interaction chroma-
tography was performed at room temperature. Typically, 3-5
mg of Mono-Q-purified p38 at a concentration of 0.5-1 mg/
mL was adjusted to 1.1 M KH2PO4 (pH 7.4) by the addition
of a 4 M stock solution. The sample was filtered (0.2µm)
and applied at a rate of 1 mL/min to a 1 cm× 10 cm
Hydropore HIC (Rainin) column preequilibrated with 1.1 M
KH2PO4 (pH 7.4), 2 mM DTT, and 10% (v/v) glycerol and
eluted with a 20 column volume gradient to 0.6 M KH2PO4

(pH 7.4), 2 mM DTT, and 10% (v/v) glycerol. The
bis-phosphorylated p38, eluting as the main peak, was
dialyzed against buffer A and stored at-70 °C until it was
used.

ATPase Kinetics.Activated p38 has intrinsic ATPase
activity. The ATPase activity of activated p38 was character-
ized in 0.1 M HEPES buffer (pH 7.6) containing 10 mM
MgCl2 and 10% glycerol. The kinetics were followed by one
of the following two methods. In method A, the ADP that
was generated was quantified using pyruvate kinase and
lactate dehydrogenase coupled-enzyme assay as described
by Fox et al. (26). In method B, the phosphate that was
generated by the hydrolysis reaction was quantitated by the
nucleoside phosphorylation reaction using the EnzChek
phosphate assay kit from Molecular Probes. In this method,
1 unit/mL nucleoside phosphorylase and 200µM nucleoside
substrate (MESG) were used in the reaction. Unless otherwise
indicated, the p38 concentration was maintained at 100 nM.
The kinetic analyses were carried out in a 96-well plate, at
30 °C, on a Molecular Devices spectrophotometer.

Kinase Kinetics.The kinase rates were followed either
spectrophotometrically, on a Molecular Devices plate reader,
by monitoring the ADP generated during the reaction by the
above-described coupled-enzyme assay, or by monitoring the
peptide and its phosphorylation product by HPLC. The
reactions were carried out at 30°C in 0.1 M HEPES buffer
(pH 7.6) containing 10 mM MgCl2 and 10% glycerol. The
concentration of p38 was in the range of 5-40 nM. For the
HPLC analysis, the reactions were quenched after a specified
time with 125 mM EDTA (final concentration) at pH 8.0.
The samples were run on a Gilson HPLC system to separate
the peptide substrate and product. A C18 reversed phase
column from Phenomenex (catalog no. 00B-4108-E0, 5µm,
100 Å, 50 mm× 4.6 mm) was used. Baseline separation
was accomplished by a linear increase in the level of mobile
phase B (20 mM phosphoric acid and 100 mM sodium
perchlorate in a 1:1 water/acetonitrile solvent) from 30 to
70% over the course of 10 min at a rate of 1 mL/min. Mobile
phase A was 20 mM aqueous phosphoric acid (pH 2.0)
containing 100 mM sodium perchlorate.

DATA ANALYSIS

Substrate Kinetics.Peptide1, based on the EGF receptor
phosphorylation site, was used for the investigation of the

1 Abbreviations: AMPPNP,â,γ-imidoadenosine 5′-triphosphate;
AMPPCP,â,γ-methyleneadenosine 5′-triphosphate; PKA, protein kinase
A; cAPK, cyclic AMP-dependent protein kinase; EGF, epidermal
growth factor; ATF2, activating transcription factor-2; MAPKAP,
mitogen-activated protein kinase-activated protein; HEPES,N-(2-
hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; DTT, dithiothreitol;
MESG, 2-amino-6-mercapto-7-methylpurine ribonucleoside.
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binding order in the p38-catalyzed kinase reaction. The initial
rates obtained at various fixed concentrations of peptide1
and ATP were fitted to eq 1

where [Eo], [A], and [B] are the enzyme, ATP, and peptide
1 concentrations, respectively,kcat is the turnover number,
Kia is the dissociation constant for ATP,Ka andKb are the
Km values for ATP and peptide1, respectively.

Inhibition Kinetics.The initial rates of kinase reaction were
obtained either as a function of dead-end inhibitors such as
ATP analogues or as a function of ADP or phosphopeptide,
products of the kinase reaction. In these studies, one of the
kinase substrates (ATP or peptide) is varied keeping the other
constant. The data are fitted to the noncompetitive inhibition
model (eq 2), an uncompetitive inhibition model (eq 3), or
to a competitive inhibition model (eq 4).

whereKis andKii are the dissociation constants for dissocia-
tion of the inhibitors from the complex to yield either the
free enzyme or the substrate bound enzyme, respectively.
The data were analyzed on a Macintosh computer using the
software KinetAsyst, from Intellikinetics (State College, PA).

RESULTS

ATPase ActiVity of ActiVated p38.Phosphorylated p38 had
significant ATP hydrolyzing activity in the absence of any
added peptide substrate for which its kinetic parameters can
be obtained with a catalytic amount of p38 (100 nM in
spectrophotometric assays and 50 nM in HPLC assays). The
Km andkcat values for the ATP2 hydrolyzing activity were
170 µM and 0.4 s-1, respectively, at pH 7.6. ADP is a
common product of kinase and ATPase reactions. Phosphate

and phosphorylated peptide, on the other hand, are unique
products of the ATPase and kinase reactions, respectively.
To characterize the ATPase activity of p38, we monitored
the activated p38-catalyzed hydrolysis of ATP in the presence
of various concentrations of the added peptide. Peptide1 is
an excellent substrate for the kinase reaction (Table 1). In
the absence of any added peptide, there is a considerable
ATP hydrolysis activity as demonstrated from the significant
phosphate release rate (Figure 1). Progressive addition of
peptide1 resulted in the decline of the rate of phosphate
production with a concomitant increase in the rate of ADP
production. Since the rate of ADP release from the ATPase
reaction should be stoichiometric with respect to the phos-
phate release, it is obvious that the net kinase rate is several-
fold higher than the ATPase rate. The observation that there
was significant ATPase activity in the absence of peptide
substrate and that this activity is in competition with the
peptide kinase activity suggests that the ATPase and kinase
activities of p38-R are coupled.

Peptide Substrate Specificity. ATF2, MAPKAP kinase-2,
EGF receptor, and myelin basic protein are some of the in

2 Since the Mg2+ concentration is kept high (10 mM) compared to
ATP and ADP concentrations ()2 mM), the nucleotides will exist
predominantly as [Mg‚ATP]2- and [Mg‚ADP]-, respectively.

Table 1: Peptide Substrate Specificity for the p38-R-Catalyzed Kinase Reaction

peptide sequence substrate inhibitor IC50 (mM) Km (µM)a kcat (s-1) kcat/Km (mM-1 s-1)

1 KRELVEPLTPSGEAPNQALLR yes - - 840( 80 22.6( 0.8 27( 3
2 DSVIVADQTPTPTRFLKNEEE no - -
3 WIMQSTKVPQTPLHTSRVLK yes - - >500 10( 2
4 IPTSPITTTYFFFKKK yes - - 103( 16 22.8( 1.2 221( 36
5 IPTTPITTTYFFFKKK yes - - 49 ( 20 8.4( 0.8 171( 72
6 IPTYPITTTYFFFKKK no yes 0.7b

7 IPTAPITTTYFFFKKK yes - - 250( 50 3.8( 0.4 15( 3
8 IPAAPITTTYFFFKKK no yes 1.0b

9 IPTSAITTTYFFFKKK yes yesc -
10 IATSPITTTYFFFKKK yes - - 58 ( 8 2.4( 0.2 41( 7
11 IPSTPITTTYFFFKKK yes yesc -

a The ATP concentration was maintained at 1 mM.b Obtained by a spectrophotometric coupled-enzyme assay in which the concentrations of
ATP and peptide1 were maintained at 100 and 200µM, respectively.c At low peptide concentrations (<200 µM), there was a small increase in
the rate in the coupled-enzyme assay. At higher concentrations, the rate decreased to well below the ATPase rate observed in the absence of
peptide.

V/[Eo] )
kcat[A][B]

KiaKb + Ka[B] + Kb[A] + [A][B]
(1)

V/[Eo] )
kcat[S]

Km(1 + [I]/ Kis) + [S](1 + [I]/ Kii )
(2)

V/[Eo] )
kcat[S]

Km + [S](1 + [I]/ Kii )
(3)

V/[Eo] )
kcat[S]

Km(1 + [I]/ Kis) + [S]
(4)

FIGURE 1: ATPase and kinase activities of p38-R are coupled. The
ATP concentration was fixed (200µM) and the peptide1
concentration varied from 0 to 2 mM. As the peptide1 concentration
increased, the p38-R-catalyzed rate of phosphate release [ATPase
activity (9)] decreased while the net rate of ADP release [ATPase
plus kinase activities (0)] increased.
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vitro substrates of p38 (25-27). We were interested in
designing a small peptide substrate suitable for a spectro-
photometric assay for detailed kinetic studies. A fragment
of EGF receptor containing the phosphorylation site Thr669
was reported to be a substrate for p38 in a filter binding
assay (27). We found the EGF receptor peptide, peptide1
(Table 1), to be a good substrate in a filter binding assay as
well as in the spectrophotometric coupled-enzyme assay.
However, similar efforts in designing a small peptide
substrate for p38 from ATF2, peptide2, were not successful,
and the peptide derived from MAPKAP K-2, peptide3, was
only modestly active (Table 1). Peptide4 was suggested by
L. C. Cantley of Harvard Medical School (Cambridge, MA)
as a substrate for p38. Peptide4 had akcat value identical to
that of peptide1, and theKm value was about 8-fold lower
than that for peptide1.

MAP kinases are called proline-directed Ser/Thr kinases
since these enzymes phosphorylate their respective protein
substrates on a Ser or Thr that is directly linked to the Pro
on its carboxyl terminus (31, 32). To test if this generalization
will hold true for small peptide substrates, we replaced the
Ser next to the Pro in peptide4 with Thr and Tyr in peptides
5 and6, respectively. From the results shown in Table 1, it
is clear that Ser and Thr at amino acid-1 of Pro are equally
preferred for phosphorylation while Tyr is not accepted.
However, peptide6 inhibited the phosphorylation of peptide
1 with an IC50 of 0.7 mM. Unexpectedly, substitution of Ser
with Ala, peptide 7, yielded a kinase substrate, but the
specific activity (kcat/Km) went down by a factor of 14.
Sequencing of the phosphopeptide from the kinase reaction
of 7 revealed that the Thr next to the Ala was phosphorylated.
Substitution of both-2 and -1 amino acids on the
N-terminus of Pro with Ala, peptide8, resulted in the
complete elimination of kinase activity for the peptide.
Peptide8 inhibited the p38-catalyzed kinase reaction of
peptide1 with an IC50 of 1 mM. This suggests that peptide
8 may still bind at the peptide binding site on p38. The
binding of peptide6 and8 could not be characterized further
due to low solubility. The extent to which Pro is necessary
for the peptide to behave as a kinase substrate for p38 was
examined with peptide9 where Pro was substituted with Ala.
This peptide behaved as a substrate at low concentrations
(<200 µM), whereas it is clearly an inhibitor at high
concentrations. There is one other proline in peptide4 which
is the second amino acid from the N-terminus. Replacement
of this proline with Ala, peptide10, reduced the specific
activity by a factor of 5, but it did not alter theKm for the
substrate significantly. Finally, interchanging Thr and Ser
in peptide4 yielded peptide11 (peptide11 can also be
thought of as resulting from the substitution of Thr in peptide
5 with Ser) which exhibited no significant kinase activity.
This peptide behaved like peptide9 by inhibiting the kinase
and ATPase activities at high concentrations.

Substrate Kinetics.Peptide1 was used to investigate the
binding order mechanism for the kinase reaction catalyzed
by the activated p38. The spectrophotometric coupled-
enzyme assay was used to obtain the initial rates of the
reaction. The initial rates were obtained at a range of peptide
and ATP2 concentrations to cover theKm values for both.
Under these conditions, the contributions of ATPase rates
were not significant compared to the net rate of ADP
generated by p38 catalysis. Lineweaver-Burk analysis

(Figure 2) yielded an intersecting pattern for both 1/V versus
1/[ATP] (Figure 2A) and 1/V versus 1/[peptide1] (Figure
2B).

Inhibition by ATP Analogues and SB203580.ATP ana-
logues AMPPNP and AMPPCP are competitive inhibitors
of ATP with Ki values of 800 and 200µM, respectively
(Table 2). When the ATP concentration was held constant
and that of peptide1 was varied in the presence of various
fixed concentrations of AMPPCP, the double-reciprocal plots
yielded a noncompetitive pattern (Figure 3A). Analysis of

FIGURE 2: Substrate kinetics for the p38-R-catalyzed kinase
reaction. Peptide1 was used as the phosphoryl acceptor. Initial
rates were obtained for various combinations of ATP (0.05, 0.075,
0.125, 0.25, 0.5, 0.75, and 1.0 mM) and peptide1 (0.2, 0.4, 0.625,
1.25, 2.5, 3.75, and 5.0 mM) at 30°C in 0.1 M HEPES buffer (pH
7.6) containing 10 mM MgCl2 and 10% glycerol. The concentration
of activated p38-R was 20 nM. Plots of 1/rate vs either 1/[ATP]
(A) or 1/[peptide1] (B) show an intersecting pattern of straight
lines with a point of intersection to the left of the ordinate. The
solid lines represent the best fit of the data to eq 1.

Table 2: Kinetic Parameters for the Inhibition of the
p38-R-Catalyzed Kinase Reaction

varied
substrate inhibitor

inhibition
pattern Kis (µM) Kii (µM)

ATP SB203580 C 0.10( 0.02
ATP AMPPNP C 830( 200
ATP AMPPCP C 200( 30
ATPa ADP C 570( 90
peptide1a ADP NC 1100( 200 2000( 600
peptide1 AMPPCP NC 340( 100 90( 10
peptide1 SB203580 NC 0.076( 0.011 0.052( 0.004
ATPb phosphopeptide1 UC 3300( 130

a The initial rates for these experiments were obtained by HPLC
analysis of quenched samples. Initial rates for all other experiments
were obtained by the spectrophotometric coupled-enzyme assay. The
data were fitted to either eq 2 (noncompetitive pattern, NC), eq 3
(uncompetitive pattern, UC), or eq 4 (competitive pattern). See Materials
and Methods for more details.b The concentration of peptide1, the
fixed substrate, was kept at 4 mM (5Km). In all other experiments, the
fixed substrate concentration was below saturation.
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the data, fitted to eq 2, yieldedKis andKii values of 340 and
100 µM, respectively. SB203580 belongs to the pyridinyl-
imidazole class of inhibitors which bind at the ATP site (18).
Inhibition kinetics also yielded a competitive pattern for
SB203580 when ATP was the varied substrate (Ki ) 100
nM) and a noncompetitive pattern when peptide1 was the
varied substrate (Figure 3B).

Kinetics in the Presence of Product.The kinetics of the
p38-catalyzed kinase reaction were examined in the presence
of various fixed concentrations of ADP, one of the products
of the kinase reaction. The initial rates were obtained from
the phosphopeptide peak in HPLC analysis. When ATP was
the varied substrate, the double-reciprocal plots yielded a
simple competitive pattern with aKi of 0.57 mM (Figure
4A). A noncompetitive pattern withKis and Kii values of
1.1 and 2.0 mM, respectively, was obtained when peptide1
was the varied substrate (Figure 4B). The effect of phos-
phopeptide product on the kinetics of phosphorylation of
peptide1 was also examined.3 The rates were measured as
a function of ATP concentration keeping the peptide1
concentration at 4 mM (5Km). Under these conditions, the
phosphopeptide exhibited an uncompetitive inhibition pattern
(Figure 5) with aKii of 3.3 mM.

Kinetics with ATP-γ-S.ATP-γ-S is not hydrolyzed by p38-
R; however, ATP-γ-S inhibited the hydrolysis of ATP by
p38-R with a Ki of 240 µM. On the other hand, ATP-γ-S
was a substrate for the kinase reaction catalyzed by p38. The
generation of thiophosphopeptide was confirmed by the
appearance of a unique peak in HPLC as well as by mass

spectral analysis. Kinetic analyses were performed at saturat-
ing peptide1 (5 mM) and ATP (2 mM) or ATP-γ-S (2 mM)
concentrations. The initial rates of reaction were computed
from the peak areas of phospho- and thiophosphopeptide
peaks by HPLC analysis. Thekcat for the kinase reaction is
lowered by a factor of 1.8 for ATP-γ-S.3 Suggested by one of the reviewers.

FIGURE 3: Inhibition kinetics with AMPPCP and SB203580. The
kinetic determinations were carried out at 100µM ATP. The
concentration of peptide1 was varied (0.2-5.0 mM) in the presence
of various fixed concentrations of either AMPPCP (0, 0.25, 0.5,
and 1.0 mM) (A) or SB203580 (0, 0.1, 0.2, and 0.4µM) (B). The
theoretical lines were generated using the parmeters of the data
best fit to eq 2.

FIGURE 4: Inhibition by ADP. In panel A, the inverses of kinase
rates obtained at various fixed concentrations of ADP (0, 0.5, and
1.0 mM) were plotted against the inverses of ATP concentrations
(0.025-1.0 mM). Peptide1 was kept constant at 200µM. The solid
lines represent the best fit of the data to competitive inhibition
kinetics (eq 4). In panel B, the inverses of rates obtained as a
function of peptide1 concentration (0.25-2.0 mM) at various fixed
concentrations of ADP (0, 0.5, 1.0, and 1.5 mM) were plotted
against the inverses of the peptide concentrations. In this experiment,
the ATP concentration was fixed at 50µM. The solid lines represent
the best fit of the data to noncompetitive inhibition kinetics (eq 2).

FIGURE 5: Inhibition by phosphopeptide product. The peptide1
concentration was kept at 4 mM in all the kinetic experiments. The
initial rates were measured as a function of ATP concentration
(0.062-2.0 mM) keeping the phosphopeptide at 0 (2), 2 (O), 4
(]), and 8 mM (9). The solid lines represent the best fit of the
data to eq 3 for uncompetitive inhibition kinetics.

Kinetic Mechanism of p38 Biochemistry, Vol. 39, No. 8, 20002083



Viscosity Effect on kcat. The effect of viscosity on rate
constant is often used to infer the nature of the rate-limiting
step (33). We prepared buffers containing various concentra-
tions of viscogen (sucrose or PEG-8000) to yield different
relative viscosities. An Ostwald viscometer was used to
measure the relative viscosity of the solutions. Sucrose, being
a small molecule, contributes microviscosity to the solution,
while PEG-8000 contributes macroviscosity to the solution.
Rates were measured underkcat conditions4 for the kinase
reaction ([peptide1] ) 4 mM, [ATP] or [ATP-γ-S] ) 2
mM). The ratios of the rates were plotted as a function of
the relative viscosity for ATP and ATP-γ-S reactions. As
shown in Figure 6, both the ATP and ATP-γ-S reactions
were significantly affected by the microviscosity but very
little by the macroviscosity of the medium. The slopes are
0.8 and 0.7 for ATP and ATP-γ-S reactions, respectively,
in the microviscosity medium and<0.1 for both reactions
in the macroviscosity medium.

DISCUSSION

We investigated a variety of small peptides as potential
substrates for p38 MAP kinase for designing a rapid and

robust assay for the investigation of kinetic mechanism as
well as for inhibitor screening. Among the peptides designed
from the known phosphorylation sites of protein substrates
for p38, peptide1 (Table 1), based on the EGF receptor
phosphorylation site, was selected for the investigation of
the kinetic mechanism as it had good aqueous solubility
allowing variation over a wide range of substrate concentra-
tions. Peptide4, on the other hand, was used in the
investigation of the substrate-p38 interaction as the peptide
is small enough to allow redesign of the peptide for exploring
the contribution of a specific amino acid residue, and it had
the lowestKm value (Table 1). Sequencing of the phospho-
peptide product from the p38-catalyzed reaction of peptide
4 identified Ser as the site of phosphorylation. A number of
peptides were designed specifically around peptide4 to
address the following questions. (1) Is p38 a true Ser/Thr
kinase? (2) Is p38 a proline-directed MAP kinase? That is,
should proline necessarily be present one amino acid
upstream of the site of phosphorylation for efficient kinase
activity? From the investigation of peptides4-6, it is clear
that p38 indeed phosphorylates Ser and Thr very specifically
and rejects Tyr for phosphorylation (Table 1). Substitution
of serine with alanine (peptide7) results in the phosphoryl-
ation of an adjacent Thr. However, the efficiency of
phosphorylation was decreased 14-fold. Substitution of the
proline upstream of the Ser with Ala, peptide9, virtually
eliminated the phosphoryl group accepting ability of the
peptide. This confirms the proline directedness of p38-R with
small peptide substrates as was previously observed in protein
substrates (31, 32).

The kinetic mechanism of the kinase reaction catalyzed
by p38-R was investigated with peptide1 as the phosphoryl
acceptor. The double-reciprocal plots resulting from the
substrate kinetics are shown in Figure 2. Both panels A and
B display intersecting patterns with a point of intersection
to the left of the ordinate. This is a clear indication that
neither a ping-pong mechanism nor a rapid-equilibrium
ordered binding is operative. Also, fitting the data to eq 1
yielded non-zero values for all of the parameters in the
denominator which again is consistent with the above
conclusion. AMPPNP and AMPPCP are nonhydrolyzable
analogues of ATP and are competitive with ATP binding,
as expected, withKi values of 800 and 200µM, respectively
(Table 2). Kinetic analyses in the presence of AMPPCP
yielded a noncompetitive pattern when peptide1 was the
varied substrate (Figure 3A). Analysis of inhibition kinetics
with SB203580, shown to bind at the ATP site by X-ray
crystallographic studies, also yielded a similar pattern (Figure
3B). These observations are consistent with either a random
binding mechanism or a steady-state binding mechanism with
ATP2 as the initial susbtrate. Also, the fact that (a) highly
purified phosphorylated recombinant p38 had ATPase activ-
ity, (b) SB203580 inhibits ATPase and kinase activities with
similar inhibition constants (Ki ) 50 ( 10 and 100( 30
nM, respectively), and (c) the ATPase and kinase activities
are coupled requires the formation of a productive p38‚ATP
binary complex. Our attempts to obtain a useful dead-end
inhibitor of the peptide site were not successful. Peptides6
and9, which were based on peptide4, do inhibit the kinase
reaction but withKI values in the millimolar range (Table
1). Poor solubility of these peptides rendered them useless
as probes of the kinetic mechanism. Instead, we studied

4 We obtained theKm for ATP, ATP-γ-S, and peptide1 at 0% as
well as at 30% sucrose containing buffers. For ATP, theKm did not
change with sucrose concentration, whereas for ATP-γ-S and peptide
1, theKm decreased<2-fold in 30% sucrose.

FIGURE 6: Effect of viscosity on p38-R-catalyzed kinase reactions.
Panels A and B are for ATP and ATP-γ-S reactions, respectively.
The kinase rates atkcat conditions ([peptide1] ) 5 mM and [ATP]
or [ATP-γ-S] ) 2 mM) were measured as a function of sucrose
[microviscosity (0)] and PEG-8000 [macroviscosity (9)] concentra-
tions. The ratios of rates obtained in the absence of viscogen [(kcat)0]
to that obtained in the presence of viscogen [(kcat)η] were plotted
against the relative viscosity (η/η0) of the medium.
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product inhibition kinetics to further probe the kinetic
mechanism.

The kinetics in the presence of ADP yielded a competitive
pattern when ATP was the varied substrate and a noncom-
petitive pattern when peptide was the varied substrate (Figure
4). Phosphopeptide1 product, on the other hand, gave an
uncompetitive inhibition pattern (Figure 5) when ATP was
varied, keeping the enzyme saturated with the peptide
substrate (5-6Km). The product inhibition data are clearly
consistent with an ordered binding mechanism with ATP as
the initial substrate, and eliminate the random binding as
well as Theorell-Chance mechanisms (Scheme 1). Under
the experimental conditions, the phosphopeptide product
should not inhibit if any of the latter mechanisms were
operative. The data in Figure 2 were consequently fitted to
eq 1 for the sequential ordered binding mechanism, and the
kinetic parameters yielding the best fit are shown in Table
3. From the macroscopic parametersKia and Km of ATP,
the microscopic rate constants for ATP binding to the free
enzyme and dissociation from the p38‚ATP binary complex
(k1 andk-1, respectively) were calculated using the relations
shown in Table 3. It is obvious that the dissociation constant
for dissociation of ATP from the binary complex, p38‚ATP,
is comparable tokcat (identical by coincidence!), a requisite
condition for observing steady-state ordered binding of
substrates. LoGrasso et al. (25), on the other hand, observed
an ordered binding mechanism for p38 kinase but with the
phosphoryl acceptor as the first substrate. A key difference
between the two studies is that LoGrasso et al. used a protein
substrate, ATF2 (Km ) 6 µM), whereas a peptide substrate
(Km ) 800 µM) is used in the work presented here. An
intriguing possibility which reconciles these apparent incon-
sistencies is that p38 allows random binding of substrates
and the preferred order of binding may be dependent upon

the nature of the phosphoryl acceptor. Similar observations
have been made with the glycerokinase-catalyzed phosphoryl
transfer reactions. The kinetics are consistent with an ordered
binding mechanism, glycerol binding before MgATP; how-
ever, the order of addition was reversed when 1-aminopro-
panediol was the phosphoryl acceptor (34). It is interesting
to note that glycerokinase also exhibited ATPase activity.

Next, we were interested in investigating the nature of the
rate-limiting step forkcat. The effect of viscosity and thio
substitution (replacing a terminal oxygen on the reactive
phosphorus center with sulfur) on the observed rate constants
have often been used to explore the nature of the rate-limiting
step in enzyme-catalyzed phosphoryl transfer reactions (33,
35). The thio effect can be defined as the ratio of the rate
constant for the oxo analogue to that for the sulfur-substituted
analogue. Thio effects on nonenzymic phosphoryl transfer
reactions are well studied and serve as the basis of probing
whether the chemical step is the slow step in the enzyme-
catalyzed reaction (35). Although the nature of the nucleo-
phile will influence the extent of bond making and bond
breaking at the transition state, nonenzymic phosphate
monoester reactions follow a dissociative mechanism whereas
triester reactions undergo an associative (addition and
elimination) mechanism. The thio effect in uncatalyzed
reactions is very diagnostic of the type of the mechanism,
varying from 0.1 to 0.3 (i.e., rates accelerated by the presence
of S) for monoesters, from 4 to 11 for diesters, and from 10
to 160 for triesters (35-37). Comparison of the thio effect
between an enzyme-catalyzed reaction with its uncatalyzed
reaction could, therefore, reveal if the chemical step is rate-
limiting in the enzymic reaction. For example, in DNA
polymeraseâ-catalyzed duplex elongation (38) (a phos-
phodiester reaction) under pre-steady-state conditions, a thio
effect of 4.3 was observed for the correct incorporation of
the base and a thio effect of 9 was observed for misincor-
poration. From these studies, it was concluded that the
chemical step was at least partially rate-limiting for the
normal reaction.

The ATPase and kinase reactions occur at the terminal
phosphorus of ATP and hence are monoester reactions. The
thio substitution, therefore, should speed the phosphoryl
transfer step. Hence, the specific rate constant for enzyme-
catalyzed reactions with ATP-γ-S, be itkcat or kcat/Km, should
either increase (thio effect of<1) if the chemical step was
rate-limiting or remain the same (thio effect of 1) if a
nonchemical step was rate-limiting. In the case of p38, a
thio effect of 1.8 was observed onkcat which is unexpected.
In fact, thio effects of 2-20 have been observed for other
kinase-catalyzed reactions (38-40). In a detailed study,
Hollfelder and Herschlag (41) have found that for the alkaline
phosphatase-catalyzed hydrolysis ofp-nitrophenyl phosphate
(PNPP),kcat/Km decreased several-hundred-fold upon thio
substitution of PNPP (the exact magnitude depends on the
pKa of the leaving group), yet theâleaving-group was -0.77,
suggesting that the mechanism is largely dissociative, i.e.,
going through a metaphosphate-like intermediate. At least
in this instance, the mechanism did not change between the
enzymatic and nonenzymatic phosphoryl group transfer
reactions. Some of the factors that may contribute to this
unexpectedly lowered enzymatic rate for the O to S substitu-
tion are, as summarized by Hollfelder and Herschlag (41),
the differences in size, bond length, charge distribution,

Scheme 1: Sequential Binding Mechanismsa

a (a) Ordered binding, (b) Theorell-Chance mechanism with no
accumulation of the EAB ternary complex, and (c) random binding of
substrates, where E, A, B, P, and Q represent activated p38, Mg‚ATP,
peptide1, phosphopeptide1, and Mg‚ADP, respectively.

Table 3: Kinetic Parameters for the p38-R-Catalyzed Kinase
Reaction with Peptide1a

kcat 19 ( 0.3 s-1

Kia, ATP ()k-1/k1) 100( 14 µM
Km, ATP ()kcat/k1) 100( 6 µM
Km,peptide[)(kcat + k4)/k3] 812 ( 44 µM
k1 0.19( 0.01µM-1 s-1

k-1 19 ( 3 s-1

a Initial rates obtained as a function of ATP and peptide1
concentrations by spectrophotometric coupled-enzyme assay were fitted
to eq 1 to obtain the best fit values for the parameters. See Materials
and Methods for details.
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ability to coordinate with metal ion, etc. Some of these factors
may also affect the “nonchemical” step(s). In fact, in the
case of protein tyrosine kinase Csk (42), the thio effect was
shown to be extremely dependent upon the metal ion ranging
from 2 (Ni2+) to 136 (Mg2+). Therefore, the thio effect of
>1 in enzyme-catalyzed ATPase and kinase reactionsby it-
self is insufficient to infer the nature of the rate-limiting step.

Viscosity effects on rate constants can be a valuable tool
in identifying whether a nonchemical step such as diffusion
of a ligand in and out of the enzyme’s active site is
contributing to the rate-limiting step (33). We measured the
effect of viscosity on thekcat parameter for the p38-R-
catalyzed phosphoryl as well as thiophosphoryl transfer to
peptide1. The kcat decreased linearly with increasing mi-
croviscosity for both the oxo- and thiophosphoryl transfer
reactions, whereas the macroviscosity had very little effect
on the rates. The lack of a macroviscosity effect ensures that
the nonspecific effect of the solvent on the measured rates
is insignificant. A plot of the ratio ofkcat obtained in the
absence of microviscogen [(kcat)0] to that obtained in its
presence [(kcat)η] as a function of the relative viscosity of
the medium (η/η0) yielded a slope of 0.7-0.8 for both the
ATP and ATP-γ-S reactions (Figure 6). The high sensitivity
of kcat to the viscosity of the medium (limiting value of the
slope) 1) suggests that the rate-limiting barrier under these
conditions is predominantly from a nonchemical step(s) such
as product diffusion or enzyme isomerization. It is interesting
to note here that for PKA (also called cAPK), another Ser/
Thr protein kinase, thekcat was also found to be sensitive to
the viscosity of the medium (21) (slope≈ 1.0). Analysis of
quench-flow and other pre-steady-state kinetics confirmed
that the chemical step is not rate-limiting and that enzyme
isomerization prior to ADP release from PKA is the slowest
step (43).

In summary, the presence of ATPase activity in highly
purified bis-phosphorylated p38 led us to reinvestigate the
kinase kinetic mechanism reported earlier (25). The steady-
state substrate kinetics and the various inhibition kinetics of
the p38-catalyzed phosphorylation of the EGFR peptide
reported in this paper are fully consistent with a steady-state
ordered mechanism with ATP as the first bound substrate.
LoGrasso et al., on the other hand, deduced from their kinetic
studies that the protein substrate, ATF2, binds first. There-
fore, we propose that p38 indeed presents the random binding
opportunity for the susbtrates and the preferred order is highly
dependent on the phosphoryl acceptor. Since the kinetic
investigation of compound inhibition is often an integral part
of the drug discovery process, knowing the steady-state
kinetics of substrate binding using a homogeneous prepara-
tion of the enzyme in question is essential. As with PKA,
phosphoryl transfer is not the rate-limiting step for p38
catalysis. However, with the data presented here, we cannot
pinpoint whether an enzyme isomerization step or a product
release step limits the rate of the p38-catalyzed kinase
reaction. Finally, one should exercise caution in interpreting
a thio effect of greater than 1 in kinase reactions as the
predicted thio effect based upon nonenzymic precedent of
phosphoryl transfer from monoesters is less than 1.
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