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ABSTRACT: Extracellular regulated protein kinase 2 (ERK2) is a eukaryotic protein kinase whose activity
is regulated by mitogenic stimuli. To gain insight into the catalytic properties of ERK2 and to complement
structure-function studies, we undertook a pre-steady state kinetic analysis of the enzyme. To do this,
ERK2 was quantitatively activated by MAPKK1in Vitro by monitoring the stoichiometry and site specificity
of phosphorylation using a combination of protein mass spectrometry, tryptic peptide analysis, and32P
radiolabeling. Using a quench-flow apparatus, MgATP2- was rapidly mixed (<1 ms) with both ERK2
and the protein substrate Ets∆138 in the presence of a saturating total concentration (20 mM) of magnesium
ion at 27°C and pH 7.5. An exponential burst of product was observed over the first few milliseconds
that followed mixing. This burst had an amplitudeR of 0.44 and was followed by a slower linear phase.
The pre-steady state burst is consistent with two partially rate-limiting enzymatic steps, which have the
following rate constants:k2 ) 109 ( 9 s-1 and k3 ) 56 ( 4 s-1. These are attributed to rapid
phosphorylation of Ets∆138 and the process of product release, respectively. Single-turnover experiments
provided an independent determination ofk2 (106 ( 25 s-1). The observed catalytic constant (kcat

obs) was
found to be sensitive to the concentration of ERK2. The data fit a model in which ERK2 monomers form
dimers and suggest that both the monomeric and dimeric forms of ERK2 are active with catalytic constants
(kcat) of 25 and 37 s-1, respectively. In addition, the model suggests that in the presence of saturating
concentrations of both magnesium and substrates ERK2 subunits dissociate with a dissociation constant
(Kd) of 32 ( 16 nM.

We are interested in the mechanism and regulation of the
extracellular regulated protein kinases (ERK11 and ERK2)
because of their key roles in cellular signal transduction and

disease (5-7). Both enzymes are activated through a protein
kinase cascade, termed the mitogen-activated protein kinase
cascade, which is activated by mitogenic stimuli (8, 9). A
common mediator is Ras, a small guanine nucleotide binding
protein that transduces extracellular signals to the cell nucleus
(10). This pathway is a current focus in the biomedical
community because of a number of links between its
deregulation and cancer (11).

ERK2 catalyzes the transfer of theγ-phosphate of ad-
enosine triphosphate to serine or threonine residues found
in Ser-Pro or Thr-Pro motifs on proteins (12). The basis for
the proline specificity of ERK2 is not clear, and in fact, the
mechanism by which it interacts with substrates is not well
understood. Like those of several other serine/threonine
specific protein kinases, interactions extraneous to the active
site appear to be critical determinants of specificity, which
is not surprising given the preponderance of Ser/Thr-Pro
motifs found on the surfaces of cellular proteins (13, 14).
Mutagenesis studies on a number of substrates have been
useful in identifying discrete linear sequences termed docking
domains that mediate interactions with their cognate MAPKs,
but are situated some distance, typically more than 50 amino
acids, from the phosphorylation sites (15-23). In addition,
the sequence FXF appears to be a specificity determinant
for ERK2 that resides somewhat closer to the phosphoryla-
tion sites than the docking domains (24). Substrate binding
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sites have also been subjected to investigation, where, for
example, mutagenesis studies on p38ΜΑPKR and ERK2,
together with two X-ray crystal structures of peptides
complexed to p38 MAPK, point to two shallow grooves and
a charged region termed the CD domain as possible substrate
binding sites (25-29).

However, despite some considerable effort many questions
remain. For example, the kinetic and thermodynamic con-
tributions of specific amino acids to binding and turnover
remain to be elaborated. Currently, it is not possible to
identify a substrate “docking” sequence on the basis of
sequence information alone, and in many cases, such as
transcription factor c-Myc, a docking sequence has not been
identified. Progress in understanding the energetics of the
MAPK enzymes requires a combined kinetic and structural
approach, which we initiated some time ago. Initially, we
reported kinetic evidence for a random-order ternary complex
mechanism for the phosphorylation of transcription factor
Ets-1 by ERK2 (4). This study was significant because it
established that a protein substrate could be used to provide
high-quality kinetic data for this enzyme. The substrate used
in this study was Ets∆138, a model protein substrate derived
from the N-terminus of Ets-1, which is currently the most
thoroughly characterized protein substrate of ERK2. Mutation
of Phe-120 in Ets∆138 to alanine decreases the specificity
of ERK2 toward Ets∆138 some 20-40-fold, suggesting that
this residue could be an important ERK2 docking site (22).
Interestingly, Phe-120 lies in a globular portion of the
substrate, in stark contrast to Thr-38, the phosphorylation
site, which lies in an extended disordered region of Ets-1
near the N-terminus (30) (Figure 1). On the basis of this
structure, it is predicted that a significant portion of Ets∆138
will become ordered upon binding ERK2.

The phosphorylation of Tyr-183 and Thr-185 leads to
considerable catalytic activation of ERK2. While activation
results in a large (>10000-fold) increase in the specificity
constantkcat, it is also be accompanied by slight decreases
in the Michaelis parameters (31-34).2 Surprisingly, the rate-
limiting step for the phosphorylation of myelin basic protein
by ERK2 is reported to be phosphoryl transfer (3), which is
uncommon for protein kinases. In addition, efficient turnover
of Ets∆138 by ERK2 requires activation by Mg2+ ions (1).
Currently, ERK2 is the only serine/threonine specific protein
kinase known to be activated by magnesium, although several
tyrosine kinases display a similar dependence3 and prelimi-
nary work suggests that this might be the case for other
MAPKs also (W. F. Waas and K. N. Dalby, unpublished
observations).

We set out to examine the catalytic mechanism of ERK2
with the view that a better understanding of its catalytic
strategy will aid the design of potent inhibitors. Protein
kinases catalyze the phosphoryl transfer reaction between

ATP and a hydroxyl acceptor (R-OH) to form a phosphate
monoester of serine, threonine, or tyrosine, a stable but
enzymatically reversible modification that invariably regu-
lates a protein’s cellular function. The protein kinase family,
which is comprised of some 500 members, displays a
conserved catalytic domain, embedded between divergent and
often regulatory N- and C-termini (35). Despite their
importance, the basis for their catalytic efficiency is still not
well understood. In general, model studies of phosphoryl
transfer exhibit a concerted mechanism, through a single
transition state, with both the nucleophile and the leaving
group undergoing simultaneous covalency change [termed
a DNAN mechanism (36)]. Typically, these reactions are
dissociative in nature with only minimal bonding of either
the nucleophile or the leaving group to the central phosphorus
at the transition state.4 While there is a suggestion that models
can display characteristics of an associative mechanism (37),
so far there is no firm evidence to support such a mechanism
on an enzyme. Indeed, the long axial P-O bond lengths
reported in two recently determined X-ray crystal structures
appear to provide evidence of enzyme-bound metaphosphate
ions (38, 39).

2 Kinetic terms: kcat
obs, observed specificity constant;kcat

D , specificity
constant of each active site in an ERK2 dimer;kcat

M , specificity
constant of each active site in an ERK2 monomer;kb, burst rate constant;
R, burst amplitude;Vss, steady state velocity;Kd, dissociation constant
of ERK2 subunits in the presence of saturating substrates, according
to Scheme 2;kp, rate constant for phosphoryl transfer;E0, concentration
of total ERK2;EM, concentration of monomeric ERK2;ED, concentra-
tion of dimeric ERK2;t*, dead time of the rapid quench apparatus;
KiC

app, apparent competitive inhibition constant.
3 See Table 4 in ref1.

4 A dissociative transition state is defined as a state where there is
less than 50% bond formation between the nucleophile and the
phosphorus occurring before the leaving group-phosphorus bond is
at least 50% broken (2).

FIGURE 1: Three-dimensional structure of residues 29-138 of Ets-
1. Thr-38 is shown in red, Pro-39 in blue, and Phe-120 in yellow.
Taken from PDB entry 1BQV (30).
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Our initial goal was to delineate the reaction pathway for
ERK2. To reach this goal, we used the N-terminus of
transcription factor Ets-1, Ets∆138, as our model protein
substrate (40), which has proven to be an extremely useful
substrate for mechanistic studies of ERK2 (1, 4). Although
a steady state viscosity approach has been used by others to
elucidate the reaction pathway of ERK2 (32) and other
protein kinases (41-47), it is not without limitations, and
even with the appropriate controls for solvent effects (48),
it is not always easy to evaluate. In the case presented here,
what appeared to be insurmountable solvent effects ruled
out the approach. Therefore, a pre-steady state rapid quench
approach, which has been used on a number of protein
kinases, was used (49-53). This approach can establish the
kinetic pathway directly and identify the rate-limiting step-
(s) in the overall pathway. In addition, this approach provides
for the observation of reactions at the active site of the
enzyme such as transiently formed intermediates and changes
in protein conformation. Importantly, it can also lay the
foundation for detailed structure-function studies.

We report a rapid quench analysis of ERK2 at concentra-
tions of ERK2 that are physiologically relevant. We show
that the reaction pathway for the turnover of transcription
factor Ets∆138 occurs through two partially rate-limiting
steps. One step correlates with phosphorylation of Ets∆138
on the enzyme, while the second step is related to product
release. In contrast to a previous report, where the general
kinase substrate myelin basic protein was used as the
substrate (3), phosphorylation occurs at a rate 3-fold faster
than the steady state rate. In addition, in the Appendix we
provide evidence of kinetically significant dimerization of
“activated” ERK2, a process first noted by Khokhlatchevet
al. (54). The analysis presented here is notable, because
ERK2 is efficiently activated by post-translational phospho-
rylation in the laboratory where it is minimally 95% active
and thus ideal for transient kinetic studies. Furthermore, it
should be emphasized that a mechanistic investigation of a
protein kinase using a protein substrate provides the experi-
mental basis for critically examining fundamental questions
of the enzyme that cannot be answered with peptide
substrates. An excellent example of how an enzyme’s true
colors are only revealed when abona fidesubstrate is used
was reported recently by Park and Raines (55).

MATERIALS AND METHODS

Buffers, Proteins, and Reagents.Trizma base was from
EM Industries (Gibbstown, NJ). Sigma (St. Louis, MO)
provided all other buffer components and chemicals. Qiagen
Inc. (Valencia, CA) supplied Ni-NTA agarose and the
QIAprep Spin Miniprep kit. Kinase assays were conducted
with Roche (Indianapolis, IN) special quality sodium ad-
enosine triphosphate (Na2

+ATPH2
2-) and [γ-32P](NH4

+)4-
ATP4- from ICN (Costa Mesa, CA). Plasmids used to
express (His6-tagged) ERK2 (56) and (His6-tagged) Ets-1-
(1-138) (30) have been reported previously. Stock solutions
of Na2

+ATPH2
2- were titrated to pH 8.0 with 1 M potassium

hydroxide. All concentrations were determined spectropho-
tometrically at 259 nm, assuming an extinction coefficient
ε of 15 400 cm-1 M-1. The amount of hydrolyzable ATP4-

was determined using a hexokinase-glucose-6-phosphate
dehydrogenase coupled assay (57). Spectral changes during

coupled assays (NADH-NAD+) were monitored at 340 nM
using an extinction coefficientε of 6300 cm-1 M-1 to
calculate adenosine triphosphate concentrations. Comparison
of the two methods gave values that differed by less than
2%. Tryptone, yeast extract, and agar were obtained from
US Biological (Swampscott, MA), Fluka (St. Louis, MO),
and BD (Sparks, MD). The thin-walled PCR tubes were
obtained from Ambion, Inc. (Austin, TX). Restriction
enzymes, PCR reagents, and T4 DNA ligase were obtained
from F. Hoffmann-La Roche, Ltd. (Basel, Switzerland),
Promega Corp. (Madison, WI), or New England Biolabs
(Beverly, MA). The remaining molecular biology reagents,
including agarose, DNA ladders, and protein molecular mass
standards, were obtained from Invitrogen Corp. (Carlsbad,
CA). Oligonucleotides for DNA amplification and sequenc-
ing were synthesized by Genosys (The Woodlands, TX).

Strains. Escherichia colistrain DH5R (Invitrogen) was
used for cloning and isolation of plasmids.E. coli strain
BL21(DE3) pLysS from Novagen (Madison, WI) was used
for recombinant protein expression.

General Methods.Techniques for restriction enzyme diges-
tion, ligation, transformation, and other standard molecular
biology manipulations were based on methods described by
the manufacturer. Plasmid DNA was introduced into cells
by electroporation using a BTX Transporter Plus. The PCR
was performed on a Techno DNA thermal cycler. DNA
sequencing was done at the DNA Core Facility in the
Institute for Cellular and Molecular Biology at the University
of Texas at Austin. UV-visible spectra were obtained on a
CARY 50 Varian UV spectrophotometer. FPLC was per-
formed on a Pharmacia A¨ KTA FPLC or Waters FPLC
system using a Mono Q HR 10/10 column. HPLC was per-
formed on a Waters HPLC system using a 250 mm× 4 mm
Vydac RP C18 column (218TP54). Protein was analyzed by
Tris glycine sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under denaturing conditions
on 10 to 15% gels using the Mini-Protean III vertical gel
electrophoresis apparatus obtained from Bio-Rad (Hercules,
CA).

Preparation and Purification of Proteins. (1) (His6-
Tagged) Ets-1 (Residues 1-138). The DNA sequence
encoding Ets-1 (residues 1-138), which was PCR amplified
from the full-length murineets-1 cDNA cloned into pET28
(Invitrogen) (30), was used to express Ets-1(1-138) as an
N-terminal, hexahistidine fusion protein, Ets∆138 inE. coli
BL21(DE3) pLysS. The purification of Ets∆138 has been
described previously (40).

(2) (His6-Tagged) MKK1G7B.MKK1G7B was expressed
as a His6-tagged fusion protein inE. coli BL21(DE3) pLysS
following induction at an OD600 of 0.8 with 0.5 mM IPTG.
The protein was purified by Ni-NTA affinity chromatog-
raphy in a manner similar to that described for (His6-tagged)
ERK2 (below), followed by a Mono Q HR 5/5 purification
step using a 0 to 500 mMNaCl gradient over the course of
20 min at 1 mL/min. The protein eluted as a peak centered
at 255 mM NaCl. Pooled protein fractions were dialyzed at
4 °C into buffer S1A [20 mM HEPES (pH 7.5), 2 mM DTT,
0.1 mM EDTA, 0.1 mM EGTA, 0.05 M KCl, and 5% (v/v)
glycerol], concentrated in a Centricon-10 spin column
(Amicon, Bedford, MA) at 4°C to 2 mg/mL, aliquoted, and
stored at-80 °C. The enzyme purity was assessed by
analyzing the density of Coomassie-stained bands following
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SDS-PAGE (Figure 2A), and by this criterion, it was
estimated to be 72% pure.

(3) ActiVated (His6-Tagged) ERK2.Inactive rat ERK2 was
expressed inE. coli BL21(DE3) pLysS and purified as
described previously (1).5 A mutant of MKK1 (MKK1G7B),
which phosphorylates ERK2 on Thr-183 and Tyr-185, was
used to activate the enzyme (58). For activation, buffer A2
[20 mM HEPES (pH 7.5), 20 mM MgCl2, 2 mM DTT, 0.1
mM EDTA, 0.1 mM EGTA, 4 mM ATP or [γ-32P]ATP
(100-1000 cpm/pmol), and 0.05 M NaCl] was pre-
equilibrated in a 27°C water bath. Frozen stocks of 2 mg/
mL ERK2 (10 mg, 245 nmol) in buffer S1 and MKK1G7B
(1 mg, 10.5 nmol in buffer S1) were thawed rapidly at 30
°C, centrifuged briefly (2 min at 13 000 rpm), and added to
activation buffer A2 (35 mL) to final concentrations of 7
and 0.3µM, respectively. After 3 h, the mixture was applied
to a 1 mL column of DEAE-Sepharose FF (Pharmacia)
equilibrated in buffer H1 [20 mM Tris-HCl (pH 8.0), 0.1%
(v/v) â-mercaptoethanol, 0.02% (by mass) Brij-30, 0.1 mM

EDTA, and 0.1 mM EGTA] containing 0.05 mM NaCl.
Elution of ERK2 resulted after 10 mL aliquots of incremental
concentrations of NaCl (50 mM increments) in buffer H1
had been applied to the column. Fractions (1 mL) were
analyzed for protein using the method of Bradford (59). A
major protein peak (8-8.5 mg of protein) eluted at 200 mM
NaCl, which corresponds to ERK2. The collected fractions
were diluted 5-fold and loaded onto a Mono Q HR 10/10
column equilibrated in buffer H1 containing 0.05 mM NaCl.
A linear gradient of 4.2 mM/min NaCl at a flow rate of 1.5
mL/min resolved ERK2. Fractions associated with a single
peak (A280) at 0.22-0.24 M NaCl were pooled and dialyzed
overnight at 4°C into storage buffer S1. Following dialysis,
the protein was concentrated to 2 mg/mL with a Centricon-
10 spin column, before being snap frozen in liquid nitrogen
and stored at-80 °C.

Site-Directed Mutagenesis.Overlap extension polymerase
chain reaction (PCR) methods were used to create the
N-terminal hexahistidine-tagged Ets∆138 S26A construct.
pET-28a plasmid-containing DNA for Ets∆138, inserted at
the multiple cloning region between restriction sites forNdeI
and HindIII, was used as the template for introduction of

5 The N-terminus of the expressed enzyme contains the AHHHH-
HHAM His6 tag which is substituted for the N-terminal MA sequence
of the wild-type enzyme.

FIGURE 2: Preparation of activated ERK2. (A) SDS-PAGE (12%) of His6-MKK1G7B: lane 1, molecular mass markers; and lane 2,
His6-MKK1G7B fraction eluted from Mono Q HR 5/5 column. (B) Stoichiometry of phosphorylation of His6-ERK2 by His6-MKK1G7B.
(C) ESI trace of His6-ERK2: calculated mass, 42 166 Da; observed mass, 42 166 Da. (D) ESI of activated His6-ERK2: calculated mass,
42 324 Da; observed mass, 42 327 Da. (E) Isolation of the dual-phosphorylated tryptic peptide of the ERK2 activation loop.
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the S26A mutation. The external PCR primers were primer
A (5′-GGTGATGCCGGCCACGATGC-3′) and primer B
(5′-GCTAGTTATTGCTCAGCGGTGG-3′) which contain
NdeI and HindIII restriction sites, respectively. The two
internal primers were primer C (5′-CGAGCTTTTCCCT-
GCTCCGGACATGGAAT-3′) and primer D (5′-ATTC-
CATGTCCGGAGCAGGGAAAAGCTCG-3′). First-round
PCR products (P1, template, primer A, and primer D; P2,
template, primer B, and primer C) were gel purified and
combined with primers A and D before a second round of
PCR. The resulting full-length PCR product was digested,
purified, and ligated into pET-28a usingNdeI and HindIII
restriction sites. The ligated product was introduced intoE.
coli DH5R by electroporation, amplified, purified, and
sequenced.

Tryptic Analysis of Proteins.Following dialysis against
50 mM Tris (pH 8.65), 250µg of activated32P-labeled ERK2
was incubated overnight with 10µg of sequencing grade
trypsin (Roche) at 37°C (total volume of 200µL). The
digested sample was centrifuged at 13 000 rpm for 10 min,
before 100µL of the supernatant was applied to a 250 mm
× 4 mm Vydac 218TP54 C18 column (Separations Group,
Hesperia, CA) equilibrated with 0.1% TFA (v/v). The column
was developed with a linear acetonitrile gradient (0.45% per
min) in 0.1% TFA. The flow rate was 0.7 mL/min, and 0.7
mL fractions were collected and analyzed for32P radioactivity
using liquid scintillation counting. Fractions containing
radioactivity were analyzed by electrospray mass spectrom-
etry.

Mass Spectrometry.Proteins were analyzed by LC-MS
with a Finnigan-MAT LCQ (Finnigan/ThermoQuest, San
Jose, CA) electrospray, ion trap mass spectrometer coupled
with a Magic 2002 microbore HPLC system (Michrom
BioResource, Auburn, CA), housed in the Analytical Instru-
mentation Facility Core in the College of Pharmacy at the
University of Texas at Austin. A 0.5 mm× 50 mm MAGIC
MS C18 column (particle diameter of 5µm, pore size of 200
Å) with mobile phase A (2:98:0.1:0.02 acetonitrile/water/
acetic acid/trifluoroacetic acid) and mobile phase B (10:90:
0.009:0.02 acetonitrile/water/acetic acid/trifluoroacetic acid)
was used with 50% B at a flow rate of 20µL/min. Prior to
the analysis, protein samples (typically 0.5 mg for a 43 kDa
protein) were cleaned up by reverse phase HPLC using a
C18 column (Vydac 218TP54, 250 mm× 4 mm) equilibrated
in 0.1% TFA and resolved with a linear 0 to 100% gradient
of acetonitrile at 0.6 mL/min over 80 min. Protein elution
was monitored at 280 nm, and corresponding fractions were
combined, lyophilized, and resuspended in 20µL of 50%
acetonitrile containing 0.1% TFA (v/v).

Tryptic digest peptide samples (above) were analyzed on
the delayed extraction Voyager-DE PRO MALDI-TOF
instrument (PerSeptive Biosystems, Framingham, MA) op-
erating in the positive ion mode. The instrument is equipped
with a 337 nm nitrogen laser with a 20 Hz firing rate. The
matrix used wasR-cyano-4-hydroxycinnamic acid from the
Sequazyme Peptide Mass Standards Kit (PerSeptive Bio-
systems), mixed 1:1 with the sample and drop dried on a
stainless steel target in a total volume of 1µL. Close external
calibration was performed using Calibration Mixture 1
(Sequazyme Peptide Mass Standards Kit) made up according
to the manufacturer’s recommendations. The detector was
used with the low mass gate set atm/z600, and spectra were

acquired over the range ofm/z 600-2500. The data were
acquired using an accelerating voltage of 20 kV, a grid
voltage of 80%, a guide wire voltage of 0.05%, and an
extraction delay time of 225 ns. Up to 400 shots were
averaged for the spectrum.

Determination of the ERK2 Protein Concentration.A
purified sample of ERK2 was analyzed by three independent
methods: (1) Bradford assay (59), (2) absorbance measure-
ments at 280 nm, and (3) amino acid analysis. Bradford
assays were conducted according to the manufacturer’s
suggested protocols using a bovine serum albumin standard
(Sigma). The extinction coefficient of (His6-tagged) ERK2
(ε280 ) 44 885 cm-1 M-1) was calculated from the primary
sequence and the concentration determined, using this value,
by measuring the absorbance at 280 nm in 6 M guanidine
chloride following the method of Gill and von Hippel
(60). The amino acid composition of purified (His6-tagged)
ERK2 was determined by hydrolyzing a sample of the protein
in 6 N HCl at 110°C for 24 h, after which the phenyl
isothiocyanate derivatives of the amino acids were synthe-
sized and analyzed on a 420A ABI/PE amino acid analyzer.
The whole analysis was performed in triplicate (61). The
three methods were compared, and a new extinction coef-
ficient (ε280) of 52 067 cm-1 M-1 was calculated from the
amino acid analysis results. This value was used to determine
all ERK2 concentrations in this study.

Steady State Kinetics. Protein kinase assays are conducted
at 27 °C in assay buffer A3 [25 mM HEPES (pH 7.5), 50
mM KCl, 2 mM DTT, 0.1 mM EDTA, and 0.1 mM EGTA],
containing 2 nM ERK2, 2.5-300µM Ets∆138, 2.0-4.0 mM
[γ-32P]ATP (100-1000 cpm/pmol), 0.5µg/mL BSA, and
20 mM MgCl2 in a final volume of 50-100µL. The pH of
the solution is measured both before and after the assay.
Reaction mixtures are prepared as follows. Solution S1 is a
freshly prepared 10× stock solution of HEPES (pH 7.5),
DTT, KCl, EDTA, and EGTA. Solution S2 is a 10× stock
of MgCl2. Solution S3 is a 10× stock of Ets∆138 diluted to
the appropriate concentration in a 1× S1. To prepare this,
a 1.5 mM stock of Ets∆138 [in 2.5 mM HEPES (pH 7.5)]
is thawed rapidly and serially diluted to the appropriate
concentration. Solution S4 is a stock of ATP (pH 7.5).
Solution S5 is a 10× stock of ERK2 diluted to the
appropriate concentration in a 1× S1 containing BSA
(5 µg/mL). To prepare this, a 200µM sample of ERK2 is
thawed rapidly and diluted serially. Solutions S1-S4 and
water are combined in a 4V:5V:5V:5V:26V ratio and incubated
for 15 min at 27°C before initiation of the reaction by the
addition of a 5V equivalent of pre-equilibrated ERK2 solution
S5. Aliquots (5-10 µL) are taken at set time points and
applied to 2 cm× 2 cm P81 cellulose paper. The papers are
washed (3× 10 min) in 50 mM phosphoric acid (H3PO4)
and then in acetone (3× 1 min) and dried. The amount of
labeled protein is determined by counting the associated
counts per minute on a Packard 1500 scintillation counter
at aσ value of 2.

Rapid Quench Kinetics.All transient kinetics were per-
formed on a Kintek RQF-3 rapid quench-flow apparatus
(Kintek Corp., Austin, TX). Reaction mixtures were obtained
using the same general approach that was used for the steady
state assays. The rapid quench consists of a computer-
controlled step motor, a quench syringe, two drive syringes,
two sample loading ports, and seven reaction loops of
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different lengths. Reactions are initiated by depression of
the drive syringes, which forces the reactants together. The
reaction mixture then travels through the reaction loop for a
given period of time. The reaction is quenched as the mixture
exits the reaction loop and is ejected from the apparatus.
The desired reaction time is achieved by variation of the
reaction loop length and the flow rate of the reaction mixture
through the loops. Since these properties vary slightly
between machines, the rapid quench-flow apparatus requires
a thorough calibration. The calibration process involves two
steps: (1) volume quantification of individual reaction and
sample loops and (2) calibration of the motor speed.
Manufacturer-suggested protocols for calibration were em-
ployed. The accuracy of the calibration was verified using a
test reaction, the pseudo-first-order base-catalyzed (0.1-1.0
M NaOH) hydrolysis of benzylidene malononitrile (2 mM).
Reaction progress was monitored spectrophotometrically
(310 nm) at 20°C. The data were analyzed for continuity
between the reaction loops and overall fitting to a single-
exponential function. For comparison, the reaction was also
conducted under identical conditions in a Kintek SF 2001
stopped-flow apparatus. Both methods produced a similar
observed rate constantkobs of 83 ( 3 s-1 at 1 M NaOH and
2 mM BMN.

Rapid quench-flow experiments were conducted at 27°C
on a Kintek RQF-3 apparatus. A solution of [γ-32P]ATP
(100-1000 cpm/pmol) in buffer A3 containing 20 mM
MgCl2 was loaded into sample loop A (14.6µL). A separate
solution containing Ets∆138 and ERK2 in buffer A3
containing 20 mM MgCl2 was loaded into sample loop B
(15.4 µL). For experiments monitoring multiple enzymatic
turnovers, final concentrations of 2-4 mM ATP, 150-200
µM Ets∆138, and 5-5400 nM ERK2 were used. Alterna-
tively, single-turnover experiments were conducted at final
concentrations of 2-4 mM ATP, 5-20 µM Ets∆138, and
158µM ERK2. Rapid mixing of the reactants was initiated
by a computer-controlled step motor, and quenched with 115
µL of 2 M H3PO4. The quenched reaction mixture was
collected in 1.5 mL centrifuge tubes and centrifuged briefly
at 5000g. Aliquots (50µL) of the quenched reaction mixture
were spotted on 2× 2 cm Whatman P81 chromatography
paper. The papers were analyzed as described above in
Steady State Kinetics. Control experiments were performed
to quantify the recovery of the reaction product, Ets∆138∼P.
First, 32P-labeled Ets∆138∼P was generated by incubation
of Ets∆138 (20µM) with ERK2 (5 nM) and [γ-32P]ATP (2
mM) in buffer A3 containing 20 mM MgCl2 for 2 h at 27
°C. Buffer was exchanged to remove excess [γ-32P]ATP
using a Centricon-10 spin column. The specific recovery of
labeled Ets∆138∼P from the rapid quench apparatus was
found to vary from 64( 3 to 76 ( 2%, under assay
conditions, which depended on the reaction loop that was
used.

Data Analysis. All curve fitting was performed using
nonlinear regression methods provided by the Kaleidagraph
program. Initial rates were typically determined from reaction
time courses (using five non-zero time points) by plotting
the amount of phosphorylated product (P) formed over
time, fitting the data to the single-exponential equation [P]
) A(1 - e-kt), and then differentiating the resulting curve
at time zero (which for this equation is mathematically
equivalent to the productkA). When the curve of product

formation over time was better approximated by a line (as
opposed to a single exponential), the curve was fit to the
equation [P]) mx+ b and the initial reaction rate was then
determined from the slope (m) of the resulting line. The initial
reaction rates were then plotted as a function of substrate
concentration and fit to the appropriate steady state equations
(4). Data in rapid quench experiments were fit to various
equations noted in the text.

RESULTS

ActiVation, Purification, and Analysis of His6-Tagged
ERK2. To facilitate purification of ERK2, the protein is
expressed inE. coli BL21(DE3) pLysS as described in
Materials and Methods. It is then activatedin Vitro by a
constitutively active form of MKK1 termed MKK1G7B (58),
which is also expressed as an N-terminal hexahistidine fusion
protein. Since full activation of ERK2 requires phospho-
rylation on both Thr-183 and Tyr-185, the specificity of
phosphorylation on these two residues was determined as
the main criterion for determining the integrity of the
activation. Thus, in addition to protein mass spectrometry,
which determines the stoichiometry of phosphorylation, the
homogeneity of the enzyme preparation was determined by
a regiospecific analysis of its phosphorylation state. The
ability of reverse phase HPLC to separate phospho isoforms
of tryptic peptide fragments provided the basis for the
analysis.

The His6-MKK1G7B isolated from bacterial lysate by Ni2+

agarose affinity chromatography was further purified by
anion exchange chromatography using a Mono Q HR 5/5
column, developed with a 0 to 500 mMNaCl gradient over
the course of 20 min. The peak corresponding to His6-
MKK1G7B eluted at 255 mM NaCl (data not shown) and
was judged to be 72% pure and suitable for the activation
of His6-ERK2. Efficient activation of His6-ERK2 was
achieved by incubating His6-MKK1G7B (300 nM) with His6-
ERK2 (7µM) and MgATP2- (4 mM) in the presence of 16
mM free Mg2+ at pH 7.5 for 2-3 h. At the concentrations
that were used, phosphorylation occurs to a stoichiometry
approaching 1.7 mol/mol within 40 min (Figure 2B). While
prolonged incubation beyond 3 h leads to a higher overall
stoichiometry of phosphorylation, it also leads to the ap-
pearance of tris-phosphorylated species. As we cannot
separate bis- and tris-phosphorylated ERK2 on the Mono-Q
column, we limited the activation time to less than 3 h, which
prevents the formation of significant tris-phosphorylated
species. The phosphorylated protein was purified by DEAE-
Sepharose FF chromatography, followed by Mono-Q HR 10/
10 chromatography, with an overall yield of 85%. The
Mono-Q column was developed with a 0 to 500 mMNaCl
gradient over the course of 80 min, which resulted in elution
of bis-phosphorylated ERK2 at 230 mM NaCl (data not
shown). Since His6-MKK1G7B elutes at 255 mM NaCl, it
should be noted that the final preparation of active His6-
ERK2 could contain trace amounts of MKK1G7B. Using
SDS-PAGE analysis and band density measurements as a
criterion, no MKK1G7B was detected and the active His6-
ERK2 was estimated to be more that 95% pure. The
concentration of ERK2 was determined by amino acid
analysis, the most direct method available for deriving an
extinction coefficientε280 of 52 067 cm-1 M-1 for the
expressed protein.
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Phosphorylation of ERK2 was confirmed by electrospray
mass spectrometry, which revealed an increase in mass of
161 Da from 42 166 (Figure 2C) to 42 327 Da (Figure 2D).
To identify the sites of phosphorylation, radiolabeled His6-
ERK2 was trypsinized. The tryptic peptides were then
resolved by reverse phase HPLC and individual fractions
analyzed for32P content by liquid scintillation counting. All
the32P associated with the protein eluted as a single peak at
24% (v/v) acetonitrile and 0.1% TFA (Figure 2E). Peak
fractions containing32P were analyzed by MALDI and
contained a single 2306.2 Da peptide. This corresponds to
the calculated mass (2307.3 Da) of the doubly phosphorylated
tryptic peptide171VADPDHDHTGFLTEYVATR189. Phos-
phoamino acid analysis of the purified phosphopeptide (not
shown) confirmed the expected presence of both a phos-
phorylated threonine and tyrosine. While phosphorylation of
Thr-179 or Thr-188 is not rigorously excluded by this
analysis, neither phosphorylation has been observed before.
It is noteworthy that an active site titration with 5-iodo-
tubericidin indicates that 95% of the activated protein can
bind the inhibitor (1). This suggests that 95( 10% of the
bis-phosphorylated enzyme is active.

Characterization of Ets∆138 S26A.To probe the mech-
anism and undertake structure-function studies of ERK2
requires protein substrates. Currently, the best available
substrate for ERK2 is comprised of residues 1-138 of
transcription factor Ets-1 (1). This region encompasses a
highly conserved domain within theEts family of trans-
cription factors, termed the pointed (PNT) domain, which
contains a putative docking site for ERK2 (22). Docking
sites are believed to regulate numerous aspects of ERK2
biology, and therefore, this protein provides the means of
critically analyzing fundamental aspects of an ERK2 dock-
ing site interaction, such as the promotion of Thr-38
phosphorylation, which lies in the disordered N-terminal
region of Ets-1 (Figure 1). To avoid potential problems, Ser-
26, which is a minor phosphorylation site (under forcing
conditions), was mutated to alanine. After phosphorylation
of the resultant protein Ets∆138 Ser26Ala by ERK2, the
protein was found to be kinetically indistinguishable from
wild-type Ets∆138 under steady state conditions (data not
shown). This protein was therefore employed as the ERK2
substrate for pre-steady state kinetic studies and is termed
Est∆138 in the text.

Transient Kinetic Analysis of ERK2.Rapid quench tech-
niques were used to examine kinetic transients on the
catalytic reaction pathway of ERK2. Experiments were
performed on a RQF-3 Quench-Flow apparatus as described
in Materials and Methods. The apparatus allows measurement
of individual points for a reaction time course on the
millisecond to second time scale. When reaction progress is
monitored using this technique, intermediate complexes are
often detected by virtue of changes in therate of product
or substrate concentration. To analyze the mechanism of
ERK2, the formation of Ets∆138∼P was monitored in buffer
A3 containing 20 mM MgCl2. For each reaction, ERK2
(1.8-10.0 µM) was preincubated with saturating Ets∆138
(300-400 µM) before rapid mixing with an equal volume
of ATP4- (4-8 mM). After a designated period (2-150 ms),
reactions were quenched with acid via a second mixing event.
32P-labeled Ets∆138∼P was then recovered and quantified

after calibration of the machine as described in Materials
and Methods.

Figure 3A depicts four time courses, for the formation of
Ets∆138∼P, obtained at different concentrations of ERK2
(0.70, 1.40, 2.80, or 4.21µM). Each time course is character-
ized by an initial burst followed by a slower, linear phase.
This corresponds to exponential and linear segments de-
scribed by eq 1 for a pre-steady state burst mechanism
according to the simplified kinetic model shown in Scheme
1.6 According to this model, ERK2 is initially complexed to
Ets∆138, in the presence of 20 mM magnesium ion. The
binding of MgATP2- to the preformed complex, ES, to form
EAS, k1, is assumed to be fast (>345 s-1)7 and irreversible
under the conditions that are employed (2 mM MgATP2-

and 20 mM total Mg2+). Thus, according to this model, the
reaction rate is dependent on two irreversible steps: the rate
of product formation on the enzyme,k2, and the rate of
product release from the enzyme,k3.

Equation 1 was derived assuming that Ets∆138 is saturat-
ing under the conditions of the experiment, an assumption
supported by the observation that variations in the concentra-
tion of Ets∆138 (150-200 µM) have no discernible effect
on the rate of appearance of EDP and P (Table 1). These
experiments also support the notion that the binding of
MgATP2- (k1) is rapid (>0.69/t* s-1), because slow addition
would produce an initial lag in product formation.8 When
both substrates [Ets∆138 (300µM) and MgATP2- (4 mM)]

6 In this scheme, the phosphorylation of Ets∆138,k2, is assumed to
be irreversible. Significantly, the overall reverse reaction is considerably
slower (>1000-fold) than the forward reaction (W. F. Waas, K. Cox,
and K. N. Dalby, unpublished observations), and furthermore, the
inclusion of a significant reversible step impairs the fit to the transient
data.

7 This corresponds to a half-life of 2 ms, the dead time (t*) of the
rapid quench apparatus. Approximately 50% of a first-order process
with a rate constantk of 345 s-1 would be complete within the dead
time of the instrument.

Scheme 1
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are preincubated together in syringe A before being mixed
with an equal volume of ERK2 (9.8µM), the rate of
appearance of EDP and P (Figure 3B) is essentially
indistinguishable from the experiment shown in Figure 3A
where Ets∆138 is preincubated with ERK2. This experiment
indicates that the binding of 150µM Ets∆138, through the
lower pathway shown in Scheme 1 (k′1), is also fast, with a
rate constant of>0.69/t* s-1.

Equation 1 has three independent variables,R, kb, andkcat.
The amplitudeR and the rate constantkb determine the
magnitude and rate of accumulation of EDP from EAS, while
the catalytic turnover,kcat, represents the rate of conversion
of EAS to E. These parameters are defined by rate constants
k2 andk3 according to eqs 2-4. The appropriate substitution
of eqs 2-4 into eq 1 gives eq 5, which has two independent
variables (k2 andk3) and is used to analyze individual burst
experiments. The analyses of several experiments over a
range of enzyme and substrate conditions are in good agree-
ment and are reported in Table 1. From these values, the
amplitudeR, the burst rate constantkb, and the catalytic

8 The second-order rate constant for the binding of MgATP2- to
protein kinases is typically greater than 1× 105 M-1 s-1 and has been
estimated to be greater than 2× 106 M-1 s-1 for the binding to the
ERK2‚MBP binary complex (3).

FIGURE 3: (A) Rapid mixing of MgATP2- with ERK2‚Ets∆138. Rapid quench-flow experiments were conducted at 27°C and pH 7.5 in
buffer A3 (25 mM HEPES, 50 mM KCl, 2 mM DTT, 0.1 mM EDTA, and 0.1 mM EGTA) containing 20 mM MgCl2. [γ-32P]ATP (100-
1000 cpm/pmol) was loaded into sample loop A, while proteins Ets∆138 and ERK2 were loaded into sample loop B. Final concentrations
were 2 mM MgATP2-, 150 µM Ets∆138, and 0.7 (2), 1.4 (9), 2.8 ([), and 4.21µM ERK2 (b). At set times, reactions were quenched
by the addition of 2 M H3PO4 and product formation (EDP+ P, Scheme 1) was quantified as described in Materials and Methods. The
lines through the data correspond to the best fit to eq 5 according to ak2 of 109 s-1 and ak3 of 56 s-1. (B) Rapid mixing of ERK2 with
Ets∆138 and MgATP2-. The experiment was conducted in a manner identical to that of the experiment described above, except that
Ets∆138 and MgATP2- were incubated together in sample loop A, prior to the rapid mixing with ERK2 from sample loop B. Final
concentrations were 2 mM ATP, 150µM Ets∆138, and 4.9µM ERK2. The lines through the data correspond to the best fit to eq 5
according to ak2 of 109 s-1 and ak3 of 56 s-1.
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constantkcat can be calculated. The averaged values over all
the experiments are as follows:R ) 0.44, kb ) 164 s-1,
and kcat ) 37 s-1. These are in good agreement with ak2

value of 109( 9 s-1 and ak3 value of 56( 4 s-1, which
were obtained by a global analysis, according to eq 5, of all
the burst data obtained in one experiment at 150µM Ets∆138.

Single-TurnoVer Experiments.The analysis described
above is critically dependent on the determination of the
active site concentration. Although a previous active site
titration using isothermal calorimetry to follow the binding
of 5-iodotubericidin to ERK2 suggested that the active site
concentration is in line with the amino acid analysis (1), we
sought further evidence to support this. Thus, the phospho-
rylation of Ets∆138 by ERK2 was analyzed under single-
turnover conditions. Under these conditions, because Ets∆138
is limiting, andk3 is kinetically transparent, the experiment
directly assesses the formation of Ets∆138∼P on the enzyme.
Thus, according to Scheme 1, after rapid mixing of ERK2‚
Ets∆138 and MgATP2- (k1) under single-turnover conditions,
the appearance of product is limited byk2 alone. As this
analysis makes no assumption about the concentration of
ERK2 (because the appearance of product is independent of
the concentration of ERK2), it provides an independent
determination ofk2, which can be compared to the value
obtained in the burst experiments.

ERK2 (300µM) was preincubated with Ets∆138 (20-40
µM) in buffer A3 containing 20 mM Mg2+, before rapid
mixing with an equivalent volume of MgATP2- (8 mM) in
the same buffer (20 mM total Mg2+). The formation of EDP
was then monitored from 2 to 75 ms. Under these conditions,
it is assumed that initially Ets∆138 is fully complexed to
ERK2 and that MgATP2- binding is rapid. As the dissocia-
tion constant for the ERK2‚Ets∆138 complex (ES) has not
been measured directly in the presence of 20 mM Mg2+, we
used theKi value of 9 µM, obtained from steady state
experiments, as a guide (4). On the basis of this value,
approximately 93% of Ets∆138 is predicted to be complexed
to ERK2.9

As predicted, the appearance of Ets∆138∼P, under the
single-turnover conditions, is exponential (Figure 4). In each
case, the resulting time course is described by a single-
exponential function that conforms to within 10% of the
theoretical end point. According to the model in Scheme 1,
the rapid formation of EAS (k1) is followed by the rate-
limiting formation of EDP (k2). The best nonlinear fits
through the experimental data, according to eq 6, obtained
at three Ets∆138 concentrations (10-20 µM, final) cor-
respond to an averagek2 value of 106( 25 s-1. The good
first-order fit to the experimental data, and the close
agreement between the actual and predicted end point,
support the assumptions of Scheme 1. Notably, thek2 value
of 106 ( 25 s-1 is in good agreement with thek2 value of
109 ( 9 s-1 derived from the burst analysis.

9 This is calculated from the quadratic equation [ES]/[E]0 ) 〈E0 +
S0 + Kd - (E0 + S0 + Kd)2 - 4E0S0〉/2E0, where [E]0 ) [E] + [ES]
and [S]0 ) [S] + [ES].

Table 1: Pre-Steady State Kinetic Parameters Obtained from Burst
Experimentsa

[ERK2] (µM)d [Ets∆138] (µM)e k2
f (s-1) k3

f (s-1)

0.70b 150 95( 33 68( 27
1.40b 150 137( 28 50( 6
2.08b 238 94( 6 53( 3
2.80b 150 106( 12 54( 5
3.70b 238 119( 16 61( 6
4.21b 150 118( 12 55( 4
4.90c 150 111( 9 52( 4

a Rapid quench-flow experiments were conducted at pH 7.5 in buffer
A3 (25 mM HEPES, 50 mM KCl, 2 mM DTT, 0.1 mM EDTA, and
0.1 mM EGTA) containing 20 mM MgCl2 at 27°C. Quenched reactions
(2 M H3PO4) were analyzed as described in Materials and Methods.
b [γ-32P]ATP (100-1000 cpm/pmol; final concentration of 2 mM) was
rapidly mixed with a pre-equilibrated solution of Ets∆138 and ERK2
before quenching.c ERK2 was mixed with a pre-equilibrated solution
of Ets∆138 and [γ-32P]ATP (100-1000 cpm/pmol; final concentration
of 2 mM) before quenching.d Determined using an extinction coef-
ficient ε280 of 52 067 cm-1 M-1. e Determined using an extinction
coefficientε280 of 23 231 cm-1 M-1 (40). f Obtained from a nonlinear
least-squares fit of [EDP]+ [P] vs time according eq 5. Errors are
standard deviations.

Table 2: Phosphorylation of Ets∆138 under Single-Turnover
Conditionsa

[ERK2] (µM)b [Ets∆138]c (µM) k2
d (s-1) end pointb (µM)

158 20 110.5( 13.6 19.0( 0.7
158 15 130.2( 16.1 16.1( 0.5
158 10 79.2( 13.8 9.2( 0.5

a Rapid quench-flow experiments were conducted at pH 7.5 in buffer
A3 (25 mM HEPES, 50 mM KCl, 2 mM DTT, 0.1 mM EDTA, and
0.1 mM EGTA) containing 20 mM MgCl2 at 27°C. Quenched reactions
(2 M H3PO4) were analyzed as described in Materials and Methods.
[γ-32P]ATP (100-1000 cpm/pmol; final concentration of 2 mM) was
rapidly mixed with a pre-equilibrated solution of Ets∆138 and ERK2
before quenching.b Determined using an extinction coefficientε280 of
52 067 cm-1 M-1. c Determined using an extinction coefficientε280 of
23 231 cm-1 M-1 (40). d Obtained from a nonlinear least-squares fit
of [EDP] + [P] vs time according eq 6. Errors are standard deviations.

FIGURE 4: Formation of Ets∆138∼P when ERK2 is in excess.
Rapid quench-flow experiments were conducted at 27°C and pH
7.5 in buffer A3 (25 mM HEPES, 50 mM KCl, 2 mM DTT, 0.1
mM EDTA, and 0.1 mM EGTA) containing 20 mM MgCl2. [γ-32P]-
ATP (100-1000 cpm/pmol) was loaded into sample loop A, while
proteins Ets∆138 and ERK2 were loaded into sample loop B. At
set times, the reactions were quenched by the addition of 2 M H3-
PO4 and product formation (EDP+ P, Scheme 1) was quantified
as described in Materials and Methods. The lines through the circles
correspond to the best fit to eq 6 according to ak2 of 106 s-1.

[EDP]t ) ([EDP]∞ - [EDP]0)(1 - e-k2t) (6)
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DISCUSSION

Given its central role in mitogenic signaling, an under-
standing of the catalytic mechanism and regulation of ERK2
is essential in appreciating the implications of potential
inhibitors and the consequences of both protein-protein
interactions and allele variations within cells. This stance
was the basis for setting out to characterize the steady state
kinetic mechanisms of ERK2 and other MAP kinases (1, 4,
40, 62). Of course, steady state experiments are limited
because individual steps are often transparent to the analysis;
therefore, we chose to pursue a transient kinetic approach
also. In this respect, active ERK2 represented a challenging
prospect, because it must be prepared in a fully modified
form to be active. To our knowledge, this report represents
the first description of a transient kinetic study of an enzyme
whose activity is dependent on phosphorylation by a second
enzyme.

In response to mitogenic stimuli, MAPKK1 and -2
phosphorylate ERK2 on Thr-183 and Tyr-185. The co-
valently bound phosphates stabilize a conformation of the
enzyme that is conducive to catalysis, notably, through
closure of the two domains that create the active site,
realignment of catalytic residues, and the formation of a
putative proline binding pocket (63). Phosphorylation en-
hances the catalytic constant of ERK2 some 4 orders of
magnitude, promotes recognition of nucleotide and protein
substrates (31), and is reported to induce homodimerization.
Its role in promoting nuclear uptake is controversial (54, 64-
66).

Purification of Bis-Phosphorylated ERK2.The purification
of inactiVe His6-ERK2 described in this report utilizes a
Ni+ affinity purification/enrichment step to separate it
from the majority of the bacterial cell’s proteins and ion
exchange chromatography to purify it further. Using the
methods described above, the presence of small amounts
of the monophosphorylated protein can bequantitatiVely
revealed.

Reaction Pathway.Previously, the rate-limiting step for
the phosphorylation of myelin basic protein (MBP) by ERK2
was reported to be a viscosity insensitive step that was
assumed to be phosphoryl transfer (3). Therefore, we were
surprised to observe a burst of product when MgATP2- was
rapidly mixed with ERK2 and Ets∆138 in the presence of
saturating free magnesium ion (Figure 3A). The burst and
single-turnover experiments support a mechanism where the
phosphorylation of Ets∆138 by ERK2 is limited by two
partially rate-determining steps,k2 andk3 (Scheme 1), and
show that phosphoryl transfer on ERK2 can occur at least 1
order of magnitude faster than previously realized. Further
experiments are required to determine whetherk2 corresponds
to phosphoryl transfer or a protein conformational change
of either the enzyme or substrate. The second partially rate-
limiting step, k3, corresponds to events that occur after
phosphoryl transfer and may be attributed to dissociation of
one or both products, any conformational changes associated
with such steps, or even a conformational change of the free
enzyme after product release. For a number of protein
kinases, the rate-limiting step is reported to involve the
dissociation of ADP (50, 52, 67). Notably, in these cases, a
peptide substrate was used. Peptide substrates of ERK2
display a significantly higherKm than the natural protein

substrates from which they are derived, and therefore, it is
not unreasonable to expect this to be reflected in the steps
governing product release. Clearly, because of the intriguing
method of substrate recognition employed by ERK2, where
most of the thermodynamic stability for the ERK2-protein
substrate complex is believed to originate from loci outside
of the active site, the use of a well-characterized protein
substrate is essential (25-27). In this respect, it is notable
that the affinity of Ets∆138 for ERK2 is only marginally
affected by phosphorylation on Thr-38,10 and furthermore,
phosphorylated Ets∆138 actually binds tighter to ERK2 than
MgADP (4). This is significant because, generally, phos-
phorylated peptide substrates of protein kinase are reported
to bind weakly. Thus, it is possible that in the case of ERK2
the dissociation of Ets∆138∼P actually limitsk3 and not the
dissociation of ADP (4). Further work is necessary to
characterizek3.

The reaction pathway appears to differ in several respects
from that reported by Prowseet al.(3). They concluded from
steady state solvent viscosity experiments that phosphoryl
transfer to both myelin basic protein MBP (kp ) 14 s-1) and
the peptide ATGPLSPGPFGRR (ERKtide) (kp ) 6.5 s-1)
limits turnover. Until they are verified by rapid quench
studies, it is difficult to evaluate the differences. Possible
reasons include differences in the enzyme preparations, the
substrates employed, or the nature of the active enzyme
species (monomers or dimers) in the assays. The latter point
is especially relevant because we observe an ERK2-depend-
ent increase inkcat (1.5-fold) (Figure 5), which may reflect
a sensitivity of one or more steps to the concentration of
ERK2.

10 Ets∆138∼P is a competitive inhibitor toward Ets∆138 with a
KiC

app of 26 µM at 267µM ATP and 10 mM Mg2+ (4).

FIGURE 5: Dependence of catalytic turnover,kcat, on the concentra-
tion of ERK2. The linear dependence of product formation on time
was analyzed several milliseconds after mixing, once steady state
turnover was attained, on a Kintek RQF-3 rapid quench-flow
apparatus. Assays were conducted at 27°C and pH 7.5 in assay
buffer A3 (25 mM HEPES, 50 mM KCl, 2 mM DTT, 0.1 mM
EDTA, and 0.1 mM EGTA) containing 3-4210 nM ERK2, 150
µM Ets∆138, 2.0 mM [γ-32P]ATP (100-1000 cpm/pmol), 0.5µg/
mL BSA, and 20 mM MgCl2 in a final volume of 50-100 µL.
The line through the data corresponds to the best fit according to
eq 7 wherekcat

M andkcat
D were fixed at 25 and 37 s-1, respectively.
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Toward a Catalytic Mechanism.Ets∆138 is a protein
substrate with significant secondary and tertiary structure,
which is phosphorylated by ERK2 through a random-order
ternary complex mechanism (4). An NMR study of Ets∆138
shows that Thr-38, the phosphorylation site, is located in a
highly flexible region of the protein a significant distance
(>20 Å) from Phe-120 (30), the site thought to mediate
interactions between ERK2 and Ets∆138 (22). The kinetic
analysis presented here indicates that two Ets∆138 substrate
molecules can bind per ERK2 dimer and that phosphorylation
occurs at each active site with a rate constantk2 of 109( 9
s-1 followed by product release with a rate constantk3 of
56 ( 4 s-1. Recently, we showed that once ERK2 has been
primed by Thr-183 and Tyr-185 phosphorylation it is
activated by a second magnesium ion (1). The mechanism
by which magnesium activates the phosphorylated enzyme
has not been delineated. The ability to analyze ERK2 using
a pre-steady state approach in conjunction with ongoing
structural studies should facilitate a better understanding of
this fascinating enzyme.
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APPENDIX

Herein, we present observations that the catalytic constant
kcat for ERK2 varies with ERK2 concentration. These data
are discussed in the context of published biochemical
evidence for ERK2 dimerization, and a kinetic model is
presented.

SensitiVity of the Catalytic Constant to the Concentration
of ERK2.The kcat value of 37 s-1 determined under pre-
steady state conditions is significantly higher than values
routinely determined under steady state conditions. To
determine whether the difference is due to the higher
concentrations of ERK2 used in the pre-steady state experi-
ments,kcat was measured over a range of ERK2 concentra-
tions.

In these experiments, ERK2 (4-8400 nM) was preincu-
bated with a saturating concentration of Ets∆138 (400µM),
in buffer A3 containing 20 mM MgCl2, before rapid mixing
with an equal volume of MgATP2- (8 mM) in the same
buffer (20 mM total Mg2+). After 2-150 ms, reactions
were quenched with acid. The catalytic constant,kcat, was
determined from the slope of the linear portion of a plot
of [EDP] + [P] versus time, according to the relationship
kcat ) Vss/[E0]. Figure 5 shows that the observed magnitude
of kcat increases as the concentration of ERK2 increases from
2 to 4200 nM. This dependence is consistent with the
formation of higher-order complexes of ERK2 as the
concentration increases. As there is only a small difference
in the specific activity of ERK2 at low and high concentra-
tions, defining a trend is difficult given the errors associated
with the rapid quench technique.

12284 Biochemistry, Vol. 42, No. 42, 2003 Waaset al.



There is, however, some evidence that ERK2 forms
activated homodimers. For example, equilibrium sedimenta-
tion analysis suggested that a homodimer dissociates with a
dissociation constantKd of 7.5 nM at 4°C (1). Interestingly,
homodimerization appears to be an integral part of MAPK
cell signaling and perhaps serves to regulate its nuclear
transport (2-4). For example, it has been proposed that
dimerization of active ERK2 is required for its active nuclear
transport (2-4), an event that is profoundly important for
ERK2 signaling (5-7).

The structural basis for the formation of a possible
homodimer was revealed through X-ray crystallography (8).
Khokhlatchevet al. suggested that two loops on ERK2,
termed the activation loop and the C-terminal extension loop
(loop 16), are responsible for the tight interaction of the
dimer. The fact that both of these loops also appear to play
a role in ERK2 activation provides a potential link between
the oligomerization state of the enzyme and its activity (1,
8). While it should be noted that an N-terminal His6 tag has
previously been shown to promote the dimerization of a
protein (9), it is unlikely to be the case for ERK2, because
the His6 tag does not comprise part of the dimerization
interface identified in the crystal structure (8). Thus, the
available evidence suggests that ERK2 forms a dimer once
activated, and the data presented here are consistent with
the notion that dimerization moderately influences its activity.

Kinetic Model of Dimerization.Equation A1 describes the
kinetic dependence on ERK2 dimerization according to
Scheme 2 where the monomeric and dimeric forms of ERK2
have specific activities (per active site) ofkcat

M and kcat
D ,

respectively. Limiting values forkcat
M andkcat

D were estimated
from studies at low and high concentrations of ERK2. Using
a kcat

M value of 25 s-1 and akcat
D value of 37 s-1, the best fit

to the data, according to eq A1 (see below), provides an
estimate for the dissociation constant for the dimer,Kd, of

32 ( 16 nM. This is similar to the value reported by
Khokhlatchevet al. (1).

While the data in Figure 5 are not of sufficient quality to
critically define this model, it does lend credence to the
notion that ERK2 forms a dimer in the low nanomolar range.
The homodimerization model, in which ERK2 monomers
and dimers differ in activity, assumes that the monomers
retain their activity in the dimeric form. According to this
model, eitherk2, k3, or both are modulated slightly upon
dimerization which results in a slight increase inkcat. This
could explain why Prowseet al. failed to see rate-limiting
product release when studying ERK2 at low concentrations
(10).

DeriVation of Equation A1.The equation describing the
dependence ofkcat on the concentration of ERK2 according
to the dimerization in Scheme 2 is derived as follows.

At a given concentration of ERK2,E0, the observed
maximal velocity,Vmax

obs, is given by

where EM and ED are the concentrations of complexes
containing monomeric and dimeric ERK2, respectively.

Conservation of mass then gives

whereE0 is the concentrations of total enzyme.
Substitution of eq ii into eq i gives

The dissociation constant of the complex in Scheme 2 is
given by

Substitution of eq ii into eq iv gives

Using eq iii and the real solution to eq v, the observed
catalytic constantkcat

obs is given by
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