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ABSTRACT: Extracellular regulated protein kinase 2 (ERK2) is a eukaryotic protein kinase whose activity
is regulated by phorbol esters, serum, and growth factors, and displays enhanced activity in several human
tumors. Despite its important biological function, its mechanism of catalysis and mode of regulation are
poorly understood. Recently, we showed that in the presence of 10 mM magnesium chloride, ERK2
phosphorylates the transcription factor Ets-1 through a random-ordered ternary-complex mechanism
[Waas, W. F., and Dalby, K. N. (2002)J. Biol. Chem. 277, 12532]. Now we provide kinetic evidence that
ERK2 must bind two divalent magnesium ions to facilitate catalysis at a physiologically relevant rate,
because a second magnesium ion promotes both MgATP2- binding and phosphoryl transfer. The velocity
dependence on magnesium at saturating concentrations of the protein substrate, Ets∆138, over a range of
ATP4- and Mg2+ ion concentrations, supports the notion that magnesium is anessentialactivator of
ERK2. At high (g1 mM) concentrations of ATP4-, the velocity dependence on total Mg2+ is sigmoidal,
but plateaus at high concentrations of free Mg2+, where the enzyme is fully activated. At concentrations
of Mg2+ of e4 mM, the velocity dependence on ATP4- displays a peak when the concentration of ATP4-

approaches that of total Mg2+ and tends to zero at high concentrations of ATP4-, where the enzyme
is predominantly unactivated. The observed velocity dependencies are consistent with the notion that
ERK2‚Ets∆138 complexes and ATP4- compete for the same pool of Mg2+ ions in solution. No binding
of ATP4- (0-2.5 mM) by ERK2 (65µM) can be detected using isothermal titration calorimetry at 27°C,
pH 8.0, and an ionic strength of 0.15 M (KCl), suggesting that the complex, MgATP2-, is the true substrate
for ERK2. In contrast, 5-iodotubericidin binds ERK2 tightly (Kd ) 1 µM) and displays a competitive
inhibition pattern toward MgATP2- and a mixed pattern toward free Mg2+, suggesting that the binding of
Mg2+ before MgATP2- is not compulsory.

Protein kinases catalyze the phosphorylation of proteins
to form phosphate monoesters of serine, threonine, or tyrosine
(1). These modifications can have a dramatic impact on
protein function and consequently underlie many aspects of
signal transduction. The phosphate donor is usually the
magnesium complex of adenosine triphosphate, although the
protein kinase CK2 is known to utilize the guanosine
triphosphate complex (2-4). Until recently, all protein
kinases were thought to be structurally related, harboring a
highly conserved catalytic domain of some 300 amino acids
that adopts a conserved protein fold, focused around several
key catalytic residues. However, several novel protein kinases
have been identified recently, suggesting that the protein
kinase family is likely to be more diverse in structure and
sequence than originally thought (5-8).

While the conserved nature of the protein kinase catalytic
core implies a conserved chemical mechanism, protein kinase
regulation is extremely varied in nature (9). We have been
interested in the mechanism and regulation of the extracel-
lular regulated protein kinases, ERK1 and ERK2,1 for some
time, because of their key roles in cellular signal transduction.
They phosphorylate a large number of structurally disparate
proteins upon activation by phorbol esters, serum, and growth
factors and are activated through a protein kinase cascade,
termed the mitogen-activated protein kinase (MAPK) path-
way, usually by Ras, a small guanine nucleotide binding
protein that transduces extracellular signals to the cell nucleus
(10). This pathway has received considerable attention in
recent years, because the expression of several proto-
oncogenes, includingras itself, can lead to the activation of
ERK1 and ERK2 in a constitutive manner, which is
causatively linked to the transformed phenotype in many cells
types (11). MAPKK, a dual specific protein kinase, whose
inhibition can revert this phenotype, mediates the activation
of ERK1 and ERK2 directly. Recent studies in colon
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carcinomas showed that a highly specific and potent inhibitor
of MAPKK, PD 184352, elicits a promising level of
antitumor efficacyin ViVo (12). Therefore, specific inhibitors
for ERK1 and ERK2, which are the only known substrates
of MAPKK, are likely to be extremely useful.

While the screening of large libraries of compounds to
identify enzyme inhibitors is a powerful method employed
in the pharmaceutical industry, an alternative approach based
on chemical and mechanistic knowledge, often called rational
drug design, can open up new avenues of mechanistic inquiry
and potentially new classes of inhibitors. Taking this
approach requires an understanding of the catalytic mecha-
nism of an enzyme. As our mechanistic knowledge of ERK1
and ERK2 is limited, one current focus in our laboratory is
the delineation of their catalytic mechanisms. ERK2 catalyzes
the transfer of theγ-phosphate of adenosine triphosphate to
serine or threonine residues found as Ser-Pro or Thr-Pro
motifs on proteins. While the proline is believed to be critical,
further specificity is conferred through protein-substrate
docking domains, where at least one specific interaction is
made between ERK2 and the protein on a locus that lies
outside of the active site (13). To study these enzymes, we
developed a globular protein substrate for ERK2 termed
Ets∆138 (14, 15) comprising residues 1-138 of transcription
factor Ets-1, which is believed to be a substrate of ERK2in
ViVo and which contains an ERK2 docking site (Scheme 1)
(16, 17).

Protein kinases catalyze a thermodynamically favorable
reaction where the hydroxyl nucleophile of a serine, threo-
nine, or tyrosine displaces the good ADP3- leaving group
(pKa of ADPH2- ) 6.5) from theγ-phosphate of ATP. While
the phosphoryl donor for most kinases is generally thought
to be the magnesium complex of the tetra-anion of adenosine
triphosphate (ATP4-), an additional magnesium ion is
implicated in the mechanism of a number of protein kinases.
By far the most extensively characterized protein kinase is
cAMP-dependent protein kinase (cAPK), an important
protein kinase that is activated in response to the second
messenger cAMP. A number of years ago, electron para-
magnetic resonance studies by Armstrong et al. (18) dem-
onstrated that with ATP4- bound there are two divalent metal
ion binding sites within the active site of cAPK, one of high
affinity and one of low affinity. Subsequently, Zheng et al.
reported the crystal structure of the catalytic subunit of
cAMP-dependent protein kinase complexed with MgATP2-

and a peptide inhibitor. This work and studies, with Mg2+

replaced with Mn2+, provided the firstcrystallographic

information about the coordination of these two Mg2+ ions.
These structures showed that a Mg2+ ion, bound at the
higher-affinity M2 site (depicted in Scheme 2A), is octahe-
drally coordinated to six oxygen atoms comprising theâ-
andγ-phosphates of ATP4-, two atoms from Asp-165, and
two water molecules. The low-affinity magnesium ion (M1
site in Scheme 2A) is octahedrally coordinated by theR-
andγ-phosphates of ATP4-, the bridging oxygen, one oxygen
atom of Asp-165, the side chain carbonyl of Asn-171, and
one water molecule (19). In recent years, the structures of
several other protein serine/threonine kinases bound to ATP4-

have been reported (3, 20, 21). The magnesium coordination
within all these structures is conserved. Of particular
relevance to ERK2 is the structure of the unactivated (not
phosphorylated) form of MAPK JNK3, complexed to the
ATP analogue AMPPNP (21). Its coordination of two Mg2+

ions is indistinguishable from that of cAPK (Scheme 2A)
and provided the basis for the prediction that ERK2 utilizes
Mg2+ in a manner analogous to that of cAPK.

Despite extensive structural information, the precise func-
tions of the two divalent magnesium ions in cAPK are not
fully resolved. A pre-steady state kinetic study suggested that
the high-affinity M2 Mg2+ ion is both necessary and
sufficient for the fast accumulation of a phosphorylated
peptide on cAPK. Surprisingly, the low-affinity M1 Mg2+

ion is not essential for phosphoryl transfer (22, 23). It is not
immediately clear why this is the case, because in the
structure of cAPK complexed with a transition state mimic,
both the M1 and M2 magnesium ions are intimately
associated with moieties undergoing covalency changes (24).
Interestingly, the occupancy of the low-affinity site appears
to increase the affinity of cAPK for MgATP2- (25) and
MgADP- (18), while also inhibiting the rate-limiting product
release step (23).

In a previous study, we examined the substrate and product
dependence of ERK2 and concluded that ERK2 follows a
random-ordered ternary-complex mechanism (15). However,
because in this study the concentration of magnesium was
at a saturating level, the kinetic analysis was essentially
transparent to its role. Therefore, given the likelihood that
ERK2 coordinates two Mg2+ ions in a manner analogous to
that of JNK3, we decided to examine the sensitivity of ERK2
to divalent magnesium ions. We report the surprising result
that, in contrast to cAPK, ERK2 must bind two divalent
magnesium ions to facilitate phosphoryl transfer at a physi-
ologically relevant rate. In this process, a second magnesium
ion appears to be an essential activator of ERK2.2

Scheme 1: Phosphorylation of Ets∆138 by ERK2a

a ERK2 catalyzes the phosphorylation of Ets∆138 on Thr-38. Amino
acids 110-120 represent a putative ERK2 docking site thought to
facilitate the reaction (17).

Scheme 2: Metal Ion Coordination of (A) cAPK and (B)
the Insulin Receptor
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EXPERIMENTAL PROCEDURES

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. (Santa Clarita, CA) supplied Ni-NTA agarose. Kinase
assays were conducted with Roche (Indianapolis, IN) special
quality sodium adenosine triphosphate (Na2

+ATPH2
2-) and

[γ-32P](NH4
+)4ATP4- from ICN (Costa Mesa, CA). Plasmids

used to express (His6-tagged) ERK2 (26) and (His6-tagged)
Ets1(1-138) (27) have been reported previously. Stock
solutions of Na2+ATPH2

2- were titrated to pH 8.0 with
potassium hydroxide. All concentrations were determined
spectrophotometrically at 259 nm, assuming an extinction
coefficientε of 15 400 cm-1 M-1. The amount of hydrolyz-
able ATP4- was determined using a hexokinase-glucose-
6-phosphate dehydrogenase coupled assay. 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. Com-
parison of the two methods gave values that differed by less
than 2%. The expression of hexahistidine-tagged ERK2 and
Ets∆138 in Escherichia colihas been described previously
(15). According to the method of Gill and von Hippel (28),
absorbance measurements at 280 nm were used to determine
protein concentrations after calibration by amino acid
analysis.

Kinetic Measurements.Protein kinase assays were con-
ducted at 27°C and pH 8.0 maintained with 25 mM HEPES,
containing 2 nM ERK2, 5-150µM Ets∆138, 0.02-4.3 mM
[γ-32P]ATP4- (100-1000 cpm/pmol), and 0.5µg/mL BSA
(bovine serum albumin) in a final volume of 50-100 µL.
The ionic strength was maintained at 0.15 M with KCl.3 At
low concentrations of total magnesium (Mg0

2+), the forma-
tion of K+ATP4- is significant, because variable concentra-
tions of KCl were included in the kinetic assay to keep the
ionic strength constant. Therefore, the concentration of
kinetically significant ionic species was determined using
empirically determined dissociation constants for Mg2+ATP4-

and K+ATP3- (see below). Several control experiments
served to show that while potassium ions can influence the
enzyme velocity these effects are minor and essentially within
experimental error. For example, at 2 mM Mg2+ and excess
ATP4- (4 mM), the observed velocity varied from 0.86 to
1.25 s-1 when the K+ concentration was varied from 40 to
100 mM. This is attributed to activation of ERK2 by the
displacement of Mg2+ from the pool of MgATP2- in solution.
At equimolar Mg2+ and ATP4- concentrations (4 mM), the
observed velocity decreases by 12% when the K+ concentra-
tion is varied from 40 to 100 mM, whereas at 10 mM Mg2+,
the change is even smaller (5%).

The dependence of the reaction on substrate concentration
was assessed by measurement of initial rates, under condi-
tions where total product formation represented less than 10%
of the initial substrate concentrations. The reaction mixture
was incubated for 5 min before the reaction was initiated by
the addition of the enzyme. Aliquots (5-10 µL) were taken

at set time points and applied to 2 cm× 2 cm P81 cellulose
paper. The papers were washed for 3× 10 min in 50 mM
phosphoric acid (H3PO4) and then in acetone and dried, and
the amount of labeled protein was determined by counting
the associated counts per minute on a Packard 1500 scintil-
lation counter at 2σ in the presence of scintillant.

Determining the Concentrations of Free and Complexed
Anions and Cations.The calculation of the concentrations
of the species shown in Scheme 3 by numerical integration
of eqs 1-5 using the program Scientist (Micromath) required
measurement of the two experimentally determined dissocia-
tion constants (K0′ and K0) and the concentrations of total
ATP4- (ATP0

4-), total magnesium (Mg0
2+), and total potas-

sium (K0
+) under the conditions of the kinetic assay.K0 and

K0′ were determined by fluorescence measurements per-
formed under the standard conditions of the kinetic assays
in a 1 mLquartz cuvette following published methods using
the fluorescent indicator 8-hydroxyquinoline (29-31). The
values that were obtained (K0 ) 31 µM andK0′ ) 66 mM)
are in good agreement with published values (29).

Data Analysis.4 Initial rates (V) were determined by linear
least-squares fitting to plots of product versus time. Recipro-
cal plots of 1/V versus 1/s were checked for linearity using
eq 6, before the data were fitted to eq 7 using a nonlinear
least-squares approach, assuming equal variance for veloci-
ties, using the program Kaleidagraph 3.5 (Synergy Software).

2 The term “essential” is used to indicate that activation by a second
magnesium ion leads to anat least10-fold increase in the catalytic
constant for ERK2.

3 The ionic strength varied slightly from 0.13 to 0.15 M through
slight variations in the composition of ions.

4 The parameters used in deriving the equations are defined as
follows: V, observed velocity;kcat, catalytic constant;kcat

app, apparent
catalytic constant;KmS

app, apparent Michaelis constant for substrate S;a,
b, ands, concentrations of A, B, and S, respectively;i, concentration
of inhibitor I; KiA, inhibition constant for substrate A;KiB, inhibition
constant for substrate B;KmA, Michaelis constant for substrate A;KmB,
Michaelis constant for substrate B;KiC

app, apparent specific inhibition
constant for inhibitor I;KiU

app, apparent uncompetitive inhibition
constant for inhibitor I; [ATP0

4-], [Mg0
2+], and [K0

+], total ATP4-,
Mg2+, and K+ concentrations, respectively; [ATPF

4-] and [MgF
2+], free

ATP4- and Mg2+ ion concentrations, respectively;K0′ and K0, dis-
sociation constants for K+ATP4- and Mg2+ATP4-, respectively.

Scheme 3

K0 ) ([MgF
2+][ATPF

4-])/[Mg2+ATP4-] (1)

K0′ ) ([KF
+][ATPF

4-])/[K +ATP4-] (2)

[Mg0
2+] ) [MgF

2+] + [Mg2+ATP4-] (3)

[ATP0
4-] ) [ATPF

4-] + [K+ATP4-] + [Mg2+ATP4-] (4)

[K0
+] ) [KF

+] + [K+ATP4-] (5)

V
[E0]

)
kcat

apps

KmS
app+ s

(6)

V
[E0]

)
kcatab

KiAKmB + KmAb + KmBa + ab
(7)
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The intercepts 1/kcat
app and slopesKmS

app/kcat
app obtained from

these fits were then plotted versus either the inhibitor
concentration (i) (for inhibition experiments) or the reciprocal
of the nonvaried substrate concentration (1/s) (for initial
velocity experiments). These secondary plots were used to
determine the appearance of the overall kinetic equation (32).
Values for kinetic constants were then obtained using the
program Scientist (Micromath) by fitting the kinetic data to
the relevant overall equation by global fitting. Data conform-
ing to a sequential initial velocity pattern were fitted to eq
7; data conforming to linear competitive inhibition were fitted
to eq 8, and data conforming to linear mixed inhibition were
fitted to eq 9. The apparent Michaelis-Menten parameters
were determined using eqs 10 and 11 (32).

Initial rates (V) were also obtained over an extensive range
of Mg0

2+ and ATP0
4- concentrations. These rates were fitted

to various kinetic models by global fitting analysis, where
individual parameters were first estimated from experiments
where the observed data exhibit a strong dependence on
them. These parameters were then introduced into a model
and allowed to float over a small range ((30%). Refinement
of the model corresponded to a good global minimum, the
sum of squares, the residual, and the skewness of the
indicated values.

Isothermal Calorimetry.Titrations were conducted on a
MCS titration calorimeter (MicroCal Inc.) at 27°C in 25
mM HEPES (pH 8.0), 100 mM KCl, and 0.1% BME (v/v).
The same buffer was also used as a reference solution. ERK2
(12.5-60 µM) was titrated with concentrated ligand stocks
(125µM 5-iodotubercidin or 20 mM ATP4- that was in the
same buffer). Titrations were initiated with one 2µL injection
of ligand followed by twenty-three 10µL injections. Blank
runs were done in the absence of ERK2. The thermogram
was integrated, and blanks were subtracted. Origin 2.3 data

analysis software (MicroCal Inc.) was used for integration
and fitting to a simple one-binding site model. Data fitting
produces values for the binding stoichiometry (n), dissocia-
tion constant (Kd), and molar enthalpy change (∆H). The
change in molar entropy (∆S) and the Gibbs free energy
(∆G) were calculated from the appropriate thermodynamic
relationships.

RESULTS AND DISCUSSION

EVidence that ERK2 Binds Two Magnesium Ions.To
examine the possibility that the protein serine/threonine
kinase ERK2 binds two Mg2+ ions, the reaction in Scheme
1 was examined. In the initial experiments described here,
the concentration of magnesium was maintained in sufficient
excess of ATP4- to avoid possible complications due to the
dissociation of the MgATP2- complex. The dependence of
product formation (Ets∆138∼P) on the concentrations of the
two substrates, MgATP2- and Ets∆138, at different fixed
concentrations of free magnesium, MgF

2+, was determined
by the method of initial rates. Under these conditions, the
appearance of Ets∆138∼P was linear with time and the
kinetic parameters that were obtained were reproducible to
within 10%.

The apparent Michaelis constants,KmC
app, for Ets∆138

were measured at MgF
2+ concentrations of 1, 2, and 10 mM.

They appear to increase from approximately 10 to 20µM
over this range (Table 1); however, the data are insufficient
for defining a correlation. In contrast, the apparent Michaelis
constant, KmA

app, for MgATP2- clearly decreases, as the
concentration of MgF

2+ is increased, by approximately 4.6-
fold from 670 to 146µM (Figure 1A) over the slightly wider
MgF

2+ concentration range of 1-20 mM (Table 1). As the
tetravalent ATP4- ion is fully complexed to Mg2+ under these
conditions, we attribute the observed changes inKmA

app (and
probablyKmC

app) to the binding of an additional Mg2+ ion. A
similar conclusion was reached by others studying related
protein kinases (25, 33). In the case of cAPK, the affinity of
binding of two Mg2+ ions to its active site correlates with
its kinetic properties, where the binding of a second lower-
affinity Mg2+ ion is responsible for the decrease in both the
apparent Michaelis constantKmA

app and the catalytic constant,
kcat

app (23, 34).
Initially, we predicted that because the Mg2+ ion coordina-

tion of JNK3 (a MAPK) and cAPK are so similar, the binding
of a second magnesium ion would inhibit ERK2, in line with
the cAPK kinetics. However, this turned out not to be the

V
[E0]

)
kcat

apps

KmS
app(1 + i/KiC

app) + s
(8)

V
[E0]

)
kcat

apps

KmS
app(1 + i/KiC

app) + (1 + i/KiU
app)s

(9)

kcat
app)

kcatb

KmB + b
(10)

KmA
app )

KiAKmB + KmAb

KmB + b
(11)

V
[E0]

)

kcat[MgF
2+][Mg2+ATP4-]

KiAKmB + KmA[MgF
2+] + KmB[Mg2+ATP4-] + [Mg2+ATP4-][MgF

2+]

(12)

V
[E0]

)

kcat[MgF
2+][MgATP2-] + kcat′KmA[MgATP2-]

KiAKmB + KmA[MgF
2+] + KmB[MgATP2-] + [MgATP2-][MgF

2+]

(13)

Table 1: Apparent Steady State Michaelis-Menten Parameters for
the Phosphorylation of Ets∆138 by ERK2 at Varied Concentrations
of Free Magnesiuma

[MgF
2+]b (mM) KmA

appc (µM) KmC
appc (µM) kcat

appc (s-1)

1.0 715( 43 10.2( 0.4 12.7( 0.3
2.0 438( 21 13.3( 1 18.0( 0.3
3.0 342( 13 nd 19.0( 0.3

10.0 238( 21 20.7( 0.4 20.2( 0.53
20.0 134( 8 nd 21.2( 0.3

a Initial velocities were measured using 2 nM ERK2 and 2 mM DTT
at pH 8.0, 27°C, and an ionic strength of 0.15 M (KCl).b Calculated
from [Mg0

2+], [K 0
+], and [ATP0

4-] according to eqs 1-5. c Determined
by plotting V vs s and solving forkcat

app, KmA
app, andKmC

app according to eq
6.
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case. In fact, Figure 1B shows that rather than inhibiting
ERK2, an increase in the MgF

2+ concentration (from 1 to 20
mM) leads to a 1.5-fold increase inkcat

app (from 13 to 20 s-1).
Thus, despite many similarities in both sequence and
structure, the kinetic mechanisms of cAPK and ERK2 appear
to differ with respect to the role of Mg2+ ions. The increase
in kcat

app raised the possibility that a second magnesium ion is
an activator of ERK2. Therefore, because ERK2 is present
as the ERK2‚Ets∆138 complex in the experiment described

above, we treated the kinetic data initially as a two-
component activator-substrate system, where Mg2+ and
MgATP2- bind to the enzyme complex, ERK2‚Ets∆138.
Such a system resembles, at least conceptually, a ternary
complex mechanism and is described by eq 7,5 for the case
where the activator is essential. The plots in panels A and B
of Figure 1 which show fits according to eqs 11 and 10,
respectively, lend support to the notion that a second
magnesium ion activates ERK2.

The kinetic data can also be plotted as a double-reciprocal
plot according to eq 7. Such a plot of 1/V versus 1/[MgATP2-],
at a fixed “‘saturating” concentration of Ets∆138 and various
concentrations of free magnesium (MgF

2+), reveals a linear
pattern of lines that intersect at a common vertical coordinate
above thex-axis (Figure 2).6 This plot is also consistent with
the notion that a magnesium ion activates ERK2. The kinetic
parameters describing these fits are presented in Table 2 and
were obtained by a global analysis approach, which is
described below. The plot of 1/V versus 1/[MgF

2+] at various

5 Equation 7 was derived for a random order ternary complex
mechanism with the assumption that all the steps prior to the
interconversion of the enzyme-bound substrates to enzyme-bound
products are at equilibrium. Within experimental error, eq 7 generally
describes the initial rate of a reaction for both a random order and
compulsory order ternary complex mechanism.

6 While this plot is consistent with a rapid equilibrium ordered
mechanism, inhibition studies with 5-iodotubericidin, outlined below,
suggest that this is not the case.

FIGURE 1: (A) Dependence ofKmA
app on the concentration of free

magnesium, MgF
2+, for the phosphorylation of Ets∆138 by ERK2

at 27 °C, pH 8.0, and an ionic strength of 0.15 M (KCl). Initial
velocities (V) were measured using 2 nM ERK2, 25 mM HEPES,
and 2 mM DTT. The concentration of ATP4- was varied from 0.033
to 4 mM at fixed concentrations of free magnesium, MgF

2+ (1, 2, 3,
10, or 20 mM), and Ets∆138 (150 µM). Values of KmA

app were
obtained by fitting the observed velocities (V) to eq 6. The line
though the data is a nonlinear least-squares fit to eq 11 according
to the parameters in Table 2. (B) Dependence ofkcat

app on the
concentration of free magnesium, MgF

2+, for the phosphorylation
of Ets∆138 by ERK2 at 27°C, pH 8.0, and an ionic strength of
0.15 M (KCl). Initial velocities (V) were measured using 2 nM
ERK2, 25 mM HEPES, and 2 mM DTT. The Ets∆138 concentra-
tion was varied from 4 to 200µM at various concentrations of
MgF

2+ (0.5, 2, 3, 10, and 20 mM) and ATP4- (4 mM). Values of
kcat

app were obtained by fittingV to eq 6 using nonlinear least-
squares fitting methods. The line through the data corresponds to
a fit to eq 10 according to the parameters in Table 2.

FIGURE 2: Plot of 1/V vs 1/[Mg2+ATP4-] at fixed concentrations
of MgF

2+ (as indicated) and 150µM Ets∆138. Initial velocities (V)
were measured using 2 nM ERK2, 2 mM DTT 0.034-4.3 mM
Mg2+ATP4-, and 1-20 mM MgF

2+ at pH 8.0, 27°C, and an ionic
strength of 0.15 M (KCl). The lines through the data are nonlinear
least-squares fits to eq 7.

Table 2: Kinetic Parameters for the Phosphorylation of Ets∆138 by
ERK2 According to Scheme 2Ba

parameter valueb parameter valueb

kcat 20.3( 0.5 s-1 KmA 94 ( 12 µM
K0 31 ( 3 µM KiB 5500( 1100µM
KiA 2200( 440µMc KmB 235( 42 µM

a Initial velocities were measured using 2 nM ERK2 and 2 mM DTT
at pH 8.0, 27°C, and an ionic strength of 0.15 M (KCl).b Derived by
global fitting of initial velocities (V) to eq 12.c Derived from the
relationshipKmAKiB ) KmBKiA.
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concentrations of MgATP2- at saturating Ets∆138 (not
shown) shows a pattern of intersecting lines that also intersect
above thex-axis in accordance with the proposed mechanism.

EVidence that Mg2+ Is an Essential ActiVator of ERK2.
The above analysis is limited by the imposed experimental
constraints, which require a large extrapolation to low
concentrations of Mg2+ to assess whether the metal ion is
essential. This is most apparent in Figure 1B wherekcat

app

varies less than 2-fold over the entire range that was studied.
To address whether the second Mg2+ ion is an essential
activator requires a kinetic analysis at low concentrations of
MgF

2+. To do this, we took an approach that has been
applied to the study of a number of metal ion-dependent
enzymes, which is summarized in a particularly useful review
by Morrison (35). This approach is to individually vary the
concentration of total magnesium ion (Mg0

2+) or total
ATP4- (ATP0

4-) while keeping the concentration of the
other ligand constant and measuring the velocity of the
reaction. One then obtains a series of velocity profiles as a
function of the varied substrate at various cosubstrate
concentrations. Using this approach, it is possible to examine
the dependence of ERK2 over a full range of Mg2+ ion
concentrations, and sample a much wider range of observed
velocities. Several features of these profiles (as well as the
data presented above) are consistent with the kinetic model
shown in Scheme 4, for the situation whenkcat g 10kcat′.

To take this approach, it is necessary to fix the concentra-
tion of Ets∆138 close to saturation, which in this case is
possible because theKm for Ets∆138 varies only slightly with
MgF

2+ concentration (Table 1). We chose to keep the
concentration of Ets∆138 at 150µM to prevent protein
precipitation and to avoid potential solvent effects caused
by high protein concentrations in the solution. While ERK2
is not fully saturated by 150µM Ets∆138 under all of the
experimental conditions that were employed, the values of
KmC

app in Table 1 suggest that the degree of saturation by
Ets∆138 varies by less than 5% over the entire range of
MgF

2+ concentrations that were employed. This variation is
well within the limits of error and unlikely to have a
significant impact on kinetic modeling.

We first varied the concentration of total magnesium
(Mg0

2+) at different fixed levels of ATP0
4- to obtain velocity

profiles, several of which are shown in panels A and B of
Figure 3. According to the mechanism in Scheme 4, when
kcat g kcat′, the velocity profiles reflect the competition

between the enzyme complexes (E′) and (E′)MgATP and
the nucleotide, ATP4-, for the unbound magnesium that
is free in solution. Thus, at high levels of ATP0

4- (g1 mM),
a sigmoidal curve is clearly apparent (Figure 3B). Accord-
ing to Scheme 4, this follows because when the ATP0

4-

concentration is in excess of total magnesium (Mg0
2+) the

free magnesium (MgF
2+) is sequestered in the form of

MgATP2-, which has a dissociation constant of 31µM.
Under these conditions, little free Mg2+ is available to
bind the enzyme complexes, and therefore, the concentration
of the activated form of the enzyme, (E′) MgATP

Mg , remains
low. As the concentration of Mg0

2+ approaches that of
ATP0

4- , MgF
2+ becomes increasingly more available to the

Scheme 4: Random Ordered Binding Model for the
Activation of ERK2 by Mg2+

FIGURE 3: (A) Magnesium velocity profiles at low concentrations
of total ATP4- (ATP0

4-) for the phosphorylation of Ets∆138 by
ERK2 at 27°C, pH 8.0, and an ionic strength of 0.15 M (KCl).
Initial velocities were measured using 2 nM ERK2, 25 mM HEPES,
and 2 mM DTT at varied concentrations of MgF

2+ (0-5 mM) and
various concentrations of ATP4- (33, 66, 127, and 135µM). The
solid lines represent the best global fit to eq 12 according to the
parameters in Table 2. (B) Magnesium velocity profiles at high
concentrations of total ATP4- (ATP0

4-) for the phosphorylation of
Ets∆138 by ERK2 at 27°C, pH 8.0, and an ionic strength of 0.1
M (KCl). Initial velocities were measured using 2 nM ERK2, 25
mM HEPES, and 2 mM DTT at varied concentrations of Mg0

2+

(0-5 mM) and fixed varied concentrations of ATP4- (1 and 4.3
mM). The solid lines represent the best global fit to eq 12 according
to the parameters in Table 2.
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enzyme and the concentration of (E′) MgATP
Mg , and hence the

observed velocity (V), increases rapidly. At low concentra-
tions of ATP0

4- (30-540 µM), the velocity profiles in
Figure 3A are concave throughout, because ATP0

4- does
not effectively sequester MgF

2+ at these concentrations,
and therefore, a simple hyperbolic binding dependence on
Mg0

2+ concentration is observed. Scheme 4 also explains
why the ascending limb of the velocity profiles in Figure
3B is shifted downward as the fixed concentration of AT
P0

4- is increased. In this case, the high concentration of AT
P0

4- results in a relatively lower concentration of MgF
2+ and

consequently less “activated” (E′) MgATP
Mg . At high concen-

trations of Mg0
2+ (20 mM, Figure 3B), the enzyme is fully

active as predicted by Scheme 4. The absence of inhibition
shows that Mg2+ does not trap the enzyme in an inactive
form or bind to a low-affinity site that partially inhibits the
enzyme.

We also varied the ATP0
4- concentration at different

fixed concentrations of Mg0
2+. Several of the velocity

profiles obtained are shown in panels A and B of Figure 4.
All these profiles are concave and shifted upward at higher
concentrations of magnesium as predicted by population of
the (E′) MgATP

Mg species in Scheme 4. At lower concentrations
of Mg0

2+, a peak in the velocity profile is seen, which is
consistent with titration of the enzyme from the activated
(E′) MgATP

Mg complex to the unactivated (E′)MgATP complex
(Figure 4A). It should be recalled that when the concentration
of ATP0

4- approaches that of Mg0
2+ most, but not all, is

sequestered in the form of the MgATP2- complex. As the
concentration of ATP0

4- is increased further, the availability
of MgF

2+ decreases considerably and the velocity ap-
proaches a low limiting value as the proportion of the
unactivated enzyme increases.

All the kinetic data were fitted to eq 12 that describes the
mechanism of Scheme 4, whenkcat > kcat′.7 It should be noted
that the equilibrium in Scheme 3 is included in the global
fitting process. Final parameters are presented in Table 2.
In general, the agreement between the observed and calcu-
lated velocities in Figures 3 and 4 is excellent (to within
20%), apart from several values obtained at very low
concentrations of MgF

2+, where the sensitivity to the con-
centration of MgF

2+ is high. We also tested the possibility
that Mg2+ is a nonessential activator of ERK2 where the
unactivated complex (E′)MgATP in Scheme 4 has a significant
level of activity; i.e.,kcat ∼ kcat′. Equation 13, derived by
assuming the enzyme species are in rapid equilibrium, was
used to assess this model. If the unactivated species,
(E′)MgATP, does have significant activity, it will be most
apparent under conditions where the enzyme is not activated,
i.e., where the fraction of (E′) MgATP

Mg is low, such as at high
concentrations of ATP4-, where all the free magnesium is
sequestered in the form of MgATP2-. In Figure 4A, the
observed velocity is less than 10% of the observed maximal
velocity and tends toward zero as the concentration of ATP4-

and the fraction of the unactivated enzyme increase. Thus,
the velocity profile does not support a model where (E′)MgATP

has significant activity. While a global fitting analysis of
the data using eq 13 predicts thatkcat′ is essentially zero, a

small level of activity (kcat′ ∼ 0.1kcat) that is within the error
of the fitting cannot be ruled out.

EVidence that ATP4- and KATP3- Do Not Inhibit ERK2.
The conclusions presented above are based on the assumption
that ATP4- does not inhibit ERK2. To test the possibility
that ERK2 is inhibited by ATP4- or the potassium complex
(KATP3-), we examined whether ATP4- binds ERK2 under
the conditions of the kinetic assay using isothermal titration
calorimetry. The dissociation constant [K0′ ) 66 mM
(Scheme 3)] indicates that under the conditions of the kinetic
assay ATP4- and KATP3- are present in similar amounts.
Significantly, under the buffer conditions of the assay, no
heat change was detected upon addition of up to 2 mM
ATP4- to a 65µM solution of ERK2 (Figure 5A). In contrast,
when ERK2 (12.5µM) was titrated with 5-iodotubericidin
(5-IT), a nucleotide analogue, to a molar ratio of 2.5, a
significant change in the heat of solution was detected, which7 Equation 12 is of the same mathematical form as eq 7.

FIGURE 4: (A) ATP velocity profiles at low concentrations of total
magnesium, Mg0

2+, for the phosphorylation of Ets∆138 by ERK2
at 27 °C, pH 8.0, and an ionic strength of 0.15 M (KCl). Initial
velocities were measured using 2 nM ERK2, 25 mM HEPES, and
2 mM DTT at varied concentrations of ATP4- (0-20 mM) and
various concentrations of total magnesium (0.5 and 1.0 mM). The
solid line represents the best global fit to eq 12 according to the
parameters in Table 2. (B) ATP velocity profiles at high concentra-
tions of total magnesium, Mg0

2+, for the phosphorylation of
Ets∆138 by ERK2 at 27°C, pH 8.0, and an ionic strength of 0.15
M (KCl). Initial velocities were measured using 2 nM ERK2, 25
mM HEPES, and 2 mM DTT at varied concentrations of ATP4-

(0-20 mM) and various concentrations of total magnesium (4, 6,
and 20 mM). The solid line represents the best global fit to eq 12
according to the parameters in Table 2.
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is consistent with the known ability of 5-IT to inhibit the
enzyme (Figure 5B). By integrating the experimental iso-
therm using a single-site binding model, we obtained a
binding stoichiometryn of 0.947( 0.013 with a dissociation
constantKd of 1.050 ( 0.091 µM, characterized by the
following thermodynamic parameters:∆G ) -12.1( 0.24
kcal/mol,∆H ) -8.2 kcal/mol, and∆S) 0.013 kcal mol-1

K-1. The results suggest that 2 mM ATP4- does not
significantly bind ERK2 in the presence of KCl (I ) 0.15).
This inability to bind ATP4- is in accord with cAPK, which
also binds ATP4- weakly in the absence of Mg2+ (36). This
suggests that charge neutralization by Mg2+ is important for
the binding of ATP2- to ERK2 and lends support to the
kinetic model in Scheme 4. In particular, it rules out
inhibition by ATP4- as the reason for the decrease in velocity
at high concentrations of ATP4- in Figure 4A.

Probing the Order of Ligand Binding Using Inhibitors.
The data presented above provide evidence that Mg2+ is an
essential activator of ERK2. Interestingly, the point at which
the lines intersect in Figure 2 is close (within error) to the
ordinate axis and is therefore consistent with a rapid
equilibrium ordered mechanism where Mg2+ binds to the
ERK2‚Ets∆138 complex before MgATP2-. However, such
a mechanism would be unusual given the number of known
structures of protein kinases complexed to just MgATP2-

or an analogue. An alternative and more likely explanation
for the proximity of the point of intersection to the ordinate
axis is that MgATP2- and Mg2+ interact favorably upon
binding to the ERK2‚Ets∆138 complex. To rule out the
ordered mechanism, we examined the mode of ERK2

inhibition by 5-iodotubericidin (5-IT). On the basis of its
molecular structure, 5-IT is expected to compete with
MgATP2- for ERK2. Figure 6A shows a plot of 1/V versus
1/[MgATP2-] at various concentrations of 5-IT and saturating
Mg2+ (20 mM). The best fit to the data according to eq 8
and the parameters in Table 3 clearly shows that, as expected,
5-IT is a competitive inhibitor toward MgATP2-. The
intercept on the ordinate suggests that no inhibition occurs
at saturating MgATP2- concentrations and is consistent with
the notion that 5-IT and MgATP2- cannot bind to the same
form of the enzyme at the same time.

Figure 6B shows a plot of 1/V versus 1/[MgF
2+] at various

concentrations of 5-IT and saturating MgATP2- (1 mM). The
best fit to the data according to eq 9 and the parameters in
Table 3 shows that 5-IT is a mixed inhibitor toward Mg2+.
In this case, extrapolation to saturating Mg2+ does not result
in the absence of inhibition as the lines do not intercept on
the axis. Such an inhibition pattern is consistent with the
notion that 5-IT binds both the free form of ERK2 and a
form of the enzyme that can bind Mg2+. While it is plausible
that 5-IT facilitates Mg2+ binding, the simplest explanation
is that a kinetically significant magnesium binding site is
present on the free enzyme. Figure 6B does not support an
ordered binding mechanism where Mg2+ must bind before
MgATP2-. For such a mechanism, a parallel set of lines is

FIGURE 5: (A) Isothermal titration calorimetric analysis of ATP4-

binding to ERK2. Plot of the heat generated vs the molar ratio of
ligand to protein (ATP4-/ERK2). (B) Isothermal titration calori-
metric analysis of 5-IT binding to ERK2. Plot of the heat generated
vs the molar ratio of ligand to protein (5-IT/ERK2).

FIGURE 6: (A) Plot of 1/V vs [MgATP2-] (0.069-2.2 mM) at
various concentrations of 5-iodotubercidin (0-5 µM) and Ets∆138
(150 µM). Initial velocities were measured using 2 nM ERK2, 20
mM MgF

2+, and 2 mM DTT at pH 8.0, 27°C, and an ionic strength
of 0.15 M (KCl). The lines through the data correspond to the best
fit to the data according to eq 8. (B) Plot of 1/V vs [MgF

2+] (1.0-
19 mM) at various concentrations of 5-iodotubercidin (0-10 µM)
and Ets∆138 (150µM). Initial velocities were measured using 2
nM ERK2, 1 mM MgATP2-, and 2 mM DTT at pH 8.0, 27°C,
and an ionic strength of 0.15 M (KCl). The lines through the data
correspond to the best fit to the data according to eq 9.
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expected, not the mixed inhibition pattern that is observed
in Figure 6B. Thus, we conclude that MgATP2- can bind
the free enzyme and is not dependent on the prior binding
of Mg2+.

To test whether MgATP2- must bind ERK2 before Mg2+,
several divalent metal ions were tested as potential competi-
tive inhibitors for the second Mg2+ ion. The goal was to try
to find a metal ion that competes cleanly with the second
Mg2+ ion without disrupting the MgATP2- complex. Poten-
tially, this could then be used in a manner analogous to that
of 5-IT. Unfortunately, none of the inhibitory metals that
were tested (Be2+, Co2+, and Zn2+) were found to be useful
inhibitors, as they were found to compete with Mg2+ for the
binding to ATP4-. No inhibition by Ni2+ and Cd2+ was
detected, while Mn2+ supported catalysis.

We propose that ERK2 follows the random ordered
binding mechanism shown in Scheme 4 or an ordered
mechanism where MgATP2- binds before Mg2+ (bottom
pathway). In either case, Mg2+ is proposed to be an essential
activator wherekcat > 10kcat′.

Phosphoryl Transfer and Magnesium Ions.By virtue of
its physical properties, magnesium is the only divalent cation,
presentin ViVo at concentrations of>1 µM, that has a strong
affinity for polyphosphate ions. Consequently, ATP4- is
complexed exclusively to Mg2+ in cells (37). It is reasonable
to assume therefore that protein kinases have evolved to
utilize the Mg2+ complex of ATP4- as a substrate, rather
than the free ATP4- ion. While it is certainly plausible that
magnesium has a catalytic role, it is interesting that mag-
nesium ions provide little rate enhancement for the hydrolysis
of ATP4- (38). It is therefore particularly interesting that
ERK2 appears to require the binding of two magnesium ions
to achieve physiologically relevant catalysis. In solution,
phosphoryl transfer from ATP4- to a hydroxyl nucleophile
is characterized by a dissociative transition state with little
O-P bond formation between the nucleophile and the
terminal phosphate and extensive cleavage of the bond
between the bridging oxygen of the departing ADP3- and
the phosphorus of theγ-phosphoryl moiety (38). The current
view is that a similar mechanism prevails at the active
site of a protein kinase (39), although this view is not
universally accepted (40). For such a mechanism, the
majority of charge buildup is expected to be located on the
leaving group oxygen, with little (if any) on theγ-phosphoryl
moiety (38). While the judicial placement of a magnesium
ion conceivably stabilizes this charge buildup and promotes
catalysis, it is not clear what kinetic advantage two metal
ions provide.

In addition, the mechanism of ERK2 is intriguing, because
it differs from that of cAPK and other serine/threonine
protein kinases that bind two magnesium ions. The kinetic
investigation of Shaffer and Adams suggests that, while the
magnesium ion at the high-affinity M2 site (Scheme 2A)

plays a significant role in promoting phosphoryl transfer, the
corresponding magnesium ion at the low-affinity M1 site
(Scheme 2A) does not (22, 23). Given that both metal ions
coordinate ATP4- in a similar manner in the structure of
cAPK complexed with a transition state mimic (24), the
apparent differences are surprising.

Within the protein kinase family, a common chemical
mechanism is expected on the basis of the conservation of a
number of key catalytic residues (41). Why then, given the
predicted similarity in magnesium coordination between
ERK2 and cAPK, does cAPK require only one bound
magnesium ion for efficient phosphoryl transfer whereas
ERK2 requires two?8 Studies on cAPK (42) suggest that
conformational changes are an integral part of the catalytic
cycle of this enzyme. In fact, two potential conformational
transitions were identified in cAPK, whose rates are sensitive
to the presence of the low-affinity M1 magnesium (22, 23).
One conformational step occurs before phosphoryl transfer,
while the second occurs after. It is plausible that magnesium-
sensitive conformational effects could be the source of the
differences between cAPK and ERK2. Alternatively, it is
possible that ERK2 binds Mg2+ in a manner different from
that of cAPK. While the structure of the related MAPK,
JNK3, does not support this latter hypothesis, X-ray crystal-
lography can be misleading in cases where nonfunctional
complexes or substrate analogues are employed. Thus, it is
possible (as pointed out by a referee) that some of the
reported structures, including the JNK3 binary complex,
reflect an experimental artifact. Taken together, however,
the available evidence suggests that subtle differences,
perhaps in the conformational energetics of the protein
kinases in the presence and absence of bound magnesium
ions, offer the most reasonable explanation for the different
requirements for magnesium between cAPK and ERK2.

In Table 4, we have summarized the kinetic data of several
other protein kinases whose steady state parameters have
been determined over a range of metal ion concentrations.
It is clear from this table that these protein kinases display
a wide variation in their dependency on metal ion concentra-
tion. Of note are the protein tyrosine kinases, the insulin
receptor, VEGF, Csk, and cSRC. Like ERK2, all four appear
to be activated by divalent metal ions, and in the case of
Csk, direct evidence for the importance ofγ-phosphoryl
metal ion interactions in the reaction mechanism is well-
established (43). Interestingly, however, the coordination of
the metal ions in the insulin receptor differs significantly
from that of cAPK (Scheme 2B). It will be interesting to
see if this is the case for the other tyrosine kinases also.

8 Under pre-steady state conditions, the phosphorylation of Ets∆138
by ERK2 displays a “burst” with an amplitude of less than unity. This
corresponds to partially rate-limiting phosphorylation of Ets∆138 and
product release (W. F. Waas, M. Rainey, and K. N. Dalby, manuscript
in preparation).

Table 3: 5-Iodotubericidin Inhibition Patterns for the Phosphorylation of Ets∆138 by ERK2a

varied substrate fixed substrate fixed saturating substrate mechanismkcat (s-1) KiC
app(µM) KiU

app(µM)

MgATP2- b Mg2+ c Ets∆138h mixedg 20 0.494( 0.042 6.37( 0.71
Mg2+ d MgATP2- e Ets∆138h competitivef 24 0.473( 0.058

a Initial velocities were measured using 2 nM ERK2, 2 mM DTT, Ets∆138 (150µM), and 5-IT (0-5 µM) at pH 8.0, 27°C, and an ionic strength
of 0.15 M (KCl). b At 0.069 to 2200µM. c At 20 mM. d At 1-19 mM. e At 1 mM. f Best fit of the data according to eq 8 for competitive inhibition.
g Best fit of the data according to eq 9 for mixed inhibition.h At 150 µM.
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Physiological Concentrations of Mg2+: Possible Implica-
tions. It is notable that the physiological concentrations of
MgF

2+ and MgATP2- lie close to 0.5 and 5-15 mM,
respectively, because the kinetic modeling suggests that under
these conditions activated ERK2 is between 59 and 65%
active. The significance of this is difficult to discern,
however, because it is not currently clear how total magne-
sium, Mg0

2+, is distributed between cytosolic organelles, or
how its concentration varies throughout the cell cycle. There
is some evidence that resting and proliferating cells may
differ with respect to their magnesium content and compart-
mentalization, although the changes may be small (44). Thus,
while there is potential for ERK2 to be regulated through
changes in the level of MgF

2+, there is currently no evidence
to support such a mechanismin ViVo. As divalent magnesium
is the only divalent cation present in cells at a concentration
in excess of 1µM (37), it appears unlikely that other cations
will play a role in regulating the enzyme. However, it is
plausible that the affinity of ERK2 for magnesium ions is
regulated in ViVo by small molecules or other proteins.
Interestingly, it might be possible to design potentially useful
inhibitors of ERK2 that modulate the magnesium binding
and hence the activation state of ERK2 rather than directly
competing with MgATP2-.

CONCLUSION

The data presented here address the composition of the
catalytically active ERK2 species and suggest that a second
Mg2+ ion activates ERK2. While several kinetic studies
suggest that a number of tyrosine specific protein kinases,
such as Csk (45) and VEGFR2 TK (46), are likely to exhibit
a similar kinetic mechanism, this mechanism has not been
demonstrated previously for a serine/threonine specific
protein kinase.
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