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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. (2003) Biol. Chem. 27712532]. 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 MgAGIRding and phosphoryl transfer. The velocity
dependence on magnesium at saturating concentrations of the protein substidt88Ftser a range of
ATP* and Mg ion concentrations, supports the notion that magnesium issaentialactivator of

ERK2. At high &1 mM) concentrations of ATP, the velocity dependence on total kgs sigmoidal,

but plateaus at high concentrations of free2¥gvhere the enzyme is fully activated. At concentrations

of Mg?+ of <4 mM, the velocity dependence on ATRlisplays a peak when the concentration of ATP
approaches that of total Mg and tends to zero at high concentrations of AT,Rvhere the enzyme

is predominantly unactivated. The observed velocity dependencies are consistent with the notion that
ERK2-EtsA138 complexes and ATP compete for the same pool of Migions in solution. No binding

of ATP4~ (0—2.5 mM) by ERK2 (65:«M) can be detected using isothermal titration calorimetry at@7

pH 8.0, and an ionic strength of 0.15 M (KCI), suggesting that the complex, MgATéthe true substrate

for ERK2. In contrast, 5-iodotubericidin binds ERK2 tightli{¢(= 1 «M) and displays a competitive
inhibition pattern toward MgATP and a mixed pattern toward free g suggesting that the binding of

Mg?* before MgATRE~ is not compulsory.

Protein kinases catalyze the phosphorylation of proteins While the conserved nature of the protein kinase catalytic
to form phosphate monoesters of serine, threonine, or tyrosinecore implies a conserved chemical mechanism, protein kinase
(1). These modifications can have a dramatic impact on regulation is extremely varied in natur@)(We have been
protein function and consequently underlie many aspects ofinterested in the mechanism and regulation of the extracel-
signal transduction. The phosphate donor is usually the lular regulated protein kinases, ERK1 and ERK#ar some
magnesium complex of adenosine triphosphate, although thetime, because of their key roles in cellular signal transduction.
protein kinase CK2 is known to utilize the guanosine They phosphorylate a large number of structurally disparate
triphosphate complex2(4). Until recently, all protein proteins upon activation by phorbol esters, serum, and growth
kinases were thought to be structurally related, harboring afactors and are activated through a protein kinase cascade,
highly conserved catalytic domain of some 300 amino acids termed the mitogen-activated protein kinase (MAPK) path-
that adopts a conserved protein fold, focused around severalvay, usually by Ras, a small guanine nucleotide binding
key catalytic residues. However, several novel protein kinasesprotein that transduces extracellular signals to the cell nucleus
have been identified recently, suggesting that the protein (10). This pathway has received considerable attention in
kinase family is likely to be more diverse in structure and recent years, because the expression of several proto-
sequence than originally thoughi<8). oncogenes, includinas itself, can lead to the activation of
ERK1 and ERK2 in a constitutive manner, which is
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Scheme 1: Phosphorylation of Ai$38 by ERK2 Scheme 2: Metal lon Coordination of (A) cAPK and (B)
o the Insulin Receptor
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a2 ERK?2 catalyzes the phosphorylation of K138 on Thr-38. Amino Ha o sz\/o"" R
acids 116-120 represent a putative ERK2 docking site thought to \f
facilitate the reaction1(7).

ASN ASN
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.

information about the coordination of these two Wdpns.
These structures showed that a #gon, bound at the
higher-affinity M2 site (depicted in Scheme 2A), is octahe-
drally coordinated to six oxygen atoms comprising the
) _ _ ) andy-phosphates of ATP, two atoms from Asp-165, and
While the screening of large libraries of compounds t0 o water molecules. The low-affinity magnesium ion (M1
identify enzyme inhibitors is a powerful method employed gjte in Scheme 2A) is octahedrally coordinated by ¢he
in the pharmaceutical industry, an alternative approach basedandy-phosphates of ATP, the bridging oxygen, one oxygen
on chemical and mechanistic knowledge, often called rational gtom of Asp-165, the side chain carbonyl of Asn-171, and
drug design, can open up new avenues of mechanistic inquiryone water moleculel@). In recent years, the structures of
and potentially new classes of inhibitors. Taking this seyeral other protein serine/threonine kinases bound tdATP
a_pproach requires an understandmg _of the catalytic mechaaye peen reported,(20, 21). The magnesium coordination
nism of an enzyme. As our mechanistic knowledge of ERK1 yjithin all these structures is conserved. Of particular
and ERK2 is limited, one current focus in our laboratory is yelevance to ERK2 is the structure of the unactivated (not
the delineation of their catalytic mechanisms. ERK2 catalyzes phosphorylated) form of MAPK JNK3, complexed to the
the_transfer of thgv—phosphate of adenosine triphosphate to aTp analogue AMPPNP2(). Its coordination of two Mg
serine or threonine residues found as Ser-Pro or Thr-Projons js indistinguishable from that of cAPK (Scheme 2A)
motifs on proteins. While the proline is believed to be critical, gng provided the basis for the prediction that ERK2 utilizes
further specificity is conferred through proteisubstrate Mg?" in a manner analogous to that of CAPK.

docking domains, where at least one specific interaction is  pegpite extensive structural information, the precise func-
made between ERK2 and the protein on a locus that liestjons of the two divalent magnesium ions in cAPK are not

outside of the active sitel8). To study these enzymes, we fy|ly resolved. A pre-steady state kinetic study suggested that
developed a globular protein substrate for ERK2 termed te high-affinity M2 Mg* ion is both necessary and
EtsA138 (14, 15) comprising residues-1138 of transcription  gyfficient for the fast accumulation of a phosphorylated
factor Ets-1, which is believed to be a substrate of ERK2 peptide on cAPK. Surprisingly, the low-affinity M1 Mg
vivo and which contains an ERK2 docking site (Scheme 1) jon is not essential for phosphoryl transf@e(23). It is not
(16, 17). immediately clear why this is the case, because in the
Protein kinases catalyze a thermodynamically favorable structure of cAPK complexed with a transition state mimic,
reaction where the hydroxyl nucleophile of a serine, threo- both the M1 and M2 magnesium ions are intimately
nine, or tyrosine displaces the good ADReaving group associated with moieties undergoing covalency chargy®s (
(pKa of ADPH?~ = 6.5) from they-phosphate of ATP. While  Interestingly, the occupancy of the low-affinity site appears
the phosphoryl donor for most kinases is generally thought to increase the affinity of cAPK for MgAT® (25) and
to be the magnesium complex of the tetra-anion of adenosineMgADP~ (18), while also inhibiting the rate-limiting product
triphosphate (ATP’), an additional magnesium ion is release step2Q).
implicated in the mechanism of a number of protein kinases. In a previous study, we examined the substrate and product
By far the most extensively characterized protein kinase is dependence of ERK2 and concluded that ERK2 follows a
cAMP-dependent protein kinase (cAPK), an important random-ordered ternary-complex mechanid®).(However,
protein kinase that is activated in response to the secondbecause in this study the concentration of magnesium was
messenger CAMP. A number of years ago, electron para-at a saturating level, the kinetic analysis was essentially
magnetic resonance studies by Armstrong et ) flem- transparent to its role. Therefore, given the likelihood that
onstrated that with AT# bound there are two divalent metal ERK2 coordinates two Mg ions in a manner analogous to
ion binding sites within the active site of cAPK, one of high that of INK3, we decided to examine the sensitivity of ERK2
affinity and one of low affinity. Subsequently, Zheng et al. to divalent magnesium ions. We report the surprising result
reported the crystal structure of the catalytic subunit of that, in contrast to cAPK, ERK2 must bind two divalent
cAMP-dependent protein kinase complexed with MgATP ~ magnesium ions to facilitate phosphoryl transfer at a physi-
and a peptide inhibitor. This work and studies, with®g  ologically relevant rate. In this process, a second magnesium
replaced with MA", provided the firstcrystallographic ion appears to be an essential activator of ERK2.
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EXPERIMENTAL PROCEDURES Scheme 3

. . Ko
Buffers, Proteins, and Reageni&izma base was from KAATP* + Mg ATP" + K* + Mg Mg ATP* + K*

EM Industries (Gibbstown, NJ). Sigma (St. Louis, MO) Ko
provided all other buffer components and chemicals. Qiagen

Inc. (Santa Clarita, CA) supplied NNTA agarose. Kinase 4t set time points and applied to 2 cm2 cm P81 cellulose
assays were conducted with Roche (Indianapolis, IN) specialpaper. The papers were washed fox 3.0 min in 50 mM
quality sodium adenosine triphosphate {N&TPH,*") and  phosphoric acid (5PO) and then in acetone and dried, and
[y-*P](NH;"),ATP*" from ICN (Costa Mesa, CA). Plasmids  the amount of labeled protein was determined by counting
used to express (Hygagged) ERK226) and (His-tagged)  the associated counts per minute on a Packard 1500 scintil-
Ets1(1-138) @7) have been reported previously. Stock |ation counter at @ in the presence of scintillant.

solutions of Na*ATPH,*" were titrated to pH 8.0 with Determining the Concentrations of Free and Complexed
potassium hydroxide. All concentrations were determined anjons and CationsThe calculation of the concentrations
spectrophotometrically at 259 nm, assuming an extinction of the species shown in Scheme 3 by numerical integration
coefficiente of 15 400 cm* M~%. The amount of hydrolyz-  of egs -5 using the program Scientist (Micromath) required
able ATP™ was determined using a hexokinaggucose-  measurement of the two experimentally determined dissocia-
6-phosphate dehydrogenase coupled assay. Spectral changggn constantsiy andKo) and the concentrations of total
during coupled assays (NADHNAD™) were monitored at ~ p1ps- (ATPS_), total magnesium (I\/@), and total potas-
340 nM using an extinction coefficieatof 6300 cnt* M1 sium (K!) under the conditions of the kinetic assé.and

to calculate adenosine triphosphate concentrations. Com—KO, were determined by fluorescence measureménts per-
parison of the two methods gave values that differed by 1€SS¢ 0 | nder the standard conditions of the kinetic assays
than 2%. The expression of hexahistidine-tagged ERK2 and;, 5 1 1| quartz cuvette following published methods using
EtsA138 in Escherichia colihas been described previously the fluorescent indicator 8-hydroxyquinolin2%-31). The

(15). According to the method of Gill and von Hipped§), values that were obtaineé{ = 31 «M and K¢ = 66 mM)
absorbance measurements at 280 nm were used to determin

protein concentrations after calibration by amino acid &re in good agreement with published valug8)(
analysis. — 2+ 4- 2+ AP

Kinetic Measurementsrotein kinase assays were con- Ko= (Mg JIATPE Mg ™ ATP™ ] (1)
ducted at 27C and pH 8.0 maintained with 25 mM HEPES,

F— (et 4 + AT
containing 2 nM ERK2, 51504M EtsA138, 0.02-4.3 mM Ko = (Kel[ATPg /K "ATP ] )
[y-32P]JATP* (100—-1000 cpm/pmol), and 0.bg/mL BSA

(bovine serum albumin) in a final volume of 500 uL. [MgSJr] = [Mg,2:+] + [Mg** ATP*] (3)

The ionic strength was maintained at 0.15 M with K@\t

low concentrations of total magnesium (§1y the forma- -1 4— + 4— 2+ 4—

tion of KTATP*~ is significant, because variable concentra- [ATPo 1 =[ATPe ]+ [KTATPT ]+ [Mg™ ATPT] (4)
tions of KCI were included in the kinetic assay to keep the

e T —
ionic strength constant. Therefore, the concentration of [Kol = [Ke] + [KTATP™] (5)
kinetically significant ionic species was determined using L ) )
empirically determined dissociation constants for2hgr P+~ Data Analysis! Initial rates ¢) were determined by linear

and KATP3 (see below). Several control experiments least-squares fitting to plots of product versus timg. Repipro—
served to show that while potassium ions can influence the €@l plots of 1/ versus 13 were checked for linearity using
enzyme velocity these effects are minor and essentially within €d 6, before the data were fitted to eq 7 using a nonlinear
experimental error. For example, at 2 mM Mand excess  least-squares approach, assuming equal variance for veloci-
ATP* (4 mM), the observed velocity varied from 0.86 to ti€s, using the program Kaleidagraph 3.5 (Synergy Software).
1.25 st when the K concentration was varied from 40 to

100 mM. This is attributed to activation of ERK2 by the v kigfs 6
displacement of Mg from the pool of MgATP™ in solution. [EJ o K2PP 1 g (6)
At equimolar Mg"™ and ATP~ concentrations (4 mM), the ms

observed velocity decreases by 12% when the#hcentra- v ke,@b

tion is varied from 40 to 100 mM, whereas at 10 mM g ﬁ = KK g+ Kb+ K ga+ ab (1)

the change is even smaller (5%).

The dependence of the reaction on substrate concentration
was assessed by measurement of initial rates, under condi- 4The parameters used in deriving the equations are defined as
tions where total product formation represented less than 10%follows: v, observed velocitykea, catalytic constantkZil, apparent
of the initial substrate concentrations. The reaction mixture catalytic constant<ii, apparent Michaelis constant for substrate,S;

i ; ; it b, ands, concentrations of A, B, and S, respectivélyconcentration
was incubated for 5 min before the reaction was initiated by of inhibitor I; Kia, inhibition constant for substrate A, inhibition

the addition of the enzyme. Aliquots{3.0uL) were taken constant for substrate B, Michaelis constant for substrate Kz,
Michaelis constant for substrate BiY", apparent specific inhibition
2 The term “essential” is used to indicate that activation by a second constant for inhibitor I} Kiy®*, apparent uncompetitive inhibition
magnesium ion leads to at least10-fold increase in the catalytic  constant for inhibitor I; [ATR ], [Mg3'], and [K;], total ATP*,
constant for ERK2. Mg?*, and K" concentrations, respectively; [AtH and [M¢Z'], free
3 The ionic strength varied slightly from 0.13 to 0.15 M through ATP* and Mg" ion concentrations, respectivelity’ and Ko, dis-
slight variations in the composition of ions. sociation constants for KATP*~ and Mg"ATP*", respectively.
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The iptercepts KoY and slopesKd gtp'Obtained fror_n_ Table 1: Apparent Steady State Michaelldenten Parameters for
these fits were then plotted versus either the inhibitor the Phosphorylation of EA138 by ERK2 at Varied Concentrations

concentrationif (for inhibition experiments) or the reciprocal  of Free Magnesiuf

of the nonvaried substrate concentrationsy(for initial [MgZ]> (mM) K2Pc (M) K2 (uM) KEPPe (s71)
velocity experiments). These secondary plots were used to 10 7154 43 102+ 04 127103
determine the appearance of the overall kinetic equaBig) ( 20 438+ 21 13.3+ 1 18.0+ 0.3
Values for kinetic constants were then obtained using the 3.0 3424+ 13 nd 19.0+ 0.3
program Scientist (Micromath) by fitting the kinetic data to 10.0 238+ 21 20.7+0.4 20.2+£0.53

the relevant overall equation by global fitting. Data conform- 200 134+ 8 nd 212+03

ing to a sequential initial velocity pattern were fitted to eq #Initial velocities were measured using 2 nM ERK2 and 2 mM DTT
7; data conforming to linear competitive inhibition were fitted 2t PH 8.0, 27°C, and an ionic strength of 0.15 M (KCh Calculated
to eq 8, and data conforming to linear mixed inhibition were 0™ [Md5 1. [K;]. and [ATF;"] according to eqs 5. © Determined
fitted to eq 9. The apparent MichaetidMenten parameters gy plotting v vs s and solving fork:zy, Knk, andKiné according to eq
were determined using eqs 10 and B2)( '

v RS analysis software (MicroCal Inc.) was used for integration
B = — (8) and fitting to a simple one-binding site model. Data fitting
[Eol Kna( +i/Kig) +s produces values for the binding stoichiometny, dissocia-
tion constant I{y), and molar enthalpy changeld). The
v UES change in molar entropyAS) and the Gibbs free energy
ﬁ = KPR + /K22 + (1 + i/KP)s 9) (AG) were calculated from the appropriate thermodynamic

relationships.

pp_ Kea (10)  RESULTS AND DISCUSSION
at
King + b Evidence that ERK2 Binds Two Magnesium loii®
K K . +K._.b examine the p_ossibility tha_t the protein ;erine/threonine
app _ATTmB | AT (11) kinase ERK2 binds two Mg ions, the reaction in Scheme
Kng T b 1 was examined. In the initial experiments described here,
the concentration of magnesium was maintained in sufficient
v excess of ATP" to avoid possible complications due to the
(Ed] dissociation of the MgATP complex. The dependence of
k..IMgZ Mg > ATP* ] product formation (Et4138~P) on the concentrations of the

two substrates, MgATP and EtA138, at different fixed
concentrations of free magnesium, Mgwas determined
(12) by the method of initial rates. Under these conditions, the
appearance of EA138~P was linear with time and the

KiaKmg + KmalMZT + K gMg* ATP* ] + [Mg* ATP* |[Mg ']

== kinetic parameters that were obtained were reproducible to
(o within 10%
ZIMgATP? ] + kK, AIMgATP? ] > . , a
kaMgF 1Mg at *mA The apparent Michaelis constants?® for EtsA138
KiaKig + KnaMgE '] + K g[MgATP? ] + [MgATP? J[Mg " were measured at Mg concentrations of 1, 2, and 10 mM.

(13) They appear to increase from approximately 10 tquR0
over this range (Table 1); however, the data are insufficient
for defining a correlation. In contrast, the apparent Michaelis
constant, K0 for MgATP?  clearly decreases, as the
concentration of Mé+ is increased, by approximately 4.6-
r}‘old from 670 to 146:M (Figure 1A) over the slightly wider

Initial rates ¢) were also obtained over an extensive range
of Mg>" and ATE™ 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 mode gr concentration range 0120 mM (Table 1). As the
and allowed to float over a small range30%). Refinement  tetravalent ATP~ion is fully complexed to Mg™ under these
of the model corresponded to a good global minimum, the conditions, we attribute the observed changekif (and
sum of squares, the residual, and the skewness of theProbablyKi® to the binding of an additional Mg ion. A

indicated values. similar conclusion was reached by others studying related
Isothermal CalorimetryTitrations were conducted on a  Protein kinases2s, 33). In the case of cAPK, the affinity of
MCS titration calorimeter (MicroCal Inc.) at 27C in 25 binding of two Mg* ions to its active site correlates with

mM HEPES (pH 8.0), 100 mM KClI, and 0.1% BME (v/v). its kinetic properties, where the binding of a second lower-
The same buffer was also used as a reference solution. ERK2ffinity Mg ion is responsible for the decrease in both the
(12.5-60 uM) was titrated with concentrated ligand stocks apparent Michaelis constaif;y and the catalytic constant,
(125uM 5-iodotubercidin or 20 mM ATE that was in the PP (23, 34).

same buffer). Titrations were initiated with on@R injection Initially, we predicted that because the Mdon coordina-

of ligand followed by twenty-three 10L injections. Blank tion of INK3 (a MAPK) and cAPK are so similar, the binding
runs were done in the absence of ERK2. The thermogramof a second magnesium ion would inhibit ERK2, in line with
was integrated, and blanks were subtracted. Origin 2.3 datathe cAPK kinetics. However, this turned out not to be the
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Ficure 2: Plot of 1k vs 1/[MgZtATP4] at fixed concentrations
25 of MgZ" (as indicated) and 156M EtsA138. Initial velocities {)

were measured using 2 nM ERK2, 2 mM DTT 0.6343 mM
Mg2tATP4~, and =20 mM Mg,%+ at pH 8.0, 27°C, and an ionic
20| strength of 0.15 M (KCI). The lines through the data are nonlinear
least-squares fits to eq 7.

15 } Table 2: Kinetic Parameters for the Phosphorylation oAE&S by
J 2P S_l + ERK2 According to Scheme 2B

cat ? parameter valife parameter valife
10

Keat 20.3+05s? Kima 944 12uM
Ko 31+ 3uM Kis 55004 11004M
Kia 2200+ 440uM° Kme 235+ 42 uM

anitial 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 (KCH Derived by
0 ! ) ) B global fitting of initial velocities ¢) to eq 12.¢Derived from the
0 5 10 15 20 relationshipKmaKis = KmgKia.

Mg, mM

. above, we treated the kinetic data initially as a two-
FiGURe 1: (A) Dependence oK:P on the concentration of free y

magnesium. M for the phoshorviation of ERK2 component.act|vatefsubstrate system, where Kfgand
ata297 °eCS:,upI-’I 8% acr)1dta$1 l:i)orcl)i?:pstcr)e);1S:r?ofOO.EJE.M551I\:3I8(Pt?C/:I). Initial MgATP2" bind to the enzyme complex, ERKeXsA138,
velocities ¢) were measured using 2 nM ERK2, 25 mM HEPES, Such a system resembles, at least conceptually, a ternary
and 2 mM DTT. The concentration of A¥Pwas varied from 0.033 ~ complex mechanism and is described by €dfat, the case

to 4 mM at fixed concentrations of free magnesium ML, 2, 3, where the activator is essential. The plots in panels A and B
10, or 20 mM), and E#138 (150uM). Values of K3 were of Figure 1 which show fits according to eqs 11 and 10,
obtained by fitting the observed velocities) o eq 6. The line  yespectively, lend support to the notion that a second
though the data is a nonlinear least-squares fit to eq 11 accord'ngmagnesium ion activates ERK2.

to the parameters in Table 2. (B) Dependencektif on the - .
concentration of free magnesium, Rfg for the phosphorylation The kinetic data can also be plotted as a double-reciprocal

of EtsA138 by ERK2 at 27C, pH 8.0, and an ionic strength of ~ Plot according to eq 7. Such a plot ob Mersus 1/[MgATP],

0.15 M (KCI). Initial velocities ¢) were measured using 2 nM  at a fixed “saturating” concentration of A438 and various
ERK2, 25 mM HEPES, and 2 mM DTT. The A$38 concentra-  concentrations of free magnesium (My reveals a linear
tion was varied from 4 to 20@M at various concentrations of - hatern of lines that intersect at a common vertical coordinate
MgpFw(e?f ‘ozk;t:n'n ig' t?;dfitzti?w gmuNtIc)n aenqd g‘zzi(:gmn'\gﬁ”z:;”ref‘e;’; above the-axis (Figure 2 This plot is also consistent with
sc?ll_Jares fitting methods. The line through the data corresponds tothe notion that a magnesium ion activates ERKZ.' The kinetic
a fit to eq 10 according to the parameters in Table 2. parameters describing these fits are presented in Table 2 and

were obtained by a global analysis approach, which is

case. In fact, Figure 1B shows that rather than inhibiting described below. The plot of dkersus 1/[Mg'] at various
ERK2, an increase in the Mg concentration (from 1 to 20
mM) leads to a 1.5-fold increase K (from 13 to 20 sY). SEquation 7 was derived for a random order ternary complex
Thus, despite many similarities in both sequence and mechanism with the assumption that all the steps prior to the

' he Kineti hani f cAPK and ERK2 interconversion of the enzyme-bound substrates to enzyme-bound
Stru_Cturev t e kinetic mechanisms of ¢ ' an ' appear products are at equilibrium. Within experimental error, eq 7 generally
to differ with respect to the role of Mg ions. The increase  describes the initial rate of a reaction for both a random order and
i PP ni ihili i inn ic compulsory order ternary complex mechanism.
n kza‘ .ralsed the possibility that a second magnes!um lon Is 6 While this plot is consistent with a rapid equilibrium ordered
an activator of ERK2. Therefore, because ERK2 is present mechanism, inhibition studies with 5-iodotubericidin, outlined below,

as the ERKZEtsA138 complex in the experiment described suggest that this is not the case.
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Scheme 4: Random Ordered Binding Model for the
Activation of ERK2 by Mg*

2
Mg MgATP Mg kcat
EI L}
(E) E), EATP——’ P
Mg? Mg?
MgATP> "eat

(EI) (E?VlgATP —$> P

Unactivated

concentrations of MgATP at saturating E#%138 (not

(E") = EsEts 138
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shown) shows a pattern of intersecting lines that also intersect

above thec-axis in accordance with the proposed mechanism.
Evidence that Mg" Is an Essential Actiator of ERK2.
The above analysis is limited by the imposed experimental
constraints, which require a large extrapolation to low
concentrations of Mg to assess whether the metal ion is
essential This is most apparent in Figure 1B whek&?

varies less than 2-fold over the entire range that was studied.

To address whether the second ¥don is an essential
activator requires a kinetic analysis at low concentrations of
Mg?. 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 @5). This approach is to individually vary the
concentration of total magnesium ion (@Tg or total
ATP* (ATP,) while keeping the concentration of the
other ligand constant and measuring the velocity of the

function of the varied substrate at various cosubstrate

k

obs?

20

Mg;', mM
reaction. One then obtains a series of velocity profiles as apgyre 3: (A) Magnesium velocity profiles at low concentrations

of total ATP*~ (ATPﬁ‘) for the phosphorylation of Efs138 by

concentrations. Using this approach, it is possible to examineERK2 at 27°C, pH 8.0, and an ionic strength of 0.15 M (KCI).

the dependence of ERK2 over a full range of ¥don

Initial velocities were measured using 2 nM ERK2, 25 mM HEPES,

concentrations, and sample a much wider range of observedand 2 mM DTT at varied concentrations of kig(0—5 mM) and

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 whieg > 10k .

To take this approach, it is necessary to fix the concentra-
tion of EtsA138 close to saturation, which in this case is
possible because tlig, for EtsA138 varies only slightly with
Mg?r concentration (Table 1). We chose to keep the
concentration of E#§138 at 150uM 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 15QM EtsA138 under all of the
experimental conditions that were employed, the values of
KZ™ in Table 1 suggest that the degree of saturation by
EtsA138 varies by less than 5% over the entire range of
Mgfr 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
(Mg3") at different fixed levels of ATP 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
keat = keaf, the velocity profiles reflect the competition

various concentrations of AFP (33, 66, 127, and 136M). 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 ATP (ATP;,") for the phosphorylation of
EtsA138 by ERK2 at 27C, pH 8.0, and an ionic strength of 0.1
M (KCI). Initial velocities were measured using 2 nM ERK2, 25

mM HEPES, and 2 mM DTT at varied concentrations offﬁlg
(0—5 mM) and fixed varied concentrations of ATP(1 and 4.3
mM). The solid lines represent the best global fit to eq 12 according
to the parameters in Table 2.

between the enzyme complexes')(Bnd (E)mgate and
the nucleotide, AT#", for the unbound magnesium that
is free in solution. Thus, at high levels of AfP(=1 mM),

a sigmoidal curve is clearly apparent (Figure 3B). Accord-
ing to Scheme 4, this follows because when the &TP
concentration is in excess of total magnesium ighe
free magnesium (l\/@) is sequestered in the form of
MgATP?~, which has a dissociation constant of aM.
Under these conditions, little free NIgis available to
bind the enzyme complexes, and therefore, the concentration
of the activated form of the enzyme,'I%'gATp, remains
low. As the concentration of I\/ﬁg* approaches that of
ATPs- Mgﬁ+ becomes increasingly more available to the
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enzyme and the concentration ofxﬁgmp, and hence the
observed velocity«), increases rapidly. At low concentra-
tions of ATF%’ (30—540 uM), the velocity profiles in
Figure 3A are concave throughout, because zﬂﬂoes

not effectively sequester I\,ﬁ@ at these concentrations,
and therefore, a simple hyperbolic binding dependence on
Mg2" 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
Pi™ is increased. In this case, the high concentration of AT
P~ results in a relatively lower concentration of Ffgand
consequently less “activated” 'omgmp. At high concen-
trations of Mg (20 mM, Figure 3B), the enzyme is fully
active as predicted by Scheme 4. The absence of inhibition
shows that Mg" 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 ATP concentration at different
fixed concentrations of M. 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) MSATP species in Scheme 4. At lower concentrations
of Mg3", a peak in the velocity profile is seen, which is
consistent with titration of the enzyme from the activated
(E) MSATP complex to the unactivated (fgarr cOmplex
(Figure 4A). It should be recalled that when the concentration
of ATP™ approaches that of Mg most, but not all, is
sequestered in the form of the MgATPcomplex. As the
concentration of AT is increased further, the availability
of Mg,zfr 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, whie: > keo.” It should be noted
that the equilibrium in Scheme 3 is included in the global

fitting process. Final parameters are presented in Table 2.P _
In general, the agreement between the observed and calcutions of total magnesium,

lated velocities in Figures 3 and 4 is excellent (to within
20%), apart from several values obtained at very low
concentrations of Mg, where the sensitivity to the con-
centration of Mé+ is high. We also tested the possibility
that Mg@®" is a nonessential activator of ERK2 where the
unactivated complex (Bugate in Scheme 4 has a significant
level of activity; i.e.,keat ~ keai. Equation 13, derived by
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Ficure 4: (A) ATP velocity profiles at low concentrations of total
magnesium, Mg, for the phosphorylation of EA6138 by ERK2

at 27°C, pH 8.0, and an ionic strength of 0.15 M (KCI). Initial
velocities were measured using 2 nM ERK2, 25 mM HEPES, and
2 mM DTT at varied concentrations of A¥P(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-
Mg, for the phosphorylation of
EtsA138 by ERK2 at 27C, pH 8.0, and an ionic strength of 0.15
M (KCI). Initial velocities were measured using 2 nM ERK2, 25
mM HEPES, and 2 mM DTT at varied concentrations of ATP
(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.

small level of activity keaf ~ 0.1k.4) that is within the error
of the fitting cannot be ruled out.

assuming the enzyme species are in rapid equilibrium, was g, idence that ATE- and KATP- Do Not Inhibit ERK2.
used to assess this model. If the unactivated species,the conclusions presented above are based on the assumption

(E')mgate, does have significant activity, it will be most
apparent under conditions where the enzyme is not activated
i.e., where the fraction of (g is low, such as at high
concentrations of AT#, where all the free magnesium is
sequestered in the form of MgATR In Figure 4A, the
observed velocity is less than 10% of the observed maximal
velocity and tends toward zero as the concentration of ‘ATP

and the fraction of the unactivated enzyme increase. Thus,

the velocity profile does not support a model whergygare
has significant activity. While a global fitting analysis of
the data using eq 13 predicts tha}{ is essentially zero, a

7 Equation 12 is of the same mathematical form as eq 7.

that ATP* does not inhibit ERK2. To test the possibility
that ERK2 is inhibited by ATP" or the potassium complex
(KATP?"), we examined whether ATP binds ERK2 under
the conditions of the kinetic assay using isothermal titration
calorimetry. The dissociation constanK.[ = 66 mM
(Scheme 3)] indicates that under the conditions of the kinetic
assay ATP~ and KATP~ 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
ATP*" to a 65uM solution of ERK2 (Figure 5A). In contrast,
when ERK2 (12.54M) was titrated with 5-iodotubericidin
(5-1T), a nucleotide analogue, to a molar ratio of 2.5, a
significant change in the heat of solution was detected, which
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FIGURE 5: (A) Isothermal titration calorimetric analysis of ATP
binding to ERK2. Plot of the heat generated vs the molar ratio of
ligand to protein (ATE-/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).

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 stoichiometry of 0.947+ 0.013 with a dissociation
constantKy of 1.050 + 0.091 uM, characterized by the
following thermodynamic parameter&G = —12.1+ 0.24
kcal/mol,AH = —8.2 kcal/mol, andAS= 0.013 kcal mot*
K= The results suggest that 2 mM ATPdoes not
significantly bind ERK2 in the presence of KAl€ 0.15).
This inability to bind ATP~ is in accord with cAPK, which
also binds ATP~ weakly in the absence of Mg (36). This
suggests that charge neutralization by?Mig important for
the binding of ATP~ to ERK2 and lends support to the
kinetic model in Scheme 4. In particular, it rules out
inhibition by ATP* as the reason for the decrease in velocity
at high concentrations of ATP in Figure 4A.

Probing the Order of Ligand Binding Using Inhibitors.
The data presented above provide evidence th&t" Nagan
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 Mgoinds to the
ERK2-EtsA138 complex before MgAT®. However, such
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FiIGURE 6: (A) Plot of 1k vs [MgATP?7] (0.069-2.2 mM) at
various concentrations of 5-iodotubercidin-®xM) and Et\138
(150 uM). Initial velocities were measured using 2 nM ERK2, 20

mM Mg,zf, and 2 mM DTT at pH 8.0, 27C, and an ionic strength
of 0.15 M (KCI). The lines through the data correspond to the best

fit to the data according to eq 8. (B) Plot ofulvs [MgZ'] (1.0—

19 mM) at various concentrations of 5-iodotubercidin-(®@ xM)

and Et2\138 (150uM). Initial velocities were measured using 2
nM ERK2, 1 mM MgATP-, and 2 mM DTT at pH 8.0, 27C,
and an ionic strength of 0.15 M (KCI). The lines through the data
correspond to the best fit to the data according to eq 9.

inhibition by 5-iodotubericidin (5-1T). On the basis of its
molecular structure, 5-IT is expected to compete with
MgATP?~ for ERK2. Figure 6A shows a plot of #ersus
1/[MgATP?"] at various concentrations of 5-IT and saturating
Mg?" (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 MgATP. The
intercept on the ordinate suggests that no inhibition occurs
at saturating MgATP" concentrations and is consistent with
the notion that 5-IT and MgAT® cannot bind to the same
form of the enzyme at the same time.

Figure 6B shows a plot of 2/versus 1/[M§+] at various
concentrations of 5-IT and saturating MgATR1 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 #g
In this case, extrapolation to saturating Wgloes not result
in the absence of inhibition as the lines do not intercept on
the axis. Such an inhibition pattern is consistent with the

a mechanism would be unusual given the number of known notion that 5-IT binds both the free form of ERK2 and a

structures of protein kinases complexed to just MgATP
or an analogue. An alternative and more likely explanation
for the proximity of the point of intersection to the ordinate
axis is that MgATR~ and Mg interact favorably upon
binding to the ERK2EtsA138 complex. To rule out the

form of the enzyme that can bind ¥tg While it is plausible

that 5-IT facilitates Mg" 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 Mgnust bind before

ordered mechanism, we examined the mode of ERK2 MgATP?". For such a mechanism, a parallel set of lines is
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Table 3: 5-lodotubericidin Inhibition Patterns for the Phosphorylation oAE38 by ERK2

varied substrate fixed substrate fixed saturating substrate mechanismkea (s74) KEP (uM) KP (uM)
MgATP2-b Mg?* ¢ EtsA138 mixecd? 20 0.494+ 0.042 6.3+ 0.71
Mg2*+d MgATPZ ¢ EtsA138 competitivé 24 0.473+ 0.058

a|nitial velocities were measured using 2 nM ERK2, 2 mM DTT,/&t88 (150uM), and 5-IT (0-5 uM) at pH 8.0, 27°C, and an ionic strength
of 0.15 M (KCI). ® At 0.069 to 220Q«M. ¢ At 20 mM. ¢ At 1—19 mM. ¢ At 1 mM. f Best fit of the data according to eq 8 for competitive inhibition.
9 Best fit of the data according to eq 9 for mixed inhibitidrAt 150 uM.

expected, not the mixed inhibition pattern that is observed plays a significant role in promoting phosphoryl transfer, the
in Figure 6B. Thus, we conclude that MgATPcan bind corresponding magnesium ion at the low-affinity M1 site
the free enzyme and is not dependent on the prior binding (Scheme 2A) does noR®, 23). Given that both metal ions

of Mg?". coordinate ATP~ in a similar manner in the structure of
To test whether MgATP must bind ERK2 before Mg, CcAPK complexed with a transition state mimi24j, the

several divalent metal ions were tested as potential competi-apparent differences are surprising.

tive inhibitors for the second Mg ion. The goal was to try Within the protein kinase family, a common chemical

to find a metal ion that competes cleanly with the second mechanism is expected on the basis of the conservation of a
Mg?" ion without disrupting the MgATP complex. Poten-  number of key catalytic residuedl). Why then, given the
tially, this could then be used in a manner analogous to thatpredicted similarity in magnesium coordination between
of 5-IT. Unfortunately, none of the inhibitory metals that ERK2 and cAPK, does cAPK require only one bound
were tested (B¥, C*™, and Zi#") were found to be useful  magnesium ion for efficient phosphoryl transfer whereas
inhibitors, as they were found to compete with Mdor the ERK2 requires two®?Studies on cAPK 42) suggest that
binding to ATP~. No inhibition by N#" and Cd" was conformational changes are an integral part of the catalytic
detected, while Mfi" supported catalysis. cycle of this enzyme. In fact, two potential conformational

We propose that ERK2 follows the random ordered transitions were identified in cCAPK, whose rates are sensitive
binding mechanism shown in Scheme 4 or an ordered to the presence of the low-affinity M1 magnesiug2,(23).
mechanism where MgATP binds before Mg" (bottom One conformational step occurs before phosphoryl transfer,
pathway). In either case, Myis proposed to be an essential while the second occurs after. It is plausible that magnesium-
activator whereke,: > 10Kcat. sensitive conformational effects could be the source of the

Phosphoryl Transfer and Magnesium loiy virtue of differences between cAPK and ERK2. Alternatively, it is
its physical properties, magnesium is the only divalent cation, possible that ERK2 binds Mg in a manner different from
presenin »ivo at concentrations of 1 uM, that has a strong ~ that of cAPK. While the structure of the related MAPK,
affinity for polyphosphate ions. Consequently, ATPis JNKS, does not support this latter hypothesis, X-ray crystal-
complexed exclusively to Mg in cells 37). Itis reasonable ~ lography can be misleading in cases where nonfunctional
to assume therefore that protein kinases have evolved tocomplexes or substrate analogues are employed. Thus, it is
utilize the Mg complex of ATP~ as a substrate, rather possible (as pointed out by a referee) that some of the
than the free ATP ion. While it is certainly plausible that ~ reported structures, including the JNK3 binary complex,
magnesium has a catalytic role, it is interesting that mag- reflect an experimental artifact. Taken together, however,
nesium ions provide little rate enhancement for the hydrolysis the available evidence suggests that subtle differences,
of ATP* (39). It is therefore particularly interesting that Perhaps in the conformational energetics of the protein
ERK2 appears to require the binding of two magnesium ions kinases in the presence and absence of bound magnesium
to achieve physiologically relevant catalysis. In solution, ions, offer the most reasonable explanation for the different
phosphoryl transfer from ATP to a hydroxyl nucleophile  requirements for magnesium between cAPK and ERK2.
is characterized by a dissociative transition state with little  In Table 4, we have summarized the kinetic data of several
O—P bond formation between the nucleophile and the other protein kinases whose steady state parameters have
terminal phosphate and extensive cleavage of the bondbeen determined over a range of metal ion concentrations.
between the bridging oxygen of the departing ADRnd It is clear from this table that these protein kinases display
the phosphorus of the-phosphoryl moiety38). The current a wide variation in their dependency on metal ion concentra-
view is that a similar mechanism prevails at the active tion. Of note are the protein tyrosine kinases, the insulin
site of a protein kinase3@), although this view is not  receptor, VEGF, Csk, and cSRC. Like ERK2, all four appear
universally accepted4(Q). For such a mechanism, the to be activated by divalent metal ions, and in the case of
majority of charge buildup is expected to be located on the Csk, direct evidence for the importance piphosphoryl
leaving group oxygen, with little (if any) on thephosphoryl metal ion interactions in the reaction mechanism is well-
moiety (38). While the judicial placement of a magnesium e€stablished43). Interestingly, however, the coordination of
ion conceivably stabilizes this charge buildup and promotes the metal ions in the insulin receptor differs significantly
catalysis, it is not clear what kinetic advantage two metal from that of cAPK (Scheme 2B). It will be interesting to
ions provide. see if this is the case for the other tyrosine kinases also.

In addition, the mechanism of ERK2 is intriguing, because
it differs from that of cAPK and other serine/threonine  °Under pre-steady state conditions, the phosphorylation #E8
protein kinases that bind two magnesium ions. The kinetic 0Y ERK2 displays a “burst’ with an amplitude of less than unity. This
: S . corresponds to partially rate-limiting phosphorylation of&£188 and
investigation of Shaffer and Adams suggests that, while the proquct release (W. F. Waas, M. Rainey, and K. N. Dalby, manuscript
magnesium ion at the high-affinity M2 site (Scheme 2A) in preparation).
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Table 4: Metal lon Dependence of the Steady State Parameters for a Number of Protein®Kinases

type specificity protein kinase substrate Ve KErP K&
nonreceptor Ser/Thr CcAPK LRRAS*LG ! ! no change
receptor Tyr v-FPS EAEIY*EAIE no change ! no change
receptor Tyr FGFR poly-EsY t ! t

insulin receptdt
VEGFR
nonreceptor Ser/Thr ERK2 Ets138 t ! t
nonreceptor Tyr Csk poly-EqY t no change t
SRC

a Steady state parameters are transparent to the individual kinetic steps that contribute to the observed steady state velocity. The arrows indicate
whether the apparent steady state parameter increhseedreased, or was unaffected with increasing concentrations of uncomplexed divalent
metal ion.” The decrease Wiy, as the concentration of free magnesium increases is thought to be due to a decrease in the rate of product release
(k ~ 25 s1) and not phosphoryl transfer, which is fakt¥ 500 s?) (47). ¢ Free magnesium is reported to affect the dissociation constant of
Mg?*ATP* (33). Phosphoryl transferk(~ 40—100 s*) and product releasé (~ 17—22 s'%) are reported to be partially rate-limiting®). The
effect of free magnesium on these steps has not been repbitdtas not been established whether two metal ionseasentialfor catalytic
activity (45). ¢ Observed with MA', but not with Mg* (49). The coordination of metal ions at the active site of the insulin receptor appears to be
distinct from that of the serine/threonine specific protein kinasS6s { Exhibits a velocity dependence on substrate and product concentrations that
is consistent with a random ordered reactant kinetic mecham§n¥This work. Two magnesium ions are essential for high catalytic activity.

h Using K4E2IYF3 as the substrate, phosphoryl transfer was reported to be fast and revegsibl®40 s, k, = 25 s%) with product releasek(=
0.6 s'%) being rate-limiting $1).
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