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ABSTRACT. In addition to the magnesium ion needed to form the true phosphate-donating substrate (ATP
Mg complex), we have determined that at least one additiondi"Nagn is essential for the activation of
protein tyrosine kinases. This activation was investigated in detail using purified Csk, Src, and the fibroblast
growth factor receptor kinase, which led to the following conclusions. (1) The catalytic activity of these
kinases is dependent on the Mgoncentration present in the assay, approaching saturationSatriv

MgCl,, while ATP was saturated at approximately 1 mM MgC(2) Extrapolation to zero free Mg at

a constant ATP-Mg concentration predicts zero activity, suggesting that free magnesium ion in excess
of that needed to bind to ATP is essential for the activation of these enzymes. (3) The free magnesium
ion activates Csk and Src kinase activity by increasing \the but does not change their apparent
Km@atr-mg)- N contrast, the free magnesium ion activates the fibroblast growth factor receptor kinase
activity by increasing it8/max and decreasing its appardfiharr-mg). These and previous studies with

the insulin receptor tyrosine kinase suggest that receptor-type protein tyrosine kinases respond to the
concentration of free M differently than soluble protein tyrosine kinases. (4) With the phosphate-
accepting substrate as the variable ligand, increases in the concentration of ffeesldted in increases

in the apparenymax for all tyrosine kinases examined, but the appakeptesponse is dependent on the
enzyme and the substrate used. While these studies do not pinpoint a single kinetic mechanism, they do
suggest that additional magnesium ion(s) is(are) an essential activator for protein tyrosine kinases in addition
to being a part of the ATPMg complex. The difference among protein tyrosine kinases in their kinetic
response to the additional divalent metal cation and the potential biological significance of such are
discussed.

Protein tyrosine kinases (PTKg)atalyze the transfer of Mammalian cells contain 1630 mM total magnesium
the y-phosphate of ATP to a tyrosine located in an appropri- (Maguire, 1990), and the concentration of free magnesium
ate sequence within a peptide or protein (Hunter & Cooper, ion is in the range of 0:33 mM (Altura et al., 1987). Many
1985). PTKs are divided into two general categories, enzymes require magnesium for their activity, and there are
receptor-type and soluble, and each category is furthertwo general mechanisms for such an activation (Malmstrom
divided into many subfamilies (Hunter & Cooper, 1985). The & Rosenberg, 1959). One is through binding to a ligand,
insulin receptor kinase (IRK) and the fibroblast growth factor thereby making it a suitable substrate (e.g., ANRy). The
receptor kinase (FGFR) belong to the former category, while other mechanism is through allosteric activation in which
Csk and Src are soluble PTKs. Although regions outside of binding to one or more forms of the enzyme in the reaction
the catalytic domains provide the major distinction, phylo- course induces a change in its conformation. Free ATP is
genetic studies based on sequence homology indicate thafot a substrate for phosphotransferases, and the true substrate
these two groups also have significant differences in their is an ATP-divalent metal cation complex. For this reason,
catalytic domains, representing two divergent branches in phosphotransferases require divalent metal cations for their
the family tree (Hanks et al., 1988). The FGFR is the re- activity (Knowles, 1980). All of the published data that we
ceptor for a family of mitogenic polypeptide growth factors have found concerning the response of PTKs to increasing
(Burgess & Maciag, 1989). Csk regulates the Src family of magnesium ion concentration have indicated that® mM
PTKs (Nada et al., 1991) by phosphorylation of a tyrosine divalent cations were required for maximal activity. These
residue near the carboxyl terminus which results in their concentrations, however, are much higher than that needed
inactivation (Cooper & Howell, 1993). to complex with ATP. Our initial observation of this

response to magnesium with Src led us to hypothesize that

there was an additional role for magnesium ion (Budde et
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examined in depth with other PTKs. A role for a divalent

Sun and Budde

polypeptide substrate) while the concentration of the other

metal cation other than binding to ATP has been establishedreaction components remained constant. To determine the

for the cAMP-dependent protein kinase (Mildvan et al.,
1985). The ATP-metal complex binds to the enzyme first

dependence of PTK activity on total divalent metal cation,
the concentration of total Mggbr MnCl, was varied while

and this binding induces a conformational change in the the concentrations of the other components were the same
enzyme so that a binding site for a second divalent metal as those in the standard reaction.

cation becomes available. However, the binding of the
second divalent metal ion reduces the catalytic activity
(Armstrong et al., 1979).

Herein we examine why PTKs seem to require moréMg

To determine the effect of free magnesium on the kinase
activities, ATP and magnesium were added so that a fixed
concentration of ATP-Mg complex and the desired con-
centrations of free magnesium ion were achieved. Magne-

to achieve maximal reaction rates than that required for the Sium ion in excess of that needed to bind ATP was assumed

complexation to ATP. The actual concentration of free to be free magnesiumion and the stability constant of ATP
magnesium ion in the reaction medium was determined to Mg (73 000 M), as determined previously under similar
be the same as calculated from the ATNg stability conditions (O'Sullivan & Smithers, 1979) was used for
constant. Thus, the requirement for extra magnesium ion iscalculating the concentrations of ATP, magnesium ion, and
not due to nonspecific binding to any assay component. ATP—Mg. The Kos values were determined as described
Analysis of the free magnesium concentration versus enzy- (Vicario et al., 1988a).

matic activity demonstrates that the additional metal ion was Determination of the Concentration of Free Magnesium.
essential for catalytic activity. This requirement for free Any possible nonspecific interaction between Mgand
magnesium ions was found with Csk, Src, and FGFR, therebyVvarious reaction medium components was determined by
indicating that this is probably the case with every PTK. comparing the concentration of total added magnesium and
Kinetic analysis of the mechanism by which these enzymes experimentally determined free ¥igin the presence of the
are activated indicated that there are subtle differences thaivarious components. The concentration of free magnesium
may distinguish the activation of soluble versus receptor Was determined using the fluorescent magnesium indicator

PTKs.

EXPERIMENTAL PROCEDURES

Enzymes.Csk was expressed as a fusion protein with
glutathione S-transferase (GST) and strep tdgsoherichia

Magnesium Green (Molecular Probes, Inc., Eugene, OR)
(van der Wolk et al., 1995). Solutions of MgQIL.2 mM)
in the assay medium (75 mM EPPS-NaOH (pH 8.0), 5%
glycerol, 0.005% Triton X-100, and 0.05% 2-mercapto-
ethanol), or with the addition of eithergig mL™* Csk, 0.2
mM ATP, 1 mg mL* polyE,Y, or 1 mg mL"t RCM-L, were

coli using a dual tag expression system (Sun & Budde, 1995). prepared. Magnesium Green (LBl) was then added and

The two-step affinity purification and removal of GST were

the fluorescence of the dye was determingg € 475 nm

carried out as described (Sun & Budde, 1995). Csk used inand.,= 532 nm). The concentrations of free magnesium
this study was tagged with the 10-amino acid strep tag atin these solutions were determined from a standard curve of
the C-terminus and purified to apparent homogeneity. Avian Magnesium Green fluorescence in the presence-Gf GiM

Src was expressed in the baculovittissect cell expression

system and purified to apparent homogeneity (Budde et al.,

Calculations. For a model system in which magnesium

1993). The intracellular domain of FGFR was expressed asion is only required for complexation with ATP, the apparent

a GST fusion protein (a gift from Dr. X. Zhan, Holland
Laboratory, Rockville, MD) and purified to near homogeneity
by glutathione affinity chromatography (Zhan et al., 1994).

Kinase Assay For assaying PTK activities, we measured
the phosphorylation of polyf¥ and/or carboxymethylates
maleylated, reduced lysozyme (RCM-L) using the acid
precipitation onto filter paper assay. The phosphorylation
reactions were performed in 3Q at 30°C. At the end of
the reaction time (usually 30 min), 3@ of the reaction

Kmatp-mg) @and Vimax (determined with ATP as the variable
substrate), as a function of changing concentration of total
magnesium, were calculated using eqs 1 and 5, which are
derived below. The calculation is based on the following
facts or assumptions: (1) The true substrate is AV

(1:1) and not free ATP, (2) the stability constant of the ATP
Mg complex under our assay conditions is 73 0001M
(Osullivan & Smithers, 1979), and (3) the appar&miare-wvg)
determined at saturating Mgconcentration is the same as

mixture was spotted onto Whatman filter paper squares (2 Knarte-mg). There are two binding equilibria that govern the

x 2 cm), which were subsequently washed in 5% TCA at
65 °C 3 times for 10 min each. The radioactivity incorpo-
rated into polygY or RCM-L was determined by liquid

response of the apparevit.x andK, to the total concentra-
tion of Mg?*. The first is the binding of ATP to Mi to
form ATP—Mg. The second is the binding of AFRMg to

scintillation counting. The standard phosphorylation reaction the enzyme. When Mg is subsaturating, the appar&fiax

contained 0.2 mM #-32P]JATP (600 dpm pmol'), 1 mg
mL~! polyEY or RCM-L, 6 mM MgCh, 75 mM EPPS-
NaOH (pH 8.0), 5% glycerol, 0.005% Triton X-100, 0.05%

is not a trueVma but the velocity at a sub-saturating
concentration of ATP-Mg, which approaches total magne-
sium concentration. Therefore, the concentration of mag-

2-mercaptoethanol, and the appropriate amount of enzyme nesium ion can be substituted for AFRIg in the Michaelis-
The appropriate amount of enzyme transferred approximatelyMenten equation:

200 pmol in 30 min under the assay conditions. This activity

level was the result of a compromise between the needs for

high signal and linearity of the reaction. When g and

Vmax Were determined with regard to one substrate, the
concentration of that substrate was varied from 20 to 200

uM (for ATP) or from 20 to 200ug mL™* (for the

VinadMg®']
[M92+] + Kinatp-mg)

(1)

maxapp

The Kmate-mg)' IS defined as the total ATP concentration



Metal Activation of Protein Tyrosine Kinases

that produces half of the appareMnax (Vmaxapy- IS
calculation can be derived in two steps:
Vmaxapp_ Vmax[ATP - Mg] (2)

2 [ATP—Mg] + Kpare-ug

Substituting eq 1 foWmaxappin €q 2 and solving for [ATP
Mg]:

(Mg 2+] Km(atP-mg)
[Mg®] + 2K i (aTP-Mg)

The second step is to calculate the total ATP concentration
needed to produce the required ATMg concentration at
any given concentration of total magnesium. The stability
constant can be equated to the ratio of the AMg complex

to the concentrations of free magnesium ion (f¥lg—
[ATP—Mg]) and free ATP (JATP]— [ATP—Mgq]):

[ATP—Mg] = 3

[ATP—MQ] _
(IMg*] — [ATP—Mg])(ATP] — [ATP—Mg])  ~
4)
Rearranging eq 4 to solve for ATP:
[ATP—Mg]
[ATP] = " + [ATP—Mg]
K(Mg*'] — [ATP—Mg])
(5)

This ATP concentration will give half of the apparéVitax
(eq 1) and is defined as the appar&hiare-mg)'-

RESULTS

The physiological substrates of Csk are PTKs belonging
to the Src family. Since their own kinase activities interfere
with the accurate measurement of Csk activity, it is not
feasible to use Src family PTKs as the substrates for the
current study. Another substrate for Csk with a good reaction
velocity is the copolymer polyf, which has been com-
monly used for analysis of PTK activities. With this
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Ficure 1: Dependence of Csk and Src activity on the presence of
divalent metal cations for their activity. Protein tyrosine kinase
activity was assayed in the presence of either M@ZIMnCl, at

the indicated concentrations. The phosphate accepting substrate used
is indicated. (A) Csk activity was assayed with increasing concen-
trations of MgC}. The optimal specific activity with RCM-1l=

1.9 nmol mg?! min~! and with polygY = 110 nmol mg?* min~1.

(B) Csk activity was assayed with increasing concentrations of
MnCl,. The optimal specific activity with RCM-I= 2.5 nmol mg!
min~t and with polygY = 26 nmol mg?! min~1. (C) Src activity
was assayed in the presence of increasing concentrations ot MgCl
The optimal specific activity with RCM-I= 122 nmol mg?! min—!

and with polygY = 370 nmol mg? min-1.

requirement of a divalent metal cation for Csk activity is
consistent with an ATPmetal complex as the true substrate,

substrate and the filter paper assay, the reaction followsit also raised the possibility of an additional activating role

Michaelis—-Menten kinetics. Technically, over 100 reactions

for the divalent metal cations. We calculated that ATP in

can be performed at the same time with good precision andthe assay (0.2 mM) was 95% saturated at0.45 mM My
accuracy. The background (minus polypeptide substrate) is0.-38 mM Mr#*. Yet at these concentrations, Csk has less

routinely less than 3% of the signal and standard error is
less than 5%. RCM-L is a less effective substrate for Csk,
yet it provides an alternative substrate for the validation of
the kinetic determinations. Physiological substrates of Src
and FGFR other than their own autophosphorylation have

than 15% of its maximal activity with RCM-L and less than
5% with polyEY. Similar response curves were observed
with Src (Figure 1C) and FGFR (data not shown). It was
noted that the response curves of Csk activity to the changes
in the concentration of MgGwere different with polykY

not been identified, but both enzymes can phosphorylateand RCM-L. This was not caused by any difference in

polyE,Y and RCM-L.

The dependence of Csk and Src activity on the concentra-

tion of divalent metal cations is shown in Figure 1. There
is no activity for either enzyme in the absence of divalent
metal cations. Maximal Csk activity was achieved at about
8 and 4 mM MgC} with polyE,Y and RCM-L, respectively
(Figure 1A). With RCM-L as the substrate, higher concen-
trations of MgC} produced a minor inhibition of Csk activity.
The optimal concentration of Mngls about 2 mM and
higher concentrations resulted in markedly lower enzyme
activities with both substrates (Figure 1B). While the

chelation of magnesium cation by the substrates, since such
a difference was not observed with Src (Figure 1C) or FGFR
(data not shown).

To be certain that the additional magnesium requirement
is not a result of nonspecific chelation by the components
of the reaction medium, the interaction between?Mgnd
each of the components was examined. This was performed
by comparing the concentration of total magnesium versus
the experimentally determined concentration of free?Mg
in solutions containing 1.2 mM Mggln the assay medium
alone or with the addition of each of the components (Table
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Table 1: Binding of M@*" to the Components in the PTK Reaction
Medium

free Mgt @ maximum Mg+
reagent (mM) bound (mM)
control 1.2 ¢0.01) 0.01
ATP (0.2 mM) 1.0 ££0.02) 0.22
Csk (Lug mL™1) 1.3 &0.2) 0.1
polyEsY (1 mg mL™Y) 1.2 (#0.1) 0.1
RCM-L (1 mg mL™?) 1.2 (£0.2) 0.2

aThe concentrations of free Mgin solutions containing 1.2 mM
MgCl, (control) or with the addition of the indicated reagent were
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determined using Magnesium Green as described in the ExperimentalFIGURE 2: Csk activity as a function of the concentration of free

Procedures. All solutions are in the PTK assay medium given in

Mg?*. Csk activity was determined with 0.2 mM ATMMg and

Experimental Procedures. The standard errors are given in parentheseghe indicated free magnesium concentration. The dashed lines are

b Maximum Mg?* bound= total Mg?* — (free Mg?" — standard error).
This represents the upper limits to the amount oPMdpat is chelated
by the given reagent.

1). In the presence of 0.2 mM ATP, the concentration of
free Mg?" was reduced to 1 mM. This confirmed the
formation of ATP-Mg complex under these conditions, as
expected on the basis of the previously determined binding
constant between ATP and Klg The presence of Csk,
polyE,Y, or RCM-L at the maximal concentrations used did
not result in a significant loss of free magnesium ion. These

results demonstrated that the components of the reaction did®

not nonspecifically chelate magnesium and that the additional
requirement of free magnesium ion was indeed a property
of these enzymes. These results, however, do not investigat
the binding of magnesium to Csk in equimolar quantities,
since the method is not sensitive enough to detect the los
of free magnesium from such an interaction.

Although Csk has a preference for Rtnover Mg at
low millimolar concentrations, an observation reported
previously (Okada & Nakagawa, 1988, 1989) and observed
by us, we decided to focus our effort on the effect of
magnesium for two reasons. First, since the concentration
of Mg?" is over 100 times greater than that of Mrin the
cell, the observed preference by PTKs for WMiover Mg?*
is likely of no physiological significance. A case in point
is a mutant of a viral reverse transcriptase, which is fully
activein vitro in the presence of Mt yet inactive in the
presence of M§. This mutant enzyme has no biological
activity in the cell, where Mg is the predominant divalent
metal cation (Blain & Goff, 1996). This example demon-
strates the misleading potential of vitro results in the
presence of Mff. Second, higher concentrations of Mn
resulted in markedly reduced kinase activity in the PTK
activity assays (Figure 1B). When greater than 5 mM MnCI

S

extrapolations from the determined Csk activity at different
concentrations of free Mg. The method for calculating the
concentrations of free ATP, AFTPMg complex, and free magne-
sium is given in the text.

(0.1-0.5 mM). The concentration of ATPMg and indi-
cated concentrations of free ®gwere achieved by adding
ATP and MgC} based on the previously established stability
constant (O’Sullivan & Smithers, 1979). The results with
polyE,Y and RCM-L at concentrations of free Migbelow

0.5 mM are shown in Figure 2. Two points should be
onsidered in interpreting the results. First, the combination
of 0.2 mM ATP—Mg and zero free Mg cannot be achieved
experimentally; therefore, the effect of zero free ¥igan
only be extrapolated from higher Mg concentrations.

%sing either polygY or RCM-L, Csk activity declines with

the decrease in free Mgconcentration, and the trend points

to zero activity when the concentration of free magnesium
approaches zero (Figure 2). Second, the concentration of
free ATP increases with the decrease in free?Mgpncen-
tration, and free ATP has been suggested to be a competitive
inhibitor of kinases (Morrison, 1979). Therefore, it is
possible that the increase in Csk activity was the result of
the decrease in inhibition by free ATP. For this reason the
free ATP concentration is also plotted in Figure 2. Consid-
eration of the relative concentrations of free ATP and ATP
Mg suggests that it is unlikely that the increase in Csk activity
is the sole result of the decrease in ATP inhibition. Similar
analyses indicated that divalent metal cation in excess of that
required for binding to ATP is also essential for the activation
of Src and FGFR.

We are aware of other potential explanations for such an
apparent activation by the divalent metal cation, such as a
nonspecific ionic effect, stabilization of the enzymes, or
chelating and removing inhibitors from the reactions. It is

was present in the assay, white cottonlike precipitates becomeunlikely to be a nonspecific ionic effect since addition of

readily visible, a common observation made with transition
metals in the presence of proteins (Zaworski & Gill, 1988).
This nonspecific metalprotein interaction is probably
responsible for the decrease in PTK activities at MnClI
concentrations greater than 2 mM (Figure 1B) and further
complicates the kinetic analysis.

Classification of an activator as essential or nonessential

NacCl to increase the ionic strength in the assay inhibits the
PTK activity. Conditions used in our assay were optimized

with regard to enzyme stability and other potential activity-
stabilizing additives do not further affect the stability of the

activity. The enzymes are stable in the absence of divalent
metal cations. This excludes the possibility that the lack of
activity in the absence of free divalent metal cations is due

depends on whether or not the reaction can proceed in itsto instability. The possibility of the presence of an inhibitor
absence. Complicating this determination for PTKs is the that is chelated and removed by divalent metal cations is

fact that M@" is also required for the formation of the AFP
Mg complex. To separate the effects of magnesium as an
activator from being a part of a substrate (ATMg), we
determined the Csk kinase activity in the presence of 0.2
mM ATP—Mg with different concentrations of free Mg

also not likely, since all three enzymes are purified to
apparent or near homogeneity, and each was expressed and
purified in a different manner. Furthermore, the fact that
magnesium is essential for the activity of all three enzymes

argues against all these alternative explanations.
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Km andVnax values with ATP-Mg as the variable substrate. The
1/[ATP] observed apparett,, and Vina values are from Figure 3 and the

FiGURe 3: Double-reciprocal LineweaveBurk plots with ATP calculated values are obtained as described in the text.

as the variable substrate at different concentrations éfMgMn2*

within the assay. Csk activity was measured at 1 mghgolyE,Y The comparison indicated that the observed (from Figure
and variable concentrations of ATP (micromolar) and the indicated 3A) and calculated apparelif,atr-mg) had similar responses
concentrations of MgGI(A) or MnCl (B). to the changes in magnesium concentration (Figure 4A). Both

. N . . values increased with the increase in magnesium concentra-

We nex’F determined the k+|net|c effects of increasing i and approached a maximal value at about 1 mM MgCl
concentration of Mg and Mrf" on Csk phosphorylation 1 giscrepancy between the two curves is within the range
Of polyEaY with ATP aszthe variable substrate (Figure 3). ot rror in the determination dfy, values. This agreement
The apparerkmre-wg' ° was approximately 3aM at 0.1 - inqicated that the change in the observed appatemie g’
mM MgCl, and increased with increasing concentration of with the increase in the concentration of Mgcan be

2+ i i
l\/]lgl ' :\Blri/?cgfd e_lrrr?ammal valbe of 1W2|n7the prlese_nfe explained solely in terms of ATPMg formation. Once ATP
° 1mt 0 19 |\2/| M Ce ap%a_ren max v;ats 90 Snmo rlmnih is saturated at about 1 mM Mg additional Mg* does not
mg:l a'th.' mivi Mg ban mtcr?ase fl(\)/l ‘ r:mg mM affect the apparenKmare-mg). In contrast, the observed
mg = with Increasing concentration o g&lp to 6 m . apparentVmax has a response curve different from that of
(Figure .3A)' A similar activation pattern was observed with the calculated values (Figure 4B) that only considered a
Mp2+ (Figure 3B). I_n_the low millimolar range where Mn single role for M@*, the complexation with ATP. The
stimulates Csk activity, the appareihre-g' andVmax 50 ated appareNax approaches the maximum at-2
of Csk have similar responses to that with increasing .\ MgCl, but the observed value (from Figure 3A)
concentra'tlpn of Mg’ (E|gure SB)'. Initially, the apparent  .,niinues to increase with increasing Mgoncentration up
Kmate-ng)" inCreases with increasing concentration of the 1, g\~ This further increase is not the result of increasing
divalent metal cations. This indicated that more AdrRetal concentration of ATPMg, since ATP is already saturated
complex was formed with the increasing concentration of It is the result of activatic,m by free magnesium. Together

d|valen§[ rrlgtal (i,atﬂonj.' ,l;\ftetr AEPI IS f:aturz;ted, mcrf(?astlng these results further demonstrate that additional magnesium
concentration of the divalent metal cations has no eNect oN ., 4iq ot affect the affinity between Csk and AFRIg,

the apparenKnare-mg)- In contrast to the effect on the but increased ity
max-

apparenk _Mg), the apparentax continued to increase ) ) ] )
pp AT M) PP b This conclusion does not agree with that reached with the

with higher concentrations of Mggl 109
We separated the effect of magnesium ion binding to ATP study of the IRK. Vicario et al. (1988a) found that free ¥n
stimulated IRK activity by increasing the apparent affinity

from the activation effect of free magnesium ion by calculat- b h 4 ATmetal. Th byi
ing the expected effect based on a single ATP binding site. etween the enzyme an etal. € most obvious
explanation for this disagreement is that the free divalent

The VinaxappaNdKmate-mg)' Values were calculated using egs g X )
1 and 5 and compared with the observed values (Figure 4).metal cgtlons a'ct|vate Csk and IRK through different
mechanisms. Since we do not have access to IRK, we

: : : examined the effect of Mg on the kinetics of two other
2 The Michaelis constants for AFRMg is denotedKmeare-wg). The PTKs, Src and FGFR. The results are shown in Figure 5.

apparentK,, values determined under conditions when ATP is not . -
saturated with magnesium, such that there is free ATP present, areAt concentrations above 1 mM Mg£lwhere ATP is

denoted aKmnte—mg) - saturated with magnesium ion, additional ¥Mgctivates Src
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FIGURE 5: ApparentKmarp-mg) and Vmax for Src and the FGFR [C] 06
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Lineweaver-Burk plots of Src (A) or the FGFR (B) are determined ’ 1

as described in the legend for Figure 3. The velocity was in (A) /v 2
nanomoles per minute per milligram or (B) and picomoles per 0.004 T 6

minute per milligram. (C) Apparermarp-mg) and Vimax for the

FGFR as a function of the concentration of total Mgi@lthe assay.

by increasing itSVmax but does not affecKnate-mg). This /

pattern is similar to that with Csk activation, suggesting a P 0 002 oor o006
similar mechanism. In contrast, increasing concentration of
1/[poly E,Y]

Mg?t seems to activate FGFR by both increasing \tgx

and decreasing it€maTp-mg) (Figure 5B). The dual effects

of increasing concentration of magnesium concentration on
the FGFR are further demonstrated in a wider range of'Mg
concentrations (Figure 5C). TH&nartp-mg) decreased from
over 300uM to approximately 7(:M, and the appareitmax
increased from 1.2 to 13.3 nmol migmin! when the
concentration of MgGlincreased from 0.6 to 10 mM. While
the Vmax effect is still different from the response of IRK,
the decrease in th&, as a result of increases in the . , ] , , ,
concentration of magnesium is in agreement with the report 0 002 004 006
on IRK. These results indicate that although all PTKs require 1/[poly E,Y]
magnesium ion as an essential activator, Csk and Src have

a different kinetic response to the change in’Mgoncentra- FIGURE6S: Apparen ndV-— for phosphate- in ;
tion than FGFR and IRK. Whether this is a property atGdUiffer?snt cpopnacgnzlri;nti%ncsj o?ali(/lSQEA?%pska;itﬁlcig/e\f)vtithgp%llj)?;(ates
distinguishing soluble and receptor-type PTKs remains to as the variable substrate; (B) Csk activity with RCM-L as the
be established with the study of a wider spectrum of variable substrate; (C) Src activity with polyE as the variable
enzymes. This diference lso suggests a potenial mechaSitStete (0) FCER aClyuth o s vt e,
nism for se lectively modulating the activity of different PTKs patterns of inaersection. Reaction velocity units are in (A, C, D)
by changing the concentrations of ATP and Mg nanomoles per minute per milligram or (B) picomoles per minute
We next determined the appardqt andVyax by varying per milligram.
the phosphate-accepting substrate, either pMyd# RCM-
lysozyme, at one fixed ATP concentration and different from 10 to 120 nmol mg! min—* when the Mg" concentra-
concentrations of MgGI(Figure 6). With polykgY as the tion increased from 0.1 to 6 mM. The efficiency of the
substrate, an increase in the MgC€bncentration results in  reaction expressed as thig./Kn ratio remained essentially
an increase in both the apparéit andVimae The apparent  the same, as expected from a family of seemingly parallel
Km increased from 10 to 120g mL™%, while Vihaxincreased lines. Surprisingly, with RCM-L as the substrate, the pattern

MgCl, (mM)
0.6
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is markedl_y differe.nt (Figure 6B). Increases in the Vg Table 2: Comparative Summary of Kinetic Parameters for the
concentration had little effect on the apparkntfor RCM-L Mg?*+ Activation of Csk, Src, FGFR, and IRK
and increased the appar&ft.x about 4-fold, from 0.45 to 2

, ; .

nmol mg* min~! when the total magnesium ion concentra- Kos(Mg?") eﬁec_t ofincreasing free_Mg

tion increased from 0.6 to 2 mM. The patterns with Src . (mM variable Val”ab\'f

and FGFR (Figure 6C,D) appear intermediate between the RCM- ATP~Mg PolyEs

two extremes, with double-reciprocal lines intersecting below &nZyme polykY lysozyme K Vmax  Km  Vmax

the x-axis. It was noted that with Src the lines intersected Csk 2.3 11  noeffect increase increase increase

at a common spot, but with FGFR the lines did not intersect S'° 11 11 noeffect increase increase increase
- . FGFR 2.8 2.8 decrease increase increase increase

ata common spot. A similar pattern was observed with IRK |p¢ c c decrease no effect increase increase

" . . .
and Mrf*, where increases in the Mnconcentration caused @ The data on Csk, Src and the FGFR are taken from various figures

increases in both the appardd for the peptide substrate, ;i report and the data on IRK are taken from Vicario et al. (1988b).
Val>-angiotensin Il, and th&/max value, giving lines that  ®Free Mg* is magnesium ion in excess of that bound to ATP. The
intersected below thr-axis (Vicario et al., 1988a). effects on IRK was determined with \Pangiotensin Il and ATP-Mn.
Although the pattern varies with the enzyme and the ¢ TheKosvalue for IRK, 15 mM, was determined with \?engiotensin
substrate, this does not necessarily suggest drastically dif-—
ferent kinetic mechanisms. In a multisubstrate reaction
system, the apparer{,, and Vna are determined by a  this aspect, Csk and Src seem to be activated by magnesium
plethora of factors, such as the affinity between the substrateion through a mechanism that is different from the activation
and the enzyme, the catalytic efficiency of the enzyme for a Of IRK and FGFR. Magnesium ion in excess of that required
particular substrate, the kinetic mechanism, and the bindingfor ATP—Mg complex formation affected the appareé€y
order of the substrates. Many different mechanisms can often(Phosphate-accepting substrate) of Csk in a substrate-
give identical graphic patterns and one kinetic mechanism dependent manner. Double-reciprocal plots produced lines
can also give different patterns depending on the combinationthat seemed parallel or intersected below xtexis when
of all these factors (Segel, 1975). Since the pattern is POlYEsY was the variable substrate and on thaxis when
dependent on the substrate (pQ{yE/ersus RCM-L) with RCM-L was the variable substrate. With Src and FGFR,
Csk, the difference is more likely caused by the difference double-reciprocal plots produced lines that intersected below
in quantitative parameters such as rate constants and/otheXx-axis when either polyl¥ or RCM-L was the variable
binding constants, rather than difference in the kinetic Substrate and the magnesium concentration was changed.
mechanisms. In fact, poly¥ is about 50-fold more This pattern does not pinpoint any definitive reaction
effective {/ma) than RCM-L as a substrate for Csk. We mechanism.
are currently investigating how the substrate specificity ~An essential activator may exert its activation by binding
affects the kinetic parameters of the reaction. to the enzyme or complexing with a ligand to form a metal

Previous studies on the kinetic mechanism have concludedSUbStrate CO_”_‘F"eX S_UCh as ATMIg. !t does r_10t appear
that the Csk-catalyzed reaction is a bi-bi sequential randomtha.t _the_ aqd|t|_onal . metgl cation required for.PTK
mechanism (Cole et al., 1994). Our results suggest that2Ctivity is binding to the polypeptide to form a polypeptide
PTKs, including Csk, should be regarded as a sequential™9 clomplex orhto A;:’P—Mg to hform an ﬁTP_(Mg)Z .
terreactant system. Metal cations that are essential activatoré:?rpp ex. In such mec alrgsn;fs, c a;]ngesmt ec?ncer:ltratlon
are generally treated as additional substrates for kinetic Of free magnesium would affect the apparégy for the .
analysis (Segel, 1975). We eliminated some kinetic mech- affected substrate. Such a pattern was not observed with

anisms for a Csk-catalyzed terreactant system. In an ordereoe'ther RC.M'L or ATP—Mg_as the vanablg su.bstre}te, where
mechanism, saturation by the middle reactant would Createchanges in the concentration of magnesium ion did not affect

an irreversible step, and the double-reciprocal plots of the the apparenk, for either substrate. It cannot be excluded,

other two substrates with one variable and one changing buth_owever, that the pep_t|de or ATP SEIVes as part of the blndl_ng
fixed should generate a family of parallel lines. But such Site _for the second .dlvalent mgtal cation. Cryst.allog_raphlc
patterns were not observed with any of the three substratesStUdies of magnesium coordinated in the active sites of
being saturating (data not shown), thereby excluding an enzymes have fqgnd that the metal is invariably coordinated
ordered mechanism. This result also excluded an ordered®y Six nucleophilic groups (Villafranca & Nowak, 1992).

A random BC mechanism, since in such a mechanism Both ATP and the peptide substrate could provide such

saturating B or C will convert it to an ordered mechanism coordinating groups.

and should produce the patterns of parallel lines of an ordered, 't 1S not clear how the second Mgis coordinated in its
mechanism. interactions with the PTKs. It may bind to sites other than

the active site of the enzymes and activate the enzymes by
DISCUSSION inducing a conformational change. Another possibility is
that it is coordinated within the active site of the enzymes
We demonstrated that in addition to the requirement of a and directly participates in catalysis. Several kinases, such
divalent metal cation to complex with ATP, PTKs require as phosphoenolpyruvate carboxykinase and pyruvate kinase,
an additional divalent metal cation as an essential activator.require a second metal ion for their activities (Villafranca
The Ko s values and the effect on the kinetic parameters are & Nowak, 1992). Although the roles of the second ¥g
summarized in Table 2. The additional magnesium ion vary in each case, it is always an intrinsic element of the
activates Csk, Src, and FGFR mainly by increasing tgi. reaction and part of the transition-state complex. We propose
It does not affect the apparelit,atp-mg) for Csk or Src but  that the second Mg is directly involved in the catalysis of
decreases the appardfiare—mg) Of the FGFR and IRK. In the PTKs. Understanding this involvement could have a
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significant impact on the design of PTK inhibitors. Armstrong, R. N., Kondo, H., Granot, J., Kaiser, E. T., & Mildvan,
We were unable to pinpoint the kinetic mechanism A S. (1979)Biochemistry 181230-1238.
although some mechanisms were eliminated. Further elu-Blain, S. W., & Goff, S. P. (1996)). Biol. Chem. 2711448~
cidation of the kinetic mechanism can be expected with the _ : )
help of binding studies and dead-end inhibitors competitive Brickell. P. M. (1992)Crit. Rev. Oncog. 3 401-446.
against ATP and the peptide substrate. It should be pointedBufgglgl'sJ' A., Ramdas, L., & Ke, S. (1993j)ep. Biochem. 23
out that after extensive studies, the definite kinetic mecha- Burgess W H., & Maciag, T. (1989\nnu. Re. Biochem. 58
nism often still cannot be identified with certainty whenonly ~ 575-g05. T T '
two substrates were considered (Cole et al., 1994; Cook etcole, p. A., Burn, P., Takacs, B., & Walsh, C. T. (1994)Biol.
al., 1982; Whitehouse et al., 1983). Chem. 269308806-30887.
On the basis of the results presented here and previouslyCook, P. F., Neville, M. E. J., Vrana, K. E., Hartl, F. T., & Roskoski,
(Vicario & Bennun, 1990; Vicario et al., 1988a,b; White et R. (1982)Biochemistry 215794-5799.
al., 1984), it appears possible that PTK activities could be Cooper, J. A., & Howell, B. (1993Fell 73 1051-1054.
modulated by a change in the concentration of free magne-Grubbs, R. D. (1991Am. J. Physiol. 260C1158-C1164.
sium in the cell. A magnesium transport system has beenHanks, S. K., Quinn, A. M., & Hunter, T. (1988cience 24142~
identified (Maguire, 1990). Fluxes in the intracellular

concentration of free Mg would affect the ATP-Mg H”g;‘ter' T., & Cooper, J. A. (198%nnu. Re. Biochem. 54897~
Kﬂonce”;ra“opathe ar:jp?rr]eﬂtn for th;'r S”F?;]rates (AT ang, D. L., Yen, C. F., & Nadler, J. L. (1993). Clin.
g and protein), and the appareWit., of the enzymes. Endocrinol. Metab, 76549553,

Although thg total magnesium concentrgtion is approximate_ly Ishijima, S., Sonoda, T., & Tatibana, M. (199&n. J. Physiol.
10—30 mM in the cell, the free magnesium concentration is 261, C1074-C1080.

only 0.3-2 mM (Maguire, 1990; Altura et al., 1987). Knowles, J. R. (1980pnnu. Re. Biochem. 49877—919.

Binding of insulin (Hwang et al., 1993; Sanui & Rubin, 1978) Maguire, M. E. (1990Metal lons Biol. Syst. 26135-153.

and epidermal growth factors (Grubbs, 1991; Ishijima et al., Malmstrom, B. G., & Rosenberg, A. (1958)y. Enzymol. Relat.
1991) to the cell surface receptors was found to significantly ~ Subj. Biochem. 21131-167.

increase the Mg influx and intracellular concentration of ~ Mildvan, A. S., Rosevear, P. R, Fry, D. C., Bramson, H. N., &
free M@ in a variety of cells. This increase in the Kaiser, E. T. (1985 urr. Top. Cell. Regul. 27133-144.
concentration of free magnesium has been proposed toMorrison, J. F. (1979Methods Enzymol. 6257-295.

mediate the stimulatory effects of some hormones and growthNada, S., Okada, M., MacAuley, A., Cooper, J. A., & Nakagawa,
factors. Our results suggest that PTK activities would be - (1991)Nature 351 69-72.

very sensitive to such a change and that the soluble and® gg‘”g’jg_'g/gél’ & Smithers, G. W. (1979¥lethods Enzymol.
receptor PTKs would respond to a change in magnesium . .

. . . : . Okada, M., & Nakagawa, H. (1988) Biochem. (Tokyo) 10297—
concentration in a different manner. Since magnesium 305,

activates the IRK and FGFR in part by decreasingkhe  okada, M., & Nakagawa, H. (1989) Biol. Chem. 26420886~
for ATP—Mg, an increase in the concentration of free  20893.

magnesium would decrease the ATMg concentration Purich, D. L., & Fromm, H. J. (1959dv. Enzymol. Relat. Subj.
required for saturation of these enzymes. This would make Biochem. 21131-167.

them more efficient at low ATPMg concentrations. In  Sanui, H., & Rubin, A. H. (1978). Cell. Physiol. 96265-278.
contrast, the ATP-Mg concentration required for saturation Segel, I. H. (1975Enzyme kinetics: bel@r and analysis of rapid
of Csk and Src is less affected by the cellular levels of free Z%ﬂ'!bﬁlgfv ;i(rcl)?ksteady-state enzyme sysiefosin Wiley and
magnesium ion. Kinetic reaction mechamsm—dependentS n. G. & Budde, R. J. A. (199%nal. Biochem. 231458460,
substrate and product effects have been proposed as a genera :
latory mechanism for all multisubstrate enzyme systems "% der Wolk, J. P. W., Klose, M., de Wit, J. G., den Blaauwen,
reguatory yme sy T., Freudl, & Driessen, A. J. M. (1995). Biol. Chem. 270
(Purich & Fromm, 1959). Results presented in this paper 18975-18982.

suggest that PTKs would be an ideal system for such vicario, P. P., & Bennun, A. (1990rch. Biochem. Biophys. 278

regulation. 99-105.
Vicario, P. P., Saperstein, R., & Bennun, A. (1988B&chm. Soc.
ACKNOWLEDGMENT Trans. 16 40-42.

We acknowledge Dr. Latha Ramdas (MDACC) for many V'Eg&gg%ﬁ%@%ﬁg@_R" & Bennun, A. (1988gh. Biochem.

helpful discussions during this research and Drs. John Villafranca, J. J., & Nowak, T. (1992Fnzymes 2063—94.
Markwell (University of Nebraskalincoln) and Doug White, M. F., Haring, H.-U., Kasuga, M., & Kahn, C. R. (198%)
Jordan (DuPont) for critically reviewing the manuscript. The  Biol. Chem. 259255-264.
fluorescence determination was conducted in Dr. Zahid Whitehouse, S., Feramisco, J. R., Casnellie, J. E., Krebs, E. G., &
Siddik’s laboratory (MDACC) with the help of Gerald Thai. Walsh, D. A. (1983). Biol. Chem. 2583693-3701.

Zaworski, P. G., & Gill, G. S. (1988)nal. Biochem. 173440-

REFERENCES 444,
Altura, B. M., Durlach, J., & Seelig, M. S. (1987) Magnesium  ~g G ion 98 S0 ol b pa oSt R & Maciag, T. (1994)

in Cellular Processes and Medicir@ltura, B. M., Durlach, J.,
& Seelig, M. S., Eds.) pp 4. BI962291N



