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Oncoprotein v-Fp's

Phillip Saylor, Chenggian Wang, T. John Hirai, and Joseph A. Adams*
Department of Chemistry, San Diego State &énsity, San Diego, California 92182-1030
Receied May 28, 1998; Résed Manuscript Receéd July 10, 1998

ABSTRACT. The activity of the kinase domain of the oncoprotein v-Fps was found to be sensitive to the
concentration of magnesium ions. Plots of initial velocity versus free magnesium concentration are
hyperbolic and do not extrapolate to the origin at stoichiometric ATP-Mg, indicating that there are two
sites for metal chelation on the enzyme and the second is nonessential for catalysis. The second metal is
strongly activating and increases the reaction rate constant almost 20-fold from 0.5 td 8s3ng 0.2

mM ATP-Mg and 1 mM peptide, EAEIYEAIE. This increase in rate is due to a large increase in the
apparent affinity of ATP-Mg at high magnesium concentrations. At 0.5 and 10 mM fré&, Mgrp-—mg

is 3.6 and 0.22 mM, respectively. Extrapolation of the observed affinity of ATP-Mg to zero and infinite
free metal indicates thatatr—wvg IS greater than 8 mM in the absence of the second metal and 0.1 mM

in the presence of the second metal, a minimum 80-fold enhancement. By comparison, free levels of the
divalent ion do not influence maximum turnovée) and have only a 2-fold effect on th&, for the

peptide substrate between 0.5 and 20 mM freé'MgViscosometric studies indicate that free Mgloes

not influence the rates of phosphoryl transfer or net product release above 0.5 mM but does affect directly
the dissociation constant for ATP-Mg. Tlg for ATP-Mg in the absence and presence of the second
metal ion is>32 and 0.4 mM, respectively. At high magnesium concentrations, ATP-Mg and the peptide
substrate bind independently, while at lower concentrations (0.5 mM), there is significant negative binding
synergism suggesting that the second metal may help to reduce charge repulsion between ATP-Mg and
the peptide. The data indicate that the first metal is sufficient for phosphoryl transfer. While the second
metal could have some influence on phosphoryl transfer or product binding, it is a potent activator that
functions minimally by controlling ATP-Mg binding.

Protein phosphorylation is catalyzed by a large class of dependent protein kinase (PKA), a PSK, that two metal ions
enzymes known as protein kinases. They are characterizednodulate enzymatic activity. The first metal chelates the
by a number of features including their substrate specificity. Sy phosphates of ATP and is essential for activity, while
Protein kinases that phosphorylate serine and threoninethe second metal chelates thg phosphates and represses
residues are called protein serine kinases (PSKs}| those turnover by 4-fold ¢, 3, 7). The latter effect may be due to
that phosphorylate tyrosine are known as protein tyrosine changes in the release rate of ADP, the rate-determining step
kinases (PTKs). The former class is mostly cytoplasmic in in turnover at high magnesium concentratiog)s (In support
localization, while the latter class is either integral membrane of these findings, the affinity of both ATP and ADP increase
or cytoplasmic proteins. All protein kinases utilize a at high concentrations of free Mg (3, 4, 9).

nucleoside triphosphate, normally ATP, to deliver a phos-  hile it is clear that other protein kinases are influenced
phoryl group to the hydroxyl acceptor. The activity of these py the concentration of metal ions, it is not clear whether
enzymes is greatly affected by the nature and concentrationthere is a general trend shared by all enzymes within the
of an essential divalent metal ioh-6). While many protein  family. Also, it is not clear which step or steps in the kinetic
kinases are active in the presence of several divalent meta'Smechanism are affected. For examp|e' it was recenﬂy
they are usually most active in the presence oPM@nd  demonstrated that the steady-state kinetic parameters of the
since the concentration of this ion exceeds those of othersnonreceptor PTKs, Csk and Src, are affected differently than
in the cell, Mg™* is considered the true physiological metal those for PKA. Karp-ug is Not altered by the amount of
for the protein kinases. It has been shown for cAMP- free |\/|g2+ for either of these PTKs, a|th0ughnaxincreases
substantially as the second metal bind§)( It has been
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neighboring subdomains such as SH2 and SH3 domains ormM for Mg-NADH (15). All reactions were measured in a
by regulatory phosphorylation events outside the kinase Beckman DU640 spectrophotometer equipped with a mi-
domain. To demonstrate whether there are inherent differ- crocuvette holder in a buffer containing 50 mM Mops at pH
ences in the metal ion response for receptor and nonreceptoi7.0, in a final volume of 6QuL at 23 °C. Absorbance
PTKs, it is essential to study the kinase domain of a changes at 340 nm were collected over a time range of 100
nonreceptor PTK free of its regulatory components and to 200 s. Less than 10% of the substrate peptide was consumed
assess the effects of metal ions with respect to the individualin each initial velocity measurement. All initial velocities
steps in the phosphoryl transfer mechanism. We havevaried linearly with the concentration of the fusion protein.
previously expressed and purified a highly active form of  Viscosometric Measurement3.he relative solution vis-
the kinase domain of the oncoprotein v-Fps, a member of cosities ') of buffers containing glycerol were measured
the Fps/Fes family of nonreceptor PTKI®Z). This isolated relative to a standard buffer of 200 mM Mops, pH 7.0, at
kinase domain, which was purified as a GST fusion protein, 23 °C, using an Ostwald viscometetg). Each viscosity

is autophosphorylated in bacterid2f and has a turnover measurement was carried out using 5.0 mL of buffer
number that is close in value to that for the highly active containing varying amounts of viscosogen. The amount of
catalytic subunit of PKA 13, 14). We demonstrated that time required for each buffer to move through the markings
this kinase domain is strongly activated by free and on the viscometer was recorded. The relative viscosity of
this activation is due to large decrease&jrpr-ng at higher each buffer was calculated using eq 1:

metal concentrations with no changes in turnover number

between 0.5 and 20 mM free magnesium. We identified the el 1(%) _ p (%) 1
individual steps affected by this second metal using visco- U t ° ) ()
sometric techniques.

wheren™ is the relative solvent viscosity,(%) andt are
MATERIALS AND METHODS the transit times for a given viscous buffer and the standard
buffer, respectively, ang (%) andp are the densities of the
Materials. Adenosine 5triphosphate (ATP), phospho-  viscous and standard buffers, respectively. The following
enolpyruvate, magnesium chloride, nicotinamide adenine re|ative solvent viscosities were obtained for the buffers (%
dinucleotide, reduced (NADH), tris(hydroxymethyl)ami- viscosogeny™): 35% glycerol, 3.7; 27% glycerol, 2.8; 20%
nomethane (Tris), 3N-morpholino)propanesulfonic acid glycerol, 2.1. All solvent viscosity measurements were
(Mops), pyruvate kinase, type Il, from rabbit muscle, and performed in triplicate and did not deviate by more than 4%
lactate dehydrogenase, type Il, from bovine heart, were jn value.
purchased from Sigma. Ethylenediaminetetraacetic acid Data Analysis. The initial velocity data were measured
(EDTA) and dithiothreitol (DTT) were purchased from as a function of either free My at fixed ATP-Mg and
Fisher. peptide substrate or variable peptide substrate at fixed, varied
Peptides and ProteinThe peptide substrate EAEIYEAIE ~ATP-Mg and fixed free M§". The steady-state kinetic
was synthesized by the USC Microchemical Core Facility parameters at each concentration of freéMgere measured
using Fmoc chemistry and purified by C-18 reverse-phase at varying peptide and varied, fixed ATP-Mg using eq 2:
HPLC. The concentration of the peptide was determined

by weight. The fusion protein GST-kin was purified from . Vinal Sl 5
Escherichia coliaccording to previously published proce- v= KiaTp-Mg Katr—mg ()
dures (2, 13). The total concentration of the protein eluted Kpeptiad 1 + T + [S]|1 + T

from the glutathione agarose affinity resin was determined
by a Bradford assay. While the protein prepe_lration contains \here » and Vi are the initial and maximum velocities,
no free kinase domain, some cleaved GST is present. TheKpepti seandKarp_g are the observed Michaelis constants for
concentration of fusion protein (usually 280%) was peptide substrate and ATP-Mg, algrp_yq is the dissocia-
determined by gel densitometry. The enzyme was stored atjon constant for ATP-Mg. The maximum rate constda,
—70°C in a buffer containing 50 mM T”SO(pH 7.5), 1mM  \as determined fronVima and the enzyme concentration.
EDTA, 150 mM NaCl, 1 mM DTT, and 10% glycerol. The  The ghserved values &farp-mg determined from eq 2 were
enzyme was thawed on ice {€) and used immediately for  jstted as a function of free Mg, and the data were fit to

each kinetic study. eq 3:

Kinetic Assay. The enzymatic activity of GST-kin was
measured _spectrophotometrically using a coupled enzyme B *KATpng[Mg”] + °Karp-mgKwig
assay. This assay couples the production of ADP with the Katp—mg = o (3
oxidation of NADH using pyruvate kinase and lactate [Mg™] + Kig

dehydrogenase. In general, varying amounts of peptide were ) )

mixed manually with varying ATP (0410 mM), varying ~ Where Karp-ug IS Karp-ng When the second metal is bound,
MgCl,, and 0.06-0.42uM GST-kin in a 50xL (minimum Kmg is the observed. affinity of the second metal, and
volume) quartz cuvette containing 0.40 mM phospho- “Katp-ug iS Karp-mg With only one metal bound.
enolpyruvate, 0.20 mM NADH, 2 units of lactate dehydro- RESULTS

genase, and 0.5 unit of pyruvate kinase. The total concen-

tration of MgCh needed to obtain a desired free concentration  Effects of Free Magnesium on Initial Velocityfhe initial

of Mg?* was calculated based on the dissociation constantsvelocity of the enzyme reaction was monitored as a function
of 0.0143 mM for ATP-Mg, 5 mM for Mg-PEP, and 19.5 of free Mg@®" at fixed concentrations of ATP-Mg and peptide
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Ficure 1: Initial reaction rate constant&,f9 for the phosphory-
lation of EAEIYEAIE (1 mM) as a function of free Mg using
0.2 mM ATP and 0.140.42uM GST-kin (O). The total concen-
tration of MgCh ranged from 0.35 to 30.5 mM. The data were fit
to a hyperbolic function where the reaction rate constants €
I[E]) at zero and infinite free MR are 0.474 0.12 and 8.3t
0.50 st, respectively, and the concentration for half-maximal
velocity is 13+ 2.5 mM. The predicted values of the initial reaction
rate constants®) at 0.5, 10, and 20 mM free Mg based on the

steady-state kinetic parameters are also shown. The inset shows

the rate constant data and fit at low free ¥goncentrations<1.5
mM).

substrate. A plot of initial velocity versus free Ffgis
shown in Figure 1 using 0.2 mM ATP, 1 mM peptide
substrate, and 0.30.42 uM GST-kin. The reaction rate
constant ¢/[E]) increases hyperbolically with increasing free
metal. The data were fit to a hyperbolic function with a
non-zero intercept. The fitting of these data provides initial
rate constants of 0.4% 0.12 and 8.3t 0.50 s at zero and
infinite concentrations of free Mg, respectively. The half-
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Ficure 2: Double-reciprocal plot of initial velocity versus peptide
concentration at varied, fixed ATP-Mg concentrations using 0.5
mM free Mg?™. Initial velocities were measured using 6.3 mM
EAEIYEAIE, 0.060uM GST-kin, and 10), 2 @), 5 ), and 10

(m) mM ATP. The total concentration of Mg&tanged from 1.5

to 10.3 mM.

Table 1: Steady-State Kinetic Parameters for the Kinase Domain of
v-Fps at 0.5 and 10 MM Free Magnesitim

[M92+]free (mM)

parameters 0% 1
Keat (573 16+ 2 14+ 1.7
Kiatp—mg (MM) 0.90+ 0.20 0.17+ 0.04
KATprg (mM) 3.6+ 0.10 0.224+0.02
Kpeptide(MM) 0.90+ 0.10 0.54+ 0.07

2 The steady-state kinetic parameters were measured in 100 mM
Mops, pH 7, at 23C. b These kinetic parameters were measured from
plots of initial velocity versus varying peptide substrate concentrations
(0.1-3.5 mM) at varied, fixed levels of ATP (110 mM). The total
concentration of GST-kin was 0.Q8M, and MgC} ranged from 1.5
to 10.3 mM.¢ These kinetic parameters were measured from plots of

maximal rate constant Corresponds to a free metal Concentrainitial velocity versus varying peptide substrate concentrations{0.1

tion of 13+ 2.5 mM. The inset to Figure 1 shows the low

metal concentration data. On the basis of the stability

constant of Mg-ATP (0.0143 mM), the total concentration
of ATP closely approximates the concentration of Mg-ATP
at and above 0.5 mM free Mg but the concentration of

free ATP increases below this limit. For example, at 0.1
and 0.5 mM free Mg" approximately 88% and 95% of the

total ATP (0.2 mM) is bound with magnesium. Background
reactions were measured at each concentration of fréé Mg
by measuring the initial reaction velocity in the absence of

3.5 mM) at varied, fixed levels of ATP (022 mM). The total
concentration of GST-kin was 0.06v1 ,and MgC} ranged from 10.4
to 12.3 mM.

effect becomes less pronounced and the lines intersect closer
to the 1/[S] axis (data not shown). The data were analyzed
using eq 2, and the parameter fits are shown in Table 1 at
0.5 and 10 mM free MY. The steady-state kinetic
parameters were also measured at other concentrations of
free Mg?*, and the results of these fits are plotted in Figure
3. Free metal did not influence the turnover number for the

peptide substrate. These background rates at the lowest metanzyme (not shown in plot) and had only a small effect on

concentrations£1 mM) were less than 20% of the reaction

the observedK, for peptide (2-fold). In contrast, the

velocity in the presence of the peptide substrate and wereobservedarp-vg decreased significantly with increasing free
subtracted from the observed rates. The background ratesnetal. These data were fit to eq 3 to obtain the following

above 3 mM free Mg were less than 5% of the observed
reaction rates.

fits: *KATPfMg =0.104 0.07 mM,oKATprg > 8 mM, KMg
< 0.3 mM. Only lower and upper limits could be placed

Steady-State Kinetic Parameters as a Function of Free on Kare—mg andKwyg, respectively, since it is not possible to

Magnesium. The steady-state kinetic parameters for the

go lower than 0.5 mM free Mg without generating large

phosphorylation of the peptide were monitored at a series amounts of free ATP (see previous section). Finally, it was

of fixed, free Mg+ concentrations. The parameters were
determined by measuring the initial velocities of the reaction
as a function of varying peptide concentration (6315 mM)
at varied, fixed concentrations of ATP-Mg (6:10 mM).
A typical double-reciprocal plot at 0.5 mM free Mgis
shown in Figure 2. The lines intersect below the 1/[S] axis
indicating that the binding of one ligand impedes the binding
of the second. At higher concentrations of free¥ghis

shown previously that the kinetic parameters for GST-kin

are identical in the presence and absence of 50 mM NaCl
indicating that changes in ionic strength at high ATP levels

are not the source of any rate effect$,(17).

Viscosity Effects on the Kinetic Parameters at 0.5 and 10
mM free Magnesium.The steady-state kinetic parameters
were measured as a function of solvent viscosity at 0.5 and
10 mM free Mg@". The initial velocity of the reaction was
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] Table 2: Effects of Viscosity on the Steady-State Kinetic
E Parameters at 0.5 and 10 mM Free Magne8ium

[Mg 2+] free (mM)
parameters 0% 10

] (Kea)” 0.88+0.27 0.75+ 0.07
3 (kca{erptidg77 —0.104+ 0.08 —0.074+ 0.06
] (Keal Katp-mg)" 0 —0.05+0.10
3 Kq (peptide) (mMY >2 2.2+ 0.68
] Kq (ATP-Mg) (mM) >9 0.88+ 0.26
3 ks (s7h)¢ >40 56+ 17

ks (572)° 18+ 6 19+ 3

\.\2_ 2The steady-state kinetic parameters were measured in 100 mM

P S T Mops, pH 7, at 23°C."The viscosity effects at this magnesium
concentration were measured frermmersus peptide substrate concentra-
tion (0.1-3.5 mM) plots at varied, fixed concentrations of ATP-Mg
[Mg?]"¢ (mM) (1-10 mM). (a)” andkealKatp-mg)” Were determined from extrapola-
tions of k.47 to infinite and zero ATP-Mg concentrations, respec-

FIGURE 3: ApparentKy, values for ATP-Mg,Karp-y (@), and tively. (Kea/Kpepiad” is an average value over all ATP-Mg concentrations.
EAEIYEAIE, Kpepige(Q), as a function of free M. The apparent  c The viscosity effects at this magnesium concentration were measured
K values were measured using eq 2, and the metal dependencgom , versus peptide substrate concentration{®5 mM) plots at a
on Karp-wg Was fit to eq 3 to obtaifiKarp-wg, “Karp-mg, andKg fixed concentration of ATP-Mg (2 mMY The K4 values for ATP-Mg
(see Discussion). and peptide were measured using e§ The values oks andk, were
derived from the expression for the turnover numbegkif(ks + ka)]

- and [ea)” by the following relationshipsks = keaf (Kea)” andks = keaf
3 8 [1— (kea)’] (13).
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Ficure 4: Effects of solvent viscosity okgy at 0.5 ©) and 10
(®) mM free Mg" using 2 mM ATP-Mg and 0.43.5 mM 0 L L
EAEIYEAIE. (Keap)®/Keat is the ratio ofkey in the absence and 0 2 4 6 8 10 12

presence of varying amounts of glycerol apd is the relative
solvent viscosity. The dotted lines represent slopes of 0 and 1, the [ATP-Mg] (mM)
theoretical limits for the data. Ficure 5: Effects of ATP-Mg concentration 6f(k.5)” at 0.5 mM

monitored as a function of peptide concentration using 2 mm fréeé M&". @k)” was determined from the plots offkca)®/

. apik,o; Versusy'®. @k, was measured in the absence or presence
ATP-Mg at 0%, 20%, 27%, and 35% glycerol in Mops fyiscosogen using variable peptide substrate concentrations (0.1

buffer. The ratio ofks in the absence and presence of 3.5 mM) and fixed ATP-Mg concentrations of 1, 2, 5, and 10 mM.
glycerol [(Kea)°/Keof is plotted as a function of relative solvent ) ) .
viscosity ¢®) in Figure 4 at 0.5 and 10 mM free Mg Mg concentration (0.22 mM) at saturating, fixed concen-
The plots are linear and have slope values of G£78.07 tration of peptide (4 mM). A plot ofKafKarp-mg)°/(Keal
and 0.23+ 0.04 at 0.5 and 10 mM free Mg, respectively. Karp-wg) ve.rsusvyre! IS Imgar (data not ShPW”)* anO! the slope
At 10 mM free M@*, no viscosity effect was observed on Value for this relationship ka{Kare-ug)”, is shown in Table
KealKpeptide (Table 2). These findings fdta andkealKpeptide
are consistent with previously reported viscosity data for this
peptide at 10 mM free metal and 3 mM ATP-M@3j. DISCUSSION

Since the concentration of ATP-Mg used in the viscosity ~ To determine whether receptor and nonreceptor PTKs are
experiment in Figure 4 is beloWarp-mg at 0.5 mM free broadly different with respect to their kinetic responses to
Mg?t (Table 1), the ratio ok, Now called®kg,, in the metal ions and to investigate further the role of metal ions
absence and presence of viscosogen was measured as ia catalysis, we studied the influence of free magnesium ions
function of #' at several ATP-Mg concentrations to deter- on the kinetic mechanism of a nonreceptor PTK, v-Fps, a

mine whether the nucleotide affects the slope term fire., member of the Fps/Fes family of nonreceptor PTKs. v-Fps
(kea)”]- The effects of ATP-Mg concentration GfA(Kcap)” is the oncogenic, retroviral product of the chicken c-Fps gene
are shown in Figure 5. The data were fit to a hyperbolic and has been shown to induce transformation in several cell
function to obtain Kea)” and kcal Katp-mg)” at low metal ion lines including chicken embryo fibroblasts and Rat-2 cells

concentration (see eq 6 in Discussion). These fits are shown(18—20). Most recently, it has been shown that the normal
in Table 2. Also, the half-maximal concentration for the cellular forms of the Fps/Fes family are involved in the
plot in Figure 5 is 3.7+ 1.0 mM. The effects of solvent terminal differentiation of macrophages making this enzyme
viscosity onkca/Katp-mg at 10 mM free M@ were deter- family an important component of the immune respo24 (
mined by measuring initial velocities as a function of ATP- The members of the Fps/Fes family are composed of kinase
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Scheme 1 The rate constants for the individual steps in Scheme 1
Ks can be derived based on the sensitivitk@f andkealKpeptide
E*ATPMg + S ” E-ATPMg:S ———> to added viscosogens using the StokEfstein equation
2 i} and the following relationships:
E-ADPMg+P —* e ADPMg + P K
n— __3 4
Scheme 2 (kead ks + Kk, @
k3
EeS + ATPMg EATPMgeS ——» Ky

k-1 (kca{ erptidcy] = m (5)

E*ADPMgeP L B, ADPMg + P

where Ka)” and KeafKpepiad” are the slopes for the plots of
and SH2 (Src homology-2) domains at their C-termini but (Kca)/Keat and &cafKpepiiad */(Keal Kpepriad Versusy', respec-
have large N-terminal regions with little sequence homology tively.- Equations 4 and 5 predict that the slope values will
to other nonreceptor PTKs. Less is known about the function fall between the limits of 0 and 1. We can use the rate
of the N-terminal compared to the C-terminal regions. The €XPressions fokea [kska/(ks + ki)] andkealKpepide [koka/(k—2
Fps/Fes family differs from the widely studied Src family T ki)l and egs 4 and 5 to determine the individual steps in
in that they have no SH3 domains, lack N-terminal fatty acid SCheme 1. These values, reported in Table 2, indicate that
modifications, are positively regulated by their SH2 domains ks @ndka participate in limitingkeat

(22,23), and are not negatively regulated by phosphorylation A reduced viscosity effect was measureq at 0.5 mM free
on their C-terminal tails. Mg?* compared to that at 10 mM free Mig(Figure 4). This

effect is not due to a change in kinetic mechanism at lower
metal concentrations since the concentration used in Figure
4 is belowKarp-mg and the turnover numbers measured in
plots of initial velocity versus peptide substrate concentration
provide only an apparemta (**kea). To determine the true
viscosity effect ork., at low free metal, we measured the
effects of viscosogen ok, at several concentrations of
ATP-Mg. The relative change i, as a function of;™
[(3P%ca97] varies hyperbolically with the total concentration
of ATP-Mg (Figure 5). We interpret these data according
fo Scheme 2, wheré, and k ; are the association and
dissociation rate constants for ATP-Mg to the binarsSE

Many PTKs have noncatalytic domains that influence
activity and make difficult the kinetic analysis of the catalytic
regions. The studies in this manuscript were performed on
the isolated kinase domain of v-Fps, removing any potential
influence from other noncatalytic regions of the enzyme. The
analysis of this kinase domain and its comparison to the
kinase domains of receptor PTKs such as FGFR will provide
new insights into the nature of tyrosine phosphorylation and
the conservation of mechanism within the protein kinase
subclasses. We have demonstrated previously that the kinas
domain of v-Fps (290 amino acids) can be overexpressed

and purified as a fusion protein of glutathioBdransferase complex. In this scheme, eq 6 can be used to relate the

(GST) inE. coli(12). This fusion protein is autopho;pho— effects of viscosity orf*. to the total concentration of
rylated (L2) and possesses a turnover number close in ValueATP-Mg

to that for PKA (3, 17).

Effects of Free Magnesium on Tuwres. Although high ap (koo "[ATP-Mg] + (Kol Katp—mg) "Katp—mg
concentrations of free Mg increase the activity of the kinase p(kcar)77 - ATP-Mal + K
domain of v-Fps (Figure 1), there are no significant changes [ -Mg] ATP—Mg (6)
in k.ot OVer a wide concentration range of free metal (Table
1). The turnover rate for an enzyme is frequently a complex where Keay)” is defined in eq 4Karp-wg is the observedy,
set of terms that define the net decomposition of the central for ATP-Mg, and kea/Katp-mg)” is equal toks/(k—; + ks) at
complex and do not usually represent a single catalytic event.0.5 mM free M@*. This latter term represents the sensitivity
We have shown previously that turnover in v-Fps is of kea/Kate-mg t0 Solvent viscosity and has a form similar
controlled by both phosphoryl transfer and net product releaseto that for eq 5. Extrapolation of this equation to infinite
at 10 mM free M@" (13, 17). Since turnover is directed by  and zero ATP-Mg concentrations provides the true viscosity
two observable steps, it is possible that free metal could effect on kear [(Kea)”] and kealKatp—mg [(KealKatp—mg)"]-
change the rate of these two steps without significantly Furthermore, the concentration at which the half-maximal
affectingkca. To determine the effects of the second metal value for®Rk..)” is achieved correspondsk@rpr-nmg. Fitting
ion on individual steps in the phosphorylation mechanism, of eq 6 to the data in Figure 5 provides these parameters
we measured the effects of solvent viscosity on turnover at which are listed in Table 2. Given the error limits in the
0.5 and 10 mM free MY (Figure 4). At 10 mM metal and  primary data in Figure 5, we cannot accurately meaguggé (
2 mM ATP-Mg, GST-kin is bound with ATP-Mg so that  Katp-wmg)?, but since ®Rk.s)” is small at low ATP-Mg
the viscosity data can be interpreted according to Scheme 1 concentrations, we presume that this parameter is near zero.
where the peptide substrate binds thédBP-Mg binary On the basis of these limits, we report the lower limits for
complex by the association and dissociation rate constantsks and theKy values for ATP-Mg and peptide in Table 2.
k. andk_,, respectively, the catalytic steks, describes the  This analysis indicates that the effects of viscosity on
favorable, unimolecular rate constant for the transfer of the turnover are similar at 0.5 and 10 mM free ¥Mand there
y phosphoryl group of ATP-Mg to the hydroxyl of tyrosine, is no change in the rate-determining steps over this metal
and the final stepks, describes the net, bimolecular rate range. There is also a good correspondence beti{igenyg
constant for the release of both products. derived from eqgs 6 and 2 supporting this analysis. Finally,
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since detailed kinetic studies cannot be performed below 0.5Scheme 3

mM free magnesium, it is possible that the turnover rate for Keat
the enzyme and the rates of either phosphoryl transfer or E*S+ATPMg s E:ATPMgS ———— E+ADPMg +P
product release may be different below this amount of metal. ATP-Mg
ngnesium Effects on Apparent ATP-Mg and Peptide Mg] Kug || (Mg]
Affinity. Extrapolation of the velocity data to zero and
infinite free metal concentrations in Figure 1 indicates that Keat
the enzyme is active at stoichiometric amounts of ATP and wsE*S + ATPMg mgE*ATPMg*S —————» y¢E + ADPMg + P

Mg?* but is activated approximately 20-fold beyond this by "Katp.mg
excess metal. Since the dissociation constant for ATP and
Mg2* is 14 uM (15), the true substrate for v-Fps is Mg- peptide substrate is higher than tkg at either 0.5 or 10
ATP, and magnesium levels above this must affect the kinetic MM free Mg?* owing to the relative rates & andk, (Tables
parameters by binding to a secondary site. Two metal 1 and 2). While we can only place a lower limit ¢@ at
binding sites have been identified for the catalytic subunit low metal owing to the error limits in the measurement of
of PKA using kinetic 8—5) and crystallographic7( 24) (kea)”, we do not have evidence that the peptide binds poorer
methods lending support to this interpretation for v-Fps. To at low compared to high M.
determine the source of this activation, the complete steady- A viscosometric approach can also be used to measure
state kinetic parameters for the enzyme were measured ovethe true affinity of ATP-Mg and the enzyme. Since no
a wide range of free M. While no large effect was found  viscosity effect was measured flya/Katp-mg, €0 7 can be
on turnover and only a 2-fold effect was measured on the applied to determine th&y for ATP-Mg.2 Using this
K of the peptide substrate, a large effect was observed onanalysis, theky for ATP-Mg decreases more than 10-fold
the apparent affinity of ATP-Mg at varying free Mg from 0.5 to 10 mM free Mg" (Table 2). Assuming that the
concentrations.Karp-vg decreased from 3.6 to 0.22 mM  viscosity effects are similar over all metal concentrations,
between 0.5 and 10 mM free Mg (Table 1), a 16-fold the second metal must increase the binding affinity of ATP-
effect. This accounts for the observed effects of freeMg Mg from >32 to 0.4 mM, a minimum 80-fold effect.
on initial velocity since the steady-state kinetic parameters Therefore, in the absence of the second metal, a large
measured at 0.5, 10, and 20 mM free ¥gan be used to  energetic barrier exists for the stable association of the
predict the velocity curve in Figure 1. nucleotide and the enzyme. The second?Mgreatly
A thorough analysis of the effects of free fgon ATP- reduces this barrier. Finally, the negative binding synergism
Mg affinity indicates that the binding of the second metal between ATP-Mg and peptide at low metal concentrations
decreases the observé&dp-vg from >8 to 0.10 mM, a which is relieved somewhat at higher metal concentrations
minimum effect of 80-fold (Figure 3). DecreaseXifrp-mg (Table 1 and Figure 2) supports a constructive role for the
have been observed for the catalytic subunit of PKA and second metal on ATP-Mg binding. We propose that this
FGFR at high levels of free Mg. For PKA, Karp-wmg at latter phenomenon is due to a reduction in charge repulsion
zero free M§" is approximately 0.2 mM and decreases 25- between ATP-Mg and peptide, polyanionic molecules at
fold at high levels of free metaBJ. For FGFR Katp-ug at neutral pH. While this effect is not accompanied by an
low free M@ is approximately 0.3 mM and decreases to increase in peptide affinity at high metal, there could be other
0.07 mM at high levels of free metal (10). These data are metal-dependent changes that compensate for this.
comparative to that for the kinase domain of v-Fps although  Affinity of the Second Magnesium loiThe dissociation
the effects on v-Fps are considerably larger. constant for the second metaKyy) derived from the
Magnesium Effects on the Dissociation Constants for ATP- influence of free Mg@" on Karp-mg (Figure 3) reflects the
Mg and Peptide. The K, value for a peptide substrate true affinity of the ion in the presence of both ATP-Mg and
oftentimes does not reflect the true affinity of the peptide peptide. Under conditions of high peptide concentration, the
substrate for the active site and may be either higher or lowerrole of Mg?" in the kinetic mechanism can be summarized
than this value depending on the nature of the steps afterin Scheme 3, wheréKarp-ng and *Karp-mg represent
formation of the central complex. The effects of solvent Kare-mg in the absence and presence of the second metal
viscosity on the steady-state kinetic parameters can be use@ndKyy is the dissociation constant for ¥igin the ternary
to determine the true effects of free Kgpn the dissociation ~ complex. Equation 3 is derived from this scheme and
constants for ATP-Mg and peptide. Since there is no describes the free Mg dependence on the obsentegp_ug.
viscosity effect orkcalKpepiide (i-€., ks < k-2) at either low Fitting of this equation to the data in Figure 3 places an upper
or high metal concentrations, eq 7 can be used to relate thdimit of 0.3 mM on the affinity of the second metal ion in
observedK, to the true dissociation constant for peptide GST-kin (Kyg). In contrast to this dissociation constant, the
substrate Kg):2 observed dissociation constant for ¥Mgs 13 mM under
conditions of 0.2 mM ATP-Mg and 1 mM peptide (Figure
Ky =K1 — (Kog)"] (7) 1). This value is perturbed from the true affinity of fg
based on the difficulty of achieving the ternary complexes,
mgE-ATP-Mg-S and EATP-Mg:-S, at lower metal concentra-
tions when ATP-Mg binds poorly. Despite this, the observed
Katp-mg @and Kpepiige COUld be used to predict the initial

2There are small, negative effects of viscosogen&afpepide at ; in Ei i i
0.5 and 10 mM free M and onke/Karp_wg at 10 mM fre6 Mg-- velocity versus Mg" curve in Figure 1. Finally, the affinity

(Table 2). Since the error limits on these slope valu&s/Kpepicd” of the second metal in the kinase domain of v-Fps is
and KeafKatr—mg)"] are large, we treat these values as zero. significantly higher than that for PKA or the PTKs, Csk,

This analysis shows that the dissociation constant for the
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FGFR, and Src3, 10). By monitoring the effects of free
Mg?*" on eitheNVmax Or Katp—mg for these enzymes, the kinase
domain of v-Fps binds the second metal a minimum-e93
fold more tightly.

CONCLUSIONS

We have shown using detailed kinetic approaches that the
kinase domain of v-Fps supports the binding of two
magnesium ions. The first metal is essential for catalysis
but does not permit the stable association of ATP-Mg (
> 32 mM). Since the affinity of the second metal ion is
less than 0.3 mM and kinetic experiments cannot be
performed below this amount, it is possible that free?Mg
can affect phosphoryl transfer and product release, but the
first metal is sufficient for phosphoryl transfer. Nonetheless,
the prominent role for free Mg is to assist ATP-Mg binding
by decreasing the dissociation constant by, at least, 80-fold.
These effects contrast sharply with those for two nonreceptor
PTKs, Src and Csk, where the second magnesium ion is
apparently essential for catalysis and does not influence the
binding of ATP-Mg (@0). Although there is no three-
dimensional structure for the kinase domain of v-Fps, the
X-ray structure of the trisphosphorylated insulin receptor
kinase with an ATP analogue and peptide substrate bound
indicates that metal coordination is significantly different than
that observed in PKA. Nonetheless, the metal-induced
kinetic profile for v-Fps, a nonreceptor PTK, is surprisingly
more consistent with the receptor PTK, FGFR, where
increasing free M enhances ATP-Mg binding. We
propose that our results indicate either that v-Fps is a unique
member of the nonreceptor PTK family and, thus, responds
differently to metals or that the noncatalytic domains of v-Fps
influence this metal effect.
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