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ABSTRACT. Autophosphorylation of Tyr-1073 in the activation loop of the oncoprotein v-Fps enhances
the phosphoryl transfer reaction without influencing substrate, ATP, or metal ion binding affinities [Saylor,
P., et al. (1998Biochemistry 3717875-17881]. A structural model of v-Fps, generated from the insulin
receptor, indicates that pTyr-1073 chelates two arginines. Mutation of these residues to alanine (R1042A
and R1066A) results in weakly phosphorylated enzymes, indicating that one electropositive center is
insufficient for attaining maximum loop phosphorylation and concomitant high catalytic activity. While
the turnover rate for R1066A is similar to that for a mutant lacking a phosphorylatable residue in the
activation loop, the rate for R1042A is 50-fold slower. While solvent perturbation studies suggest that the
former is due to a slow phosphoryl transfer step, the latter effect results from a slow conformational
change in the mutant, potentially linked to motions in the catalytic loop. Binding of a stoichiometric
guantity of Mg is essential for ATP binding and catalysis, while binding of an additionad*™Mgn
activates further the wild-type enzyme. The affinity of the R1066A enzyme for the secofidiMyis

23-fold higherthan that of the phosphorylated or unphosphorylated form of wild-type v-Fps, with substrate
binding unaffected. Conversely, the affinity of R1066A for a substrate mimic lacking a phosphorylation
site is 12-foldhigherthan that for the phosphorylated or unphosphorylated form of wild-type v-Fps, with
binding of the second Mg ion unaffected. A comparison of these enzyme-independent parameters indicates
that Arg-1042 and Arg-1066 induce strain in the active site in the repressed form of the enzyme. While
this strain is not relieved in the phosphorylated form, the improvements in catalysis in activated v-Fps
compensate for reduced metal and substrate binding affinities.

Many protein kinases are activated by phosphorylation of of the activation loops in PKA and v-Fps does not enhance
a key polypeptide region in the kinase domain known as the substrate binding2 3). Furthermore, recent kinetic studies
activation loop 1). Some protein kinases catalyze this of the insulin receptor kinase (InRK) show that loop
phosphorylation in an autocatalytic step, while others recruit phosphorylation increases the level of substrate binding by
designated protein kinases to conduct this posttranslationalonly 8-fold (13). In comparison, loop phosphorylation has a
modification. Whatever the method, enhancements in cata-much larger impact on the rates of phosphoryl transfer in
lytic activity can be extraordinary. For example, the activities PKA, v-Fps, and the InRKZ, 3, 13), an effect not expected
of PKA, Cdk2, and v-Fpsincrease by 25 orders of if the loop behaves as a competitor for substrate and/or ATP.

magnitude upon activation loop phosphorylatio?—4). The roles of the electropositive residues in activation loop

X-ray diffraction studies of a number of protein kinases stapjlization and the facilitation of phosphoryl transfer have
indicate that two or three positively charged amino acids ot peen well characterized. The phosphorylation sites within
stabilize the phosphoamino acid and the activation 166p (  the activation loops are normally distal from the site of
9). The dephosphorylated loops tend to be disordered, while hhosphoryl group donation, raising questions regarding the
the phosphorylated loops are rigidly fixed by these electro- mechanism of regulation. It is possible that the electropositive

positive residuess 6, 10-12). The precise role of the  regiques may play a role in translating the effects of loop
activation Ioop in controlling catalysis has been widely phosphorylation on catalysis. For example, the two electro-
debated. While several X-ray models suggest that the yssitive residues (Arg-363 and Arg-387) within the nonre-
dephosphorylated activation loop acts as an aut0|nh|b|torceptOr TPK, Lck, are very close to key catalytic residues.
prohibiting substrate access, functional studies have nOtArg-363 is the first residue in the catalytic loop, a short

provided universal support for this model. Dephosphorylation polypeptide segment which contains a conserved catalytic
. aspartate that forms a hydrogen bond with the hydroxyl of
T This work was supported by NIH Grant CA 75112. - R
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822-3360. Fax: (858) 822-3361. E-mail: joeadams@ucsd.edu. loop and is only five residues away from another conserved
! Abbreviations: GST, glutathion8transferase; InRK, kinase do-  aspartate (Asp-382) which chelates the essential activating

main of the insulin receptor; Mops, 3{morpholino)propanesulfonic i + i i i
acid; PKA, cAMP-dependent protein kinase; TPK, tyrosine-specific metal ion, Mg", in the active site14). The large increases

protein kinase; v-Fps, nonreceptor TPK and transforming agent of the IN catalytic efficiency upon activation loop phosphorylation
Fujinami sarcoma virus. may be the result of changes in the positions of the metal
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chelator and/or the catalytic loop aspartate via these positivelythe entire plasmid utilizing the Stratagene QuikChange kit
charged amino acids. and an MJ Research PCT 200 Peltier thermocycler. For each

To understand how activating signals are communicated Mutation, a set of complementary oligonucleotides that
between the phosphorylation site in the activation loop and overlap the mutation site was required. The following pairs
key elements in the active site of a protein kinase, we of oligonucleotides were used for the two mutants that were
replaced two arginines in the kinase domain of the onco- studied: R1042A, SAAGCACTGCATCCACGCGGAC-
protein, v-Fps, and studied the effects of these mutations onCTGGCTGCCCGC-3and 3-TTCGTGACGTAGGTGCGC-
several biophysical properties. v-Fps is a nonreceptor TPK CTGGACCGACCGGGCG-3and R1066A, 5GAGTTTGG-
and is the transforming agent of the Fujinami sarcoma virus GATGTCGGCGCAGGAGGAGGATGGT-3and 3-CTC-
(15—17). As a member of the Fps/Fes family of nonreceptor AAACCCTACAGCCGCGTCCTCCTCCTACCA-3The oli-
TPKs, v-Fps is composed of C-terminal SH2 and kinase gonucleotides were purified on a C-18 column and via
domains but, unlike the Src family of TPKs, contains no acrylamide electrophoresis.

SH3 domain. The viral form differs from the cellular ~ The PCR mixture contained 20 mM Tris-HCI (pH 8.8),
counterpart, c-Fps, by the addition of a gag sequence. Thel0 mM KCI, 10 mM NHSO,, 2 mM MgSQ, 0.1% Triton
cellular forms of the Fps/Fes family are important for X-100, 100uM BSA, 0.5 mM dNTP, 2.5 units oPfuTurbo
hematopoeisisl@—21), but viral forms have been linkedto DNA polymerase, 56200 ng of dsDNA template, and 125
cardiac, endothelial, and neurological disorders in transgenicng of each primer. The PCR cycles introduced the two base
mice 22—24). For members of the Fps/Fes family to have Mmutations during amplification of the plasmid plus the gene
physiological effects, they must be phosphorylated on Of interest. The PCR product was digested wigi1of Dpnl
tyrosine in the kinase domaiﬂ_g, 25) In a previous Study, for 1 h at 37°C to remove parental and supercoiled DNA.
we showed that removal of the single tyrosine phosphoryl- The purified plasmids encoding the mutation were trans-
ation site in this domain in v-Fps (pTyr-1073) lowers the formed into Epicurian Coli XL-1 Blue Supercompetent cells.
rate of phosphoryl transfer by2 orders of magnitude with ~ Purified plasmids from these clones were sequenced and
no changes in the affinities of substrate, ATP, or2M(p6). subsequently transformed into the recombinant miwsoli

The studies presented herein show that both arginine DL21(DE3) strain. Expression of the GST fusion protein was
countercharges for the activation loop phosphotyrosine areconfirmed on a 13% polyacrylamide gel.

essential for autophosphorylation. However, the kinetic Peptides and Protein Purificatioihe peptide substrate,
properties for both mutants (R1042A and R1066A) are EAEIYEAIE, and inhibitor, EAEIFEAIE, were synthesized
distinct from those of the dephosphorylated v-Fps, indicating at the University of Southern California Microchemical Core
that both residues serve other functions in addition to Facility using Fmoc chemistry, and purified by C-18 reverse-
phosphotyrosine stabilization. Interestingly, R1042A binds Phase HPLC. The peptides were resuspended in water, and
an inhibitor form of the substrate 12-fold better than the wild the concentrations were determined by weight. Proteins were
type, whereas R1066A binds the metal activator 23-fold isolated by growing BL21(DE3) cells transformed with
better than the wild type. The data indicate that this protein Plasmids containing the wild-type or mutant gene. Cells were
kinase forfeits higher-affinity binding of these ligands to grown to an approximate Qg of 0.75 n 6 L of LB
stabilize the activation loop, a phenomenon that provides amedium. The cells were then induced ®h with 0.5 mM
catalytic advantage in the phosphoryl transfer step and alPTG atroom temperature, at approximately’€2 The cells

means of regulation. were harvested via centrifugation, and purification of the
fusion protein, GST-kin, was achieved by glutathiene
MATERIALS AND METHODS agarose affinity according to previously published procedures

(27). The total eluted protein mass, determined by the

Materials.Dithiothreitol (DTT), ethylenediaminetetraacetic  Bradford assay, was-24 mg for R1066A and 042 mg
acid, disodium salt dihydrate (EDTA), glycerol, isopropyl for R1042A. Wild-type and mutant proteins were stored at
B-thiogalactoside (IPTG), 3\rmorpholino)propanesulfonic ~ —80 °C in 50 mM Tris (pH 7.5), 1 mM EDTA, 150 mM
acid (Mops), and tris(hydroxymethyl)aminomethane (Tris) NaCl, 1 mM DTT, and 10% glycerol. The enzymes were
were purchased from Fisher. Adenosinetriphosphate  thawed on ice (4C) and used immediately for kinetic study.
(ATP), lactate dehydrogenase, type II, from bovine heart  Autophosphorylation of GST-kiApproximately 3Qug of
(LDH), lysozyme, nicotinamide adenine dinucleotide, re- total protein was mixed With)32P]JATP (10xM) and 10
duced (NADH), phosphoenolpyruvate (PEP), and pyruvate mm MgCl, in a final volume of 5QuL for each mutant and
kinase, type Il, from rabbit muscle were obtained from the wild type. The reaction mixtures were incubated at room
Slgma Cellulose resin DE52 was pUrChased from Whatman.temperature for 3060 min, and the reactions were Stopped
Media supplies (bacto-agar, yeast extract, and tryptonepy adding 50uL of 2x SDS-PAGE loading dye. The
peptone) were purchased from Difco. The oligonucleotides mutants and GST-kin were separated from reagents on an
were obtained from Retrogene. DNA Mini-Prep Kits were 895 SDS-PAGE gel. The dried gels were exposed to
purchased from Qiagen. The QuikChange Site-Directed autoradiography film for 5 min, and the film was developed.
Mutagenesis Kit and Epiciurian Coli XL-1 Blue cells were  Radiochemical Kinetic Assay$he enzymatic activities
purchased from StratagenEscherichia colistrain BL21-  of the enzymes were measured by monitoring the incorpora-
(DE3) was purchased from Novagen. The plasmid vector tion of 2P into the substrate peptide from-}2P]ATP.
PGEX-2T and sequencing primers pGEX&hd pGEX 5 Typical reaction mixtures contained 10 mM free Mg
were purchased from Pharmacia. varying levels of ATP (from 0.05 to 3 mM), 50 mM Mops

Construction of MutantdViutations at Arg-1042 and Arg-  (pH 7.0), 2-30ug of R1042A or R1066A, and varying levels
1066 in the kinase domain of v-Fps were created by PCR of of EAEIYEAIE (from 0.05 to 2.4 mM) in a total volume of



10080 Biochemistry, Vol. 40, No. 34, 2001 Leon et al.

50 uL. The enzyme and ATP were pre-equilbrated for
approximately 5 min prior to reaction initiation. The reactions

were stopped after 10 min with 26% acetic acid, and the
phosphorylated peptide was separated using a DE52 cellulose
column, pre-equilibrated in 30% acetic aci¥). All samples

were collected in scintillation fluid and counted with a
Beckman LS 1701 scintillation counter. Controls were
performed in the absence of substrate, and the background
was normally less than 5% of the reaction CPM readings. Asp 1043

Coupled Enzyme AssayEhe activity of the wild-type
enzyme was measured by spectrophotometric analysis using
a coupled enzyme assay, in which ADP production is coupled
with the oxidation of NADH using pyruvate kinase and prure 1: Model of the environment surrounding the phospho-
lactate dehydrogenase. The reactions were manually starteg@ylation site in the activation loop of v-Fps. This model was
with varying levels of EAEIYEAIE (from 0.1 to 10 mM).  generated from the crystallographic coordinates of the INBK (
The working reaction mixtures contained 50 mM Mops (pH The phosphate of Tyr-1073 forms electrostatic interactions with

Arg-1042 and Arg-1066. Asp-1061 of the activation loop (green)
7.0), 0.50 mM phosphoenolpyruvate, 0.12 mM NADH, 2 chelates two Mg ions (yellow spheres), while Arg-1042 is the

units of lactate dehydrogenase, 0.5 unit of pyruvate kinase. first residue in the catalytic loop (orange) which contains the
2 mM ATP, 12 mM MgC}, and GST-kin in a total volume  conserved Asp-1043.

of 60 uL. The rate of NADH conversion to NAD was

Asp 1061

pTyr 1073

monitored at 340 nm over a time range of 40 s. VaIS]

Background reactions in the absence of peptide (taken at v= I (2)
0—30 s) determined that ATPase activity did not exceed 10% [S]+ Km(l + f)

of the enzyme rate, and initial velocities varied linearly with l

rotein concentration. . ' .
P where Vi¥P is Vimax at the fixed substrate peptide or ATP

Viscqsometric Measuremenﬁ?e relative viscqsities were oncentration and; is the inhibitory constant for ADP or
determined using an Ostwald viscometer against a standartc Ag|FEAIE. In the inhibition studies, S is ATP or substrate

buffer of 50 mM Mops (pH 7.0), according to previously nentide and is held constait, represents thi, for either
published procedure®). The relative viscosity of each zTil)Dlor subsltrate peptide.mm P " I

buffer was calculated using eq 1:

RESULTS
t(% % L .
7™ _ 100 X p(%0) (1) Model of the Actiation Loop of »-Fps. Most protein
t p kinases that are activated through activation loop phospho-

rylation contain two or three positively charged residues that
stabilize the phosphoamino acit) (While no X-ray structure
for v-Fps is yet available, the structures of several homolo-
gous TPKs have been reportes] {4, 29—31). The overall

whereyn™® is the relative solvent viscosity(%) andt are the
transit times, ang(%) andp are the densities of the viscous
and standard buffers, respectively. For the kinetic studies,

sucrose ?e(,) ncentrations ranging from 0 to 33% were used Ostructures of the phosphorylated forms of these enzymes are
provides™ values ranging from 1 to 3.4. very similar, particularly in the active site and activation loop
Modeling the Kinase Domain ofFps.The kinase domain  regions. The construction of a structural model of the v-Fps
of v-Fps was modeled structurally against the crystal- kinase domain reveals two electrostatic interactions, poten-
lographic coordinates of INRK (PDB entry 1ir3) using the tjally important for activity control. Figure 1 displays a model
programs Homology and Insight Il (MSI). The InRK of the activation loop of v-Fps generated from the X-ray
template was crystallized in the fully active trisphosphoryl- coordinates of the INRK, a TPK activated by phosphorylation
ated form with an ATP analogue (AMP-PCP) and two (5). The phosphotyrosine in the activation loop of v-Fps
divalent metals boundsf. The v-Fps model structure was  (pTyr-1073) interacts with two charged residues: Arg-1042
then energy minimized for 10 000 iterations using distance- and Arg-1066. The former is the first residue of the catalytic
dependent dielectric constants with the program Discover |pop (RDLAARN) and is one residue away from Asp-1043.
(MSI). Asp-1043 is strictly conserved in all protein kinases and is
Analysis of Data.Steady-state kinetic parametevgas, likely to form a hydrogen bond with the hydroxyl of the
Koeptide @nd Karp were determined by plotting the initial ~ substrate, based on X-ray data from other protein kinases
reaction velocity versus either the total substrate concentra-(5, 32, 33). Unlike Arg-1042, Arg-1066 is part of the
tion at fixed ATP concentrations or the total ATP concentra- activation loop and is near another conserved aspartate (Asp-
tion at fixed substrate peptide concentrations. The turnover 1061). The latter residue chelates the primary and secondary
rate K.a) was calculated by dividing the maximum reaction magnesium ions in the active sites of other protein kinases
velocity (Vmay by the total enzyme concentration. The (33, 34), thus positioning the’-phosphate of ATP.
inhibitory parameter,, was obtained by plotting the initial Autophosphorylation and Acfty Profiles of the Mutants.
reaction velocity versus the total ADP concentration or the The specific activities of the mutants and wild-type v-Fps
inhibitor (EAEIFEAIE) concentration at fixed ATP and were measured using the substrate peptide EAEIYEAIE and
substrate peptide concentrations using the following equationthe radiochemical assay. As shown in Figure 2A, the specific
for competitive inhibition activity of R1066A is very close to those for the autophos-
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could be used potentially to phosphorylate the mutants, the
2 ; = specific activities of the resulting activated mutants would

FiGURE 2: Catalytic and autophosphorylation properties of wild- not be known, because of the presence of contaminating wild-

type and mutant forms of v-Fps. (A) Relative specific activities of type enzyme.

wild-type and mutant proteins. The activities of the proteins are  stapjlity of Mutant and Wild-Type ProteiriBo determine

measured using 3 mM ATP, 13 mM MggCland 2 mM EAEI- i o
YEAIE, and the protein concentrations are measured using awhether the low specific activities of the mutants compared

Bradford assay. The specific activities of the mutants, determined t0 that of the wild type are due to an unstable enzyme,
from 10 min incubations of enzyme with substrate and ATP, are catalytic activity was monitored as a function of freezing
displayed relative to that of the wild type which is set at 100%. and thawing and incubation time at room temperature. In a

The percent specific activities are also displayed numerically by i i A _
the bars. The data for the Tyr-1073 mutants were taken frora ref Evrae\gt% l;ZdSt:‘J:ry’Slé\\;\éar;d;rgg{]hsstri[{gg toh Ca tV\C/IItIg %lg)elovsgﬁﬁ can

(B) Autophosphorylation of the wild type and mutants. The proteins . . . .
were pre-equilibrated withyf32PJATP and then run on an 8%  catalytic activity @, 35). Likewise, both R1042A and
polyacrylamide gel. The Coomassie stain of the gel is shown on R1066A could be stored at80 °C for several months with

the left, whereas the autoradiogram of this gel is displayed on the no depreciation in specific activity (data not shown). Also,
right. the mutants could be subjected to three cycles of freezing

. . . and thawing with no appreciable loss in activity (data not
phorylation mutants and is approximately 50-fold lower than shown). To determine whether the mutants are subject to

that for the phosphorylated wild-type enzyme. In comparison, (ime_dependent inactivation during the course of experiments
the specific activity of R1042A is-2000-fold lower than 5t 15om temperature, substrate phosphorylation was moni-
that for the wild type and 50150-fold lower than those for 14164 over long time periods in excesss of normal kinetic
the autophosphorylation mutants. Determination of whether assays. As shown in Figure 3, the extent of time-dependent
Arg-1066 and Arg-1042 influence the phosphorylation state phosphorylation of substrate by the wild type and R1042A,
of Tyr-1073 in v-Fps was examined by comparing the extent the |east active mutant, is linear for up to 1 h. This is
of autophosphorylation in the mutant enzymes relative to gqujvalent to the time range used in the autophosphorylation
that in wild-type v-Fps. Equal amounts of protein, determined experiments (Figure 2B). Thus, the enzymes are stable
with a Coomassie-stained polyacrylamide gel, were incubatedtoward low-temperature storage, do not lose activity during
with [y-*P]JATP. As shown in Figure 2B, there is a clear multiple freeze-thaw cycles, and maintain catalytic activity
decrease in the extent of autophosphorylation for both for 1 h atroom temperature, a time frame longer than the
R1042A and R1066A compared to that of the wild type, normal assay periods.

indicating that both residues play a significant role in the  Steady-State Kinetic and Inhibitory Parameters for Wild-
activation of v-Fps. It has been shown in previous studies Type and Mutant EnzymeBhe steady-state kinetic param-
that v-Fps, expressed in both bacterial and eukaryotic hostseters for the mutants and wild type, summarized in Table 1,
is autophosphorylated on a single tyrosine in the kinase were determined by varying the ATP concentration at fixed
domain (Tyr-1073) at a stoichiometry of approximately 0.6 substrate peptide concentrations or by varying the substrate
mol of phosphate/mol of enzym@%). The level of incor-  peptide concentration at fixed ATP concentrations. Both
poration of*2P into the two mutants is less than 10% of this mutations affect th&, for ATP (Karp) by ~2-fold relative
amount based on densitometry readings of the autoradiogranto that of the wild type. Th&, for the substrateKpeptiad iS

in Figure 2B. Incubation of wild-type and mutant enzymes not significantly affected for R1042A or R1066A. The
with and without the Mg-ATP complex for up to 30 min  mutants lowerk., by 30- and 2000-fold for R1066A and
did not affect the specific activities, indicating that all R1042A, respectively, with respect to that of the wild type.
proteins cannot be further phosphorylated within the time The inhibitory constants for ADP and EAEIFEAIE were
frame of the assays (data not shown). While wild-type v-Fps measured for the mutants and wild type using the radio-
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Table 1: Steady-State Kinetic Parameters for Mutant and
Wild-Type Enzymes

parameter wild type R1042A R1066A Y1073F
Keat (Min~2) 840+ 180 0.42+0.13 26+ 6 20
Kpeptide(MM) 0.43+0.10 0.32+-0.08 0.37+0.08 1.1
Kate (MM) 0.224+0.05 0.37+0.12 0.13£0.02 0.25
Keal Kpeptide 2000+ 600 1.3+0.8 70+ 22 18

(MM~ minY)
K\(ADP) (mM)
K,(EAEIFEAIE)

(mM)

1.1+ 0.15 0.69+0.05 0.364+0.06
4.2+0.70 0.36:0.036 4.2+-1.0

@ The steady-state kinetic and inhibitory parameters were measured

in 50 mM Mops buffer (pH 7) using 10 mM free Mg The derivation
of the individual constants is outlined in the tekfThe data for the
autophosphorylation mutant, Y1073F, were taken from3ref

chemical assay. The enzymes were pre-equilibrated with ATP
and varying amounts of the inhibitors{@0 mM ADP or
EAEIFEAIE) before reaction initiation with 0.462.35
mM substrate peptide. The inhibitory constants for ADP
[Ki(ADP)] and EAEIFEAIE K,(EAEIFEAIE)] were obtained
from plots of v versus increasing inhibitor concentrations
using

eq 2. As summarized in Table K,(ADP) is 2—3-fold lower

for R1042A and R1066A than for the wild type. The
KI((EAEIFEAIE) for R1066A is identical to that for the wild
type. In contrast, th&,(EAEIFEAIE) for R1042A is~12-
fold lower than that for wild-type v-Fps.

Viscosity Effects on the Kinetic Parameteféie steady-
state kinetic parametefg,: and Keaf Kpepiige fOr the mutants
and wild type were studied as a function of varying solvent
viscosity using fixed concentrations of ATP (2 mM) and
MgCl, (12 mM) with varying concentrations of the substrate
peptide (0.0+3.92 mM). The mutants were assayed using
the radiochemical assay, while the wild-type enzyme was

assayed using the coupled enzyme assay. The ratios of the

steady-state kinetic parametekss and KealKpeptige in the
absence and presence of sucrokgy{/Kearand Keal Kpeptiad °/
(kealKpepiiad] are shown plotted as a function of relative
solvent viscosity ™) in Figure 4. The data were fit to linear
functions, and the slope valudged’ and KcafKpepiad”] are
listed in Table 2. At the highest sucrose concentration (33%),
the observed reaction velocities are enzyme-dependent
indicating that any rate reductions compared to 0% sucrose
are not due to inhibition of the coupling agents (data not
shown).

The viscosity effects on the wild-type enzyme have been
interpreted previously according to the simple kinetic mech-
anism shown in Scheme Bg, 36)

Scheme 1

ko
EeATP + S . E*ATPeS
k2

k4
EsADPesP ——

wherek, andk_, are the association and dissociation rate
constants for the substrate, respectivddy s rate of the
phosphoryl transfer step, and is the net rate of product
release. Since thie andk, steps are bimolecular, increases
in solvent viscosity are expected to lower proportionally the

observed rates of these steps according to the relative

viscosity of the buffer §® = ksk, = k°,/k—» = kj/kd] (37,
38). In comparison, theks step is not expected to be
influenced by solvent viscosity since it is unimolecular. It
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FIGURE 4: Plots of relativekey (A) and relativekea/Kpepide (B) VS
relative solvent viscosityr(¢) for wild-type v-Fps @), R1066A

(0), and R1042AM). Relativek.q;and relativek /K, are the ratios

of the parameters in the absence and presence of added viscosogen
[(Keap) °/keat OF (KealKm)°/(Keaf Km)]- The data are fit with line functions
whose slope values are given in Table 2.

Table 2: Effects of Solvent Viscosity on the Steady-State Kinetic
Parameters for Wild-Type and Mutant Enzyrhes

parameter wild type R1066A R1042A
Keat ® 0.74+ 0.04 0.06+ 0.04 0.34+ 0.032
(Kealkpepiad”®  0.01+0.03  —0.22+0.08  0.016+ 0.054
ks (s73)¢ 54+ 14 0.46+0.11
ke (1) 19+ 4 7.2+5.1

2 The steady-state kinetic parameters were measured in 50 mM Mops
buffer (pH 7) using 10 mM free Mg at varying percentages of sucrose.
’b The values fok:a and Kealkoepiiad” are the slopes of the linear plots
In Figure 4. These rate constants are determined using eqs 3 and 4
and the equation fdk, derived from Scheme Kfa = kska/(ks + ka),
whereks = Keafkeat’ andks = Keaf(1 — keaf)]-

was shown previously tha is, indeed, unaffected by solvent
viscosity, whereag, is sensitive to viscosogenic agents for
wild-type v-Fps 85). The former conclusion is derived from
the observation that no viscosity effect is observedkgn
using poor substrate88). The magnitude of the viscosity
effect onkea and kealKpepiice CaN be quantified using eqgs 3
and 4.

R
kcat k3 + k4 (3)

(kca{K[:)eptidty7 - m 4)

A slope of 1 forkeaf and KeafKpepiad” implies that the rate
of phosphoryl transfer is faster than that of net product release
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and the dissociation rate for the substrdte, (< ks > ky).
In contrast, the absence of viscosity effects on either steady-
state kinetic parameter is consistent with slow phosphoryl
transfer compared to the other steps in the reaction scheme
(k-2 > ks < ka).

An intermediate value fokg{ is obtained for the wild
type and is consistent with partial rate limitation kyand
k4 (Table 2). In comparison, no significant viscosity effect
is observed ork., for R1066A, an effect that is consistent - , , ‘ ,
with rate-limiting phosphoryl transfer (i.eks << kq). A switch 10 20 30 40 50
in the kinetic mechanism from partially rate-limiting phos-
phoryl transfer to rate-limiting phosphoryl transfer has been [free Mg*] (mM)
observed previously for several mutants of v-F<2g, 36). FiGURe 5: Effects of free M@ on the activation of wild-type v-Fps
In general, mutants with very low values fiy,; compared  (O), R1042A 1), and R1066A @). Enzymes are pre-equilibrated

to that of the wild type are expected to display blunted ‘(’)ViéhtATS%(z m;\/') andtva_ryitr]gt_free ?otrrl]centratifpns Oftfl"ggrfm "
. . . . (0] m prior 1o Iniuaton O e reaction wi 4 m
viscosity effects on this parameter. Such a result SljpportsEAEIYEAEI. The initial velocities ¢) are normalized to the

the interpretation of the kinetic mechanism in Scheme 1 for ye|ocities attained at infinite free Mg derived from hyperbolic
the mutants. Wild-type v-Fps displays no viscosity effect on fitting. The apparent affinities of Mg (Kwg) are 16+ 1, 12+ 2,
KealKpeptide @ result which implies that the substrate is in rapid and 0.70+ 0.03 mM for the wild type, R1042A, and R1066A,
exchange with the active site (i.&, < k 7). In contrastto ~ respectively. The wild-type value is fit to a non-zeyéntercept
this simple model for the wild type, a large viscosity effect that is 12-fold lower than the maximum rate at an infinite freeMg
. : *Cl - concentration.
is observed ork.,; for R1042A, although this parameter is
considerably lower than the values for R1066A and the wild (1). Some of these motions have been observed in solution
type. Also, viscosogenic agents increaleg/Kpepige for using hydrogen-deuterium exchange studied9(40). In this
R1066A, an effect that is not consistent with the original study, the function of two electropositive residues, positioned
presumptions applied to the model depicted in Scheme 1.to stabilize the activation loop phosphotyrosine in the
These issues will be considered further in the Discussion. ohcoprotein v-Fps, was studied in a solution setting. The goal
Effects of Free Magnesium on Reaction Veloditgreas- IS {0 determine whether Arg-1042 and Arg-1066 (Figure 1)
ing the free concentration of My potently activates the ~ function solely as rigid anchors for the phosphotyrosine or
catalytic activity of wild-type v-Fps because of the increased Whether they serve other functions not readily apparent in
occupancy of a second metal binding site in the nucleotide € crystallographic models. In the former case, itis expected
pocket @6). The primary metal binds as an ATRIg that removgl of t.he. arginines would produce mutants with
complex so that changes in the level of freeqeasures kinetic profiles S|m|lar to th(_)se for the dephosphorylated,
the level of binding to the second site. The effects of arginine- '€Pressed enzyme. Since wild-type v-Fps readily autophos-
to-alanine mutations on the affinity of this second ¥gpn phorylates in vitro, we can mimic the repressed state with
in the active site were examined by ploting versus ~ Mmutants at Tyr-1073 (Y1073F, -Q, and -E) and use the
increasing free Mg concentrations (from 0.25 to 50 mm  Piophysical parameters of these proteins to set the basal
free) at fixed peptide (2.35 mM) and ATP (2 mM) concen- activity level prior to activation. If.the eIeptroposnwe reS|du¢s
trations. The relative velocities of the mutants and wild type S€rve other functions, altered biophysical parameters might
are displayed in Figure 5. The data are fit to hyperbolic reveal insights into how the phosphotyrosine in the loop

functions to obtain dissociation constants for MgKug) of regulates the phosphoryl transfer reaction from a distal
16 + 1, 12+ 2, and 0.70 0.02 mM for the wild type location. While v-Fps is oncogenic, there are no differences

R1042A, and R1066A, respectively. For the mutants, the in the kinase domains of the viral and cellular forms so that
initial velocity extrapolates to a near-zero value at zero free (Nese studies may be largely applied to other members of
metal ion concentration. For the wild type, however, a non- € Fps/Fes family. Both arginines are essential for high-
zero intercept, which is 12-fold lower than the maximum €Vel autophosphorylation since either mutation leads to
rate, is attained at zero free metal. This is consistent with €NZymes with poor autophosphorylation properties (Figure

previous findings for the wild-type enzyma6). We presume ~ 2B)- Initial crude activity assays suggest that Arg-1066
that the extrapolation to near-zero initial velocity for R1042A functions only to stabilize the phosphotyrosine since removal

and R1066A does not necessarily imply that these mutantsOf this residue in R1066A leads toa catalytic activity sim_ilar
are not active in the absence of the second metal ion. Rather!C those for the autophosphorylation mutants. In comparison,
it is difficult to measure these rates for the low-activity € Specific activity of R1042A is almost 2 orders of
mutants at low concentrations of free Mdi.e., <0.5mM).  Magnitude lower than those of Y1073Q and Y1073F (Figure
Furthermore, the reaction velocity for R1066A increases 2A), Suggesting that this residue serves other functions in
sharply at low, free Mg concentrations, making it difficult ("€ kinase domain.

to attain an accuratgintercept determination. Effects of Arginine Replacement on the Phosphoryl
Transfer RateTo attain a more informed understanding of

DISCUSSION the effects of the arginine-to-alanine substitutions in v-Fps,
steady-state kinetic parameters for R1042A and R1066A
The upregulation of protein kinases through activation loop were determined and compared to those of Y1073F, a mutant
phosphorylation is associated with a number of conforma- that represents the repressed form of the enzyme. Consistent
tional changes detected using X-ray crystallographic methodswith the specific activity measurements, the turnover number

Relative Velocity
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for R1066A is similar to that for Y1073F while that for Phosphotyrosine Countercharges Influence Ligand Affinity.
R1042A is approximately 2 orders of magnitude lower (Table While the mutations do not impa#iare or Kpepigey more

1). For R1066A, the 30-fold decreasekig relative to that than 2-fold, these observations do not imply that the true
of the wild type is due to a 100-fold decrease in the rate of affinities of peptide and nucleotide are unaffected. Apparent
phosphoryl transfer (Table 2). This decrease is similar to affinity constants are complex terms that may involve the
that observed for the autophosphorylation mutants, further mathematical inclusion of all the forward and reverse steps
strengthening the role of Arg-1066 as a rigid electropositive in the kinetic mechanism. For example, gfor a substrate
anchor for phosphotyrosine3); The assessment of the peptide (LRRASLG) bound to PKA is~2 orders of
phosphoryl transfer rate relies upon the measuremekt,of magnitude higher thalpepicgebecause of a rapid phosphoryl
and, thus, the active enzyme concentration. Two important transfer rate and a slow net release rate for produtts (
observations indicate that the, effect on R1066A is not  Viscosity studies can be used to estimidgeralues 28, 36),

due to an inactive enzyme. First, increased viscosity doesbut in the study presented here, R1042A does not conform
not affectk., for R1042A relative to the wild type (Table to the simple kinetic mechanism in Scheme 1 because of
2). If mutation partitions the enzyme between inactive and the large viscosity effect on turnover (Table 2). Given these
active forms through changes in protein stability, a wild- limitations, inhibitor studies were used to determine the

type-like viscosity effect would be anticipated sirlcg’ is affinities of various ligands in the active sites of the mutants.
a relative parameter and has no enzyme dependence. Thitnlike K, measurements, by definitiold; values reflect true
criterion has been applied to other mutants of v-FRjH£8, affinity constants for a ligand and an enzyme. Both mutations

36) and the nonreceptor TPK, Csk1), and the dephospho-  have effects of 23-fold on ADP binding, while the affinity
rylated forms of the INnRKX3) and Cdk2 4). Moreover, the of the inhibitor peptide toward R1066A is unaffected relative
disappearance of a viscosity effect is a standard control forto the wild type. Surprisingly, the affinity of the inhibitor
the correct interpretation of enzyme viscosometric studies peptide is enhanced by 12-fold by the removal of Arg-1042
(37). Second, the mutation at Arg-1066 causes changes in(Table 1). This unusual finding is not predicted by the model
the affinity of the activating metal ion, Mg, which is not in Figure 1 or the X-ray structures of other protein kinases.
dependent upon enzyme concentration (Figure 5). On the basis of these data, we conclude that the arginine in
While R1042A displays a lowét, than R1066A (Table the catalytic loop of v-Fps destabilizes the binding of
1), a measurable viscosity effect is observed on this parameteisubstrate. While this conclusion is inferred from inhibitor
(Table 2). This effect is not consistent with a simple studies, itis likely that this applies to substrates as well since
phosphorylation mechanism in which the catalytic step is the inhibitor only differs from the substrate by a phospho-
limited solely by phosphoryl transfer as expected for a mutant rylatable hydroxyl, binds with an affinity similar to that of
bearing a lowk.s. Nonetheless, thie. effect for replacement  the substrate, and is purely competitive with the substrate
at Arg-1042 is not likely to result from an inactive enzyme (35).
for three reasons. First, the enzyme is stable under all storage Selectie Effects on the Metal Actitor. The phosphoty-
and assay conditions for the experiments (Figure 3). If the rosine in the activation loop of v-Fps activates the kinase
mutant destabilized the enzyme, time-dependent inactivationdomain by enhancing the rate of phosphoryl transfer by 2
would be expected. Second, the viscosity effectkgnis orders of magnitude without affecting ligand affinit@)(
intermediate between those of R1066A and the wild type. If Thus, stabilization of this residue through carefully positioned
the overall effect of the mutation is to generate large amounts countercharges is essential for high catalytic throughput.
of inactive enzyme, a change in the kinetic mechanism, asWhether these electropositive residues serve other functions
evidenced by the altered viscosity effect, would not be has been unclear, until now. The data for R1066A are
expected. Third, mutation at Arg-1042 influences peptide consistent with the simple, localized function of phospho-
binding, a parameter that is independent of active enzymetyrosine stabilization since the steady-state kinetic parameters
concentration (Table 1). The viscosity effect on R1042A can are close to those for the autophosphorylation mutants (Table
be explained if a large, slow conformational step linkits 1 and Figure 2). However, a closer look at the activation
Large viscosity effects on poorly active mutants of triose- parameters of this mutant reveals a surprising role for Arg-
phosphate isomerase have been reported and accordinglt066. Wild-type v-Fps is strongly activated by Ffig
linked to movements in an active site logf2]. Because of concentrations that are in excess of the ATP concentration
the position of Arg-1042 in the active site (Figure 1), it is because of the binding of a second metal ion in the active
conceivable that the arginine controls vital motions in the site 26). Since Arg-1066A is close to the conserved Asp-
catalytic loop such that mutation impairs fast attainment of 1061, which chelates the metal ions (Figure 1), we wondered
a productive form. Such an event would expand the kinetic whether this positively charged residue could individually
mechanism in Scheme 1 to include a slow conformational serve the auxiliary function of modulating metal ion binding.
change that might precede the phosphoryl transfer step. InAlthough R1042A binds Mg with a Kyq close in value to
further support of this model, mutation of the conserved that for the wild type, surprisingly R1066A binds Kfg23-
aspartate (D149N) in the catalytic loop of phosphorylase fold betterthan the wild type (Figure 5). These results have
kinase, an enzyme that does not require activation loop not been observed for any of the autophosphorylation mutants
phosphorylation, lead®ta 3 orders of magnitude decrease (3), suggesting that Arg-1066 serves the unique function of
in keay yet the protein is fully folded and exhibits a large destabilizing the binding of one of the active site metal ions.
viscosity effect on this parameten3). Because of the  Also, these observations, like those derived from the inhibitor
location of this residue in the catalytic loop, the latter solvent affinity studies in the previous section (Table 1), are
effect could be related to the proposed slow conformational predicated upon protein-independent parameters and, thus,
change. do not vary with the active enzyme concentration.
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Relative
Affinity

Ficure 6: Relative binding affinities of magnesium and peptide
inhibitor to wild-type and mutant enzymes. Relative affinity is
expressed as the ratio of the dissociation constants for the inhibitor
(Ki) or magnesiumKy,) relative to the wild-type v-Fps parameters.
Values of >1 imply that the ligand displays improved affinity
relative to the wild type. The data for the wild type, R1042A, and
R1066A are taken from Table 1, whereas the data for Y1073E and
Y1073Q are taken from re3.

General Principles for Electrostatic Stabilization of the
Activation Loop in Fps-Related Enzymé&de introduction
of arginine-to-alanine replacements in v-Fps permits us to
derive some general principles for phosphorylation-driven
activation that could be applied to other members of the Fps/
Fes protein kinase family. First, phosphorylation of the
activation loop and its stabilization by electropositive residues

does not enhance substrate or nucleotide binding. These

results support the notion that the activation loop in v-Fps
is not an autoinhibitor as proposed for the InF3énd Cdk2

(7). Second, both electrostatic contacts (Arg-1042 and Arg-
1066) are essential for high catalytic activity and phospho-
tyrosine stabilization. Third, both arginines serve discrete
functions for substrate phosphorylation beyond phospho-
tyrosine stabilization. As shown in Figure 6, R1042A
uniquely affects peptide binding without influencing Mg
binding. In contrast, R1066A does not influence peptide
binding but uniquely increases the affinity of kg These
findings indicate that the electrostatic stabilization of the
activation loop is attained at the expense of high substrate
and activating metal ion affinities. This is reminiscent of the
Circe effect in which an enzyme residue or ensemble of
residues induces strain in the substrate to better facilitate
formation of the reaction transition stat#b( 46). While the
data presented herein are derived from mutants which mimic
the repressed form of v-Fps (i.e., unphosphorylated at Tyr-
1073), there is no evidence that activation loop phosphoryl-
ation relieves this strain. The binding affinities of substrate
and metal are the same in both the phosphorylated and
dephosphorylated (Y1073Q and -E, respectively) enzyme
forms and are both lower than those for R1042A and R1066A
(Figure 6). As predicted, this strain is only relieved in the
reaction transition statet9, 46). At this time, it is unclear
how the electropositive centers specifically induce strain in
the active site. Whatever the molecular cause, however, the

data suggest that v-Fps and possibly other protein kinases

limit the maximum binding potential in the active site in

place of a fast phosphoryl transfer step that can be regulated g

through loop phosphorylation.
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