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ABSTRACT: Mutations were made in the activation loop tyrosine of the kinase domain of the oncoprotein
v-Fps to assess the role of autophosphorylation in catalysis. Three mutant proteins, Y1073E, Y1073Q,
and Y1073F, were expressed and purified as fusion proteins of glutathione-S-transferase fromEscherichia
coli and their catalytic properties were evaluated. Y1073E, Y1073Q, and Y1073F havekcat values that
are reduced by 5-, 35-, and 40-fold relative to the wild-type enzyme, respectively. For all mutant enzymes,
theKm values for ATP and a peptide substrate, EAEIYEAIE, are changed by 0.4-2-fold compared to the
wild-type enzyme. The slopes for the plots of relative turnover versus solvent viscosity [(kcat)η] are 0.71
( 0.08, 0.10( 0.06, and≈0 for wild type, Y1073Q, and Y1073E, respectively. These results imply that
the phosphoryl transfer rate constant is reduced by 19- and 130-fold for Y1073E and Y1073Q compared
to the wild-type enzyme. The dissociation constant of the substrate peptide is 1.5-2.5-fold lower for the
mutants compared to wild type. The inhibition constant for EAEIFEAIE, a competitive inhibitor, is
unaffected for Y1073E and raised 3-fold for Y1073Q compared to wild type. Y1073E and Y1073Q are
strongly activated by free magnesium to the same extent and the apparent affinity constant for the metal
is similar to that for the wild-type enzyme. The data indicate that the major role of autophosphorylation
in the tyrosine kinase domain of v-Fps is to increase the rate of phosphoryl transfer without greatly affecting
active-site accessibility or the local environment of the activating metal. Finally, the similar rate
enhancements for phosphoryl transfer in v-Fps compared to protein kinase A [Adams et al. (1995)
Biochemistry 34, 2447-2454] upon autophosphorylation suggest a conserved mechanism for communica-
tion between the activation loop and the catalytic residues of these two enzymes.

Protein kinases direct cellular processes by controlling the
phosphorylation level of target proteins. The addition of
phosphoryl groups by protein kinases to key target proteins
can affect metabolism, differentiation, secretion, DNA
transcription, and cell division in the normal cell. Accord-
ingly, protein kinases are strictly regulated in the cell by
several mechanisms, including phosphorylation. Most protein
kinases have a reversible phosphorylation site in the kinase
domain that strongly activates catalytic function. Phospho-
rylation may be catalyzed by the same enzyme (autophos-
phorylation) or by another protein kinase. For example,
cyclin-dependent protein kinases initiate progression through
the cell cycle only when they are phosphorylated by another
protein kinase in a critical loop region in the kinase domain
known as the activation loop (1-4). This loop, located
outside the active site, connects twoâ strands in the large
lobe of the kinase domain. It is thought, on the basis of the
X-ray structures of the phosphorylated and unphosphorylated
forms of two protein kinases, cdk2, a cyclin-dependent kinase
(5-7), and the insulin receptor kinase (IRK)1 (8, 9), that
this loop is mobile when nonphosphorylated, occludes the
substrate cavity, thereby prohibiting access to the active site,
and alters the positioning of several key catalytic residues.
These catalytic residues include a conserved aspartic acid

in the DFG loop, which chelates the two metal ions, and a
conserved glutamic acid, which forms an electrostatic
interaction with a conserved lysine, fixing the nontransferable
phosphates of ATP.

We have previously shown, using site-directed mutagen-
esis and detailed kinetic analyses, that autophosphorylation
in the catalytic subunit of PKA has significant effects on
two events in the catalytic cycle: ATP binding and phos-
phoryl transfer (10). Surprisingly, no mutations in Thr-197,
the phosphorylation site in the activation loop, influence the
binding affinity of substrate. While the structural studies on
IRK and cdk2 indicate that phosphorylation should assist
substrate binding, the kinetic results with PKA contradict
these findings. Since no three-dimensional structure for the
nonphosphorylated form of PKA is available, it is possible
that the activation loop of PKA behaves differently than those
for IRK and cdk2. Alternatively, the X-ray structures for
these two protein kinases may not depict correctly the
orientation of the activation loop in solution when nonphos-
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phorylated. In support of this, theB factor for the activation
loop in the nonphosphorylated cdk2 and other protein kinases
is high, suggesting that this region of the protein is disordered
in the crystal form.

To gain further insights into the role of phosphorylation
in controlling the kinetic pathway for protein phosphoryla-
tion, we made several mutations in the activation loop of
the kinase domain of the nonreceptor TPK, v-Fps. v-Fps is
the oncogenic, retroviral product of the chicken c-Fps gene
and has been shown to induce transformation in several cell
lines including chicken embryo fibroblasts and Rat-2 cells
(11-13). Most recently, it has been shown that the normal
cellular forms of the Fps/Fes family are involved in the
terminal differentiation of macrophages, making this enzyme
family an important component of the immune response (14).
We have expressed and purified a highly active, phospho-
rylated form of the kinase domain of v-Fps as a fusion protein
of glutathione-S-transferase (GST) (15). This enzyme (GST-
kin) is active toward exogenous peptide substrates and
possesses a turnover number similar in value to that for PKA
(16). We now report that removal of the phosphorylation
site in the kinase domain of v-Fps primarily influences the
rate of phosphoryl transfer without negatively affecting the
binding affinity of the substrate or ATP or the local
environment around the second, activating metal.

MATERIALS AND METHODS

Materials. Adenosine 5′-triphosphate (ATP), phospho-
enolpyruvate, magnesium chloride, nicotinamide adenine
dinucleotide, reduced (NADH), tris(hydroxymethyl)ami-
nomethane (Tris), 3-(N-morpholino)propanesulfonic acid
(Mops), pyruvate kinase type II from rabbit muscle, and
lactate dehydrogenase type II from bovine heart were
purchased from Sigma. Ethylenediaminetetraacetic acid
(EDTA) and dithiothreitol (DTT) were purchased from
Fisher. The restriction enzymesEcoRI andPstI and elongase
were purchased from Life Technologies, Stratagene, or New
England Biolabs. Ultrapure agarose, cesium chloride, calf
intestinal alkaline phosphatase, and T4 DNA ligase were
purchased from Life Technologies. Ethidium bromide was
purchased from Research Organics. Oligonucleotides were
synthesized by Genset. DNA miniprep kits were purchased
from Qiagen or Promega. TheEscherichia colistrains BL21-
(DE3) and SURE were purchased from Novagen and
Stratagene, respectively.

Construction of Mutant Proteins. Mutants in the kinase
domain of the v-Fps gene were made by PCR with a Perkin-
Elmer T1 thermocycler, using four oligonucleotides for each
mutation: two that define the ends of the kinase gene and
two for the sites of mutation. The ends of the kinase gene
were defined by the two oligonucleotides 5′-CGGGAAT-
CAGCGGCCCATCACCCGCA-3′ and 5′-GATGAATTC-
CGTTTGCGG-3′. The three following sets of oligonucle-
otides were used to make the mutations: Y1073Q, 5′-GAT-
GGTGTCCAGGCCTCCACG-3′ and 5′-CGTGGAGGCC-
TGGACACCATC-3′; Y1073E, 5′-GATGGTGTCGAGGC-
CTCCACG-3′ and 5′-CGTGGAGGCCTCGACACCATC-3′;
and Y1073F, 5′-GATGGTGTCTTTGCCTCCACG-3′ and 5′-
CGTGGAGGCAAAGACACCATC-3′. The PCR reactions
were performed in a total volume of 50µL with 60 mM
Tris (pH 9.1), 18 mM (NH4)2SO4 with 1.8 mM MgSO4,

10 ng of template DNA, 0.2 mM of each dNTP, 1 unit of
elongase, and 1µM each primer. Primary PCR created the
mutation while amplifying each half of the gene. Secondary
PCR combined the two halves and amplified the entire
mutant genes. The PCR products were ethanol-precipitated,
dried, dissolved in TE buffer, and digested withEcoRI. The
digested fragments were purified and ligated into theEcoRI
site of pGEX-2T. The ligation products were transformed
into a recombination-minus SURE strain ofE. coli. Plasmid
DNA from the putative clones was purified and the orienta-
tion of the inserted fragment was determined by aPstI
digestion. The correct clones were sequenced by the Sanger
method (29) and then transformed intoE. coli strain BL21-
(DE3) for expression.

Peptides and Protein Purification. Peptide substrate,
EAEIYEAIE, and inhibitor, EAEIFEAIE, were synthesized
by the USC Microchemical Core Facility by using Fmoc
chemistry and purified by C-18 reverse-phase HPLC. The
concentration of the peptides was determined by weight. The
fusion protein, GST-kin, was purified fromE. coli by using
a glutathione-agarose affinity resin according to previously
published procedures (15, 16) The total concentration of the
protein was determined by a Bradford assay. While no free
kinase domain is obtained from the affinity resin, free GST
is observed as a breakdown product. The concentration of
the fusion protein was determined by gel densitometry.
Between 0.06 and 1.0 mg of fusion protein was obtained
per 6 L preparation ofE. coli cells. The enzyme was stored
at -70 °C in a buffer containing 50 mM Tris (pH 7.5), 1
mM EDTA, 150 mM NaCl, 1 mM DTT, and 10% glycerol.
The enzyme was thawed on ice (4°C) and used immediately
for each kinetic study.

Kinetic Assay. The enzymatic activity of GST-kin and
the mutants were measured spectrophotometrically by a
coupled enzyme assay. This assay couples the production
of ADP with the oxidation of NADH by using pyruvate
kinase and lactate dehydrogenase. In general, peptide (0.1-4
mM) was mixed manually with fixed ATP (2 mM), MgCl2

(12.3 mM), and GST-kin (0.06-0.35 µM) in a 50 µL
(minimum volume) quartz cuvette containing 0.40 mM
phosphoenolpyruvate, 0.20 mM NADH, 2 units of lactate
dehydrogenase, and 0.5 unit of pyruvate kinase. The total
concentration of MgCl2 needed to obtain a desired, free
concentration of Mg2+ was calculated on the basis of the
dissociation constants of 0.0143 mM for Mg-ATP, 5 mM
for Mg-PEP, and 19.5 mM for Mg-NADH (17). All reactions
were measured in a Beckman DU640 spectrophotometer
equipped with a microcuvette holder in a buffer containing
50 mM Mops at pH 7.0, in a final volume of 60µL at 23
°C. Background reactions in the absence of substrate peptide
were performed to correct for ATPase activity. This back-
ground did not exceed 10% of the substrate-dependent
reaction for wild-type or mutant enzymes. Absorbance
changes at 340 nm were collected over a time range of 100-
300 s. Less than 10% of the substrate peptide was consumed
in each initial velocity measurement. All initial velocities
varied linearly with the concentration of the fusion protein.

Viscosometric Measurements. The relative solution vis-
cosities (ηrel) of buffers containing glycerol were measured
relative to a standard buffer of 100 mM Mops, pH 7.0, at
23 °C, using an Ostwald viscometer (18). Each viscosity
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measurement was carried out in 5.0 mL of buffer containing
varying amounts of viscosogen. The amount of time required
for each buffer to move through the markings on the
viscometer was recorded. The relative viscosity of each
buffer was calculated from

whereηrel is the relative solvent viscosity,t(%) andt are the
transit times for a given viscous buffer and the standard
buffer, respectively, andF(%) andF are the densities of the
viscous and standard buffers, respectively. The following
relative solvent viscosities were obtained for the buffers (%
viscosogen,ηrel): 35% glycerol, 3.7; 27% glycerol, 2.8; 20%
glycerol, 2.1. All solvent viscosity measurements were
performed in triplicate and did not deviate by more than 4%
in value.

RESULTS

Steady-State Kinetic Parameters for Wild-Type and Mutant
Proteins. The steady-state kinetic parameters for wild-type
and mutant proteins were measured from plots of initial
velocity (V) versus substrate peptide (EAEIYEAIE) or ATP
concentrations by using the coupled enzyme assay in 50 mM
Mops (pH 7) buffer. Plots ofV versus peptide concentration
at fixed ATP (2 mM) and 10 mM free Mg2+ (12.3 mM total
MgCl2) were used to measurekcat andKpeptide for wild-type
GST-kin, Y1073E, Y1073F, and Y1073Q. Plots ofV versus
ATP concentration (0.03-3 mM) at 10 mM free Mg2+

(10.3-13.3 total MgCl2) and fixed peptide concentrations
(2 mM) were used to measureKATP for wild-type GST-
kin, Y1073E, Y1073Q, and Y1073F. The results of these
plots are shown in Table 1. For the wild-type enzyme,
double-reciprocal plots ofV versus substrate concentration
at varied, fixed ATP intersect close to thex-axis (16),
allowing an accurate measurement ofKATP at subsaturating
peptide concentrations. We have shown previously by
comparing purified wild-type GST-kin and kin that GST
does not influence the steady-state kinetic parameters (15).
We have also shown that treatment of purified GST-kin
with thrombin does not affect the specific activity of the
enzyme (data not shown). These studies indicate that GST
either as a fusion partner or free in solution does not influence
the kinetic properties of the kinase domain.

All mutations have modest effects on the apparent affinities
of ATP and the substrate peptide. With the exception ofKATP

for Y1073Q, the apparent dissociation constants (KATP and
Kpeptide) are raised no more than 2-fold relative to the wild-

type enzyme. In contrast, turnover is lowered between 5-
and 40-fold relative to the wild-type enzyme. Initial velocities
used to determine all steady-state kinetic parameters varied
linearly with the concentrations of the wild-type and mutant
enzymes, indicating that the coupling reagents monitor the
phosphorylation reaction. The values determined for wild-
type v-Fps are consistent with previously measured values
(16, 19).

Inhibition of Wild-Type and Mutant Proteins by EAEIF-
EAIE. Previous studies showed that the nine residue peptide
EAEIFEAIE is a competitive inhibitor of GST-kin (16). The
inhibitory constant (KI) for EAEIFEAIE was measured for
wild-type and two mutant proteins by a Dixon plot. Enzyme
was preequilibrated with 2 mM ATP and varying amounts
of inhibitor (0-20 mM) before the reaction was initiated
with a fixed concentration of peptide substrate (0.5 mM).
The total concentration of MgCl2 was 12.3 mM (10 mM free
Mg2+). The true inhibition constants were then calculated
from the apparent inhibition constant (KI,app) by using the
following relationship:KI ) KI,app/(1 + [S]/Km). The values
for wild-type and mutant proteins are given in Table 1. The
KI for wild-type GST-kin is consistent with a previously
reported value of 4.6 mM (16). While the KI value for
Y1073Q is 3-fold higher than that for the wild-type enzyme,
there is no significant change for Y1073E.

Viscosity Effects on the Steady-State Kinetic Parameters.
The influence of glycerol on the steady-state kinetic param-
eterskcat andkcat/Kpeptidewas measured for wild-type GST-
kin and two of the mutant enzymes. For Y1073F, insufficient
protein yields made it difficult to obtain a complete viscosity
study. The initial velocity of the reaction was monitored as
a function of peptide concentration (0.1-4 mM) with 2 mM
ATP and 10 mM free Mg2+ (12.3 total MgCl2) at varying
percentages of glycerol in Mops buffer. In all cases, the initial
velocities varied linearly with enzyme concentration, indicat-
ing that viscosogens did not adversely affect the ability of
the coupling reagents to monitor peptide phosphorylation.
The ratio of kcat in the absence and presence of glycerol
[(kcat)0/kcat] for Y1073E, Y1073Q, and wild type is plotted
as a function of relative solvent viscosity (ηrel) in Figure 1A.
The ratio of kcat/Kpeptide in the absence and presence of
glycerol [(kcat/Kpeptide)0/(kcat/Kpeptide)] for Y1073E, Y1073Q,
and wild type is plotted as a function of relative solvent
viscosity (ηrel) in Figure 1B. These plots are linear with slope
values [(kcat)η and (kcat/Kpeptide)η] that are reported in Table
2. The slopes for wild type are similar to previously reported
values (16, 19). By comparison, the values of (kcat)η for the
mutant enzymes are considerably lower than those observed

Table 1: Steady-State Kinetic Parameters, Inhibition Constants, and Magnesium Dependencies for Wild-Type and Mutant Proteinsa

wild type Y1073E Y1073Q Y1073F

kcat
b (s-1) 14 ( 2 3.0( 0.20 (5) 0.40( 0.10 (35) 0.33( 0.05 (40)

Kpeptide
b (mM) 0.43( 0.08 1.0( 0.16 (0.4) 0.50( 0.08 (0.8) 1.1( 0.30 (0.4)

KI
b (mM) 6.4( 0.70 9( 0.60 (0.7) 19( 3.0 (0.3)

KATP
b (mM) 0.22( 0.05 0.24( 0.05 (1) 0.10( 0.04 (2) 0.25( 0.10 (0.9)

V/V0 c 13 ( 4.1 6.5( 1.7 (2) 13( 4.0 (1)
KMg

c (mM) 4.8( 1.0 5.1( 1.3 (0.9) 9.2( 1.2 (0.5)
a All kinetic parameters were measured in 50 mM Mops buffer (pH 7) at 23°C. The numbers in parentheses represent the ratios of the wild-type

and mutant parameters.b These constants were measured in the presence of 10 mM free Mg2+ and fixed and variable levels of ATP, substrate, and
inhibitor as stated in the text.c These parameters were derived from fitting the metal-dependent curves in Figure 2.V/V0 is the ratio of the initial
reaction velocity at infinite and zero concentrations of free Mg2+, andKMg is the half-maximal concentration for these curves.

ηrel )
t(%)

t
× F(%)

F
(1)
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for the wild-type enzyme. While glycerol had no significant
effect onkcat/Kpeptidefor Y1073Q or wild type, this viscosogen
had an activating effect on this parameter for Y1073E
(Table 2).

Magnesium Effects on the Reaction Rates for Wild-Type
and Mutant Proteins. The influence of free Mg2+ concentra-
tion on reaction rates was measured for wild type, Y1073E,
and Y1073Q to determine whether phosphorylation in the

activation loop influences metal ion affinity. The relative
velocity of the reaction was measured for the proteins under
conditions of 1 mM ATP, 1 mM peptide substrate, and
varying amounts of free Mg2+ (0.24-50 mM), and the results
are shown in Figure 2. The velocity data are represented as
relative rates since the mutants and wild-type enzymes have
different specific activities. The data were fit to a hyperbolic
function to obtain maximum and minimum rates at infinite
and zero free Mg2+ and the apparent affinities (KMg) of the
magnesium ion for the active sites of the proteins (Table 1).
The ratio of the reaction velocity at infinite (V) and zero (V0)
free metal ion defines an activation parameter for the
enzymes (V/V0) that represents the ability of the second
magnesium to enhance catalysis (20).

DISCUSSION

Many protein kinases are regulated by phosphorylation in
the activation loop of the kinase domain. Prior studies have
shown that Tyrf Phe substitution in the phosphorylation
site in the activation loop of v-Fps leads to a 5-fold decrease
in kinase activity as measured by an in vitro assay using
immunoprecipitated protein and a buffer containing MnCl2

(21). The identical mutation in c-Fes, the human cellular
homologue of c-Fps, leads to a 10-fold decrease in catalytic
activity (22, 23). Despite these findings, the role of phos-
phorylation on individual steps in the kinase mechanism for
either enzyme is uncharacterized with a physiological metal
activator. Such detailed studies using several side-chain
variations will elucidate the contributions of the phospho-
rylation site in this enzyme and put in perspective the general
role of phosphorylation in protein kinase regulation. We
showed previously that the phosphorylation of peptide
substrates by v-Fps conforms to the kinetic mechanism
shown in Scheme 1. At high ATP concentrations, the enzyme
binds the substrate, EAEIYEAIE, with low affinity (k-2/k2

) 1.6 mM) and turnover is controlled by the rate of
phosphoryl transfer (k3 ) 40 s-1) and net product release
(k4 ) 22 s-1) (16). This mechanism now provides a solid
framework for classifying the effects of site-specific muta-
tions in this TPK.

FIGURE 1: Effects of solvent viscosity on the steady-state kinetic
parameters for wild-type enzyme (O), Y1073E (0), and Y1073Q
(b). (A) Influence of viscosogens onkcat. (kcat)0/kcat is the ratio of
kcat in the absence and presence of varying glycerol andηrel is the
relative solvent viscosity. (B) Influence of viscosogens onkcat/
Kpeptide. (kcat/Kpeptide)0/(kcat/Kpeptide) is the ratio ofkcat/Kpeptide in the
absence and presence of varying glycerol concentrations andηrel

is the relative solvent viscosity. The values ofkcat andkcat/Kpeptide
were determined from plots of initial velocity versus peptide
substrate concentration (0.1-4 mM) in the presence of 2 mM ATP
and 10 mM free Mg2+.

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

wild type Y1073E Y1073Q

(kcat)η b 0.71( 0.08 0 0.10( 0.06
(kcat/Kpeptide)η b -0.07( 0.10 -0.29( 0.04 -0.065( 0.041
Kd(peptide)c

(mM)
1.5( 0.49 1.0( 0.16 (1.5) 0.60( 0.041 (2.5)

k3
d (s-1) 48 ( 14 3( 0.2 (19) 0.44( 0.11 (130)

k4
d (s-1) 20 ( 3.6 g30 4( 2.5 (5)

a All kinetic parameters were measured in 50 mM Mops buffer (pH
7) at 23 °C in the presence of 10 mM free Mg2+. The numbers in
parentheses represent the ratio of the wild-type and mutant parameters.
b (kcat)η and (kcat/Kpeptide)η are the slope values for plots of the steady-
state kinetic parameters as ratios in the absence and presence of glycerol
versus the relative solvent viscosities. These effects were measured from
V vs substrate concentration (0.1-4 mM) plots at fixed concentrations
of ATP (2 mM). c The Kd values for the peptide were measured by
using eq 4.d The values ofk3 andk4 were derived from the expression
for the turnover number [k3k4/(k3 + k4)] and (kcat)η by the following
relationships:k4 ) kcat/(kcat)η andk3 ) kcat/[1 - (kcat)η] (16).

FIGURE 2: Effects of free Mg2+ concentration on the relative initial
velocities for wild-type enzyme (b), Y1073E (O), and Y1073Q
(0). The initial velocity is measured under conditions of 1 mM
ATP and EAEIYEAIE and is represented as a relative velocity by
normalizing the data to the velocity at infinite free Mg2+ concentra-
tions. The total concentration range of MgCl2 is 1.2-51 mM (0.24-
50 mM free Mg2+).
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Autophosphorylation Enhances Phosphoryl Transfer. Re-
placement of the phosphorylation site tyrosine in v-Fps with
glutamic acid, glutamine, and phenylalanine reduces turnover
by 5-, 35-, and 40-fold, respectively, without greatly impact-
ing the apparent affinities of either ATP or substrate by more
than 2.5-fold (Table 1). Since turnover is controlled by two
steps in the wild-type enzyme (Scheme 1), we performed
viscosity studies to determine the underlying cause of these
reductions inkcat. The turnover numbers for the mutants are
more resistant to changes in solvent viscosity than that for
the wild-type enzyme (Table 1 and Figure 1A). For wild
type and Y1073Q no significant effect of solvent viscosity
was observed onkcat/Kpeptide (Figure 1B). By application of
the Stokes-Einstein relationship, which equates diffusion
coefficients and intrinsic viscosity, a direct correlation
between the steady-state kinetic parameters,kcat and kcat/
kpeptide, and the relative solvent viscosity of the medium can
be made. Plots of either kinetic parameter as a ratio in the
absence and presence of viscosogen versus relative solvent
viscosity are linear and the slope values conform to

where (kcat)η and (kcat/Kpeptide)η are the slopes for the plots of
(kcat)0/kcat and (kcat/Kpeptide)0/(kcat/Kpeptide) versusηrel, respec-
tively. Equations 2 and 3 predict that the slope values will
fall between the limits of 0 and 1 where the former represents
a viscosity-insensitive parameter and the latter represents a
viscosity-sensitive parameter. We can use the rate expressions
for kcat [k3k4/(k3 + k4)] and kcat/Kpeptide [k2k3/(k-2 + k3)] and
eqs 2 and 3 to determine the individual steps in Scheme 1.

By use of a viscosometric approach, the true effects of
mutation on the steady-state kinetic parameters can be
evaluated within the framework of Scheme 1. The lower
effects of solvent viscosity onkcat for the mutants compared
to the wild-type enzyme imply that phosphoryl transfer is
rate-determining when the enzyme is not phosphorylated (i.e.,
k3 < k4). Since phosphoryl transfer in the wild-type enzyme
is only partially rate-determining, we conclude that the 5-
and 35-fold reductions in turnover for Y1073E and Y1073Q
are due to 19- and 130-fold reductions ink3, respectively
(Table 2). Insufficient protein yields for Y1073F made it
difficult to obtain a detailed analysis of the effects of solvent
viscosity on the kinetic parameters, but we presume thatkcat

is limited primarily by phosphoryl transfer owing to the
similar, low turnover numbers for this mutant and Y1073Q
(compare 0.40 and 0.33 s-1 for Y1073Q and Y1073F and
14 s-1 for the wild-type enzyme; Table 1). Given this
presumption, the phenylalanine substitution lowers the rate
of phosphoryl transfer by 140-fold, a value similar to that
for Y1073Q. While the net rate of product release is
indeterminate for Y1073E since (kcat)η ≈ 0 (Table 2), there
is a 5-fold reduction in this step for Y1073Q. Since we do

not know, at this point, which step controlsk4, we currently
treat it as a composite of several steps, which may include
ADP or phosphopeptide dissociation or a conformational
change. It is notable that the reduction ink4 for Y1073Q is
accompanied by a 2-fold increase in apparent ATP affinity
(Table 1), possibly suggesting that ADP release may play a
prominent role in controlling this step. For the catalytic
subunit of PKA, a catalytic trapping technique was used to
demonstrate that the rate-determining step in turnover is ADP
release (24). Finally, the large reductions in (kcat)η for the
mutants compared to the wild-type enzyme indicate that the
effects on turnover (Table 1) represent true changes in
mechanism rather than the presence of misfolded protein.

Autophosphorylation and Substrate Binding. The X-ray
structures of cdk2 and IRK in both phosphorylated and
nonphosphorylated forms suggest a steric role for the
activation loops in the catalytic regulation of protein kinases
(5-9). Phosphorylation of Thr-160 in cdk2 and trisphos-
phorylation of Tyr-1158, -1162, and -1163 in IRK cause
substantial changes in the positioning of the activation loop.
In the absence of phosphorylation, the loops appear to serve
as autoinhibitory segments by occupying the active site and
preventing substrate binding. Phosphorylation of the loop
leads to an open active site that now permits substrate
association. If the conclusions inferred from the analysis of
these crystal structures can be applied in solution, then
removal of the phosphorylation site in v-Fps should have
significant, negative effects on the binding affinity of peptide
substrates.

We tested this hypothesis by measuring the binding affinity
of two nine residue peptides: a substrate, EAEIYEAIE, and
an inhibitor, EAEIFEAIE. The dissociation constant for the
substrate can be derived from the viscosity data in Table 2.
With the exception of (kcat/Kpeptide)η for Y1073E, the kinetic
parameters fall within the limits predicted by eqs 2 and 3.
The enhancement observed inkcat/Kpeptidefor Y1073E is due
to decreases inKpeptide at high viscosogens. Viscosogenic
additives may improve peptide binding in this one case by
stabilizing the ternary complex. However, we conclude, on
the basis of the higherKpeptidefor this mutant and the lower
value of kcat compared to the wild-type enzyme, that the
substrate is rapidly exchanging in the active site andkcat/
Kpeptidedoes not reflect the true association rate constant for
the substrate. This is also true for wild-type enzyme and
Y1073Q, on the basis of their low values for (kcat/Kpeptide)η

(Table 2). Whenk-2 . k3, eq 4 can be used to determine
the dissociation constant (Kd) for the peptide substrate to all
proteins (Table 2):

This analysis indicates that neither mutation reduces the
affinity of the substrate in the enzyme active site. In fact,
Y1073Q binds the substrate 2.5-fold more tightly than wild
type. If the slow step for Y1073F is phosphoryl transfer (i.e.,
k-2 > k3 < k4), then theKd for the peptide is equivalent to
Kpeptidefor Y1073F, a value that is close to the calculatedKd

for wild type (1.1 mM versus 1.6 mM; Table 1).
To gain further insights into the effects of autophospho-

rylation on the binding of the substrate to the kinase domain
of v-Fps, we measured the binding affinity of a competitive
inhibitor, EAEIFEAIE, to wild-type and mutant proteins.

Scheme 1

E‚ATP + S y\z
k2

k-2
E‚ATP‚S98

k3
E‚ADP‚P98

k4

(kcat)
η )

k3

k3 + k4
(2)

(kcat/Kpeptide)
η )

k3

k-2 + k3
(3)

Kpeptide) Kd [1 - (kcat)
η] (4)
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While substitution of tyrosine-1073 to glutamine has a 3-fold
reduction in binding affinity compared to wild type, the
glutamate substitution has no influence on inhibitor binding
(Table 1). Although the former suggests that mutation has
an effect on peptide binding, inherent differences in the
substrate and inhibitor peptides may account for these subtle
differences. TheKI for EAEIFEAIE to wild type is ap-
proximately 3-fold higher than theKd predicted from the
viscosity studies (Tables 1 and 2), suggesting that the
additional hydrogen bond presented by the substrate is
important for binding. In this regard, the inhibitor is not a
perfect analogue for the substrate. Given these limitations,
the binding data indicate that autophosphorylation has little
effect on the binding of peptide substrates in the active site.
These findings are consistent with those for the PKA
autophosphorylation mutants where alanine and aspartate
replacement of Thr-197 did not affect eitherKd or KI values
for substrate or inhibitor (10).

Communication between the ActiVation Loop Tyrosine and
the ActiVe Site. The crystal structures of IRK and Lck suggest
a potential mechanism for communication between the
phosphorylation site and the active site in TPKs. In the active
form of IRK, pTyr-1163 (Tyr-1073 in v-Fps) forms an
electrostatic interaction with Arg-1155 (Arg-1066 in v-Fps),
five residues C-terminal from the conserved aspartate in the
DFG loop (9). This aspartate (Asp-1061 in v-Fps) is a ligand
for both the primary and secondary magnesium ions, based
on the IRK structure (9). In Lck, the analogous interaction
is made in addition to a second electrostatic contact between
the phosphotyrosine (pTyr-394) in the activation loop and
Arg-363 (Arg-1042 in v-Fps), the first residue of the catalytic
loop (25). While it is not clear why this second interaction
is not made in IRK, there is a similar contact between the
phosphothreonine in PKA and the first residue of the catalytic
loop (26). Replacement of this residue in v-Fps (Arg-1042)
with glutamic acid causes a 16-fold reduction in kinase
activity, suggesting that a salt bridge may occur between
this residue and pTyr-1073 (27). In the catalytic loop of IRK,
the conserved aspartate (Asp-1043 in v-Fps) forms a
hydrogen bond (2.7 Å) with the hydroxyl of the tyrosine
substrate and may facilitate phosphoryl transfer through
positioning or acid-base effects. Figure 3 shows a repre-

sentation of several key amino acids in the active site of
v-Fps and their connectivities to the activation loop and the
phosphotyrosine, based on the available X-ray data from
these related protein kinases. Consideration of this putative
arrangement of amino acids in v-Fps suggests that regulation
through phosphorylation may be linked to the active site
through either the DFG or catalytic loops, with the former
loop modifying catalysis through metal chelation.

To understand better how the phosphotyrosine in v-Fps
can influence the rate of phosphoryl transfer by impacting
the local environment of the active site, we measured the
effects that the mutations have on metal-induced activity
control. We have shown previously that the kinase domain
of v-Fps is strongly activated by the binding of a second
metal ion in the active site (20). On the basis of the IRK
structure, this second metal should interact with theâ
phosphate of ATP and the conserved carboxylate of the DFG
loop. If autophosphorylation affects positioning of Asp-1061
in the DFG loop of v-Fps (Figure 3), a potential source for
the attenuations in phosphoryl transfer in the mutants,
changes in the intrinsic affinity or activation parameters of
the second metal would be expected. We measured the
magnesium-dependent activation of wild-type and two
mutant proteins and found them to be very similar (Figure
2). This implies that autophosphorylation does not influence
the binding (KMg) or the activation parameters (V/V0) of the
metal. Such observations are consistent with an unaffected
environment around this metal and suggest that catalytic
control may not be linked to the DFG loop.

ConserVed Features of Autophosphorylation. We have
shown previously that mutation of Thr-197, the phosphory-
lation site in PKA, has a profound influence on phosphoryl
transfer without affecting substrate binding (10). Figure 4
presents the mutational effects of Y1073 in v-Fps and
compares them with those for T197 in PKA. Removal of
the phosphoamino acid and replacement with a carboxylate
side chain in either protein kinase leads to similar reductions
in the rate of phosphoryl transfer with no changes in substrate
affinity. While the Thr-197f Ala and Tyr-1073f Gln and

FIGURE 3: Predicted arrangement of several active-site residues in
the kinase domain of v-Fps based on the X-ray structures of IRK
and Lck (9, 25). Arg-1066 and Arg-1042 are predicted to interact
with pTyr-1073 in the activation loop. Asp-1061 chelates both metal
ions and Asp-1043 forms a hydrogen bond with the phenolic group
of the substrate.

FIGURE 4: Effects of mutation in the phosphorylation site of the
activation loops of the catalytic subunit of PKA and the kinase
domain of v-Fps. The rates of phosphoryl transfer (solid bars) and
the association constants (1/Kd) for the substrate peptides (open
bars) are represented as the difference in free energy (∆G) between
the mutants and the wild-type proteins. The substrate peptides for
v-Fps and PKA are EAEIYEAIE and LRRASLG. The data for PKA
were taken from ref 10. It is assumed thatkcat andKpeptideclosely
approximatek3 andKd for Y1073F (see text).

17880 Biochemistry, Vol. 37, No. 51, 1998 Saylor et al.



Phe substitutions do not depict isosteric replacements, they
reduce phosphoryl transfer by similar amounts. We assert
that the destabilization of phosphoryl transfer by ap-
proximately 3 kcal/mol in the latter group of mutations
represents the true energetic contribution of autophospho-
rylation to catalysis for these two protein kinases.

The intermediate effects of T197D and Y1073E imply that
the carboxyl can substitute partially for the phosphoamino
acid. This substitution increases the energy barrier for
phosphoryl transfer by only 1.5 kcal/mol compared to 3 kcal/
mol for the less conservative replacements (Figure 4). Despite
these similarities, it is important to note that this energetic
penalty is not incurred by all protein kinases. For protein
kinase C, replacement of the phosphothreonine in the
activation loop with valine inactivates the enzyme, but
glutamate substitution does not impair catalytic function (28).
It is difficult to rationalize these results in light of those
presented herein, but the presence of regulatory components
and other neighboring subdomains in protein kinase C that
are not present in the catalytic subunit of PKA or the kinase
domain of v-Fps may influence the activation loop. Indeed,
the binding of cyclin A to cdk2 causes a notable movement
in the position of the activation loop, supporting this claim
(6). Elucidation of the kinetic pathways for other protein
kinases both with and without regulatory domains will define
whether this phenomenon is conserved throughout the family
of enzymes.
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