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pS6“" catalyzes a reversible autophosphorylation reaction and a
nucleoside diphosphate kinase reaction
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The reversible autophosphorylation of the pp60™ family tyrosine kinase, p56™ has been charucterized by a simple prosedure that involves the

examinution of the enzyme catalyzed rudicisotope exchangs between ATP and ADP. The equilibrium constant of the reasiion was determined (o

be 3.31 and corresponded to a standard free energy of hydralysis of the phosphotyresine bond in pS6™ of -8.08 kcalUmeol, GDP was capable of
substituting for ADP as phosphate acceptor so that p56' displayed a nucleoside diphosphate kinuse activity.

Tyrosine kinase; pS6»* autophosphorylation; Nucleoside diphosphate kinase

1. INTRODUCTION

A number of tyrosine kinases have been shown to
undergo a reversible phosphorylation reaction readily,
including pp60°**< [1,2], the abl tyrosine kinase [3], and
the EGF receptor {4]. In contrast, serine/threonine ki-
nases do not appear to effectively catalyze a reversible
phosphorylation reaction ($]. The underlying biochemi-
cal mechanism and physiological relevance of a readily
reversible phosphorylation reaction at present remains
undefined, but hints at fundamental mechanistic differ-
ences between serine/threonine phosphorylation reac-
tions compared to tyrosine phosphorylation reactions.

We have previously reported the purification of the
pp60**™ related tyrosine kinase pS6"" from bovine
spleen [6). Common to pp60=*™ related tyrosine kinases,
pS6"*" undergoes autophosphorylation upon incubation
with ATP. This autophosphorylation could not be
blocked by pre-incubation with unlabelled ATP sug-
gesting that pS6Y® may also catalyze a readily reversible
autophosphorylation reaction. In the present study, a
procedure has been established for the demonstration
and characterization of the autophosphorylation reac-
tion of pS6"", In addition, it has been documented that
pS6¥" possesses & nucleoside diphosphate kinase activ-
ity that effectively catalyses the phosphorylation of
GDP to GTP.

2. MATERIALS AND METHODS

2.1. Maierials
[¥-*PIATP (4500 Ci/mmol) was abtained from ICN. Tritiated nu-
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cleotides were obtained from Amershum. Glycine, HEPES, SDS, and
Tris were abtained from Bohringer Mannheim, Nonidet P-40 (NP 40)
was obtained from Fluka Bicchemicals. All other chemisals were
purchased from Sigma. pS6"™ was purified as previously reported
except that the Red A-agarose step was omitted [6).

2.2. Reversul of p36"™ phosphorylation by ADP

An aliquot of pSg'™ was incubated in the presence of 50 mM Tris-
HCI pH 7, 25 mM MgCls, 100 uM [»-**PJATP with or without 500
HM ADP at 30*C for the indicsted times. At 30 min, ADP was added
to one set of samples to initiate the reverse reaction. An equal voiume
of buffer was added to control samples. To slop the reastion, an
gliquot of the reastion minture waus removed and mixed with SDS
sample buffer [8], The samples were resolved by SD5-PAGE and p56*®
losated by autoradiography. The radioactive bunds were excised from
the gel and counted by liguid scintillation spectroscopy.

2.3. Phosphorylation of [*H purine dinucleotides to [*H Jpurine trinu-
cleotides by p5e"™

pS6™™ was incubated in the presence of S0 mM Tris-MCl pH 7, 25
mM MgCl,, 100 uM ATP and 200 nM [*HJADP or ['H]GTP (16
Ciymmol) at 30°C for the indicated time. The reustion was stopped
and analyzed by HPLC, Adenosine nucleolides were anulyzed iso-
cratically by HPLC using a Waters § 4 C,; Resolve column (3.9 mm
x 150 mm) equilibrated with 2% acetonitrile and 1% H,PO, pH 6.0
adjusted with triethanolamine, at a flow rate of 2 mUmin. Up to 20
H! of sample was injected per run. Guanosine nugleotides were ana.
tyzed in a similar manner except that the MPLC bufTer did not contain
acetonitrile. Samples were quantitated with a Flow-Beta in line radio-
aetivily deteetor, Linearily of response of the detector was determined
by calculation of peak arcas relative to known quantities of injested
radioactivity. Counting efYiciency was determined by calibration using
a known quantily of radioactivity,

3. RESULTS AND DISCUSSION
3.1, Demonstration aof the reversible auraphospharyla-
tion reaction of p5Eb"
The reversible autophosphorylation reaction can be
represented by the equation: E + ATP= E, + ADP (1)
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Fig. 1. ADP induced reversal of p6™ autaphosphorylation. Three
separate aliquats of p56™™ were incubated under autophosphorylation
conditions as described in section 2 with (a). or withou! (n) 500 4M
ADP. A smull volume of 3.7 mM ADP was added to one set (a) to
a final concentration of 500 4M. Equal volume sliquots were removed
from each sample at the indicated time and analyzed by SDS-PAGE,

where E represents unphosphorylated kinase and E,
represents phosphorylated kinase. Equation (1) pre-
dicted that incubation of the phosphoenzyme in the
presence of ADP should favour the reverse reaction and
initiate the apparent dephosphorylation of the
phosphokinase. Commensurate with the apparent
dephosphorylation of pS6'™ would be the phosphoryla-
tion of ADPto ATP. As shown in Fig. 1. incubation of
pS6"™ in the presence of [y-"P]JATP resulted in the in-
corporation of *PO,™* into the protein. When a S-fold
excess of ADP was included during this incubation, the
extent of autophosphorylation was substantially re-
duced. If p56"" was first allowed to autophosphorylate
for 30 min at which time a 5-fold excess of ADP was
added, radicactivity bound to the enzyme would un-
dergo a rapid decrease to levels comparable to ADP
control values (Fig. 1).

The loss of radioactive phosphate from p56" could
be due cither to a phosphatase reaction or to reversible
autophosphorylation. In previous studies, the definitive
demonstration of a reversible phosphorylation was car-
ried out utilizing prelabelled kinase and following the
transfer of the protein bound phosphate [1-4]. While
viable, this approach requires extensive manipulation to
isolate a usable quantity of labelled kinase with high
specific radicactivity. In addition, the kinase so isolated
must still retain activity. A much simpler procedure,
however, can be used to descriminate between a revers-
ible autophosphorylation and a phosphatase reaction.
According to Eguation (1), a reversible auto-
phosphiorylation reaction should lead to an exchange
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Fig. 2, pS6"* catalyzed conversion of PHJADP to "HJATP. (A) HPLC
resolution of [PM]ADP and [*HIATP. (B) Time~course of PHJATP
formation cutalyzed by pS6™. (C) Anulysis of reaction incubated for
60 m:n in the absence of ATP. (D) Analysis of the reaction incubated
for 60 min in the absence of MgCly. An aliquot of p56" was incubated
in the presence of S0 mM Tria-HCI pH 7. 25 mM MgCl,, 100uM ATP,
and 200 aM [*HJADP ut 30°C. Attheindicated times, the reaction was
slopped by the addition 1o a finul concentration of 5 mM ADP, § mM
ATPand 50mM EDTA andanalyzed by HPLC asoutlinedinsestion 2,

between ADPand ATP. Thus, a conversion of "H]JADP
to {*H]ATP would be expecied in ihe kinase auto-
phosphorylation reaction.

To analyze the conversion of [PHJADP 1o [PH]ATP,
a novel HPLC protocol was developed. Fig. 2A shows
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Fig. 3. Graphical representation of the X, determination, An aliquot
of pS&™™ was nutophosphorylated in the presence of 50 mM Tris-HCl
pH 7.25 mM MgCl,, und 100 4M ATP at 30°C for 30 min. After 30
min. an equal volume of ADP was udded to each sample to give final
concentrations of the appropriate ratio relative to ATP. The samples
were allowed to incubate a further 30 min und then analyzed by
SDS-PAGE. The radioactive bands were cut from the gel and counted

by liquid scintillation spectroscopy. The error bars represent standard
deviation (n=13) and the line was drawn using lincar regression.

the resolution of PH]ADP from [*HJATP obtained in a
typical experiment by HPLC using a Waters 5 4 C,
column and an in-line Flow-Beta radioactivity flow de-
tector to analyze the relative proportion of each nucleo-
tide. The nucleotides were well resolved, with "HJADP
eluting at approximately 6 min and PH]ATP eluting at
8 min. In addition to the highly reproducible separation
of the adenosine nucleotides, the ability to run the
HPLC column isocratically enabled rapid analysis of
the nucleotide composition of the reaction. Fig. 2B
shows the time dependent formation of [*H]ATP from
[*M]JADP. The reaction proceeded rapidly and
plateaued by approximately 30 min with 65% of the
total PH]ADP being converted to ["H]ATP. The reac-
tion did not proceed in the absence of added ATP (Fig.
2C) or Mg** (Fig. 2D), conditions essential for kinase
autophosphorylation.

3.2, Thermoadynamic characterization of the p56"" auto-
phosphorylation reaction

The equilibrium constant (K,) of the auto-

phosphorylation reaction:
[E_1TADP] )

q = [E—P]‘[W can be transformed into Equation (2):
[EME+KS ((ADP/ATP])+1 (2) where E, represents
total enzyme. To determine the K, the extent of auto-
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phosphorylation of p56"™ at various ratios of ADP to
ATP were measured and the results plotted according
to Equation (2) (Fig. 3). From the slope of the line, the
K, was calculated to be 3.31. The value of X, was also
determined using longer incubation periods and similar
values were obtained. The standard free energy of the
rsaction calculated from the K, was 4G°,,,=-0.72 kcal/
mol. Using the value for the free energy of hydrolysis
of the 8-y bond of ATP to yield ADP and phosphate
of ~8.8 keal/mol at pH=7 and [MgClL1=25 mM [9], the
standard free energy of hydrolysis of phosphotyrosine-
p36"™ was determined to be ~8.8 keal/mol.

3.3. Nucleoside diphosphate kinase activity of pS6*™

Previous investigators have shown that GTP can be
used by pp60**™ as an alternate substrate to ATP [2].
If GDP cun also be used as the substrate in the revers-
ible reaction of p56“°, the enzyme would be expected to
display nucleoside diphosphate kinase activity. A nucle-
oside diphosphate kinase reaction utilizing GDP and
ATP as reactants (ATP + GDP = GTP + ADP) may
be considered as the sum of the ATP mediated auto-
phosphorylation and GDP induced reversal of the auto-
phosphorylation reaction of the kinase.

Fig. 4 illustrates the time dependent formation of
H]GTP from [*H]GDP and ATP. As cbserved with
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Fig. 4. p56"" catslyzed conversion of ["HIGDP to PH]GTP. (A) Con-
version of ["HJGDP to [PHJGTP during $ min incubatien, (B) Ferma-
tion of "H]GTP catalyzed by pS6" during a 60 min incubation. An
aliquot of pS6"" was incubated in the presence of $0 mM Tris-HCl pH
7. 25 mM MgCly, 100 uM ATP, and 200 nM ["H]GDP at 30°C. At
the indicated times, the reastion was stopped by the addition to a final
concentration of $ mM GDP, § mM GTP and 50 mM EDTA. The
reaction was analyzed by MPLC as outlined in section 2.
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[*H]JADP, the reaction did not proseed in the absence
of Mg* or pS6™ (data not shown). Although detailed
kinetic analysis of the pS6"" cutalyzed GDP phospho-
rylation reaction has not been carried out, the observa-
tion that more than 15% of the GDP was converted to
GTP within § min at an initial GDP concentration of
0.2 uM (Fig. 4A) suggests that the enzyme binds to
GDP with relatively high affinity and catalyzes GDP
phosphorylation with high efficiency.

In conclusion, pS6™™, like a number of other protein
tyrosine kinases, c¢atalyses a reversible auto-
phosphorylation reaction. Qur analysis of this reaction
has established a methodology which will enable further
investigation of the reaction. In addition, the reversible
autophosphorylation of p56"" has been shown to be
coupled with the phosphorylation of GDPto GTPin an
ATP dependent manner under certain circumstances.
Although pS6"" and other tyrosine kinuses have been
shown to catalyze a readily reversible phosphorylation
reaction, the significance of this remains unknown. The
apparent ratio of [ADP] to [ATP] was observed to be
a limiting condition for p56'** autophosphorylation. Be-
cuuse of the demonstrated role that kinase auto-
phosphorylation has in the regulation of pp60*™* family
kinase activity {7]. the [ADP)/[ATP] ratic could serve as
a secondary mechanism to modulate kinase activity in
the enzyme microenvironment by decreasing the per-
cent of autophosphorylated kinase. Alternately, this
sensitivity could directly couple the relative kinase activ-
ity to the relative metabolic activity within the kinase
microenvironment. While the concentration of ATP has
generally been shown to exceed that of ADP in most
tissues yet examined, certain tissues, such as bovine
mesenteric artery, have been determined to contain
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equivalent or greater concentrations of ADP relative to
ATP [10]. Similary, while the significance of the ability
of p56"® to catalyze the ATP dependent phosphoryla-
tion of GDP to GTP has not been established, it re-
mains a formal possibility that this reaction may be of
physiological relevance under certain conditions within
the kinase microenvironment in vivo.
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