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1. introduction

The activation of phosphorylase kinase by calcium
ions is the meachanism by which phosphoryiase b to
phosphorylase z conversion and glycogenolysis takes
place when muscle is stimulated electrically [1-—3].
However the activity of phosphoryiase kinase in the
presence of calecivm can vary by a facior of 50 with
the degree of phosphorylation of the enzyme, which
is determined at any instant by the relative activiiies
of cyclic AMP dependent protemn kinase [4, 5] and
phosphorylase kinase phosphatase 16].

Rabbit skeletal muscle phosphorylase kinase is
formed from three types of polypeptide chain [7—10]
and has the structure {efy), where the molecular
weights of the three subunits o, § and -7 are 145 000,
128 000 and 45 000 daltons, respectively [8]. The cy-
clic AMP dependent activation of the enzyme was
found to correlate with the phosphorylation of 2
nnigue site on the S-subunit, althovgh a second site,
on the a-subunit, 2lse became rapidly iahelled after a
short lag period {8, 10], without any apparent effect
on enzyme activity [8]. '

Several lines of evidence suggested that the phos-
phorylation of the o-subunit might play some role in
the regulation of phosphorylase kinase activity. Firstly.
the potential activity of the cyclic AMP dependent
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protein kinase in skeletal muscle is sufficient to phos-
phorylate half the e-subunits within 5—10 sec. Sec-
ondly , specificity studies with cyclic AMP dependent
protein kinase have shown that the rate of a-subunit
phosphorylation is more than two orders of magni-
tude faster than the rate of phosphorylstion of any
other enzyme in the glycolytic pathway tested [11].
Thirdly, the o- as well as the g-subunit becomes rapid-
ly phosphorylated and dephosphorylated during a re-
versible activation of phosphorylase kinase demonstra-
ble in glycogen particles [i1], which are thought to
resemble a functional complex in skeletal muscle
13.:21.

In this communication, it is demonsirated that fol-
lowing the phosphorylation of the a-subunit, there is
a great enhancemsnt of the rate of dephosphorylation
of the B-subunit and enzyme inactivation, catalysed
by phosphorylase kinase phosphatase, suggesting that
this second site phosphorylation may function in the
regulation of the reversal of phosphorylase kinase ac-
tivation.

2. Materials and methods

Q_i . Enzypmes
Phosphorylase b was prepared by the method of -

 Fischer and Krebs [13]. Phosphorylase kizase 2

{slighily active at pH 6.8 in the presence of calcium
iong) was purified and assayed as deseribed previously
{8] - The gyclic AMP dependent pzotein Kinase was
the peak 1l **isozyme™ from DEAE-cellnlose [8].
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- Fig. 1. Influence of phosphorylase kinase phosphatase at pH
7.0 on phosphorylase kinase {2 mgfml) eontaining 0.98
moles of phosphate per apy o = 0.23 g = 0.73): phosphoryl-
ase kinase activity {(#—e—=), B-subunit phosphoryiation
{o—c—oc) and o-subunit phosphorylation {(&8—a—a2a), The
activation reaciion was terminated at time = O min as de-
serit-ed under Methods, The temperature was 20°C, except
for the first 10 min in which the enzyme was kept in ice. The
broken lines indicate the effect of adding 1D mM Mgz* or

1 M Mn2? a1 150 min.

2.2. Activation of phosphorylase kinase

The conversion of phosphorylase Kinase 2 1o phos-
phorylase kinase 52 {(superactive at pH 6.8 in the pres-
ence of calcium ions [8]) was carried ount at 20°C,
pH 6.8, in the following reaction mixtuze: 10 mM
sodinm glycerophosphate, 0.4 miM EDTA, 0.1 mM
EGTA, 0.2 m:M {7-32P] ATP of specific radioactivity
25 Ci per moie, 2.0 mM magnesium acetate, 0.01 mM
cyclic AMP, and cyclic AMP dependent protein kinase.
The concentration of the last component svas ad-
justed 1o produce a 50% conversion of phosphorylase
Kinase @ t0 sz and $-subunit phosphorylation in 30
sec, Essentially complete corversion required 5 min.
The half time for ce-subunit phosphorylation was
aboui 2 min, and the labeling of this component was
complete in 20~30 min. The proportion of phospho-
rylase kinase sz at any instant was computed from the
basal activity of phosphorylase kinase a and the pla-
tean of phosphorylase kinasz sa activity between 5
and 30 min.

Activation reactions were terminated by addition
of an equal volume of 10.01 M EDTA pH 7.0 contain-
ing 80% saturated ammonium sulphate {time = ).
The solutions were kept in ice for 10 min and then
centrifuged at 15 060 g for 2 min. The precipitate
was resuspended at 20°C in Tris-HCl, 1 = 0.02, 1.0 mM
EDTA, 1.0 mM dithiothreitol, pH 7.0, containing
30% saturated ammonium sulphate. The suspension

A4 -
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Fig. 2. Inflnence of phosphorylase kinzse phosphatass at pH
7.0 on shosphorylase kinase {2 mg/mi) containing 2.1 moles
of phophate per afy (o = 1.05, 8 = 1.03). Phosphorylase kin-
ase actvity {e—e—w), S-subumnit phosphorylation
{o—o-—0) and o-subunit phosphorylation {(&—a—2),
After 150 min ATP-Mg®”, cyclic AMP and cyclic AMP de-
pendent protein kinase were added. The broken lines indj-
cate the effect of 10 mM Mg or 1 mM Mn®™ at 150 min.
Diher conditions as in fig, 1.

was recentrifuged, and the precipiiate redissolved in
the same buffer without ammonium sniphate (step
A). The solution was dialysed against this buffer for
1 hr at 20°C {step B) and then stored for a turther
hour {step C). The solutions were analysed at time =
D, and afier steps A, B and C for phosphorylase kin-
ase aciivity at pH 6.8 and for total covalently bound
phosphate [5]. The covalently bound phosphate in
the - and B-subuniis was computed from the total
phosphate incorperated into the enzyme and the ra-
dioactivity rativs determined after separation of the
subunits by acrylamide gel electrophoresis in the pres-
ence of sodinm dodecy] snlphate {8].

3. Results and discussion

Phosphorylase kingse activaiion reactions ware ini-
tially terminated when one covalently bound phos-
phate molecule had been incorporated per offiy. As ex-
pected from previous results [8] the enzyme was pre-
dominantly Jabelled in the B-subunit (5 =0.75,o=
0.23) and activation and phosphorylation of the -
subunit correlated with one another {fig. 1). There
was a very slow loss of phosphate fremn both the o-
and B-subunits during the following 150 min but addi-
tion of magnesium or manganese ions at this point
stimulated both a decrease in activity and a loss of
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radioactisity from the - and S-subunits {fig. 1), sug-.
zesting that purified phosphoryiase kinase is contami-
nated with some phosphorylase kinase phe.sphatase.
The product of this reaction was established as inor-
ganic phosphate by high voltage paper elec trophoresis
at pH 6.5.

Fig. 2 shows the resulis of an analogovs experi-
ment to that described in fig. 1 in which e activa-
tion reaction was continued until both - and S-spl-
unit phosphorylation were complete {oe= 1 5, 8=
1.05 per afy). In complete contrast 1~ tne resulis
shown in fig. 1, there was an immediate and specific
dephosphorylation of the S-subunit in the absence of
divalent cations. The perfect correlation between en-
zyrae inactivation and loss of phosphate from the -
subunit conclusively demonstrated that the reversible
activation of phosphoryiase kinase catalysed by cyclic
AMP dependent proiein kinase and phosphorylase kin-
ase phosphatase depends only on the reversible phos-
phorylatior of a unique site on the B-subunit. This
therefore led (o the formation of an enzyme which
had almost returned to the basal activity of phospho-
rylase kinase # but still contained close io one cova-
lenily bound phosphate molecule in the e-subunit. At
this time the readdition of cyclic AMP dependen: pro-
tein kinase, cyclic AMP, ATP and magnesium ions led
1o a reactivation of the enzyme and rephosphoryla-
tion of the S-subunit {fig. 2). This showsd that prior
phosphorylation of the a-subunit did not prevent the
reactivation process, and again confirmed that the
original loss in radioactivity from the S-subunit was
caused by the release of inorganic phosphate, and not
the removal of a small peptide containing the phos-
phoryiaied site by trace proteolytic activity which
might have been present in the preparation. Addition
of Mg2* and Mn2* after 150 min stimulated a dephos-
phorylation of the a-subunit {fig. 2) at a rate similar
to that obtained for the f-subvnit at the comparable
time in fig. 1, although this had no further effect on
enzyme aciivﬂy {not _llusizramd) The X,, of activa-
tion for the Mg+ and Mn2* stimulated dcphosphoryl-
ation was 5—10 mM for both the o- and B-subunits.

The endogenons phosphorylase kinase phosphatase
activity could be completely inhibited by including
50 mM sodium fluoride in the buffer usad o termi-
nate the activation reaction and at all subsequent
steps (not illustrated), and less than 1% of the cova-
lently bound phosphate was released per week at 4°C.
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Fig. 3. Infiuence of phosphoryiase kinase phosphatase at pH
7.0 on phosphorylase kinase 2 mng/ml containing 1.4 meoles
of phosphate per ofy (e = 0.6, = 0.8). Phosphoryiase kinase
activity {(®—e—®), S-subnunit phosphoryliation {(o—o0—0)
or o-snbunit phosphory?
as in fig. 1.

Mn2* (but not Mg?*) restores the aciivity to 70% of
that measured in the absersz oI Puoride. Therefore
phosphorylase kinase sz laber cd with one phosphate

in the - and one phosphate ir thz S-subunit and
stored in the presence of 50 mM fluoride may be used
ag a substrate for assay of phosphorylase kinzse phos-
phatase during its irolation (Antoniw and Cohexn, un-
published work).

The experiments shown in figs. 1 and 2 clearly show
that provided the a-subunit is not significantly ia-
belied, phosphorylas: kinase phosphatase is hardly
able to dephosphoryiate the B-subunit and inactivate
phosphorylase kinzuse unless divalent cations are
added. On the otner hand a compiete labelling of the
o-subunit allow s the phosphatase to rapidly and spe-
cifically dephosphorylate the f-subunit with accom-
panying enzyme inactivation. The simplest explana-
tion to accouni for these findings is that the phospho-
rylation of the e-subunit alters the conformation of
the phosphorylase kinase molacule in such a way as
to facilitate the action of phosphorylase kinase phos-
phatase on the primary phosphorylated site on ihe B-
subunii responsible for enzyme activation.

An extension of these findings is Mustrated in fig.
3. In this experiment phosphorylase kinase was phos-
phorylated to an intermediate extent, 1.4 inoles per
@56'}' (e = 0.6, £ = 0.8). Although 60% of the a-subunits
were phosphorylated, the decline in enzymre activity
and B-subunii dephosphorylation after 150 min was
only 36%. Likewise in fig. 1, the loss of phosphate -
from the P-subunit over 150 min was only 12% al-
though the total a-subunit phosphorylation was 23%.
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‘These 1esults, which have been confirmed with a num-
ber of enzyme preparations, suggest that the transi-
tion of phosphorylase kinase to the form which is
highly susceptible 1o S-subunit dephosphorylation is
a co-operative process requiring the phosphorylation
of at least 2 a-subunits per active enzyme molecule,
(aBy) 4. It thould also be reczlled that, sarlier in this
activation zeaction catalysed by eyclic AMP d\.pen-
dent protein kinase, the phosphorylation of the o
subunit only occunrs rapidly after approx. 2 ﬁ-submﬁts
have been phosphorylated per {cfiv), [8, 10].

While the enhancement of B-subunit dephosphoryl-
ation by @-subunit phosphorylation represents an ex-
ample of a new type of enzyme regulation by cova-
lent modification, it is only possible to speculate at
present about the precise role it might play in the 18-
vlation of glycogenolysis. If however it is assumed
that free divalent cations available to phosphorylase
kinase phosphatase are low, then immediately follow-
ing an adrenalin pulse and ¢yclic AMP formation, the
cyclic AMP dependent protein Kinase would rapidly
pPhosphorylate the B-subunit of phosphorylase kinase,
'with initially little competing effect from phosphoryl-
ase kinase phosphatase, The half 1ime for this reaction
nay be estimated as approx. 1 sec based on in vitro
activities [11]. Then provided calcium ions have
reached the required threshold level of approx. 10—%
M (2, 3], phosphorylase kinase sz will be activated
and convert phosphorylase b to.a with a half time of

approx. 0.5 sec, again based on in virro activities [11].

The phosphorylation of the c-subunit which would
presumably occur afier 5 sec of cyclic AMP depen-
dent protein kKinase action on this time scale, wounld
then represent the point at which phosphorylase kin-
ase phosphatase activity is turned on, If at this point
the adrenalin pulse has ceased, cyclic AMP has been
hydrolysed by phosphodiesterase and protein Kinase
has therefore become inactivated, it tnay be calenlated
from the phosphorylase kinase phosphatase activity in
skeletal muscle extracts (which are several hundred
iimes higher relative to phosphorylase kinase than in
the purified preparations of the latter) that the half

time for reconversion of phosphorylase kinase sa to a
would be within 2 sec, -

On the vther hand it is imerestmg to speculate that. -

_ the activaticn of phosphorylase Xinasz phosphatase
by a-subunit p'hosphorylaﬁ on might represent part cf

L an automanc snutdown prcncess for phosphorylase kin-_.

'-7‘4-6-_ _'t
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ase after prolonged hormonal stimulation, although
for this to be effective there would have to be a syn-
chronons inhibition of the ¢yclic AMP dependent pro-
tein kinase at the time c-smbunit phosphorylation
nears completion. If however cyclic AMP dependent
protein kinase did becoms inactive at this point, by
for insiance the combined action of the two protein .
factors which inhibit cyclic AMP dependent protein
kinase {141 and activate cyclic AMP phosphodiester-
ase T15], respretively, and whose function is not yet
known, then the rapid dephosphorylation of phos-
phorylase kinase that would ensue mighi serve two
functions. Firstly provided phosphorylase phospha-
tase is synchronously inhibited as phosphorylase kin-
ase becomes activated, For which there is some evi-
dence [16], phosphorylase  levels wonld be stable
and there would be no further need 1o maintain phos-
phorylase kinase in the superactive form. Secondly it
is possible that if both phosphorylase kKinase sz and
cyclic AMP dependent protein kinase were active for
too long, then random noen-specific phosphorylation
of a number of other proteins might well occur cans-
ing both losses of ATP and dismption to other cellular
functions.

Finally, the possibility that enzyme yegunlation by
*second site phosphorylation™ might exist in other
enzyme systems controlled by phosphorylation and
dephosphorylaiion should be considered. Thus glyso-
gen synthetase which is inactivated and reactivated by
the same Kinase and phosphatase as phosphorylase
kinase {17, 18] ,and pyruvate dehydrogenase, have
both been reported to become phosphorylated at
more than one site [19,20]. 1t is therefore possible
that inactivation is determined by the phosphoryla-
tion of a unique site and that the reactivation of these
enzymes depends upon the dephosphoerylation of this
site, a reaction triggered by the phosphorylation of a
second site which may or may not bs under separate
control.

Acknowledgements

‘The phosphorylase Kinase uszd in these studies was -
prepared by Mrs. Carol Taylor. This work was sup-
ported by grants from the Science Research Council,
London, and the British Diabetic Associaticn.

~ John-Antoniw is the recipient of a postgraduate gra:nt

from the Medical Research Council, London. -



Volame 34, nnmber 1

References

11} Ozawa, E., Hosoi, K. 2nd &bashi, 8. {19467} J. Biochem.
{Tokyo) 61, 531—333. .

1231 Brostrom, C.0O., Honksler, F.L. and Xrebs, E.G. (12712
J. Biol, Chem. 246, 1561 —1967.

[31 Heilmeyer, L.b.G., Meyer, F., Haschke, R.H. and -
Fischer, E.H. (1970) J. Bicl. Chern. 245, 66496656,

[4] Waish, D.A., Perkins, J.P. and Kzebs, E.G. (1968) 3.
Biol. Chem. 243, 3763—3765.

15] Walsh, D.A., Perkins, I.P., Brostrem, £.0., Ho, E.S. and
Krebs, E.G. {1971) J. Biol. Chem. 246, 15568—1976.

{6] Riley, W.D., Delange, R.J., Bratveld, G.E. and
Krebs, E.G. (1968) J. Biol. Chem. 243, 2209—2215.

{7] Cohen, P. {1972) Biochem. J. 130, 5~6P.

{8] Cohen, P. (1973) European J. Bicchem. 34, 1-14.

{9] Hayakawa, T., Perkins, J.P., Walsh, D.A. and
Krebs, E.G. {1973) Biochemisty 12, 367-573.

110] Hayakawa, T., Perkins, J.P. and Krebs, E.G, (1973)

Biochemistry 12, 3743580,

FEBS LETTERS

“August 1973

§11) Cohen, P. {1973) in: Biorhemical Society Symposiz
{Smellie, R.M.S., ed), Vol. 39, in press, Academic Press.

{12} Rleyer, F., Heflmeyer, L.M.G., Hasckke, R.H. and
Fischer, E.H. {1970) 1. Biol. Chem. 245, 664256648,

113} Fischer, E.H. and Kzebs, EJG. {1558} 1. Biol. Chem. 231,
£5--71.

[14) Ashby, C.D. and Walsh, D.A. {1972) I. Biol Chem. 247,
6637—6542,

{15} Cheung, W.¥. {1971) J. Biol. Chem. 245, 2859.

{16] Haschke, R.H., Hellmeyer, L.M.G., Meyer, I, and
Fischer, E.H. (1970) J. Biol. Chem. 245, $657-6663.

117] Soderling, T.R., Hickinbotiom, J.P., Rumann, M.,
Hunkeles, F.L., Walsh, D.A. and Krebs, E.G. {35970 J.
Biol. Chem. 245, 631 7—-56328.

118] Zieve, F.J. and Glinsmann, W.H. {1973) Biochem.
Biophys. Res. Commun, 50, 872-878.

[10} 8wmith, C.H., Brown. N.E. and Lamner, J. (1971) Bio-
chim. Biophys. Acta 242, 81—-883.

[20] Linn, T.C., Pelley, 3.W., Pettit, F.H., Hucho, F...
Randall, D.D. and Reed, L.J. {1972} Arch. Biochem.
Biophys. 143, 327—-342.

- 37



