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1. Introduction

Cyclic GMP-dependent protein kinase is a distinct
enzyme from cyclic AMP<dependent protein kinase
which may mediate the actions of cyclic GMP in
eukaryotic cells [1]. It was suggested initially that
its substrate specificity was quite different from
cyclic AMP-dependent protein kinase, since it was
reported to phosphorylate distinct tryptic peptides
on mixed histones and to be unable to activate phos-
phorylase kinase [2—4]. Subsequently, however,
many of the substrates for cyclic AMP-dependent
protein kinase, including phosphorylase kinase, were
found to be capable of phosphorylation by cyclic
GMP-dependent protein kinase, although the rates of
phosphorylation were 10—50-fold slower [5—-11].

In this paper it is demonstrated that cyclic AMP-
and cyclic GMP-dependent protein kinases phospho-
rylate the same two sites on phosphorylase kinase,
but at quite different relative rates. The results sug-
gest that cyclic GMP-dependent protein kinase may
be of general use in elucidating the functions of spe-
cific phosphorylation sites in those enzymes that are
phosphorylated at several positions by cyclic AMP-
dependent protein kinase.

2. Materials and methods

2.1. Materials

[y->2P] ATP was purchased from the Radiochemical
Centre, Sephadex G-50 (superfine grade) from
Pharmacia, and N'-(2-hydroxyethyl)-ethylenediamine-
N,N,N'+triacetate (HEDTA) and nitrilotriacetic acid
(NTA) from Sigma.
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2.2. Protein preparations

Phosphorylase kinase [12], phosphorylase b [13],
the catalytic subunit of cyclic AMP-dependent pro-
tein kinase [14] and its specific protein inhibitor
[15], protein phosphatase-1 [16], protein phospha-
tase-2 [17], and protein phosphatase inhibitor-2 [18],
were purified from rabbit skeletal muscle by standard
procedures. These proteins were provided by Mr F. B.
Caudwell, Dr J. G. Foulkes, Dr P. Parker, Dr C.
Picton and Mr A. A. Stewart in this laboratory. Cyclic
GMP-dependent protein kinase was purified from
bovine lung according to Walter et al. [19] except
that the gel filtration step was omitted. This prepara-
tion, which was 70% pure, was provided by Dr D.
Aswad and Professor P. Greengard, Yale University,
USA. Trypsin treated with tosylphenylchloromethyl-
ketone was a product of Worthington Biochemicals,
purchased from Cambrian Chemicals, Croydon,
Surrey England,

2.3. Assay of phospnorylase kinase

Phosphorylase kinase was assayed as in [20,21]
using a calcium HEDTA buffer at pH 6.8 and a
calcium-NTA buffer at pH 8.2. The final concentra-
tions of HEDTA, NTA and Ca?" were 1.0 mM,
1.0 mM and 0.8 mM respectively, giving free Ca®*
concentrations of 0.06 and 0.07 mM at pH 6.8 and
8.2 respectively. These values are saturating for both
the phosphorylated and dephosphorylated forms of
the enzyme [21].

2.4. Phosphorylation of phosphorylase kinase
2.4.1. Cyclic AMP-dependent protein kinase
The incubations were carried out at 20°C and con-

tained phosphorylase kinase 2.0 mg/ml, sodium
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glycerophosphate 10 mM, EDTA 0.4 mM, EGTA

0.2 mM, magnesium acetate 2.0 mM, the catalytic
subunit of cyclic AMP-dependent protein kinase and
[v-3*P]ATP 0.2 mM (10® cpm/umole). The reactions
were initiated with ATP and aliquots were removed
at various times and assayed for phosphorylase kinase
activity and for phosphorylation. For calculation of
the stoichiometry of phosphorylation, the molecular
weight was taken as 335 000 (o8y8 unit) and the
absorbance index A%’o am» 38 12.4 [12]. Further
aliquots were denatured in sodium dodecyl sulphate
and subjected to electrophoresis on 5% polyacryl-
amide gels. The gels were stained, destained, and the
a, 8, v and 8-subunits cut out and analysed by
Cerenkov counting.

2.4.2. Cyclic GMP-dependent protein kinase

The incubations were identical, except that cyclic
GMP-dependent protein kinase replaced cyclic AMP-
dependent protein kinase, and cyclic GMP (1.0 uM)
and the specific protein inhibitor of cyclic AMP-
dependent protein kinase were included. The protein
kinase inhibitor was added because phosphorylase
kinase is contaminated with traces of cyclic AMP-
dependent protein kinase.

2.5. Dephosphorylation of phosphorylase kinase
Phosphorylase kinase (1.0 mg) was phosphorylated
by cyclic AMP-dependent protein kinase (0.3 U/ml —
see [15,22] for definition of units) as in section 2.4.
After 10 min, when 1.7 mol of phosphate per afyd
unit had been incorporated, the reaction was stopped
by the addition of EDTA (10 mM). The solution was
passed through Sephadex G-50 Superfine (10 X 1 cm)
equilibrated in 50 mM Tris/HCl — 50 mM 2-mercap-
toethanol pH 7.0. The [*?P]phosphorylase kinase
(0.8 mg/m1), was then incubated at 20°C with either
protein phosphatase-1 (5.8 U/ml) in the presence
of 1.0 mM EDTA, or with protein phosphatase-2
(1.0 U/ml) in the presence of 1.0 mM MnCl, and
protein phosphatase inhibitor-2 (85 U/ml), a specific
inhibitor of protein phosphatase-1 [22]. Units of
phosphatase activity are defined in [15,18]. Aliquots
were withdrawn at various times and assayed for
phosphorylase kinase, phosphate released, and
phosphate remaining in the « and §-subunits.
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3. Results

3.1. Phosphorylation of phosphorylase kinase by
cyclic AMP and by cyclic GMP-dependent
protein kinases

Cyclic GMP-dependent protein kinase was found
to phosphorylate and activate phosphorylase kinase,
confirming earlier reports [5,6]. However much less
activation occurred than with cyclic AMP-dependent
protein kinase for the same amount of phosphate
incorporated (fig.1). The rate of activation by cyclic

GMP-dependent protein kinase was 2.5—3-fold slower

than that catalysed by cyclic AMP-dependent protein

kinase, although the initial rate of phosphorylation
was 1.3-fold faster. This indicated that the two
enzymes did not phosphorylate the same site prefer-
entially, an observation confirmed by investigation
of the phosphorylation of the individual subunits of
phosphorylase kinase. Cyclic GMP and cyclic AMP-
dependent protein kinases both phosphorylated the

a and B-subunits, but the relative rates of phospho-

rylation of these two components were quite differ-

ent. Cyclic AMP-dependent protein kinase initially
phosphorylated the f-subunit 5-fold faster than the
a-subunit, whereas cyclic GMP-dependent protein
kinase phosphorylated the e-subunit 3-fold faster
than the S-subunit {fig.2). No phosphate was incor-
porated into the v and 8-subunits, by either enzyme.

There was an excellent correlation between the activ-

ity of phosphorylase kinase and the degree of phos-

phorylation of the f-subunit, and no correlation
between activation and the degree of phosphorylation
of the a-subunit (fig.3).
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Fig.1. Phosphorylation (A) and activation (B) of phospho-
rylase kinase by cyclic GMP and cyclic AMP~dependent pro-
tein kinases. Phosphorylation is shown by circles and activa-
tion at pH 6.8 triangles. Closed symbols show results with
cyclic GMP-dependent protein kinase and open symbols
results with cyclic AMP-dependent protein kinase. In the
absence of either protein kinase the incorporation of phos-
phate was <0.05 molecules per ofy8 unit after 20 min.
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Fig.2. Phosphorylation of the asubunit (open circles) and
B-subunit (closed circles) of phosphorylase kinase by (A)
cyclic AMP-dependent protein kinase (cAMP-PrK), and (B)
cyclic GMP-dependent protein kinase (¢cGMP-PtK). No phos-
phate was incorporated into the v or §-subunit by either
enzyme.
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Fig.3. Correlation between activation of phosphorylase kinase
and phosphorylation of the g-subunit. Phosphorylation of the
g-subunit is denoted by circles and phosphorylation of the
a-subunit by triangles. Open symbols show results obtained
using cyclic GMP-dependent protein kinase and closed sym-
bols results using cyclic AMP-dependent protein kinase.
Activity measurements were carried out at pH 6.8. Activation
was only 1.6-fold at pH 8.2, when it was 10-fold at pH 6.8.
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Cyclic AMP-dependent protein kinase has been
shown to phosphorylate one serine residue on the
a-subunit and one serine residue on the g-subunit of
phosphorylase kinase [23,24]. The tryptic phospho-
peptide from the a-subunit (40 amino acids) is much
larger than that from the S-subunit (9 amino acids)
and the two sites are therefore easily distinguished
by gel filtration {23]. The tryptic phosphopeptides
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Fig.4. Gel filtration of tryptic phosphopeptides on Sephadex
G-50 Superfine (150 X 1.4 cm). Phosphorylase kinase

(0.4 mg) was phosphorylated by (A) cyclic GMP-dependent
protein kinase (cGMP-P1K), or (B) cyclic AMP-dependent
protein kinase (CAMP-PrK). The sample phosphorylated by
o¢GMP-P1K contained 0.83 molecules of phosphate in the a-
and 0.33 in the g-subunit. The sample phosphorylated by
cAMP-P1K contained 0.11 molecules of phosphate in the
a-subunit and 0.50 in the g-subunit. Incubations were ter-
minated with 5% trichloroacetic acid and the precipitated pro-
tein washed four times with water to remove trichloroacetic
acid and [y-**P]JATP. The precipitate was resuspended in

0.1 ml of ammonium bicarbonate (0.1 M), incubated with
0.01 ml of trypsin (0.1 mg/ml) for 24 h at 37°C, and sub-
jected to gel filtration. The flow rate was 10 ml/h and 1.0 ml
fractions were collected.
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obtained after phosphorylation by cyclic GMP or
cyclic AMP-dependent protein kinase were found to
be identical (fig.4).

3.2. Dephosphorylation and inactivation of phospho-
rylase kinase by protein phosphatase-1 and
protein phosphatase-2

The initinl rate of dephosphorylation of the
B-subunit by protein phosphatase-1 was 50-fold faster
than the dephosphorylation of the a-subunit, whereas
the initial rate of dephosphorylation of the a-subunit
by protein phosphatase-2 was 10—20-fold faster than
the B-subunit as expected [25,26]. The inactivation of
phosphorylase kinase showed an excellent correlation
with the loss of phosphate from the f-subunit (fig.5).

After a 15 min incubation with protein phosphatase-1

the activity had almost returned to the level of the

dephosphorylated enzyme and the S-subunit was
largely dephosphorylated, but the a-subunit was still

80--90% phosphorylated. Conversely, after a 15 min

incubation with protein phosphatase-2 the activity

and phosphate in the §-subunit had decreased by

20—30%, but the a-subunit was 80% dephospho-

rylated.

4. Discussion

Incubation of phosphorylase kinase with cyclic
AMP-dependent protein kinase at low concentrations

phosphatel subunit and activity (%emax)

Fig.5. Dephosphorylation and inactivation of phosphorylase
kinase by (A) protein phosphatase-1 (PtP-1) and (B) protein
phosphatase-2 (PrP-2). [32P]Phosphorylase kinase containing
0.84 molecules of phosphate in the a-subunit and 0.85 mole-
cules in the g-subunit was prepared by phosphorylation with
cyclic AMP-dependent protein kinase, and incubated with
protein phosphatase-1 or protein phosphatase-2 as described
under Materials and methods. The open and closed citcles
show the % phosphate remaining the o and g-subunits respec-
tively. The closed triangles show the activity at pH 6.8, and
the broken line denotes the activity of the dephosphorylated
form of the enzyme.
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of Mg?* (1—2 mM) leads to a rapid phosphorylation
of one serine on the §-subunit, and a slower phospho-
rylation of one serine on the a-subunit [12,23,24].
We reported previously that most, if not all, of the
activation observed at physiological pH (6.8) was
agsociated with the phosphorylation of the S-subunit
[12], a result confirmed by Singh and Wang [27].
However, Hayakawa et al. [28] reported that the
activity of phosphorylase kinase was still increasing
at pH 6.8, after the phosphorylation of the 8-subunit
was complete, and they suggested the a-subunit

also played a part in the activation process [28]. The
discovery that cyclic GMP-dependent protein kinase
phosphorylates the same two serine residues, but at
quite different relative rates, and the availability of
two phosphorylase kinase phosphatases which are
relatively specific for the dephosphorylation of the
two sites, has resolved this question. At pH 6.8 in the
presence of saturating concentrations of Ca®* there
is a very strong correlation between the activity

of the enzyme and the state of phosphorylation of
the f-subunit. The site on the a-subunit that is phos-
phorylated preferentially by either cyclic AMP-or
cyclic GMP-dependent protein kinase does not influ-
ence the activity under these conditions.

Incubation of phosphorylase kinase with cyclic
AMP-dependent protein kinase at high concentrations
of Mg?* (10 mM) for prolonged periods leads to the
incorporation of 7-9 molecules of phosphate per
afy8 unit and activates the enzyme to a level 2-3-
fold higher than is obtained after phosphorylation to
2 molecules per oy8 unit at low Mg [27]. Nearly
all the additional phosphate is incorporated into the
a-subunit. It therefore seems clear that the phospho-
rylation of a site(s) on the asubunit distinct from
that phosphorylated preferentially by cyclic AMP-
dependent protein kinase, contributes to the activa-
tion of phosphorylase kinase under these conditions.

The two sites on the a and S-subunits phospho-
rylated by cyclic AMP-dependent protein kinase at
fow Mg?* are partially phosphorylated in vivo in
response to adrenalin [29], and the total phosphate
bound covalently to phosphorylase kinase increases
by the amount expected from the extent of phospho-
rylation of these sites (about one molecule per afys
unit [30]). The physiological significance of the large
number of phosphates that can be introduced into
the a-subunit by incubation with cyclic AMP-depen-
dent protein kinase at high Mg?" in vitro is therefore
uncertain.
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The initial rate of phosphorylation of phospho-
rylase kinase by cyclic GMP-dependent protein kinase
is about 40—50-fold slower than that catalysed by
cyclic AMP-dependent protein kinase, but the rate
of activation is 150-fold slower. This large difference
presumably explains the original failure to detect
activation of phosphorylase kinase by cyclic GMP-
dependent protein kinase [2--4]. Since the levels of
cyclic GMP-dependent protein kinase in skeletal
muscle are extremely low [31], it is most unlikely
that the phosphorylation of phosphorylase kinase by
this enzyme occurs in vivo. On the other hand, the
current information about the specificity of cyclic
GMP-dependent protein kinase suggests that this
enzyme may be of general use in elucidating the func-
tions of particular phosphorylation sites in enzymes
that are phosphorylated at multiple positions.

Phosphorylase kinase is now the third protein
where cyclic AMP and cyclic GMP-dependent protein
kinase have been shown to phosphorylate the same
two sites but at quite different relative rates. Histone
H2B is phosphorylated by both enzymes at serine-32
and serine-36 [32]. Serine-36 is phosphorylated
6-fold more rapidly than serine-32 by cyclic AMP-
dependent protein kinase [24], whereas serine-32 is
phosphorylated 10-fold more rapidly than serine-36
by cyclic GMP-dependent protein kinase [7,33].
G-substrate, a protein present in the cerebellum, is
one of the few proteins phosphorylated more rapidly
by cyclic GMP-dependent protein kinase than by
cyclic AMP-dependent protein kinase [34,35]. This
protein is phosphorylated on two threonine residues
by both protein kinases, termed site-1 and site-2.
Site-2 is phosphorylated slightly faster than site-1
by cyclic GMP-dependent protein kinase but site-1
is phosphorylated 4-fold faster than site-2 by cyclic
AMP-dependent protein kinase [36]. The specificity
determinants of cyclic AMP and cyclic GMP-depen-
dent protein kinase therefore appear to be similar
but not identical [37], and their combined use is
likely to be important in the analysis of other pro-
teins that are multiply phosphorylated.
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