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Incubation of highly purified preparations of the bovine kidney
cytosolic protamine kinase in the presence of near homogeneous prepara-
tions of the catalytic subunit of protein phosphatase 2A (PrP2A ) from
bovine kidney resulted in time-dependent inactivation of the protamine
kinase. By contrast, incubation of bovine kidney cytosolic casein kinase
IT with PrP2AC had no effect on the activity of this casein kinase II.
In the presence of 10 mM sodium fluoride, 10 mM inorganic orthophosphate,
1 mM pyrophosphate or 0.1 mM ATP, the inactivation of the protamine
kinase by PrP2A was completely inhibited. Half-maximal inhibition by
ATP occurred at about 20 MM. The rate of inactivation of the protamine
kinase by PrP2A was unaffected by Mg2', Mn2*, Ca?', EDTA or EGTA at
1 mM. The results strongly indicate that the activity of the cytosolic
protamine kinase is regulated by phosphorylation/dephosphorylation.
© 1990 Academic Press, Inc.

The bovine kidney cytosolic protamine kinase is composed of a single
polypeptide of apparent Mr ~ 45,000 as determined by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and gel permeation chromato-
graphy (1). This enzyme was differentiated from other protein kinases by
its unique substrate specificity and chromatographic properties (1,2).
The physiological role of the bovine kidney cytosolic protamine kinase
has not yet been elucidated, and to date, physiologically relevant
regulators of this enzyme had not been identified. However, the activity
of a protamine kinase that exhibits catalytic and chromatographic proper-
ties identical to the bovine kidney enzyme was stimulated rapidly follow-
ing treatment of isolated rat hepatocytes with insulin indicating a role

for this enzyme in cellular responses to this hormone (2).

The abbreviations used are: PrP2A, protein phosphatase 2A; PrP2A ,
protein phosphatase 2A catalytic subunit; EDTA, ethylenediaminetetraacg-
tic acid; EGTA, ethyleneglycol-bis-(B-aminoethyl ether) N, N, N', N’
tetraacetic acid.
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In this communication, we report that the highly purified protamine
kinase of bovine kidney is inactivated following incubation with near
homogeneous preparations of the catalytic subunit of protein phosphatase
2A (PrPZAC). The results strongly indicate that the activity of the
bovine kidney protamine kinase is regulated by phosphorylation/ dephos-
phorylation. The possible relevance of the results to the mechanism by
which the activity of the protamine kinase was stimulated by insulin in

isolated rat hepatocytes is discussed.

Materials and Methods

Affigel Blue gel was obtained from Biorad. Phosphorylase b, phos-
phorylase kinase and casein were obtained from Sigma Chemical Company.
All other materials are given in references 1 and 2.

Purification of the bovine kidney cytosolic protamine kinase to
apparent homogeneity (1) and partial purification of the rat hepatocyte
protamine kinase (2) were as described. Determination of protamine
kinase activity was as documented (2). One unit of protamine kinase
activity was the amount of enzyme which catalyzed the incorporation of
1 nmol of phosphoryl groups into protamine. Protein was determined by
the procedure of Bradford (3). Polyacrylamide gel electrophoresis was
performed in slab gels (12% acrylamide) with 0.1% sodium dodecyl sulfate
and Tris/glycine buffer, pH 8.3 (4). Protein bands were detected by
staining with Coomassie Blue or silver (5).

32p-labeled phosphorylase a was prepared from phosphorylase b using
phosphorylase kinase, and phosphorylase phosphatase activity was deter-
mined as described (6,7). One unit of phosphorylase phosphatase activity
was the amount of enzyme which catalyzed the release of 1 nmol inorganic
prhosphate/min. The catalytic subunit of PrP2A was purified to apparent
homogeneity from bovine kidney cytosol by a procedure similar to the one
employed to purify PrP2AC from rabbit skeletal muscle and liver (8,9).
The final preparations consisted of a single Coomassie Blue or silver
staining polypeptide of apparent M_ ~ 36,000 as determined by sodium
dodecyl sulfate polyacrylamide gel ef%ctrophoresis.

The criteria employed to identify the purified phosphatase prepara-
tions as type 2A (10,11) were that the enzyme specifically dephosphoryl-
ated the & subunit of phosphorylase kinase, that the enzyme was divalent
cation-independent and that ATP at 0.1 mM completely inhibited its
activity with 32P-labeled phosphorylase. Half-maximal inhibition with
ATP occurred at about 20 pM ATP (see Fig. 3 below). 32P-labeled phospho-
rylase kinase was prepared by incubation with the catalytic subunit of
cAMP-dependent protein kinase as described (11,12). Dephosphorylation of
the o subunit by PrP2A. was analyzed by autoradiography following
resolution of 32P-labeled phosphorylase kinase d and B subunits by sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

Casein kinase II was purified to apparent homogeneity from bovine
kidney cytosol by a procedure similar to the one employed to purify the
mitochondrial casein kinase II except that chromatography of the prepara-
tions on heparin-agarose was omitted (13). These casein kinase II
preparations consisted of two Coomassie Blue or silver staining subunits
of apparent M_ ~ 36,000 and 28,000 as estimated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Casein kinase II activity was
determined as described (13) except that MgZ' at 10 mM instead of 1.5 mM
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was employed in the incubations. One unit of casein kinase II activity
was the amount of the enzyme which catalyzed the incorporation of 1 nmol
of phosphoryl groups into casein (13).

Results and Discussion

Incubation of near homogeneous preparations of the bovine kidney
cytosolic protamine kinase with PrPZAC resulted in time-dependent in-
activation of the protamine kinase preparations (Fig. 1). By contrast,
the activity of purified preparations of the bovine kidney casein kinase
IT were unaffected by incubation with any of the PrPZAC preparations
employed {(not shown). The inactivation of the kidney protamine kinase by

PrPZAC was not due to contaminating protease(s), if any, because the

Protamine kinase activity (units / ml)
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Fig. 1. Inactivation of bovine kidney cytosolic protamine kinase by
PrP2A_ - Highly purified protamine kinase (170 units/ml) was incubated at
30°C in the absence (o0---o0) and presence (e---8) of PrP2A (7 unit/ml) in
50 mM imidazole chloride, pH 7.3, 10% glycerol, 0.1 m phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, 0.1 mM EGTA, and 14 mM B-mercapto-
ethanol in a final volume of 0.1 ml. At the indicated times, a 0.01 ml
aliquot of the incubations was used to determine protamine kinase activi-
ty as described (1) except that 3 min instead of 10 min assays were
performed.

Fig. 2. Incubation of the protamine kinase in the absence (A) and pre-
sence (B) of PrP2A_ - The conditions were as described in the legend to
Fig. 1 except that following incubation of the protamine kinase with
PrP2A_ for 1 h, 50 pl of sample buffer was added (7). The solutions were
then heated at 100°C for 5 min and sodium dodecyl sulfate polyacrylamide

gel electrophoresis was carried out (7). The gel, 12% acrylamide was
stained with silver (5). The arrow denotes the position of the protamine
kinase.
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apparent Mr (~ 45,000) of the kidney kinase as determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis was not altered
following incubation with PrP2AC (Fig. 2). 1In addition, the inactivation
of the protamine kinase by PJ{'PZAC was completely inhibited in the
presence of the general protein phosphatase inhibitors sodium fluoride at
5 mM, pyrophosphate at 1 mM, or inorganic orthophosphate at 10 mM (not
shown). ATP, a specific PrP2A inhibitor at 0.1 mM (11,12), completely
inhibited the inactivation of the protamine kinase by PrPZAC. Half-
maximal inhibition occurred at about 20 pM ATP (Fig. 3). This is similar
to the concentration of ATP required to observe half-maximal inhibition
of PrPZAC with phosphorylase a (Fig. 3 and Refs. 11,12) and with other

substrates of PrPZAC (11,12).
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Fig. 3. Inhibition of PrP2A_ by ATP - Incubation of the protamine kinase
with PrP2A_ for 10 min in thie presence of ATP and assay of the protamine
kinase for 3 min were performed (e---e) as described in the legend to
Fig. 1. The 100% control value refers to the maximal inactivation of the
protamine kinase observed in the absence of ATP. The effect of ATP on
the phosphorylase phosphatase activity of PrP2A_ (o---0) was determined
as described (11). The 100% control value for p‘ilosphorylase phosphatase
was the activity determined in the absence of ATP.
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The rate of protamine kinase inactivation by the PrPZAC preparations
was unaffected by 1 mM Mg2*, Mn2*, Ca2', EDTA, EGTA or sodium vanadate.
The ina‘ctivation of the cytosolic protamine kinases by the purified
PrPZAc was completely inhibited by 200 mM NaCl. Half-maximal inhibition
by NaCl occurred at about 50 mM (Fig. 4).

The results presented in this report strongly indicate that the
activity of the protamine kinase isclated from kidney cytosol is inacti-
vated by dephosphorylation, and therefore that the purified kidney enzyme
may contain covalently bound regulatory phosphoryl groups. This prota-
mine kinase phosphorylation could have occurred either during the course
of the purification and/or in vivo. The latter possibility appears to be
the most likely because the activity of the protamine kinase determined
in kidney extracts does not increase during the purification of this
enzyme (1). In additiom, all the buffers employed in the purification

contain 1 mM EDTA (1). Therefore, during the isolation of the protamine
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Fig. 4. Inhibition of PrP2A by NaCl - TIncubation of the protamine

kinase with PrP2A_  for 10 min in the absence and presence of NaCl, and
assay of the protamine kinase for 3 min were as described in the legend
to Fig. 1.
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kinase, divalent-cation dependent phosphorylation of this enzyme can be
expected to be inhibited. It is also pertinent to note that homogeniza-
tion is performed in a phosphate buffer (1). Therefore, at the first
steps of the purification, protamine kinase protein phosphatase(s)
is(are) likely to be completely inhibited. 1In addition, at all the later
stages of the purification the protamine kinase is present in solutions
containing NaCl at a concentration > 200 mM. Under these conditions, the
PrPZAc catalyzed inactivation of the protamine kinase is completely
inhibited (¥ig. 4). Therefore, dephosphorylation catalyzed by PrP2A
cannot account for any loss of activity during the purification. Whether
protein phosphatases other than PrP2A regulate the activity of the
protamine kinase, remains to be determined.

Protein phosphatase 2A is relatively specific for phosphoseryl and
phosphothreonyl residues. With some proteins, the enzyme has been
reported to exhibit low but detectable activity towards phosphotyrosine
residues (14,15). Therefore, it is conceivable that PrPZAC inactivates
the protamine kinase preparations by dephosphorylation of phosphotyrosyl
residues. However, based on preliminary analysis of the phosphoamino
acid composition of the cytosolic protamine kinase which indicated the
presence of phosphoseryl and not phosphothreonine nor phosphotyrosyl
residues, it seems almost certain that PrP2AC catalyzes the
dephosphorylation of phosphoserine residues present on the purified
protamine kinase.

It is possible that a covalent phosphorylation of the protamine
kinase may be involved in the mechanism by which the activity of this
enzyme was stimulated in response to insulin in isolated rat hepatocytes.
This idea was suggested previously (2) based on the following observa-
tions. First, it was necessary to include sodium fluoride, a general
protein phosphatase inhibitor in the homogenization buffers to detect the
effect of insulin on the rat hepatocyte protamine kinase. Second, the

insulin-stimulated increase in protamine kinase activity was stable to

chromatography on protamine-agarose, DEAE-cellulose, and Sephacryl $-200
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gel filtration indicating that a covalent modification of the kinase was
involved. Third, the apparent Mr of the kinase from insulin-treated and
control cells was about 45,000 as estimated by gel permeation chromato-
graphy on Sephacryl S-200 indicating that insulin had not stimulated
kinase activity by limited proteolysis or via modulation of the associa-~
tion of the kinase with a regulatory factor. Fourth, cyclohexiimide, a
protein synthesis inhibitor, did not prevent the insulin-stimulated
increase in protamine kinase activity indicating that insulin had stimu-
lated the activity of a pre-existing pool of the kinase. Clearly, the
possibility that insulin-stimulation of the hepatocyte protamine kinase
may occur via increased phosphorylation of the protamine kinase is
supported by the results presented in this communication. Moreover,
experiments utilizing partially purified preparations of the hepatocyte
protamine kinase were also inactivated following incubation with PrPZAC
(not shown). In this regard, it is interesting to note that purified
preparations of an insulin-stimulated ribosomal protein S6 kinase (16)
and partially purified preparations of an insulin-stimulated
microtubule-associated protein-2 kinase (16) have also been shown to be
inactivated following incubation with PrPZAC. In addition,
phosphorylation and partial reactivation (about 30% of maximum) of the
ribosomal protein S6 kinase by the microtubule-associated protein-2
kinase preparations has been reported (16). The kinase(s) which would
catalyze the phosphorylation and concomitant reactivation of the PrPZAC
inactivated protamine kinase has not yet been identified. It is
possible, however, that together with the ribosomal protein $6 kinase and
the microtubule-associated protein-2 kinase, the protamine kinase may
participate in an insulin-stimulated cascade of sequential protein kinase

phosphorylation/activation reactions.
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