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Phosphorylase kinase from chicken gizzard

Partial purification and characterization
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Phosphorylase kinase was partially purified (530 —970-fold) from chicken gizzard smooth muscle by a proce-
dure involving ammonium sulfate fractionation, chromatography on 8-(6-aminohexyl)adenosine-5'-phosphate —
Sepharose 4B and glycerol density gradient ultracentrifugation. The final and most efficient purification step
takes advantage of the relatively high molecular mass of gizzard phosphorylase kinase, which was found to be
similar to that of rabbit skeletal muscle enzyme. The gizzard kinase, further purified to near homogeneity by
calmodulin-Sepharose 4B affinity chromatography, showed one main protein band of 61 kDa, upon dodecyl
sulfate acrylamide gel electrophoresis. Four minor protein bands of higher molecular mass were also present but
no protein stain was seen at the position of the y subunit. The gizzard phosphorylase kinase showed a high pH 6.8/
8.2 activity ratio of 0.53, it was stimulated by Ca?*, inhibited up to 80% by EGTA and it was activated about
1.9-fold by calmodulin. The k,, value for ATP was 0.45 mM, while the K, s for rabbit muscle phosphorylase 5
was extremely low, more than 200-fold lower than the K, of nonactivated skeletal muscle phosphorylase kinase
for its protein substrate. High concentrations of phosphorylase » were found to be inhibitory. At 10 mg/ml
phosphorylase b, the maximum activity of the kinase was inhibited fivefold. No evidence has been obtained
indicating autophosphorylation or the existence of active and inactive forms of gizzard phosphorylase kinase.
Limited proteolysis of the smooth muscle kinase with trypsin was accompanied by a twofold activation at pH 6.8.

Phosphorylase kinase is a regulatory enzyme in the cascade
of reactions associated with glycogenolysis. The rabbit skel-
etal muscle enzyme has been the most intensively studied. This
enzyme is a hexadecamer composed of four types of subunits:
2447404 [1] and exists in active and inactive forms. The active
and inactive forms can be distinguished by their pH/activity
profiles. Conversion of the nonactivated to the activated form
occurs by protein phosphorylation, which can be catalyzed
by a number of protein kinases [2]. In addition, the activity of
skeletal muscle phosphorylase kinase is dependent on Ca**,
while different findings suggest that the activation of phos-
phorylase kinase by Ca®* represents the mechanism by which
glycogenolysis is synchronized with muscle contraction [3].

In the last few years there has been a surge of interest in
smooth muscle biochemistry and especially in the regulation
of contractile process by protein phosphorylation [4, 5]. In
addition, the regulation of phosphorylase ¢ formation has
been examined in intact smooth muscle and in general it has
been proposed that increases in phosphorylase a formation
are related to increases in contractile activity due to changes in
intracellular free Ca?* concentrations [6, 7]. The relationship
between myosin light chain phosphorylation and phos-
phorylase a formation has also been examined [8], but for a
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Abbreviations. SDS, sodium dodecyl sulfate; S’AMP-Sepharose,
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Enzymes. Cyclicc:AMP-dependent protein kinase (EC 2.7.1.37);
phosphorylase kinase (EC 2.7.1.38); glycogen phosphorylase (EC
2.4.1.1); phosphorylase phosphatase (EC 3.1.3.17).

better understanding of the coordination of metabolic and
contractile activity in smooth muscle the purification of the
enzymes involved in the above regulatory mechanisms is
needed.

Since smooth muscle phosphorylase kinase has not been
purified or studied to any extent, the purification and
characterization of chicken gizzard phosphorylase kinase was
undertaken to facilitate understanding of the hormonal
control of glycogen metabolism in smooth muscle.

MATERIALS AND METHODS
Materials

[y->2P]ATP (3 Ci/mmol) was purchased from the Radio-
chemical Centre, Amersham. Sepharose 4B, 5 AMP-Sepha-
rose 4B and phenyl-Sepharose CL-4B were obtained from
Pharmacia. PhMeSO,F and ATP were products of Sigma
Chemical Co. and BDH respectively. Glycogen from oyster
was purchased from BDH and was freed of AMP as described
previously [9]. Flake poly(ethyleneglycol) (Aquacide 111) was
a product of Calbiochem-Behring Corp. Other chemicals used
were of the highest grade commercially available.

Protein preparations

Crystalline rabbit skeletal muscle phosphorylase b was
prepared according to Fischer and Krebs [10], recrystallized
four times and treated as described previously [9]. Rabbit
skeletal muscle phosphorylase kinase was purified by the
method of Cohen [11]. Muscle phosphorylase ¢ was prepared
from phosphorylase b by phosphorylation with rabbit muscle
phosphorylase kinase [9]. The catalytic subunit of bovine heart
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cyclic-cAMP-dependent protein kinase, bovine brain calmo-
dulin and whole troponin were kindly provided by Prof. L.
M. G. Heilmeyer, Jr. Calmodulin was also isolated from bov-
ine brain by phenyl-Sepharose affinity chromatography [12].
Casein hydrolyzed and partially dephosphorylated, phosvitin
from egg vitellin, histone type II-AS from calf thymus, trypsin
twice crystallized and soybean trypsin inhibitor were obtained
from Sigma. Protein phosphatase 1 was partially purified
from rabbit skeletal muscle as described by Antoniw and
Cohen [13].

Phosphorylase kinase assay

Phosphorylase kinase activity was determined by a
modification of the method of Cohen [11], which is based on
the measurement of phosphorylase activity. Unless otherwise
noted, the incubation mixture contained 50 mM glycerol
2-phosphate, 50 mM Tris/HCL, pH 6.8 or 8.6, 3 mM ATP,
10 mM magnesium acetate, 0.1 mM CaCl,, phosphorylase 5,
0.5 mg/ml (for gizzard kinase) or 8 mg/ml (for skeletal muscle
kinase) and the phosphorylase kinase preparation to be
assayed in a final volume of 0.15 ml. The reaction was started
by the addition of a mixed solution of ATP and magnesium
acetate. After incubation for 10 min at 30°C, 0.02 ml of reac-
tion mixture was appropriately diluted in ice-cold 30 mM
triethanolamine-HCl buffer pH 6.8 containing 0.5 mg/ml
bovine serum albumin and 20 mM 2-mercaptoethanol and
assayed for phosphorylase a in the direction of glycogen syn-
thesis [9], with 75 mM glucose-1-P. Phosphorylase kinase
activity was expressed as the rate that phosphorylase 5 mono-
mer is converted to phosphorylase a monomer: 1 U = 1 pmol
converted/min. The specific activity of phosphorylase a in the
absence of AMP was taken was 54 U/mg [11].

Phosphorylase kinase was alternatively assayed by mea-
suring the incorporation of *?P from [y-*?P]ATP into the
protein substrate. The incubation mixture was similar to that
described by Cohen [14], except that {y-*>P]ATP was 1 mM
and phosphorylase » 0.5 mg/ml (for gizzard kinase) or 8 mg/
ml (for skeletal muscle kinase) in a final volume of 0.06 ml.
When the activity of gizzard phosphorylase kinase was mea-
sured against different potential protein substrates, the assay
mixture contained 3 mg/ml of the protein substrate.

Protein determination

Protein determinations during the purification procedure
of gizzard phosphorylase kinase utilized the Coomassie
Brilliant Blue G-250 microprotein assay, as described by
Bradford {15}, using bovine serum albumin as the standard.
Protein concentrations of the purified enzymes were deter-
mined spectrophotometrically by using the absorption coetf-
ficients (A41% ) at 280 nm of 12.4 and 13.2 for rabbit muscle
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phosphorylase kinase [11] and phosphorylase [16] respectively.

SDS gel electrophoresis

Polyacrylamide gel electrophoresis with 5% or 7.5%
acrylamide gels in presence of 0.1% SDS was carried out as
described by Cohen [11]. Samples of phosphorylase kinase
were precipitated by 15% trichloroacetic acid and the protein
centrifuged down. The pellets were washed extensively with
diethyl ether and denatured by boiling with 1% SDS for
Smin, in the presence of 0.2% (v/v) 2-mercaptoethanol.
Rabbit muscle phosphorylase kinase was used as standard.

Other procedures

The activity of phosphorylase phosphatase was measured
by the rate of conversion of phosphorylase a to » [17]. The
effect of phosphorylase phosphatase on chicken gizzard
phosphorylase kinase was tested by incubation of the smooth
muscle enzyme (20 pg/ml) with 0.13 mg/ml of phosphorylase
phosphatase in 30 mM Tris/HCl buffer pH 7.0 containing
1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride and
15 mM 2-mercaptoethanol, for 10 min at 30°C, in a final
volume of 0.12 ml. Aliquots were removed and tested for
phosphorylase kinase activity, in the presence of 20 mM NaF,
at pH 6.8.

Enzymatic activation of gizzard phosphorylase kinase was
examined in principle as described by Chrisman et al. [18] by
preincubating phosphorylase kinase with ATP-Mg and the
catalytic subunit of cyclic-:AMP-dependent protein kinase,
followed by measuring the phosphorylase kinase activity
as described above. The preincubation mixture contained
20 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.8), 3 mM
magnesium acetate, 50 pM  ATP, gizzard phosphorylase
kinase (20 pg/ml) and the catalytic subunit of cyclic-AMP-
dependent protein kinase (500 pg/ml), in a final volume of
0.1 ml. The reaction was started by the addition of ATP and
at different time intervals, at 30°C, aliquots were taken and
directly added to the phosphorylase kinase assay mixture.

Autophosphorylation of rabbit skeletal muscle and
chicken gizzard phosphorylase kinase (40 pg/ml) was carried
out at 30°C for 2 h in the presence of 1 mM CaCl,, 0.6 mM
EDTA, 1.6 mM magnesium acetate, 0.5 mM [y->*P]ATP, 34%
(v/v) glycerol, 0.06 mM phenylmethylsulfonyl fluoride,
15 mM 2-mercaptoethanol and 20 mM Tris/HCl buffer
pH 7.3 in a final volume of 0.5 ml. The reaction was stopped
by addition of ice-cold trichloroacetic acid and the samples
were prepared for SDS-acrylamide gel electrophoresis (7.5%
gel) as described previously. The gels were dried onto
Whatman No 3 MM paper and autoradiographed on Kodak
X-Omat S film with X-ray intensifying screen, for 12 h (skel-
etal muscle phosphorylase kinase) or 27 days (gizzard
phosphorylase kinase) at — 70°C.

Trypsinolysis of rabbit skeletal muscle and chicken gizzard
phosphorylase kinase was carried out by incubating the kinase
(5 ug/ml) with trypsin (2 pg/ml) at 30°C. The incubation
mixture also contained 0.6 mM EDTA, 0.06 mM phenylmeth-
ylsulfonyl fluoride, 10 mM 2-mercaptoethanol, 40% (v/v)
glycerol and 20 mM Tris/HCI buffer pH 7.3. At various times
an aliquot was diluted 1:10 in the phosphorylase kinase assay
mixture (pH 6.8) which contained 21 pg/ml trypsin inhibitor
and the enzyme activity was determined as described pre-
viously.

Coupling of calmodulin to Sepharose 4B was done
according to Niggli et al. [19].

RESULTS
Partial purification of chicken gizzard phosphorylase kinase

All purification procedures were carried out at 0—4°C.
The gizzard muscle (three chicken) was homogenized in
2.5 vol. of buffer containing 30 mM Tris/HCl, 1 mM EDTA,
0.1 mM PhMeSO,F and 15 mM 2-mercaptoethanol, pH 7.5
(buffer A). The homogenate was centrifuged at 40000 x g for
45 min and the supernatant solution filtered through glass
wool.
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Fig. 1. Elution profile of gizzard phosphorylase kinase from 5'AMP-Sepharose 4 B. Fractions of 10 ml were collected and analyzed for protein

(O === O) and phosphorylase kinase activity (@
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Fig. 2. Glycerol density gradient ultracentrifugation profile of chicken gizzard phosphorylase kinase. Gizzard phosphorylase kinase (2.5 mg)
obtained following 5"AMP-Sepharose 4B chromatography, was applied to a 36-ml glycerol density gradient (5—30%, w/v) in buffer A.
Centrifugation (Beckman SW 28 rotor) was for 22 h at 95000 x g. Fractions of 1.3 ml were collected, from top to bottom, and assayed for

gizzard kinase activity (@
21—26 were pooled and concentrated. (A
when centrifuged as described for gizzard kinase

The solution was brought to 40% saturation in ammo-
nium sulfate by addition of neutralized saturated ammonium
sulfate and the precipitated proteins were directly collected
by centrifugation for 15 min at 15000 x g. The pellet was
resuspended in buffer A dialyzed against the same buffer and
clarified by centrifugation.

The clear supernatant was applied to a 5’AMP-Sepharose
4B column (2x38cm) ecquilibrated with buffer A. The
column was washed with the equilibrating buffer until the
protein concentration decreased to zero (Fig.1). The column
was then eluted with a linear ATP gradient from 0—-0.1 M
ATP in buffer A. As much as 10 —15% of the phosphorylase
kinase activity applied was not retained by the column.
The peak of enzyme activity was pooled as indicated in
Fig. 1, concentrated by vacuum dialysis and dialysed against
buffer A.

The concentrated enzyme was further purified by glycerol
density gradient ultracentrifugation (Fig.2). This procedure
takes advantage of the relatively high Mr of phosphorylase

®) and protein (O ~—— O, mg/ml; A ——— A, pg/ml), as described in Materials and Methods. Fractions
A) The ultracentrifugation profile of rabbit skeletal muscle phosphorylasc kinase (1 mg),

kinase. Fractions containing phosphorylase kinase activity
were pooled and concentrated 2—3-fold using flake poly-
(ethyleneglycol). The protein was stored in 40% (v/v) glycerol
at — 20°C. Activity was stable at least two months under these
conditions. The above preparation was not homogeneous as
judged by SDS-acrylamide gel electrophoresis (5% or 7.5%
acrylamide), which revealed the presence of two major protein
bands corresponding to 61 kDa and 77 kDa, and several other
minor bands in the range of 150 —100 kDa (not shown). No
protein stain was seen at the position of the y or  subunit.
To purify gizzard phosphorylase kinase extensively the
enzyme obtained from glycerol density gradient ultracentrif-
ugation was applied to a calmodulin-Sepharose 4B column.
As shown in Fig. 3 all the kinase activity was retained by the
column, while about 80% of the applied protein was not
retained. When the column was eluted with the equilibration
buffer containing 2 mM EGTA and 0.2 M NaCl, a first kinase
activity peak was obtained. Further elution of the column
with equilibration buffer containing 2 mM EGTA and 0.5 M
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Table 1. Partial purification of chicken gizzard phosphorylase kinase

104 g of chicken gizzard was used for this purification, and phosphorylase kinase activity was assayed by phosphorylase activation in presence
of 20 mM NaF, as described in Materials and Methods. The activity at step 3 was determined on the pooled fractions alter concentration
(3.5-fold) by vacuum dialysis. The activity at step 4 was directly determined on the pooled fractions before concentration. Values in parentheses
correspond to the fraction 23 which had the highest specific activity (Fig.2)

Step Volume Protein Activity Specific activity  Purification Yield
ml mg U U/mg -fold %
1. Extract 210 2268 1.20 0.00054 1 100
2. 40% (NH,),SO, precipitate 83 336 0.64 0.0019 3.5 52
3. 5’AMP-Sepharose 4B 50 36 0.55 0.015 28 45
4. Glycerol density gradient
centrifugation 93 0.9 0.26 0.29 537 21
(15.6) (0.11) (0.06) (0.53) (981) (5)
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Fig. 3. Chromatography of gizzard phosphorylase kinase on calmodulin- 17— 5

Sepharose 4 B. Gizzard phosphorylase kinase (0.3 mg) obtained from
glycerol density gradient ultracentrifugation was applied to a cal-
modulin-Sepharose 4B column (3 ml) equilibrated in 50 mM Tris/
HCI buffer pH 7.0 containing 5 mM MgCl;, 1 mM EDTA, 10 mM
2-mercaptoethanol and 2 mM CaCl;. The enzyme was previously
dialysed against the same buffer. The column was washed with the
above buffer until no protein could be detected in the eluate. At
arrows A and B the column was washed with the equilibration buffer
containing 2 mM EGTA, 0.2 M NaCl and 2 mM EGTA, 0.5 M NaCl
respectively. The low protein concentration of the fractions obtained
after 50 ml elution volume prevented protein determination. (O) Pro-
tein concentration; ( @) phosphorylase kinase activity at pH 8.6 as
determined by measuring phosphorylase a activity (Asco)

NaCl gave a second phosphorylase kinase activity peak. The
two kinase activity peaks, which possibly represent different
types of interaction between the gel matrix and the kinase
molecule, were pooled together, concentrated by vacuum
dialysis and analyzed by SDS-acrylamide gel electrophoresis.
As shown in Fig.4, SDS gel electrophoresis in 7.5% acryl-
amide resolved one major protein band corresponding to
61 kDa and four minor bands corresponding to 137, 126, 113
and 77 kDa. Again, no protein stain was seen at the position
of v subunit. The presence of a strong protein-staining band
at the position of ¢ subunit is possibly due to calmodulin
desorbed from the calmodulin-Sepharose column during the
chromatographic process, because in the previous purification
step calmodulin was not detected.

Table 1 shows a summary of the scheme for partial purifi-
cation of chicken gizzard phosphorylase kinase. The final
purification step of calmodulin-Sepharose 4B affinity chro-
matography was not included in Table 1, because the low
protein concentrations of the phosphorylase kinase fractions
prevented protein determination, and the effect of hight salt
concentrations on the gizzard kinase activity is not known.

A B

Fig. 4. SDS-polyacrylamide gel electrophoresis of chicken gizzard
phosphorvlase kinase after calmodulin-Sepharose 4B affinity chro-
matography. The tube gels contained 7.5% polyacrylamide. 15 pg
of gizzard phosphorylase kinase (A) and 26 pg of skeletal muscle
phosphorylase kinase (B) were applied to the gels. Other conditions
were as described in Materials and Methods. Values on the left are
molecular masses in kDa

Molecular mass and substrate specificity

The molecular mass of chicken gizzard phosphorylase
kinase was found to be similar to that of rabbit skeletal muscle
enzyme by glycerol density gradient ultracentrifugation
(Fig.2), although the subunit patterns of the two kinases
seems to be different (Fig.4).

The purified chicken gizzard phosphorylase kinase did
not appreciably incorporate 32P; from [y->2P]JATP donor into
histone 1I-AS, casein, phosvitin and whole troponin (less than
1% activity when compared to the activity presented with
rabbit muscle phosphorylase b at pH 8.6).

Kinetic properties

Fig.5 illustrates the effect of pH on conversion from
phosphorylase & to a by chicken gizzard phosphorylase
kinase. The enzyme displays little activity near pH 6.0, while
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Fig. 5. pH profile of chicken gizzard phosphorylase kinase. Phos-
phorylase kinase activity was assayed at the pH values indicated by
phosphorylase activation, as described in Materials and Methods,
except that 50 mM Tris-maleate buffer was used. The activity at
pH 9.3 was taken as 100%

the activity increases progressively from pH 6.2 to 9.3. The
pH 6.8/8.2 activity ratio obtained with different preparations
was always high (0.58 + 0.05, mean + SD for four prepara-
tions), similar to the pH activity ratio of the phosphorylated
form of rabbit skeletal muscle phosphorylase kinase [20].

Fig. 6 A shows the activity of gizzard phosphorylase kinase
at various phosphorylase b concentrations in the presence of
3mM ATP and 10 mM Mg?*. The activity originally in-
creased and then decreased as the concentration of the protein
substrate in the system was raised. The maximal activity was
obtained with about 0.5 mg/ml of phosphorylase b, while at
10 mg/ml of the protein substrate a fivefold lower activity was
observed.

Fig. 6 B shows the activity of gizzard phosphorylase kinase
as a function of ATP concentration when the molar ratio
Mg?" /ATP was constant at a value of 3.3. Maximal
phosphorylase kinase activity was observed at 2 mM ATP,
while higher concentrations of the nucleotide are inhibitory.
The K, value for ATP was found 0.45 + 0.05 mM (mean
+ SD for four determinations).

Phosphorylation and activation state

An attempt was made elucidate the phosphorylation and
activation state of the gizzard kinase preparations by four
independent methods. (a) The enzyme was prepared using the
standard purification procedure cited above, but including in
50 mM NaF all purification steps, in order to block the action
of protein phosphatases [21]. In this case, the pH 6.8/8.2
activity ratio obtained with four different preparations was
found 0.53 + 0.05 (mean + SD), which is practically the same
with that obtained in absence of NaF. (b) Gizzard phos-
phorylase kinase prepared in absence of NaF was pre-
incubated with phosphorylase phosphatase and then tested
for possible inactivation of the kinase at pH 6.8. No evidence
was obtained indicating that the gizzard kinase was already
in an activated phosphorylated form. (c) The activity of the
purified preparations of gizzard phosphorylase kinase at
pH 6.8 was not affected by the catalytic subunit of cyclic-
AMP-dependent protein kinase. Incubation of the gizzard
enzyme with ATP-Mg and a large excess of the catalytic sub-
unit, up to 15 min, had no effect on the rate of conversion of
phosphorylase b to a. (d) No autophosphorylation of gizzard
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Fig. 6. Effect of phosphorylase b (A) and ATP (B) concentration on
the activity of chicken gizzard phosphorylase kinase. (A} Phosphorylase
kinasc activity was assayed by phosphorylase activation, at pH 8.6,
as described in Materials and Methods, except that the concentration
of phosphorylase b was varicd from 40 pg/ml to 10 mg/ml and the
gizzard kinase was present at 1 pg/mi. b to ¢ conversion rate is ex-
pressed in arbitrary units. (B) Phosphorylase kinase activity was
assayed as in A, except that the concentration of phosphorylase b was
constant (0.5 mg/ml), while the ATP concentration was varied from
0.2 mM to 10 mM and the ratio Mg?*/ATP was kept constant at 3.3

phosphorylase kinase was observed over a 120 min reaction
time, while under the same experimental conditions skeletal
muscle phosphorylase kinase incorporated 32P; into « and f
subunits.

Effect of Ca** and calmodulin

Gizzard phosphorylase kinase is stimulated by low con-
centrations of free Ca?* (Fig.7). At approximately 4 uM of
free Ca?*, 20% of the original activity was obtained. Further
decrease of free Ca’* up to 3nM did not change phos-
phorylase kinase activity. The concentration of free Ca?*
necessary for obtaining half-maximum activity was calculated
to be about 25 uM. This value is in the same order of
magnitude as that obtained for A, activity of muscle
phosphorylase kinase [22].

Calmodulin was found to increase the activity of gizzard
phosphorylase kinase when it was included in the standard
assay. Fig.8 shows the activity of the kinase as a function
of added calmodulin concentration, at pH 6.8. The maximal
stimulation was 1.9-fold over the basal activity. The concen-
tration of calmodulin required for half-maximal enzyme
activation was about 0.7 pM, while the maximal activity was
obtained at about 1.3 pM. At pH 8.6, maximal stimulation
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Fig. 7. Activation of gizzard phosphorylase kinase by Ca®>*. Phos-
phorylase kinase (0.33 pug/ml) was assayed at pH 8.6 in a reaction
mixiure containing S0 mM Tris/HCl, 2.5 mM glycerol 2-phosphate,
20 mM NaF, 0.5 mg/ml phosphorylase b, 0.073 mM EDTA, 2 mM
2-mercaptoethanol, 3 mM ATP, 10 mM magnesium acetate, 2.5%
(v/v) glycerol, 0.2 mM CaCl, and various amounts of EGTA to pro-
vide the desired concentration of free Ca?* as indicated. The
concentration of free Ca®™ was calculated by using a Fortran pro-
gram, kindly supplied by Professor L. M. G. Heilmeyer Jr and the
logarithmic association constants employed by Kiliman and
Heilmeyer [22]
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Fig. 8. Activation of chicken gizzard phosphorylase kinase by exogenous
calmodulin. Phosphorylase kinase activity was determined at pH 6.8
(@) or 8.6 (O), by measuring the incorporation of *?P from [y-*?P}-
ATP into phosphorylase b, as described in Materials and Methods.
The gizzard kinase was present at 1 pg/ml. Activily of phosphorylase
kinase in the absence of calmodulin is taken as 100%

was obtained at the same concentration of calmodulin but the
stimulation value was lower (1.5-fold).

Activation of gizzard phosphorylase kinase by trypsin

It is well known that the action of trypsin leads to an
aclivation of rabbit skeletal muscle phosphorylase kinase [11].
When gizzard phosphorylase kinase was incubated with
trypsin, the enzyme activity at pH 6.8 was raised twofold
within 3 min, while further incubation resulted in a decrease
of kinase activation (Fig.9). Under the same experimental
conditions, rabbit skeletal muscle phosphorylase kinase was
activated 47-fold within 6 min and no further change of
enzyme activity was observed up to 20 min incubation (Fig.9).
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Fig. 9. Time course of proteolytic activation of gizzard (O O)
and skeletal muscle (@ ———— @) phosphorylase kinase by trypsin.
Enzyme activily al zero time was taken as 100%. Other conditions
were as described in Materials and Methods

DISCUSSION

To date most knowledge of phosphorylase kinase at the
molecular level has been derived from studies with the
enzymes from rabbit skeletal muscle [2, 14], bovine cardiac
muscle [23—25], dogfish skeletal muscle [26] and liver [18,
27—29]. In this respect the rabbit skeletal muscle enzyme
has been the most thoroughly characterized in terms of its
physicochemical, enzymatic and more importantly regulatory
properties. In the present study we present information on the
extensive purification and characterization of phosphorylase
kinase isolated from the smooth muscle of chicken gizzard.
The purification {about 1000-fold) necessary to obtain the
partially pure preparation of gizzard phosphorylase kinase
is about 10-fold higher than the 100 —150-fold purification
required to obtain the homogeneous rabbit skeletal muscle
enzyme [11, 30]. Assuming that the turnover numbers of the
two kinases are not significantly different, this suggests a
relatively much lower concentration of phosphorylase kinase
in chicken gizzard.

The initial findings of glycerol density gradient centrifuga-
tion (Fig.2) suggest that gizzard phosphorylase kinase re-
sembles the skeletal muscle enzyme as to molecular mass. In
this respect it was very puzzling that the purified preparation
of gizzard kinase presented a major protein component of
61 kDa on SDS-acrylamide gel electrophoresis, while no pro-
tein stain was seen at the position of the y subunit (Fig.4). A
possible explanation for the appearance of the major protein
band at 61kDa and the minor componcnts with similar
mobilities to those of a and f subunits of rabbit skeletal
muscle phosphorylase kinase, could be a proteolytic cleavage
of the smooth muscle kinase molecule. This possibility is in
accordance with the fact that the activity ratio pH 6.8/8.2 of
smooth muscle enzyme is close to that observed for trypsin
activated skeletal muscle phosphorylase kinase [2, 11}. How-
ever, the experimental results presented in this paper argue
against such an explanation. First, gizzard phosphorylase
kinase showed a single peak of kinase activity during glycerol
density gradient ultracentrifugation (Fig.2). Under similar
sucrose gradient centrifugation conditions, trypsin-activated
skeletal muscle phosphorylase kinase dissociated to several
catalytically active enzyme forms [31]. Second, proteolysis of
the gizzard kinase enhanced the enzyme activity twofold at
pH 6.8 (Fig.9). Third, gizzard phosphorylase kinase was



activated by calmodulin (Fig. 8) and was bound quantitatively
to a calmodulin affinity column (Fig.3). On the other hand
proteolytically degraded rabbit skeletal muscle phosphorylase
kinase is neither stimulated by calmodulin nor can bind to a
calmodulin affinity column [32]. Fourth, y subunit, which is
known to be resistant to proteolysis [2, 11}, has not been
detected. One cannot exclude the possibility that the inability
to detect polypeptides with molecular mass similar to that of
y subunit (Fig.4) or 6 subunit (glycerol density ultracentrif-
ugation step) may be due to the low amount of protein put
on the gels [26, 27].

Gizzard phosphorylase kinase showed an extremely high
affinity for phosphorylase 5 and a biphasic dependence on
protein substrate concentration. Thus, the concentration of
rabbit muscle phosphorylase /# needed for half-maximal
activity was more than 200-fold and 85-fold lower than the K,
of non-activated (40 uM) or activated (17 uM) rabbit muscle
phosphorylase kinase respectively, for the protein substrate
{30}. In this respect, dogfish skeletal muscle [26] bovine heart
[25] and rat liver phosphorylase kinase [27] are also known to
exhibit very large K|, values for phosphorylase 5. In contrast,
Sakai et al. [28] reported low K|, values for the protein sub-
strates {muscle and liver phosphorylase ») of rabbit liver
phosphorylase kinase. As far as the biphasic effect of
phosphorylase » concentration on the activity of smooth
muscle phosphorylase kinase is concerned, this may be due to
the existence of more than one type of binding sites for the
protein substrate.

1t has been reported previously that Ca*, a stimulant of
skeletal muscle phosphorylase kinase, also plays an important
role in the regulation of phosphorylase activity of arterial
smooth muscle [6]. The experimental results presented in this
paper concerning the stimulation of purified gizzard phos-
phorylase kinase by free Ca®* (Fig.7) and its activation by
exogenous added calmodulin (Fig. 8), suggest that like skeletal
muscle [3] and liver [18, 28, 33] phosphorylase kinase, gizzard
phosphorylase kinase is also Ca?*-calmodulin regulated.

The data presented herein serve to indicate that gizzard
phosphorylase kinase can neither be autophosphorylated nor
activated by phosphorylation with protein kinase, thus
showing similarities with dogfish skeletal muscle phos-
phorylase kinase [26]. In this respect, Namm [6] has shown
that cyclic AMP in concentrations up to 100 uM was without
effect on the phosphorylase activation of arterial smooth
muscle. This observation is in accordance with our data
concerning the phosphorylation state of gizzard phos-
phorylase kinase. The possibility remains that the concen-
tration of the gizzard enzyme used as substrate in the
phosphorylation-dephosphorylation reactions was insuffi-
cient, or that the gizzard kinase may be desensitized for activa-
tion during the purification procedure,

During the preparation of this paper Tsutou et al. [34]
published a short communication on a partial purification of
porcine uterine smooth muscle phosphorylase kinase. They
also reached the conclusion that the smooth muscle kinase
was activated about 1.5—2.0-fold by exogenous calmodulin
and that Ca?™ activation of the enzyme was greatly inhibited
by EGTA.
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G. Oikonomakos for invaluable discussions throughout the course of
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