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SUMMARY.  Phosphorylase phosphatase in crude tissue extracts of rat liver,
skeletal and heart muscle can be markedly activated by a treatment involving
precipitation with ammonium sulfate and ethanol. The activation of the
enzyme in rat liver extracts is shown to occur with the concomitant conversion
of the enzyme from multiple molecular weight forms to a single form of Tower
molecular weight (M.W.~30,000). After activation by ethanol treatment,
phosphorylase phosphatase activities of rat liver, skeletal and heart muscle
were shown by sucrose density ultracentrifugation to sediment in a similar
manner with a sedimentation coefficient of 2.85 and M.W. 32,000.

We have recently developed a procedure for the isolation of rabbit liver
phosphorylase phosphatase (1-3). During this procedure we had consistently
noted a marked activation of the enzyme during the initial purification steps
which involved ammonium sulfate and ethanol precipitations (1-3). In this
paper we report the results of an examination of this phenomenon in tissues
of the rat. These results provide evidence for the existence of inactive
forms of the enzyme and their conversion by our procedure to a single
species of Tower molecular weight.

METHODS.

Phosphorylase phosphatase was assayed using rabbit muscle phosphorylase a
as the substrate, one unit of activity being defined as the amount of enzyme
which converted 0.2 mg phosphorylase a (Inmole) per minute (3). Extracts
were prepared from Jiver, skeletal and heart muscle of male adult rats by
homogenization in 3-4 volumes of 0.1M NaCl in IED buffer (50 mM imidazole, 5 mM
EDTA, 0.5 mM dithiothreitol, pH 7.45), followed by centrifugation (10,000g,
20 min.). Column chromatography was performed in 0.1M NaCl in IED buffer.

Sucrose density gradient ultracentrifugation was carried out by the method of
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Martin and Ames (4). FEthanol treatment: tissue extracts were precipitated
by the addition of 2 volumes of saturated ammonium sulfate. The ammonium
sulfate precipitate was collected by centrifugation and resuspended in 1 vol-
ume of IED buffer. Five volumes of room temperature 95% ethanol were then
added. The precipitate was immediately collected by centrifugation (5,000qg,
10 min.), extracted with 1 volume of IED buffer, and dialysed overnight
against the same buffer. All operations were carried out at 49C, except
where otherwise indicated.

RESULTS AND DISCUSSION.

The effects of the combined precipitation with ammonium sulfate and
ethanol on tissue extracts of rat liver, heart and skeletal muscle are shown
in Table I. Very marked increases in activity were observed in all cases,
as we had noted before for rabbit liver extracts (13). It seemed unlikely
that the activation was due to the removal of known dialysable inhibitors
such as adenine nucleotides (1,5,6), since the extracts were dialysed prior

to assay and ethanol treatment. In other studies we have shown the exist-

TABLE I.  ACTIVATION OF PHOSPHORYLASE PHOSPHATASE IN RAT TISSUE EXTRACTS
BY PRECIPITATION WITH AMMONIUM SULFATE AND ETHANOL

TISSUE PHOSPHATASE ACTIVITY (units/gm) ACTIVATION (fold)

CRUDE EXTRACT  AFTER PRECIPITATION

LIVER 1.9 56 30
1.4 48 34
1.5 48 43
SKELETAL MUSCLE 6.6 26 4
HEART MUSCLE 2.8 38 14
1.9 37 19

Tissue extracts were prepared as described in Methods; extracts were
dialysed overnight in 0.1M NaCl in IED buffer, and then assayed for phos-
phorylase phosphatase activity. The same dialysed extracts were treated
with ammonium sulfate and ethanol as described in Methods, dialysed, and
assayed.
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ence of a heat-stable, non-dialysable proteinaceous inhibitor of phosphoryl-
ase phosphatase in rabbit liver (3). This might explain the effects
observed if the treatment with room-temperature ethanol resulted in the
selective removal of a protein inhibitor.

We therefore examined the possibility that the activation of the enzyme
in tissue extracts might be due to the disruption of an enzyme-inhibitor
complex. A rat liver extract was chromatographed on a Sephadex G-75 column.

Assay of the column fractions revealed that all the activity was eluted in the

void volume (Fig. 1). Each fraction was then subjected to the ethanol treat-
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Figure 1.  Behaviour of Rat Liver Phosphorylase Phosphatase on Sephadex G-75
Chromatography, Before and After Treatment with Ethanol.
A rat liver extract (5 ml) was chromatographed on a Sephadex G-75 column (2.5
X 90 cm). Fraction volumes of about 8 ml were collected and assayed for
phosphorylase phosphatase activity (m~—m, left panel). Each fraction
was then treated by ammonium sulfate and ethanol precipitations as described
in Methods, and then assayed for phosphorylase phosphatase activity (e — @,
left panel). Samples (2 ml) of the fractions containing activity were pooled,
and then treated with ammonium sulfate and ethanol precipitations as before.
The treated enzyme was then re-chromatographed on the same column, and assayed
for phosphorylase phosphatase activity (¢ — @, right panel). Recovery of
applied activities was in all cases greater than 85%. Vo and Hb refer to the
void volume and the elution volume for hemoglobin,respectively.
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ment, and a marked activation of the enzyme (8-fold) was observed (Fig. 1).
This further confirmed that the effect was not due to the presence of dialys-
able inhibitors. When pooled samples of the void volume fractions were
treated with ethanol, and re-chromatographed on Sephadex G-75, the activity
was now retained on the column and was eluted as a single peak of lower mole-
cular weight (Fig. 1). Further experiments (not shown) indicated that this
ethanol-activated enzyme had a M.W. of about 35,000 by Sephadex G-75 chromato-
graphy.

In other experiments we examined the behaviour of the enzyme activity in
rat liver extracts during column chromatography on 10% agarose ( Biogel 0.5m,
exclusion limit M.W. 500,000). The enzyme activity exhibited multiple mole-
cular weight forms, ranging from about 140,000 - 300,000 (Fig. 2). Each of
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Figure 2. Behaviour of Rat Liver Phosphorylase Phosphatase on Biogel 0.5m
Chromatography, Before and After Treatment with Ethanol.

A rat liver extract (1 m1) was chromatographed on a Biogel 0.5m column (1.6

X 60 cm). Fraction volumes of about 2 ml were collected and assayed for

phosphorylase phosphatase activity (upper panel). Samples (1 ml) of each

fraction were treated with ammonium sulfate and ethanol precipitations as

described in Methods, and then assayed for activity. Vo refers to the

void volume; A is the elution volume of R-phycoerythrin (M.W. 290,000) and

B is the elution volume of R-phycocyanin (M.W. 138,000, ref. 16).
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the active fractions could be activated by ethanol treatment, although the
activation was only about 2-fold (Fig. 2). When the pooled activated enzyme
was re-chromatographed, it again behaved as a single low molecular weight
species as in the previous experiment (not shown).

Ethanol-treated extracts of rat liver, skeletal and heart muscle were
examined by sucrose density ultracentrifugation (Fig.3). Phosphorylase phos-
phatase activity in all three extracts sedimented at the same rate, within
experimental error. For the skeletal muscle extract, human erythrocyte

carbonic anhydrase C (7) was used a standard. On this basis (4), the ethanol-
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Figure 3. Sedimentation Behaviour of Rat Liver, Skeletal Muscle and Heart
Muscle Phosphorylase Phosphatase after Activation by Ethanol
Treatment.
Extracts of rat Tiver, skeletal muscle and heart muscle were activated by
treatment with ammonium sulfate and ethanol precipitations as described in
Methods. Samples of the activated enzymes (0.15 ml1) were layered onto
sucrose gradients (5-20% sucrose in IED buffer) and centrifuged in a Spinco
Model L centrifuge in a S.W. 50L rotor at 39,000 rpm for 16 hours at 49C.
Fractions of 3 drops each were collected form the bottom of the tubes and
assayed for phosphorylase phosphatase activity. The recovery of applied
activities was in all cases greater than 80%. The direction of sediment-
ation is from left to right. Human erythrocyte carbonic anhydrase C was
used as a marker (M.W. 27,900, 2.65S, ref. 15) in the tube containing the
skeletal muscle enzyme.
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treated enzymes had a molecular weight of 32,000 and a sedimentation coeffic-
ient of 2.8 S.  These results for the ethanol-treated enzymes of rat tissues
are consistent with our studies of homogeneous rabbit Tiver phosphorylase phos-
phatase, which consists of a single polypeptide chain of M.W. 34,000 as deter-
mined by Sephadex G-75 chromatography and SDS polyacrylamide disc gel electro-
phoresis (3).

Our results provide good evidence that phosphorylase phosphatase exists
in an active and an inactive form. On the basis of this work, we propose
the hypothesis that the inactive form consists of an enzyme-inhibitor complex.
In this view, a single cataiytic subunit would be involved, this being the
enzyme of M.W. 34,000 which we have studied (3). The inhibitor moiety would
be a protein subunit(s). The multiple forms observed may be explained if
the inhibitor subunit(s) existed in several molecular weight forms, or if the
enzyme-inhibitor complex has a multiple stoichiometry and undergoes partial
dissociation. The effects which we have noted may be explained if the eth-
anol treatment leads to the selective denaturation of the inhibitor protein(s).
This proposal for the basis of the active and inactive forms would implicate
a regulatory mechanism for phosphorylase phosphatase which has a parallel in
the known regulation of cAMP-dependent protein kinase (8). The physiolog-
ical regulation of the phosphatase would require that the dissociation or
activation of the proposed enzyme-inhibitor complex be mediated by a hormone
signal, perhaps a second messenger. While a physiologically relevant proc-
edure for the activation of phosphorylase phosphatase has yet to be demon-
strated, the procedure which we describe may provide a useful tool for the
study of the effects of physiological stress on the activation of the enzyme
in vivo.

Qur findings that multiple forms of phosphorylase phosphatase in liver
may be activated and concomitantly converted to a single smaller species
of M.W. about 30,000, have some bearing on other studies of phosphoprotein

phosphatases. With the exception of the work of Fischer et aZ. (9),
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studies of partially purified preparations of phosphoprotein phosphatases
from a variety of tissues have revealed multiple molecular weight forms vary-
ing from 70,000 - 510,000 (10-13), and which exhibit multiple activities to-
ward glycogen synthase, phosphorylase and phosphohtstone (10-12). A high
molecular weight enzyme fraction from rabbit skeletal muscle has been report-
ed to be converted from M.W. 300,000 to M.W. 150,000 by freezing (10}, while
an enzyme from bovine heart (M.W. 150,000) has been reported to be converted
to Tower molecular weight by treatment with cations, urea or SDS (11). We
have also obtained evidence that rabbit 1iver phosphorylase phosphatase (M.W.
34,000) is also the enzyme which dephosphorylates glycogen synthase (14),

and we suggest that the higher molecular weight forms of phosphoprotein
phosphatase reported by others will also be found to be converted to a
catalytic subunit of M.W. 34,000 by our procedure via the removal of the
putative inhibitor subunit(s).
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