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Abstract .

The modulation of four molecular forms of rabbit liﬁ%r
[}

phosphorylase a phosphatase, the 'catalytic' subunit

(35 000 M.) phosphatase and phosphatases-1, 2A,~and 2A;, by

some physiolggically important compounds were studied using
-kfmusclé and livér *ip-labelled

r
phosphorylase & as substrates. Glucose and

rabbit skeleia

inerendent and additive activations. The caffe
was seen at uM to mM concentrations and glucose was’
“activating at concentrations below the normal blood glucose
level.

The nucleotides ATP and AMP, at their presumed
phys?blogical concentrations in the liver, were strong
inhibitors. Inhibition by thése nucleotides and other
inhibitors tested showed varied.response to the presence of
glucose and caffeine, dependihg on the phosphatase form.
Thus, significant relief of ATP inhibition was afforded by
glucose and caffeine acting independently for the 35 000 M,
phosphatase, whereas relief of inhibitign*for phos-
phatases-1, ZA,"and 2A; required a combination of glucose,
caffeine and Mg:*., Phosphatase-1 differed from phos-
phatases-2A, and 2A; in its response to either AMP or AMP
plus ATP inhibition as the combined presence bf glucose,
caffeine and Mg** could nog completely overcome the inhi—
bition.

The modes of effector actions on the four phosphatase

forms were distinguished by using the natural substrate



\ -
(phagphorylase &) and two [alternative substrates (histone

and-a tetradecapeptide cofisisting of residues 5 to 18 of
rabbit skeletal muscle phdsphorylase a). Glucose, caffeine,
AMP, ADP,,P; and glucose 1;P showed substrate-directed
efﬁgiys for all the phosphatase forms. ATP exerted both sub-
stfate and enzyme~directed effects for the 35 000 M, phos- .
phatase and phoéphatases—1 and 2A,; but only a
Brbstrate-directed effect for phosphatase-2a,, sugggsting
that the y-qubunit of the type-2 phosphatases may preQent
ATP binding. Md” showed sUbstrgte-directed effect forlbhos-
5hatase-1, 2A, and 2A,, and an additional enzyme—dirécted
‘effect for the 35 000 M, phosp;hatase form,

The phosphorylase a inhibition of glycogen synthase 3
activation was investigated using gel-filtered rabbit liver
extracts, particularly with respect to the glucose-caffeine
effect on the pﬁosphorylase a phosphatase actjvity. The
onset of glycogen synthase activation was preceded by the
charactgiistic latency observed with rat liver filtrates.
6lucose (20 mM) or caffeine (1 mM), decreased the lag period
wvhile acting independently, with a further decrease occur-
ring in their combined presence. AMP (0.3 mM), inhibited
strongly the glycogen synthase‘aCtivation, but the indepen-
dent and additive actions by glucose and caffeiﬁe atforded
relief of this inhibition. Similar patterﬁs.were seen for
inhibitions by Mg.ATP and exogenous phosphorylase a. Using
purified proteins, the dephosphorylation or activation of

glycogen synthase b by protein phosphatase-1 was

vi



significantly inhibited by phosphorylase a whereas protein
phosphatages 2A, and 2A, and the M, 35 000 phosphatase
activities on glycogen synthase D vere not appreciably

affected. .

The results in these studies are congistent with the

view that the phosphorylase a level modulates the activation .

of glycogen synthase activation in liver extracts. Further-
more the additive effects seen for glucose and caffeing,
withi;espec; to the inhibitory conditions observed in these
studies, support the contention that glucose alone may not
be the gole physiological regulator of glucose homeostasis
through its action on phosphorylase a in the liver. Heqée,
the inhibitory site on.phosphorylase a which binds

nucleosides and purine derivatives such as caffeine may be

of physiological significance.

vii ‘
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I. Introduction
Phosphorylase a phosphatase (EC 3,1,3.17) catalyzes the
conversion of phosphorylase a into phosphorylase b, a
reaction that has been defined as a hydrolytic removal of
the phosphate on 5 serine, 14 residues from the N-terminus
(1,2), and is simply represented as:

L4
Y

Phosphorylase a + n H,0 E'-'1—2—15'3>n/2 Phosphorylase b=+n Py ‘

Phosphorylase a from rabbit.skeletal muscle is tetrameric
(3) while that from rabbit liver (4) and some muscle tissues
is dimeric (see ref. 5);: thus n in the abgve eguation is 4
and 2, respectively, for tetrameric and dimeric
.phosphorylase a. Further, there are indications that the
phosphatase reaction may occur via the ordered uni-bi

kinetic mechanism common to hydrolytic enzymes (see ref. 5).

b

< Partial purificatian’of the rabbit skeletal muscle (6)
and liver(2) phosphorylase a phosphatase‘were reported fol-
lowing the initial description of the enzymatic activity in
1943 by Cori and Green (7). However, further detailed bio-

“chemical investigation of the dephosphorylation event and
its effect on cellular regulation was hampdred by the appar-
ent presence of multiple molecular forms of prﬁtein phos-
phatases with broad substrate specificities in a wide
variety of mammalian tissues (reviewed in refs. 8 and 9).

This notwithstanding, knowledge of protein phosphatases

has increased dramatically in the last decade following the



purification to homogeneity oY.a low molecular weight pro-

tein phosphatase (M, 35 000) from a wide variety of tissyes

including rabbit liver (10,11), skeletal muscle (12‘, and
heart (13), bovine and canine heart (14,15), and livervc

nuclei (16). The vearious purification schemes employed &

L)

storage at 4°C for 1 to 2 days (11). Of these, ﬁhe ethanoiy'g”%
precipitation has gained wide use; possibly due to ease of
‘purification of relatively pure enzyme,

These dhssociation steps .suggested the existence of
higher molecular weight protein phosphatases which may con-
tain regulatory subunits ({0,19), thus the 5- to 10-fold
activation caused by the ethanol treatment(10). Concerted
efforts by numerqus invéstigators have led to partial and
homogeneous preparations of high molecular weight forms of
protein phosphatase from a variety of tissues including
rabbit and rat skeletal.muscle and liver (reviewed in refs.

8 and 9).

A. Classification and substrate specificity
Extensive studies carried out recently by Cohen and
associates demonstrated that 'most - of fhe cytoplasmic pro-
tein phosphatases reported in the literature can be
\

explained by just four enzymes, termed protein

phosphatases—ﬁ,‘ZA, 2B and 2C, which appear to account for



3

all the phosphatase activity in mammalian tissues towards: \"
phospho;ylated enzymes involved in ;he'régulation of carbo- |
hydrate, lipid and protein metabolism"(2d) (see Table 1.1).
These phosphatases have been classified into types-1 and 2,

and could be distinguished by their substrate speéifiqity .

~

and sensitivity to inhibitor proteins, ATP, and Mn?**
(21,22). Thus, type-1 phosphatases iphésphatase-15'aré'
stronglg inhipited by'thlheat-§table protein inhibit%FSri
.and 2, and preferen£{$lly1dephéspho§yla;e-thé B-sububit of
phosphorylase b kinase. Tyﬁe—z pﬁasphatases; . ,
(Phosph;tases-ZA, 2B and 2C) dephosphorylate preferentially
the a-subunit of phosphorylase b kinése and are inéensitive
to, inhibitors-f“ﬁ%d.z. Characterization studies indicate
that -‘the catalytic entities of protein phosphatases-1 and 2
are distinct gene products (21,23) and both are present in
the 35 000 M, phosphatase preparations (21),
With phosphorylase a as substrate, both types can also
be differentiated by the sensitivity of type-1 phosphatases
///to inhibition by heparin and praotamine sulfate while type-2
’ phosphatases are unaffected to any appreciable extent by
these compounds (24,25).0Furthermore, the type-1 phos-
phatases are not activated to the same extent as
phosphatase-2A by spermine, and there has been some
discussion about ¢he possible physiological regulation of
phosphatases by this compound (26, and see {oction C.).'

In rabbit liver, protein phosphatase-* accounts for

20-50% of the phosphorylase a and glycégen synthase b

I d
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phosphatase activities, and for 75! of the phosphorylase a
‘kinase (B-subunit) .phosph.atase act.ivity. Phosphatase-2A
(three forms d;lignated 2Ao, 2A, and 2A; have been ident-
ified in mammalian tissues) accounts for abouf 60X of
phosphorylase a and glycogen synthase b'(phosphorylated at
various sites) phosphatase activities, and for 25% of the
phosphorylase b kinase (a-subunit) phosphatase activity
(27). Protein phosphatases-1 and 2A have broad substrate

. specificity, acting on proteins involved in glycogen metab-
olism (28), gljcolysis (29), .fatty acid synthesis,
cholesterol synthesis, and protein synthesis (30). They also
are the major phosphatase activity in the rabbit skeletal
muscle directed towards,the regulétory protein, inhibitor-2
(31). Phosphatases-2A, and 2C are also involved in the regu-
lation of muscle contraction (32). '

Protein phosphatase-2C (a Mg”—depeédent eénzyme) also
has a.broad substrate specificity but can be distinguished
from phosphatase-2A by its extremely low phosphorylase a and
‘histone H1 phosphatase activities (20). Protein phos-
phatase-2C is similar to the enzyme termed 'sﬁooth muscle
phosphatase-II' which is active-against the phosphorylated .
form of smooth muscle myosin light chain (Mp 20 000) 82).
Protein phosphatase-2B (a Ca’*-calmodulin-dependent enzyme) .
is the most specific, having activity against only the
a-subunit of phoSphorylase b kinase, inh%bitor-l, and myosin
light chain at significant rates amongst a large number of

substrates tested, and is also specifically inhibited by



.

trifluoperazine (20). It is possibly identical to Cal- .
-~
cineurin or CaM-BPgg (33,34,35), a major calmodulin-binding

-~

protein in neural tissue:,

B. Distribution and subunit composition

Protein phosphatase-! is the major phosphatase activ{tyf
associated with the protein-glycagen c;mplcx in both
skeletal muscle and liver of rabbit while the type-2 phos-
phatases are located exclusively in the cytosol (28,36; see
Table I.1). Tamura and Tsuiki rkported that protein phos-
phatase activity in rat liver extracts can be resolved irfto
- three fractions, namely IA, I'B and 11, with approximate M, 's
of 63 000, 300 000, and 160 000, respectively, on gel fil-’
tration (37,38). Protein phospbatases-IA, IB and I1
correspond to protein phosphatases-2é, 2A, and 2A;, respec-
tively (28).' S \

SDS-PAGE revealed that homogeneous preparation of rat
liver phosphatase-2A, cantains three types of subunits, --
namely a, B and y of M, 35 000, 69 000, and 58 000, respec-
tively (39), Densitémetric tracing suggest a subunit cémpo—
sition of a;By for phosphatase-2A, while gel filtration

indicates an approximate M, of 260 000. However, an M_ of

r

185 000 w’s'obtained from sucrose dexsity centrifugation
. - a
indicating that phosphatase-2A, is asymmetric. The a subunit

is catalytically active, and is found in the 35 oooiyf,—

- o - o —— -

'The nomenclature used for the protein phosphatases in this
thesis are those from Cohen's laboratory and are presently
widely used by investigators in this field of research.
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protein phosphatase prepared from iiver extracts through
ethanol precipitation at room temperature (@&9,40).
Phosphataé o contains only the a and b sybunits and has a
subunit coﬁﬁgsition of aBf, (40). Similar subunit structures
and composition have been reached for phosphatases-2A, and
.2A, from rabb{t skeletal muscle while phosphatase-2A, from
bthis tissue‘hasla'smaller y subunit (M, Sg 000) with a sub-
4un“it compositi6n of azBy (41* There are indications -that ‘
phosphatése-ZA, is generated from phosphatase-2A, by loss of
the y'subunif during purif{cdtion (28,39,40).

Protein phqsphatase-28~§rom rabbit skeletal ﬁuscle is
composed of two subunits with approximate M. 's of 60 600 and
15 000 [an M, of 19 200 was 6bt;ined from amino acid
sequencing of this latter subunift (%2)], and the rabbit
skeletal muscle and bovine brain enzymes are structurally
very similaf (33,34). Protein phosphatase-2C from rat liver,
is a monomeric énzyme (M, 45 OBB) (43) and has identical
structural and CataIYtic properties with the turkey gizzard
enzyme (32). Protein phosphatase-1 from rabbit skeletal
muscle has a molecular mass of 137 000 and contains two
subunits- G (M, 103 090) and C (M, 37 000) {same as the

-

type-1 catalytic subufiit present iw the M, 35 000 phos-

phatase preparations]) in a 1:1 molar ratio (44).

>



C. Protein effectors

\»3 om

Inhitbitors-1 and 2

The initial assertion on the possibié existence of pro-
tein inhibitors éf protein phosphatases was made gy Lee and
co-workers (10,19) who observed the presence of heat-stable,
ethanol- and trypsin-labile proteins in extragts from rabbit
liver that/ﬁ;re-inhibitors of phosphorylase a phospﬂatasel
from the same tigsue. The finding was extended by Huang and

\
Glinsmann in their purification of twc Jdifferent

éﬁbsphorylase a phosphatase inhibitor proteins/ termed
inhibitors-1 and 2, from rabbit skeletal muscle (45).

Inhibitor-1, a 26 000 M, protein, is active only after
phosphorylation on a specific threonine, 35 residues from
the N-terminus (46,47), by cAMP-dependent protein kida;e
(45). The phosphorylation of rabbit skeletal muse¢le
inhibitor-1 increases in response to adrenalin (48), and
decreases in response to insulin (49). These observations
suggest a physiological role for this inhibitor protein in
the hormonal control of glycogen metabolism:

Inhibitor-2 is a 33 000 M, protein (same as the M,
31 000 Subhnit cf the Mg.ATP-dependent protein phoéphatase;
see Section D) that interacts with phosphatase-1 in two
distinct ways:Jyﬁ\%ow concentrations (Ké = 0.1 nM), it
interacts in a 1:1 molar ratic with the catalytic subunit of
protein'iiosphatase-1 to produce an enzyme species'indigl

tinguishable from the Mg.ATP-dependent protein phosphatase
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(50,51, and see Section D.). Activation'of this species
requires inéubation with Mg.ATP and a protein kinase termed
factor F, (52), identified as glycogen synthase kinase-3
(53), and results from phosphorylation of the inhibitor-2 on
a threonine resi@ue (50,51). At higher concentrations (Kg =
5 nM), inhibitor-2 inactivates protein phosphatase-1 by a
second mechanism which appears to result from dﬁrect binding
of the inhibitor protein éo a distinct site on the enzyme,
termed site-2 (50), |

Both forms of inhibitor proteins have been reported to
occur in éther tissues and are specific inhibitors for pro-
teinh phosphatase-1 as they'dd not affect type-2 pﬂosphatases

(21,22).

Activators

Phosphorylase a phosphatase, isolafed from swine
adrenal cortex, was shown to be activated by a heat-stable
protein from the same tissue (54). This activator was sub-
seque‘htly identifieé)as histone H1 (55), and later

t .
phosphoryla¥e a phosphatases in rabbit skeletal muscle (56)

obsérvationt‘led to the discovery of 'latent'

and bovine aorta smooth muscle (57) that were markedly
stimulated by histone H! and other highly basic polypeptides
like protamine and polylysine. These polypeptides were shewn
in a recent study to cause appreciable increases in the

phosphorylase a phosphatase activity of protein

phosphatase-2A in rat liver cytosol (25).
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While the dephosphoryla®ion of phosphorylase a by pro-
tein phosphataée—1 present in the rat liver QYtosol was
inhibited by protamine and polylysine, the enzyme's activity
on other substrates such as glycogen synthase, acetyl-CoA
carboxylase %@-pyruvate kinase, was stimilated. However,
protamine and polylysine do not exist in mammalian cells and
histone H1 is present in the nucleus, and theée fac;s shed’
some doubts on the possible physiological significance of
the effects of these compoun?q on protein phosphatase activ-
ities (58).

In another study usihé homogeheous enzymes from rabbit
skeletal muscle and partially purified preparations from rat
liver,’spermine increased the activity gf protein.
phospﬁatase—ZA towards eight of nine sua.;rates tested (26).
The most impressive activation was obtained with glycogen
,Synihase phosphorylated at site-3 (8- to 15-fold). Spermine,
however, inhibited the dephosphorylation of phosphorylase a
by protein phosphatase-2A. A similar‘pattern was observed
for protein phosphatase-1. The effects of sperminé were sug-
gested to be the result of its interaction with the protein
phosphatases and their substrates, and@ attractive
hypothesis was made that the spefmine activa¥ion of prot;}h
phosphatase-1 and/dr 2A may underlie the relativély specific

dephosphorylation of site-3 of glycogen synthase by insulin

(26,58).
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D. Mg.ATP-dependent protein phosphatase'

Merlevede and Riley first reported this enzyme activity
in adrenal cortex (59).QIt has been identified subsequently
in a wide variety of tissues inclﬁding dog liver, rat and
rabbit liver, heart, and skeletal muscle (reviewed i;rref.'
60), and pig brain (61). The enzyme is present in an
inactive form consisting of a catalytic protein (F.) and a
modulator subunit (M), a unique protein previously charac-
terized as phosphatase inhibitor-2 (62). The inactive F. .M
complex requires preincubation with Mg.ATP and an gctivating
protein termed Fp (52), identified as glycogen synthase
kinase-3 (53), to exhibit activity. ' |

' A mechanism of activation of this enzyme (F..M) has
been proposed by Jurgensen et al. (62) in which the
transient phosphorylation of the modulator subunit by the
kinase is the driving force for the transition of the
inactive catalytic subunit (F.) into its active confor-
mation. A more recent study using adenosine 5'-(y-thio)tri-
phosphate concluded that the modulator protein does not
prevent the conformational change in the F. subunit but
-partially inhibits the expression of the phoﬁphor;lase a
phosphatase activity (64).

d The relationship between the 'native' Mg.ATP-dependent
protein phosphatase and protein phosphatase-1 isolated from
rabbit skeletal muscle has been'studied in great detail

(65,66,67,68). The Mg.ATP-dependent protein phosphatase con-

sists of two major proteiﬁs of approximate M, 's of 37 000
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and 31 000, in a 1:1 molar ratio. The 37 000 M, subunit

co-migrates with‘the catalytic subunit of protein. phos-
phatase-1 from rabbit skeletal muscle while the 31 000 M,
subunit comigrates with authentic inhibitor-2 from the same
tissue. The C subunit of protein phoSphaéase41 (seé
Section B) is identical in allhrespects\to the 37 000 M,
type-1 phosphatase catalytid subunit, while its G subunit
interacts with inhibitor-2 to form an'iﬁactide species
indistinguiéhable from.the native Mg.ATP-dependent protein’-
phosphatase,

b,
E. Objective for studies in this thesis N

It has long been known that glucose, caffeine, or nico-
tinamide accelerated the inactivation (dephosphorylation) of
phosphorylase a in rat iiver extraﬁts (69,/0). Extensive

: \?hvestigation of the glucose effect led to the hypothesis by

Hé}s, Stalmans and their associates, that phosphorylase a
acts as the glucose receptor of the liver cell (71,72,
reviewed in Eef,:73). Thus, by reducing the level of
phosphorylase a (an inhibitor of glycogen synthase phos-
phatase) through its activation of phosphorylase a phos- -
phatase, glucose action results in the activation of
glycogen synthase leadiné to'deposition of glycogen under
hyperglycemic condition.

Some studies (12,74,75,76) employing isolated enzymes
from rabbit skeletal muscle have been carried out towards

understanding at the mélecular level, the effects of ligands
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on phosphorylade a phosphatase. However, under physiological
conditions, there is no free glucoselin mammalian muscle

(77); hence the effect of glucose in this tissue would be of
little practical significance. |

\
‘Numerous studies over the years by several
\ .

investjgators, particularly Madséq and4;fs associates,

employbags X-ray crystallography anéw;R}yme kinetics, have
re a number of majjor ligand binding sites on rabbit
skeletal \puscle phosphorylase a in its $:c5nformation

(78,79). In thw .course of these studies, a nucleoside,
inhibitor site specific for nucleosides as well as purine
derivatives such as caffeine, which are synergistic with
glucose in inhibiting phosphorylases from.mu;ple and liver,
was defined (BQKBJ). Intact liver cells show synergism
between glucose and caffeine in the rate of inactivation-
(dephosphorylation) of phosphorylase a and the activation of
glycogen synthase (82). However, the molecular basis for
this effect had not been proven. N\

The projects undertaken in this study entail the puri-
fication of phosphorylase a and phosphorylase a phos-
phatase(s) from rabbit—iizgf to study the effects of glucose
and caffeine, sepafately and togéther, on the rate of the
phosphatase reaction. Other effectors such as nucleotides
and metabolic intermediates were to be tested for their
modulation of the system (see Chapter I1). Also, studies

were to be done to distinguish between substrate and/or

enzyme-directed effects of the different ligands that
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’

modulate the phosphorylase a pBosphatase activitieé’(see
Chapter I11). Further, the inhibitory effect of -
phosphorylase a on the glycogen synthase phosphatase
activity, the molecular essence of the Hers' hypothesis, was

.

to be investigated in line with the ligand effects seen with

phosphorylase a phosphatase (see Chapters\if and V).
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11. AMdditive activation of rabbit liver phosphorylase a

phogp@atalol by glucose and caffeine'
A. Introduction !

Holmes ‘and Mansour (1) obsefved that incubation of rat
diaphragm muscle in glucose caused a marked decrease in the
activity of phosphorylase a. In other studies, Hers, X
Stalnans and their asgpciates showed that glucose, caffeine
or nicotinamide, and in vivo administration of gluco-
corticoids activated phosphorylase a phosphatase activity in
rat liver filtrates (2,3). Their results led to the
hypothesis that phosphorylase a acts as the glucose receptor
of the liver cell 14, reviewed in refs. S and 6).

'
Determination of the molecular structure and major

"
ligand binding sites on rabbit skeletal muscle

phosphorylase a allowed Madsen and his associates to suggest
a molétular basis for the Hers' hybothesis (7,8; see
Introduction to Chapter III). In addition, a new inhibitor
site on phosphorylase, specific for nucleosides and purine
derivatives such as ‘caffeine, which are synergistié with
glucose in’inhibiting phosphorylases from rabbit skeletal
muscle and liver, was defined (9,10). Although the natural
effector for this site remained umdefined, caffeine 1is

effective with glucose in accelerating the phosphorylase a

phosphatase activity in intact rat hepatocytes (11), or
¥

'A version of this chapter has been pub1i§hed. Monanu,

M. 0., and Madsen, N. B. (1985) Can. J. Biochem. Cell Biol.
63, 115-121,

20
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_in vitro (12a’see Results); +

Publishéd reports’in receﬁt years indicated the exigt-
:gﬁce gf multiple molecular forms of pfbtein phosphatases
from<both the_skeleta{)muscle and liver of rabbit, which are
cap;ble of acting onla large number of subsfrates including
bﬁosphorylase a (13, reviewed in refs., 14 and 15). As is
presently known, protein phosphatases-1 angd 2A (2A,, 2A, and
2A;) accoung fo; virtually all the phosphorylase a phos-
phqtasg activity in dilute extracts from a wide variety of
mammallan.tissues incli?ing r&gbii skeletal muscle and liver
(16,17). |

A ﬁ;mber of studies, aimed at elucidatiné at the mol-
ecular level ;pe Iigand effects on phoséhorylase a phos-
- phatase activity, have been done using phosphorylase a phos-
phatase purified from rabbit skeletal muscle [passibly pro-
tein phosphatase-1 (16)] (18,19,20,21). Howgver,'there is no
free glucose‘in this tisspe under ‘physiological conditions
(22), hence the effect of this physiologically important
iigand would be of little praétiﬁal 5ignifican¢e. Some ;ther
studies on.the characteri?ation'and regulation of hepatic:
phosphorylase a phosphataie activity [possibly a mixture of
the catalytic entities of ﬁrotein phosphatases-1 ang 2A
(23,24)]) (25,26,27) have used muscle phosphorylase a as sup-
strate, often with the phbsphatase activators, Mg?' and
caffeinelpr theophylline, present in thé assay system. There

is therefore the need to investigate the.-ligand action on

- - » N .
the more recently defined holoforms of hepatic

o,
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phosphorylase a phosphatases with substrate.from the same
tissbel in the absence of activators in the basal assay.
Furthermore, in light of the sgnergism reported for the
glucose-caffeine effeét on phosphorylase a (9,10), studies
of the hepatic proteins would provide better insight on the
role of- glucose as a physiological regulator of glucose
homeostasis through its action on phosphorylase 5;

4

B. Materials and Methods
Materials .

Frozen rabbit liverg were obtained from Pel-Freez
Biologicals; [y*??P]-ATP, specific radioactivity'2900.g
Ci/mmol, was fkgm‘New England Nuclea(; Sephadex G-25 (fine
and cgarse grades), DEA%-Sephadex A—gb;/and AMP-Seqhaﬁose
(N-linked) were from Pharmacia; aﬁ?nohexyl—agarose,

. aminobutyl-agarose, aminohexyl-Sepharose 4B, ATP and AMP
(99-100% pure), caffeine, human saliva a-amylasé4(tYpe
IX-A), rabbit l;ver glycogen (type II11), and imidazole
chloride were from Sigma; Dowex 1-Cl was from Bio Rad. The
raﬁbft liver glycogeﬁ was purifiec Dowex 1-Cl and assayed

as described by Ashwell (28) and the concentration expressed

as the molar equivalent of its glucose resiaues; the
imidazole chloride was recrystallized from acetone before 3
use. DE 52 was obtained from Whatman; immersible CX-30
ultrafiitration units were from Millipore Corporation;

Zeineh Instapy dialyzer was erCtBiomed Instruments,
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California, and D-glucose was from Fisher Scientific.fﬁjy
Zealand white rabbits were obtainéé through the Health

Sciences animal unit of the UniQersity of Alberta and were
maintained on normal diet, All other qhemicals used were of

the highest grades commercially available.

Purification of rabbit liver phosphorylase b

Although reports have been published on thé purifi-
cation of this protein (29,30,31), these procedures employed
isolation of glycogen pérticulateifraction, a cumbersome
process that results in low yields of pure protein. The
projéct described in this thesis entails tﬂe use of liver
phogphorylase a as a substrate for the phosphatase rather
thaqras a catalyst, hence the need fdf large amounts‘of
pu?ffied protein. This required the development of a more
'convenient' and suitable purification scheme that wouli
overcome the handicaps of earlier methods. ’ \\\\\\
Step1 [Acid precipitation]:

All steps were done at 4°C'except where otherwise
noted. Aboﬁt 350 gm frozen liver was ‘broken nto small
pieces and homogenized in 3 volumes of cold §uffe¢ [20 mM

~

. ‘ & -
imidazole-HCl (pH 7.0), ’;'; mM EDTA,,smM DTT, 0.25 M sucrose,

"5 mM benzamidine, and 1| mM PMSF] in a Waring blender’ for

1 min.at medium speed.'The pH of the homogenate was adjusted

to 5.8 with 1 N acetic acid (usually 16 ml). The homogenate

24 ¥

é“
was then centrifuged at 10 000 g for 40 min to remove cell

debris and precipitated proteins. Following passage of the
%
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supernatant through cheese cloth the pH was adjusted to 4.0
with 2 M Tris base. |
Step 2 [(NH.),S0. precipitation]:

" The supe;natant was brought to 70% saturation with
solid (NH,).SO., and the precipitate collected,‘a;ter stbring
for 10-20 min, by centrifugation at 10 000 g for 20 min.

2 M Tris base.was added to maintain pH during salt addition.
Step 3 [Polyethylene glycol (PEG 8000) pfecipitation]:

The pellet from step 2 was dissolved in buffer A [50 mM
imidazole-HCl (pH 7.4); S mM EDTA, 0.5 mM DTT) up to a final
volume two-and-a-half times the starting liver material. PEG
was added from a 50%(wt/v) stock PEG in buffer A to 10%(v/v)
final concentration. After continuous st{rring for 20 min,

the precipita;g was collected by centrifugation at 10 000 g

for 20 min and resuspended in buffer A containin

M

.Benzamidine using a Potter—Elvehjemsho'mogenizer.'é“protein
solution was incubated at 30°C for 1 h?‘ﬁo ensure complete
conversion to phosphogrylase b by endogenous phosphatase, and
then dialyzed against <20 volumes of buffer A for 16-18 hr.
Step 4A[Aminohexyl-agarose chromatography]:

The dialyzate from step 3 was diluted to 300 ml with
dialysis buffer and applied to a 2,5x30 cm aminohexyl
agarose column equilibrated with buffer A..The column was
washed with the same buffer until the absorbance at EBO'nm
was close to baseline. Bound protein wasreluted with a
linear gradient made from 500 ml buffer A withsand without

0.7 M NaCl. Active fractions were pooled, concentrated by
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70% (NH,) SO, saturation and salt removed by dialysis
again t\buffer B [25 mM imidazole-HCl (pH>7.4), 5 mM EDTA,
t mM DTT]. ‘\ *
Sfep‘S [DE 52 chromatography]:

The dialyzate from three successive preparations (up to
st!ﬁ 4) _was applied at 80 ml/hr to.a 2.5x35 cm DE 52 column
equxlxbrated with buffer B. After washing with two bed
volumes of buffer, bound protein was eluted with a linear
gradient made from 600 ml buffer B with and without

“\0.5 M NaCl. Active fractions were pooled, concentrated by
60% (NH,),SO, saturation, and desalted by overnight dialysis
against buffer A. |
Step é (AMP-Sepharose 4B chromatography]:

The protein solution obtained from two §uccessive prep-
arations (up to §tep 5) was applied at 10 ml/hr to a
1.6x20 cm AMP-Sephqrose 4B column equilibrated with
buffer A. Following a wash with two bed volumes of buffer A,
bound protein was eluted witp buffer A containing

:0.4 M NaCl. Active fractions were pooled, desalted by
dialysis against buffer containing 0.5 mM EDTA, .and concen-
trated using immersible CX-30 ultrafiltration units. The
concentrated protein was stored at 4°C prior to use in the
preparation of *’P-labelled phosphorylase a. The enzyme
preparation to this stage had specific activity of

20~-26 U/mg as determined using 16 mM glucose 1-P, 1% rabbit
liver glycogén, 5 mM AMP, 0.7 M Na,SO,, pH 6.5, at 30°C and

exhibited a single band on SDS-PAGE. About. 36 mg of pure
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liver phosphorylase b was usually obta1ned from 1 kg of

frozen liver within 10 days.

.
P

Purification of rabbit liver protein phosphatases

The 35 000 M, phosphatase was prepared frdm frozen
rabbit liver by ethanol precipitation.at room temperature by
the procedure developed by Brandt et al. (25), up to and
including the first DEAE-Sephadex A-50 step. The specific
activity of the phosphatase preparation usea for most of the
studies was about 2 000 U/mg using liver phosphorylase a at
40 uM as determined by the assay descrlbed in this report
(note the absence of phosphatase activators like Mg?‘ and
caffeine or theophylline). The enzyme was stable for over
6 months when stored at -20°C in the presence of 60%
glycerol. .

Protein phosphatases-2A, and 2A, were purified (up to
the first DE 52 and‘aminohexy}—Sepharose 4B chromato-
graphies) from fresh livers from mature New Zealand white
rabbitg following the procedure of Tamura and Tsuiki (32).
Further purification had been shown to cause dissociation of
these holbphosphatases (23,32). The preparations of phos-
‘phatases—ZA, and 2A; had specific activities of 1.2-1.6 and
0:97—0.09 U/mg, respectively, using liver phosphorylase a at
40 uM with the assay in this report (see above). Both enzyme
preparations were dialysed against buffer containing 50%
glycerol and stored at -20°C, under which condition they

retained activity for several weeks.
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Protein phosphatase-1, the main protein phosphatase
activity in the protein-glycogen comple{ (17), was prepared
froé fresh livers obtained from mature New Zealand white
rabbits by a procedure adapted from the work of
Ingebritsen et al. (23). All steps were done at 4°C unless
otherwise indicated. Liver tissue was homogenized in 3
volutes of 4 mM EDTA, 0.25 M sucrose, 0.1%(v/v) 2-mercapto-
ethanol (pH 7.0) for 1 min at 13 000 rpm using a

"Potter-Elvehjem homogenizer. The homogenate was centrifuged
at 6 000 g for 10 min and the supern;tant passéd through
cheese cloth. The protein solution was then centrifuged at
100 000 rpm for 90 min. The clear glycogen pellet was resus-
pended by ﬁomogenization in buffer A [10 mM Tris-HCl (pH
7.0), 0.1 mM EGTA, 0.1%}v/v) 2-mercaptoethanol] ébhtaining

1 mM PMSF, 1 mM benzamidine,.ahd 1 ug/ml of leupeptin and
pepstatin, )

The suspension was incubated at 30°C for about 40 min

in the presence of 300 U/ml of human saliva a-amylase to

L)

digest the glycogen present. The solution Qas cooled to 4°C
and applied to a 2.5x15 cm DE 52 column equilibrated with
buffer A. After waéhing with two bed volumes of buffer A
containing 0.05 M NaCl, a 400 ml lineér gradient of
0.05-0.5‘M Nacg.in bﬁ(fer A was developed. Active fractions,
assayed with phosphorylase a, wvere pogled, concentrated
using CX-30 ultrafiltrétion unit, and dialyzed against
buffer containing 50% glycerol. The preparation was stored

at -20°C and retained activity for several weeks.



With phosphorylase a as sdbstrate, protamine sulfate
inhibited the prétein phosphatase-1 but not protein phos-
phatases-2A, aad 2A;. This is the expected result for one of
the criteria used ;6 dist}pguish the types-1 and 2 protein
phosphatases (33,34).

Protein concentration
Pfoiein cbncentration of purified proteins was deter-

mined from absorbance measurements at 280 nm using the

1%

lem of 13.2 for phosphorylase (35) and

absorbance index E

assuming an E}?m of 10 for the protein phosphatases.

Preparation of rabbit liver **P-labelled phosphorylase a
This was prepared from liver phosphorylase:-b using
[y-*?P]-ATP and rabbit skeletal muscle phosphorylase b
kinas; as described by Krebs et al. (36). The kinase was .
removed by passing the *?P-labelled phosphorylase a prep-
aration through a 2x5 cm aminobutyl-agarose coluhn equilib-
rated with 50 mM imidazéle-HCl (pH 7.4), 5 mM EDTA, 0.5 mM
DTT, and 30 mM NaCl under which condition the kinase is
retainéd (Dr. B. Osterlund, personal communication).
Contaminating nucleotide was removed by extensive dialysis‘
a;ainst buffer containing 50 -mM glucose and ‘% activated
charcoal. The preparation was further purified by Sephadex
G-25 (fine) chromatography:“Those fractiqns with A260/280

ratios of 0.57-0.58 (37) were pooled, concentrated using an
- W ‘

immersible CX-30 ultrafiltration unit, and then used in thé
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phosphatase experiments, The specific activity of the
*?pP-labelled phosphorylase a was 45-50 U/mg assayed with
16 mM glucose 1-P, 2% rabbit liver glycogen, pH 6.5, at

30°c. - «

Preparation of rabbit skeletal muscle phosphotylase a

This was prepared as described for the liver protein
using muscle phosphorylase b and either ATP or [y-°?P]-ATP.
The phosphorylase a preparations were recrystallized three
times before chromatography on Sephadex G-25 (fine) to

remove contaminating nucleotide.

Phosphorylase a phosphatase assay

Phosphorylase a phosphatase activity was measyred by
_the release of '*P from *'P-labelled phosphorylase é“ét 30°C
by a deification of method I of Hgschke et al. (38).‘The
standard incubation mixture contained 20 mM Tris-HCl (pH
7.4), ' mM DTT, 0.5 mM EDTA, 0.1 mg BSA, ’?P-labelled
phosphorylase'a, and tﬁé phoSphatase preparation in a total
of 100 ul. For phosphatases-1, 2A, and 2A,, the reaction
mixture also contained 10%(v/v) glycerol in addition.
Ligands and substrate, in a total of 50 wul, were
preinéubated for 10-15 min'before starting the reaction“by
the addition of 50 ul of phosphatase (also breiﬁcubated).
The enzyme was sijitably diluted and the reaction was timed
to allow for release of not more than 20% of the radioactive

phbsphate. Under these conditions the reaction was
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proportional with time. The reaction was terminated by the

addition Qf 350 ul of ice-cold 10%(v/v) TCA and 50 ul of
ice-cold 25 mg/ml BSA was then added. After storage at 4°C
for 10 min, all tubes were centrifuged at 12 000 rpm for
10 min in a Beckman microfuge 12. Aliquots of the clear
supernatant'were then counted for radioactivity with 5 ml of
Aguasol scintillation fluid in a Beckman LS 6800. Blank
values obtained when the enzyme was added after the stopping
reagent were subtracted from all sssays. Total available
substrate was determined by digesting protein pellets from
blank tubes with 500 ul 88% formic acid and aliquots equiva-
lent to those in the tests were counted. Phosphatase activ-
ities were expressed in nanomoles of *!P per minute per
milligram of enzyme and relative activities were obtained by
setting the control activity (no additions) at 100%.

~
C. Results .

Effects of Mg?°, glucose, and caffeine on Ky and Vpao

'lucose and caffeine, acting alone or in combination,
had variable acfivating effects reflected by increases in
Vmax for‘the different phosphatase forms used in this study.
As shown in Table I1I.1, these increases were in most cases
associated with small (for the 35 000 M, phosphatase) to
appreciéble (for phosphatases-2A, and 2A,) increases in Km-

The Kp of the 35 000 M, phosphatase for muscle

phosphorylase a was about 4 uM in the absence of ligands:
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about 1.7-fold increase in K, observed with glucose and
caffeine 'acting independently or together was associated
with a fourfold increase in V ., for the’'ligands acting
together and smaller increase§ for independent actions. With
liver substrate, about 13-fold and 25-fold increases in Ky
and Vpay: respectively, over the value obtained with muscle
substrate were observed for this phosphatase form. Thus,
while showing a better activity'with the "natural sub-
strate”, the liver 35 000 M, phosphatase had a lower appar-
ent affinity for the liver substrate when compared with the
muscle substrate. Furthermore, there was no additive effect
of glucose ana caffeine when the liver substrate was
employed..

The holophosphatases-2A, and 2A; exhibited K 's for the
liver substrate which were fourfold lower thé&n those
obtained with the 35 000 M, phosphafaée (Table I1.1). These
findings might be explained by observing that the latter two
phosphatase forms represent more closely the native enzyme,
as tﬁe 35 000 M, was generated b; harsh treatment of crude
liver preparations during purification. Mg?* is known to
strongly,inhibit the 35 000 M, phosphatase, hence its effect
was not tested. However, Mg?* had an actxvagﬂg effect on
phosphatases-2A, and 2A,, in agreement with earlier flndlngs
(32). The independent and additive effects of glucose and
caffeine on Vg., for these phosphatase forms were more sig-
nificant with Mg®* present for Shosphatase-ZA‘, while there

was a smaller increase in K, in the presence of Mg’ for
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phosphatase-ZA.. Thus, the 1.9-fold increase in Vmax for
phosphatase-2A, in the presence of both glucosg and caffeine
increased to about fourfold with Mg'* present, suggesting an
almost complete dependence on Mg’‘ by this phosphatase form,
For phosphatase-2A;, the 10-fold increase in K, with glucose
and caffeine present decreased to 3-fold with Mg’*, while

the 20-fold increase in Vmax dropped to a 10-fold increase.

Relief of inhibition by glucose and caffeine

Glucose and caffeine, acti lone and in combination,

in most cases relieved the inh n by the various

-

inhibitors tested. For the 35‘ phosphatase using
muscle substrate, data in Fig..II.! show that the inhibition
by ATP (2:5 mM) was relieved by combined activations by
glucose (1.5 mM) and caffeine (25 uM). These concgntrations
were used in the gquoted data to show the sensiivity of the
system, but the effects were repeatable at higher values.
Inhibition by phosphorylase b (0.1 mM) (not shown) and
inorganic phosphate (SQ'mM) was severe and relief was not
afforded by‘the presenée of *both act{vators. Glucose 1-P
inhibition was relieved by glucose and caffeine acting inde-
pendently and together (Fig. II.1). AMP inhibition was
observed in the micromolar range (not shown) and relief
required a combination of glucose and caffeine at 15 and

1 mM, respe;tively (¥ relative activities of 8 in the pres-

ence of 30 uM AMP and 88 in‘the presence of a combinigion of

15 mM glucose and 1 mM caffeine).
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"FIGURE I1.1
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Using liver s:ggtrate, ATP/inhibition at 0.2 mM could
be overcome by glucose (25 ) and caffeine (1 mM), acting
alone and in combination (data gbt shown). These concen-
tration of glucose and caffeine weré used in this and subse-
’QUent experiments because they had been used previously to
demonstrate synergistic inhibition of liver phosphorylase a
(10). AMP (0.3 mM) or ATP plus AMP required the presence of
" both activators for relief of inhibition. At the presumed
physiological concentration in th& liver cell of 7 mM for
ATP (40), relief of inhibition was not observed (Fig., {1.2).
With excess of Mg?*, some relief of inhibition by glucose
and caffeine was seen but the activity was less than the‘
control value, possibly owing to excess Mg?°, which is
inhibito;y'fdr this phosphatase form. Glucose 6-P and
UDP-glucose inhibitions (Fig.II.2) could be overcome signif-
icantly by’glucose and caffeine acting aione or in combi-
nation. The inhibition by glucose 6-P disagrees with the

. . &
activating effect seen for the complete muscle system’

\(18,20), probably owing to tissue and assay difference
L

~Phosphatase-2A, showed a Qifferent pattern wjith/respect

’

to relief of ATP and AMP inhibition by glucose anmd caffeine,

as shown in Fig. II.3. The inhibition by ATP could not be
overcome by gluigig-and cbffelge agt1ng alone or together in
the dbsence of‘Méi; Some ;ellef of AMP inhibition was
atforded byJboth ligands. Relief of combined inhibition by

ATP and AMP required glucose and caffelne acting together

and the activity was below the control value. Qﬁ; presence



s *%001 3B 395 [013U0D Y3

Y

‘(Ww 98° 1) (95dan) 'asoonib-aan ‘(Ww 1) (d-9-9) d-9 2soon1b ‘(Ww 01) ZIDBW ‘(WWw G ()

RERLE
yits £L3tatjoe m>@umawu chnwmmquxm 91e S3I[NS3Y¥ " (WW |) 3utajjed pue ‘(Ww gzZ) 3asoonib

dlL¥Y ‘(W 0%) e aserdaoydsoyd :siam suorjeajuadouod [euld °spuebi| jo aouasaid ay3 ur

e aserfioydsoyd uwwﬂmnmﬁlu,n 19A17 uﬁnnmh,ncmm: SPOY139W 19pun paqlidsSap Se paulwilalap

4

sem asejeydsoyd W g0Q G€ I9ATIT 3tqqel joO Aitat3oe asejeydsoyd p sserdaoydsoyd

‘e aserdioydsoyd 18a1] 31qqea pajraqei-d.. spaemoyl asejeydsoyd W 000 S¢E

-

Jo A31A130® 8Yyj UO SUOT3IBUIQWOD JUSISFJIP Ul spuebI 3Jo S3D93Jd °2°1I @anbrg

%ﬁ ‘.nwar." E -



FIGURE 11.2
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of Mg’* significantly altered the.fesponse of phos-
phatase-2A, to ATP ihhibition, resulting in relief of inhi-
bition by Mg’ acting alone, as wéll as with glucose and
caffeine acting independently and together (Fig. 11.3).

The inhibition of phosphatase—2A| by ATP could be‘
relieved by glucose and caffeine acting alone and in combi-
nation (Fig. I1.4). AMP inhibition was abolished by combined
activations ‘by giqcose and céffeine apd the combined inhi-
bition by ATP and AMP wés completely overcom; only by the
combination of glucose and caffeine. Mg?‘ enhanced the
indeﬁendent and additive activities of glucose and caffeine,
suggesting an augmenting role for Mg?' in the relief of-
inhibition of this phosphatase.

Using muscle phosphorylase a as subst}ate, glucose and
caffeine, acting alone and togg;?eq, activated phosphatase-1
(Fig. II.5). Mg** also activaééa this phosphatase either
alone or in combination with glucose or ;affeine.
Phosphatase—1 differed from phosphatases-2A, and 2A, in its
response to either AMP or AMP plus ATP inhibition as the
combined presence of glucose, caffeine and Mg?* could not
completely overcome the inhibition. The pattern suggests a

more‘potent inAibition of phosphatase-1 by AMP and could

reflect impertant differences in4enzymic properties with

"

respect to ligand control. !
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D. Discussion )

The results obtained in studies in this éhapterquow
that élucose and caffeine activated the four molecular forms
of rabbit liver phosphorylase a phosﬁhatase in an indepen-
dent and additive manner. It is-of si%yificancc that while
glucose was able to overcome the inhibition by AMP or ATP of
the 35 000 M, protein phosphatase, this was nct the case }or
the holoforms, especially when the two nucleotides were
present together. In the§e situatiops a combination of
glucose and caffeine was requifed. Furthermore, in all cases
reported in the figures, ﬁhe combined effect of giucose and
caffeine, at the concentrations tested, was most potent in
relieving the inhibition of the different phosphatas& forms
by the iﬁhibitors tested.

Comparison of the phosphatase forms show an -
increasingly complex responSe to ligand control wlth I
increasing molecular size. The effect of Mg®: changeﬁ from f

T
inhibitory for the 35 000 M, form to stlmulatory jor ﬁhos* i*

Phatases—I, 2A, and 2A;. The 35’ 000 M, form als&ishqyed d1£$x s

Q"\
ferent character1st1cs when acting on its natural su stratt.

liver phosphorylase a than on the substrate from mu
addition, the response to.relief of inhibitions by

natural ligands such as ATP and AMP by glucose and
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»
that for glucose was 25 mM, representing a 'hyperglycemic

condition' which calls.for storage of glucose as glycogen in
the liver. This is achieved by inactivation of
phosbho;ylase a leading to subsequent activation of glycogen
synthase by phosphatase activity. Boéﬁ ligands have been
reported to stimulate glycogen synthase phosphaﬁ;se activity
in protein-gIlycogen suspensions from rat liver (41,42). Some
synergism has alsoﬁbéen reported for this effect (43) which
has been suggested to be due to'a direct interaction of
these ligands with the.phosphatase. In view of previously
reported results from M;Hsen's laboratory (9,11) as well ag
those in this chapter, we believe that an indirect effect of
glucose and caffeine, mediated through binding to
phos;;prylase a, may be exerted on the phosphorylase a phogj
phatase activfty, thereby resulting }p ;?e activation of
4
glycogen synthase. P
'qug While there is still disagreement over the identity of
;”‘iﬁéﬁbhosphatase(s) acting oﬁ/phosphorylase a and glycogen
i'éynthase b (reviewed in ref. 44), the finding that both
‘reside in the same protein preparation is coqsistent with
the observed physiologicél facts, as well as with the
plausiblé molecular mechanisﬁ which provides a Sasis for the
physiology (9,yf). However, the existefice of glycogen
synthase phosphatase(s) which do not act on phosphorylase a
does not negate the hypothesis advanced by Hefs and

associates and extended by us since the synthase phosphatase

can be inhibited by phosphorylase a.

L
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The additive efféct by glucose and caffe;né\seen in
- this study supports the contention that the inhibitory site
on\phqsphorylase a, vwhich was prcbed with caffeine, may be

of physiologic significance. Consequentlyeﬁgllosteric
~

.modification of phosphorylase a remains any%ﬁ?kiguing péssi-

bility for ghe control of phosphorylase a phospﬁ;:;se
Pactivity in vivo. . M - .
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II11. Distinction between éubsfrate and/or enzyme-directed
effects of modifiers of rabbit liver phosphorylase a éhos-

) | phatases

{

?
A,.rngroduction

} numbér of physiqlogically important chemical

effectors have been reported that affect the phosphorylase a
phosphatase activity from both skeletal muscle and liver
tissues (reviewed in ref. f).‘Thege effectors could exert
their actions by hindind to the protein substrate, the phos-
phatase itself,:%ryto bbth, resulting in alterations of pro-
tein strucfure”that lead to the respective effects. The use
of alternate substrates, in which the binding pockets for
the ligands have been 'destroyed', allows distinction
between ligands effects by any.of the three possible modes.

Earlier studies on rabbit skeletal muscle

phosphorylase a phosphatase (possibly protein phosphatase-1; ) (H

see Discussion iﬁ re{: 2), utilizing phosphorylase a and the
altetnate gubstrate; a tetradecapeptide encompassing the
phosphoryléked site on rabbit'ékeletal muscle

phospﬁofylaSé a (residues 5 to 18), established that AMP
inﬁibition of the phosphatase occurred by its binding to

. phosphorylase a and was ther;fore substrate-directed (3,4).
A separate study empioying kinetic measurements suﬁborts
this view (5). The AMP-phosphorylase a complex is a poor
substrate for the phosphatase, reflected in a 50% increase

in Ky and a V., that is anly 5% of the unliganded

53
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L2

substrate (4). Activation of phosphorylase a phosphatase by
glucose resul;ed'in a 3-fold incmease in Vp,, with little
change in K, while there was no.effect with the alternate
substrate, indicating a substrate-direc;ed effect for this
ligand (6). Fﬁpthermore, substrate-directed effect has been
suggested for activation by caffeine (3).

On the basis of crystallography studies of rabbit
skeletal muscle phosphérylase a, Madsen and his associates‘
suggested that AMP stabilizes the active R Eonformation of
phosphorylase a to which the phosphatase cgn bind, but -in
?yich the serine phosphate is unavailable to its active
gite. Glucose stabilizes the inactivé\T conformation in
which the serine phosphate is exposed to the phOSphatase's
active site and pergurbation of the phosphatase binding site
is insigniﬁicant (7,8). NMR results (9) and cross-linking
studies (10) support these ideas. Caffeiné is synergistic
with glucose in promoting the T conformation of
phosphorylase a (11), and may augment the activatién of
phosphorylase a phosphatase by glucose ag was evident from
studies*dbné-with intact hepatocytfs (12) or in vitro 113;
see Chapter II of this thesis). These findings on the
effects of ligands on the alteration of‘the structure of the
phosphatase's }eaction site on phosphorylase a provided a
molecular explanation for the observed effects of ligands on
phosphatase activity.

| Further studies on ligand interéctéons with

phosphorylase a indicate that ATP bidi§‘§9§the“

.
-y

oy
oy
{7 =

]

] * ®

&
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site and promotes the.T conformation (14). This, by
implication, suggéstqd that this nucleotide would activate
the‘phosphatasdq5§iivity since glucose and caffeine promoted -
the T conformation and werelphosphatase activators. However,
result;’indicate that ATP inhibits the phosphorylase a phos-
phatase activity (5,13). Furthermore, despite numerous
investigations, the modes by which ATP aq@ Mg** affect the
phosphatase reaction remain unclear.

Substrate-directed -effects have been suggested for Mg?"
(3) and ATP (4), and binding sites on phosphorylase a for
ATP and metal ions have beén demonstrated (8,14,15). How-
ever, preincubation'of extracts from tissues including rat
liver (16) or purified protein preparations (17,18,19) with
ATP has been shown to inactivate the phosphorylase a phos-
phatase activiﬁy present. This inactivation can be prevented
or reversed by Mn** or Co?** (19,20,21). Mg**' has been
vérious}y reported to héve no effect on the process (16), to
protect the enzyme (19,20) or to revefse the inhibitidn
(17,20). These findings suggest enzyme-directed "effects for
both A®P and Mg’'. The reversal of ATP inhibition by Mg" has

been generally thought to be due to its ability to form a

complex with ATP in solution, but a recent report (22)

proposed a model’in'which ATP, Mg?*, Mn?*' and fluofidé

e
4

affect the phosphatase acpivi

By binding to individual

sites on the enzyme. and not’ o one another.

-

The objective pf the presgpt study was tc evaluate ear- -

lier findings on the modes of modifier #tions ong, Pl
| S Y L T ST
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phosphorylase a phosphatase activity, particularly the more
recently defined holoforms of phosphorylase a phosphatase
activity: phosphatases-1, 2A, and 2A,, from rabbit liver. In
view of the role of the hepatic system in the regulation of
glycogen metabeolism, it would be of physiological importance
‘ to understanéufigand control ofi;;;sphorylase phosphatase

activity in this tissue, t e

B. Materials and Methods

Materials

Sephadex G-25 (medium grade) was obtained from
Pharmacit; calf thymus histone (type II1-A) ﬁnd the catalytic
. subunit of bovine heart cAMP-dependent protein‘kinase were
from Sigma. Ag 1-X8 resin was from Bio Rad. The tetra-
decapeptide (residues 5 to 18 of rabbit skeletal muscle
phosphorylase a) was provided by R. Parker and R. Hodges
(Universiéy_of Alberta), and was synthesized usimg the
general'proceaures of Erickson and Merrifield (23). The pep-
tide preparation was 90-95% pure as judged by HPLC and amino

acid composition analyses. Sources of other materials used

in this chapter have been reported in the preceding chapter.

Preparation of *?P-labelled histone N
This was prepared from calf thymus histone (type fI-A)

using the catalytic subunit of cAMP-dependent protein~kinase

.as described by Killilea et al. (24). Incubation mixtapgs
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(50 ml) at pH 7.0 contained 10 mg/ml histone, 75 mM KH;PO,,
4 mM MgCl,‘ 1 mM DTT, 0:2 mM EGTA, 0.4 mM [y-*?P]-ATP, and
3000 U of the protein kinase.' After 4 hr.incubation ét
30;C, the reaction was terminated by the addition of TCA to
a final concentration. of 2% (v/v). I'solation ;f the
11p-labelled histone followed the‘proceduré by Meisler and
Langan (25). An incorporation of 18-25 nmole *?P/mg protein
was usually obtained. Prétein concentration was determined*
from absorbance measurements at 260 nm and 280 nm using the

method reported by Layne (26).

+
»
T !

Preparation of ®'?P-labelled tetradecapeptide

This substrate was prepared from the crude peptide
using the catalytde subunit of cAMP-dependent protein kina§e
and [yj’iP]—ATP under the general condi@ions.of Beavo et al.
(27) 'as reported by Tessmer et al. (28). The crude peptide
was fi:St dissolved to 10 1§/ml in 25 mM MES (pH 6.9),
4 -mM Mg(OAc)z, aqg 0.25 mM EGTA, and centrifuged at
12 000, rpm for 5 min to remove insoluble material.
[y-2?P]-ATP was added to the clear supernatant to 0.2 mM and
the phospﬁorylation initiated with 1 600 U (;;:\?bove defi-
nition of U) of the kinase per ml of incubation mixture.
After 3.5 hr incubation at 30° C, the mixture was put thqﬁygh
a7 ml ‘Ng 1-X8 column -equilibrated in 30% acetic acid géf% e

About 15 ml of the effluent was collected and the acet?

- - T o — - ———— -

'1 U transfers 1.0 picomole of phosphate from [y-’kP] ATP to
hydrolyzed and partially dephosphorylated casein (Slgma
Prod. an c- 4765) per minute at pH 6.5 at 30°C.
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acid removed by rotary evaporation at 35-40°C. The residue
was dissolved in water, centrifuged at 12 000 rpﬁ for 5 min,
and the supernatant was lyophilized. The lyophilizate was
dissolved in 0.1% NH,HCO, and chromatographed on a 0.9x44 cm
Sephadex G-25 (medium) column at 15 ml/hr. A single pegk of
radioactivity eluting at the void volume of the column was
“pooled agﬁ lyophilized thrice with repeated dissolution of
the residue in water. The peptide concentration of the final
solution was determinéd ;;om amino acid analysis of an acid
digest and incorporation of ’2P was between 0.7-0.9 mole

*'P/male peptide (M, 1600).

Phbsphorylase a phosphatase assay
Phosphorylase a phosphatase activity was determined as

described in the preceding chapter.

Histone pHosphatase assay

This was measured by release of '?P from **P-labelled
histone at 30°C by a modification of the assay by
Silberman et al. (29). Reaction mixtures contained 40 mM
imidazole-HCl(pH 7.2), 0.5 mM DTT, 0.2 M NaCl, ! mg/ml BSA,
'50-80 uM **P-labelled histone (based on incorporated ’;P),
and'the phosphatase in a total of 100 ul. For phés-
pPhatases-1, 2A, and 2A,, the reaction mixture also contained
10%(v/v) glycerol. Initiation and timing of the reaction was
as for phosphorylase a phosphatase assay (see Chapter I1).

Termination of the reaction was done by the addition of
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40 ul of a solution of 40 mM H,SO, and 80 mM silicotungstic
acid containing 0.5 mM inorganic phosphate. 160 ul of
ice-cold 0.5 mg/ml BSA was then added, and after storage at
4°C for 10 min, the tubes were centrifuged at 12 000 rpm for
10 min in a Beckman microfuge 12. Aliquots of the clear
supernatants were counted for radioactivity with 5 ml
Aquasol scintillation fluid in a Beckman LS 6800.
Tetradecapeptide phosphatase assay

Phosphatase activity on »1p-labelled tetradecapeptide
was determined at 30°C in a standard inéubation mixture con-
taining 50 mM imidazole-HCl(pH 7.4), 0.5 mM EDTA, 0.5 mM
DTT, 150 uM ’?P-labelled tetradecapeptide, and the phos-
phatase in a total of 100 ul. The reaction mixture for phos-
phatases-1, 2A, and 2A, contained 10%(v/v) glycerol in addi-
tion, Initiation and.timing of the reaction was as for
phosphorylase a phosphatase assay (see Chapter 11). Release
of ’?P was measured by a modification of the extraction pro-
cedure reported by Shacter-Noiman and Chock (22). The
reaction was terminated by the addition of 200 wl of 20 mM
- silicotungstic acid in 0.02 N H,SO,. Following the sequen-°
tial addition of 900 ul of water-saturated
isobutanol:benzene(1:1) mixture and 100 ul of 5% ammonium
molybdate in 4 N H;S0,, the reaction tubes were vortexed for
15 sec. The tubes were then céntrifuged at 12 000 rpm for
5 min in a Beckman microfuge 12 and the radiocactivity in

400 ul of the organic phase was determined with 5 ml Aquasol
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scintillation- fluid in a Beckman LS 6800.

In all enzyme assays, blank values obtained when the
enzyme was added after the stopping reagent were subtracted
from the assay values. Total available substrate (radio-
activity) was determined from radioactivity in aliquots of
the stock substrates. Phosphatase activities were expressed
in umoles per min per milligram of enzyme and relative
actlvities were obtained by setting the control valpqé\(no

addition) at 100%. >

C. Results

The activity of phosphatase-2A, against rabbit skeletal
muscle °’P-labelled phosphorylase a was stimulated by
glucose (25 mM), caffeine (1 mM), and Mg*' (1 mM), as shown
in Fig. III.1: This activating effect was not observed when
the histone and tetradecapeptide phosphatase activities of
this phosphatase form were examined in ﬂhe presence of these

ligands. AMP (0.3 mM), ATP (7.5 mM), ADP (2.5 mM), P:

;1 mM)

and glucose 1-P (1 mM), each caused appreciable inhibi:.ons
of phosphorylase a phosphatase activity of phosphatase-2A,,
with the presence of Mg?** suppressing significantly the ATP
inhibitipn. With J’l-"-labilled histone as substrate, a small
inhibition by P; was seen while inhibitions by AMP, ADP, and
glucosé 1-P were not seen. ATP activated histone dephos-
phorylation here, an effect that could arise frdm charged
interactions betweer th;s nucleotide and the highly chargéd

protein substrate. The tétradecapeptide phosphatase



Figure III1,1, Effects of ligands on rabbit liver phos-
phatase-2A, activity towards three ’?P-labelled substrate
forms.

Phospha;ase-ZA, activity was‘determined as described
under Methods using [1] rabbit ;keletal muscle ’?P-labelled
phosphorylése a (40 uM), [2] ’?P-labelled histone (80 uM), :
(3] **P-labelled te¢tpmdecapeptide (150 uM), in the presence
of ligands. Condifions were: (A) Control - no additions, |
(B) 25 mM glucose, (C) ' mM caffeine, (D) 0.3 mM AMP,

(E) 2.5 mM ADP, (F) ' mM P; (G) 1 mM glucose 1-P, (H) 7.5 mM
ATP, (1) 1.5 mM MgCl,, (J) 9 mM MgCl, + 7.5 mM ATP. Control
activities were: [1]‘1.1é nmoles *?P/min/mg, [2] 1.32 uM/
min/mg, [3) 32.7 uM/min/mg. Results are expressed as rela-
tive activity with the control value set at 100%. Data in
this and subsequent figures in this chapter are from dupli-
cate incubation mixtures for a single set of experiments
representative of several repeated trdals. t statistics was
applied to determine the significance (p<0.03) of the dif-

ferences from the control values.
k) :
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activity of phbsphatase-ZA,\was unaffected to any signifi-
W | ~-

cant extent by AMP, ADP, ATP and glucose 1-P. However, Pj

and Mg” were s)lghtly 1nh1b1to§?lof this activity (Flg

111.1). . . . » , o

\ . o .

“G;bcose, caffeine andyMg", activated the
ph6§pnorylase a phOSphag%se,actiVity~pf phosphagase-ZAz
(Fig. I{{:Z). The activations by glucose and caffeine were

: , ,

not seen wifh histone and tdtradecapeptide as substrates. “
AMP, ADP, ATP,'Pi and-glucose 1-P, inhibi;pd‘the .
phosphorylase a thspnatase aCt?vity. ATP and Mg:® caused
.somelactivanion of the'histone phodbhatase ractivity while
AMP, ADP and glucose 1-P had negligible effects. Some ;ig;
nifigant inhibition of this activity by P; was seen. With,
tetradecapeptide‘sbbstrate“ ATP was inhibitory with little
change seen in w additional prEsengerf Mgz‘.\’ThiS’
contrasts w@th éattern for phosphataser2A1 (see above).
The other ligands, AMP, ADP, P; and g}ucose 158 had little
or fio effec;s‘as~seen from comparison.with Ehe effects ef
these ligands 'on the phosphorylase a phospnatase activity of
this phosphatase‘fOrm (Fig. III.2).
For phosphatase—1;‘§lueose, caffeine and Mgz; »

Stimplated iqs”bhosphorylase'a phosphatase activity (Fig. »

111.3). The her llgands tested were 1nh1b1tory and some

\l

relief of ATP 1 h1b1t10n occurred’ 1n the presence of Mg?*,
ﬁ ’

The hxstone phospﬁatase activity of phoSpHatase-1*was <.

L o

unaffected by glucose; cafielne and Py whzle’Some slight

1nh1b1€ion was caused ‘by AMP and H%:‘. "ADP, glucose 1-P
<ﬁ"’ ,\ ' e, ; P . K ' »



Figure I11.2. Effects of ligands on rabbit liver phos-
phatase-2A, activity towards three *:P-labelled substrate
forms. » |
"Phosphatése—ZAz activity was determined as descriped
under Methods using [1] rabbit skeletal muscle **P- labelled
phosphorylase a (40 uM), [2] *?P-labelled histone (80 uM),
[3] *2P-labelled. tetradecapeptide (150 uM), in the pres;nce
of iigands.‘Conditions were: (A) Control - no additions,
(B) 25 mM'#,glﬁcﬁse, (C) 1 mM caffeine, (D) 0.3 mM AMP,
(E) 2.5 mM ADP, (F) 1 mM P; (G) 1 mM glucose 1-P, (H) 7.5 mM
ATP, (I) 1.5 mM Mg"Cl»z-,' (J) 9 mM MgCl, + 7. 5 ‘mM ATP Control

activities were: [1] 0.15 nmoles JzP/m1n/mg, [2] 2.41 uM/

4

\\mln/mg, [3] 2.03 uM/mln/mg Results are,e§ ressed as rela-
. \ »

t1ve act1v1‘_y with tme c&'&d‘ﬁﬁvaluq ﬁ'“ 100%. Vo

' L 4
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Figure III '3 Effects. of ligands on rabbit liver
phosphatase-1 activity towards three ;'P-labelled substrate
forms. | , | '

Phosphatase-1 activity was determined as described
under Methods using‘[1] rabbit skeletal muscle "P-labelled‘
phosphorylase a (40 uM), [2] *?pP-labelled histone (80 uM),
[3] ”Plabelled tetradecapeptlde (15&fuM) in the presencg
of l1gands. Condxtlons were: (A)- QOntrQl = no additions,

(B) 25 mM glucose, (C) 1 mM caf<if (D) 0.3 mM aMP,
¢ 3%

(E) 2.5 mM A?i//igi;ﬁ mM P; (G) ’,u“glucose 1-P, (H) 7.5 mM
“ATP, (I) 1.5 MgCl; ;" tﬁsmn/mz + 7.5 mM ATP. Control

activities were: (1] 1. 1d}nmoles '*2p/min/mg, [2] 0.38 uM/

min/mg, [3] 7.82 yM/min/mg. Results are expressed as rela-

tive activity with the control valul set at 100%.
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Figure IIIl.4.- Effects of ligands on rabbit liver 35 000 M,

»> :
phosphatase activity towards three *#P-labelled substrate
v
forms. ~

L

The activity of 35 000 M, phosphatase was determ1ngﬁ as, }b

described under Methods using [1] rabbit skeletal mugg
*2p-labelled phos;horylaseyg (40 uM) (2] ”P—labeil
histone (80 uM) ,, [3] ‘}P labelled tetradecapeptxde (
(A) Control -

4
jfe1ne,

in the presence of ligands. Cond1t1

1)

no additions, (B) 25 mM glucose, (C

(D) 0.3 mM AMP, “(E) 2.5 mM ADP, (F) P; {G) -] mM glucose

. R e . 'S * ‘.

1-P, (H) smM ATP, (I) 1.5 mM MgCl,, (J) 9 mM MgCl, ¢
. ’ .

7.5 mM KT . Control activities were: {1] 211.0 nmo 11p/

min/mg, [2] 228.99 uM/min/mg, [3) 278.46 uM/mi

are expressed as relative activity with the con 1 value
. J : : - z ‘
set at 100%, :
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oy
and ATP were agtivating fo; this activity, W1th \
tetradecaped!zde as substrate, all l1gands except ATP had
negligible effects. ATP inhibition remained e;:;VYﬁ{the
presence of Mg’‘, ;\pattern similar to that seen for ihe
act1v1ty of phosphatase-2A; against thxs substrate.‘

As 'n in F’1 111.4, g.ug)se and ,affnne aétwated

the phosphorylase Zb-hosphatase activity of the 3% 000 M,
pho#pbaﬂlse fbﬁm$$AMP, ATP, ADP Py and glucose 1-P were

ﬁ 1nh1b1to;y of ‘this activity. With histone as substrang, the
‘act1vat10n by glucose and caffeine was’ abolgsheq while AMP,

lADP, ATP, P; and glucose 1-P ré%aiqed.inhibitory. The effecg
of Mg?‘ was not tested with phosphorylase a and histohe as
substrates, but with te.’bdgfaseptide, this ligand gés
activating, a sur ing findifg (see Discussion). Mg®‘ had
little effect on the ATP inhibition 0of the activity of thie
phosphatase on the tetradecapeptide. ulucpse, caffeine ana

'*Aﬁb did;not“affgct this activjty;‘ADP and ATR caused signifi

' icant inhibition with smallér inhibit,ions seen for P; and
®

glucose 1-P,

. _
D. Discussion . '
In this report, compariséon of the activities relative

- +
to the contro our diffekent‘molecdlar forms of rabbit f’
r

livér*phospho e a phosphatase, using the 'natural’

(phosphorylaee a) and two alternate’substrates (h1stone and

' tetradecapept1de), alloved distinction of the modes of

action by different.physiologically important effectors of
. . )

'
%
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the phosphatase activity. Glucose, caffeine and AMP did not
affect tha histone and tetradecapeptide phosphatase 'activity
of the four phosphatase forms: the 35 000 M, phosphatase,
and‘phOSpha.tases—L 2A, and 2A,, hence their effects are
substrate-directed. By the same token, ADP, P; -and :

glucose 1-P e‘ftd”ubitrate-directed effects. Simi‘iar con®
clusions were reach.d m earlier studies on rabbit skeletal
muscle phosphof%e a phosphatase (possibly protem phos-

pgpm--.t) 63,3, s,.6> R
‘ the phosphorylase a as well as the

)

: sphatase activity of the 35 000 M, \phos-
phatase and pl';b’ap*tasesﬂ and 2A,, and thus exhibited both
Q’ubstra;,a an‘&% -du‘ected effects for these phosphatase
i‘o:'ms. jlo\vq(%t ’the Jarp effect on phosphatase-2A, pas
substrate*&xre;ted as ' np effect of this ligand was seen with
‘efra\decapgptide as,.s*str e. There are indications that
DNUSpha e-2A,; 1s.genorate from phosphatase 2A by loss of
the ywubunxt’;ia‘;ﬁng p:nficatlon =(30,31). The '}oss of the
enzymef,fx\rectegl ATP effact for phosphatase-2A;, in comparison
to the effect seen f_o.r phospha_tase-ZA; suggests that 'the |
rﬁ:bun‘_it Jﬁa'y prevent ATP bind'}ng, a speculation ‘that needs
further investigation., , -

The anzyme-—directed inhibition by ATP was more potent
for the 35 000 M/ phosphatase than for the other phosphatase
forms studied. The sensitivity to ATP inhibition.n,has been

used as a criterion for distinguishing the type-2 phos-

: . ) - v
phatase from phosphatase-1 (32). In the present study, ATP
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inhibited, to a comparable extent, not only the type-2 phos-
phatase ‘but also phosphatase-1 activity with the tetra-
decaéeptide substrate, supporting a recent view that ATP
inhibition is not”é useful criterion for .this purpose (32).
The tradecapeptlde phosphatase ‘ct1v1hes of phos- .
phatase-1, 2A, and ZA, were not affected by Mg?-, 5ugg€;t1ng
only substrate directed effects for these phosphatase forms.
Mg?* 1s a strong 13h1b1tor of the phOSphorylase a phos-
phatase activity of the 35 000 M, phosphatase (13,33) but
activated the tetradecapeptide phosphatase activity of this
phosphatage in the present study, indicating an
enzyme-directed effect for this ligand. Perhaps the dual
action of Mg’* in binding t& phosphorylase a (metal ion
binding sites have been shown, see ref. 15) and the'phos-.
‘“phatase results in inhibition of the phosphorylase a phoi&
phatase éétivity, wfile the single binding to the phos-
phatase .eads to activation of the tetradecapeptxde phos-
hatase‘actlvxty However, significant interaction between
Njihe metal ion and thg,pégiide substrate canpot be ruled out
v . .

completely. , " N

A number of studies indicate that Mg’ p?hxectc
phosphorylase a pHosphatase f;Bm (19,20) or reverses (17,20)
ATP inhibition of thé activity. Direct interaction of either
L—ligand with a 38 000 M, pho;phatase frq? bgvine heart, was
reported redéntly (22). The resulls obtained in the present

study show that the presence'of Mg?® could not abolish ATP

. inhibition of phosphatase-1 and 2A, activities with the

7 | )
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tetradecapeptide, but this cation siéniftﬁ;ﬁely overcame 2%?
inhibition of the phosphorylase a phosphatase activity of
the phosphatase forms' studied. Taken toéether, these
findings suggest gt Mg” reverses the ATP inhibition by a
substrate-directed mech;ni§m. ..

A major assumption that allows unambiguous interpret-
ation of results in studies elucidating médes of modifier
actions using alternate substrate is that the modifiersAdo
not intef%bt with the alté’hgte substra:ej}34).‘Results
obtained. in this study using tﬁe alter?ate'substrate,

ﬁ?stbngh jcated both slbstrate and enzyme-directed

effegts for such ligands including ATP, ADP, Pi".
wifh the tétradecapeptide substrate, both modes ion

.

® L

‘. were seen for only ATP and &g”, indfgzting that interaction
between the ligands an§ histone were sufficient to pr;duce
substrate-directed effedts. For instance, the inleraction
between ATP aSE histong/ would explagn the experimé}tal /
. observation that’; mixture of the two y}elds ; turbid ’
solution which readily clears during the imcubation periods
fo; the experiments esc;}bed in this chapter. This

situatjon points“to the caution needed when §lternate sub-

-

. ' 2
reported for glycogen synthase phosphatase actifity in rat

- [ 4
liver protein-glycogen "syspensions (35,36). The’results
obtained in this\chapter established that both ligand

affect the phosphorylase a phosphatase activity of th
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phosphatase fofms studied by substrat.-directeé mechanisms
only. While the identity of the phosphatase(s) capable of
acting on phosphqorylase a and glycogen synthase b remain to
be fesolved,'the view that the same enzyme, protein phost
phatasé-1, acts on both proteing in the protein-giyqogen
suspension is gaining increasing support’;; indicated by
results in a recent report (37). Also, protein phos-
phatases-1 and-2A have been shown to account for virtually
all the phoséhorylase a and glycogen,synthase b (sites 2 and
3 Phosphorylated) phosphatase activities in dilute extracts.
from different mammalian tissues %nCluding rabbit skeletal
muscle and liver (38,39,40). Thus, it seems unlikely that
glucose and caffeine would have éﬁzyme~directed effects with
glycogen synthase b as substfate.but Rot with \‘
phosphorylase a. The other reasonabile explanation-for“thé\
activation of the glycogen synthase phosphatase by giucose'
and caffeine is through the bindi.ng of "tkh/e/‘ligands toﬁhe
sy;thase, and this has not been dembébnstrated.
I&Ais interesting that despite the differences ;; mol -

ecular forms, the patterns of ligand action seen for the

-

phosphatases were remarlably similar for the various ‘ligands %

.

tested -in this study. Substrate-directed effects were demon-
: , :

® étrated for the ligands, thus indicating the importance of

this forh of control in thé- requlation of phosphorylase a

-

phosphatase activity.

A
i
‘ A

»

. -
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IV. Phosphorylase a inhibition og egéogen synthase activa-
tion in gel-filtered rabbit~1i@er extraqt‘i.eftects of
glucose and ca££eine

.

A. Introduction —_— o

The inhibitory effect_o} phospho:yilse a on.the activa-
tion of'glyéogen synthase/%y dephosphorylation was reported
by Hers, Stalmans and théir associates, working with rat
liver filtrates (1,2,3); Their results showeé that the acti-
vation was prsceded by’a pronounéed lag corresponding to the
time needed tolreducé phospborylase atc a thfeshold level.
This char teristi;ylag hasxbeen shown to occur in‘prude
,microsoma:<;>§gtions (4), rat liver filtrates (5) énd
hepatocytes (é). It has also been repbrted to occur with
isolated rat liver protein-glycogen suspensions (2),
'althOpgh some'investigators disagree (7). The lag could not
Se detected with a homogeneous rabbit liver 35,000 M, phos-
phatase (8) but phosphorylase a was stated to be inhibitory
of the pﬁosphatase activity on glycogen synthase in this and
other reports (9,10). .

he complexity of protein phosphatases and glycogen
synthase, key proteins in the activation event,géontibute to
the difficulty in understanding the proceés at the molecular
level. As is currently known, glycogen synthase,(a ;etramer)
is phosphorylated on seven serine residuesiper subunit by at

least five different protein kinases in both skeletal muscle

and liver of rabbit (11) and similar tissues from rat

78
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(12,13). The activity of the enzyme is known o be dependent
on the'state§A3§ phosphorylation of sites la, 2, An& '
3(a,b,c); sites 2 and 3(a,b,c) infldencing.the kinetic
parameters to greater extent than site la,. although the
effects are add1t1ve with larger changes produced by phos-
phorylat1on of all f1ve 51tes (11 14) On the other hand,
'pmpsphorylatlon of s;tes‘1b aﬁass'does not seem to affect
the eﬁzyme activity (11;i5). The responseé vf the differént P
sites to hormone administraﬁ%én in Vivo have been studied
with respect to their phosphorylation states and the
implication of the findings in the regulétion of the phos-- :
phorylatlon (1nact1vat10n)/dephosphorylat1on (activation) of
glycogen synthase in vivo has been a matter for current |
debate ' (16,17;18). |

Although there is still no agreeﬁent on the identity of
the phosphatase(s) acting on phosphorylase a and glycoéen
synthase b (7,19; reviewgd in refs. 20,21), recent reports
by Cohen and associates indicate.that hepatic protein
phosphatase-2A accounts f'c>r up to 60% of phosphorylase a .
phosphatase activity énd'46-70% of the phosphatase activity
with the various phosphorylated sites on glycogen synthase b
(22). Furthermore, protein phosphatase-1 is the only phos-
phatase prgéent in the prétgin—glycogen eomplex, and in the
rabbit liver it accounted for 20-50% of the phosphorylase a
phosphatase and glycogen synthase pho;phatase, and for 75%
of the phosphorylase b kinase (B-subunit) phosphatase activ-

ities (22). Other studies indicate that protein
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’phosphatase-I and 2A account -for" vartually all the - ;«’f

Fid {

phosphorylase a and glycqgen synthase b (s1tes 2" and 3 phos-

phdrylated) phosphatpse act1v1t4es in dilute extraéts from

f

dxfferent mammal1an t1seues 1nc1ud1ng rabb1t skeletal muscle

| and l1ver (22 23 24). Also prote1n phosphatase 1 and/or 2A

havp been 1mp11cated as the enzymes*tesponsxbleﬁfor the “,

activation of qucogen synthase 1n the earlier work’ by Hens

&

and assoc1ate§ (22). L e | ‘.

Glucose, ‘a known st1mulator of . phosphorylase a phos—'
phatase activity- (25), has been shown to reduce the lag in
glycogen synthase act1vat1on in rat’ lxver f1ltrates (5),
perfused rat liver and hepatbcytes (26). In comb1nat1on with
caffeine, aléo an acfi&étor of.phbsph:}ylase a phospbatase1

(27), glucose further decreased the lag in glycogeﬁ synthése
activation in rat’ hepatocytes (63. These effects have been |
lconsidered to be indirect and mediated through the actﬁva-
tion of phosphorylase a phosphatase _activity bbioth
ligands,' thereby resuiting'in relief of phosphorylase a
1nh1b1t1on of the phosphatase act1v1ty requ1red for glycogen
synthase actxvat1on (28,29,30). However, there are reports
suggesting direct effect of thesétiig;nds on the phosphatasé
act1v1£; 1nvolved (7,31,32). .

In a recent report, glucose and caffe1ne were shown to

¢ phosphorylase a phosphatases (type-2 phosphatases) in an

independent and additive manner (33 and Chapter II). The

additive effect of both ligands was most potent in relieving
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" the inhibition.by the nucleotide inhi'bitgfn AMP' and A"I‘P.
Similar results have been obtaxned for proteln phosphatase-l
from rqbbxt er using rabbit skeletal muscle substrzte
,(Chaﬁtﬁe‘r-lv,._ o

'This chapfbr addresses the‘cffec: of glucose and
caffeine on the lag in. glycogen synthase aotivatioh in
rahhxt l1ver exﬁracts, particularly with respect: to the
addltxve effect of both ligands on phesphorylase a phos-
phatase activity. The results obta1ned indicate that the
character1st1c latency in glycoqen synthase actxva£1on also
occurs with rabbit liver filtrate under the conditions usedz
Furthefv a combination pt both ligands overcame the inhi-
bition of the activation by Anﬁ, ATP, and exogenous |
phosphorylase a. ' o

B. Materials and Methods

Materials —_

-

* UDP[ '*C}-glucose was obtained from Amersham and HEPES
was from Biochemical Corporation. Sources of other materials

| used have been reported in thé prqpeding chapters.
Preparation of liver éxtract;

Liver extracts‘were prepared by the procedure reported
by Strlckland et al. (5) except that vell-fed New Zéaland
white rabbits were used. Anaesthesia was accomplished by the

"intravenous injection of pentobarbital (100m§/kg body
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wexght), and blood vas dra;ncd 3¥4heart puncture before
s \
obtafnang the liver..The steps from anaesthesia to freez1an

. the glass wo31 fllteréd extract’1n lxquid nitrogen were

e
iw

L]

" Thomas et:al. (34).

»

\completed w1th1n 30 mxnutes.

AA
¢

Act1vatinn o! glycogon synthalo in liver f;ltratnl
Th1s was a slight modgﬁxcatxon of the method by’ voe o ~i'

LY

Strickland et‘al (5). Before exper1ments, stored liver’
extract was thawed at 4°C, and a 2. 5 ml port1on was’ .
chromatographed at 4 ¢ on a 2x30 cm Sephadex G 25 (med1um)
xolumn’ equ111brated vith buffer A (50 ‘mM HEPES (pH 7. 1)
0.1 M NaCl]. The protexn peak\(approx1mate1y 4cml) was ;
collected and maintained at 4°¢ before use (WICh;O 3-10 mln)
in the act1vatlo;\exper1mentsv‘ . . (

Activation; petformed at 30;C oao initi%ted‘by\mixingt"
the filtrate (at ¢ C) wlth an equal vdThme of buffer A (at
30‘C) conta1n1ng the various comb1natxons of effectors at
concentrations to give the de§1r6d f1na1 concentratloﬁs in* .
the.actlvatxon mixture, ”1 . ' . | - -

For glycogen synthase activity assay, Sﬂ-ui aliquotéfofl
thl//ttivation mixture were. withdtown at intervals‘and added y

~

to 50 ul substrate mixtures conta1n1ng 50 mM Tris- HCl(pH
1/63, 10 mM UDP["C] glucose (0.4 wuCi/mmole), 27 mM.EDTA,
2.5 mM Na;SO,, 50 mM NaF, 'and 10%(wt/v) oyster glycogen
After 60 min 1ncubat1on at 30°c, q 50 ul aliquot was Spotted

on Whatman #3 filter discs and prockssed as described by
‘ - L~‘ .

AN )
a ] 3
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Phohphorylasg a activity was meaguféd as describeq S}

'Stplmans and Hers (55) by adding 50 ul aliguots of the acti-

vafibn-mixturé to 150 ul- substrate mix: es at pH 6.1,
“qufmulated to give fénal cﬁncentrétions of 50 mM glucose *

1;5[ 1%.Fabbit liVef.glycogén, and 2.5 mM EDTA. After -
"h@equ?te‘riaction time (60-90 min), the reaction was termi-
v'nated by the- addxtxon of 50 ul ice- cold 10%Lut/v)

trichloroacet1c ac1d The reactlon tubes were then centrx-
fugdl at 1% 000 rpm for 5 min in a Beckman microfuge 12.
'inbfganic~pho$§héte in 200 wl of-the cleét.sgpernatant vas

\'ﬂetgrminég’py he Fiske and Subbaapw assay (36).

& .

,C;;3¢§u1t§' . \

Effects of glucose and caffeine on glycogen gfnthise activa—
tion . . ' ., ¥
As ;hown in Fig. IV.1, glycogen synthase activation in
<; rabbit liver filtrate in the absence of ligands was preceded ‘
by the characteristic lag seen with rat liver filtrates

(5,37) or hepatocytes (6,26). Glucose (20 mM) or caffeine.

(1 mM), shortened the lag period, with a further decrease‘>

-

. %
observed with both ligands: present together. For comparison,

| the rates of glycogen synthase activation at 18 minutes .
incubation were 1.9-fold faster with 'glucose, 2-fold with
caffeine, and 2.5-fold with both iigands present, than with
the control It is of significance that, in all 1ncubat1ons,

the onset of glycogen synthase activation correlated with
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the disappearance of phosphorylase a, and did not start \\

. \
until the level of phosphorylase & was belov 1 uM/minAg (\

liver. Similar patterns were observed in the presence Jf
ld'mM grﬁcéoe and 0.5 mM caffeine (not shown), but the
reported concentrations of both ligands in this study were
used for comparjson with earlier studies on ligand action on

»

phosphorylase a phosphatases (33).

Effect of AMP on glycogen synthase activation

, AMP (0.3 mM) sigdificantly inhibite& the onset of -
glycoden synthase activation (Fig. IV.2). This inhibitory
action v;s rgversed by the presence of 20 mM glucose or

1 mM caffeine, a combination of both ligands evercoming com-
pletely the‘AMP’fnhibition.'At 30 minutes incubation, the
rate of glycogen synfhasg activation was decreased to 25% of
the control with AMP present. With 20.mM glucose present in
addition, the ;ate improved to 50% ; in the presence of
caffeine and AMP, the rate.was about 46%; and in the com-
bined presence of glucose, caffeine and'AﬁP, there was a °
1.3-fold increase in the rate over the control.value.'Again,
glycogen synthase activation corresponded closely with the
decrease in phosphorylase a activity. ‘The drop in |
phosphorylase a activity in.the presence of AMP towards the
en? of the sampling time could stem from two possible
factors. ﬁhile the AMP-phosphorylase a complex is a pqor
substrate for phosphorylase a phosphatase (see Chap:‘?:ll),

the phosphatase could still act on the complex but at a
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16w uctivity although t\&, vould not account for thc,accol‘
erated nto ‘at the end. Also a significant hydrolyvn_ol AMP
| through deaminage activfty~would reduce the concentra on of
trc§ nucleetide in the activation nixtqro._?hia p‘tto:n.of‘
phosphorylase;éactivity level with RMP present has been

observed in previoulri?Udicl‘&?B).
’ ’ L ~ ]

o

]
-

Effect of Mg .ATP on glycogen synthase actjvgtion *
Using filtered extract prepared as described under
Methods, glycogen synthase activation was severely iohibited
in the bresence of 9 mM MQC1l, plus 7.4 mM AfP,.and the .com-
bined presence of 20 mM glhiose and ' mM caffeine could not

°

overcbme the inhibitio& (not shown). At the start of the
activation expériment under the::‘ébnditions, .r
phosphorylise a activity started to drop, But levelled off

‘at values above that for the control (no additions), hencé.
partially explaining the shut-down 6f glycogen synthase
activation, This could arise‘;ggm either a kinase activity
(residual Ca?®" could potentiate this) or a’dxrect effect of »
Mg.ATP on the phosphatase actxvxty 1nvolved .

To distinguish between these possibilities, the Mg.ATP
effect was investigated in the pre‘bnce o{ 1.0 mM BGTA. Fig.
IV.3 shows that the inhibitiG:'of.glycogen synthase activa-
tion remained, even with glucose and caffeine present .
together. A slight reliefc.of this inhibitibnfpccurred vith

glucose and caffeine presént together but the activation of

the glycogen synthase levelled off at valyps below that of
{
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the control. The ®hosphorylase a activity with glucose and
ceffeine present togethe{ decreased initially ‘as expected
but levelled off well above the value obtained for the con-
trol incubation. These findings support the view that a
'kinase activity was not responsible for the earlier
observation that the eombination of glucose and caffeine
could not completely overcome the inhibition of glycogen
synthase actlvation by 9 mM MgCl, plus 7.4 mM ATP. The drop,
in phosphorylase a activity in the presence of- Mg ATP
towards the end of the sampling could be explalned as‘}g}-
the case with AMP (see above discussion.about Flg. Iv.2).

At lower MgCl, and ATP concentrations (4 mMrand 2.5 mM,
respectively), glucose and caffeine,:a}one or together, >
relieved the inhibition of glycogen synthase activation
(Fig. 1IV.4). In the presence of both glucose and caffeine,
the onset of the activation occurrdd earller than w1th th’o
control, but levelled off at a lower value This suggests
that some form of modification of the phosphatase activity
involved in the activation event may be taking place.
Preincubation of liver e#tracts with ATP has been shown to
lead to inactivation of protein phosphatases 1n the extracts
(38). As with earlier experiments, glycogen synthase activa-
tion correlated with decreased phosphorylase a activity,
»occurring only when the activity of phosphorylase a was
below 1 uM/min/g liver.

while the physiological concentration of ATP in the

. present study was taken to be about 7.4 mM (40), some
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investigators report a lower value AE aboyt 2.8 mM (41) and
a free Mg?** copce;tfatioq of. about 0.39 ﬁM'k42). 1t should
be noted thén that as a,result_of_competitioﬂ. or ligand
binding by the va}ious'éellular ;omponents,(:;:eci{lly th;
interacting proteins in the rabbit livefvfiltrate, the
effectfvé_cohcentrations of these ligands (ATP and Mg?‘)
available to the comportents BE the glycogen éynthasg activa-
tion process would be garkedly lower than the total cellulgr
concentrations and those used in Fig. IV.4. Consequently, as
one approaches the concentration of Mg.ATP involved in the

activation process, the ability of glucose and caffeiHe, v
alone and together, to overcome the inhibitory effects would
become more significant.

Ef fect of édded phosphorylase a on glycogeﬁ synthase activa- .
tion -

Results from earlie; experiments (?igs. 1V.1-4), sug-
gested strongly the signifiqancevof phosphorylase a activity
in the activation process. This was further in&éstigated by
adding rabbit skeletal muscle phosphorylase a to the activa-
tion mixture as indicated in Fig.-IV.5. A significant delay
in the onset of glycogen synthase acfivation was observed .
following the addition of 0.5 ug phosphorylase a per ml
activation mixture, in agreemént with other reports (5,43).
In the presence of 20 mM glucose or 1 mM caffeine, the

ef fect of added phosphorylase a was reversed, and a combi-

nation of both ljgands overcame the inhibition of

o
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activation over the control. The reason for the early
plateau in glykogen syn@hasé activity in';he'test‘
incubations %:yundeQined. Extension of the latency ‘in
glycogen synthase activation was also observed,when .
‘  exogenous phosphorylaso a vas addcd to the l:vcr filtrates
minutes after 1nxtiat1ng the act1vat1on (Flg. Iv, €) 1endxng
—

further support to the “view that 'the’ lag cquld be attributed

to the level of phosphorylase a activityi 3

D. Discussion .

S

Despite nume;ohl studies over the years, there is still
né general agreement on the occurrence and ch;ractéristics N
of the latency in glycogen synthase activation reported by
Hers, Stalmans, and their associates (43) to occur in rat
liver filtrates. Some investigators claimed they could not
detéct the lag using protein-glycogen suspénsions (7)
although a lag is apparent in their figures. Demonstration
of the latency required specific conditiohs such as the
presence of anions such as sulfate, chloride and phosphage
at non-physiological concentrations (44,45) and the lag |
period tould not be detected with desalted preparations con-
taining HEPES or imidazole only (44,45). |

In this chapter, it is shown that ﬂhe latency also
occurs with rabbit liver filtrates under the conditions
used. Glucose and caffeine, acti;§ alone or together,

shortened the lag period. Alge, the response of the lag to

the presence of phosphorylase a phosphatase inhibitors .such
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a8 AMP and ATP coyld be explained by the @arlier reported
effects of these ligands on purified rabbit liver protein
phoiphataies (33; see Chapter I1I). Thus, glucose and
paffeine, acting indepehdently and togetﬁ;r, abolished‘the
inhibition of phosphorylaio a phosphatase activity #n the
liver filtrate and subsequently allowed for glycogen o
synthase activation. Taken with the effect of added phés-J
phorylase, these resultsﬂsupport the earlier observations on
tﬁé importance of phosphoryfase a in the modulation of
"glycogen synthase activation.

A combination of unphysiologically high concentrations
of AMP (3 mM) and Mg** (5 mM) has been repeatedly shown to
abolish the lag in glycogen synthase ;Etivation in rat live}
filtrate (3). In a recent report: fructose 1-P was shown to
have a similar effect (46). These observations were
attributed to the abilityyof these ligands to render
phosphorylase 4 'non~-inhibitory"” to glycogen syﬁthase phos-
phatase activity, implyihg thHat distinct phosphatases act on
phosphotilase a and glycogen synthase b. A number of studies
indicate that phd#phor ase a inhibits glycogen synthase - -
phosphatase activity in vitro (8,9,10). Thus, any accumu-
ﬁletion of phosphorylase a yould be expected to shut-down
glycogen synthase activation irrespective of whether the
same or different enzyme(s) is/are capable of acting on
phosphorylase a and glycogen synthase b.

The results descrxbed in this chapter indicate that

under conditions where phosphorylase a phosphatase activity
~
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is inhiEitqd (e.g. presence of AMP and xTP), the onset of
glycogen synthase activation is supptelscé. Therefore the
explanation for the AMP (3 mM) and Mg®' (5 mM) or
fructose 1-P effect on the lathcy seems imp;obable. The .
results presented here are coqsistont Qith the viev that an
indirect effect of glucose and catfcine, mediated through
) their‘bindipg to phosphorylase, could account for the effect
of the ligands on glycogen synthase activation in the liver
filtrate. |

s
The liver filtrate is a complex mixture of proteins

e é . .

thus makiné it diff}cult to ascertain which of the proteins
present are involved in the activation gﬁttern. Thus,
further understanding of the role o{légosphorylase & in the
regulation of hepatic glycogen metabblifg by thi} mechanism
requires that the interaction between phosphorylase a;
glycogen synthase phoéphatase(s), phosphorylase a phos;
phatase(s), and glycogen synthase b be demonstrated using
purified proteins. Nonetheless, a combination of glucgse and
caffeine was qdite effective in rglieving the inhibition of
Qlycogen synthase activat;on by pho;phorylase a or -
inhibitors of phosphorylase a phosphaéase activ}ty in this
study, strongly indicating that the inhibito;y site on
phosphorylase a, vhich was'probed with caffeine, may be .of

pﬁysiological significance 'in hepatic glycogen metabolism.
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V. Phosphorylase a inhibition of glycogen synthase phos-'
¢) i
phatase activity of purified rabbit liver protein phos-

phatases

A. Introduction

studies reported in. Chapter IV of this thesis indicated
the significance of phosphorylase a levels in the modulation
of glycogen synthase activation by dephosphorylat1on in
gel-filtered rabbit liver extract. The onset of glycogen
synthése activation correlated with the level of
phosphorylase a activity, occurring only after considerable
depletion of‘;his activity. The responses of the létency in
glycogen synthase activation to the presence of glucose,
caffeine and the nucleotides, ATP and AMP, could be
expla1ned by the observed effects of these ligands on the
phosphorylase a ghosphatase activity of purified proteTh“'
‘phosphatgses-1 and 2A (Chapters II and IIl).

Doj:re/et al. (1) reported that the glycogen synthase
phosphatase activity in rat liver results from co-operation
Egpween proteins termed the G- and S-components, which are
preparable from the cytosolic fraction of glycogen-depleted
liver. The G-component co-sediments with aaded particulate
glycogen while the S-component does not, and the G-component
by itself is unable to convert glycogen synthase b to the a
form. By comparing their origins relat1ve to the crude 11ver

preparatlon, the G- and S-components are sxmllar to prote1n

phosphatases-1 and 2A, respectively (2).

’ : 106
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However, in further studies reported recently by the -

same gro:  ©£ investigators [Mvumbi et al. (ref. 3)], the

G-component was able to convert glycogen synthase b to. the .a
form, a findind that disagrees with the eafiierareport. In
the recent report, phosphorylase a inhibited the activity of
the G-component (as presgn; in protein-glycogen complex)
acting on glycogen synthaée b whereas the S-component was
not affected. Furthef,‘the depﬁasphorylation (adtivation) of
rabbit skeletal muscle glycogen synthase b (phosphorylated -
by glycogen synthase kinase-3) by partially purified '
G- component in the presence of rab:“skeletal muscle
phosphorylase a was preceded by a lag period corresponding
. to the time requireﬁ to reduce the ﬁhosphorylase a activity,.
Ingebritsen et al. (4), in assessing the physiological
roles of the differentvprotein éhosphatases involved in -
' glycogen metabolism, concluded that protein p;osphatases-1
and/or 2A may be the enzyme(s) responsible for the activa-
tion of glycogen synthase in the eqﬁi? stUdiés‘of Hexs and
co-workers. Other studies indicated that protein phos-
phatase-1 and 2A account for virtually all the
phoSphorylase a and glycogen synthase b (sites-2 and 3 phos-
phorylated) phosehatase activities in dilute extracts from
different mammalian tissues including rabbit skeletal muscle
and liver (2,5). ‘
This section of the thesis reports on some of the.

' 8. i
numerous studies done to demonstrate the inhibition by

phosphorylase a of the glycogen synthase phosphatase
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actiQities of the different’rébbit liver protein phos-
phatases, particulagly with a view to identifying which pro-,
tein phosphatase(sb is/are involved. Glucose and caf%;ine
showed additive actiyation of the phosphorylase a phos-
phatgse activitxwof the different phosphatase forms~(Chapter
11), and significantly affected the glycogen synthase éqti4
vation patterns seen with gel-filtered rabbit liver extract
(Chapter IV), hence the effects of these liganés were

investigated with purified proteins to 'further clarify the
$ ~

"

concept of phosphorylase a inhibition of glycogen sYnthase

activation,
B. Materials and Methods

Materials
Phosphoceilulose (P11) was obtained from Whatman and
Sepharose 4B was from Pharmacia. Sources of other materials

used have been reported in the preceding'chapters.

Protein preparation

Procedures for the purification and preparation of the
ﬁr 35 000 phosphatase, phosphatases-1, 2A, and 2A., and
phogphorylase'a were as reported in Chapter II,

Glycogen synthase a was purified from fresh rabbit
skeletal muscle by an unpublished procedure (Dr. B.
Osterlund, in.our laboratory), which was adapted from the

work_ of Shaltiel and Er-El (6) and Nimmo et al. (7), and
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employed (NH,).SO, fractionation and sequential chroma-
tography using aminobutyl agarose and.Sephdrosé 4B. The
synthase preparation was further purified oﬁ ”
phosphocellulo;e (P11) &s described\by Soderling et al. (8)
~to remove éontaminagjng kinase and phosphatase activities.
At this'stagé, the protein preparation had a specific
activity of 3-5 U/mé, using the a;;ay method oé Thomas

et al. (9) as described by Nimmo et al, (7). It had an
éétivity ratio [low Gjﬁ-b/high G-6-P assay of Guinovart

et al. (10)] of about 0.8-0.9.

Phosphorylation of the glycogen synthase a was by the
general procedure reported by Embi et al; (11) using,the
catalytic subunit of cAMP-dependent protein kinase. The
phosphorflation mixture éontained 2 mg/ml glycogen
synthase a, 10 mM sodium glycerol 1-P (pH 6.9), 0.4 mM EDTA,
0.1 mM EGTA, 0.9 mM Mg(OAc),, 0.1 mM ATP or [y-’?P]-ATP and
the kinésé (200 U/ml ; see page 57 for definition of U).
After incubation at 30°C for up to 2.5 hours, the reaction
was terminated b; the addition of 0.1 volumes of 250 mM EDTA
and 500 mM NaF. An equal volume of ice-cold saturated
(NH,) S0, was then addea and, after storing at 4°C for
15 min, the protein pellet was collected by centrifugation
at 8 000 g for 15 min, The pellet was dissolved in buffer
containing 50% (v/v) glycerol and passed through a Sephadex

lG-25 (fine) col;mn to remove excess nucleotide and NaF,.
Fractions with A260,/280 ratios of 0.58-0.59 (12) were pooled

and concentrated using CX-30 ultrafiltration units. The
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activity ratié (low/high G-6-P assay; see above) of the
glycogen synthase b varied froq 0.15 to 0.30 and inéorpor-
ation of phosphate was from 0,8 to 2 mole/mole protein (M,
88<§§29. The prote}n was store _ii6°c as it lost activity
rapidly ét 4°cC.

Rabbit liver glycogen synthase b was prepared by a

ion of the method described by Killilea and Whelan
[
(13). The homogenizing buffer and glycogen pellet

modifi

resuspension buffer containgd 1 mM benzamidine, j mM PMSF,
and 1 ug/ml of pepstatin and leupeptin. The first glycogén
pellet was uséd and glycogen present was partially digested
by incubation’of the suspension at 30°C with human saliva
a-amylase. The activity ratio (activity without divided by
that with 10.mM G-6-P) for two different preparationéfup to
the DE 52 step was 0.01-0.03. "
N

Glycogen synthase phosphatase assay

Glycogen synthase phosphatase activity was measured
under various conditions using either of two general
methods. Specifi; conditions of the incubation mixture are
" stated with the figure legends but those repofted in this
section represent the sets of conéition most frequentiy
used. '
Method 1: Phosphatase activity was determined by release of
*p from labelled glycogen syﬁthase b at 30°C. The incu-
bation mixture contained 20 mM Tris-HCl (pH 7.4), 1 mM DTT,

0.5 mM EDTA, 10% (v/v) glycerol, 0.2 mg/ml °?P-labelled
e



glycogen synthase b , and the phosphatage in a total of

500 ul. The substrate and effectors, i% 250 ;l, vwere
preincubated for 5 min before initiating the reaction with
an equal volume of sﬁitably“diluted, preincubated phos-
phat@se preparationh, At thejindicated times, 50 ul aljguets
of the mixture were transfered into 175 ul of ice-cold 10%
TCA and 25 ul of ice-cold 25 mg/ml BSA was added. Further'
processing of the mixture was as described for the e
phosphorylase a phosphatase assay (see Chapter 11). _
Method 2: Phosphatase activify was determined by the activa-
tion of glycogen synthase (glycogen synthase b to a conver-
sion) at 30°C. A standard incubation mixture containe§ 50 mM
HEPES (pH 7.1), 0.1 M NaCl, 10% (v/v) glycerol, glycogen
synthase b and shitably diluted phosphatase preparation. The
reaction was initiated as described for Method 1 above, and
at indicated times, aliquots were withdrawn into a substrate

mixture and assayed as described in Chapter 1IV.

Phosphorylase a assay
Phosphorylase a activity was determined using the

inorganic phosphate release assay described in Chapter 1V. 2

C. Results - "
Based on the-finding that protein phosphatase-2A

represents the major phosphorylase a and glycogen synthase b

phosphatase activities in tissue extracts including rabbit

liver (2), initial efforts were directed at the M, 35 000
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phosphatase and phosphatases-2A, and 2A;. An experiﬁent rep-——
resentative of those employing rabbit skeletal muscle
glycogen synthasé b, *'P-labelled with the‘catalytic subunit
of cAMP-dependent protein kinase, is shown in Fig. V.1.
There was no appreciable effect of added rabbit skeletal
muscle phosphorylase'a on the dephosphorylation of the
glycogen synthase b by protein phosphatase-2A,. Similar
patterns were observed for ﬁhe other type-2 phosphatase
forms (not shown). The additional presence of a combination
of glucose (20 mM) and céffeingy(1\mM) did not affect the |
dephosphorylaﬁion patterns.

These findings were surprising especially since in
these experiments phosphorylase a was used at concentrations
‘up to 24-fold molar excess to the synthase. The K; obtained
for the .rabbit liver M, 35 000 phosphétase acting on
g? cogen synthase b from the same tissue was about 0.12 uM
(:&i. When compared with the Bm's.réported in Chapter 11 of
tpis thesis for- the differentntypé-z protein phosphatases,
this indicates a higher affinity for the synthase for this
phosphatase form.

However, K;'s of about 1 uM and 7 uM, respecéively,
were obtained for thiophosphorylase a inrhibition of the
phosphbrylase a phosphatase activity of the M, 35 000 phos-
phatase and phosphatase-2A, from Egbbit liver using rabbit
skeletal muscle prot#ins (unpublished experiments), indi-
cating that the K, 's for the protein phosphatases reflect

more than their affinity for the substrate. Also, the
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conceé?%ation dependency af the phosphorylase a inhibition
of the synthase phqsphatass activity hag led numerous
investigators to suggest that the inhibition fesults from
Jdirect competition (15,16). Tie results obtained in the
present study with the type-2 protein phosphatases disagrees
wi£h this hotion and suggests that some poorly understood
intrinsic feature of these’phosphatasés could result in the
desensitization of their synthése phosphatl;e activity to
inhibition by phosphorylase a. g

The report by Mvumbi et al. (3) Airectqd»the project

towards investigating the involvement of protein phos-

\ b~

phatase-1. Representative data from one of the numerous
experiments done with this phosphatase form is shown iﬁ Fig.
V.2. The dephosphorylation of glycogen synthase b was sig-"
nificantly inhibited by added rabbit skeletal muscle -
phosphorylase a. Of significance is the fact that the inhi-
bition was seen at a phosphorylase a concentration'much
lower than that which didAnot affect the type-2 phosphatases
(see above). However, no lag‘En dgphosphorylatién was
detected. Several other experiments (not reported), in which
the conditions of incubation were varied to represéht more
closely the conditions used by Mvumbi and co-workers, were
carried- out with no successf

A different approach in assaying the glycogen synthase

phosphatase activity was employed (Method 2 above).
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Fig. V.3 shows délg‘%g which a m@;ture of purified rabbit
'livér phosphatéses-1 and 2A, was used as phoéphatase source.
~ The added phosphorylase a (10 ug/ml) significantly inh{bited
~the activation of the rabbit skeletal muscle glycogén
synthase b by pﬁosphatase action, but no latency was

obserygd. |

%abbit liver extract obtaineé as‘described in Chapter
IV (up to glasswool fild{ation) was incubated at 30°C in the
presénce‘of 20 mM glucose and 1 mM caffeine, to ensure
depletion of ;bdsphoryfgse a and complété conversion of
glycoéen synthase b to a. The treated extract was then put
through Sephadex G-25 (fine) and the filtrate used as phos-
‘ phatase sou;ce ip some experiments. Fig. V.4 shows data rep-
resentativé.of such experiments. As’ with prévious results,
phosphorylaseva,inh;bjted0919cogen synthase activation. How-
ever, the latency in the activation could not be
demonstratéd. Further, the presence of a combination of -,
glucose and caffeine dié not alter the patterns observed.

It was envisaged tha;’the inability to demonstrate the
latency in ;éycogeh syqthase activation may be due to .
absence of particulate glycogen which ma} serve as an anchér
for the integacting proteins. Experiments were then
Performéd iﬂ the presence of 1% (wt/v) rabbit liver
glycogen. As shown in Fiéﬂ V.5, the péttern of glycogen
synthéSe activation did not gdiffer from previous results.

Phosphorylase a was inhibitory, latency in activation was

not observed, and there was no difference seen whether
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a combination of glucose and caffeine was present or not.
In other experiments (not shown), protein phosphatase-1
did not convert any rabbit liver glycogen synthase b to a.
The G-component reported by Dopere et al. (1) behaved simi-.
larly. | )

- Phosphorylase a activity levels were not monitored
during the experiments shown in Figs. V.3-5 due to practical
limitations. However, control experiments (not shoyn) with
rabbit skelétal muscle phosphorylase a and the phosphatase
preparations under similar conditions showed that the phos-
phatase activity uSed in each case was sufficient to leqd to ,
about 80% decrease in phosphorylase g activity within 10 min
incubation time.

L]

D. Discussion ~

Although the results of the studies reported in this
chapter.are inconclusive, in that the demonstraiion‘bf the
latency in glycogen synthase activation observed in previous|
studies using gel-filtered liver extract‘(see Chapter 1V)
could not be achieved using purified proteins, some
interesting observations were obtained.

The inhibitién of gLyﬁogen ﬁynthase phosphatase
activity by phosphorylasé'a was evi&gnt for protein phos-
phatase-1 and not with bhosphatases-ZA, and 2A,, and the
35 000 M, phosphatase inder the condition used. These

findings agree with those reported by Mvumbi et al. (3),

'given the simi®arities between their G- and S-components and
\ .

E
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protein phosphatases-| and 2A, respectively.

The inability to demonstrate the latency in this report
could stem from a number of factors. In a recent report
(17), Ca?* and glycogen were shown to act synérgisticélly as
inhibitors of rat liver glycogen synthase phosphatase using
crude extract. Similar results were also obtained with the
G-component, as present in the protein-glycogen complex or
in partially purified form, acting on purified liver
glycogen synthase b. Tﬁe major phosphatase source used by
Mvumbi et al. in their studies was from the protein-glycogen
complex, suggesting that perhaps the latency observed was
due to inhibition of the phosphatase activity by glycogen.
High concentrations of glycog?n are known to inhibit the
protein phosphatase activity ;gainst glycogen synthase b
(18). The situation is further complicated by the fact that
the protein-glycogén suspensions used was not.gel-filtered,
hence the possibility of 'interference' by small molecules
in gpe activation experiment. Furthermore, the possibility
that the G-component is not equivalent to protein phos-
phatase-1 exists, as the former consists of phosphatase
activities co-sedimenting with particulate glycogen added to
glycogen-depleted liver cytosol preparations. However,
Mvumbilskd éb-workers were able to show the latency when
partidlly purified G-component was acting on rabbit skeletal
muscle glycogen synthase b phosphorylated by kinase Fp [sim-
ilar to glycogen synthase kinase-3 (19)], suggesting that

perhaps the difference in phosphorylatipon sites may be a
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factor in the differences in this report. |
A major set-back for the phosphorylase a threshold in
the activation of glycogen synthase is the observation that
the lateffcy could not be demonstrated ;ith liver prép-
arations from starved animals (20). It has been shown that
the livers of stafved rats contain\;arger amounts of
glycogen synthase & than livers from fed animals despite the
presence of high levels of phosphorylase & in livers from
fed animals (21). It is well known that most of the enzymes
of glycogen metabolism are closely associated with particu-.
late glycogen, thus depletion of glycogen by fasting would
result in dissociation of these enzymes leading to probable
'loss' of the control features inherent in the
protein-glycogen complex. : ~
‘ As is presently known, protein phosphatase-1 is the
only phosphatase activity in pro€ein-glycogen complex from
livers of well-fed rabbits while the type-2 phosphatases
hvolVed in glycogen metabolism, phosphatase-2A (comprising
pho%phataserZAo, 2A, aﬁd 2A;) are located egclusively in the
cytosol (2). Also phosphatise-ZA accounts for over 60% of
the phosphorylase a.and glycogen synthase b phosphatase
activities 1in ;abbit liver (4). Thus, with negligible
glycogen concentrations in liver preparations due to
fasting, glycogen synthase b would become susceptible to
high phosphatase actionyfrom both phosphatases-1 and 2A, a
consequence of the apparent 'solubilization' of these pro-

teins. This situation could lead to the uncoupling of
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phosphorylase a inhibition of glycogen synthase phosphatase
activititﬁand may be one of the factors responsible for the
absence of latency in glycogen synthase activation in liver
preparations from starved animals. In light of the above
discussion, the significance of the findings in studies in
this chapter in }hiéh only protein phosphatase-1 action on
glycogen synthase b was appreciably inhibited by
phosphorylase a becomes apparent.

The observation that the combined presence of glucose
and caffeine at concentrations that would increase the rate
of dephosphorylation of added phosphorylase a by phosphatase
action did not affeci the results of the experiments
reported here seems surprising. A plausible explanation for
this could be that the phosphorylase a level is too low to
allow detectable differences between the incubations with
and without the activators.

The results indicate that protein phosphatase-!
activity on glycogen synthase b is strongly inhibited by
phosphorylase a; thus further exploration of this finding in
relaEion to the latency of glycogen synthase activation
should be directed towards this phosphatase form. There is
no doubt that a reconstituted system in which the latency in
this activation is demonstrable would shed more light on our
understandiﬁg of the role of phosphorylase a and the func-

tional site on phosphorylase a that binds caffeine in the

regulation of hepatic glycogen metabolism.
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\\ VI. General Discussion and Conclusions

Fsllowing the initial description of the inhibitor site
on rabbit muscle phosphorylase a monomer specific for'
nucleosides and purine derivatives such as caffeine (1,2), a
number of stuéies have been done to ascertain the functional
significance of this site in the regulation of glycogen

metabolism (reviewed in ref 3). Caffeine preferentially

binds to this inhibitor sit th apparent K;'s of 9.1 mM

and 0.4 mM for the rabbit 1 muscle and liver

- .

phoqahorylase a, respectiv , and has served as a func-
tional probe for the site. Caffeine was shown to act
synergistically with glucose in inhibiting phosphorylase a &
from both rabbit skeletal muscle and liver (2). Also, in
combination with glucose, caffeine further Cecreas_ed the ,
latency in glycogen synthase activation in rat hepatocftes
(4). Y

2 .-

- Studies reporteq in Chapter II of this thesis (see wlso
ref. 5) }ndicate tﬁat q}ucose and caffeine had independent~
and additive activating effects on four molecular forms of
rabbit liver phosphorylaée a phosphatase activity: the
"catalytic' subunit (M, 35 000) phosphatase ang bﬁos--
phatases-1, 2A, and 2A,. The caffeine effect was seen at uM
concentrations sﬁggesting a significqnt role for the act;on
of ligands that bind to the nucleoside site on the
phosphorylase a.monomer. In addition, both glucose and

caffeine counteracted the inhibition of phosphorylase a

phosphatasé activity by nucleotide inhibitors (ATP and AMP)

131 \ w
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and other inngitors tested.

In Chapter 1II, ysing the natural substrate
(phosphorylase a) and two alternate substrates (histone and
a\tetradecapeptide encompassing residues 5 to 18 in
' phosphorylase'a), distinction was m;ae between substrate
and/or enzyme-directed effects of some physiological’
1mportant ligands. Glucose, caffeine, AMP ADP, P; ‘and
glucose 1—phosphate showed substrate directed inhibition for
the "four phosphatase forms. ATP exerted both substrate and
egg;me-directed effects for the 35 000 M, phosphatase and
phosphatises-l and 2A, but only a substrete-directed effect
forﬁéﬁosphatase-ZAz suggesttngAthat”tbe y-subunit of the
type-2 phosphatases may oe involved in ATP binding. The
results in this chapter suggest an important role for
supstrate-directed control by ligands tﬁ;t_gﬁjgct

phosphorylase a phosphatase'activity. J
. R
The molecular basis for the Hers' hypothesis, in which

the activation of glycogen synthase by phosphatafe action is.
medulated by the level of phosphorylase a act1v1ty, was Y
further investjgated using rabbit liver filtrates. Chapter
'Ivlshows thatiglucose and caffeine, acting alone or
together, relieved phosphorylase a inhibitoﬁ‘of-~i§63§en
synthase activation in the'filtrates. These liggéis opposed
the effects of phosphorylase a phosphatase inhibitors such
as AT;t;nd AMP.. Also, exogenous phosphorylase'a extended the
latehcy in glycogen synthase activation. Studies with puri-

. .
fied proteins (Chapter V) showed that the dephosphorylation
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or activation of rabbit skedetal muscle glycogen synthase,
‘hosphorylated by cAMP- dependent protein kinase, bty protein
phosphatase-1 was severely inhibited by rabbit skeletal
muscle phosphorylase a. However, the activities of the
M, ;5.000 phosphatése and phosphaﬁases-ZA. and 2A;, on the
same substrate, were not appreciably affected by
phosphorylase a concentrations several fold higher than that
which inhibited the phosphatase-1 activity. The results
agree with reports of other workers (6, see Chapter 1V),.
Although theilatency in glycogen synthase activation
was not demonstraled using purified proteins under the

reported conditions, the results indicate that

,fphosphorylasé a inhibits phosphatase action on glycogen

'tfisynthase b and further studies with pur1f1ed proteins would

"ia1d our qnderstandlng of the role of phosphorylase a in the

regulatlon of the §ct1vatlon process,

The results from the independent but related studies 1in
thisj%hesisVére’congistent with the view that
v;ﬁigéphorylase a activity level modulates the activation of
glycogen synthase although the involvement of additional
factor(s) could not be ruled out. Furthermore, the additive'
effects of glucose and caffeine with respect to the inhibi-
tory conditions observed in these studies, support the
contention that glucose alone may not be the sole ]
physiolbgical regulator of glucose homeostasis through its

action on hepatit phosphorylase &. Thus, the nucleoside site

on phosphorylase a, which binds caffeine and other purine
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derivatives, may be of thsiblogical significance. There
no doubt that the isolation and characterization of the
naturai ligand(s) for this site would be valuable in

clarifying the functional role of this site in the regu-

lation of glycogen metabolism,

hd W
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