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Every student of biochemistry has 
seen, and perhaps even looked at, two- 
dimensional metabolic maps that out- 
line the myriad pathways of biodegrada- 
tion and biosynthesis. He understands 
that for each arrow on the map point- 
ing from one metabolite to another, 
one step modified, there exists a corre- 
sponding enzyme, which in principle can 
be named by inspection of the reaction. 
The virtual completion of the basic 
framework of such maps in all its de- 
tail has been a triumph of biochemistry, 
largely over the last quarter century, 
although occasionally a new addition 
not fully anticipated is still made. 

Recently new kinds of arrows have 
begun to appear on such maps indicat- 
ing that certain metabolites are also 
modulators of reactions in which they 
are not reactants or products. This new 
order of complexity, encompassed in 
the concept of modulator control, while 
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certainly far from completely worked 

out, adds greatly to the reality that 
metabolic maps are intended to convey. 
The inclusion of this aspect of metabolic 
control requires the addition of essen- 
tially no new elements to the matrix. 
The same enzymes and the same metab- 
olites and cofactors which comprise 
the pathways of metabolism themselves 
are the units which effect modulator 
control. It is only necessary to enlarge 
the concept of enzyme action to in- 
clude in some cases modulator binding 
at sites distinct from the reaction sites. 
The map, however, is still two dimen- 
sional. 

The experiments of the Coris and 
their co-workers 25 to 30 years ago, 
revealed that one of the enzymes pres- 
ent on metabolic maps, glycogen phos- 
phorylase, exists in two forms, called 
a and b (1). With the discovery that 
these forms, which differ from one 
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these forms, which differ from one 

another covalently by the presence (a 
form) or absence (b form) of esterified 
phosphate groups, could be intercon- 
verted enzymatically, a new dimension 
of enzymology emerged. Phosphorylase 
a phosphatase, which catalyzes the a 
to b conversion, and phosphorylase b 
kinase, which catalyzes the b to a con- 
version, are of a different sort func- 
tionally from the enzymes that inter- 
convert metabolites (metabolic enzymes). 
They are enzymes whose substrates are 
enzymes. The inference is that the in- 
terconversion of forms of metabolic 
enzymes has a control function, and 
there is substantial evidence to support 
this view. 

In addition to the opportunities such 
systems provide for metabolic control, 
there are some genetic and develop- 
mental consequences as well in the 
possibilities for multigenic control of 
enzyme expression. Where an "activat- 
ing enzyme" is required for the conver- 
sion of a metabolic enzyme, or other 
physiologically active protein, to its 
functional state, a failure of appearance 
of activity may not denote a lack of a 
functional structural gene for the pro- 
tein in question, or even the absence of 
the protein itself. What may be lacking 
is the "activating enzyme." One won- 
ders how often, in the catalogs that 
relate appearance of functional enzyme 
activity with embryological develop- 
ment, it is gene expression for an "ac- 
tivating enzyme" that is manifested 
rather than for the functional protein 
per se. Analogous questions can be 
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raised in regard to loss of functional 

activity, as, for example, with cells in 
culture or malignant cells. In at least 
one case of loss of functional enzyme 
activity with altered hormonal or nu- 
tritional state the defect is not a lack 
of the metabolic enzyme, but rather 
of one of the interconverting enzymes. 

It is important to distinguish between 
the type of system being considered in 
this article and other types of systems 
with certain similarities. Isozymes, for 

example, are also sets of proteins with 
related catalytic properties and differ- 
ences in covalent structure. Isozymes, 
however, differ from one another in 
internal amino acid sequences, reflect- 

ing separate structural genes, and are 
not interconvertible, whereas intercon- 
vertible forms arise from the same 
structural gene and differ by the pres- 
ence or absence of groups other than 
internal amino acid residues. In addi- 

tion, many enzymes exist in multiple 
states, which have distinct kinetic prop- 
erties but which differ only conforma- 

tionally, and are in thermodynamic 
equilibrium with one another [for some 

examples, see (2)]. There are cases 
in which proteins are covalently modi- 
fied enzymatically but, unlike the 
interconvertible systems, only in one 
direction. Among these are the methyla- 
tion reactions (3), the formation of 
active proteins from inactive precursors 

by selective proteolysis (4), the forma- 
tion of collagen from protocollagen by 
hydroxylation and glycosylation (5), 
and the blood clotting process (6). 
Such reactions are usually viewed as 
elements of the overall pathway of 
functional protein synthesis rather than 
as aspects of metabolic control. They 
share with the bidirectional systems, 
however, the opportunity for multigenic 
control of enzyme expression. Table 1 
lists a number of enzymes for which 
there is evidence, convincing or sug- 

gestive, for the existence of two forms, 
interconvertible by control enzymes. 

The Phosphorylase System 

As already mentioned, the phospho- 
rylase system was the first of this type 
to be recognized and its analysis is 
furthest advanced, especially in muscle, 

notably from the work of Krebs and 
Fischer and their co-workers (7), al- 
though its complexity continues to un- 

fold. 
Phosphorylases can be divided rough- 

ty into two types, the skeletal muscle 

type, characterized by substantial activ- 

ity of the b forml relative to the a form 
in the presence of adequate concentra- 
tions of AMP (8), and the liver type, 
of which the b form has little activity 
even in the presence of AMP. The phos- 

Table i. I nterconvertible enzymles land proteins. 

tMuscle phosphorylase 

Liver phosphorylase 
Phosphorylase b kinase 

Phosphorylase a phosphatase 

Muscle glycogen synthetase 
Liver glycogen synthetase 

Hormone-sensitive lipase 

Pyruvate dehydrogenase 

EI'scherichia coli glutamine synthetase 

P,I component of glutamine synthetase 
interconverting system 

Histones 

RNA polymerase 

Polynucleotide phosphorylase 

Ribosomal proteins 

Neurotubular proteins 

h activity repressed by endogenous modulators 
h form assayable in presence of AMP 
b form inactive, activity not elicited by AMP 
b form active in vivo at high Ca2t, low ATP 
h form assayable at high pH 
a and b forms appear to exist 
Activity stimulated by glucose 
h form activated in vivo by elevated G-6-P 
h form inactive at tissue ligand concentrations, 

assayable in presence of G-6-P 
h to a reaction catalyze(d in vitro by protein kinase 
Activated in vivo by lipolytic hormones 

Phosphatase reaction (b to a) promoted by cyclic 
AMP 

Fatty acids plromote a to b reaction in vivo 

a to b conversion by adenylylation 
h form subject to feedback inhibition 

Separate forms catalyze glutamine synthetase ac- 
tivation and inactivation 

PI1 conversion in only one direction demonstrated 
Interconverted by both phosphorylation and acet- 

ylation 
Also phosphorylated by a cyclic GMP-stimulated 

kinase 
In vivo significance of interconversion not estab- 

lished 
In vivo significance of interconversion not estab- 

lished 
In vivo significance of interconversion not estab- 

lished 
In vivo significance of interconversion. not estab- 

lished 
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phorylases of other tissues fall into one 
or another of these general categories. 
Recent reviews of phosphorylase have 

appeared (9). 
Muscle phosphorylase. Morgan and 

Parmeggiani and co-workers (10, 11) 
and Helmreich and Cori and co-workers 
(12, 13) have investigated the molecu- 
lar basis of physiological control of heart 
and skeletal muscle phosphorylase. 
They have found that modulator effects 
of ligands and interconversion of b and 
a both play a role. In resting aerobic 
muscle, phosphorylase is almost entirely 
in the b form, which is virtually inac- 
tive in the presence of in vivo levels of 
control ligands in this state (Pi, AMP, 
ATP, ADP, G-6-P). Phosphorylase a, 
on. the other hand, is highly active 
under these conditions so that b to a 
interconversion constitutes a switching 
of the system between on and off states. 
The stimulation of glycogenolysis by 
the hormones, glucagon and epineph- 
rine, and by electrical stimulation can 
be attributed to this mechanism. Simi- 

larly in the reverse sense, the preven- 
tion by glucose or G-6-P of glycogen 
depletion in isolated diaphragm was 
correlated with a concomitant reduction 
in phosphorylase a (14). On the other 
hand, anoxia promotes an even more 

rapid flow through the phosphorylase 
reaction with a lesser level of phospho- 
rylase a formation (10). In this case a 
substantial part of the effect is evidently 
due to a release of the restraint on phos- 
phorylase b resulting from changes in 
the concentrations of Pi, AMP, ATP, 
ADP, and G-6-P (11). 

Liver phosphorylase. As mentioned 
above, phosphorylase b of liver (also 
referred to as inactive phosphorylase 
and dephosphorylase) is inactive under 

physiological conditions, although ac- 

tivity can be elicited in vitro by the 
addition of high concentrations of sul- 
fate. The a and b forms differ from one 
another by the presence or absence of 
esterified phosphate groups, respectively, 
and are interconvertible by kinase and 

phosphatase action as with the muscle 
enzyme. It was the studies with this 

system by Sutherland and Rall and 
their co-workers [see (15)] which led to 
the discovery of the existence and role 
of cyclic nucleotides in metabolic 
control. 

The stimulation of glycogenolysis by 
the hormones glucagon and epinephrine 
is associated with a conversion of phos- 
phorylase b to a through the mediation 
of cyclic AMP (16). Glucose produces 
the opposite effect on the phosphorylase 
system, in that it leads to a reduction 
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in the amount of phosphorylase a (17, 
18). In this case no change in cyclic 
AMP could be detected (18). Further- 
more, the effect on the phosphorylase 
system of suboptimum doses of gluca- 
gon could be overcome by glucose with- 
out reducing the glucagon-induced in- 
crease in cyclic AMP (17). 

Phosphorylase b kinase. The conver- 
sion of phosphorylase b to a involves 
a Mg2-+-dependent transfer of phos- 
phate from ATP to one serine residue 
per subunit of phosphorylase b, cata- 
lyzed by phosphorylase kinase. Muscle 
phosphorylase kinase itself exiscs in two 
forms, one of which is active and the 
other inactive in the resting tissue (19). 
The latter can be assayed in vitro, 
however, if the determination is carried 
out at high pH (20). To maintain a 
consistency of nomenclature the active 
and "pH 7 inactive" forms will be re- 
ferred to as phosphorylase kinase a and 
b, respectively. Phosphorylase kinase of 
liver also appears to exist in active and 
inactive forms (21). 

Phosphorylase kinase of muscle has 
been purified to near homogeneity. Of 
a number of glycolytic enzymes of mus- 
cle tested as substrates, only phospho- 
rylase b was phosphorylated (22). Re- 
cently, however, it has been reported 
that the inhibitor component of tropo- 
nin, which is closely associated with 
actomyosin, can also be phosphorylated 
by phosphorylase kinase (23). In this 
case both forms of the kinase were 
equally effective. 

The kinase can be converted to the 
a form in vitro in the presence of ATP 
and Mg2 +, and during this process 
there is a phosphorylation of the en- 
zyme. To a minor extent the phospho- 
rylation and activation appear to be 
self-catalyzed (24); however, both are 
greatly accelerated by small amounts of 
another kinase in muscle. It is this 
kinase in muscle which is the species 
directly affected by cyclic AMP (25). 
This enzyme, referred to as cyclic 
AMP-dependent protein kinase, is in- 
volved in a number of interconvertible 
enzyme systems as is discussed below. 

The presence in extracts from a vari- 
ety of tissues of an enzyme that dephos- 
phorylates and inactivates phosphorylase 
kinase a has been demonstrated (26). 
The muscle enzyme was shown to be 
distinct from phosphorylase a phospha- 
tase, as well as from phosphatases that 
catalyze the hydrolysis of casein phos- 
phate and other phosphate esters of low 
molecular weight. 

On the basis of these observations, 
plus the finding that administration of 
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Table 2. Mechanisms of stimulation of the phosphorylase reaction. 

Signal Response 

Epinephrine, glucagon Cyclic AMP-mediated conversion of phosphorylase kinase 
b to a, leading to conversion of phosphorylase b to a 

Electrical stimulation Ca2t stimulation of phosphorylase kinase b, leading to 
conversion of phosphorylase b to a 

Anoxia Change in modulator concentrations, leading to increased 
activity of phosphorylase b 

epinephrine leads to increases in phos- 
phorylase a, phosphorylase kinase a, 
and cyclic AMP in muscle and heart 
(27, 28), the sequence of events shown 
in the upper part of Fig. 1 has been 
deduced to describe the catecholamine- 
induced promotion of glycogenolysis. 
One point to be noted here is that two 
interconvertible enzyme systems are in- 
volved in the pathway. 

On the other hand, direct electrical 
stimulation of muscle leads to a very 
rapid increase in phosphorylase a (12), 
with no increase in cyclic AMP or 
phosphorylase kinase a (28). The same 
pattern of response was obtained in 
perfused hearts by increasing the con- 
centration of Ca2- in the medium (29). 
In vitro evidence has been presented 
that Ca2+ stimulates phosphorylase ki- 
nase b directly (30, 31). In this way 
contraction and increased glycolysis can 
be directly linked via alterations in 
Ca24- flux consequent to electrical stim- 
ulation, independent of cyclic AMP- 
dependent phosphorylase kinase b to a 
conversion (28, 29, 31). Thus there 
are three separate responses to three 
distinct signals all leading to an in- 
creased flow through the phosphorylase 
system (Table 2). 

Phosphorylase a phosphatase. Con- 
version of phosphorylase a to b involves 
the hydrolysis of serine phosphate 
groups of the enzyme, catalyzed by a 
specific phosphatase. Active and inac- 
tive forms of the phosphatase, which I 
will refer to as phosphatase a and b, 

4 
Phosphorylase kinase b / 

Epinephrine,/ 
glucagon / 

/ 
T Cyclic 

Adenylate Cyclic / 
ATP Ad---- e AMP --.- Protein kinase 

cyclase 

respectively, have been demonstrated in 
adrenal cortex, liver, and muscle (32). 
Conversion of the b to the a form re- 
quires ATP and Mg2+. 

Since the level of phosphorylase a 
in the tissue represents a balance be- 
tween its formation via phosphorylase 
kinase and its removal via phosphoryl- 
ase phosphatase, it is evident that the 
phosphorylase reaction can be modu- 
lated through either the kinase system, 
as has been discussed above, or the 
phosphatase system. The existence of 
active and inactive forms of phos- 
phorylase phosphatase further suggests 
the possibility that the latter system is 
subject to physiological control. Direct 
evidence for the phosphatase as a con- 
trol site was the finding that glucose, 
which decreased phosphorylase a in the 
whole diaphragm (14) and in perfused 
liver (17, 18), also increased phospho- 
rylase phosphatase activity in vitro (33). 

Cyclic AMP-Dependent Protein Kinase 

Cyclic AMP-dependent protein ki- 
nase is a component of several of the 
interconvertible systems discussed here, 
namely, phosphorylase, glycogen syn- 
thetase, and hormone-sensitive lipase. 
It is, in fact, the point of action in 
cyclic AMP modulation of these sys- 
tems, and the suggestion has been made 
that all the wide variety of cyclic AMP 
effects may depend on its stimulation of 
this enzyme (34). 

Phosphorylase kinase a 

Phosphorylase Phosphorylase 
b a 

Glycogen G-I-P 
'1%, i~ 

-UDPG 
Glycogen synthetase a 

Glycogen synthetase b 

Fig. 1. Epinephrine and glucagon control of glycogen metabolism. 
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Cyclic AMP-dependent protein ki- 
nases have been demonstrated in a 
wide variety of tissues and species, in- 

cluding multiple forms in some cases 
[for a recent review, see (35)]. A phos- 
phatase that dephosphorylates histones 
and protamine, but not low molecular 

weight phosphate esters, has also been 

purified from liver (36). 
Several recent reports have provided 

information on the molecular mecha- 
nism of the cyclic AMP stimulation of 

protein kinase. The enzymatically ac- 
tive protein, of molecular weight about 
60,000, is closely associated with a 
regulatory subunit of molecular weight 
about 80,000. In the associated state 
the enzyme is inactive. Cyclic AMP 
binds to and promotes the dissociation 
of the regulatory subunit, releasing the 

catalytic moiety in an active form. In 
addition, at least one of the substrates 
of protein kinase, histone, also pro- 
motes dissociation of the enzyme, yield- 
ing the cyclic AMP-independent sub- 
unit (37). 

The Glycogen Synthetase System 

It had long been assumed, for lack 
of a better proposal, that phosphorylase 
catalyzes glycogen synthesis as well as 
breakdown, although stimulation of the 

phosphorylase reaction consistently pro- 
motes glycogen breakdown, but not syn- 
thesis (38). The energetics of the phos- 
phorylase reaction also argue against 
its involvement in glycogen synthesis 
(39). With the discovery of an inde- 

pendent pathway for the synthesis of 

glycogen from G-1-P by way of UDPG 

(40) the problem was resolved. Con- 

firming genetic evidence for the opera- 
tion of a pathway for glycogen syn- 
thesis independent of that for its 
breakdown came from the discovery 
that, in one of the congenital glycogen 
storage diseases, high concentrations of 

glycogen are present in tissues despite 
absent or low phosphorylase activity 
(41). In these individuals glycogen syn- 
thetase activity is normal. 

The original elucidation of the path- 
way was in liver tissue (40). Shortly 
thereafter the pathway was demon- 
strated in muscle (42) and other ani- 
mal tissues (43), and subsequently the 
same or related pathways have been 
found in every cell examined where 

glycogen or starch is present, including 
microorganisms. 

With the existence of separate path- 
ways for the interconversion of G-1-P 
and glycogen, control of glycogen syn- 
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thesis and breakdown at these points 
becomes feasible, indeed indispensable, 
to avoid energy short-circuiting. More- 
over, once the uridyl pathway was se- 
lected to provide for carbohydrate stor- 
age, control at the glycogen synthetase 
reaction, rather that at an earlier step 
in the pathway, became essential in 
animals to avoid complications with ga- 
lactose and glucuronic acid formation. 
In plants, where the analogous reaction 
is not a branch point (44), control is 
at the previous step (45). 

Early in the investigations of the 
glycogen synthetase system it was found 
that G-6-P stimulated the reaction in 
tissue extracts (43). Larner and his co- 
workers subsequently established that 
the degree of G-6-P dependent and 
G-6-P independent activity was a reflec- 
tion of the relative amounts of two 
forms of the enzyme (46), which they 
refer to as the D, or G-6-P dependent 
form, and the I, or G-6-P independent 
form, respectively (47). While it is well 
established that tissue extracts exhibit 
G-6-P dependent and independent gly- 
cogen synthetase activities as assayed 
in vitro, it is not precisely correct to 
refer to G-6-P dependent and indepen- 
dent enzyme forms. Both forms are 
stimulated by G-6-P, but with different 

quantitative and, in the case of muscle, 
qualitative characteristics (47-49). The 
increased activity with G-6-P present 
is a result of the stimulation of both 
forms, one considerably more than the 
other under assay conditions. For this 
reason we have preferred the more non- 
committal terminology, a and b, to refer 
to the physiologically active and inac- 
tive forms, respectively (49), as had 
been originally employed by the Larner 

group (50). 
With the establishment that the two 

forms were interconvertible by phos- 
phorylation and dephosphorylation re- 
actions analogous to the phosphorylase 
system, except that the dephosphoryl- 
ated form of glycogen synthetase is the 
active one [see (51) and (52)], it became 
evident that the existence of intercon- 
vertible forms of enzymes with differ- 
ing activities was not unique to the 

phosphorylase system, but was a more 

general phenomenon than had been 
realized. 

Muscle glycogen synthetase. Recent- 

ly muscle glycogen synthetase has been 
obtained in a high state of purity and 
found to undergo incorporation of one 

phosphate group per subunit, or four 

per molecule of around 400,000 dal- 
tons, during the a to b conversion (53). 
It is now established that glycogen syn- 

thetase kinase is identical with the cyclic 
AMP-stimulated protein kinase which 
phosphorylates phosphorylase kinase as 
well as a number of other proteins (53). 
In this case the link is direct, unlike the 
phosphorylase system where phospho- 
rylase b is not phosphorylated directly 
by cyclic AMP-dependent protein ki- 
nase, but instead another kinase (phos- 
phorylase kinase) intervenes between 
protein kinase and the metabolic en- 
zyme itself. The result is that a double- 
pronged regulatory system is provided, 
in which the cyclic AMP-stimulated 
protein kinase turns on glycogen deg- 
radation by way of the phosphorylase 
reaction and turns off glycogen synthe- 
tase-catalyzed glycogen synthesis (Fig. 
1). It is not yet known with equal cer- 
tainty what relationship exists among 
the phosphatases that activate glycogen 
synthetase and inactivate phosphorylase 
and thus reverse the metabolic flow, 
although some interesting suggestions 
have been proposed in this regard (54. 
55), as is discussed below. 

Progress has been made by Piras and 
his co-workers in elucidating the rele- 
vant factors in the modulation of mus- 
cle glycogen synthetase activity in vivo. 
Their results indicate that changes in 
concentrations of regulatory ligands and 
interconversion between active and in- 
active forms both play a role in the 
regulation of flow through the glyco- 
gen synthetase reaction (56). 

Glycogen itself also appears to be a 
modulator of the synthetase reaction. 
When glycogen content and synthetase 
a activity were compared in muscles 
analyzed at various times after elec- 
trical stimulation (57) or in hearts 
perfused with and without oxygen and 
glucose (58), there was an inverse re- 
lationship between these components. 
A possible mechanism for this relation- 
ship is suggested by the ability of glyco- 
gen at physiological levels to inhibit the 
phosphatase that forms synthetase a (51, 
58). There is an opposite effect of gly- 
cogen on the phosphorylase system, in 
that glycogen stimulates phosphorylase 
kinase (20), as well as phosphorylase 
itself (59), thus reinforcing the effect 
on the glycogen synthetase system in 
regulating its own level. 

In addition to its modulation by fac- 
tors related to muscle cell function per 
se, muscle glycogen synthetase is also re- 
sponsive to hormonal signals. Moderate 
doses of epinephrine led to a reduction 
of the a form of the enzyme in isolated 
diaphragm (60, 61). This effect can 
presumably be attributed to the cyclic 
AMP stimulation (62) of protein kinase 
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which converts glycogen synthetase a to 
b (53). Insulin, on the other hand, pro- 
duced the reverse effect, that is, an in- 
crease in the a form of synthetase (63), 
by a mechanism independent of cyclic 
AMP (61, 64). 

Liver glycogen synthetase. Liver gly- 
cogen synthetase undergoes interconver- 
sions between active and inactive forms 
by what appear to be phosphorylation 
and dephosphorylation reactions (65, 
66) as in the case of the muscle sys- 
tem. Homogeneous preparations of 
synthetase b have been obtained from 
both trout (67) and rat (68) livers. In 
both cases activity was distributed 
among a number of interrelated com- 
ponents separable by centrifugation. 

The glycogen synthetase kinase (pro- 
tein kinase) of liver and muscle are 
cross-reactive with the muscle and liver 
synthetases (69). Liver glycogen syn- 
thetase phosphatase, on the other 
hand, is reported not to act on muscle 
synthetase (65). 

The factors involved in the control 
of the glycogen synthetase reaction in 
liver have been discussed by Hers et al. 
(70). The b form of liver synthetase ap- 
pears to be inactive at all concentra- 
tions of relevant ligands likely to occur 
in vivo, while the correlation between 
rates of glycogen synthesis and levels of 
synthetase a is high in a variety of con- 
ditions. Thus control of the reaction is 
concluded to be based entirely on a 
switching between active and inactive 
forms by effects either on the kinase or 
the phosphatase, or both simultaneously. 

With the exception of glycogen, 
which inhibits the synthetase phospha- 
tase reaction and thus its own syn- 
thesis, all of the chemical signals to 
which the interconverting systems are 
known to respond are external, that is, 
glucose or hormones. Glucagon and 
epinephrine reduce the level of active 
synthetase, as does administered cyclic 
AMP itself. The effects of these hor- 
mones can be attributed to elevations 
of intracellular cyclic AMP with the 
consequent stimulation of the kinase 
that converts synthetase to the in- 
active form. In addition there is evi- 
dence for a decreased activity, after 
glucagon administration, of the phos- 
phatase which catalyzes the reverse 
reaction (71). Glucose produces the 
opposite effect, that is, an elevation of 
synthetase a by a mechanism not medi- 
ated by cyclic AMP (17, 18). It is this 
response, rather than an increased sup- 
ply of precursor, that accounts for the 
glucose-induced stimulation of liver 
glycogen synthesis. 

6 APRIL 1973 

A glucose effect distinct from these 
rapid responses has been observed in 
adrenalectomized animals that have 
been starved for 48 hours. Under these 
conditions, where activity of synthetase 
a and synthetase phosphatase has com- 
pletely disappeared, glucose administra- 
tion produced a restoration of activity, 
which required about 1?1 hours to ap- 
pear and which was prevented by cyclo- 
heximide but not actinomycin (72). 
Livers from adrenalectomized, starved 
animals do not demonstrate the rapid 
response to glucose infusion as those 
from normal animals do (18). 

The long-known effect of gluco- 
corticoids in promoting liver glycogen 
deposition can be attributed, at least in 
part, to an influence of these hormones 
on the glycogen synthetase system. Sev- 
eral hours after their administration, an 
increase in synthetase a is evident. This 
increase is the result of the reappear- 
ance of phosphatase activity (73). The 
response of adrenalectomized, starved 
livers to glucocorticoids is blocked by 
cycloheximide and actinomycin and 
thus appears to depend upon induction 
of an as yet unidentified enzyme (72). 

Although some of the reports of an 
insulin-induced increase in liver glyco- 
gen synthetase a must be discounted 
because of the concomitant administra- 
tion of glucose, which produces this 
effect independently of insulin, it does 
appear that insulin itself has an analo- 
gous action. The insulin response is not 
mediated by cyclic AMP, but appears 
to act by effects on the phosphatase 
reaction. 

Glycogen synthetase phosphatase. Be- 
fore the maximum rate in the syn- 
thetase phosphatase reaction in crude 
systems is attained, there is a time lag 
that is reduced by the addition of glu- 
cose in vitro without affecting the ulti- 
mate velocity. One possible explanation 
of these observations would be the 
existence of inactive (b) and active 
(a) forms of the phosphatase, with the 
lag reflecting a b to a conversion under 
the influence of a glucose-stimulated 
synthetase phosphatase activating en- 
zyme. The concept of two forms of 
synthetase phosphatase is supported by 
observations on diabetic livers, where 
there appeared to be a form of the 
phosphatase with greater Mg2+ de- 
pendency than in insulin-treated ani- 
mals (71). 

Recently, an alternative suggestion 
has been made, based upon the ability 
of phosphorylase a to inhibit the glyco- 
gen synthetase phosphatase reaction 
(55), in which it is proposed that the 

lag represents the period required for 
removal of phosphorylase a by its 
phosphatase-a reaction known to be 
glucose stimulated (33). 

Hormone-Sensitive Lipase 

For some time it had been suspected 
that the so-called "hormone-sensitive" 
lipase of adipose tissue, which hydro- 
lyzes triglycerides, existed in states of 
differing activity, and convincing evi- 
dence in support of this proposal has 
recently been adduced. Increased activ- 
ity of this enzyme is obtained after 
brief exposure of fat tissue or isolated 
adipocytes to epinephrine, norepineph- 
rine, glucagon, adrenocorticotropic hor- 
mone, thyroid-stimulating hormone, 
luteinizing hormone, serotonin, or vaso- 
pressin (74-76). On the other hand, 
insulin or prostaglandin El has reverse 
or antagonistic effects (77, 78). These 
hormonally induced changes in lipase 
activity occur concomitantly with 
changes in intracellular cyclic AMP 
(76, 78), although the correlation of 
the cyclic AMP levels with rates of 
lipolysis is not precise. Glucocorticoids, 
growth hormone, and .thyroid hormone 
also lead to increases in activity of tri- 
glyceride lipase, but by a much slower, 
actinomycin- and puromycin-sensitive 
process (79, 80). 

Incubation of isolated fat tissue or 
homogenates therefrom under certain 
conditions leads to a progressive decline 
in triglyceride lipase activity (79, 81), 
which can then be restored by the addi- 
tion of ATP and cyclic AMP in vitro 
(81, 82). Activation of highly purified 
preparations, or preparations in which 
the endogenous protein kinase activity 
has been blocked by the addition of 
protein kinase inhibitor, require in addi- 
tion the presence of exogenous protein 
kinase, which can be supplied from 
rabbit muscle (83, 84). Concomitant 
with the protein kinase-dependent acti- 
vation of purified lipase there is a par- 
allel incorporation of phosphate from 
[y-32P]ATP into the lipase prepara- 
tion (85). However, it is not yet 
established whether the lipase itself or 
an intervening component is the direct 
substrate of cyclic AMP-stimulated 
protein kinase. The degree of activation 
achieved thus far by this process has 
only been about twofold, suggesting 
either that the b form of the enzyme 
has substantial activity or that the prep- 
arations thus far obtained contain sub- 
stantial amounts of the a form. 

Other lipase activities are present in 
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adipose tissue; however, these seem to 
be specific for di- and monoglycerides 
and, furthermore, are in considerable 
excess over the triglyceride lipase activ- 

ity (79). Moreover, there is a correla- 
tion between hormonal augmentation of 
the release of free fatty acids and glyc- 
erol and of triglyceride lipase activity, 
but not that of di- and monoglyceride 
lipase (86). Both of these points indi- 
cate that the activity of the triglyceride 
lipase is the rate-limiting factor in the 
overall process of fatty acid release. In 
addition, prior incubation of the tissue 
with lipolytic hormones yielded enzyme 
that was not further activated by the 

protein kinase system (82, 83), sup- 
porting the conclusion that the in vitro 
activatable lipase is identical with the 
hormone-sensitive lipase in vivo. Thus 
it appears that the interconversion of 
active and inactive (or less active) 
forms of this lipase underlies the hor- 
monal control of free fatty acid release 
from adipose tissue and perhaps from 
other tissues as well (74). 

The Pyruvate Dehydrogenase System 

Pyruvate lies at a major branch point 
in energy metabolism. Oxidation by 
way of the pyruvate dehydrogenase re- 
action leads to acetyl coenzyme A and 
thence by way of citrate to carbon 
dioxide with the production of the ma- 

jor portion of the energy supply of 
aerobic cells. On the other hand, car- 

boxylation to oxalacetate through the 

pyruvate carboxylase reaction is the 
initial step leading to hexose formation 
in liver and kidney. 

The pyruvate dehydrogenase com- 

plex, as isolated both from Escherichia 
coli and mammalian mitochondria, is a 
multimer of high molecular weight con- 

sisting of a number of pyruvate dehy- 
drogenase, dihydrolipoyl transacetylase, 
and dihydrolipoyl dehydrogenase units 
in a stoichiometric relationship to one 
another (87). Recently Reed and co- 
workers (88, 89) and Wieland and co- 
workers (90) have demonstrated that 
mammalian pyruvate dehydrogenase 
exists in active (a) and inactive (b) 
forms, interconvertible through phos- 
phorylation by an ATP-dependent ki- 
nase and a phosphatase-catalyzed de- 

phosphorylation. Pyruvate dehydro- 
genase resembles glycogen synthetase 
and glutamine synthetase (discussed 
below) in that it is the substituted form 
which is the inactive one. Since the 
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pyruvate dehydrogenase, transacetylase, 
and lipoyl dehydogenase activities of 
the pyruvate dehydrogenase complex 
can be assayed individually and the 

components can be resolved, it was 

possible to show that only the pyruvate 
dehydrogenase activity was affected by 
phosphorylation of the complex and 
that of this component was the site of 

phosphorylation (88). As isolated, the 

pyruvate dehydrogenase complex con- 
tains the kinase firmly bound, and vari- 
able amounts of the phosphatase, which 
more readily disassociates. The kinase, 
as is the case with the pyruvate dehy- 
drogenase and lipoyl dehydrogenase 
components, is attached to the trans- 

acetylase but has been separated from 
it (89). The control enzymes are not 

specific in regard to the tissue of origin 
of the pyruvate dehydrogenase on 
which they act, although some quanti- 
tative differences in rate were observed 

(89). 
Cyclic AMP has no effect on the 

kinase reaction, thus distinguishing this 
kinase from the cyclic AMP-dependent 
protein kinase discussed earlier. On the 
other hand, the cyclic nucleotide in the 

presence of ATP stimulates the phos- 
phatase-catalyzed reactivation of inac- 
tive pyruvate dehydrogenase. Further- 
more, phosphatase-containing fractions 
incubated with [32P]ATP undergo cyclic 
AMP-dependent phosphorylation (90). 
These findings suggest that the phospha- 
tase itself exists in an active, phospho- 
rylated form and an inactive, nonphos- 
phorylated form. There is no informa- 
tion at present regarding a possible re- 

lationship between the phosphorylating 
enzyme for the phosphatase and the 

cyclic AMP-dependent protein kinase 
described above. 

There is an evident concomitancy in 
the actions of cyclic AMP on the phos- 
phorylase and pyruvate dehydrogenase 
systems, providing an integration of the 

pathway of carbohydrate oxidation at 
these two points. Cyclic AMP effects at 
other critical points in the sequence, 
particularly on the phosphofructokinase 
reaction (91), also appear to exist. 

Pyruvate and ADP inhibit the kinase- 

catalyzed inactivation of pyruvate de- 

hydrogenase, offering at least the possi- 
bility for control of the reaction by 
these modulators (89). The shift in the 
system from dominance of the kinase 
(inactivation) reaction at low Mg2+ 
concentration to that of the phospha- 
tase (activation) at high Mg2+ has led 
to the suggestion that the system is con- 

trolled by variations in the free Mg2- 
concentration reciprocal to changes in 
the ATP concentration (88). 

In starvation and diabetes, where 
the concentration of free fatty acids in 
the serum is elevated and metabolism 
of fatty acids is favored over that of 

carbohydrate, the amount of pyruvate 
dehydrogenase in the a form in heart 
and kidney was greatly reduced (92), 
suggesting a link between this system 
and the hormone-sensitive lipase dis- 
cussed above. Nicotinic acid, which re- 
duces the concentration of free fatty 
acids in the serum, also restored 

pyruvate dehydrogenase a to normal 
levels. Insulin in fat pads led to a con- 
version of pyruvate dehydrogenase to 
the a form (93), as did fructose in 

perfused liver (94). Thus interconver- 
sion of active and inactive forms of 

pyruvate dehydrogenase is indicated as 
an underlying mechanism in the regu- 
lation of glucose oxidation in these 
conditions. 

The Glutamine Synthetase System 

In addition to control of the gluta- 
mine synthetase reaction by repression 
and an extremely complex type of feed- 
back inhibition (95), the enzyme from 
E. coli also undergoes interconversions 
between active and inactive forms. 
Holzer and his co-workers observed 
that glutamine synthetase activity was 
markedly and rapidly reduced upon ad- 
dition of small quantities of ammonium 
ion (NH4+-) to cells, by a process inde- 
pendent of protein turnover (96). Fur- 
thermore, activity was restored by resus- 
pension of the cells in an NH4+-free 
medium, by a process independent of 
protein synthesis. Inactivation could be 
reproduced in a cell-free system in the 
presence of ATP and Mg2+, plus gluta- 
mine and an inactivating enzyme pres- 
ent in cell extracts. The inactive and 
active species were referred to as b and 
a forms, respectively. At about the same 
time Stadtman and his co-workers re- 
ported the isolation of glutamine syn- 
thetase preparations of different kinetic 
properties from E. coli cultures grown 
under different conditions of nitrogen 
nutrition (97). These forms differed 
from one another by the presence (syn- 
thetase II) or absence (synthetase I) 
.of adenylyl groups (98, 99) covalently 
bound to tyrosine residues of the en- 
zyme through a phosphodiester link 
(100). In the fully adenylylated en- 
zyme molecule, the number of adenylyl 
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residues approached 12 (98, 101), cor- 
responding to the 12 subunits of gluta- 
mine synthetase. Deadenylylation was 
originally accomplished with the use of 
exogenous phosphodiesterase (98, 101), 
but subsequently an endogenous deaden- 
ylylating enzyme was demonstrated 
(102). It was soon evident that the active 
(a) and inactive (b) forms corresponded 
to the nonadenylylated (I) and adenylyl- 
ated (II) forms, respectively. Pyro- 
phosphate has been demonstrated to 
be the coproduct of the adenylylation 
reaction (a to b conversion) (103). 
Contrary to what was surmised earlier, 
it is now known that the deadenylyla- 
tion reaction consists of a phosphoroly- 
sis rather than a hydrolysis, yielding 
ADP as a product (104). 

From the properties of the b and a 
forms of the enzyme it is clear that the 
interconversions constitute an on-off 
switch for the glutamine synthetase re- 
action (105). In the presence of Mg2+, 
only the a form is active. Furthermore, 
the b form but not the a form is subject 
to feedback inhibition by products of 
glutamine metabolism (106, 107). The 
relative cellular content of a and b 
forms is closely linked to the avail- 
ability of extracellular NHt4 (and thus 
intracellular glutamine) (107). 

Control of the interconversion reac- 
tions is impressive. Glutamine promotes 
the adenylylation reaction (96, 108) 
and thereby the accumulation of the 
inactive b form of the synthetase. 
at-Ketoglutarate, on the other hand, 
has the reverse effect (102, 108). Thus 
in the presence of a high ratio of glu- 
tamine to a'-ketoglutarate the glutamine 
synthetase system is switched off, and a 
low glutamine to a-ketoglutarate ratio 
switches it on. Feedback inhibition of 
glutamine utilization by its end prod- 
ucts (95) ensures the accumulation of 
glutamine under conditions of "nitro- 
gen saturation" to provide the signal 
for the "off" conversion of glutamine 
synthetase. 

The enzymatic components of the 
adenylylation and deadenylylation sys- 
tem are closely related to one another. 
One component, referred to as PI, 
catalyzes both adenylylation and deade- 
nylylation (108). A second component, 
PI,, exists in two forms, which, in the 
presence of PI, stimulate the adenylyla- 
tion reaction (PI,-AT form) and the 
deadenylylation reaction (PII-DA form), 
respectively. The form P,-AT can be 
converted to PI,-DA by a factor present 
in the PI preparations, in a reaction 
requiring a-ketoglutarate and inhibited 
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by glutamine. There is tentative evi- 
dence that a uridyl moiety is incorpo- 
rated into PHI during the conversion. 
The reaction in the other direction has 
not yet been demonstrated. 

Other Systems 

A close relationship between histone 
phosphorylation and hormonal induc- 
tion of specific proteins in mammary 
cells has been proposed (109), and the 
suggestion has been made that phos- 
phorylation and dephosphorylation of 
histones are involved in selective 
gene expression (36, 109). It should 
be mentioned that a cyclic GMP- 
stimulated protein kinase which phos- 
phorylates histones has also been de- 
scribed (110). Histones are subject to 
acetylation and deacetylation reactions 
as well (111). 

Somewhat conflicting findings have 
appeared involving interconversions of 
E. coli RNA polymerase. In one case 
mammalian protein kinase was reported 
to activate the polymerase with a con- 
comitant transfer of phosphate from 
the gamma position of ATP to the 
sigma component of the enzyme (112). 
In another study the effect of ATP was 
the reverse, producing an inactivation 
with a transfer of the adenylyl group to 
the polymerase in the presence of an 
endogenous transferase (113). Mam- 
malian protein kinase also activates 
E. coli polynucleotide phosphorylase 
(114) in a reaction which, like that 
with the polymerase (112), is at least 
partially cyclic AMP-dependent. 

Phosphorylation of ribosomes has 
been demonstrated by a number of 
workers, both in vivo and in vitro (115, 
116), and a relationship between ribo- 
some function and phosphorylation of 
ribosomal protein has been proposed 
(115). Thus a number of indications 
exist of a possible role of covalent in- 
terconversions of functional units in the 
processes of protein synthesis. 

Another function for cyclic AMP- 
stimulated phosphorylation reactions is 
suggested by the finding that isolated 
neurotubular subunits are phosphoryl- 
ated in the presence of ATP by a 
cyclic AMP-stimulated intrinsic protein 
kinase (117). Added protein kinase iso- 
lated from brain further augmented the 
reaction. A mediation in this way of the 
cyclic AMP effect on neurotransmitter 
release and of secretory processes in 
general is thus a possibility. 

Suggestive evidence for the existence 

of interconvertible forms of several ad- 
ditional systems has appeared (118), 
and the possibility seems likely that 
other as yet undiscovered protein inter- 
conversions may also play a role in the 
control of metabolic pathways and 
other physiological processes. 

Concluding Remarks 

Four separate categories of enzyme 
control can now be distinguished. Two 
relate to control of enzyme level, 
namely, control of enzyme synthesis 
and control of enzyme degradation, and 
two are based on regulation of enzyme 
activity, namely, modulator control and 
interconversion of active and inactive 
forms. The last provides an additional 
control device for modulating the ex- 
tent and even the direction of flux of 
a metabolic pathway by manipulating 
the proportion of a metabolic enzyme 
that is in the physiologically active as 
compared to the physiologically in- 
active state. This mechanism and modu- 
lation by ligand binding are in some 
instances complementary and mutually 
reinforcing. They have in common 
rapidity of response and potentiality 
for direct multisite integrative effects. 

The interconversion device, how- 
ever, confers certain unique capabilities. 
It allows metabolic reactions to be 
switched on and off without changes 
in the intracellular concentration of 
metabolites. For example, small accu- 
mulations of cyclic AMP in liver or 
muscle cells turn on the phosphorylase 
reaction and turn off the glycogen syn- 
thetase reaction, thereby rapidly re- 
versing the direction of flow of gly- 
cogen metabolism. The same chemical 
signal activates triglyceride lipase in 
adipocytes with concomitant fatty acid 
release. The signal in the case of pyru- 
vate dehydrogenase appears to be fatty 
acids, which switches the cell from 
carbohydrate to fatty acid catabolism. 

All these signals appear as a result 
of situations external to the responsive 
cell, which are most often transmitted 
by way of hormonal mediators. That is 
to say, the metabolic machinery of the 
responsive cell in these examples is 
altered in response to a need elsewhere 
in the organism, whether that need be 
to provide circulatory glucose at the 
expense of the liver stores of glycogen, 
to support exceptional demands on mus- 
cle tissue at the expense of its carbo- 
hydrate stores, or to provide metabo- 
lizable fuel for organic needs at the 
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expense of the adipose stores. The effect 
of these processes is to switch enzymes 
from a form whose properties are 
adapted to serve the need for intracellu- 
lar homeostasis to one which overrides 
these constraints and serves a more ur- 
gent need of the whole organism. This 
argument is obviously inapplicable to 
interconvertible systems in unicellular 
organisms, such as the glutamine syn- 
thetase system of E. coli. There remains 
in such cases, however, the evident in- 
creased scope for modulator binding 
and regulation in parallel to the in- 
creased number of protein components 
in the system. 
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