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Over the last 10 years it has become
clear that protein phosphorylation is a
major mechanism for controlling the ac-
tivities of enzymes and other proteins,
and that it is involved in regulating many
cellular processes. An important gener-
ality that has emerged is that enzymes in
biodegradative pathways are activated
by phosphorylation, whereas enzymes in
biosynthetic pathways are inactivated

phatases, as well as protein kinases, are
important targets for cellular regulation.
Although considerable progress has been
made in characterizing the protein Kki-
nases in cellular regulation, the nature of
the protein phosphatases involved in
these phosphorylation systems has been
a subject of controversy. A large number
of protein phosphatase preparations
have been isolated with the use of vari-

Summary. Protein phosphorylation is a principal regulatory mechanism in the
control of almost all cellular processes. The nature of the protein phosphatases that
participate in these reactions has been a subject of controversy. Four enzymes,
termed protein phosphatases 1, 2A, 2B, and 2C, account for virtually all of the
phosphatase activity toward phosphoproteins involved in controlling glycogen metab-
olism, glycolysis, gluconeogenesis, fatty acid synthesis, cholesterol synthesis, and
protein synthesis. The properties, physiological roles, and mechanisms for regulating
the four protein phosphatases are reviewed.

(1-5). This concept suggested that differ-
ent metabolic pathways might be regulat-
ed by the same protein kinases and pro-
tein phosphatases, or by different protein
kinases and protein phosphatases that
respond to identical effector molecules.
“These ideas are already established for
protein kinases. For example, for many
hormones cyclic adenosine monophos-
phate (cyclic AMP) is a second messen-
ger, which transmits information from
plasma membrane receptors to the interi-
or of the cell. The effects of this second
messenger on biosynthetic and biodegra-
dative pathways are a consequence of
the phosphorylation, by cyclic AMP-
dependent protein kinase (6), of various
regulatory enzymes in these pathways.
Similarly, a number of different protein
kinases are activated by the same calci-
um-ion (Ca®") binding protein, calmodu-
lin, which mediates many of the actions
of physiological stimuli where calcium
ions act as a second messenger.

The steady-state level of phosphoryla-
tion of any cellular protein is dependent
on the balance of the activities of the
protein kinases and protein phospha-
tases that act on the protein; it is becom-
ing increasingly clear that protein phos-
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ous phosphorylated protein substrates,
but little attempt has been made to estab-
lish the relation between these prepara-
tions. In this article, we review work
from our laboratory and that of others
indicating that relatively few protein
phosphatases are involved in cellular
regulation.

Initial Studies on Protein Phosphatases

Initial work in our laboratory dealt
with the nature of the protein phospha-
tases in rabbit skeletal muscle that act on
phosphorylase kinase (Table 1). At phys-
jological Mg?* concentrations, this en-
zyme is phosphorylated on two serine
residues by cyclic AMP-dependent pro-
tein Kinase. Phosphorylation of one of
these residues (on the B subunit) mark-
edly enhances activity. Phosphorylation
of the second serine (on the o subunit)
has little effect on activity, and the role
of this reaction is unclear although phos-
phorylation of both serine residues oc-
curs in vivo in response to epinephrine
, 4).

Two enzymes, protein phosphatase 1
and protein phosphatase 2, were separat-

ed which specifically dephosphorylated
the B subunit and the « subunit of phos-
phorylase kinase, respectively (¢, 7).
Subsequently, protein phosphatase 1
was also shown to dephosphorylate gly-
cogen phosphorylase and glycogen
synthase (Table 1). In contrast, protein
phosphatase 2 had little activity toward
these substrates (4, 7). Protein phospha-
tase 1 was found to be inhibited by low
concentrations of two thermostable in-
hibitor proteins, termed inhibitor 1 and
inhibitor 2, while protein phosphatase 2
was unaffected by these proteins (8, 9).
While these studies were in progress,
Lee and co-workers (10) purified to ap-
parent homogeneity a phosphorylase
phosphatase with an approximate molec-
ular weight of 35,000 (35K) from rat
liver. They used an unusual procedure
involving precipitation with 80 percent
ethanol at room temperature, which not
only denatured many contaminating pro-
teins but also appeared to dissociate the
35K catalytic subunit from larger molec-
ular weight complexes containing other
subunits (10). This procedure was widely
adopted and used to purify apparently
similar 35K catalytic subunits from rat
liver, heart muscle, and rabbit skeletal
muscle (/7). The catalytic subunit was
also found to be active on phosphorylase
kinase and glycogen synthase (/0), and
for several years we thought that this
enzyme was identical to a 35K form of

"protein phosphatase 1 (4, 7). Subse-

quently, however, the 35K protein phos-
phatase, prepared from mammalian liver
(11) or skeletal muscle (/2) by the meth-
od of Brandt and co-workers (10), was
found to be composed of two distinct
enzymes. One was identical to protein
phosphatase 1, while the second shared
several properties with protein phospha-
tase 2. However, the high phosphorylase
phosphatase activity of the second en-
zyme distinguished it from protein phos-
phatase 2 (I1), and this observation
prompted us to reinvestigate the nature
of the protein phosphatases in liver, skel-
etal muscle, and other tissues.

Classification of Protein Phosphatases

Seven protein kinases were used to
phosphorylate 13 substrate proteins on a
minimum of 19 different serine and thre-
onine residues (Table 1). These sub-
strates, which correspond to phosphory-
lated proteins involved in the regulation
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of glycogen metabolism, glycolysis, glu-
coneogenesis, fatty acid synthesis, cho-
lesterol synthesis, protein synthesis, and
muscle contraction, were used to investi-
gate the nature of the protein phospha-
tases involved in the control of these
metabolic pathways (I, 13-19).

Four enzymes have been identified
that appear to account for virtually all of
the protein phosphatase activities in tis-
sue extracts acting on these phosphory-
lated proteins (/3-15). In addition, these
enzymes explain most, if not all, of the
protein phosphatase activities that have

been described (/4-17). The four en-
zymes can be grouped into two classes
(Table 2). The type 1 protein phospha-
tase (that is, protein phosphatase 1) se-
lectively dephosphorylates the 8 subunit
of phosphorylase kinase and is inhibited
by nanomolar concentrations of inhibitor
1 and inhibitor 2, whereas the type 2
protein phosphatases selectively dephos-
phorylate the a subunit of phosphorylase
kinase and are insensitive to the inhibitor
proteins (13).

A catalytic subunit of protein phos-
phatase 1 has been purified to homoge-

neity from skeletal muscle (I2) and
shown, on sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, to
have a molecular weight of 35K (11, 12,
20). An inactive form of protein phos-
phatase 1, termed the MgATP-depen-
dent protein phosphatase (MgATP, mag-
nesium adenosine triphosphate), can
also be isolated (20, 21), and this species
consists of a 1:1 complex between the
catalytic subunit of protein phosphatase
1 and inhibitor 2 (20). Activation of this
species requires prior incubation with
MgATP and a protein kinase (see below)

Table 1. Phosphoprotein substrates used in characterizing protein phosphatases. All substrates are from skeletal muscle unless otherwise stated.
References to the sequence determinations are given in (/3). The phosphorylation of phosphorylase and phosphorylase kinase (8 subunit) explain
the enhanced rates of glycogenolysis in skeletal muscle during muscle contraction and in response to epinephrine (/-5). Phosphorylated histones
are commonly used as in vitro substrates for protein phosphatases. Abbreviations are: cyclic AMP-PK, cyclic AMP-dependent protein kinase;
PhK, phosphorylase kinase; GSK, glycogen synthase kinase; CaM, calmodulin; RK, HMG-CoA reductase kinase; RKK, HMG-CoA reductase
kinase kinase; HMG-CoA, 3-hydroxy-3-methylglutaryl CoA; elF, eukaryotic initiation factor (protein synthesis); MLCK, myosin light chain
kinase; Ala, alanine; Arg, arginine; Asn, asparagine; Cys, cysteine; Glu, glutamic acid; Gln, glutamine; Gly, glycine; Ile, isoleucine; Leu, leucine;
Lys, lysine; Phe, phenylalanine; Pro, proline; Met, methionine; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val, valine.

Substrate Sequence Protein kinase E ffe.ct. on
activity
Glycogen metabolism
p
Phosphorylase kinase — Ala-Arg-Thr-Lys-Arg-Ser-Gly-Ser-Val-Tyr-Glu-Pro-Leu Cyclic AMP-PK Increase
(B subunit)
p
Phosphorylase kinase Phe-Arg-Arg-Leu-Ser-Ile-Ser-Thr-Glu-Ser Cyclic AMP-PK None
(o subunit)
p
Phosphorylase a Glu-Lys-Arg-Lys-Gln-Ile-Ser-Val-Arg-Gly-Leu-Ala  PhK Increase
p
Glycogen synthase (site la) Pro-GIn-Trp-Pro-Arg-Arg-Ala-Ser-Cys-Thr-Ser-Ser-Ser Cyclic AMP-PK Decrease
p
Glycogen synthase (site 2) Pro-Leu-Ser-Arg-Thr-Leu-Ser-Val-Ser-Ser-Leu-Pro PhK, cyclic AMP-PK, Decrease
! GSK-4, CaM-de-
pendent GSK (53)
p p p
Glycogen synthase Arg-Pro-Ala-Ser-Val-Pro-Pro-Ser-Pro-Ser-Leu-Ser-Arg GSK-3 Decrease
(sites 3a, 3b, 3¢)
p
Inhibitor 1 Arg-Arg-Arg-Arg-Pro-Thr-Pro-Ala-Thr Cyclic AMP-PK Increase
Glycolysis and gluconeogenesis
p
Pyruvate kinase (rat liver) Ala-Gly-Tyr-Leu-Arg-Arg-Ala-Ser-Leu-Ala-Gln-Leu-Thr ~ Cyclic AMP-PK Decrease
Fatty acid synthesis
p
ATP-citrate lyase (rat mam- Thr-Ala-Ser-Phe-Ser-Glu-Ser-Arg Cyclic AMP-PK None
mary gland, rat liver)
Acetyl CoA carboxylase Unknown Cyclic AMP-PK Decrease
(rat mammary gland)
Cholesterol synthesis
HMG-CoA reductase Unknown RK Decrease
(rat liver)
HMG-CoA reductase Unknown RKK Increase
kinase (rat liver)
Protein synthesis
Initiation factor eIF-2 Unknown elF-2a kinase Decrease

(o subunit) (rabbit
reticulocytes)

Myosin (P light chain)

Histone H1 (calf thymus)

Histone H2B (calf thymus)

Muscle contraction

p
Ala-Ala-Ala-Glu-Gly-Gly-Ser-Ser-Asn-Val-Phe-Ser-Met

Nuclear proteins

p
Gly-Ala-Ala-Arg-Arg-Lys-Ala-Ser-Gly-Pro-Pro-Val-Ser

p p
Arg-Lys-Arg-Ser-Arg-Lys-Glu-Ser-Tyr-Ser-Val-Tyr-Val

MLCK None/increase

Cyclic AMP-PK

Cyclic AMP-PK
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and involves the phosphorylation of in-
hibitor 2 on a threonine residue (20). It
should, however, be mentioned that, in
freshly prepared extracts, protein phos-
phatase 1 has been reported to have a
molecular weight of 250K (14, 22). It is
not yet clear whether this higher molecu-
lar weight is due to the presence of
additional subunits or whether the mo-
lecular weight of the native form of the
catalytic subunit is greater than 35K.
Nevertheless, the substrate specificity
and susceptibility to inhibitors 1 and 2 of
protein phosphatase 1 in freshly pre-
pared extracts is similar to that of the
35K catalytic subunit (8, 18).

There are three type 2 enzymes,
termed protein phosphatases 2A, 2B,
and 2C, and these appear to be distinct
from one another (13, 14, 16, 17). Three
forms of protein phosphatase 2A have
been resolved by anion exchange chro-
matography on DEAE-cellulose (/4).
These species, termed protein phospha-
tases 2A¢, 2A;, and 2A,, have apparent
molecular weights on gel filtration of
210K, 210K, and 150K, respectively;
and each contains the same 38K catalytic

subunit. This catalytic subunit appears -

to be identical to the second protein
phosphatase (approximate molecular
weight of 35K) (11, 12) observed in prep-
arations purified by the method of Lee
and co-workers (10). Protein phospha-
tases 2A; and 2A, have been purified to
homogeneity by several groups of inves-
tigators (16, 23-25). Protein phosphatase
2A; contains two subunits (with appar-
ent molecular weights of 60K and 55K)
in addition to the catalytic subunit, and
protein phosphatase 2A, contains only
the 60K subunit complexed with the cat-
alytic subunit. Imaoka ez al. (25) separat-
ed the 60K, 55K, and 38K subunits of
protein phosphatase 2A; by gel filtration
on Sephacryl S-200, followed by chro-
matography on DEAE-Sephadex in the
presence of 6M urea. In the absence of
urea, the 38K catalytic subunit reassoci-
ated with the 60K subunit or with the
60K plus 55K subunits to form species
similar to protein phosphatases 2A, and
2A,, respectively. However, the catalyt-
ic subunit did not form a complex with
the 55K subunit alone, suggesting that,
in protein phosphatase 2A, this subunit
interacts with the 60K subunit rather
than the catalytic subunit. Protein phos-
phatase 2A, has not yet been obtained in
homogeneous form, and its subunit
structure is at present unknown.
Protein phosphatase 2B is a Ca®"-
dependent enzyme (activation constant,
Aps = 0.5 to 1.0 pM) whose activity is
stimulated tenfold by calmodulin (Ags
= 6.0 nM) (17, 26). This enzyme corre-
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Table 2. Classification of protein phosphatases (13).

Inhi- Specificity
iti ecificit
Pro- blgon P y Phospho-
tein inh)i,b- rylase
- . hos- Regulat:
;:)l;](;s_ itor 1 Phospho- pﬁa?asse cgulators
and rylase Substrate ‘o
tase inhib- Kinase activity
itor 2
1 Yes B Subunit Broad High Inhibitor 1, inhibitor 2
Glycogen synthase kinase 3
2A No o Subunit Broad High Unknown
2B No o Subunit Narrow Very low Ca?* and calmodulin
2C No o Subunit Broad Very low Mg**

sponds to the a-phosphorylase kinase
phosphatase that we originally isolated
from rabbit skeletal muscle (4, 7). Al-
though initially reported to require Mn?*
for activity, it is now clear that this
divalent cation was only substituting for
Ca’" in the activation of this enzyme.
Protein phosphatase 2B has been puri-
fied to homogeneity from rabbit skeletal
muscle (17, 26). After SDS-polyacryl-
amide gel electrophoresis, three compo-
nents termed A, A’, and B with apparent
molecular weights of 61K, 58K, and
15K, respectively, were observed (26).
The molar ratio (A + A’):B was found
to be 1:1. This subunit structure was
strikingly similar to that reported for a
major calmodulin-binding protein of neu-
ral tissue termed modulator-binding pro-
tein (27), calcineurin (28), or CaM-BPg,
(29), which is composed of an A subunit
(61K) and a B subunit (15K). In addition,
calcineurin from bovine brain was found
to contain a Ca®**- and calmodulin-de-
pendent protein phosphatase activity
that was indistinguishable from protein
phosphatase 2B in terms of its specific
activity and substrate specificity (26).
These results indicate that calcineurin
and protein phosphatase 2B are the same
protein. The exact relation between the
A and A’ components of muscle protein
phosphatase 2B remains to be estab-
lished, but several possibilities have
been discussed (26). Component A of
calcineurin is the subunit that binds to
calmodulin (27, 28), and the B compo-
nent binds four Ca®* moieties with affini-
ties in the micromolar range (28). Since
protein phosphatase 2B is a Ca*>*-depen-
dent enzyme whose activity increases by
a factor of 10 in the presence of calmodu-
lin, it is likely that component A is the
catalytic subunit, and component B may
confer Ca®" sensitivity to the enzyme in
the absence of calmodulin. Therefore,
protein phosphatase 2B resembles phos-
phorylase kinase (30) in being regulated
by two different calcium-binding sub-
units, one of which is an integral subunit,

the second only interacting in the pres-
ence of Ca®*.

Protein phosphatase 2C (13, 14, 16) is
a Mg?*-dependent enzyme (495 = 1.0
mM), originally identified in liver and
cardiac muscle as a ‘‘specific’’ glycogen
synthase phosphatase separable from the
major phosphorylase phosphatase activi-
ties in these tissues (31). Subsequent
studies have demonstrated that, while
this enzyme has little activity on phos-
phorylase, it is not specific for glycogen
synthase but has a very broad substrate
specificity (see below). Purification of
protein phosphatase 2C from rat liver
(32) and turkey gizzard (23) yielded a
homogeneous preparation consisting of a
single 43K subunit.

A study of the substrate specificities of
the type 1 and type 2 protein phospha-
tases (Table 3) demonstrated that protein
phosphatases 1, 2A, and 2C each have
broad but distinct substrate specificities.
In contrast, protein phosphatase 2B had
significant activity on only three sub-
strates, namely inhibitor 1, the o subunit
of phosphorylase kinase and the P light
chain of myosin (13).

Mechanisms for Regulating Type 1 and
Type 2 Protein Phosphatases

The activity of protein phosphatase 1
is regulated by three proteins, namely
inhibitor 1 (33), inhibitor 2 (34), and the
protein kinase that activates the MgATP-
dependent protein phosphatase (35).
Each has been purified to homogeneity
and characterized extensively. An im-
portant role for inhibitor 1 is indicated by
the finding that this protein is only an
active inhibitor after phosphorylation on
a specific threonine residue by cyclic
AMP-dependent protein kinase (33). In
skeletal muscle, the extent of phosphor-
ylation of inhibitor 1 is increased by
epinephrine (36) and decreased by insu-
lin, which antagonizes the effects of low
concentrations of B-adrenergic agonists
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(37). This antagonism appears to result
from the ability of insulin to suppress the
small rise in cyclic AMP produced by
low concentrations of 8 agonists.

Since protein phosphatase 1 is active
on many proteins that are phosphorylat-
ed by cyclic AMP-dependent protein
kinase (see Tables 1 and 3), the activa-
tion of inhibitor 1 may prevent the de-
phosphorylation of these proteins and
thus amplify the effects of cyclic AMP on
their phosphorylation. Protein phospha-
tase 1 is also active on a number of
proteins that are phosphorylated by pro-
tein kinases distinct from cyclic AMP-
dependent protein kinase (Tables 1 and
3). The inhibition of protein phosphatase
1 by phosphoinhibitor 1 may therefore
allow cyclic AMP to modulate the phos-
phorylation of these substrates. This
idea is supported by studies of the effects
of epinephrine on the phosphorylation
(inactivation) of glycogen synthase in
rabbit skeletal muscle. In normally fed
animals, glycogen synthase contains ap-
proximately 3 moles of phosphate bound
covalently to each subunit. After admin-
istration of epinephrine this value in-
creases to 5 moles per mole of subunit
with most of the increase occurring on
serine residues, termed site 2 and sites
(3a + 3b + 3¢)(38). The increased phos-
phorylation of site 2 was not unexpected
since it is phosphorylated by cyclic

AMP-dependent protein kinase and
phosphorylase kindse. The increased
phosphorylation of sites (3a + 3b + 3c¢),
however, was surprising, since these
sites are phosphorylated by a different
protein kinase, termed glycogen syn-
thase kinase 3 (35). Since protein phos-
phatase 1 is the major protein phospha-
tase in rabbit skeletal muscle acting on
glycogen synthase (see below), inhibi-
tion of this enzyme by phosphoinhibitor
1 may explain the enhanced phosphor-
ylation of sites (3a + 3b + 3¢) in re-
sponse to epinephrine. Similar mecha-
nisms have been proposed for regulating
3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase (39) and the ami-
noacyl transfer RNA synthetase complex
(40) in rat liver in response to glucagon.
Protein phosphatase 2B accounts for
about 70 percent of the total potential
activity on inhibitor 1 in skeletal muscle
extracts when assays are performed in
the presence of micromolar concentra-
tions of Ca®* (I8). In skeletal muscle this
could be an important adaptive mecha-
nism for synchronizing the rate of glyco-
genolysis with the strength and duration
of contraction. Koshland (¢7) has de-
fined adaptation as the ‘‘desensitization
of a repeated external signal (for exam-
ple, epinephrine) in order to deempha-
size that signal in relation to others (for
example, electrical excitation).”” The de-

phosphorylation of inhibitor 1 by protein
phosphatase 2B (if it occurred in vivo)
would provide a mechanism for activat-
ing protein phosphatase 1 during con-
traction. This should decrease the steady
level of phosphorylase a and so deem-
phasize the effect of epinephrine during
contraction. This may be important for
preventing too rapid a depletion of glyco-
gen during low frequency stimulation of
muscle. Such an action of protein phos-
phatase 1 should also stimulate the rate
at which glycogen is resynthesized when
contraction ceases. In order to test this
hypothesis, it will be necessary to inves-
tigate whether low frequency electrical
stimulation of muscle decreases the
phosphorylation state of inhibitor 1 and
the level of phosphorylase a that has
previously been elevated by epineph-
rine. However, should these ideas be
correct, the state of phosphorylation of
inhibitor 1 (and hence the activity of
protein phosphatase 1) would be regulat-
ed by both cyclic AMP and Ca** (Fig. 1).
The activation of protein phosphatase 1
by protein phosphatase 2B could repre-
sent the first example of a protein phos-
phatase cascade system.

The activation of the MgATP-depen-
dent protein phosphatase may be anoth-
er important mechanism for regulating
protein phosphatase 1. The protein Ki-
nase required for this activation has now

Table 3. Substrate specificities of type 1 and type 2 protein phosphatases (PrP). Activity is expressed as the percent of phosphate released in the
assays relative to the dephosphorylation of either the a or 8 subunit of phosphorylase kinase for all substrates except HMG-CoA reductase and
HMG-CoA reductase kinase. With reductase and reductase kinase, activity is expressed as the percent of conversion to the active or inactive
form, respectively. The concentration of HMG-CoA reductase is expressed as the enzyme activity after complete activation by protein
phosphatase (13). Values are an indication of the substrates that each protein phosphatase is capable of acting on, but should not necessarily be
interpreted as being representative of rates that occur in vivo [Table 1 and (13)].

Concentration Phosphate Relative activities
Substrate per mole
mg/ml M of protein PrP 1 PrP 2A PrP 2B PrP 2C
: Glycogen metabolism
Phosphorylase kinase 0.8 2.4 1.8 100 (B) 100 (@) 100 (o) 100 (o)
Phosphorylase a 1.0 10 1.0 27 17 1 2
Glycogen synthase
Site la 0.11 1.2 0.4 57 92 3 21
Site 2 0.11 1.2 0.6 103 92 1 86
Sites (3a + 3b + 3¢) 0.11 1.2 0.9 28 63 2 8
Inhibitor 1 0.04 2 0.9 54 100 - 192 19
Glycolysis and gluconeogenesis
Pyruvate kinase 0.06 1.0 0.7 20 39 3 S8
Fatty acid synthesis
ATP-citrate lyase 0.12 1.0 0.8 18 79 2 15
Acetyl CoA carboxylase 0.24 1.0 0.7 21 28 1 18
Cholesterol synthesis
HMG-CoA reductase 3.0 U/ml 21 17 1 186
HMG-CoA reductase kinase 1.0 U/ml 80 124 1814
Protein synthesis
Initiation factor eIF-2 0.014 0.1 0.9 16 44 1 5
Muscle contraction
Myosin light chains 0.07 4 0.5 40 449 74 19
Nuclear proteins
Histone H1 0.04 2 0.6 523 231 2 9
Histone H2B 0.030 2 0.8 228 340 8 224
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been purified to a state approaching ho-
mogeneity and is identical to glycogen
synthase kinase 3 (35). Thus, this protein
kinase catalyzes two apparently antago-
nistic reactions, namely the phosphoryl-
ation of glycogen synthase and the acti-
vation of the protein phosphatase that
dephosphorylates a number of proteins
including glycogen synthase. It has been
shown (38, 42) that glycogen synthase is
phosphorylated at sites (3a + 3b + 3c¢)
in vivo, but the physiological importance
of the activation of the MgATP-depen-
dent protein phosphatase remains to be
established. It is possible that the activa-
tion of this enzyme does not occur at the
same time or in the same cellular com-
partment as the phosphorylation of gly-
cogen synthase. For example, while the
catalytic subunit of protein phosphatase
1 is specifically associated with the pro-
tein-glycogen complex where glycogen
synthase is located (see below), inhibitor
2 is not. However, sites (3a + 3b + 3¢)
are the serine residues that become de-
phosphorylated in response to insulin,
and this underlies the activation of glyco-
gen synthase by this hormone (42). This
implies that glycogen synthase kinase 3
activity is decreased by insulin. It is
therefore of interest to examine the ef-
fects of insulin on the phosphorylation
state of inhibitor 2 in vivo.

Inhibitor 2 combines with the catalytic
subunit of protein phosphatase 1 to form
the MgATP-dependent protein phospha-
tase (see above) (20, 43). At higher con-
centrations (1 to 10 nM), this protein
inhibits ‘protein phosphatase 1 (8, 20) by
a different mechanism, which appears to
result from the binding of inhibitor 2 to a
distinct site on the enzyme. However, it
is unclear whether this second mecha-
nism of inhibition occurs in vivo.

The mechanisms for regulating protein
phosphatases 2A and 2C are not under-
stood at present. However, one of the
three forms of protein phosphatase 2A,
namely protein phosphatase 2A,, is cata-
lytically inactive (/4) and its activity is
only expressed after dissociation of the
38K catalytic subunit. In contrast, pro-
tein phosphatases 2A; and 2A, are spon-
taneously active, although dissociation
of the catalytic subunits from partially
purified preparations of these enzymes
results in a severalfold activation of pro-
tein phosphatase 2A; and a much smaller
increase in protein phosphatase 2A,; (14,
18). The activation of protein phospha-
tase 2A; under these conditions appears
to result from the dissociation of the SSK
subunit (see before), which suppresses
the phosphorylase phosphatase and gly-
cogen synthase phosphatase activities of
this species (25).

22 JULY 1983

Role of Type 1 and Type 2 Protein
Phosphatases in Cellular Regulation

Glycogen metabolism. Several obser-
vations indicate that protein phosphatase
1 is the major protein phosphatase in-
volved in the activation of glycogen syn-
thesis and the inactivation of glycogen-
olysis in skeletal muscle. (Fig. 2, left). In
this tissue about 50 percent of the protein
phosphatase 1 is specifically bound to
the protein-glycogen complex, the func-
tional particles on which glycogen syn-
thase, phosphorylase, and phosphoryl-
ase kinase are located (4), whereas sig-
nificant amounts of the type 2 protein
phosphatases are not associated with
this fraction (/8). When skeletal muscle
extracts were assayed at near physiologi-
cal pH and Mg?" concentration (Table
4), protein phosphatase 1 accounted for

90 percent, > 95 percent, and 60 to 75

percent of the protein phosphatase activ-

cAMP Ca2+
cAMP-PrK PrP-2B
Inhibitor 1
(inactive)

|

Inhibitor 1-OP
(active)

l

Protein phosphatase 1
(inactive)

ities toward phosphorylase, phosphoryl-
ase kinase (B subunit), and glycogen syn-
thase, respectively. Protein phosphatase
2A accounted for the remainder of the
activity toward these substrates, since
the contribution of protein phosphatase
2C was negligible.

The regulation of glycogen metabolism
in the liver by protein phosphatases ap-
pears to be more complex than in skele-
tal muscle (Fig. 2, right). The specific
activities of protein phosphatases 2A and
2C in liver extracts are.two times higher
than in skeletal muscle extracts, while
that of protein phosphatase 1 is three to
four times lower (I8). Consequently,
protein phosphatase 2A accounts for 50
percent or more of the phosphorylase
phosphatase and glycogen synthase
phosphatase activities in liver extracts,’
while protein phosphatase 2C accounts
for a small, but significant, proportion
toward site 2 of glycogen synthase (Ta-

Fig. 1. Hypothesis for the regulation of the
activity of protein phosphatase 1 by cyclic
AMP and calcium ions via phosphorylation
and dephosphorylation of inhibitor 1. Protein
phosphatase 2B is not the only inhibitor 1
phosphatase in mammalian cells. Protein
phosphatase 2A is also active on this sub-
strate in vitro (Table 3) and this enzyme may
be the most important inhibitor 1 phosphatase
in the absence of Ca?* (for example, resting
muscle) (Table 4). Protein phosphatase 1 can
also act on inhibitor 1 in vitro since this
protein does not prevent its own dephosphor-
ylation (4). However, the reaction is unusual
because it has an absolute requirement for
Mn** (Mg?>* and Ca** cannot substitute for
this divalent cation). The physiological signifi-
cance of this reaction is, therefore, question-

able since high concentrations of Mn?* do not exist in vivo. On the other hand, a protein,
termed the deinhibitor, has been identified in liver that not only prevents the inhibition of
protein phosphatase 1 by inhibitors 1 and 2, but is reported to enable the dephosphorylation of
inhibitor 1 by protein phosphatase 1 to occur in the absence of Mn?* (54). The abbreviations
are: cAMP-PrK, cyclic AMP-dependent protein kinases; PrP-2B, protein phosphatase 2B;

Inhibitor 1-OP, phosphoinhibitor 1.

Skeletal muscle

PrP-1
|
l PrPz2A l
VAR
VN
Phosphorylase / Glycogen
kinase / synthase
(inactive) / (active)
/
¥
L, Phosphorylase
(inactive)
Glycogen Glycogen
breakdown synthesis
(off) (on)

Liver
PrP-1
|
l PrPz2A PrP-2C
Phosphorylase Glycogen
kinase synthase
(inactive) (active)
L, Phosphorylase
(inactive)
Glycogen Glycogen
breakdown synthesis

(off) (on)

Fig. 2. The involvement of protein phosphatases (PrP) 1, 2A, and 2C in the control of glycogen
synthesis and breakdown in skeletal muscle (left) and liver (right). The broken lines indicate
that, in skeletal muscle, protein phosphatase 2A accounts for only a minor proportion of the
activities on phosphorylase (12 percent) and on site la, site 2, or sites (3a + 3b + 3c) of
glycogen synthase (24 to 34 percent) (see Table 4).
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ble 5). Nevertheless, protein phospha-
tase 1 is still likely to play an important
role in this process since it accounts for
an appreciable portion of the phosphory-
lase phosphatase and glycogen synthase
phosphatase activities and for about 80
percent of the phosphorylase kinase (8
subunit) phosphatase activity (Table 5).
Furthermore, it is the only protein phos-
phatase specifically associated with the
protein-glycogen complex in liver, al-
though the proportion bound to this frac-
tion (10 percent) is less than in skeletal
muscle (see above) (I8).

A complication in assessing the contri-
bution of protein phosphatases toward
particular substrates is the finding that
protein phosphatases 1 and 2A are
strongly inhibited in concentrated liver
extracts, whereas protein phosphatase
2C is not (I/8). Consequently, protein
phosphatase 2C accounts for a much
higher proportion of the activity toward
site 2 of glycogen synthase (25 percent)
when assays are carried out at low dilu-
tion. Since the protein concentration in
liver cells is 40 times greater than in the
“‘low dilution’’ assays, it is possible that

Table 4. Contribution of type 1 and type 2 protein phosphatases (PrP) to the total protein
phosphatase activity in rabbit skeletal muscle acting on the phosphorylated proteins of glycogen
metabolism. Protein phosphatases 1, 2A, and 2C were assayed in the presence of 1.0 mM EGTA
and 1.0 mM MgCl, (‘‘resting muscle”’). Protein phosphatase 2B was measured in the presence
of 1.0 mM EGTA and 0.85 mM CaCl, (‘“‘contracting muscle,”” 3 wM free Ca®*). Other

conditions are described in (I8) and Table 1.

Relative contribution (percent) of PrP

Substrate
1 2A 2B 2C
Resting muscle
Phosphorylase 88 12 0 0
Glycogen synthase
Site 1a 62 36 0 2
Site 2 74 24 0 2
Sites (3a + 3b + 3¢) 75 24 0 1
Phosphorylase kinase (8 subunit) 94 6 0 0
Phosphorylase kinase (a subunit) 17 79 0 4
Inhibitor 1 0* 100 0 0
Contracting muscle
Phosphorylase kinase (a subunit) 6 29 63 2
Inhibitor 1 0* 35 65 0

*But see the legend to Fig. 1.

Table 5. Contribution of type 1 and type 2 protein phosphatases (PrP) to the total protein
phosphatase activities in liver acting on the phosphorylated proteins involved in glycogen
metabolism, glycolysis, gluconeogenesis, fatty acid synthesis, and cholesterol synthesis. The
phosphatases were assayed in a solution containing 1.0 mM EGTA and 1.0 mM magnesium
acetate at either a final dilution of 1 to 6 (low dilution) or of 1 to 600 (high dilution) as described
(18). Assays with phosphorylase, glycogen synthase, and phosphorylase kinase as substrates
were performed with rabbit liver extracts, while assays with other substrates were done with rat
liver extracts. The concentrations of protein phosphatases 1, 2A, and 2C in rat and rabbit liver

extracts are very similar (18) (Table 1).

Percent of total activity

Substrate Low dilution High dilution
PrP 1 PrP 2A PrP 2C PrP 1 PrP 2A PrP 2C
Glycogen metabolism
Phosphorylase 38 62 0 47 53 0
Glycogen synthase
Site 1a 23 69 8 17 80 3
Site 2 36 39 25 22 66 11
Sites (3a + 3b + 3c) 40 51 9 32 66 2
Phosphorylase kinase 79 21 0 74 26 0
(B subunit)
Glycolysis and gluconeogenesis
Pyruvate kinase 3 48 49 8 82 10
Fatty acid synthesis
Acetyl CoA carboxylase 2 60 38 12 84 4
ATP-citrate lyase 9 73 18 3 94 3
k Cholesterol synthesis
HMG-CoA reductase <1 <1 100 15 23 62
HMG-CoA reductase kinase <5 <5 100 7 20 73
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the activities of protein phosphatases 1
and 2A are even lower in vivo and that
the contribution of protein phosphatase
2C is greater. The macromolecule (or
macromolecules) responsible for inhibi-
tion of protein phosphatases 1 and 2A in
concentrated liver extracts is unknown,
although it appears to be distinct from
inhibitors 1 and 2 (18). Because of this, it
is unclear whether such inhibition occurs
in vivo or whether it is an in vitro arti-
fact. This phenomenon is not observed
in skeletal muscle extracts (18).

Other metabolic processes. Protein
phosphatases 1, 2A, and 2C are each
present in all tissues so far examined
(18). The high concentrations of these
enzymes in tissues such as brain and
adipose tissue, where glycogen metabo-
lism is of little importance, and their
broad substrate specificities suggest that
they may be important in regulating addi-
tional metabolic processes. Pursuing this
idea, we have examined the role of these
protein phosphatases in dephosphorylat-
ing several phosphoenzymes involved in
regulating glycolysis, gluconeogenesis,
fatty acid synthesis, and cholesterol syn-
thesis. The enzymes ATP-citrate lyase,
acetyl CoA carboxylase, and pyruvate
kinase are phosphorylated by cyclic
AMP-dependent protein kinase both in
vitro and in vivo (44). In the case of the
last two enzymes, the decrease in activi-
ty following phosphorylation results in
the inhibition of fatty acid synthesis and
of glycolysis, respectively, in response
to hormones which elevate cyclic AMP.
The role of the ATP-citrate lyase phos-
phorylation is unclear, however, since
no changes in its kinetic parameters have
been observed as a result of its phos-
phorylation (44). In cholesterol synthesis
HMG-CoA reductase is the rate limiting
enzyme. The phosphorylation of HMG-
CoA reductase and HMG-CoA reduc-
tase kinase appear to underlie the short-
term regulation of sterol synthesis in
liver in response to insulin, glucagon,
and cholesterol (39).

Protein phosphatases 1, 2A, and 2C
are active on each of these five sub-
strates in vitro (Table 3). However,
when liver extracts were assayed at high
dilution, and at near physiological pH
and Mg?* concentration, protein phos-
phatase 2A accounted for 80 to 95 per-
cent of the activity toward pyruvate ki-
nase, ATP-citrate lyase, and acetyl CoA
carboxylase, while protein phosphatase
2C accounted for 60 to 70 percent of the
activity toward HMG-CoA reductase
and HMG-CoA reductase kinase. The
remaining activity toward the last two
substrates was due to protein phospha-
tases 1 and 2A (Table 5). When extracts
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were assayed at low dilution, protein
phosphatase 2C accounted for virtually
all of the measurable activity toward
HMG-CoA reductase and HMG-CoA re-
ductase kinase and it also became a
significant activity toward pyruvate Ki-
nase and acetyl CoA carboxylase, ac-
counting for 40 to 50 percent of the total
activity in each case (Table 5). It is of
interest, however, that a significant pro-
portion of the protein phosphatase 1 in
liver (20 percent) is associated with the
microsomal fraction. Since HMG-CoA
reductase (but not HMG-CoA reductase
kinase) is tightly bound to this fraction
(39), it remains possible that protein
phosphatase 1 is an HMG-CoA reduc-
tase phosphatase in vivo.

Protein phosphatases 1 and 2A may be
important in regulating protein synthe-
sis. Protein synthesis initiation factor
elF-2 (eukaryotic initiation factor),
which is involved in the formation of the
preinitiation complex containing methio-
nine transfer RNA (Met-tRNAy), guano-
sine triphosphate (GTP), and the 40§
ribosomal subunit, is phosphorylated on
its a subunit by two different protein
kinases. One termed eIF-2a kinase is
inhibited by heme, while the second is
dependent on double-stranded RNA for
activity. These phosphorylation reac-
tions, which occur on the same peptide,
lead to the inhibition of protein synthesis
initiation (45). Protein phosphatases 1
and 2A account for virtually all of the
activity toward eIF-2 in mammalian tis-
sues (13, 16). Furthermore, protein phos-
phatase 1 is the only protein phosphatase
associated with ribosomes, and the addi-
tion of inhibitor 2 to reticulocyte lysates
increases the phosphorylation of elF-2
and inhibits protein synthesis (46). In
addition, protein phosphatases 1 and 2A
are both very active in dephosphorylat-
ing (activating) the aminoacyl transfer
RNA synthetase complex (40).

In smooth muscle and in nonmuscle
cells, phosphorylation of myosin P light
chain appears to be required for the
actomyosin adenosine triphosphatase
(ATPase) activity. In skeletal muscle,
myosin P light chain is also phosphoryl-
ated, but the role of this phosphorylation
is unclear since it has no effect on acto-
myosin ATPase in this tissue (47). Pro-
tein phosphatases 1, 2A, 2B, and 2C are
very active on the isolated P light chain
of myosin (/3), but it is not yet clear
whether these enzymes are also active
on this substrate when it is associated
with the myosin heavy chains in the
myofibril.

The observation that protein phospha-
tase 2B is apparently identical to calci-
neurin, coupled with the high level of
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this protein phosphatase in brain (partic-
ularly in the neostriatum), and its im-
munohistochemical localization at post-
synaptic densities and microtubules of
dendrites (29), suggests a role in neuro-
transmitter action and microtubular
function. In conjunction with the calmod-
ulin-dependent cyclic AMP-phosphodi-
esterase that is present in brain, it is
possible that protein phosphatase 2B has
an important adaptive function in en-
hancing the Ca*-signal in neuronal tis-
sue at the expense of the cyclic AMP
signal. The identification of physiologi-
cal substrates for protein phosphatase
2B in the brain is of considerable inter-
est. In this regard, Greengard and co-
workers (48) have noted that, after incu-
bation of isolated synaptosomes from rat
brain cortex with 3?P-labeled inorganic
phosphate, depolarization increased the
incorporation of 3?P into several proteins
but decreased the incorporation into two
others with molecular weights of about
90K. The decreased phosphorylation
might be due to the activation of a Ca®*-
dependent protein phosphatase (for ex-
ample, protein phosphatase 2B).

Recently, it has been reported that
microinjection of either inhibitor 1 or
inhibitor 2 into Xenopus oocytes delayed
the progesterone-induced division of
these cells (49). This result suggests that
protein phosphatase 1 may catalyze one
or more dephosphorylation reactions
that trigger meiotic maturation of these
cells.

It is important to emphasize, however,
that the nature of the protein phospha-
tases acting in newly discovered protein
phosphorylation systems will have to be
carefully defined in order to determine
whether the type 1 and type 2 protein
phosphatases, or additional protein
phosphatases, are involved. It is already
evident that distinct protein phospha-
tases participate in at least two other
protein phosphorylation systems. In mi-
tochondria, pyruvate dehydrogenase is
regulated by phosphorylation-dephos-
phorylation. The protein phosphatase
that acts on this enzyme is Ca?*-depen-
dent but clearly differs from protein
phosphatase 2B in its subunit structure,
and by the fact that it only binds a single
mole of Ca’?t per mole (50). Recently, a
novel class of protein kinase has been
identified that phosphorylates its target
proteins on tyrosine residues, rather
than the more common serine or threo-
nine residues. The transforming proteins
of several RNA tumor viruses as well as
the receptors for three growth-promoting
peptides (insulin, epidermal growth fac-
tor, and platelet-derived growth factor)
also possess this novel protein kinase

activity (51, 52). Recent studies (52) sug-
gest that the major protein phosphatases
that act on phosphotyrosyl proteins are
distinct from the protein phosphatases
described in this article.

Conclusions

Considerable progress has now been
made toward understanding the nature of
the protein phosphatases involved in cel-
lular regulation and, with the exception
of protein phosphatases 1 and 2A,, the
molecular structure of these enzymes
has been elucidated. In addition, several
mechanisms for regulating protein phos-
phatases 1 and 2B have been identified,
although further work is needed to deter-
mine whether mechanisms also exist for
regulatiig protein phosphatases 2A and
2C. Because of the broad and overlap-
ping substrate specificities of protein
phosphatases 1, 2A, and 2C, the physio-
logical roles of these enzymes in tissues
other than skeletal muscle need to be
more clearly defined.
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have been funded are now without sup-
port. In constant dollars, NIH appropria-
tions for competing research projects (/)
have actually gone down since 1979. The
number of eligible applications submit-
ted and recommended for payment by
study sections has been growing steadi-
ly, but the number of awards has re-
mained unchanged or has declined (Fig.
1).

The country’s capacity for biomedical
research, which has been built during
many years of encouragement and sup-

338

biomedical scientists

H. George Mandel
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again-off-again funding will dissuade
many scientists from research pursuits.

To maintain our capacity in biomedi-
cal research, which has become one of
the country’s greatest resources, and to
provide the stability and diversity essen-
tial to it, federal appropriations for bio-
medical research must be increased. For
fiscal 1982 it would have required an
additional $300 million (the total NIH
appropriation was about $3.6 billion) to
fully fund, for 1 year, 50 percent of the
approved competing grant applications
(2). There could be no better investment
in the health of our nation.

Until this fiscal goal can be attained,
some measures are required to avoid
serious damage to our hopes of progress.
A letter to Science (3) expressed the
concern of the Association for Medical
School Pharmacology about the future of
our biomedical research capacity. Under
the present procedure for awarding the
available funds, many excellent research
projects are being terminated or cannot
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