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1. ABSTRACT

Protein phosphatase-1, originaly studied as
phosphorylase phosphatase, is one of the major ser/thr
protein phosphatases. It hasalonghistory and acomplex
enzymology. It consists of a catalytic subunit of 37 kDa,
which is bound to a number of different regulatory or
targeting subunits. These are believed to restrict itsactivity
to its immediate microenvironment and thus define its
specificity, as well as acting to regulate phosphatase
activity. The existence of multiple protein phosphatase-1
binding proteins provides the mechanism whereby
phosphatase-1 activity can beinvolved in adiverse range of
cellular functions, and reflects a novel strategy for its
evolutionary devel opment.

2. INTRODUCTION

Protein phosphatase-1 (phosphorylase
phosphatase), the prototype for the ser/thr phosphatases,
has been studied since 1943 as the enzyme responsible for
the conversion of phosphorylase a to phosphorylase b (1).
It was originally named PR enzyme since its mode of
action was thought at first to be a prosthetic group removal
(phosphorylase a is active in the absence of 5 -AMP, while
phosphorylase b requires 5 -AMP for its activity), and later
the proteolytic cleavage of phosphorylase a (2). The
discovery that PR enzyme was a phosphatase came at the
same time (1955) as the discovery of phosphorylase kinase
(3,4), findings which marked the beginning of the era of the
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study of protein phosphorylation/dephosphorylation as a
regulatory mechanism. Investigation of phosphorylase
phosphatase in the following three decades focused on
defining its enzymology and role in glycogen metabolism
(reviewed in 5-8; for more recent reviews, see 9-13).
Progress in the attempts to isolate and characterize
phosphorylase phosphatase activity wasslow. The enzyme
proved to be an elusive target, and presented a puzzling
behavior in that partially purified phosphorylase
phosphatase preparations exhibited a variety of molecular
weight forms in different laboratories, and was extremely
unstable (5,13). At the time, a key question was whether
the phosphatase activities which acted on the three
phospho-enzyme systems of glycogen metabolism
(phosphorylase, glycogen synthase and phosphorylase
kinase) were separate entities or whether they represented
distinct proteins. Attempts to define this question also
provided some puzzling findings, in that preparations with
different ratios of phosphorylase phosphatase and glycogen
synthase phosphatase activities were encountered. Today
these earlier difficulties can be understood in terms of the
concept that the enzyme system consists of a catalytic
subunit that exists in complexes with a variety of targeting
or regulatory subunits, generating multiple forms of
different sizes and enzymatic behavior. The study of the
enzymology of this exquisitely complex enzyme is still
incomplete and has taxed the ingenuity and imagination of
many investigators.  Phosphorylase phosphatase, later
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renamed protein phosphatase-1 (8), continues to bring
surprises as well as arange of new questions regarding its
cellular function.

In this review we will focus on the enzymology
of protein phosphatase-1, in particular that of the catalytic
subunit, from the perspective of work performed in our
laboratory during the past twenty five years, as well as on
currently unresolved questions regarding its properties and
regulation. There have been many laboratories which have
made important contributions to the study of this enzyme
over its 55 year history, and there are a number of reviews
which cover the general topic of the ser/thr protein
phosphatases (5-14). Thus, in this summary we ask
indulgencefor the failureto cite all pertinent references.

3. BRIEF HISTORICAL BACKGROUND

Some of the earlier aspects of the study of
phosphorylase phosphatase are summarized to provide a
background for the discussion of more recent findings of
the propertiesof protein phosphatase-1.

3.1 Isolation of the catalytic subunit and the
recognition that it ispart of holoenzyme

The key steps that led to the beginning of our
understanding of the enzymology phosphorylase
phosphatase came with the isolation of the catalytic
subunits of liver and muscle phosphorylase phosphatase
(15,26). Underlying this success was discovery that
treatment of tissue extracts with denaturants (alcohol or
urea) led to the release of a 35 kDa catalytic subunit which
could be readily isolated (17). (For the remainder of this
review, we will refer to the catalytic subunit simply as
PP1.) This treatment released the catalytic subunit from its
regulatory subunits, so that the enzyme activity now
behaved in a monodisperse manner and was amenable to
isolation by conventional chromatographic methods. The
procedure that we used involved ammonium sulfate
precipitation, followed by treatment with five volumes of
95% ethanol at room temperature. Following this, the
phosphorylase phosphatase activity could be extracted from
the pellet of denatured proteins. [As might be expected,
thisbrutal procedure was not devel oped by design, and was
discovered quite serendipitously through a
misinterpretation of instructions on the use of alcohol
precipitation by a summer student!] It became quite clear
that while phosphorylase a appeared to be the best substrate
for the catalytic subunit, both glycogen synthase and
phosphorylase kinase were also dephosphorylated. Later
studies (8) showed that this enzyme was relatively
nonspecific (as compared for example to the protein
kinases). The 35 kDa catalytic subunit was derived from a
37 kDa form by proteolytic cleavage near the C-terminus
(8,13). In the course of the isolation of the rabbit muscle
catalytic subunit we also isolated a second catal ytic subunit
of similar size, which differed in its ability to act on p-
nitrophenyl phosphate (18). This later turned out to be the
catalytic subunit of the phosphatase activity designated as
type 2A phosphatase (8,9).
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3.2. Activation of phosphorylase phosphatase and the
discovery of inhibitory proteins

We discovered that ethanol or trypsin treatment
of tissue extracts led to large increases in phosphorylase
phosphatase activity, concomitant with the reduction in
apparent size to the free catalytic subunit (17). These
findings could be rationalized by the removal of an
inhibitor protein(s) which were complexed with the
catalytic subunit, and led to the discovery of the heat-stable
PP1 inhibitor proteins of (19). The findings for the
existence of heat-stable, trypsin-sensitive protein inhibitors
of PP1 (17,19) played an important role in unraveling the
enzymology of PP1 from two perspectives, the role of
inhibitor proteins in regulating phosphatase activity, and
the existence of holoenzyme forms. Subsequent studies
(20) identified two such inhibitors: inhibitor-1 and
inhibitor-2, which have been extensively studied (for
reviews, see 8-10). Inhibitor-1 and inhibitor-2 are small
proteins (165 and 204 aa residues, respectively) with
estimated molecular masses of 23 and 19 kDa (8).
However, both proteins, consistent with their heat-stability,
appear to have little ordered structure and behave with
anomalous high apparent molecular masses on both SDS-
PAGE andgel filtration (8). Inhibitor-1isunusual inthat is
only inhibitory when phosphorylated at a threonine residue
by cAM P-dependent kinase (8).

3.3. Isolation of the holoenzyme for ms of PP1

The concept that we proposed (17) for a
holoenzyme complex of the catalytic subunit with
regulatory subunits was supported by the findings that
phosphorylase phosphatase activity generally exhibited
high molecular weight characteristics on gel filtration, but
could readily be reduced to alow molecular weight form by
proteolysis, urea or ethanol treatment (21,22). Thus, a
great deal of effort went into the isolation of the
holoenzyme form of phosphorylase phosphatase. Our own
attempts to isolate a high molecular weight form of
phosphorylase phosphatase activity from rabbit muscle
extracts led to the isolation of atwo subunit enzyme which
represented a holoenzyme form of PP2A (23), first isolated
asamyosin light chain phosphatase by Pato and Adelstein
(24). However, studies of an inactive form of
phosphorylase phosphatase that could be activated by ATP
(“*ATP-Mg dependent phosphorylase phosphatase”), and
that had been studied by Wilfried Merlevede for many
years, led to its isolation and the surprising finding that it
consisted of a 1:1 complex of the 37 kDa catalytic subunit
and inhibitor-2 (6,10,25). Theeffect of ATPwasdueto the
presence of a novel protein kinase which mediated the
activation of the complex (25). The protein kinase “Fa”
was found to be identical to a protein kinase which
phosphorylated glycogen synthase (GSK-3). There have
been extensive studies both of the isolated and reconstituted
complex (reviewed in 6-8,10,14). Inhibitor-2 functions as
an inhibitor of free PP1, i.e, it causes an immediate
inhibition of phosphorylase phosphatase activity.
However, a slower time-dependent reaction takes place,
that results in the conversion of PP1 to an inactive form
that can be stimulated by the addition of Mn? when it is
removed from the inactive complex. This inactivation
reaction is readily monitored by trypsin treatment to
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removeinhibitor-2, followed by the assay of phosphorylase
phosphatase activity in the absence and presence of Mn#
(10, 14, 26).

The complex exhibits some unusual propertiesin
terms of its regulation by FA/GSK-3 (7,10,14).
Phosphorylation of the inactive PPLinhibitor-2
heterodimer by GSK-3 (glycogen synthase kinase-3) at
Thr72 does not result in activation, but allows access of a
divalent metal ion to PP1. This activates PP1, thus
permitting an intramolecular autodephosphorylation of
inhibitor-2. It is during this autodephosphorylation that
PP1 is converted to a fully active enzyme that is not
dependent on metal ions. The activation is transient, as
thereisaslow conversion of PP1 back to theinactive form
in areaction that is similar to the effect of inhibitor-2 when
added to free PP1. Thus, the phosphorylation of this
complex is unusua in that it only results in a transient
activation of PPl that is not correlated with the
phosphorylation state of inhibitor-2. The presence of a
stable metal-independent form of PPl in the GSK-3
activated complex has been demonstrated after its removal
from the activated complex (7).

34. The glycogen bound form of phosphorylase
phosphatase - the tar geting hypothesis

While studies of the purified phosphorylase
phosphatase catalytic subunit showed that it had a broad
specificity and could dephosphorylate both glycogen
synthase and phosphorylase kinase (8,26,27), there
remained a debate as to whether a separate synthase
phosphatase and phosphorylase phosphatase existed in
cells. Severa observations fueled this debate, including
partial separation of phosphorylase phosphatase and
synthase phosphatase activities (28,29), as well as a
dissociation of the physiologica regulation of the two
activities (30,31). Firstly, the dephosphorylation of liver
phosphorylase and glycogen synthase were found to be
seguential, and could be explained if phosphorylasea acted
as a negative regulator of glycogen synthase phosphatase.
Secondly, the ratio of synthase phosphatase/phosphorylase
phosphatase activities of tissue extracts differed from that
of the purified catalytic subunit, and thirdly, there was
evidence that in fresh mouse tissue extracts, synthase
phosphatase was largely associated with glycogen. In
muscle, earlier studies had shown the existence of a
“glycogen particle” in which glycogen sedimented from
muscle extracts was shown to be associated with
phosphorylase, phosphorylase  phosphatase  and
phosphorylase kinase (32,33). The discrepancies were
resolved by the purification of the glycogen-bound form of
muscle phosphorylase phosphatase, which revealed it to be
a heterodimer of the catalytic subunit and a glycogen
binding subunit, Gy (8, 34). The glycogen binding subunit
bound both glycogen and PP1, and also modified its
substrate specificity in that its activity toward glycogen
synthase was enhanced. These studies led Cohen (8, 35) to
propose that the catalytic subunit is associated with
different targeting subunits, which serve to direct the
enzyme to specific subcellular localities, in addition to
serving regulatory functions. Thiswas the first evidence for
a targeting function of PP1 binding proteins and was
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followed by isolation of the myosin bound PP1 which
contains two other subunits, one of which, M40, binds to
myosin (36). The targeting hypothesis is substantiated by
the recent discovery of a number of PP1 binding proteins,
and the current view that the catalytic subunit exists in
many heterodimeric forms provides an understanding of
some of the original difficulties encountered in the isolation
of the phosphorylase phosphatase enzyme.

4. RECOMBINANT PROTEIN PHOSPHATASE-1
CATALYTIC SUBUNIT

41. Molecular cloning and expression of the PP1
catalytic subunit

Ser/thr protein phosphatase genes have been
cloned from a wide range of phyla (37) since the initial
cloning of the cDNAsfor rabbit muscle PP1a (38,39). Four
isoforms of PP1 are known, these being PPla, PPlgl,
PP1g2 and PP1d (40). PP1 is among the most conserved
proteins known (41). The catalytic subunits of PP1, PP2A
and PP2B share significant sequenceidentity (41), and thus
are members of the same ser/thr protein phosphatase
family, despite their nomenclature which was largely based
on substrate specificity and inhibitor sensitivity (8).

Attemptsto express PP1 as arecombinant protein
were initially unsuccessful as it was readily overexpressed
in the pET3avector, but as an inactive, insoluble protein in
inclusion bodies (42). Attempts to renature the solubilized
PP1 protein were only partially successful, and required the
presenceof Mn?, dithiothreitol, high salt and high dilution.
The renatured enzyme exhibited only 5% of the expected
specific activity. The expression of PPl in the pET3a
vector asan insoluble material, with the attendant problems
of renaturation and isolation made it an impractical system,
so that we explored the use of other vector systems. We
turned to the pTACTAC vector which had been used for
the expression of rabbit muscle phosphorylase in a soluble
form on the suggestion of Michelle Browner (42). This
vector alowed the expression of PP1 in an active soluble
form (43). Expression was dependent on induction at a
lowered temperature of 26-28°C, rather than at 37°C, and
was also dependent on the presence of Mn? in the culture
mediaas had been used for the expression of phosphorylase
(42). [When cultured in the absence of Mn?" the purified
enzyme exhibited a low specific activity (unpublished
observations.)] The level of expression was approximately
4% of the soluble protein and recoveries of 5 mg purified
PP1 protein per liter of culture were routinely obtained
after asimple purification procedure. The recombinant PP1
could also be purified by a single chromatography step on
inhibitor-2-Sepharose (44). PP1 hasalso been expressedin
Sf9 cells; the enzymeis also insoluble but can be renatured
(45). The use of the pTACTAC vector for the expression
of PP1 has been reproduced in other laboratories (46-47).

4.2. Enzymatic properties of recombinant PP1

The striking feature of the recombinant protein which
marks it as distinct from the catalytic subunit isolated from
muscle and liver is that its activity is dependent on the
presence of added Mn?* (43). Muscle PP1 is normally
isolated in the presence of buffers containing EDTA,
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Figure 1. Active site of PP1. The active site of PPl
containsabimetal center (shown as Fe and Mn) bridged by
a water molecule which is displaced on binding of
phosphate (55). Ligands for the metal ions are shown in
heavy lines. The hydrogen bonds of the phosphateoxygens
to N124, R96 and R221 are shown as thin lines. The
catalytic mechanism, based on studies of PP1 (55), the
purple acid phosphatase (61) and PP2B (57) isindicated in
the diagram. The proposed reaction mechanism involves
nucleophilic attack by a hydroxide ion, with H125
providing the proton for the leaving alcohol group, and is
supported by mutagenesis of the active site residues (65).

and such preparations are also active in the presence of
EDTA (10,18). The exceptions are the catalytic subunits
released from the PPl-inhibitor-2 complex (10) or from
high molecular weight forms of PP1 by trypsin (48). In
addition, a form of cardiac myofibrillar PP1 that requires
activation by Co?* has been reported (49). We have
suggested the recombinant enzyme may be related to the
form present in the PP1-inhibitor-2 complex (50). The
existence of the metal-dependent and -independent activity
forms of PPl suggests that there exist two stable
conformations of PP1. The possible biochemical basis for
these two conformationsis discussed below (Section 3.1) in
terms of the metalloprotein nature of PP1.

The specific activities and general enzymatic
properties of recombinant PP1 toward phosphorylase a are
similar to those of the muscle enzyme, with some
exceptions. It is much less sensitive to inhibitor-1 (47,51),
and dephosphorylates  phosphotyrosine  containing
substrates (52). The latter findings are surprising and raise
interesting questions regarding the structural basis of the
difference of recombinant enzyme from the native enzyme
which does not act on phosphotryosine substrates (see
Section 3.1). Recombinant PP1 actively dephosphorylates
p-nitrophenyl phosphate (43), a property that makes it
useful for the assay of toxins (by inhibition of PP1 activity)
such as microcystin by simple colorimetric methods
(53,54).

5. STRUCTURE-FUNCTION
RECOMBINANT PP1

STUDIES OF

During the past 4 years there has been major
progress in the elucidation of the atomic structures of the
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ser/thr protein phosphatasesin general . The devel opment of
an expression system for PPl has accelerated structure-
function studies of PP1. Crystal structures for the PP1-
microcystin (46), PP1-tungstate (55) and PP1-Gy, peptide
complexes (56) have been determined, in all cases of the
recombinant PP1. Two structures for calcineurin (PP2B)
have been solved, the auto-inhibited enzyme and a ternary

complex of a truncated PP2B with a immunophilin-
immunosuppressant drug complex (FKBP12/FKBP506)
(57,58). These structures (for reviews see 59,60) show that
the molecular architecture of the catalytic cores of PP1 and
PP2B are conserved, and that both contain a bimetal center
at the active site which is structurally similar (61) to that
present in the purple acid phosphatase (PAP). The bimetal
center islocated in the active site and plays acrucial rolein

the binding of phosphate and as the source of the hydroxide
ion that is the nucleophile in the catalytic mechanism
(59,60).

5.1. The metalloprotein nature of PP1

The issue of whether PP1 is a metalloprotein had
been an unresolved issue for many years, asthere had been
reports of PP1 activities which exhibited a dependence on
added metal ions (reviewed in 10). Attempts to determine
whether PP1 or PP2A contained metal ions provided
equivocal results as only sub-stoichiometric levels of Fe
and Zn were found (62). It was also shown that radioactive
Mn? was notstably incorporated into PP1 under conditions
where it stimulated PP1 activity (48). However, there
were other lines of reasoning that suggested that PP1 might
be a metalloprotein, including the conservation of primary
structures of PP1 with the catalytic subunit of calcineurin
(PP2B), which has stoichiometrically bound Fe and Zn
(63). In collaboration with Dr K.K. Schlender, we
demonstrated that 5’Co?" can be stably incorporated into
recombinant PP1in a1:1 stoichiometry (64).

Thesolution of the crystal structures of recombinant
PPl revealed that PP1, like calcineurin (57,58), is a
metalloprotein that possesses a bimetal center that is
bridged by a water molecule at the active site. The use of
proton induced X-ray emission spectroscopy revealed the
presence of Mn and Fe in the ratio 1 to 0.5 in PP1 (55).
The nature of the metal ions in wild-type muscle PP1 is
unknown, although it can be speculated that this may be an
Fe/Zn pair asin PP2B (58,63). The coordination spheres of
the metals in PP1 and PP2B are highly conserved with
those of the purple acid phosphatases, whose oxide bridged
bimetal center have been extensively studied by kinetic and
biophysical methods (61).

Current views of the catalytic mechanism
(reviewed in 60) for PPl are that the metals serve as
ligands for the phosphate oxygens, and for the generation
of a hydroxide ion which serves as the nucleophile that is
involved in catalysis, while H125 serves as a proton donor
for the leaving alcohol group (figure 1). Other residuesin
the active site which serve to stabilize the proposed
pentacoordinate state of the phosphate intermediate are
R96, N124 and R221. We have performed site directed
mutagenesis studies of the metal and phosphate binding
ligands of PP1 (65), which have supported the catalytic
mechanism inferred from the structure by Egloff et al.
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Figure 2. Alignment of C-terminal regions of PP1, PP2A
and PP2B. The sequencesof PP1, PP2A and PP2B in the
region around C269 are shown. The boxed region shows
the loop regions that connect beta sheets 12 and 13 in the
structures of PP1 and PP2B (see figure 6). Thisloop is
conserved except for the residues between 274-277
(GEFD) of PP1, 267-270 (YRCG) of PP2A, 312-316
(LDVYN) of PP2B, and the last residuein the box.

(55,60). Mutation of the metal ligands H66, D64 and D92
and H248 led to severeloss of catalytic function. Mutation
of H125 and of H173 did not result in readily expressed
proteins, although small amounts of the H125S and H125A
mutants could be isolated. These mutants were inactive.
Mutation of D95, which is proposed to stabilize the
protonation of H125 by a salt bridge in PP1, resulted in
significant reduction in catalytic activity. These findings
support the idea that H125, stabilized by a salt bridge to
D95, is essentia for catalysis because it functions as the
donor of a proton for the leaving alcohol group, as is
proposed for PP2B (56). Mutation of R96, N124 have also
supported their proposed rolesin phosphate binding.

It has now become evident that the crystal
structure of either native PP1, or arecombinant form that is
functionally identical to native PP1, will be important to
understanding the behavior of PP1. This emergesfrom the
fact the recombinant enzyme differs from the muscle
enzyme in having a reduced sensitivity to inhibitor-1 (51),
and a striking ability to hydrolyze phosphotyrosine
substrates (52), quite at odds with its identification as a
ser/thr protein phosphatase. While the recombinant form of
PP1 has provided the means for extensive structural
studies, there maybe concerns asto whether it represents a
meaningful form of enzyme to study, because of its
differences from the native enzyme. In addition, it has
been suggested that that recombinant PP1 is a nascent form
that requires the function of a chaperone in the form of
inhibitor-2 (47,52). The demonstration that Co? can be
stably incorporated into PPl (64) suggests that these
differences may be dependent on the metal occupancy of
the two metal sites of PP1. For example, the Co?*
containing form is likely to be a Fe/Co metalloprotein,
whiletheMn?* dependent form may be an hemi-apoprotein
which contains only Fe, thus explaining its requirement for
exogenous Mn?*, Alternatively, the dependence on
exogenous Mn?* could reflect a situation that requires a
substrate-directed binding of a third metal ion. In this
regard, the fact that PP1 is a metalloprotein requires a
recognition that variances of its properties may be a result
of the existence of metallo-isoforms. Even native PP1,
which is generally isolated in the presence of metal
chelators, may have a compromised metal content. A
recombinant form of PP1 containing Fe and Zn would
likely answer many of these questions, but a method for
generating thisform hasyet to be found.
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5.2. Evidence for a common binding region for a
number of structurally diversetoxins

A number of retural toxins of freshwater or
marine origin are potent inhibitors of PP1 and PP2A (66).
These include the polyether-like compounds, okadaic acid
(67,68), calyculin A (69) and tautomycin (70). Okadaic
acid, afatty acid polyether, accumulates in certain sponges
and shellfish and is the agent responsible diarrhetic
poisoning (67). It has been widely used as a reagent for
probing the cellular effects of the inhibition of phosphatase
activity, and displays a greater potency toward PP2A than
for PP1. Cayculin A, an octamethyl polyhydroxylated
C28 fatty acid isolated from marine sponges, exhibits
similar cytotoxic and tumor promoting activities as okadaic
acid (67,71). Tautomycin, a polyketide toxin from a soil
bacterium, has also been identified as a potent phosphatase
inhibitor (14). A second group of toxins of freshwater
origin are also potent inhibitors of PP1 and PP2A. These
are the microcystins (72), a family of cyclic heptapeptide
toxins, and a pentapeptide toxin, nodularin which inhibit
PP1 and PP2A at nanomolar concentrations (73-75). These
toxinswhich are produced by cyanobacteriaconstitute both
acute and chronic hazards to human and animals (76).

Several indirect lines of evidence have shown
that the binding of okadaic acid interferes with the binding
of microcystin and tautomycin, suggesting that there may
be a common binding site (70). More direct evidence that
these toxins had acommon contacts with PP1 was obtained
by the generation of site-directed mutants of PP1, which
exhibited a general loss of sensitivity toward several of
thesetoxins. We obtained the evidence for aregion of PP1
that was involved in toxin binding, based on the
observations of Dr Minako Nagao that an okadaic acid
resistant cell line contained a mutated PP2A (Cys269 to
glycine) that had areduced sensitivity to okadaic acid (77).
In comparing the sequences of PP1 and PP2A inthisregion
(figure 2) we noted that the region was well conserved
except for afour residue difference, YRCG in PP2A (267-
270) and GEFD (274-277) in PP1. The chimeric PP1
mutant in which GEFD was changed to YRCG resulted in
an increased sensitivity to okadaic acid (78), consistent
with fact that PP2A is more sensitive than PP1 to okadaic
acid. Thisprovided the impetus for further mutation of the
region between residues 268-277 (79). Each of the mutants
was characterized in terms of their sensitivities to okadaic
acid, microcystin, nodularin, calyculin A and tautomycin
(figure 3). These experiments also confirmed that the single
mutation of F276 to cysteine caused an increase in the
sensitivity of PP1 to okadaic acid (79). The differentia
sensitivity of PP1 and PP2A can be attributed largely to the
presence of acysteine residue at position 269 in PP2A and
a phenylalanine residue at the cognate position (residue
276) in PP1.

The experiments also revealed that Y272 was
important for the binding of all of the inhibitors tested, as
its conservative mutation to phenylalanine caused large
perturbations (decreases) in the toxin sensitivity of PP1
(figure 3). A systematic mutation of Y272 was also
performed (79), and the results show that very large
changes in sensitivity of PPl to the polyether toxins,
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Figure 3. Effects of mutations at residues 268 to 277 on the
toxin sengitivities of PP1. The single point mutants S268A,
A269T, P270G, N271D, Y272F, C273A, G274Y, E275R,
F276C, and D277G of PP1 were expressed and purified to
homogeneity (79). The IC50's for okadaic acid, microcystin-
LR, nodularin, tautomycin, calyculin A and inhibitor-2 were
determined for each of these mutants (79). Data are
expressed as the fold changes in IC50 (mutant/wild type for
the positive values and negative vaues are the fold
decreasesin | C50 (wild type/mutant).
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particularly for calyculin A and tautomycin could be
induced (figure 4).

This was particularly pronounced in the case of
tautomycin and calyculin A, such that these mutants were
unaffected by concentrations of toxin which could
completely inhibit the wild type enzyme as shown for
calyculin A (figure 5). These mutagenesis studies indicate
that binding of the toxins must all involve some common
contacts on PP1, and that Y272 is particularly important in
this context.

Y272 is located close to the active site with its
hydroxyl within several angstroms from the Feion (55); in
the purple acid phosphatases the cognate tyrosine residue is
co-ordinated with Fe, and isresponsible for the color of the
enzyme. The mutation of Y 272, without deleterious effects
on its catalytic activity, suggests that it is unlikely to be
involved in catalysisin PP1.

The region of PP1 which we studied in fact
represents the loop region connecting beta strands 12 and
13 in the PPl structure. The structure of the PP1-
microcystin complex (46) revealed that microcystin binds
to the active site, with an glutamate residue binding to the
metal ions, while its hydrophobic ADDA group is inserted
along ahydrophobic groovein PP1 (46). Thestructurealso
identified C273 as thesite of the covalent adduct formation
with microcystin (46), consistent with other evidence by
site directed mutagenesis (80). The microcystin-PP1
structure also provides important insights into the possible
binding of substrates and the peptide inhibitors (see Section
3.4). Our mutagenesis studies of the loop region strongly
suggests that the mode of inhibition of microcystin (active
site occlusion) is common for the toxins that we tested.
The location of the loop is shown in figure 6. If the toxins
bind to the same site on PP1, this must reflect the
possibility that these diverse molecules must present
topographically similar surfaces at the points of interaction
with PP1l. This concept has received support from
molecular modeling studies (81-83).

5.3. Studies of calcineurin (PP2B): Evidence for the
importance of the b12/b13 loop in the regulation of
PP2B

The loop connectingb strands 12 and 13 extends from the
surface of PP1 and overhangs the active site. This loop
forms a connection between the two beta sheets that
provide the scaffold for the active site in both PP1 and
PP2B (figure 6). We have proposed that the exposure of
the loop and its connection to these two beta sheets
provides a site for torsional effects on the two beta sheets
that could provide a mechanism for the inhibition of PP1
catalysis, other than the occlusion of the active site.
Further evidence for the significance of the b12/b13 loop
the regulation of the ser/thr phosphatases comes from
work on PP2B. Our interest in PP2B arose because we
were drawn to examine the cognate region (figure 2) to
that in PP1 (274-277) which we had found to be involved
in toxin sensitivity. We speculated that the lack of
sensitivity of PP2B to okadaic acid and microcystin might
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Figure 6. Theb12/b13 loop of PP1. The diagram shows
aribbon model of the PP1 structure (46) using the RasMol
program. Thetwo beta sheetsthat are the scaffold for the
active siteare shown in yellow (betasheet 1) and magenta
(beta sheet 2). Betastrands 12 and 13 are shown in red.
Microcystin is shown in wireframe, and the two metal
ionsashlack spheres.

have arisen from the differencein this region, and that this

might be modified by generation of a chimeric PP2B
mutant containing the PP1 or PP2A sequence. We
developed an expression system for the A and B subunits

of rat PP2B inE. coli which allows the preparation of mg

amounts of pure A and B subunits (84). The recombinant
A and B subunits could be reconstituted to afunctionally

active enzyme which was indistinguishable from that

isolated from brain tissue. The PP2B A-subunit mutants

that we studied (85) included two chimeric mutants

inwhich afour amino acid stretch in the cognate L7 loops
of the related protein phosphatase-1 (GEFD) or -2A

(YRCG) were substituted for the calcineurin sequence
DVYN (313-316), a point mutation (L312C), and a
truncated mutant in which the YRG sequence replaced

residues 313-316. These mutations did not affect the
okadaic acid sensitivity of PP2B, but did lead to

surprising results that turned out to be important in

understanding the regulation of PP2B.

The regulation of PP2B is complex, in that t
possesses an autoinhibitory C-terminal region, and is
activated by Ca? which exerts its effects via calmodulin
and a B-subunit which is structurally related to
calmodulin. The crysta structure of the
PP2B/FK506/FKBP12 complex (57) shows that the
b12/13 loop is involved in an interaction with FKBP12,
while the structure of the PP2B aone shows that
theb12/13 loop is involved in the binding of the C-
terminal autoinhibitory loop (58). The contact residues are
revealed to be Y 315 and N316, two of the residues which
we had replaced.

The YRCG mutant was found to have a similar
activity to the wild type enzyme, but its truncation mutant
Y RG was found to behyperactivated (84), either as afree
subunit or as the heterodimer. This effect could not be
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explained by loss of an interaction of the autoinhibitory
C-terminus, since we performed additional studies in
which this region was deleted. Thus, our experiments
showed that the catalytic core of the A-subunit is in an
inactive conformation. The effect of the shortening of
theb12/13 loop in activating PP2B can be interpreted as
onethat resultsin atorsional stresson betastrands 12 and
13 that leads to activation of the A subunit (84). These
studies provide evidence that th€bl2/13 loop is an
important structural element in the conformation of the
active site, and may participate in the conformational
transitions of calcineurin between acatalytically repressed
state and an activated state (84).

5.4. Substrate binding: Role of the acidic groove, active
site and hydrophobic grooves

The active site of PP1 lies at the confluence of
three shallow grooves, a C-terminal groove, an acidic
groove and a hydrophobic groove, which are potential
binding sites for substrates and inhibitors (46,55).
Microcystin, a cyclic heptapeptide inhibitor, binds in a
manner such that it occupies the active site, while its
extended ADDA side chain occupies the hydrophobic
groove.  The hydrophobic groove forms the obvious
binding sitefor peptide substrates. Thetwo PP1 inhibitors,
inhibitor-1 and DARPP-32 both carry four basic residues
N-terminal to the phosphothreonine residue and its binding
to PP1 has been hypothesized to be that of a
pseudosubstrate (46). Binding of peptide/polypeptide
substratesto PP1 can thus be considered to be composed of
three elements: interaction of the basic residues N-terminal
to the phosphoserine with the acidic residues in the acid
groove, binding of the phosphoserine to the active site, and
an interaction of the region C-terminal of the phosphoserine
(or phosphothreonine) to the hydrophobic groove.

In the active site region, the structure of the PP1-
tungstate complex has shown that R96, N124 and R221 are
likely to be involved in the binding of the phosphate
oxygens (55). R221 and R96 are well positioned to form
salt bridges with two of the phosphate oxygens while the
amino group of N124 can be hydrogen bonded to the third
oxygen. D208 was hypothesized to be important for the
orientation of R221 via a salt bridge interaction. Thus,
these residues were proposed to be involved in the
recognition of phosphate and also the proper orientation of
the phosphate during the formation of the transition
complex (55). Egloff et al. (55) have also pointed out that
W206 and Y 134 are well positioned to interact with the ser
or thr carrying the phosphate residue. Theseinteractions are
shown diagrammatically in figure 7, and the location of the
acid and hydrophobic groovesin figure 8.

We have systematically mutated residues in the
acid groove, the active site region and the hydrophobic
groove to assess the importance of these structural features
in substrate recognition to test these hypotheses (86). The
kinetic behavior of the mutant proteins toward
phosphorylase a, RIl peptide, Kemptide and p-nitrophenol
phosphate as substrates were determined (86). Our studies
showed that mutation of any one of the acidic residues in
the groove did not markedly perturb binding of
phosphorylase a, although effects were observed with the
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Figure 7. Binding of a peptide substrate to PP1. The
binding of a peptide substrate to PPl is shown
diagrammatically, and is based on the crystal structures
(46,55). 1. Binding of the serine phosphate to the active
site. Phosphateis orientated by interactions of theoxygens
the two metals, with R96 and R221 by salt bridges, and by
ahydrogen bond between N124 and athird oxygen. Serine
could interact with Y134 and W206. II. lonic interactions
between the negative surface change of the acid groove
with the basic residues of a peptide containing the PKA
consensus sequence. IIl. A hydrophobic interaction with
the C-terminal portion of the peptide with the hydrophobic
groove of PP1. The sequences at the top show the
sequences of the substrates used for analysis of mutations
of residuesin thisregion of PP1 (86).

C-termuinal Groove Acadie Groowve

Hydrophobic Groove
Figure 8. The C-terminal, acidic and hydrophobic grooves
of PP1. The diagram shows a spacefilled model of PP1
with a view of the face of the molecule containing the
active site. The dashed red oval shows the location of the
active site, with the two metal ions as red spheres.
Microcystin is shown in wireframe. The location of the
hydrophobic groove is delineated by the binding of the
ADDA group of microcystin. The hydrophobic, acidic and
C-terminal grooves radiate from the active site. Residues
which are labeled are those which were analyzed by
mutation (86).

peptide substrates. Strong effects were only observed for
mutation of residues involved in phosphate binding and
orientation at the active site. Thus, the interaction of the N-
terminal region of the phosphopeptide substrate is of lesser
importance than the binding at the active site region. The
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kinetic behavior of mutants of R221, D208, and W206
support the proposal (55) that R221 plays an important role
as a phosphate oxygenligand which positions the substrate
for catalysis. The kinetic behavior of mutants at W206 and
D208 support the hypothesis that these residues (together
with R221) form the microenvironment which dictates the
orientation of the imidazole ring of H248, one of the metal
binding ligands, aswell as contributing to the orientation of
R221 itself. In collaboration with Dr S. Shenolikar, Duke
Univ., a number of these mutants have been analyzed for
their sensitivity to inhibitor-1 (51,87).

6. Targeting of Protein Phosphatase-1- One Catalytic
Subunit, Many Partners

Targeting, as the requirement for the molecular
juxtaposition of proteins for the generation of signalling
events, is well established as a paradigm in a number of
growth regulated signalling systems involving tyrosine
phosphorylation (88-91), as well as in the anchoring of
ser/thr protein kinases by A-kinase anchoring proteins
(AKAPs), one of which also binds PP2B (91,93). The
concept of targeting as it relates to PP1, however, has a
major twist to it in terms of the large number of PP1
binding proteins that have been reported during the past
several years, as it expands the likely number of PP1
heterodimers that may exist, and consequently the
repertoire of cellular functions that involve PP1.

6.1. PP1-binding proteins

Mammalian PP1-binding proteins which were
either isolated by biochemical methods or identified by
yeast two hybrid screens include the retinoblastoma gene
product, pRb (94), HSP78 (95), p53BP2 (96), splicing
factor PSF (97), ribosomal protein L5 (98), herpes virus
a:34.5 protein (99), a human SDS22 homolog (100,101),
NIPP-1 (102-104) RIPP-1 (105), HOX 11 (106), spinophilin
(207), p99 PP1 inhibitor (108), CP117 (109) and inhibitor-3
(110). In addition, several Gy related proteins (G_, R5, U5,
and PTG) have been identified (111-114). Genetic studies
of yeast mutations that affect glycogen metabolism and cell
cycleregulation, and the use of thetwo hybrid screens have
revealed over a dozen genes that encode putative PP1-
binding proteins (reviewed in 115-116). These include
GACl, REG1, REG2, D5, GIP1, SHP1, GIP2 and
D2 in S cerevisae (115-116). These genes are
variously required for control of glycogen metabolism,
protein synthesis, glucose repression, meiosis and/or
sporulation, and mitotic cell cycle regulation. Rigorous
biochemical demonstration that these PP1-binding proteins
actually interact with PP1, or the nature of the targeting
functions or the substrates have not been shown in most of
these cases.

A key element of the targeting hypothesisis that
the cellular activity of PPl is only expressed when it is
targeted, i.e., specificity isachieved by targeting of PP1to
a restricted microenvironment. This would rationalize the
fact that PP1 is arelatively nonspecific phosphatase. The
strongest experimental support for atargeting function for a
PP1 subunit has come from genetic and biochemical studies
of yeast glycogen metabolism. The glycogen-deficient
yeast mutant glc7-1 was found to have a PP1 with a R73C
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Table 1. Alignment of peptide sequencesthat bind to PP1.

Gop Seguence No. Occurrences
Al VRHKRVRF EADV 1
A2 VRHKRVRFEADD 3
A3 LKRRVRFEDGSP 1
A4 VKRVRF QEQGAA 2
A5 VKRVRFREQGAA 1
A6 KRVRFKEGRVNS 1
A7 RRVRFKNVPGQH 1
A8 KKVRFSNI VRQR 1
A9 AKRKVRFVGDRL 1
A10 RAKKQVRFADLR 2
All RVKKQVRFADLR 1
Al2 RAKKQVRF SDLR 1
A13 VKRQVRFADAKR 1
Ald RAI KQVRFADLR 1
A15 LRMHVRFNEAVS 1
A16 RWVKTEARHVRF 1
Al7 RRRRVKFHNPGH 1
B1 RRVHF DNGESGA 4
B2 RARHVHFRKQTR 1
B3 SKRVHF GRGRPR 1
c1 KNMRHVSFADEV 4
c2 KNMRHVSFADED 2
c3 GGGRKGKAVTFS 1
D1 “"STRHVHWDDREA 10
D2 RVSRHVHWADLE 7
D3 KKRRVHWTSGYQ 1
D4 RRVHWVDTVVAG 1
D5 RKKVHWDTSVGN 1
D6 RKPMVHWSDRAG 1
D7 RKPRVHWSDRAG 1
D8 RSKQVHWGPQKP 1
D9 RKVPGRARRVHW 1
D10 RKVPGAARRVHW 2
D11 GVVRPKGKKVHW 1
D12 PKVHWEDSANRG 2
D13 LQVHWQAGDVSAR 1
E1l KKRVRWVDQAAC 5
E2 SMGKRRVRWATG 1
F1 RGKRVMWADEGD 1
F2 RRVTWSDGRQRQ 2
F3 KRVSWVDKTRAR 1
Fa KKLHVAWDVRAR 1
G1 KNMRHVSL ADEV 1
G2 PNVHL EMHAQSR 1
G3 STRVHVWDDREA 1
G 4 REKRT KHWRDSV 1

Thetable showsthe alignment of 79 peptide sequencesthat were
obtained by andysis of the pFliTrx plasmids obtained after six
rounds of panning againgt immobilized PP1 (125). Basc
residueswhich occur N-termind to the VxF/W motif, and acidic
residues in the first and second positions after the motif are
underlined.
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Figure 9. Freguency of amino-acids among the peptidesin
the PP1-binding motif. The diagram shows the frequency
of amino-acid distribution at positions in the binding motif
based on the data of table 1.

point mutation (123). This did not affect PP1 activity but
resulted in aloss of its ability to bind to the yeast homolog
(Gaclp) of the mammalian glycogen binding protein (124).
The activation of glycogen synthase requires its
dephosphorylation by PP1 activity, and it has been shown
that glycogen synthase in this mutant is largely in the
inactive phospho-form (124). Overexpression of Gaclp, on
the other hand, led to increased glycogen accumulation
(124). These findings demonstrated that the physiological
functioning of PPl in glycogen metabolism was totally
dependent on its being targeted to the appropriate
microenvironment, and importantly, other cellular
functions of PPl were not affected when targeting to
glycogen was disrupted.

6.2. Molecular basisfor multiple PP1 binding proteins

The growing number of PP1 binding proteins
suggested that they possessed a peptide motif which was
specifically recognized by a binding site on PP1. The
existence of such a peptide motif that confers binding to
PP1 was demonstrated the by panning of arandom peptide
display library (125). The random peptide library was one
in which peptide sequences are displayed on the E. coli
bacterial flagellin protein. The library was screened for
bacteria which bound to PP1 immobilized on petri dishes.
DNA sequence analysis of the encoded peptides from a
total of 104 isolates was performed. Seventy-nine of these
isolates harbored peptide sequencesthat were alignedintoa
common family and represent 46 unique sequences. These
fell into two groups, one containing the motif VXF, where x
ismost frequently Arg, and one containing the motif VxW,
where x is most commonly His. Both the VxF and VxW
serieswere generally preceded by two to five basic residues
immediately preceding the conserved valine. On the C-
terminal side of the VxF/W motif, it was also evident that
an acid residue was present in one of the next two residues.
Thus, the consensus motif that emerges is R/IK-R/K-Xq.2-
V-R/H-F/W-X-D/E, where V or F/W are almost invariant.
The frequency of amino-acids at various positionsis shown
in figure 9 and the peptide sequencesin table 1..

Our results demonstrate that a short peptide
sequence containing the general motif VxF or VW
preceded by one or more basic residues is sufficient to
generate a capacity for the flagellin fusion proteins to bind
to PP1. PP1 was structurally shown to possess a binding
site for a peptide derived from the Gy, subunit by the
determination of the structure of its complex with PP1 (56).
The sequence RRV SFA of Gy is bound to a hydrophobic
channel, adjacent to a region of acidic residues that
accommodates the N-terminal basic residue. This site is
located on aside of PP1 that isnearly oppositeto the active
site, and isthusideally situated as a site for the binding of
targeting subunits.

An examination of the coding regions of a
number of yeast genes encoding putative PP1-binding
proteins and those of mammalian PP1 binding proteins
(table 2) reveals the presence of this binding motif in the
majority of cases (56,125). Interestingly, most of these
contained the VSF sequence, which together with the N-
termina basic residues, form a PKA site. Thus,
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Table 2. Sequences Corresponding to the VXF/W Motif In PP1-binding Proteins

Gene/protein Residue Sequence Residue Reference

S. cerevisiee genes

GAC1 65 TSPEKNVRFAI E 76 X63941
GIP1 11 QKKKRCVNFRNK 452 735914
GIP1 486 DRSTSSVRFDEN 497

GIP2 216 LI RSKSVHFDQA 227 u18813
GIP2h/YL0O45W 191 LQRSKSVHFDRV 202 246861
GIP2h/Y ILO45W 411 KVFVKNI YFDKK 422

SCD5 26 GLGPPSVSFDFG 37 u03492
SCD5 268 NFKSKKVRFSEH 279

YFLO23W 31 DI RSRL VRFI ND 42 D50617
YALO14 95 KESLKKVRFKND 106 L 05146
Y FR003c 35 MPTRHNVRWEEN 46 D50617
SHP1 260 ALKLLDVQFGQE 271 Z35819
SHP1 344 CNSTDTVKFLYE 355

Mammalian

Rabbit Gy 60 SSGGRRVSFADN 71 M65109
Human Gy 57 SSGTRRVSFADS 68 X78578
PTG 56 NQAKKRVVFADS 67 U89924
Human Gy 144 I I RVLNVSFEKL 155 X78578
PTG 149 TVKVKNVSFEKK 160 u89924
G 56 KKVKKRVSFADN 67 S80360
M110 30 KRQKTKVKFDDG 41 S74907
NIPP 195 KRKNSRVTFSED 206 750748
p530p2 793 I AHGMRVKFNPL 804 U58334
p53bp2 846 AGHTEI VKFLVQF 858

Splicing factor PSF 358 RGRQLRVRFATH 369 X70944
Rib. protein L5 12 YFKRYQVKFRRR 23 U14966
HSV g134.5protein 176 PATPARVRFSPH 187 M33701
Hamster GADD34 500 PLRARKVHFSEN 511 L28147
DARPP32 3 PKDRKKI QFSVP 14 M 27444
Inhibitor-1 4 DNSPRKI QFTVP 15 J05592

The table lists sequences in PP1-binding proteins which contain the VXF/W motif (shown in bold letters). Basic residues
preceding the VXF/W motif and acidic residues following the motif, are underlined. References are to the Genbank accession
numbers. Gy1, G, and PTG are glycogen binding proteins; the yeast genesGACL, GIP1, GIP2, GIP2h are yeast homologs of

G - SCD5 isessential for cell growth and isinvolvedin vesicular transport. GADD34 isthe hamster homolog of HSV g134.5.

phosphorylation at this site by PKA may provide a
mechanism for disruption of theinteractionwith PP1, as

has been shown for NIPP-1 and Gy (56,102). Both

inhibitor-1 and DARPP-32 contain sequences at their N-

termini (KIQF) that are similar to theRVxF motif, and are

required for inhibition of PP1 (51,126).

Egloff et al. (56) have pointed out that the PP1
binding motif is present in perhaps as many as 10% of the
proteins in the Genbank database. This raises an
important caveat regarding the identification of PP1
binding proteins by the yeast two hybrid system, since it
involves the interaction of fusion proteins which contain
truncated versions of the test proteins. These interactions
may not be evident in the native full length proteins, so
that further biochemical analysis of these interactions is
required for confirmation. Furthermore, positive
identification of the motif sequences in PP1 binding
proteinswill require site directed mutagenesis studies.

It should also be noted that not all PP1 binding
proteins necessarily harbor the peptide motif. Using an
affinity chromatography approach with immobilized PP1
(127), we have found that phosphofructokinase binds to
PP1 (128), but does not contain the motif.
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7. PERSPECTIVE

The number of cellular functions in which PP1
has been demonstrated is quite extensive athough
rigorous biochemical definitions of these roles has not
been achieved in the majority of cases. The original
discoveries that mutants of S pombe (129) and A
nidulans (130) that were blocked in mitosis carried
mutations in PP1 genes revealed an essential function of
PP1 in mitosis. Subsequent studies of the genetics of the
PP1 geneyeast have now revealed acomplex involvement
of PPL activity in cellular functions through multiple
protein partners. It is noteworthy that the rabbit muscle
cDNA which we cloned (38) has been shown to rescuethe
A. nidulans BimG11 mutant (131), a powerful argument
that the understanding of PP1 functions in yeast can
provide insights into its mammalian functions. In
mammalian systems, there was more limited evidence for
a role of PP1 in cell cycle control in the form of the
dephosphorylation of Rb, whose phosphorylation is akey
signal for the initiation of S (132). Recent work has now
provided additional support for arole of PP1in cell cycle
regulation. Phosphorylation of Thr320 by cdc2 kinase has
been shown todownregulate PP1 (133), and PP1 is highly
phosphorylated only during early to mid-mitosis (134-
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135). Expression of a PP1 mutant that lacked an inhibitory
phosphorylation site for cyclin kinases at T320 was shown
to result in an Rb-dependent cell cycle arrest at the G1/S
border (136). A current view is that PP1 maintains Rb in
the dephospho state during G1, so that termination of PP1
activity may be required for the shift of Rb to the
phosphorylated state by cyclin dependent kinases (136).
Inhibitor-2 has been suggested to have a role in this
process, since its expression oscillates during the cell
cycle (137), and inhibitor-2-fusion proteins are
translocated to the nucleus at S-phase, consistent with a
scenario in which PP1 activity must be shut down for the
entry to S (138). Microinjection of PP1 in mammalian
cellsalso supportsarole for PP1 in mitosis (139).

The study of PP1 has passed a major threshold
in the past 4 years in terms of our knowledge of its
properties, its potential diversity of functions and its
importance to control of cell proliferation. The concept
that this single catalytic subunit has multiple targeting
subunits viathe existence of the PP1-binding peptide motif
has important implications for our understanding of PP1
functions. From this perspective, PP1 may serve a large
number of cellular functions, dictated by the individual
targeting subunits. There now appears a new horizon for
the study of this “old” phosphatase that lies in the
identification and characterization of its
targeting/regulatory subunits, and the parallel elucidation
of their biochemical properties. Determination of the
cellular functions of PP1 will be highly challenging, asthey
will likely be dictated by the properties and localization of
the individual targeting subunits, and may be extremely
diverse.  Furthermore, the conserved nature of PP1
provides a clue to the evolutionary development of PP1
functions, i.e., the concept that PP1, one of the most highly
conserved proteins known, gained a large divergence of
function through the acquisition of multiple targeting
proteins (125).

The diverse involvement of PP1 in important cell
functions make it amost inevitable that it will be
implicated in pathogenic processes that have implications
for health care in the future. Genetic aterations that affect
PP1 or its regulatory proteins could obviously lead to
changes that impinge on the growth characteristics of cells
and thus be involved in the process of oncogenesis. In
particular, PP1 regulatory subunits have a potential to
emerge as potential tumor suppressors. The HOX11 gene
which interacts with both PP1 and PP2A, has been shown
to be oncogenic in human T-cell leukemia (106). Inthe
case of the related enzyme, PP2A, a leukemia associated
protein, SET, has been shown to be a potent inhibitor of
PP2A (140). HRX fusion proteins which arise by
translocations of the HRX gene in acute leukemia, have
been shown to interact directly with SET (141). More
recently, adirect search for atumor suppressor gene hasled
to the identification of a PP2A regulatory subunit and the
demonstration that it is altered in human lung and colon
cancer cells (142). Intervention in protein phosphatase
regulatory systems may also underlie mechanisms for viral
infectivity. The acquisition of a gene encoding a PP1
targeting protein has been demonstrated as amechanism for
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a viral strategy for overcoming host cell defenses in the
case of the herpes virus protein ¢134.5 (99). An

understanding of the molecular basis for the interaction of
PP1 with its targeting proteins could also provide the basis
for future drug design.

8. ACKNOWLEDGMENTS

Work performed in this |laboratory was supported
by NIH grant DK18512-23. The senior author (EYCL)
gratefully acknowledges the contributions of the students
and research associates whose hard work, dedication and
talents have created the body of work from this laboratory
over a period of two and half decades. The reader is aso
directed to other articlesin this series of reviews.

9. REFERENCES

1. GT. Cori & A.A. Green: Crystaline muscle
phosphorylase I1. Prosthetic group. J Biol Chem 151, 31-38
(1943).

2. P. Keller & G.T. Cori: Purification and properties of
phosphorylase-rupturing enzyme. J Biol Chem 214, 127-
134 (1955).

3. EW. Sutherland Jr & W.S. Wosilait: Inactivation and
activation of liver phosphorylase. Nature 175, 169-171
(1955).

4. E.H. Fisher & E.G. Krebs: Conversion of phosphorylase
b to phosphorylase a in muscle extracts. J Biol Chem 216,
121-132 (1955).

5.E.Y.C. Lee, SRR. Silberman, M.K. Ganapathi, S. Petrovic
& H. Paris: The phosphoprotein phosphatases: Properties of
the enzymes involved in the regulation of glycogen
metabolism. Adv Cycl Nucl Res 13, 95-131 (1980).

6. W.Merlevede, J.R. Vandenheede, J. Goris & S.D. Yang:
Regulation of ATP-Mg-dependent protein phosphatase.
Curr Top Cell Regul 23, 177-215 (1984).

7. L.M. Bdlou, E. VillaMoruzzi & E.H. Fischer: Subunit
structure and regulation of phosphorylase phosphatase.
Curr Top Cell Regul 27, 183-192 (1985).

8. P. Cohen: The structure and regulation of protein
phosphatases. Annu Rev Biochem 58, 453-508 (1989).

9. S. Shenolikar, and A.C. Nairn: Protein phosphatases-
recent progress. Adv Sec Mess Phosphoprot Res 23, 1-123
(1991).

10. M. Bollen & W. Stalmans. The structure, role, and
regulation of type 1 protein phosphatases. Crit Rev
Biochem Mol Bial 27, 227-281 (1992).

11. S. Shenolikar: Protein serine/threonine phosphatases-
New avenues for cell regulation. Annu Rev Cell Biol 10,
55-96 (1994).

12. D.L. Brautigan: Protein Phosphatases. Recent Prog
Horm Res 49, 197-214 (1994).

13. E.Y.C. Lee: Studies of phosphorylase phosphatase:
Protein phosphatase-1 - A personal perspective. Zool
Sudies 34, 149-163 (1995).

14. A.A. DePadli-Roach, 1.K. Park, V. Cerovsky, C.
Csortos, S.D. Durbin, M.J. Kuntz, A. Sitikov, P.M. Tang,
A. Verin & S. Zolnierowicz: Serine/threonine protein
phosphatases in the control of cell function. Adv Enzyme
Regul 34, 199-224 (1994).



Phosphorylase phosphatase: new horizonsfor an old enzyme

15. H. Brandt, Z.L. Capulong & E.Y.C. Lee: Purification
and properties of rabbit liver phosphorylase phosphatase. J
Biol Chem 250, 8038-8044 (1975).

16. D. Gratecos, T.C. Detwiler, S. Hurd, & E.H. Fischer:
Rabbit muscle phosphorylase phosphatase. 1. Purification
and chemical properties. Biochemistry 16, 4812-4817
(2977).

17. H. Brandt, S.D. Killilea & E.Y.C. Lee: Activation of
phosphorylase by a novel procedure, evidence for a
regulatory involving the release of a catalytic subunit from
enzyme inhibitor complex(es) of higher molecular weight.
Biochem Biophys Res Commun 61, 598-604 (1974).

18. S.R. Silberman, M.K. Ganapathi, H. Paris, V.
Dombradi & E.Y.C. Lee: Isolation and characterization of
rabbit skeletal muscle phosphatase C-1 and C-II. J Biadl
Chem 259, 2913-2922 (1984).

19. H. Brandt, E.Y.C. Lee & S.D. Killilea: A protein
inhibitor of rabbit liver phosphorylase phosphatase.
Biochem Biophys Res Commun 63, 950-956 (1975).

20. F.L. Huang & W.H. Glinsmann: Separation and
characterization of two phosphorylase phosphatase
inhibitors from rabbit skeletal muscle. Eur J Biochem 70,
419-426 (1976).

21. R.L. Mellgren, S.D. Killilea, JH. Aylward, & E.Y.C.
Lee: The activation and dissociation of a native high
molecular weight form of rabbit muscle phosphorylase
phosphatase by endogenous Ca™-dependent proteases. J
Biol Chem 254, 648-652 (1979).

22. SD. Killilea, JH. Aylward, R.L. Mellgren, M.E.
Metieh & E.Y.C. Lee: Liver protein phosphatases. studies
of the presumptive native forms of phosphorylase
phosphatase activity in liver extracts and their dissociation
to a catalytic subunit of Mr 35,000. Arch Biochem Biophys
193, 130-139 (1979).

23. H. Paris, SR. Silberman, JH. Aylward, M.K.
Ganapathi & E.Y.C. Lee: Isolation and characterization of
a high molecular weight protein phosphatase from rabbit
skeletal muscle. J Biol Chem 259, 7010-7918 (1984).

24. M.D. Pato & R.S. Adelstein: Dephosphorylation of the
20,000-dalton light chain of myosin by two different
phosphatases from smooth muscle. J Biol Chem 255,
6535-6538 (1980).

25. SD. Yang, JR. Vandenheede, J. Goris & W.
Merlevede: ATP-Mg-dependent protein phosphatase from
rabbit skeletal muscle. I. Purification of the enzyme and its
regulation by the interaction with an activating protein
factor. J Biol Chem 255, 11759-11767 (1980).

26. M K. Ganapathi, S.R. Silberman, H. Paris & E.Y.C.
Lee: Dephosphorylation of phosphorylase kinase. J Biol
Chem 256, 3213-3217 (1981).

27. SD. Killilea, H. Brandt, E.Y.C. Lee & W.J. Whelan:
Evidence for the coordinate control of glycogen synthase
and phosphorylase. J Biol Chem 251, 2362-2368 (1976).
28. M. Laoux, W. Staimans & H.G. Hers: Native and
latent forms of liver phosphorylase phosphatase. The non-
identity of native phosphorylase phosphatase and synthase
phosphatase. Eur J Biochem 92, 15-24 (1978)

29. AW.H. Tan & F.Q. Nuttall: Evidence for the non-
identity of proteins having synthase phosphatase,
phosphorylase phosphatase and histone phosphatase
?fg;/ét)y in rat liver. Biochim Biophys Acta 522, 139-150

281

30. W. Stalmans, H. De Wulf, L. Hue & H.G. Hers: The
sequential inactivation of glycogen phosphorylase and
activation of glycogen synthetase in liver after the
administration of glucose to mice and rats. The mechanism
of the hepatic threshold to glucose. Eur J Biochem 41,
117-134 (1974).

31. AW.H. Tan & F.Q. Nuttal: Regulation of synthase
phosphatase and phosphorylase phosphatase in rat liver.
Biochim Biophys Acta 445, 118-130 (1976).

32. F. Meyer, L.M. Heilmeyer J, R.H. Haschke & E.H.
Fisher: Control of phosphorylase activity in a muscle
glycogen particle. |. Isolation and characterization of the
protein glycogen complex. J Biol Chem 245, 6642-6648
(1970)

33. RH. Haschke, L.M. Heilmeyer Jr, F. Meyer & E.H.
Fischer: Control of phosphorylase activity in a muscle
glycogen particle. 3. Regulation of phosphorylase
phosphatase. J Biol Chem 245, 6657-6663 (1970).

34. P. Strafors, A. Hiraga & P. Cohen: The protein
phosphatases involved in cellular regulation. Purification
and characterization of the glycogen-bound forms of
phosphatase-1. Eur J Biochem 149, 295-303 (1985).

35. M.J. Hubbard & P. Cohen: On target with a new
mechanism for the regulation of protein phosphorylation.
Trends Biochem Sci 18, 172-177 (1993).

36. Y.H. Chen, M.X. Chen, D.R. Alessi, D.G. Campbell, C.
Shanahan, P. Cohen & P.T.W. Cohen: Molecular cloning
of cDNA encoding the 110 kDa and 21 kDa regulatory
subunits of smooth muscle protein phosphatase 1M. FEBS
Lett 356, 51-55 (1994).

37. P.T.W. Cohen: Novel serine/threonine phosphatases:
variety isthe spice of life. Trends Biochem i 2, 245-251
(1997).

38. G. Bai, Z. Zhang, S.A. DeansZirattu, J. Amin &
E.Y.C. Lee: Molecular cloning of acDNA for the catalytic
subunit of phosphorylase phosphatase. FASEB J 2, 3010-
3016 (1988).

39. P.T.W. Cohen: Two isoforms of protein phosphatase 1
may be produced from the same gene. FEBS Lett 232, 17-
23 (1988).

40. K. Sasaki, H. Shima, Y. Kitagawa, S. Irino, T.
Sugimura & M. Nagao: Identification of the protein
phosphatase 1 gene family in the rat and enhanced
expression of protein phosphatase la gene in rat
hepatocellular carcinomas. Jpn J Cancer Res 81, 1272-
1280 (1990).

41. GJ. Baton, PTW. Cohen & D. Barford:
Conservation analysis and structure prediction of the
protein serine/threonine phosphatases Eur J Biochem 220,
225-237 (1994).

42. M.F. Browner, P. Rasor, S. Tugendreich & R.J.
Fletterick: Temperature-sensitive production of rabbit
muscle glycogen phosphorylase in E. coli. Protein Eng 4,
351-357 (1991).

43. Z. Zhang, G. Ba & E.Y.C. Lee: Expression of the
catalytic subunit of rabbit muscle protein phosphatase-1 in
E. coli. JBiol Chem, 267, 1464-1490 (1992).

44. Z. Zhang, S. Zhao, S.D. Zirattu, G. Bai & E.Y.C. Lee:
Expression of recombinant inhibitor-2 in E. coli and its
utilization for the affinity chromatography of protein
phosphatase-1. Arch Biochem Biophys 308, 37-41 (1994).



Phosphorylase phosphatase: new horizonsfor an old enzyme

45. N. Berndt & P.T.W. Cohen: Renaturation of protein
phosphatase 1 expressed at high levelsin insect cells using
abaculovirusvector. Eur J Biochem 190, 291-297 (1990).
46. J. Goldberg, H. Huang, Y. Kwon, P. Greengard, A.
Nairn & J. Kuriyan: Three-dimensiona structure of the
catalytic subunit of protein serine/threonine phosphatase-1.
Nature 376, 745-753(1995).

47. RR. Alessi, A.J. Street, P. Cohen & P.T.W. Cohen:
Inhibitor-2 functions like a chaperone to fold three
expressed isoforms of mammalian protein phosphatase-1
into a conformation with the specificity and regulatory
properties of the native enzyme. Eur J Biochem 213, 1055-
1066 (1993).

48. D.L. Brautigan, L.M. Ballou & E.H. Fischer: Activation
of skeletal muscle phosphorylase phosphatase. Effects of
proteolysis and divalent cations. Biochemistry 21, 1977-
1982 (1982).

49. Y. Chu, SEE. Wilson & K.K. Schlender: A latent form
of protein phosphatase 1 al pha associated with bovine heart
myofibrils. Biochim Biophys Acta 1208, 45-54 (1994).

50. Z. Zhang, G. Bai, S. Zhao & E.Y.C. Lee: Recombinant
rabbit muscle protein phosphatase-1: The inactive
conformer of the catalytic subunit of the ATP-Mg-
dependent phosphatase? Adv Prot Phosphatases 7, 183-197
(1993).

51. S. Endo, JH. Connor, B. Forney, L. Zhang, T.S.
Ingebritsen, E.Y.C. Lee & S. Shenolikar: Conversion of
protein phosphatase-1 catalytic subunit to a Mn?
dependent enzyme impairs its regulation by inhibitor-1.
Biochemistry 36, 6986-6992 (1997)

52. C. MacKintosh, A.J. Garton, A. McDonnell, D.
Barford, P.T.W. Cohen, N.K. Tonks & P. Cohen: Further
evidence that inhibitor-2 acts like a chaperone to fold PP1
into its native conformation. FEBS Lett 397, 235-238
(1996).

53.J. An & W.W. Carmichael: Use of a colorimetric
protein phosphatase inhibition assay and enzyme linked
immunosorbent assay for the study of microcystins and
nodularins. Toxicon 32: 1495-1507.

54. C.J. Ward, L.A. Besdttie, EY.C. Lee & G.A. Codd:
Colorimetric protein phosphatase inhibition assay of
laboratory strains and natural blooms of cyanobacteria:
comparisons  with high performance liquid
chromatographic analysis for microcystins. FEMS
Microbiol Lett 153: 465-473 (1997).

55. M.P. Egloff, P.T.W. Cohen, P. Reinemer & D. Barford:
Crystal structure of the catalytic subunit of human protein
phosphatase 1 and its complex with tungstate. J Mol Bial
254, 942-959 (1995).

56. M.P. Egloff, D.F. Johnson, G. Moorhead, P.T.W.
Cohen, P. Cohen & D. Barford: Structura basis for the
recognition of regulatory subunits by the catalytic subunit
of protein phosphatase 1. EMBO J 16, 1876-1887 (1997).
57. JP. Griffith, JL. Kim, E.E. Kim, M.D. Sintchak, J.A.
Thomson, M.J. Fitzgibbon, M.A. Fleming, P.R. Caron, K.
Hsiao, & M.A. Navia X-ray structure of calcineurin
inhibited by the immunophilin-immunosuppressant
FKBP12-FK506 complex. Cell 82, 507-522 (1995).

58. C.R. Kissinger, H.E. Parge, D.R. Knighton, C.T. Lewis,
L.A. Pelletier, A. Tempczyk, V.J. Kalish, K.D. Tucker,
R.E. Howalter, E.W. Moomaw, L.N. Gastinel, N. Habuka,
X. Chen, F. Madonado, JE. Barker, R. Bacquet, & J.E.

282

Villafranca: Crystal structuresof human cal cineurin and the
human FKBP12-FK506-calcineurin complex. Nature 378,
641-644 (1995).

59. JE. Villafranca, C.R. Kissinger, H.E. Parge: Protein
serine/threonine phosphatases. Curr Opin Biotech 7, 397-
402 (1996).

60. D. Barford: Molecular mechanisms of the protein
serine/threonine phosphatases. Trends Biochem i 21,
407-412 (1996).

61. N. Stréter, T. Klabunde, P. Tucker, H. Witzel & B.
Krebs: Crystal structure of a purple acid phosphatase
containing a dinuclear Fe(l11)-Zn(ll) active site. Science
268, 1489-1492 (1995).

62. S.C.B. Yan & D.J. Graves: Inactivation and reactivation
of phosphoprotein phosphatase. Mol Cell Biochem 42, 21-
29 (1982).

63. M.M. King & C.Y. Huang: Identification of calcineurin
as a Zn and Fe metalloenzyme. J Biol Chem 259, 8847-
8856 (1984).

64. Y. Chu, E.Y.C. Lee & K.K. Schlender: Activation of
protein phosphatase-1: formation of a metalloenzyme. J
Biol Chem 271, 2574-2577(1996).

65. J. Zhang, Z. Zhang, K. Brew & E.Y.C. Lee: Mutational
analysis of the catalytic subunit of muscle protein
phosphatase-1. Biochemistry 35, 6276-6282 (1996).

66. C.F.B. Holmes & M.P. Boland: Inhibitors of protein
phosphatase-1 and -2A ; two of the major serine/threonine
protein phosphatases involved in cellular regulation. Curr
Biol 3, 934-943 (1993).

67. M. Suganuma, H. Fujiki, H. Suguri, S. Y oshizawa, M.
Hirota, M. Nakayasu, M. Ojika, K. Wakamatsu, K. Y amada
& T. Sugimura: Okadaic acid: an additional non-phorbol-
12-tetradecanoate-13-acetate-type tumor promoter. Proc
Natl Acad Sci USA 85, 1768-1771 (1988).

68. C. Bialojan & A. Takai: Inhibitory effect of a marine-
sponge toxin, okadaic acid, on protein phosphatases.
Specificity and kinetics. Biochem J 256, 283-290 (1988).
69. J. Ishihara, B.L. Martin, D.L. Brautigan, H. Karaki, H.
Ozaki, Y. Kato, N. Fusetani, S. Watabe, K. Hasimoto, D.
Uemura & D.J. Hartshorne: Calyculin A and okadaic acid:
inhibitors of protein phosphatase activity. Biochem Biophys
Res Commun 159, 871-877 (1989).

70. C. MacKintosh & S. Klumpp: Tautomycin from the
bacterium Streptomyces verticillatus. Another potent and
specific inhibitor of protein phosphatases 1 and 2A. FEBS
Lett 277, 137-140 (1990).

71. M. Suganuma, H. Fujiki, H. Furuya-Suguri, S.
Yoshizawa, S. Yasumoto, Y. Kato, N. Fusetani, T.
Sugimura: Cayculin A, an inhibitor of protein
phosphatases, a potent tumor promoter on CD-1 mouse
skin. Cancer Res 50,3521-3525 (1990).

72. W.W. Carmichael: Cyanobacteria secondary
metabolites-the cyanotoxins. J Appl Bacteriol 72, 445-459
(1992).

73. C. MacKintosh, K.A. Beattie, S. Klumpp, P. Cohen &
G.A. Codd: Cyanobacterial microcystin-LR is a potent and
specific inhibitor of protein phosphatases 1 and 2A from
both mammals and higher plants. FEBS Lett 264, 187-192
(1990).

74. S. Yoshizawa, R. Matsushima, M.F. Watanabe, K.
Harada, A. Ichihara, W.W. Carmichael & H. Fujiki:
Inhibition of protein phosphatases by microcystins and



Phosphorylase phosphatase: new horizonsfor an old enzyme

nodularin associated with hepatotoxicity. J. Cancer Res
Clin Oncol 116, 609-614 (1990).

75. R.E. Honkanen, J. Zwiller, R.E. Moore, S.L. Daily,
B.L. Khatra, M. Dukelow & A.L. Boynton:
Characterization of microcystin-LR, a potent inhibitor of
type 1 and type 2A protein phosphatases. J Biol Chem 265,
19401-19404(1990).

76. G.A. Codd, C.J. Ward & S.G. Bell: Cyanobacterial
toxins: occurrence, modes of action, health effects and
exposure routes. Arch Toxicol Suppl 19, 399-410 (1997).
77. H. Shima, H. Tohda, S. Aonuma, M. Nakayasu, A.A.
Depaoli-Roach, T. Sugimura, & M. Nagao:
Characterization of the PP2A apha gene mutation in
okadaic acid-resistant variants of CHO-K1 cells. Proc Natl
Acad Sci USA 91, 9267-9271 (1994).

78. Z. Zhang, S. Zheo, F. Long, L. Zhang, G. Bai, S.
Shima, M. Nagao & E.Y.C. Lee: A mutant of Ppase-1
which exhibits altered toxin sensitivity. J Biol Chem 269,
16997-17000 (1994).

79. L. Zhang, Z. Zhang, F. Long & E.Y.C. Lee: Tyrosine-
272 is involved in the inhibition of protein phosphatase-1
by multiple toxins. Biochemistry 35, 1606-1611 (1996).

80. M. Runnegar, N. Berndt, SM. Kong, E.Y.C. Lee & L.
Zhang: In vivo and in vitro binding of microcystin to
protein phosphatases 1 and 2A. Biochem Biophys Res
Commun 216, 162-169 (1995).

81. JR. Bagu, B.D. Sykes, M.M. Craig & C.F.B. Holmes:
A molecular basis for different interactions of marine
toxins with protein phosphatase-1. Molecular models for
bound motuporin, microcystins, okadaic acid & calyculin
A. JBiol Chem 272, 5087-5097 (1997).

82. CM. Gauss, JE. Sheppeck, A.C. Nairn & R.
Chamberlin: A molecular modeling analysis of the binding
interactions between the okadaic acid class of natural
product inhibitors and the ser/thr phosphatases, PP1 and
PP2A. Bioorg Med Chem 5, 1751-1773 (1997).

83. M.K. Lindval, P.M. Pihko & A.M.P. Koskinen: The
binding mode of calyculin A to protein phosphatase-1. A
novel spiroketal vector. J Biol Chem 272, 23312-23316
(1997).

84. Q. Wei & E.Y.C. Lee: Expression of the A and B
subunits of calcineurinin E. coli. Int J Biochem Mol Biol
41, 169-177 (1997).

85. Q. Wei & E.Y.C. Lee: Mutagenesis of the L7 loop
connecting beta strands 12 and 13 of calcineurin - Evidence
for a structural role in activity changes. Biochemistry 36,
7418-7424(1997).

86. L. Zhang & E.Y.C. Lee: Mutational analysis of
substrate  recognition by protein  phosphatase-1.
Biochemistry 36, 8209-8214 (1997).

87. JH. Connor, , H.B, Quan, N.T. Ramaswamy, L.
Zhang, L., S. Barik, J. Zheng, JF. Cannon, E.Y.C. Lee,
E.Y.C., and S. Shenolikar. Inhibitor-1 interaction domain
that mediates inhibition of protein phosphatase-1. J Biol
Chem 273, 27716-27724 (1998).

88. J. Kuriyan & D. Cowburn: Modular peptide recognition
domainsin eukaryotic signaling. Ann Rev Biophys Biomol
Structure 26, 2592-288 (1997).

89. T. Pawson: SH2 and SH3 domains in signal
transduction. Adv Cancer Res 64, 87-110 (1994).

90. S. Zhou & L.C. Cantley: Recognition and specificity in
protein tyrosine kinase-mediated signalling. Trends
Biochem Sci 20, 470-455(1995).

283

91. M.A. Lemmon & J. Schlessinger: Regulation of signal
transduction and signal  diversity by receptor
oligomerization. Trends Biochem Sci 19, 459-463 (1994).
92. L.B. Lester & J.D. Scott: Anchoring and scaffold
proteins for kinases and phosphatases. Recent Prog Horm
Res 52, 409-29 (1997).

93. C.S. Rubin: A-kinase anchor proteins and the
intracellular targeting of signals carried by cyclic AMP.
Biochim Biophys Acta 1224, 467-479 (1994).

94. T. Durfee, K. Becherer, P.L. Chen, SH. Yeh, Y. Yang,
A.E. Kilburn, W.H. Lee & S.J. Elledge: Theretinoblastoma
protein associates with the protein phosphatase type 1
catalytic subunit. Genes Dev 7, 555-569 (1993).

95.Y.S. Chun, H. Shima, K. Nagasaki , T. Sugimura & M.
Nagao: PP1 gamma 2, a testis-specific protein-
serine/threonine-phosphatase type 1 catalytic subunit, is
associated with a protein having high sequence homology
with the 78-kDa glucose-regul ated protein, amember of the
70-kDaheat shock protein family. Proc Natl Acad Sci USA
91, 3319-3323 (1994).

96. N.R. Helps, H.M. Barker, S.J. Elledge, P.T.W. Cohen:
Protein phosphatase 1 interacts with p53BP2, a protein
which binds to the tumour suppressor p53. FEBS Lett 377,
295-300 (1995).

97. K. Hirano, F. Erdodi, J.G. Patton & D.J. Hartshorne:
Interaction of protein phosphatase type 1 with a splicing
factor. FEBSLett 389, 191-194(1996).

98. K. Hirano, M. Ito & D. J. Hartshorne: Interaction of the
ribosomal protein, L5, with protein phosphatase type 1. J
Biol Chem 270, 19786-19790(1995).

99. B. He, M. Gross & B. Roizman: The gamma(1)34.5
protein of herpes simplex virus 1 complexes with protein
phosphatase 1alphato dephosphorylate the alpha subunit of
the eukaryotic translation initiation factor 2 and preclude
the shutoff of protein synthesis by double-stranded RNA-
activated protein kinase. Proc Natl Acad Sci USA . 94, 843-
848 (1997).

100. S. Renouf, M. Beullens, S. Wera, A. Van Eynde, J.
Sikela, W. Stalmans & M. Bollen: Molecular cloning of a
human polypeptide related to yeast sds22, a regulator of
protein phosphatase-1. FEBS Lett 375,75-78 (1995).

101. A. Dinischiotu, M. Beullens, W. Stalmans & M.
Bollen: Identification of sds22 as an inhibitory subunit of
protein phosphatase-1 in rat liver nuclei. FEBS Lett 402,
141-144(1997).

102. 1. Jagiello, M. Beullens, W. Stalmans & M. Bollen:
Subunit structure and regulation of protein phosphatase-1
inrat liver nuclei. J Biol Chem 270, 17257-17263 (1995)
103. A. Van Eynde, S. Wera, M. Beullens, S. Torrekens,
V.F. Leuven, W. Stalmans & M. Bollen: Molecular cloning
of NIPP-1, a nuclear inhibitor of protein phosphatase-1,
reveals homology with polypeptides involved in RNA
processing. J Biol Chem 270, 28068-28074 (1995).

104. 1. Jagiello, M. Beullens, V. Vulsteke, S. Wera, B.
Sohlberg, W. Stalmans, A. Vongabain & M. Bollen: NIPP-
1, anuclear inhibitory subunit of protein phosphatase-1, has
RNA binding properties. J Biol Chem 272, 22067-22071
(1997).

105. M. Beullens, W. Stamans & M. Boallen:
Characterization of a ribosomal inhibitory polypeptide of
protein phosphatase-1 from rat liver. Eur J Biochem 239,
183-189 (1996).



Phosphorylase phosphatase: new horizonsfor an old enzyme

106. T. Kawabe, A.J. Muslin & S.J. Korsmeyer: HOX11
interacts with protein phosphatases PP2A and PP1 and
disrupts a G2/M cell-cycle checkpoint. Nature 385, 454-
458 (1997).

107. P.B. Allen, C.C. Ouimet & P. Greengard: Spinophilin,
anovel protein phosphatase 1 binding protein localized to
dendritic spines. Proc Nat Acad Sci USA 94, 9956-9961
(1997).

108. J.P. Kreivi, L. Trinklemulcahy, C.E. Lyon, N.A.
Morrice, P. Cohen & A.l. Lamond: Purification and
characterisation of p99, a nuclear modulator of protein
phosphatase 1 activity. FEBSLett 420, 57-62(1997).

109. M. Eto, S. Senba, F. Morita& M. Yazawa: Molecular
cloning of a novel phosphorylation-dependent inhibitory
protein of protein phosphatase-1 (CP117) in smooth muscle
-its specific location in smooth muscle. FEBS Lett 410,
356-360 (1997).

110. J. Zhang, L. Zhang, S. Zhao & E.Y.C. Lee
Identification and characterization of the human HCG V
gene product as anovel inhibitor of protein phosphatase-1.
Biochemistry 37, 16728-16734 (1998).

111. M.J. Doherty, G. Moorhead, N. Morrice, P. Cohen &
P.T.W. Cohen: Amino acid sequence and expression of the
hepatic  glycogenbinding(GL)-subunit ~ of  protein
phosphatase-1. FEBS Lett 375, 294-298 (1995).

112. M.J. Doherty, P.R. Young & P.T.W. Cohen: Amino
acid sequence of a novel protein phosphatase 1 binding
protein (R5) which is related to the liver- and muscle-
specific glycogen binding subunits of protein phosphatase
1. FEBSLett 399, 339-343(1996).

113. K. Hirano, M. Hirano & D.J. Hartshorne: Cloning and
characterization of a protein phosphatase type 1-binding
subunit from smooth muscle similar to the glycogen-
binding subunit of liver. Biochim Biophys Acta 1339,177-
180(1997).

114. JA. Printen, M.J. Brady & A.R. Saltiel: PTG, a
protein phosphatase 1-binding protein with a role in
glycogen metabolism. Science 275, 1475-1478 (1997).

115, M.J. Stark:  Yeast protein  serine/threonine
phosphatases: multiple roles and diverse regulation Yeast
12, 1647-1675 (1996).

116. J. Tu, W. Song & M. Carlson: Protein phosphatase
type 1 interacts with proteins required for meiosis and other
cellular processes in Saccharomyces cerevisiae. Mol Cell
Biol 16, 4199-4206 (1996).

117. Z.H. Feng, S.E. Wilson, Z.Y. Peng, K.K. Schlender,
E.M. Reimann & R.J. Trumbly: The GLC7 gene required
for glycogen accumulation encodes a type 1 protein
phosphatase. J Biol Chem 266, 23796-23801(1991).

118. J.F. Cannon, J.R. Pringle, A. Fiechter & M. Khdlil:
Characterization of glycogen deficient glc mutants of
Saccharomyces cerevisiae. Genetics 136, 485-503 (1994).
119. JM. Francois, S. Thomson-Jaeger, J. Skroch, U.
Zellenka, W. Spevak & K. Tatchell: GAC1 may encode a
regulatory subunit for protein phosphatase type 1 in
Saccharomyces cerevisiae. EMBO J 11, 87-96(1992).
120. SH. MacKelvie, P. Andrews & M.J.R. Stark: The
Saccharomyces cerevisiae gene SDS22 encodes a potential
regulator of the mitotic function of yeast type 1 protein
phosphatase. Mol Cdll Biol 15, 3777-3785 (1995).

121. J. Tu & M. Carlson: REG1 binds to protein
phosphatase type 1 and regulates glucose repression in
Saccharomyces cerevisiae. EMBO J 23, 5939-5946(1995).

284

122. S, Zhang, S. Guha & F.C. Volkert: The
Saccharomyces cerevisiae SHP1 gene, which encodes a
regulator of phosphoprotein phosphatase 1 with differential
effects on glycogen metabolism, meiotic differentiation and
mitotic cell cycle progression. Mol Cell Biol 15, 2037-
2050 (1995).

123. ZY. Peng, RJ. Trumbly & E.M. Reimann:
Purification and characterization of glycogen synthasefrom
aglycogen-deficient strain of Saccharomyces cerevisiae J
Biol Chem 265, 1371-1377(1990).

124. JS. Stuart, D.L. Frederick, CM. Varner & K.
Tatchell: The mutant type 1 protein phosphatase encoded
by glc7-1 from Saccharomyces cerevisiae fails to interact
productively with the GAC1-encoded regulatory subunit.
Mol Cell Biol 14, 896-905 (1994).

125. S. Zhao & E.Y.C. Lee: A Protein phosphatase-1
binding motif identified by panning of a random peptide
display library. J Biol Chem 272, 28368-28372 (1997).

126. Y.G. Kwon, H.B. Huang, F. Desdouits, JA. Girault, P.
Greengard & A.C. Narn: Characterization of the
interaction between DARPP-32 and protein phosphatase 1
(PP-1): DARPP-32 peptides antagonize the interaction of
PP-1 with binding proteins. Proc Nat Acad Sci USA 94,
3536-3541 (1997).

127. S. Zhao, W. Xia & EY.C. Lee Affinity
chromatography of regulatory subunits using immobilized
protein phosphatase-1. Arch Biochem Biophys 325, 82-90
(1996).

128. S. Zhao & E.Y.C. Lee: Targeting of the catalytic
subunit of protein phosphatase-1 to the glycolytic enzyme
phosphofructokinase. Biochemistry 36, 8318-8324(1997).
129. H. Ohkura, N. Kinoshita, S. Miyatani, T. Toda & M.
Yanagida: The fission yeast dis2+ gene required for
chromosome dijoining encodes one of two putative type 1
protein phosphatases. Cell 57, 997-1007 (1989).

130. JH. Doonan & N.R. Morris. The bimG gene of
Aspergillus nidulans, required for completion of anaphase,
encodes a homolog of mammalian phosphoprotein
phosphatase-1. Cell 57, 987-996 (1989).

131. JH. Doonan, C. MacKintosh, S. Osmani, P. Cohen, G.
Bai, E.Y.C. Lee & N.R. Morris: A cDNA encoding rabbit
muscle protein phosphatase 1 alpha complements the
Aspergillus cell cycle mutation, bimG11. J Biol Chem 266,
18889-18894 (1991).

132. D.A. Nelson, N.A Krucher & JW. Ludlow: High
molecular weight protein  phosphatase type 1
dephosphorylates the retinoblastoma protein. J Biol Chem
272,4528-4535 (1997).

133. M. Dohadwala, E.F. da Cruz e Silva, F.L. Hall, R.T.
Williams, D.A. Carbonaro-Hall, A.C. Nairn, P. Greengard
& N. Berndt: Phosphorylation and inactivation of protein
phosphatase 1 by cyclin-dependent kinases. Proc Natl Acad
Sci USA 91, 6408-6412 (1994).

134. H. Yamano, K. Ishii & M. Yanagida: Phosphorylation
of dis2 protein phosphatase at the C-terminal cdc2
consensus and its potential role in cell cycle regulation.
EMBO J 13, 5310-5318 (1994).

135. Y.G. Kwon, S.Y. Lee, Y. Choi, P. Greengard & A.C.
Nairn: Cell cycle phosphorylation of mammalian protein
phosphatase-1 by cdc2 kinase. Proc Natl Acad Sci USA 94,
2168-2173 (1997).



Phosphorylase phosphatase: new horizonsfor an old enzyme

136. N. Berndt, M. Dohadwaa & CW.Y. Liu:
Congtitutively active protein phosphatase 1-alpha causes
Rb dependent G1 arrest in human cancer cells. Curr Biol
7, 375-386 (1997).

137.D.L. Brautigan, J. Sunwoo, J.C. Labbe, A. Fernandez
& N.J. Lamb: Cell cycle oscillation of phosphatase
inhibitor-2 in rat fibroblasts coincident with p34cdc2
restriction. Nature 344, 74-78 (1990).

138. Y. Kakinoki, J. Somers & D.L. Brautigan: Multisite
phosphorylation and the nuclear localization of phosphatase
inhibitor 2-green fluorescent protein fusion protein during
S phase of the cell growth cycle J Biol Chem 272, 32308-
32314 (1997).

139. A. Fernandez, D.L. Brautigan & N.J. Lamb: Protein
phosphatase type 1 in mammalian cell mitosis:
chromosomal localization and involvement in mitotic exit.
J Cell Biol 116, 1421-1430 (1992).

140. M. Li, A. Makkinj & Z. Damuni: The myeloid
leukemia-associated protein SET is a potent inhibitor of
protein phosphatase 2A. J Biol Chem 271, 11059-11062
(1996).

141. H.T. Adler-, F.S. Nalaseth, G. Walter & D.C.
Tkachuk: HRX leukemic fusion proteins form a
heterocomplex with the leukemia-associated protein SET
and protein phosphatase 2A. J Biol Chem 272, 28407-
28414 (1997).

142. S.S. Wang, E.D. Esplin, J.L. Li, L. Huang, A. Gazdar,
J.Minna & G.A. Evans: Alterations of the PPP2R1B Gene
in Human Lung and Colon Cancer. Science 282, 284-287
(1998).

Key words. Protein Phosphatase, Okadaic Acid,
Microcystin, Calcineurin, Phosphorylase Phosphatase

Send correspondence to: Dr Ernest Y.C. Lee, Dept.
Biochemistry and Molecular Biology, New York Medical
College, VahallaNY 10595, Tel: 914-594-4059, Fax: 914-
594-4058, E-mail: Ernest_Lee@NY MC.edu

Received 8/22/99 Accepted 1/25/99

285



