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Protein serine/threonine phosphatases; an expanding family
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Five protein serine/threonine phosphatases (PP) have been identified by cloning cDNA from mammalian and Drosophila libraries. These novel

enzymes, which have not yet been detected by the techniques of protein chemistry and enzymology, are termed PPV, PP2By,, PPX, PPY and PPZ.

The complete amino acid sequences of PPX, PPY and PPZ and an almost complete sequence of PPV are presented. In the catalytic domain PPV

and PPX are more similar to PP2A (57-69% identity) than PP1 (45 49% identity), while PPY and PPZ are more similar to PP1 (66-68% identity)

than PP2A (44% identity). The cDNA for PP2By, encodes a novel Ca?* /calmodulin-dependent protein phosphatase only 62% identical to PP2B
in the catalytic domain. Approaches for determining the cellular functions of these protein phosphatases are discussed.

Protein phosphorylation: Gene family; Evolutionary conservation; Cellular regulation

1. INTRODUCTION

A large number of proteins in mammalian cells con-
tain covalently bound phosphate. While in many cases
the functional significance of this modification is
unclear, it is nevertheless now obvious that the
phosphorylation of proteins is the major general
mechanism for the control of cellular functions in
cukaryotic cells (reviewed in [1,2]). The steady state
level of phosphorylation of any protein depends on the
relative activities of protein kinases and phosphatases,
but far more attention has been lavished on the former
class of enzymes. It has been suggested that ‘1001 pro-
tein kinases’ may exist [3] and several of these are
known to be regulated by second messengers such as
cyclic AMP (cyclic AMP-dependent protein kinase),
cyclic GMP (cyclic GMP-dependent protein kinase),
Ca’?” (calcium/calmodulin-dependent protein kinases)
and diacylglycerol (protein kinase C).

2. IDENTIFICATION OF FOUR TYPES OF PRO-
TEIN SERINE/THREONINE PHOSPHATASES

In contrast to the protein kinases, our understanding
of the protein phosphatase involved in cellular regula-
tion and the mechanisms that control their activities has
developed more recently. Four major types of protein
serine/threonine phosphatase catalytic subunits have
been identified in eukaryotic cells by the techniques of
protein chemistry and enzymology and termed protein
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phosphatases 1, 2A, 2B and 2C (PP1, PP2A, PP2B and
PP2C). They can be distinguished by their action on
phosphorylase kinase and by their sensitivity to certain
activators and inhibitors. PP1 is potently inhibited by
the thermostable protein inhibitors 1 and 2 and
dephosphorylates the 3 subunit of phosphorylase
kinase specifically, whereas type 2 protein phosphatases
are unaffected by the inhibitor proteins and
dephosphorylate the « subunit of phosphorylase kinase
preferentially [4,5]. The three type 2 protein
phosphatases can be distinguished in a number of ways,
but most effectively by their requirement for divalent
cations and their response to the tumour promoter
okadaic acid [6-8] and liver toxin termed microcystin
LR [9]. PP2A does not have an absolute requirement
for divalent cations, whereas PP2B is a
Ca’™ -dependent, calmodulin stimulated enzyme and
PP2C is dependent on Mg” * [4,5]. PP2A is inhibited by
subnanomolar concentrations of okadaic acid and
microcystin, whereas PP2B is over 1000-fold less sen-
sitive and PP2C is resistant to these toxins [6-9]. PP1is
also extremely sensitive to okadaic acid and micro-
cystin, although the K values are higher than those
observed with PP2A [6-9].

PP1 and PP2A are known to dephosphorylate many
proteins in vitro and are likely to have pleiotropic ac-
tions in vivo. For example, PP1 is involved in the con-
trol of glycogen metabolism [5], muscle contractility
[5]1, and chromosome separation at mitosis (reviewed in
[10]), while PP2A regulates enzymes involved in
glycolysis, lipid metabolism and catecholamine syn-
thesis (reviewed in [8)]) and cdc2 kinase activation at
mitosis [11]. PP2C also dephosphorylates many pro-
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teins in vitro [5] but, in contrast to PPl and PP2A,
none of its physiological roles are defined. The
specificity of PP2B is much more restricted than PPI1,
PP2A and PP2C, and the most effective substrates so
far identified are proteins that regulate other protein
kinases and phosphatases [12].

The catalytic subunits of PP1 and PP2A are com-
plexed to other proteins in vivo that are believed to play
important roles in determining the subcellular location,
specificity and regulatory behaviour of these enzymes
(reviewed in [5,10]). The catalytic subunit of PP2B is
complexed to a Ca®* binding protein related in struc-
ture to calmodulin, and also interacts with calmodulin
itself in the presence of Ca’* (reviewed in [12]). In con-
trast, the catalytic subunit of PP2C is not known to in-
teract with other proteins [5].
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3. STRUCTURAL RELATIONSHIPS BETWEEN
PROTEIN PHOSPHATASE CATALYTIC
SUBUNITS

The structures of PP1, PP2A, PP2B and PP2C have
been elucidated by ¢cDNA cloning (reviewed in [10,13]).
These studies have revealed that mammalian PP1 (~37
kDa) and PP2A (36 kDa) are about 50% identical in
amino acid sequence in the catalytic domain comprising
amino acids 29-299 of PP« (Fig. 1). PP2B is a member
of the same gene family, its catalytic domain being
~40% identical to PP1 and PP2A. It also possesses a
long C-terminal extension containing regions that in-
teract with the Ca’~ binding protein and with
calmodulin, as well as a domain for suppressing activity
in the absence of Ca’* and calmodulin (reviewed in

PPl MSDSEXKLNLDSII|GRLLEVQGE-RPGKNVQTITENE[TIRGL C 39
PPZ MQSSGNKNAPKKFKRKPIDIDET|I/QKLLDAGYAAKRTI KNV CILIKNNE|IILQIC 50
PPY MAVLTTHE[I|IDCIIKELTG$~-~LNGSECT|LKEETLIERLTI 35
PPV *!’E‘!KY;&BN@LKKLC
PPX MAEISDLDRQIEQLLRICIEL I KIE|SE VIKIAIL C] 29
PPZAQ MDEKVFTEKELDQWIEQLUWE|CIK QL S{E|]SQVIK|S|L C] 32
PPLC LXSRE|ZFLsSIOPIZI[LLE L] AlPjL k[T]C{G DJIME G Q| ¥Y[D L & RIL[FIEY G|{G F P P|ES|N ¥ = F] 89
33 I KARE|ZF LS|QP|S|LLEL|SP|PIVKI[I|V|[GD|Y|HGOQ[YGIDLLR|LIFITXCleGF P P{SAINY L F| 100
PPY QO TRE|VIKWQPIMILLETLIQAPIVNIZJc|GgD|I{HG QIF TpLLrlI(FIKaC|IGFPPIKAINY L F| 85
PPV EMvcp(I EjLEEjTNILe[V]sTfP vT Ve GDII[HGQ FlY[D L]E QT F R|T[G Glo viF]a[T N ¥]1[F]
PPX AKAREILVE’E§N2QRVDSPVTVCGD_{HGQFYDLK;LFRVGGKDVPETNYL‘E' 73
PP2AX EKAKXKE[IL|TXK[E|SIN|]VQEIVIRC{P VTV CGDIVIEG Q FIH{D LIM E{L F R|T(G G|K s{eipiT N v|LlF] 82
rria LGDYVDRGEKQSLETICILLILA[Y RII[K Y PIEfNFFT LLRGNHECASINRI[YGF ¥ 5 8] 139
PPZ LGDYVDRGKQSLETIILILLIFCIYR|I|KYPIEINFFLLRGNHECRAINYTRUVIYGFYDE] 150
PRY LGDYVDRGKQSLETICILLIFAYR|VIKYPILINFELLRGNHEGC CAMISINEKIWKGEYDE] 135
PRV M G DIE[V DR G|Y[¥ SILE T|F T R|LJL T[T K|A{R ¥]p SR I TIL LR G N 2 2]T R Q L T K[V ¥ G FIE[BE
PPX MGDEVDRGEYsyETIFLLL;ALKVRyPDRITLLRGNH:ﬁagxT\QV\:GHXDE 129
PP2AG MGDXVDRGXYSZETVTLLQALKVRYRERIT;L‘RGNH:S‘RQITIQVYGFSZDE 132
PRI CKRRYwN;g;?xrFTD;CFNCL?;AA;WDEKIFCCHGGLSP;DTQSgEQE}RR 188
PPz CKRRC*NLE;VIKTE’ID‘TE‘NTLPLAA}VAGKIFCVHGGLSP'V’L'NS@DEI,RI& 199
PPY IKRRHM’l."\_/g_:_._&tHNFT__D_‘CFNWLPXAALVGERIFCCHGGLSPJSLLJRN;QQINH 184
PPV CE‘SKYGNANGWKY{CCK\_/FDLLTLAALI_DEE\_{LC!HGGLS?]ET’I{‘T'JDQIR‘T
PPX 'CLRKYGSVTVWBY‘CTELFDYLSLSAIIDGK;E‘CZHGGLSP:’SI[QtTLDQIRtT 179
PP2AM CIL RIK Y GIN A N v{WiK(YIF T D LiF DiY|LiP L T(AIL ¥IDIG Q I FICILIH G G L s 2fsixjolT & DiH{I ®{a :82
PP1C IMRPTDYPDQ—G—H__.LCDLLW_&—D?PDKDVQGWSGE}?;Q(RGVS~§T::GAE’»«'EAKE‘LfHK 238
PRz ZVRPTD\{Ple‘GiL_;NDLLW§DPTDSPNEWKEDNE‘RGVS{;C}:NK"A;NK;FL:NK 249
PPY I10oRP TO{IP DiE|GII M CID L LWA|IDJLNH T T KGW|GHMNMPBIR GV SIFTEZDKY ZYRD|IFLIKA 234
PPV IO RN GIE|L[PlY K[GIA *[C D LI¥Y[WS D PIE[DIME - YWG|Q[S FRGAGWL[F GJHNV T KD[FIMA I
PPX 1|D RIK QIEJV|PIH DIG|P M|C D LyLIW S D PIE[D|T T - G|W G|V|S P R GAG|YLIF G50V VACQ|FiNaAA 228
PP2AL LD RIL QEjVIPIH =i{G]P M{C D L|L|W S D PIDIDIR G - GIW GIT[$ PR GAGIYTIFEGIQDISETE/NHA 231
PPLQ HDLDL;CRAHQVVSDGYEFFAKWQL\’T;FSAPNYCG:EFQWAE}QB_&MSVDET 288
PPZ FGFDILIVCRAHMVVEDGYEFFINDR|S|ILVTIYIFSAPNYCG|EFDINWGAVIMSVIsEG 299
PPY FDLQLgVRAszsvaOGYEFFlAN{ngLvrgssApNYCG‘MMng_AegzMSVSTD 284
PEV NINLUNLICRAHRHQLVINIEGII KYMFDGRLUYITIVWSAPNYCYRCGOHNVIAAIILSFETA
PPX NDIDMICIRAHQLVIMEG|YKWHFNETVYL|TIVHW|[SAPNYCYRCGUN|VIAAIILELDEH 278
PP2AC NIGLTLYSRAHQULUVIMEGIYNWCHDRNY V[TJIF{SAPNYCYRCGUN[QIAAIIMELDD T 281
PPlO LIMICSFIQILK(PIADKNKGKYGQFSGLNPGGRPITPPRNSAKAIKEK 330
PP2 LILCSFPRLLDPLDSAAMLEKQVMKRKGRQERKLANQOQQOMMETSITNDYNESOQOQ 348
BPY LIICSFVIILPICEKYKMIATDANOQMYP TNEEE 314
PRV EXKRQTXI[FILAVEIDAERVIPXKQNTT - P[¥ F L

rPY LOEKDFIIFIEAAIPIQETRGIPSKEKPUV DiY F L 307
PP2AC LEKYSFLQIE|JDP AlPIRRGEPHVTRRTP -~ DY F L 309

Fig. 1. Comparison of the amino acid sequences of protein serine/threonine phosphatases related to PP1 and PP2A. PPY and PPZ are compared

with PP1, while PPX and PPV are compared with PP2A. Identities are boxed and the most conservative replacements are underlined. The se-

quences of PPla and PP2A« are derived from rabbit cDNA libraries [21,31]. ¢cDNA encoding PPX and PPZ were obtained from rabbit liver and

brain respectively, while cDNA for PPY and PPV were from Drosophiia libraries. PPZ may possess the sequence MENVNDKNNNITDSKKDP-
NEEFNDI N-terminal to the initiating methionine presented in the figure.
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[10,14]). In contrast, PP2C (~42 kDa) is completely
unrelated in structure [15}, The protein serine/threo-
nine phosphatases therefore comprise two distinct gene
families.

The structures of both PP and PP2A have remained
remarkably constant through evolution and may be the
most conserved of all known enzymes [14]. The amino
acid sequences of PP1 from mammals and Drosophila
show greater than 90% overall identity, while mam-
malian PP1 is over 80% identical to the corresponding
enzymes in yeast and Aspergillus (reviewed in [10]).
Similar observations have been made with PP2A [131.

At least two isoforms of PPl, PP2A, PP2B and
PP2C are present in mammalian tissues that are the
products of distinct genes. The isoforms of PP1 (PPle,
PP13) show ~95% identity in the catalytic domain, the
isoforms of PP2A (PP2A«, PP2A3) ~98% identity,
and the isoforms of PP2B (PP2B«, PP2B3) 89% iden-
tity in the same region [16]. In Drosophila, three genes
encoding isoforms of PP1 have been identified, two of
which (PPlo; and PPla;) are extremely similar to
mammalian PPla (>94% identity in the catalytic do-
main), the third PP13 being extremely similar to mam-
malian PPIB(>94% identity) ([17], Dombradi et al.,
submitted).

4. NOVEL PROTEIN SERINE/THREONINE
PHOSPHATASE

In 1988, this laboratory reported the isolation of a
¢DNA from a rabbit liver library encoding part of the
catalytic domain of a protein serine/threonine
phosphatase related to, but distinct from, PPl and
PP2A. This putative phosphatase, termed PPX, show-
ed more amino acid sequence identities with PP2A than
PP1 [18]. However, PPX was not the hepatic form of
PP2A, since both PP2A isoforms (PP2A« and PP2AS)
are expressed in liver, as well as in other tissues. PPX
therefore appears to represent a novel phosphatase not
previously recognised by the techniques of protein
chemistry and enzymology. Fig. 1 shows the entire
amino acid sequence of PPX, which has recently been
obtained by sequencing a clone obtained from a dif-
ferent rabbit liver cDNA library. The complete amino
acid sequence of PPX shows that it is 49% identical to
PP1 and 69% identical to PP2A in the catalytic do-
main,

Last vear our laboratory described a further cDNA
clone isolated from a Drosophila head library, which
encoded the complete amino acid sequence of a protein
serine/threonine phosphatase, termed PPY, which in
contrast to PPX was more similar to PP1 (66% identity
in the catalytic domain) than PP2A (44% identity) [19].
This enzyme was not Drosophila PP1 since, as discus-
sed above, all three isoforms of Drosophila PP1 are
>94% identical to their mammalian equivalents in the
same regions.
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We now report the identification of cDNA clones en-
coding further novel protein serine/threonine
phosphatases. The structure of an enzyme termed pro-
tein phosphatase Z (PPZ) was deduced from a full
length ¢cDNA isolated from a rabbit brain library, and
the amino acid sequence is shown in Fig. 1. Like PPY,
this enzyme is more similar to PP1 (68% identity} than
PP2A (44% identity), but it is not the mammalian
homologue of PPY, nor is it the brain isoform of PPI,
since PP, cloned from both skeletal muscle and liver,
is also present in brain as judged by Northern blotting
[20,21].

Interestingly, our laboratory has isolated a further
clone from the same rabbit brain library that encodes
part of an enzyme that is 94% identical in amino acid
sequence to PPZ, yet is the product of a distinct gene
(E.F. da Cruz e Silva and P.T.W. Cohen, unpublished
work). This demonstrates that at least two isoforms of
PPZ (PPZ«, PPZJ3) are present in mammalian brain.

Had we realised that so many novel protein
phosphatases were present in ecukaryotic tissues we
would have called the first one PPA and not PPX! The
identification of yet further enzymes therefore
necessitated going backwards through the alphabet. A
¢DNA was isolated from the rabbit brain library that
encoded a putative Ca®* /calmodulin-dependent pro-
tein phosphatase, PP2B., whose catalytic domain is on-
ly 62% identical to the other isoforms of PP2B
(PP2B«, PP2Bp) [22], and is therefore likely to possess
a distinct substrate specificity.

We have also recently isolated a ¢cDNA from the
Drosophila head library (D.J. Mann, V. Dombréadi and
P.T.W. Cohen, unpublished results) comprising nearly
all the coding region of an enzyme termed PPV which
is more similar to PP2A (57% identity) than PP1 (45%
identity) (Fig. 1). PPV is not the Drosophila homologue
of PPX.

Comparison of these novel protein phosphatase
structures with PP1 and PP2A (Fig. 1) shows that PP1,
PPZ and PPY comprise one subfamily, while PP2A,
PPX and PPV form another. Regions likely to be
responsible for catalytic activity (amino acids 63-67,
90-97 and 121-126 of PP1 «), which were identified by
comparison with the bacteriophage protein phospha-
tase ORF221 [23], are conserved in the novel protein
phosphatases. The structural relationships between the
phosphatases in the PP1/PP2A/PP2B gene family are
depicted in Fig. 2.

The identification of five new members of the
PP1/PP2A/PP2B family raises the question of why
these phosphatases have not been isolated as enzymes.
Several obvious possibilities spring to mind. Firstly,
they might be present at very low levels in tissues, or
have a specialised cellular or subcellular location.
Secondly, it is possible that they are complexed to in-
hibitory subunits in tissue extracts, thereby preventing
detection of their activity. Thirdly, they might have
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Fig. 2. Structural relationships between enzymes of the protein phosphatase 1/2A/2B family. In order io construct the diagram, identities in the
catalytic domain (amino acids 29-299 of rabbit PP 1« (Fig. 1) and the corresponding regions of the other protein phosphatases) were obtained from
pairwise comparisons and the percent differences calculated. The branch lengths are proportional to the percent differences. Sequences used were
PP1 ([17,21] and unpublished data). PP2A [32}], PP2B [16,32], PPY [19], SIT 4 [33], PP2B. [22], ORF 221 [23], and PPV, PPX and PPZ (present

restricted substrate specificities and dephosphorylate
very poorly the substrates normally used to assay PP1
and PP2A. We are currently using a number of ap-
proaches to elucidate the substrate specificities and
physiological roles of PPV, PP2B., PPX, PPY and
PPZ. The cDNA clones are being expressed in the insect
baculovirus system that has already been used to ex-
press PPla at high levels [24], This will enable their en-
zymatic properties to be compared to PP1, PP2A and
PP2B, and allow the production of polyclonal an-
tibodies, which can be used, in conjunction with Nor-
thern blotting experiments and in situ cDNA hybridisa-
tion techniques, to elucidate the tissue and subcellular
locations of the phosphatases. In addition, work to
isolate each of these ¢cDNAs in both Drosophila and
yeast is in progress. This will allow the genes to be
disrupted and the effect of such gene deletions on
phenotype to be examined. The techniques introduced
recently by Ballinger and Benzer [25] and Kaiser and
Goodwin [26] may facilitate such experiments in
Drosophila. An important role for PPl in allowing
chromosome separation at mitosis has recently been
identified by the analysis of mutant Drosophila lacking
this enzyme (Axton et al., submitted; Dombradi et al.,
submitted). Isolation of homologous human cDNAs
will allow the phosphatase genes to be mapped within
the human genome and studied for segregation with
human diseases. This has only been performed so far
with PPla [27].

Fifteen genes encoding protein serine/threonine
phosphatase catalytic subunits have now been identified
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from their ¢cDNA sequences in eukaryotes and one fur-
ther protein phosphatase genc in the bacteriophage
genome [23]. These probably do not include the
mitochondrial enzymes that dephosphorylate the
pyruvate dehydrogenase complex and branched chain
keto acid dehydrogenase complex [28]. Furthermore a
number of protein tyrosine phosphatases have recently
been recognised [29,30]. However, although the
number of protein phosphatases in cells is increasing
rapidly, at the present time it seems unlikely that the
target of ‘1001’ catalytic subunits predicted for protein
kinases [3] will be reached for protein phosphatases.
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