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A cDNA encoding a novel protein phosphatase catalytic subunit {protein phosphatase X) has been isolated from a rabbit

liver library. 1t codes for a protein having 45% and 65% aminc acid sequence identity, respectively, to the catalytic subunits

of protein phosphatase 1 and protein phosphatase 2A from skeletal muscle. The enzyme is neither the hepatic form of

protein phosphatase 1 or 2A, nor is it protein phosphatase 2B or 2C. The possible identity of protein phosphatase X
is discussed.
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1. INTRODUCTION

A wide variety of cellular functions are controll-
ed by changes in the phosphorylation states of in-
tracellular proteins. At any instant, the level of
phosphorylation of a protein represents a steady
state determined by the relative activities of protein
kinases and protein phosphatases. Four types of
serine/threonine-specific protein phosphatase have
been identified in mammalian tissues by protein
chemical and enzymatic criteria and termed pro-
tein phosphatases 1, 2A, 2B and 2C [1]. The amino
acid sequences of two forms of protein
phosphatase 1 [2,3] and two forms of protein
phopshatase 2A [4-9] have recently been
elucidated by ¢cDNA cloning. The two species of
protein phosphatase 1 (1, and 1g) only differ at
their extreme N-termini and appear to be generated
by alternative splicing or differential transcription
of the mRNA from a single gene. The two forms
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of protein phosphatase 2A (2A, and 2A,) are 97%
identical, and of the eight amino acid differences,
seven are located within 30 residues of the N-
terminus. However, there are approximately 130
nucleotide differences spread throughout the
coding region and the 3'-non-translated regions
show no homology. These results together with
Southern blotting of the genomic DNA
demonstrate that protein phosphatases 2A, and
2Ap are distinct gene products [5,7,8,10].

We have recently screened liver and brain
libraries with c¢DNA coding for protein
phosphatase 1 in order to examine whether the
hepatic and neuronal forms of this enzyme are
identical or distinct from those in skeletal muscle.
During these studies we isolated a cDNA clone
coding for a hepatic protein phosphatase catalytic
subunit homologous, yet distinct, from protein
phosphatases 1 and 2A. The sequence of this clone
is presented in this paper and its possible role is
discussed.

2. MATERIALS AND METHODS

2.1. Construction of @ ¢cDNA library from rabbit liver
Total RNA was isolated from the livers of 14-day-old rabbits
by phenol extraction as described previously {11]. Poly(A)*
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RNA was selected by oligo(dT) chromatography [12] and used
as a template with a ¢cDNA synthesis system (Amersham Inter-
national, Bucks, England). After addition of EcoRI linkers,
and size fractionation on Sepharose CL-4B to remove
fragments smaller than 500 base pairs, the cDNA was ligated in-
to the EcoRlI site of phage Agt10, packaged in vitro and used to
infect E. cofi C600Hf1 [13]. The resuitant library contained 3.3
x 10° independent clones and was used without amplification.

2.2. Screening of the cDNA library

Screening of the liver ¢cDNA library was performed on
duplicate nitroceflulose filters. Prehybridisation was carried out
in 0.75 M NaCl/5 mM EDTA/0.05 M sodium phosphate, pH
7.4/0.1% polyvinylpyrrolidone/0.1% Ficoll/0.1% bovine
serum albumin/0.5% SDS and 100 zg/ml denatured herring
sperm DNA at 60°C for 2 h. Hybridisation was performed
under the same conditions for 18 h with the addition of 10¢ cpm
of the appropriate cDNA probe, labelled by random hex-
anucleotide priming [14]. Filters were washed in 0.3 M
NaCl/0.03 M sodium citrate/0.1% SDS, pH 7.0, at 60°C.
Isolation of positive clones and purification of their DNA were
carried out as in [11].

2.3. Subcloning and sequencing

cDNA inserts of clones that were positive with the protein
phosphatase 1 or 2A probes were subcloned into the EcoRI site
of Bluescript pKS-M13* (Stratagene Cloning Systems, San
Diego, USA). DNA sequencing was performed directly on the
double-stranded plasmid DNA using the did¢oxy chain termina-
tion procedure [15], [a-"S]dATPaS and Bluescript or
oligonucleotide primers. In addition, restriction fragments were
removed and the religated truncated recombinants were se-
quenced using Bluescript primers. To overcome ambiguities
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often encountered with GC-rich DNA, most reactions were also
performed in the presence of 7-deaza-2’'-dGTP [16].

3. RESULTS

3.1. Screening of the liver cDNA fibrary

Screening of 6 x 10* recombinants of the rabbit
liver ¢DNA library yielded one clone that was
positive with the 2.5 kb full-length cDNA probe
for skeletal muscle protein phosphatase 2A, [4]
and two that were positive with the 1.5 kb full-
length ¢cDNA probe for skeletal muscle protein
phosphatase 15 [2]. Restriction digests of the
recombinant phage DNA indicated that the insert
size of the former was 1.4 kb, while those of the
latter two were both 1.0 kb.

3.2. Sequence analysis of cDNA coding for
protein phosphatase 2A8

Sequence analysis of the insert, which hybridised
to the phosphatase 2A probe, showed that it en-
coded protein phosphatase 2As. All 718 coding
nucleotides (encoding amino acids 73—309) were
identical with those reported in [5] for skeletal
muscle phosphatase 2A; with the exception of the
third base specifying amino acid 267, which was T
in liver and C in muscle. The 3'-non-coding region

CTCCTGGGAAACCTGCCTTTCTTTGTGGAAGTATACCTGGCTTTTTAAAATATATATATATATATATTTA 70

AMAGCAAACAAAGCAACAGTAATCTATGTGTTTCTGTAACARATTGGGATCTGTCTTGGCATTAAACCAC 140

ATCATGGACCARAATGTGCCATACTAATGATGAGCATTTAGCACAATTTGAGACTGAAATTTAGTACACT 210

ATGTTCTAGATTGGTCAGTCTAACAGTTTGCCTGCTGTATTTGTAGTAACCATTTTCCTCTGGACTGTTC 280

AAGCAAAAAAAARAGGTAACTAATTIGTTCCATCTCCTTTTGCGCTTATTTGGAAATTTAGTTATAGTGT 350

TTAACTGGCATGGATTARTAGAGTTGGAGTTTTATTTITTAAAATATTCACAAGCTARCATCCARTTARC 420

CCATTACCCTTTATTTTATTGAAATGTGTAATTAACTTAACTGAAGAAAGTCTTCTTGGGAGTATGTTGT 490

CATAACATTTAAAGAARTTTTCCTTTCATTTAAGCTAAATTACTGTTTTATGTTGATCTGCATATTTCTG 560

TATATTTGTCACAACAATGCTIGCATCCTATTIGGTGTACTGAGCAAATAAACTTTCCATTTTAAACAAA 630

AARARAR

637

Fig.1. Nucleotide sequence of the 3’-non-coding region of the ¢cDNA for liver protein phosphatase 2A8.
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of the liver clone is shown in fig.1. The skeletal
muscle counterpart (not shown) differed in the
deletion of TA between based 55 and 61 and the
addition of TT after base 470, These minor dif-
ferences between the muscle and liver clones may
be due to allelic variation.

3.3. Sequence analysis of ¢cDNA coding for a
novel protein phosphatase

The two clones which hybridised to the

phosphatase 1 probe were identical and the

Fig.2. Partial restriction map and strategy used to sequence the
cDNA coding for protein phosphatase X. The letters B, S and
P mark the sites for the cleavage by restriction enzymes BerHI,
Sacll and Psrl, respectively. The scale indicates the nucleotide
position from the 5’-end of the cDNA. The arrows show the
direction and length of the DNA sequences obtained. Sequences
were initiated with Bluescript primers for the intact insert (s)
and restriction fragments (©) or with specific oligonucleotide
primers (l).
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strategy adopted for their sequencing is illustraied
in fig.2. The nucleotide and deduced amino acid
sequences are shown in fig.3. The clones encode
the ceniral and C-terminal sections of a novel pro-
tein phosphatase, termed protein phosphatase X,
which is only 45% identical to protein phosphatase
1, or 15 (60% homologous if conservative substitu-
tions are included) and 65% identical to protein
phosphatase 2A, or 2Az; (78% homologous)
(fig.4). At the nucleotide level the identity of pro-
tein phosphatase X with phosphatases 1 and 2A is
57 and 60%, respectively, in the coding region.
The 3’-non-coding region of protein phosphatase
X was not homologous to those of protein
phosphatases 1 or 2A.

4. DISCUSSION

In this paper we have sequenced a cDNA clone
that codes for a protein phosphatase (protein
phosphatase X) that is homologous to the catalytic
subunits of protein phosphatase 1 and protein
phosphatase 2A. The finding that protein
phosphatase X is only 45% identical to protein
phosphatase 1 suggess that it is most unlikely to
represent the hepatic form of this enzyme. The re-

CCTGACCGCATCACTCTGATCCGGGGCARC CACGAGAGCCGGCAGATCACCCAGGTCTAC GGCTTCTACGATGAGTGCCTGCGCARGTAL 90
P DRITUILTIRUGN HEJSRZQTITOQVWVY GF ¥DETCILURIEKY 30

GGCTCGGTGACCGTGTGGCECTACTGCACC GAGATCTTCGACTACCTCAGCCTGTCGGCC ATCATCGACGGCAAGATCTTCTGCGTGCAC 180
G S VT VWZRYCCT EI FDYTLSLSA IIDGIE KTIZPUGCVH 60

GGGEGCCTCTCCCCCTCCATCCAGACGCTG GACCAGATCAGGACGATTGACCGGAMGCAR GAGGTGCCGCACGACGGCCCCATGTGCGAL 270
G 6L S P 8$ I QTL DQTIURTTIDU RIEKUGQEVYVYU?PHTDSGU?PMTCTD 8%

CTCCTCTGGTCGGATCCCGARGACACARCA, GGCPGGGECETEAGTCCCCGCEEEGCCEEE TACCTTTTTCGCAGTGATGTGGTGGCTCAG 360
L L WSsSDUPEDTT GWOGV S PRGAG YLPF G SDVV A QO 120

TTCARCGCGGCCAACGACATTGACATGATC TGCCGCGCCCACCARCTGGTGATGGAGGET TACAACTGCGCATTTCARCGAGACGGTGCTC 450
F NAANDTIDMMTI CRAHQQLUVMETG Y KEWSAHFDNETV L 150

ACCGTIGTGGTICGGCGCCCARCTACTGCTAC CGCTGTGGGAATGTGGCAGCCATCCTGEAS CTGGACGAGCATCTGCAGAAGGACTTCATC 540
T VW S AP NVY CY RCGNUYVYAATIULE LDEUZHTUILUGQI KT DTV F I 180

ATCTTCGAGGCCGCTCCCOAGRAGACCCGG GGCATCCCCTCCAAGAAGCCCETGGCCGAC TACTTCCTGTGACCCOGGCCCGCGGACCAL 630
I FEARAPQETR G I P S8 KI KUZPVAD YFTL * 203

TETGACTCTECCCTCTTCC CCAGGTGRAGGC TEGGCAAGGGEEEECGCCCAGCTCTGCTCCCCCCACCCCGRAGGGLGCTCGGAGGGCGAGGA 722
CTTCGTGGAGAGGTTGGAGCCTAGCGCCACGCTCCCTCTICTTCTCCCCACT TGARCCATGAAGTTCCCAGTAATTITT TIGTITTCTTTTTIT 814

TCCTTTTTTTTTT T T TTGETTGGTTITTAGATARBCGTTTTGAGGT (A) ~98 ~958

Fig.3. The cDNA and translated protein sequence of protein phosphatase X.
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PP-1 FENE‘FERGH HE|lc A S[IINR I[Y GF ¥ D E C|K[R[R[Y
PP-2A PERITIILIRGN HESRQITOVY GFYDECLREKY
PP-X _IL_QRIT@_{RGN HESRQITQVY GFYDECLREKY
pP-1 NIKL-[WlgTF pclFly cltle 1 A[&a _I]v[Ple[k T F c|c([r
PP-2A G|[N A N gr DL plLlz|a [L ¥|p 6[e]1 F c|L|H
PP-X Gls v T Rl¥jc EI slt]s|a_T)I[D 6 X I F c|V|H
pP-1 GGLSP|D 3 M E T R|R[I]M[R|Pp * D[V FlD Q[G|L L[C D
PP-2A GGLSPSI D|HE]I R|A LD R|L[Q EVPH|E|GP M CD
PP-X GGLSPSI bl 1 RIT(X D R|XK|0 EVP H|D[cPMCD
pPP-1 LLWSDEP|DK[D|]v QG W GJEND[R G|V_S F T[F G|a E[V V_3a
PP-2A LLWSDEPID[FD|R G[GWG|I[SPRGRA G!TFGQ_;_SE
PP-X L LWSDEP|E|-D|T T|IGW G|V|SPRGA G Y|L|F 6|sS|D|VV &
PP-1 K[F[L B kK B[D]L1DJL [TCRA B Q¥[VIEDR [GY|[EFFAKRQL
PP-2A TIFNR[AN[GLTL VS|JRAHQLVME G Y|N cag_RN
PP-X Q|F Njala N[D|I[D]M RAHQLVME GYKWHFNET|V
pp-1 vz r{sAPNYC |cEF DIN|a G[A]M M s y¥[D E| T[T]M C
PP-2A Y|[T]IFlsaPpNYC YRCGN|Q[AAT|M [E L DD T|L|K ¥
PP-X LIZJYW[SAPNYC YRCGN|VAAIIL|ELDEHL|IQKD
PP-1 o[ff. x PRAID KN K-B]K YG QLS QLN PGGR
PP-2A L _DPAPRRG-EPHVT_}.}RTP*
PP-X I EAAP/IQOETR[GI PSKKPVAID YFL|*

309

Fig.4. Comparison of the amino acid sequence of protein phosphatase X to those of protein phosphatase 1 and protein phosphatase

2A. Identical residues are boxed and conservative replacements are underlined. Protcin phosphatase 1, and ls are identical in this

region. The numbering system is that of protein phosphatase 2A;. Protein phosphatase 2A, differs from 2Az in this section by
replacement of R for P at position 108.

cent isolation of cDNA coding for the calmodulin-
regulated protein phosphatase (phosphatase 2B)
has shown that protein phosphatase X is not this
enzyme ([17] and Kiee, C.B., personal communica-
tion). Similarly, phosphatase X is not protein
phosphatase 2C because peptide sequences of the
latter totalling 250 residues (=65% of the se-
quence) have failed to reveal any homology with
protein phosphatases 1 and 2A [18].

Since the clone coding for protein phosphatase
X was isolated from a liver cDNA library, it could
be argued that it is the hepatic form of protein
phosphatase 2A, but this is not the case, since the
two isoforms of phosphatase 2A (2A., and 2Ag)
present in rabbit skeletal muscle and pig kidney
epithelial cells are also present in liver. A clone

coding for phosphatase 2Az was isolated from the
rabbit liver library in the present work, while a
phosphatase 2A.,, clone has been isolated from a rat
liver library [9]. ¢cDNA clones for phosphatases
2A, and 2A; were also both found in a human liver
library [8].

Protein phosphatase X is, nevertheless, most
closely related to protein phosphatase 2A. The se-
quence terminates at exactly the same position as
phosphatase 2A,, and 2Ag4, and has a single amino
acid insertion and a single deletion at the two posi-
tions where protein phosphatases 2A, and 2Ag
have deletions and insertions with respect to pro-
tein phosphatase 1 (fig.4). However, it should also
be noted that protein phosphatase X has an amino
acid addition with respect to both protein
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phosphatases 1 and 2A near the C-terminus.
Several high molecular mass forms of protein
phosphatase 2A have been isolated from mam-
malian tissues in which the catalytic subunits are
complexed to other proteins. In the case of three of
these forms, termed 2ZAg, 2A; and 2A;, peptide
mapping and immunological studies have in-
dicated that the catalytic subunits are very similar
or identical to 2A,/2A5 [19] (which would not be
distinguishable by these criteria). However, the
catalytic subunits of other phosphatase 2A-like en-
zymes have not yet been subjected to structural
analysis. Protein phosphatase X may therefore
represent the catalytic subunit of one of these en-
zymes, such as ‘polycation-stimulated protein
phosphatase M’ [20], or enzymes detected in nuclei
{21] and mitochondria [22] that were classified as
type-2A phosphatases. We are currently attemp-
ting to answer these questions by raising an an-
tipeptide antibody specific for protein phosphatase
X.

Acknowledgements: This work was suppoerted by grants from
the Wellcome Trust and by Group Support from the Medical
Research Council, London (to P.T.W.C.) and by a grant from
the Roval Society to Professor Philip Cohen. We thank Mr
Alastair [.LH. Murchie for the synthesis of oligonucleotide
primers.

REFERENCES

(1] Cohen, P. (1988) Proc. Roy. Soc. B234, 115144,

[2] Berndt, N., Campbell, D.G., Caudwell, F.B., Cohen, P.,
Da Cruz ¢ Silva, E.F., Da Cruz ¢ Silva, O.B. and Cohen,
P.T.W. (1987) FEBS Lett. 223, 340--346.

110

FEBS LETTERS

December 1988

[3] Cohen, P.T.W. (1988) FEBS Lett. 232, 17-23.

[4] Da Cruz e Silva, O.B., Alemany, S., Campbell, D.G. and
Cohen, P.T.W. (1987) FEBS Lett. 221, 415-422.

[5] Da Cruz e Silva, 0.B. and Cohen, P.T.W. (1987) FEBS
Lett. 226, 176—178.

[6] Green, D.D., Yang, S. and Mumby, M.C. (1987) Proc.
Natl. Acad. Sci. USA 84, 48804884

[7} Stone, S.R., Hofsteenge, J. and Hemmings, B.A. (1987)
Biochemistry 26, 7215—7220.

[8) Arino, J., Woon, C.W., Brautigan, D.L., Miller, T.B.
and Johnson, G.L. (1988) Proc. Natl. Acad. Sci. USA 85,
4252--4256.

[9] Kitagawa, Y., Tahira, T., lkeda, [., Kikuchi, K., Tsuiki,
S., Sugimura, T. and Nagao, M. (1988) Biochim. Bio-
phys. Acta 951, 123129,

{10) Da Cruz e Silva, O.B. and Cohen, P.T.W. (1989
Biochem. Soc. Trans. 17, 196-197.

{11] Da Cruz e Silva, E.F. and Cohen, P.T.W. (1987) FEBS
Lett. 220, 36—-42.

[12} Aviv, H. and Leder, P. (1972) Proc. Natl. Acad. Sci. USA
69, 14081412,

{13} Huyrh, T.V., Young, R.A. and Davis, R.W. (1985) in:
DNA Cloning, A Practical Approach (Glover, D.M., ed.)
vol.1, pp.49-78, IRL Press, Oxford, England.

[L4] Feinberg, A.P. and Vogelstein, B. (1983) Anal. Biochem.
132, 6—13 and addendum (1984) 137, 266—267.

[15] Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc.
Natl. Acad. Sci. USA 74, 5463—5467.

[16] Mizusawa, S., Nishimura, S. and Seela, F. (1986) Nucleic
Acids Res, 14, 13191324,

[L7] Kincaid, R., Nightingale, M.S. and Martin, B.H. (1988)
Proc. Natl. Acad. Sci. USA, in press.

[18) McGowan, C.H. (1987) PhD Thesis, University of
Dundee.

[19] Tung, H.Y.L., Alemany, S. and Cohen, P. (1985) Eur. J.
Biochem. 148, 253-263.

[20] Waelkens, E., Goris, J. and Merlevede, W. (1987) J. Biol.
Chem. 262, 1049-1059.

[21] Jakes, S., Mellgren, R.L. and Schlender, K.K. (1986) Bio-
chim. Biophys. Acta 888, 135-142,

[22) Damuni, Z. and Reed, L.J. {1987) J. Biol. Chem. 262,
5133-5138.



