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ABSTRACT: Clones coding for the catalytic subunit of one of the major protein phosphatases (type 2A) were
isolated from: a porcine cDNA library. Sequence analysis indicated that two different mRNA species coded
for this enzyme. The deduced amino acid sequences of the two forms (« and 8) of the enzyme were 98%
identical and showed 25% identity with the partial sequence of the rabbit enzyme determined by amino
acid sequencing. The use of specific oligonucleotide probes indicated that the mRNAs coding for the «
and @8 forms were about 2 kilobases in length, present in equal amounts in a porcine cell line (LLC-PK,),
and were the products of two distinct genes. Southern analysis using the coding region of the o phosphatase
c¢DNA as a probe suggested the existence of additional related phosphatase genes.

Rotein phosphorylation plays a central role in the control
of cellular functions. The kinases and phosphatases responsible
for regulating this phosphorylation appear themselves to be
subject to control through the action of hormones and growth
factors (Cohen, 1985; Krebs, 1986). Recent work in the field
of protein phosphorylation has concentrated on the charac-
terization of protein kinases. A complete understanding of
the regulation of cellular processes by protein phosphorylation
will require, however, investigation of the complexity and
regulation of protein phosphatases. Four different forms of
protein phosphatase catalytic subunits capable of dephos-
phorylating phosphoserine and phosphothreonine residues have
been isolated and characterized [reviewed by Ballou and
Fischer (1986)]. These phosphatases have been classified into
two types, depending on their sensitivity to inhibitor and
modulator proteins and substrate specificity (Ingebritsen &
Cohen, 1983). Type 1 protein phosphatase catalytic subunit
is characterized by its sensitivity to two heat-stable inhibitor
proteins. Type 2 protein phosphatase catalytic subunits are
not affected by the same inhibitors and can be subdivided into
three groups, termed 2A, 2B, and 2C, all of which have been
purified to homogeneity and characterized enzymologically
[see Ballou and Fischer (1986)]. The type 2A phosphatase
can be isolated in a number of different forms, which consist
of a catalytic subunit associated with different regulatory
subunits (Ballou & Fischer, 1986).

To investigate the role of protein phosphatases in the reg-
ulation of cellular functions, we have initiated the molecular
cloning of cDNAs coding for these proteins. This paper reports
the molecular cloning of cDNAs coding for two forms of the
catalytic subunit of phosphatase 2A. Sequence and Southern
analysis indicated that these two cDNAs are the products of
separate genes. In addition, over half of the sequence of the
rabbit skeletal muscle phosphatase 2A catalytic subunit was
obtained by peptide sequencing. Comparison of the sequences
for the porcine and rabbit enzymes indicated that the phos-
phatase 2A catalytic subunit is highly conserved between
species, which is consistent with a central regulatory role for
this protein.

EXPERIMENTAL PROCEDURES

Protein Purification. The phosphatase 2A catalytic subunit
was purified as previously described (Tung et al., 1984) except

* Author to whom correspondence should be addressed.

that, following chromatography on Sephadex G-100, the en-
zyme was further purified by ion-exchange chromatography
on a Mono Q column with a gradient of 0~0.5 M NaCl in 25
mM Tris-HCI! buffer, pH 8.0. The fractions containing
protein phosphatase activity, which eluted at about 0.25 M
NaCl, were analyzed by SDS—polyacrylamide gel electro-
phoresis and found to be homogeneous.

Protein Sequence Analysis. The purified phosphatase was
reduced and carboxymethylated, and digests were made with
CNBr, trypsin, and the protease from Staphylococcus aureus
V; as described by Hofsteenge et al. (1983). The digests were
fractionated on C; or C,4 reversed-phase columns by using a
linear gradient of acetonitrile (0-70%) in 0.1% (v/v) tri-
fluoroacetic acid. Amino acid sequence analysis was per-
formed on an Applied Biosystems gas-phase sequencer
(Hewick et al., 1981).

RNA and DNA Isolations. Total RNA from LLC-PK;
cells (Hull et al., 1976) was isolated as described by Chirgwin
et al. (1979), and poly(A)+ RNA was selected by chroma-
tography on oligo(dT)—cellulose (Aviv & Leder, 1972). Ge-
nomic DNA from LLC-PK, cells was isolated by the method
of Blin and Stafford (1976).

¢DNA Cloning. A cDNA library was constructed by using
poly(A)+ RNA isolated from the porcine kidney cell line
LLC-PK;. cDNA was prepared by the method of Gubler and
Hoffman (1983) as described previously (Hemmings et al.,
1986). The library contained 107 recombinants, and about
108 plaques of the amplified library were screened with two
oligonucleotide probes: TTCCANAC(A/G)TTNGC(A/
G)TTNCC(A/G)TA, oligonucleotide 272, and AAGGT-
(T/O)TC(T/C)TTAAT(A/G)TC(T/C)TGGCC, oligo-
nucleotide 273 (see text). Oligonucleotides were end-labeled
with [y-*?P]ATP (>3000 Ci/mmol), and filters were hy-
bridized with both oligonucleotides (2 X 10¢ cpm/mL) in 6
X SSC/2 X Denhardts/0.05% sodium pyrophosphate/0.1%
SDS/100 pg mL™! denaturated herring sperm DNA at 37 °C
for 16 h. The filters were washed at 37 °Cin 3 X SSC/0.1%
SDS for 1 h, followed by a final wash at 42 °C for 15 min
under the same conditions.

Southern and Northern Analysis. For genomic Southern
analysis, DNA was digested with either EcoRl, BamH]I,

! Abbreviations: Tris, tris(hydroxymethyl)aminomethane; SDS, so-
dium dodecyl sulfate; SSC, standard saline citrate; bp, base pair(s); kDa,
kilodalton(s).
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Hindlll, or Bglll. The digested DNA was fractionated on
1% agarose gels and transferred to nitrocellulose as described
by Southern (1975). The nitrocellulose filters were baked,
prehybridized with 6 X SSC/5 X Denhardts/0.5% SDS, and
then hybridized at 60 °C with the 1140-bp EcoRI fragment
of APhos 4 (10° cpm/mL), which had been labeled by the
random priming method of Feinberg and Vogelstein (1984)
to a specific activity of about 10° cpm/ug. The filters were
washed with 2 X SSC/0.1% SDS at 60 °C for 1 h (low
stringency), subjected to autoradiography for 3 days at -70
°C with intensifying screens, and then washed again with 0.5
X SSC/0.1% SDS at 65 °C for 2 h (high stringency) and
autoradiographed as above. For analysis with the specific «
and B probes, the oligonucleotides were end-labeled with [+-
32P]ATP (>3000 Ci/mmol), and hybridization was carried
out at 50 °C in 6 X £ 3C/2 X Denhardts/0.1% SDS/0.05%
sodium pyrophosphat containing 20 ug/mL tRNA and 105
cpm/mL of the probe. After hybridization, the filters were
washed at 55 °C with 1 X SSC/0.1% SDS before exposure.

For Northern analysis, poly(A)+ RNA was fractionated
in formaldehyde/1.0% agarose gels and transferred to nitro-
cellulose filters by using 10 X SSC (Thomas, 1980). After
transfer the filters were baked and prehybridized with 6 X
SSC/2 X Denhardts/0.1% SDS/0.05% sodium pyrophosphate
at 60 °C. Hybridization was carried out as described for
Southern analysis. Filters were washed at 60 °C with 1 X
SSC/0.1% SDS for 1~ 2 h and then subjected to autoradi-
ography.

DNA Sequence Analysis. cDNA fragments were subcloned
into M13mp10 or -11 and sequenced by the dideoxynucleotide
chain termination method (Sanger et al., 1977). All clones
were sequenced on both strands by using specific oligo-
nucleotide primers. For regions with a high content of G and
C residues, 7-deaza-dGTP was used instead of dGTP (Mi-
zusawa et al., 1986).

RESULTS

Partial Amino Acid Sequence of the Rabbit Protein
Phosphatase 24 Catalytic Subunit. The protein phosphatase
2A catalytic subunit isolated from rabbit skeletal muscle, both
in its native form and after reduction and carboxymethylation,
was not susceptible to Edman degradation. Therefore, digests
of the denatured protein were made with trypsin, CNBr, and
S. aureus V8 protease. The resulting peptides were purified
by reversed-phase HPLC and a number were sequenced. Two
peptides, -Y-G-N-A-N-V-W-K- and -G-Q-D-I-K-E-T-F-, were
selected and used to prepare two sets of oligonucleotide probes
23 bases in length. The first (272) was a mixture of 512
sequences containing all possible codons while the second (273)
contained 16 sequences and was based partially on codon
preference (Lathe, 1985). All protein sequence data obtained
are shown in Figure 3.

¢DNA Cloning of the Porcine 24 Catalytic Subunit.
Analysis of protein phosphatase activity in LLC-PK; cell
extracts demonstrated that the type 2A was the dominant
phosphatase activity synthesized by this cell line (data not
shown). Therefore, it was decided to screen a cDNA library
constructed from poly(A)+ RNA from the LLC-PK, cell line
by using the oligonucleotide probes described above. This
strategy was based on the assumption that the catalytic sub-
units of the protein phosphatases were likely to be highly
conserved between species (see below). The two oligo-
nucleotide probes (272 and 273) were used simultaneously to
screen about 10% phage plaques, and nine positives were
identified and plaque purified. Restriction mapping and DNA
sequence analysis revealed, however, that five of these positives
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were the same cDNA clone. Thus, five unique clones were
identified by the double oligonucleotide probing strategy.
Subsequent analysis revealed that all the clones hybridized
exclusively to oligonucleotide 272, which contained a predicted
512 sequences. Sequencing of the cDNA clones indicated that
oligonucleotide 273 contained 6 mismatches in 23 bases, which
explains its failure to hybridize to the cDNA clones.

Sequence Analysis of Protein Phosphatase 24 cDNAs. The
nucleotide sequence of the clone APhos 4 contained an open
reading frame of 927 nucleotides starting from the assigned
initiator ATG codon; the sequence of APhos 4 corresponded
to nucleotides —179 to 945 of the sequence presented in Figure
1 (the A of the putative initiation codon is numbered as 1).
The deduced amino acid sequence of this reading frame
contained sequences homologous to all of those obtained by
amino acid sequencing of peptides from the rabbit protein as
shown in Figure 3. This high homology identified APhos 4
as a clone coding for a catalytic subunit of protein phosphatase
2A and confirmed that the proposed reading frame was cor-
rect. The proposed initiator ATG codon was preceded by a
G/C-rich region, and the nucleotides flanking this codon
conformed to the consensus sequence for initiator codons
(Kozak, 1984). The nucleotide sequence of the clone APhos
1 overlapped with APhos 4 in the coding region and extended
to the poly(A) tail of the mRNA that was preceded 25 bases
upstream by a polyadenylation signal (AATAAA); APhos 1
is represented by the sequence starting from nucleotide 218
in Figure 1. The protein encoded by the open reading frame
starting from the proposed initiator ATG is 309 amino acids
in legnth and has a molecular mass of 35.6 kDa. This mo-
lecular mass is consistent with the values observed for the
protein isolated by several groups (Ballou & Fischer, 1986).
A peptide corresponding to the N-terminal of the deduced
amino acid sequence was isolated from a CNBr digest of the
rabbit enzyme. The native protein did not, however, yield any
N-terminal sequence. A likely explanation for these obser-
vations is that the N-terminal amino acid of the protein is a
methionine that has been posttranslationally modified so as
to render the protein resistant to Edman degradation.
Treatment with CNBr would, however, efficiently remove the
blocked methionine, and the remaining peptide would be
susceptible to amino acid sequencing. Support for this hy-
pothesis is provided by the occurrence of an Asp residue in
the second position (Figure 1). When the N-terminal me-
thionine is acetylated in eukaryotes, Asp is the predominant
penultimate residue (Flinta et al., 1986).

The clone APhos 3 contained an open reading frame of 880
nucleotides that was lacking an initiator codon as shown in
Figure 2. The protein encoded by APhos 3 was highly ho-
mologous to that encoded by APhos 4 (Figure 3). We have
termed the proteins encoded by APhos 4 and APhos 3 the «
and § catalytic subunits, respectively. The deduced amino acid
sequence of APhos 3 was 293 residues long, and alignment with
the sequence of the « catalytic subunit resulted in the first
residue encoded by APhos 3 being aligned with residue 17 of
the « catalytic subunit. The degree of identity between the
two proteins was 98% with the major part of the divergence
occurring in the N-terminal region. Comparison of the nu-
cleotide sequences revealed 82% identity in the coding region.
In the 3’-noncoding region, however, no significant homology
was observed which allowed oligonucleotide probes specific
for the « and S catalytic subunits to be synthesized (see below).

Comparison of the partial amino acid sequence obtained for
the rabbit enzyme with the predicted full amino acid sequence
of the « catalytic subunit reveals about 95% identity between
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CGTCAGTGGCCGGTAGCCGAACACCGAGGGGCGAGTCAACCGGGCAGCGCTACTGCCGA -120
-119 GCAGCCTTCAGCAGCCACACAAGTACCCCGGGGGCCGACGGCAGCGTGTGCGTGTGGCCC -60
-59 GTGTGCGGGCGGCGGCGCGGGAGTAGCGCGGAGCGGCAGCCGGTTCGGGCGGGTGGCATC 0
1 ATGGACGAGAAGGTGTTCACTAAGGAGCTéGACCAGTGGATCGAGCAGC&GAATGAGTG& 60
MetAspGluLysValPheThrLysGluLeuAspGlnTrpIleGluGlnLeuAsnGluCys
61 AAGCAGCTGTCCGAGTCCCAGGTCAAGAGCCTCTGCGAGAAGGCTAAAGAAATCCTGACA 120
LysGlnLeuSerGluSerGlnValLysSerLeuCysGluLysAlalLysGluIleLeuThr
121 AAAGAATCCAACGTGCAAGAGGTTCGATG%CCAGTCACTéTCTGTGGAGATGTGCACGGé 180
LysGluSerAsnvValGlnGluvalArgCysProvalThrvValCysGlyAspValHisGly
181 CAATTTCATGATCTCATGGAACTGTTTAGAATTGGTGGCAAATCACCAGATACGAATTA& 240
GlnPheHisAspLeuMetGluLeuPheArglleGlyGlyLysSerProAspThrAsnTyr
241 CTGTTTATGGGAGATTACGTTGACAGAGGATATTATTCCGTTGAAACAGTTACTCTGCTT 300
LeuPheMetGlyAspTyrValAspArgGlyTyrTyrSerValGluThrvalThrLeuLeu
301 GTAGCTCTTAAGGTTCGTTACCGTGAACGCATCACCATTCTTCGAGGAAATCATGAGAGC 360
ValAlaLeulysValArgTyrArgGluArgIleThrIleLeuArgGlyAsnHisGluSer
361 AGACAGATCACACAAGTATATGGTTTCTATGATGAGTGT%TAAGGAAATATGGAAATGCA 420
ArgGlnlleThrGlnValTyrGlyPheTyrAspGluCysLeuArgLysTyrGlyAsnAla
421 AATGTTTGGAAATATTTTACAGATCTTTTTGATTATCTTCCTCTCACTGCATTAGTGGA% 480
AsnValTrpLysTyrPheThrAspLeuPheAspTyrLeuProLeuThrAlaleuvValAsp
481 GGGCAGATCTTCTGTCTACATGGTGGCCTCTCACCATCCATAGATACACTGGATCACAI& 540
GlyGlnIlePheCysLeuHisGlyGlyLeuSerProSerIleAspThrLeuAspHisIle
541 AGAGCACTTGATCGCCTGCAAGAAGTTCCCCATGAGGGTCCAATGTGTGACTTGCTGTGG 600
ArgAlaLeuAspArgLeuGlnGluValProHisGluGlyProMetCysAspLeuLeuTrp
601 TCAGATCCAGATGACCGTGGAGGTTGGGGTATATCTCCTCGAGGAGCTGGTTACACTTTT 660
SerAspProAspAspArgGlyGlyTrpGlyIleSerProArgGlyAlaGlyTyrThrPhe
661 GGGCAAGATATTTCCGAGACATTTAATCATGCCAATGGCCTCACGTTGGTGTCCAGAGCT 720
GlyGlnAspIleSerGluThrPheAsnHisAlaAsnGlyLeuThrLeuValSerArgAla
721 CATCAGCTCGTGATGGAGGGATATAACTGGTGCCATGACCGGAATGTAGTAACGATTTTC 780
HisGlnLeuValMetGluGlyTyrAsnTrpCysHisAspArgAsnValvValThrIlePhe
781 AGTGCTCCAAACTATTGTTACCGTTGTGGGAACCAAGCTGCAATCATGGAACTTGATGAT 840
SerAlaProAsnTyrCysTyrArgCysGlyAsnGlnAlaAlalleMetGluLeuAspAsp
841 ACTCTAAAATACTCTTTCT%GCAGTTTGA&CCAGCACCTCGCAGAGGCGAGCCACACGTT 900
ThrLeulysTyrSerPheLeuGlnPheAspProAlaProArgArgGlyGluProHisval
901 ACTCGTCGTACCCCAGACTACTTCCTGTAATGAAATTTTAAACTTGTACAGTATTGCCAT 960
ThrArgArgThrProAspTyrPheleu
961 GAACCATATATTGACCTAATGGAGATGGGAAGAGCAACAGTAACTCCACAAAGTGTCAGA 1020
1021 GAATAGTTAACATTCAAAAAAACTTGTTTTCACACGGACCAAAAAGATGTGCCATATAAA 1080
1081 ATACAAAGCCTCTTGTCATCAACAGCCGTGACCACTTTAGAATGAACCAGTCCATTGCAT 1140
1141 GCTGAAGCGACATTGTTGGTCAAGAAACCAGTTTCTGGCATAGCGCTACTTGTAGTTACT 1200
1201 TTGCTTTCTCTGAGAGACTGCAGATAATAAGATGTAAACATTAACACCTCGTGAATACAA 1260
1261 TTTAACTTCCATTTAGCTATAGCTTTACTCAGCATGACTGTAGATAAGAATAGCAGCAAA 1320
1321 CAATCATTGGAGCTTAATGAACATTTTTAAAAATAAGTACCAAGGCCTCCCCTCTACTTG 1380
1381 TGAGTTTCGAAATTGTTTTGTTTATTTTCAGGGATACCGTTTAATTTAATTGTATGATTT 1440
1441 GTCTGCACTCAGTTTATTTCCTTTCTCAAATCTCAGCCTCATGTTGTTCTTTGTTATTGT 1500
1501 CAGAACCTGGTGAGTTGTTTTGAACAGAACTGTTTTTTTCTTCCTCCTGTAAGACGATGT 1560
1501 CAGAACCTGGTGAGTTGTTTTGAACAGAACTGTTTTTTTCTTCCTCCTGTAAGACGATGT 1560
1561 TACTGCACAAGGAGCACTGACGTGTTTTTCATAATAAACTTGTGAACTAAGAACTGAAAA 1620
1621 AAAAAAAAAAAALA

FIGURE |: Nucleotide and deduced amino acid sequence of the protein phosphatase 2A « catalytic subunit cDNA. The nucleotides are numbered
in the 5’ to 3’ direction, starting with the first nucleotide of the proposed initiator codon. Nucleotides extending 5’ of base 1 are designated
with negative numbers. The deduced amino acid sequence for the phosphatase 2A « catalytic subunit is shown below the nucleotide sequence.
The nucleotide sequence represents a combination of those of the two overlapping clones APhos 4 and APhos 1, which correspond to nucleotides
—-179 to 945 and 218~1634, respectively. An oligonucleotide probe complementary to the underlined sequence was used in Northern and Southern
analyses to differentiate between sequences encoding the « and 8 forms of the catalytic subunit.

the two (Figure 3). Preliminary results obtained from cDNAs
encoding the human phosphatase 2A catalytic subunit indicate
that the human enzymes also display a high degree of identity
with the rabbit and porcine enzymes (S. R. Stone, J. Hofs-
teenge, and B. A. Hemmings, unpublished results).
Expression of Phosphatase 2A Catalytic Subunit mRNA
in LLC-PK, Cells. The expression of mRNA coding for the
catalytic subunits of protein phosphatase 2A was examined
by using the 1140-bp EcoRI insert of APhos 4 (nucleotides
-179 to 945 of Figure 1) and specific oligonucleotide probes

for the o and § subunits. The APhos 4 fragment hybridized
to mRNA species of about 2 kb (data not shown). The specific
probes were synthesized so that they would hybridize to the
3’-noncoding region of the mRNA of each form as indicated
in Figures 2 and 3. Northern analysis using LLC-PK; poly-
(A)+ RNA revealed that the two oligonucleotide probes hy-
bridized to mRNAs approximately 2 kb in length and that the
abundance of both messages was about equal (data not shown).

Genomic Sequences Hybridizing to Phosphatase 2A Cat-
alytic Subunit cDNA and Oligonucleotide Probes Specific for
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CCTGAACGAGTGTAAACAGCTTAATGAGAACCAAGTGCGGACCCTATGCGAAAAGGCTAA
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1 60
LeuAsnGluCysLysGlnLeuAsnGluAsnGlnValArgThrLeuCysGluLysAlaLy
61 GGAAATTCTAACAAAAGAATCAAATGTGCAAGAGGTTCGTTGTCCAGTTACGGTCTGTGG 120
sGluIleLeuThrLysGluSerAsnValGlnGluValArgCysProValThrvalCysGl
121 AGATGTGCATGGTCAATTCCATGATCTTATGGAACTCTTTAGAATCGGTGGAAAATCACC 180
yAspValHisGlyGlnPheHisAspLeuMetGluLeuPheArgIleGlyGlyLysSerPr
181 AGACACAAACTATCTATTCATGGGTGACTATGTAGACAGAGGTTATTATTCGGTGGAGAC 240
oAspThrAsnTyrLeuPheMetGlyAspTyrValAspArgGlyTyrTyrSerValGluTh
241 TGTGACTCTTCTTGTGGCATTAAAGGTGCGGTATCCAGAACGCATTACAATATTGAGAGG 300
rvalThrLeuLeuValAlaleuLysValArgTyrProGluArgIleThrIleLeuArgGl
301 AAACCACGAGAGCCGACAAATTACCCAAGTATATGGCTTTTATGACGAATGTCTGCGGAA 360
yAsnHisGluSerArgGlnIleThrGlnValTyrGlyPheTyrAspGluCysLeuArglLy
361 GTATGGAAATGCCAATGTTTGGAAATATTTTACAGATCTATTTGATTATCTTCCACTTAC 420
sTyrGlyAsnAlaAsnValTrpLysTyrPheThrAspLeuPheAspTyrLeuProLeuTh
421 AGCTTTAGTAGATGGACAGATATTCTGCCTCCATGGTGGCCTCTCTCCATCCATAGATAC 480
rAlaLeuValAspGlyGlnIlePheCysLeuHisGlyGlyLeuSerProSerIleAspTh
481 ACTGGATCATATAAGAGCCCTGGATCGTTTACAAGAAGTGCCACATGAGGGCCCAATGTG 540
rLeuAspHisIleArgAlaLeuAspArgleuGlnGluvValProHisGluGlyProMetCy
541 TGATCTCTTATGGTCGGATCCGGATGATCGTGGTGGGTGGGGCATCTCACCACGTGGTGC 600
sAspleuleuTrpSerAspProAspAspArgGlyGlyTrpGlylleSerProArgGlyAl
601 TGGCTACACATTTGGACAAGATATTTCTGAAACATTTAACCATGCCAATGGCCTCACACT 660
aGlyTyrThrPheGlyGlnAspIleSerGluThrPheAsnHisAlaAsnGlyLeuThrLe
661 GGTTTCTCGTGCTCACCAACTGGTAATGGAGGGATACAACTGCTGTCATGACCGGAACGT 720
uValSerArgAlaHisGlnLeuValMetGluGlyTyrAsnCysCysHisAspArgAsnVa
721 TGTTACCATTTTCAGTGCACCCAATTACTGTTATCGTTGTGGGAACCAGGCTGCTATCAT 780
lvalThrIlePheSerAlaProAsnTyrCysTyrArgCysGlyAsnGlnAlaAlaIleMe
781 GGAATTAGATGACACTTTGAAATATTCCTTCCTTCAATTTGACCCAGCACCTCGTCGTGG 840
tGluLeuAspAspThrLeulysTyrSerPheLeuGlnPheAspProAlaProArgArgGl
841 AGAGCCTCATGTGACCCGGCGCACCCCAGACTACTTCCTGTAAATTGTTCCTGGGAARAC 900
yGluProHisValThrArgArqThrProAspTyrPheleu
901 CTACCTTTATATGTGGAAGTATACCTGGCTTTTTAAAATATATATATTTCAAAACAAAAC 960
961 AAAAAGCAACAGTAATCTATGTGTTTCTGTAGCACATTGGGATCTGTCTTGGCATTAAAC 1020
1021 CATATCATGGACCAAAATGTGCCATACTAATCTAATGATGAGCATTTAGCACAATATGAG 1080
1081 ACTAAATTTTTAGTACAACACTATGTTCTAGATTCGTCGGTCTTAACAGTTTGCCTGCTG 1140
1141 TATATGTAGTAACCATTTTCTTGGGACTGCTCAAACAAAAAAGGTAACTAATTCCATCTC 1200
1201 CTTTTGCACTTACTTGGAAATTTAGTTAGAG

FIGURE 2: Nucleotide and deduced amino acid sequence of the protein phosphatase 2A g catalytic subunit cDNA. The nucleotides are numbered
in the §’ to 3’ direction, and the deduced amino acid sequence for the phosphatase 2A g catalytic subunit is shown below the nucleotide sequence.
An oligonucleotide probe complementary to the underlined sequence was used in Northern and Southern analyses for specific detection of

sequences encoding the 8 form of the catalytic subunit.

the o and 8 Forms. Southern analysis of LLC-PK; DNA was
performed to investigate the genetic complexity of the genes
coding for protein phosphatases in the porcine genome. Figure
4A shows the results obtained when the APhos 4 EcoRI
fragment was used as the probe. Initially, the filters were
washed at low stringency (60 °C, 2 X SSC) and autoradio-
graphed. The pattern of hybridization obtained (Figure 4)
suggested that there were several genes coding for protein
phosphatase catalytic subunits or related proteins. Following
high stringency washing (65 °C, 0.5 X SSC), the pattern of
hybridization was less complex (Figure 4A), which suggested
the APhos 4 probe hybridized most strongly to at least two
related genes, consistent with the cDNA sequence data.
The oligonucleotides specific for the 3’-noncoding regions
of APhos 3 and APhos 4 yielded different hybridization patterns
in Southern analysis as shown in Figure 4B, which confirmed
that the « and 3 isoforms were derived from two distinct genes.

DISCUSSION

The data presented in this paper indicate that there are two
isoforms of the catalytic subunit of protein phosphatase 2A.
Although these two forms are highly homologous, they are the

products of separate genes as indicated by their nucleotide
sequence and by Southern analysis. The existence of two
isoforms of the phosphatase 2A catalytic subunit suggests
parallels with the catalytic subunit of cAMP-dependent protein
kinase (Uhler et al., 1986a,b; Showers & Maurer, 1986; Rao
Adavani et al., 1987) and with protein kinase C (Coussens et
al., 1986; Knopf et al., 1986; Ohno et al., 1987). The complex
pattern of Southern analysis presented in Figure 4A could
indicate the existence of other related genes in addition to the
genes coding for the « and 8 catalytic subunit of phosphatase
2A. In this respect, it is interesting to note that all of the
protein kinases so far sequenced contain homologous regions
(Hunter & Cooper, 1986), and therefore, it seems possible that
the catalytic subunits of other protein phosphatases contain
regions homologous to that of phosphatase 2A. Homology
with the catalytic subunit of phosphatase 1 seems a distinct
possibility. This enzyme is about the same size as the phos-
phatase 2A catalytic subunit and has a similar amino acid
composition (Silberman et al., 1984). In addition, monoclonal
antibodies have been isolated that react with both proteins
(Speth et al., 1984; Brautigan et al., 1986). Confirmation of
this idea of a protein phosphatase multigene family must await
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1 MDEKVFTKELDQWIEQLNECKQLSESQVKSLCERAKEILTKESNVQEVRCPVTVCGDVHG 1
LNECKQLNENQVRTLCEKAKEILTKESNVQEVRCPVTVCGDVHG 2
mDEKVFTKELDQWI EQLNE

“eSQVESLCERARE eVRCPVTVCGDVhG 3

6

QFHDLMELFRIGGKSPDTNYLFMGDYVDRGYYSVETVTLLVALKVRYRERI TILRGNHES 1
QFHDLMELFRIGGKSPDTNYLFMGDYVDRGYYSVETVTLLVALKVRYREPI TILRGNHES 2
QFXDLmELFRIGGKSPDTNYLFMGDYV & 3

121 RQITQVYGFYDECLRKYGNANVWKYFTOLFDYLPLTALVDGQIFCLHGGLSPSIDTLDHI 1
RQITQVYGFYDECLREYGNANVWKYFTDLFDYLPLTALVDGQIFCLHGGLSPSIDTLDHI 2
YGNANVWE 3

181 RALDRLQEVPHEGPMCDLLWSDPDDRGGWGISPRGAGYTFGQDISETFNHANGLTLVSRA 1
RALDRLQEVPHEGPNCDLLWSDPDDRGGWG I SPRGAGYTFGQDI SETFNHANGLTLVSRA 2
LQEVPXEGPMcdll GAGYTFGQDIKETFNhAKGKE 3

241 HQLVMEGYNWCHDRNVVTIFSAPNYCYRCGNQAAIMELDDTLKYSFLQFDPAPRRGEPHV 1
HOLVMEGYNCCHDRNVVTIFSAPNYCYRCGNQAAIMELDDTLEYSFLQFDPAPRRGEPHY 2
I!G'!'HECI‘IBRNWTI FSAPNYXYr XGNQAAIMELDDTLRYSFLQFDPAprnge 3

301 TRRTPDYFL 1
TRRTPDYFL 2

FIGURE 3: Comparison of the predicted amino acid sequences of the
a and § forms of the porcine phosphatase 2A catalytic subunit with
the partial amino acid sequence determined for the rabbit skeletal
muscle enzyme. The sequences are given in the single-letter amino
acid code, and residues that differ between sequences are underlined.
The sequences of the porcine « and 3 catalytic subunits are represented
by sequences | and 2, respectively, while the rabbit sequence is
numbered 3. Lower case letters represent amino acid residues inferred
from the method of cleavage used or tentative assignments due to low
levels obtained in the Edman degradation.

the sequencing of further phosphatases.

Protein phosphatase 2A has been shown to exist in a number
of different forms, which consist of a catalytic subunit com-
plexed with various regulatory subunits (Ballou & Fischer,
1986). Peptide mapping of the catalytic subunit of the various
forms of phosphatase 2A from rabbit skeletal muscle suggested
that the same catalytic subunit was found in each form (Tung
et al., 1985). It could be expected, however, that the differ-
ences between the « and 8 forms of the catalytic subunit
presented in this paper would not be detected by the method
of peptide mapping used (Tung et al., 1985). Therefore, it
would be of interest to determine whether the different forms
of the phospatase 2A contain different catalytic subunits. Also
of interest is whether the two forms show a tissue-specific
distribution. Similar studies with cAMP-dependent protein
kinase catalytic subunit (Uhler et al., 1986b) and protein
kinase C (Ohno et al., 1987; Brandt et al., 1987) have dem-
onstrated that the different forms of these two enzymes show
a tissue-specific distribution.

Comparison of the deduced amino acid sequences of the
porcine phosphatases with that of rabbit enzyme indicates that
the protein is conserved between these two species. Similar
observations have been made with the protein kinases
(Coussens et al., 1986; Showers & Maurer, 1986; Rao Adavani
et al., 1987), which is consistent with a central role in the
control of metabolism for these two classes of enzymes. The
catalytic subunits of phosphatase 2A seem, however, to rep-
resent the first members of a unique family of proteins.
Searches that compared the nucleotide and predicted amino
acid sequences of both APhos 4 and APhos 3 with all sequences
in the NBRF and EMBL data banks (Lipman & Pearson,
1985) revealed no significant extended homologies with any
other known sequences. Since protein kinases and phospha-
tases share the same protein substrates, some homology may
be expected in the substrate binding sites of the catalytic
subunits of both classes of proteins, and consequently, a more
detailed search was made for homology between the phos-
phatases, and phosphorylase kinase (Reimann et al., 1984),
protein kinase C (Parker et al., 1986) and cAMP-dependent
protein kinase (Shoji et al., 1983). For this purpose the al-
gorithm of Smith and Waterman (1981) was used, but again
no significant homology was found. Similar comparisons with
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FIGURE 4: (A) Southern analysis of porcine genomic DNA using A\Phos
4 cDNA. DNA from LLC-PK, cells were digested with the indicated
restriction endonucleases, fractionated on 1% agarose gels, transferred
to nitrocellulose, and hybridized with the 1140-bp EcoR1I fragment
of APhos 4 as described under Experimental Procedures. Following
hybridization, the filter was washed at “low™ stringency (60 °C, 2
X SSC for 2 h) and autoradiographed. The filter was then subjected
to a “high” stringency wash (65 °C, 0.5 X SSC for 2 h) and auto-
radiographed. In both cases, autoradiography was performed for 3
days at =70 °C with intensifying screens. The numbers mark the
positions at which standards of that size in kilobases migrated. (B)
Southern analysis of porcine genomic DNA using oligonucleotide
probes specific for the « and 3 isoforms of phosphatase 2A. Southern
analysis was performed essentially as described above except that,
following hybridization with the specific oligonucleotides (see Figures
1 and 2), the filters were washed at 55 °C with 1 X SSC/0.1% SDS
(see Experimental Procedures). Autoradiography was performed for
14 days at -70 °C with intensifying screens. The numbers mark the
positions at which standards of that size in kilobases migrated.

other types of phosphatases (Berger et al., 1987; Shull et al.,
1985; Brandl et al., 1986; Marcus et al., 1982) did not allow
the identification with any certainty of putative active-site
residues. It seems that the identification of regions of protein
phosphatases involved in substrate binding and catalysis re-
quires further protein chemical studies.

During the preparation of this paper, the cDNA sequence
coding for a catalytic subunit of bovine protein phosphatase
2A was reported (Green et al., 1987). The deduced amino
acid sequence of the bovine enzyme shows considerable identity
with those presented in Figure 4. One major difference is that
the sequence of the bovine enzyme is 325 residues in length
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compared with 309 residues for the porcine « catalytic subunit
(Figure 4). The difference between the two sequences begins
after Pro-293 and is caused by the presence of an additional
T in the porcine cDNA sequence of Figure 1 after the second
nucleotide of the codon for Pro-293. We have observed a T
in this position in all of six porcine and human clones that have
been sequenced. Moreover, the tentative sequence of the rabbit
enzyme obtained by amino acid sequencing corresponds to the
deduced porcine sequence (Figure 4). An additional dis-
crepancy occurs between Glu-33 and Leu-40 of the porcine
sequence (Figure 4). Again the peptide sequence of the rabbit
enzyme supports the porcine sequence. The bovine sequence
of Green et al. (1987) corresponds to those of Figure 4 if a
G is inserted into their nucleotide sequence at the beginning
of the region of nonidentity and a G is deleted at the end.

ADDED IN PROOF

Further analysis of the bovine cDNA clone (Green et al.,
1987) has indicated that the deduced amino acid sequence of
this clone is identical with that of the porcine « catalytic
subunit in all but one position (M. Mumby, personal com-
munication).
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