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A 1.5 kb clone containing the full-length coding sequence of a type-1 protein phosphatase catalytic subunit

has been isolated from a rabbit skeletal muscle cDNA library constructed in Agtl0. The protein sequence

deduced from the cDNA contains 311 residues and has a molecular mass of 35.4 kDa. A single mRNA

species at 1.6 kb was visualized by Northern blotting. The type-1 protein phosphatase was strikingly homo-

logous to protein phosphatase 2A, 49% of the amino acids between residues 11 and 280 being identical.

The first 10 and last 31 residues were dissimilar. Residues 1-101 of the type-1 protein phosphatase also
showed 21% sequence identity with a region of mammalian alkaline phosphatases.

Protein phosphatase; cDNA cloning; Nucleotide sequence; Amino acid sequence homology

1. INTRODUCTION

Protein phosphatases 1 and 2A, two of the four
principal threonine/serine-specific protein phos-
phatase catalytic subunits in the cytosol of mam-
malian cells (reviewed in [1,2]), can be distin-
guished in several ways. Type-1 protein phos-
phatase is inhibited by nanomolar concentrations
of two thermostable proteins inhibitor-1 and
inhibitor-2 [3] and dephosphorylates the #-subunit
of phosphorylase kinase [3], whereas type-2A pro-
tein phosphatase is at least several hundred-fold
less sensitive to these inhibitors [3,4] and
dephosphorylates the «-subunit of phosphorylase
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kinase preferentially [3]. Furthermore, peptide
mapping studies have shown that the two
phosphatases are the products of distinct genes
[5,6].

Nevertheless, the catalytic (C) subunits of pro-
tein phosphatases 1 and 2A resemble one another
in several ways. Their apparent molecular masses
determined by SDS-polyacrylamide gel elec-
trophoresis are very similar (37 kDa for protein
phosphatase 1 and 36 kDa for protein phosphatase
2A [5]). They have broad and somewhat similar
substrate specificities [3], are both active in the
absence of divalent cations towards most
substrates (in contrast to protein phosphatases 2B
and 2C), and are the only two enzymes in mam-
malian tissues with significant phosphorylase
phosphatase activity [3,7]. In addition, it has been
reported that a number of monoclonal antibodies
prepared against the C-subunit of protein
phosphatase 2A  cross-react with  protein
phosphatase 1 [4,8] and vice versa [8].

Recently, we isolated and sequenced a cDNA
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clone encoding a type-2A protein phosphatase C-
subunit from rabbit skeletal muscle [9]. Here, we
describe the isolation of a further cDNA clone en-
coding a type-1 protein phosphatase C-subunit
from the same tissue, and compare its sequence
with that of protein phosphatase 2A. A
preliminary account of part of this work was
presented at the 1st International Meeting on Post-
translational Modifications of Proteins and Age-
ing [10].

2. MATERIALS AND METHODS

2.1. Isolation of peptides from a type-1 protein
phosphatase C-subunit

The glycogen-bound form of protein phospha-
tase 1 (4 mg) was purified from rabbit skeletal
muscle as in [11] and subjected to SDS-polyacryl-
amide gel electrophoresis to separate the C-subunit
from the glycogen-binding (G)-subunit. The gel
was stained with Coomassie blue, destained in
43% methanol/7% acetic acid, washed with water,
and the band containing about 0.5 mg of C-
subunit was excised and broken into small pieces.
The gel pieces were dried and suspended in 2.5 ml
of 0.2 M N-methylmorpholine acetate, pH 8.1.
Trypsin or chymotrypsin (5 xg) was added and the
suspension incubated at 37°C. Two further addi-
tions of proteinase (3.5 xg) were made after 16 and
24 h. After 36 h, the supernatant was removed,
and the gel washed with methanol (2 ml). The
methanol extract and first supernatant were com-
bined, dried, redissolved in 1.0 ml of 0.1% (v/v)
trifluoroacetic acid, centrifuged for 15 min at
13000 X g and the supernatant removed. The free
C-subunit of protein phosphatase 1 [5] was also
cleaved with CNBr in 70% formic acid. All pep-
tides were separated on a Vydac C;s column and
analysed as in [12].

The free C-subunit of protein phosphatase 1
isolated as in [5] was cleaved with CNBr as de-
scribed for protein phosphatase 2A [9], chroma-
tographed on the Vydac Cis column and analysed
as described above.

2.2. Isolation and sequence analysis of cDNA
clones coding for a type-1 protein
phosphatase

Oligonucleotides were constructed as in [9].

Screening of the rabbit skeletal muscle Agtl0
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cDNA library, isolation of positive clones and
purification of their DNA was carried out as
described in [13]. The DNA from positive clones
was digested with EcoRI and the largest insert
ligated into the EcoRlI site of Bluescript pKS-M13*
(Stratagene Cloning Systems, San Diego, USA).
Following transformation of E. coli IM109 and
alkaline lysis of the cells, the recombinant plasmid
was purified on caesium chloride gradients. A set
of ‘nested’ deletions was produced using ex-
onuclease III and mung bean nuclease [14,15], and
DNA containing appropriate deletions was
prepared by a rapid ‘small scale’ boiling method
[16]. The double-stranded DNA was sequenced us-
ing the dideoxy chain termination procedure [17],
[a-**S]JdATPaS and buffer gradient gels [18]. The
sequence of the complementary strand was deter-
mined by removing restriction fragments and se-
quencing the religated recombinants, or by using
synthetic oligonucleotides as primers. To over-
come the ambiguities often encountered with GC-
rich DNA, most of the reactions were also per-
formed in the presence of 7-deaza-2'-dGTP in
place of dGTP [19]. Additionally, some gels con-
tained 40% formamide and 7 M urea to minimize
the formation of secondary structures in the reac-
tion products [20].

3. RESULTS

3.1. Sequences of tryptic, chymotryptic and
cyanogen bromide peptides
Peptide sequences comprising 145 residues of
the C-subunit of protein phosphatase lg were
determined and are given in table 1. Five of these
were used to construct the oligonucleotide probes
shown in table 2.

3.2. Screening of the cDNA library

Screening of 6 X 10* recombinants yielded four
clones that were positive with the 29 base
oligonucleotide 4 (table 2). Electrophoresis of
restriction digests showed the cDNA insert sizes to
be 0.6 kb, 1.0 kb, 1.4 kb and 1.5 kb. The two
largest clones were also positive with
oligonucleotides 1, 2, 3 and 5. The 1.5 kb clone
was selected for sequence analysis and subcloned
into Bluescript pKS-M13* for DNA sequencing.
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Table 1

Amino acid sequences of tryptic (T), chymotryptic (C), and cyanogen bromide (CB) peptides isolated from the C-
subunit of protein phosphatase 1 and the acetonitrile concentrations at which they were eluted from the Vydac Cs
column

Peptide Sequence

Acetonitrile Molecular mass (M + H)* Position in

(%) sequence
Expected  Measured

T1 EI FLSQPILLELEAPLK 35 25— 41
T2 1 C GDI HGQYTDLLR 24 1604 1604 42— 55
T3 LF EYGGFPPEANYLFLGDYVDR 33 2584 2584 56— 77
T4 TF TDCFNCLPI AAI VDEK 32 132-149
TS I FCCHGGLSPDLQSMEQI R 27 150—168
Té6 I MRPTDVXDTGLLXDLL 34 170186
T7 DV QGWGENDR 14 193-202
T8 AHQVVEDGYEFFAK 25 228-241
Cl GE NDRGVSF 17 198-206
C2 TF GADVVSKF 24 1070 1070 207-216
CB1 EQI RRI M 14 165—-171

X, denotes residues that could not be positively identified. Amino acids that differ from those predicted from the cDNA
sequence are underlined. Sequences were determined on an Applied Biosystems 470A gas-phase sequencer and
molecular masses on a VG-250SE fast-atom bombardment mass spectrometer

3.3. DNA sequencing

This was performed on both strands of the
1.5 kb insert in Bluescript pKS-M13* as shown in
fig.1, and the nucleotide and deduced amino acid
sequence is presented in fig.2. The cDNA clone
consists of 1492 base pairs, and has 240 base pairs

of 5'-non-coding region, an open reading frame of
933 base pairs and 319 base pairs of 3'-non-coding
region, assuming that the initiating ATG codon is
at the position indicated (see section 4). The coding
region is terminated by a TAG stop codon. At
position 1469 there is the AATAAA signal for

Table 2
Oligonucleotides used to screen the cDNA library

Peptide T2 I ¢ 6 D I H 6
Oligonucleotide-1 3’

Peptlde T3 L P B Y G G F
Oligonucleotide-2 3’

Peptide T4 T P T D c F N
Oligonucleotide-3 3’

Q

P

o]

N

Y

P

L

D

T D L L R

TAG ACA CCG CTG TAG GTA CCG GTC ATG TGT CTG GA 5~

E A N Y L F L G D Y v D R

AAA CTC ATA CCG CCG AAG GGG GGA CTC CGG TTG ATG GAC AAG GAC CCG CTG ATA CAC CTG 5~

P I A A I v D E K

AAG TGT CTG ACG AAG TTG ACG GAC GGG TAA CGA CGG TAA CAC CTA CTC TCC 5°

R

Peptlde T7 D v Q G w G E

Oligonucleotide-4 3 cra cac 6Tc ccc AcC coc CTC TTG CTG GC 5
I 1 I

Peptide T8 A H @ V V E D

Oligonucleotide-5 3’

G

Y

E F F A K

CGG GTA GTC CAC CAC CTC CTA CCG ATA CTC AAG AAA CGG TTC 5°
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Fig.1. Partial restriction map and strategy used to
sequence the cDNA clone. The scale indicates the
nucleotide position in bases from the 5’'-end of the
cDNA insert. The arrows indicate the direction and
length of the DNA sequences obtained. All sequences
were determined at least twice. Sequences were initiated
with Bluescript primers for the intact insert (®), ‘nested’
deletions (O) and restriction fragments (O0), and with
specific oligonucleotide primers (m).
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cleavage of the messenger RNA and addition of
the poly(A)* tail. The use of 7-deaza-2’-dGTP in
sequencing reactions and formamide gels
eliminated most of the difficulties in reading GC
rich regions. However, it should be noted that a
section near the N-terminus of the protein (bases
263-272) was still difficult to interpret.

The 145 residues of peptide sequence determined
by primary structure analysis were all found in the
¢DNA sequence (fig.2) establishing that the clone
encodes a type-1 protein phosphatase C-subunit.
Tryptic peptides were preceded by lysine or
arginine, chymotryptic peptides by phenylalanine
or tryptophan, and the cyanogen bromide peptide
by methionine, as expected. However, five dif-
ferences were found between the peptide sequences
and the primary structure deduced from the

5' -GGCACCTTGGACCACCACEAGGCTCTAGGGGTGGCAGAGGGGGTCCTGEACAATAG 56

CAGAGAGGCCGTGGTTCCCGTGGAGCTCGGEGCAATCGTG6GGGCAATGTAGGAGGCAAGAGARAGGCAGACGGGTACARCCAACCTGATTC 148
CAAGCGTCGTCAGACCAACAACCARCAGAACTGGGGT TCCCAACCCATCGCTCAGCAGCCGCTTCAGCARAGGTGGTGACTATTCCGGTAACT 240

ATGGTTACAATARTGACAACCAGTGAATAT TTATCAGGATACGAGATCCGTGGTCTGTGC CTCARRTCCCGGGAGATCTTCCTGAGCCAG 330

MVyvVT I MTTSEVY L S GVY E I RGLC L Ks RE I F L S @ 30
CCCATTCTGCTGGAGCTGGAGGCGCCCCTC ARGATCTGCGGTGACATCCACGGCCAGTAC TACGACCTGCTGCGGCTGTTCGAGTACGGE 420
P I L LELE®AZPL K I €CG6GD I HG QY ¥ DL L RLTFTEUVY G 60
GGCTTCCCCCCGGAGAGCARCTACCTGTTC CTGGGTGACTACGTGGACCGCGGCARGCAG TCCCTGGAGACCATCTGCCTGCTGCTGGCC 510
G F PP E SNV LF L 6 DY VUDRG K Q S LET I CLL L A 0
TACARGATCAARGTACCCCGAGAACTTCTTC CTGCTGCGCGGGAACCACGAGTGCGCCAGC ATCARCCGCATCTACGGCTTCTACGACGAG 600
Y K I K YV P ENF F L LRGNWUHETCA AS I' NR I ¥ 6 F ¥ D E 120
TGCAAGAGACGCTACAARCATCAAGCTGTGG ARGACGTTCACCGACTGCTTCAACTGCCTG CCCATCGCGGCCATTGTGGACGAGRAGATA 690
C KRR Y NI K L H K T F T D CF N C L P I AR | VUDE K I 150
TTCTGCTGCCATGGCGGCCTCTCCCCCGAC CTGCAGTCCATGGAGCAGATCCGGCGCATC ATGCGGCCCACGGACGTGCCCGACCAGGGE 780
F CCHG G6GL S PD L QS HMEQI R BRI M RP T DUVPDOQG 180
CTGCTGTGTGACCTGCTGTGGTCTGACCCC GACARGGACGTGCAGGGCTGGGGCGAGRAC GACCGCGGCGTCTCCTTCACCTTCGGCGCG 870
L L CDLL WS DTFP DK DV QG WU G E N DR G U S F TF G A 210
GAGGTGGTGGCCAAGTTCCTGCACAAGCAT GACCTGGACCTCATCTGCCGGGCGCACCAG GTGGTGGAGGACGGCTATGAGTTCTTTGCC 960
E VU A KFLHKMH DLDULI CRAHA QUVUYETDTGVYETFTFNA 240
AAGCGGCAGCTGGTGACACTTTTCTCAGCC CCCAACTACTGTGGCGAGTTCGACARCGCC GGAGCCATGATGAGCGTGGACGAGACCCTC 1050
KR QL VTLFSA PNVYCGETFUDNA 6AMNMHMMSUVUDET.L 270
ATGTGCTCCTTCCAGATCCTTARGCCGGCC GACARGARCARGGGCARGTACGGGCAGTTA AGTGGCCTGAACCCTGGAGGCCGACCCATC 1140
Hmecs F Q1! L KPA DKHNZEKGIKVY G QL S$GLNUPGGRZP I 300

ACCCCACCCCGCAACTCTGCCANAGCCAAG ARRTAGCCCCCGGGTGCGGCCCCCTGCCCAGACAGGGGCTGACTGCACAGGARCCATGCTG 1231

T PPRNSAIKAIK K : 31
CCACGGCCGTGCCGCCTCGGCCGCCACCACGGGGACACGGGCCTCGGTGGATCTGTTTTTTAATGARTCACTAGCAGTACCCACCCCCCAGG 1323
CTCCCTCCAGCCTGCACCTGCGCGGCTGCARGCAGGATCCTGGGGCCARRGGC TGCAGCTCRGGGCGACGGCGGCCAGACTGGGTCTCGTCTC 1415
GTGCGGCCGCAGGGCTGGCAGCCGGGTCCCAGGGCAGCCCGTCTGGTCTCCTGARTARRGGTCARRGCTGGARTTCTG-3 " 1492

Fig.2. The cDNA and translated protein sequence of the type-1 protein phosphatase C-subunit from rabbit skeletal
muscle. Information obtained by amino acid sequencing and the consensus sequence for the addition of the poly(A)*
tail are underlined.
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Fig.3. Northern blot of 5 xg of poly(A)* RNA from
muscle. This was carried out as in [13], except that the
probe was labelled by random hexanucleotide priming
[21]. The probe used was the full-length cDNA clone and
the final wash was 0.2 x SSC at 65°C for 15 min (1 X
SSC is 0.15 M sodium chloride, 0.015 M sodium citrate,
pH 7). The positions of the 28 S and 18 S ribosomal
RNAs and the origin are indicated.

¢DNA. These differences, at positions 51, 66, 179,
211 and 214 of the amino acid sequence (table 1,
fig.2) do not appear to be due to sequencing errors,
and are considered further in section 4.

3.4. Northern blotting

Poly(A)* RNA from rabbit skeletal muscle was
shown to contain a messenger RNA species of
1.6 kb that hybridised to the 1.5 kb phosphatase 1
cDNA probe (fig.3). The difference of 0.1 kb may
be accounted for by the missing poly(A)* tail.

4. DISCUSSION

The molecular mass of the type-1 C-subunit
deduced from the cDNA would be 35432 Da if the
initiating codon is at position 241-243 of the
nucleotide sequence (fig.2) or 34987 Da if the in-
itiating ATG is the methionine at residue 5. These
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values are similar to the apparent molecular mass
of 37 kDa estimated by polyacrylamide gel elec-
trophoresis [5]. The ¢DNA clone (1.5 kb) and
messenger RNA species of 1.6 kb (fig.3)
demonstrate that the type-1 protein phosphatase 1
C-subunit is not synthesized as a 70 kDa protein,
as suggested in [22].

Five amino acid differences were found between
the peptide sequences determined by primary
structure analysis and the protein sequence de-
duced from the cDNA (fig.2). Since the same se-
quence was obtained from both strands of the
DNA and the gas-phase sequencer results were
unambiguous and confirmed by mass spectrometry
(table 1), the differences do not appear to be ex-
plained by sequencing errors. The cDNA library
was prepared from 11-day-old New Zealand White
rabbits, while protein phosphatase 1 was purified
from five adult rabbits obtained from a different
supplier. The differences in primary structure can
therefore be explained in two ways. Firstly, there
could be allelic genes in the rabbit population, as
found for other proteins [23—25]. Secondly, there
may be more than one type-1 protein phosphatase
1 C-subunit in skeletal muscle, or the type-1 C-
subunit may alter during muscle development.

The primary structure of the type-1 protein
phosphatase is strikingly homologous to protein
phosphatase 2A (fig.4). Homology extends from
residues 11-280 of the coding region of the type-1
C-subunit, and only a single deletion in protein
phosphatase 1 and one in protein phosphatase 2A
is necessary to maximise homology (fig.4). The
overall sequence identity is 43% (50% between
residues 11 and 280), and homology rises to 59%
(67% between residues 11 and 280) if conservative
substitutions are included. These findings provide
a structural basis for previous observations that
monoclonal antibodies to protein phosphatase 2A
cross-react with protein phosphatase 1 and vice
versa (see section 1). One might expect that
homologous regions are concerned with catalytic
activity, while dissimilar sequences may be those
involved in interaction with regulatory proteins
[2]. The type-1 C-subunit is 12 residues shorter
than the type-2A enzyme at its N-terminus, but 14
residues longer at its C-terminus.

The overall G+C content of the protein
phosphatase 1 clone (62%) is high in both the
coding and non-coding regions. This is accounted
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pP-1 MYTIMTTSEY[LS|egYETIRG[LC|L[K|SRIET|FLSQ 30
PP-2A MDEKVFTKELDQWIEQLNECKQ[LSIESQVKS|LCIE[KIAKIEI|LTKE 42
PP-1  PILL[EJLEA EKLCGDEHGQIYDLLRLFEYFPE§NYLF 72
PP-2A SN VYQIEJ[VRC[PIVT V|CGD|ViH G Q|F H[D LIM E[L FIR I KS{PIDT{NY L FiM|| 84
PP-1 (DY V D R G|K QSJLE 7|1 c{C L]LfA]Y[K]1 k[TIP[EINF FLIERG N H EJC ASITINR I M4
PP-2A [D Y VO RG|Y Y|S|VIE T{¥ T|L LIV|alL|K|VR|Y|R[EJR I TI|LRGNHE|SRQIIJTQY 126
Pp-1  [YGF Y D E C|K[R|R[Y}-[N}1 k L[WK]T[F T D]c[F|N c[L P]I A[AJI{V D]E K[T F C]C 155
PP-2A |Y G F YD E CJL|R|K|Y|G{N|A N viw k|Y|F T DjL|F|p ¥]L P|L T{Alt|v D6 Q[LF cfL 168
PP-1 [GLSPIDLQSMEQ[TRRIM PTQVPDQGLLCDLLHSDPDKVQ197
PP-2A |GLSPISIDTLDH[IRJALDRILQE[VPIHE|GIPM[CDLLWSDPD|-[D]RG 209
PP-1  [GJEND[RG]VSF[TF GJA v A K[F|L[H]K H ofL]ofC]1 c[R A H Q|v[VIE D[E Y]E F F 239
PP-2A {6]I SP|RGJA G Y|T F 60 SET[FIN{HjA N G|L]T|L)v S|R A H QJLIVIME[c YINWC 251
PP-1  AK[RlQL[VT|L[FSAPNYC)6EF D[NJA G[A[M[M]}s vD]E[T LM c[SFjq 1 L k[P A]D 281
PP-2A HD[RINVIVT|IFSAPNYC|YRCG|NJQA|A[I|MJE L|DID[T L{K Y|{S FIL QF D|P A|P 293

E Al

w9

lo|m
| o

PP-1 KNKGKYGQLSGLNPGGRPITPPRNSAKAKK 3N
PP-2A RRGEPHVTRRTPDYFL 309

Fig.4. Comparison of the primary structures of the type-1 and type-2A protein phosphatase C-subunits from rabbit
skeletal muscle. Identities are boxed and conservative replacements are underlined.

for in the coding region by the almost exclusive use and 2A showed only 53% identity in the region
of G or C (87%) in the third codon position. A coding for amino acid residues 11-280. No
similar phenomenon has been observed for other homology was evident in the 5’- and 3'-non-
skeletal muscle proteins [13,26]. However, the coding regions.

G + C content of the cDNA of protein phosphatase We reported in [9] that residues 55—95 of protein
2A was only 45%, perhaps because it is not a phosphatase 2A showed homology with mam-
muscle-specific protein [9]. For this reason, the malian alkaline phosphatases. Homology between
nucleotide sequences of protein phosphatases 1 the type-1 protein phosphatase and alkaline

PP-1 T MVITIIIMITTISEYLSGYETIRGLCLKSIREIFLSQPILLEL PL
AP-L 143 S[V|G|I|VITTITRV-NHATPSAAYAH A_DRDHYSDE]E!PP LS

PP-2A 13 WIEQLNECKQLSESQVKSLCEKAKEILTKES|NJVQEVRCPYV

PP-1 kifcle@ Tjusfaly Yo LL[R|LFEYGGFPPESNTLFLGDY VDR[G|K g
AP-L oelclkfpfavlolLmuNIRpIDYIMGGGRK-|[YHYPKNKT|D|V|6 Y]E
PP-2A Tv|clep|lvrcjoff oLt MELFRIGGEKSPDTNYLFMGD Y vp[R[c Y]y

PP-1 SlLfEjT1CL - -2 - - - Lle - - - - ay[x]1 k[¥]P € N FIF]L 100
AP-L S[DJEfjK ARGTRLDGLD[LV]IDTUWKSF[KIPIRY|[KHSH 252
PP-2A SiVEf[TvTL------- Lvf- - - -aLlkjv[RY|JRER T T[I] 114

Fig.5. Homology between protein phosphatase 1 (PP-1) and protein phosphatase 2A (PP-2A) from rabbit skeletal
muscle and alkaline phosphatase from human liver (APL) [27]. Identities are boxed and conservative replacements
underlined. The number of the first and last amino acid in each sequence is also given.
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phosphatases extends from the N-terminus to
residue 101, if the sequences are aligned to max-
imise similarity (fig.5). In the first 101 residues
there are 21 identities and a further 13 conservative
replacements. However, this is not the region that
contains the phosphate binding site and some of
the metal ligand sites of the alkaline phosphatases.
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