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Complementary DNA encoding the isoform of protein phosphatase 2C, termed PP2C2, has been isolated. The ¢eDNA predicts a protein of 390
amino acid residues with a molecular mass of 42,888 Da. The protein displays 76% identily Lo the PP2C1 isoform,

Protein phosphatase; Amino acid sequence; Isoenzyme

1. INTRODUCTION have been purified from rabbit skeletal muscle and

Protein phosphatase 2C (PP2C), one of the four
major classes of Ser/Thr-specific protein phosphatases
in mammalian cells (for a review see [1]) is characterised
by its complete dependence on divalent cations (Mg
or Mn*") for activity and insensitivity to the toxins
okadaic acid [2] and microcystin [3] that potently inhibit
protein phosphatases 1 and 2A (PP1, PP2A). PP2C has

a broad substrate specificity and is capable of dephos- .

phorylating a number of enzymes that regulate meta-
bolic pathways [4], but its activity towards most of these
substrates is low in vitro compared to PP1 and PP2A
[5], even at the supraphysiological concentration of free
Mg** (10-20 mM) required for maximal PP2C activiy.
Furthermore. in vivo studies using okadaic acid as a
membrane permeable inhibitor, demonstrate that PP1
and/or PP2A are indeed the major phosphatases acting
on many of these substrates [6]. The physiological roles
of PP2C are therefore unclear although there is evidence
that it may be the major protein phosphatase that de-
phosphorylates and inactivates the AMP-activated pro-
tein kinase, a key enzyme involved in the regulation of
the hepatic fatty acid and cholesterol biosynthesis [7,8}.
However, the equally high levels of PP2C in other tis-
sues where these pathways are absent [5], such as the
brain, imply additional functions for PP2C that have
not yet been identified.

PP2C is a monomeric enzyme with an apparent mo-
lecular mass of about 40-43 kDa [9.10]. Two isoforms
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rabbit liver [11] and amino acid sequencing of several
peptides demonstrated that they were the products of
distinct genes {12]. The isoform termed PP2C1 (ap-
parent molecular mass 44 kDa) migrated slightly slower
on SDS/polyacrylamide gels than the isoform termed
PP2C (42 kDa) [11]. Tamura et al. [13] subsequently
isolated and sequenced a cDNA encoding the complete
sequence of PP2C1 from rat kidney. We have amplified
a DNA fragment out of rat liver mRNA encoding for
PP2CI and cloned PP2C2 from a rat liver cDNA library
in order to carry out a detailed molecular characterisa-
tion of these «aigy1t es and to explors their structure and
function using recombinant DNA techniques. In this
paper we present the sequence of a full-length cDNA
clone encoding rat liver PP2C2 and compare it with
PP2CI1.

2. MATERIALS AND METHODS

2.1. Materials

M-MLV reverse transcriptase and restriclion enzymes were ob-
tained from Gibeco BRL, Eggenstein, Germany. Tag-polymerase
(Ampli-Taq) was from Perkin-Elmer Cetus, Norwalk, USA. T4-poly-
nucleotide kinase, [a-*P]dCTP, {¥-*PIATP. [a-**S]JdATP as well as
Hybond N nylon membranes came from the Amersham Buchler Co..
Braunschweig, Germany. RNAsin, the Random Priming DNA label-
ling kit were purchased from Boehringer, Mannheim, Germany, The
Sequenase 2.0-Kil was from United States Biochemicals Co., Cle-
veland, OH, USA. Southern blots were performed using Gene-
ScreenPlus from NEN-Duponi, Bad Homburg, Germany, and auto-
radiography using Kodak XAR-5 films. Oligo dT,, ,,»DNA and
MI3mpl8RF-DNA were purchased from Pharmacia, Freiburg,
Germany. The Lambda ZAP 11 rat liver cDNA library was obtained
from Stratagene, Heidelberg, Germany.

2.2, Methads

Oligonucleotides were synihesized on an Applied Biosystems 381A
Oligonucleotide Synthesizer, deprotecied with concentraled ammonia
and desalted using Pharmacia NAP-10 columns.
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Total RNA was isolated from rat liver according to {14]. The reverse
transcripluse reaction was carried out for 60 min at 37°C with 40 ug
of tolal RNA, 0.6 g of' oligo d T, primers, 125 U RNAsin, 0.8 mM
of euch desoxynueleotide and 600 U of M-MLYV reverse transcriptase
in 30 mM Tris-HCl, pH 8.3, 75 mM KCl, 10 mM DTT, 3 mM MgCl,
in a total volume of 160 ul. 5 ul of this reaction were used directly in
a polymerase chain reaction (PCR) using 3 ¢g of each oligonucleotide
SN and ASCI as primers. The reaction conditions were: 0.2 mM of
each desoxynucleotide, 2.5 U Taq-polymerase, 10 mM Tris-HCI, pH
8.3, 50 mM KCl and 2.5 mM MgCl,. The reaction was performed in
4 Thermocycler 60 (Biomed/Theres, Germany) under the following
conditions: denaturing at 92°C for 2 min, extension at 72°C for 1.5
min and annealing for 1.5 min ut 45°C for the first fivecycles and 55°C
for the following 20 cycles.

PCR products were analysed on 1.0% agarose gels, eluled from the
gels, digested with both Hindlll and Ssrl and subcloned into
M1 3mpl8. Single-stranded DNA from recombinant M13-clones wus
sequenced using Sequenase 2.0 according to the manulacturer's in-
siructions. Parallel sequenase reactions were run with dGTPund dITP
respectively: the sequencing strategy lollowed the “primer hopping'
method us described in [15],

A probe for library screening was prepared as tollows: M13 inserts
were PCR-amplified out of the bacleriophage stocks using primers
corresponding to the 3’ and 5’ ends of the insert at an anneuling
lemperature ol' 60°C und 30 cycles. All other conditions were as
described above, The amplified inserts were eluted oul of an agarose
gel and labelled with [-*PldCTP using the random priming method
[16).

Bucteriophage plaques from the cDNA library were transferred
onto Hybond N membranes according to [17] and hybridization with
the labelled 723-bp probe was performed as in [18]. Positive plagues
were picked and single positive plaques obtained by two rescreening
cycles using the same probe. Phage DNA wus prepared from plate
lysales, digested with EcoR1 und separated by agarose gel electropho-
resis. The DNA was alkali-blotted onto GeneScreenPlus membranes
and examined for insert size and cross hybridization (performed as in
[19]) with oligonucleotide SN2, which had been 5’-end-luabelled using
[¥-"*P]ATP and T4-polynucleotide kinase. EcoRl-cut ¢cDNA (rag-
ments chosen for sequencing were subcloned into M13mpl18 and se-
quenced as described above,

3. RESULTS

Two degenerate oligonucleotides (SNI and ASCI)
constructed to represent two peptides derived from the

Oligenuclectide SNl (sensa), 40mer:

H N A H @ A G N O

5' 66 PAG CIT GGT ACC CAC AAC GCI CAC GGI GCI GGI AAC GG o
HindIIT Kpnl T T T T

Oligonuclectidae ASC1 (antisenss), A4dmer:

D @ 6 A g B L E b P

3' oTG COI QEI G CCI CTG AAL OTC CTA GGI SeT AGG STC GAG G 5'
A AGC T [ Bam HI 8381

oligonuclectide 8N2 (sense), G2mer:

BE N A K @ A @ N 8 L R ¥ @
8' co CAC AAT GCG CAC GGG GCG GGG AAT GGT CTG CG'' TAC GGT

L 8 8 X Q@ O N
6TG ASC AST ATG CAA GCA Tos 3'

Fig. 1. Peptide sequences and deduced oligonucleotides. Upper rows

show the peptides (N to C terminus, printed bold), the lower lines

correspond o the oiigonucicolides which include sites with two imixed

bases. The underlined sequences are the additional restriction sites.

Note that the mixed bases and inosins in SN| and ASCI are re-

sponsible for the sequence differences between the 723 bp probe and
JW5.
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N-terminus (SN1}and the C-terminus (ASCl1) of PP2C2
with additional HindIll/Kpul- and Sstl/BamHIl-restric-
tion sites at their 5" ends are shown in Fig. 1. The
sequence of C-terminal peptide [12], but not the N-
terminal peptide has been published previously, SNI
and ASCl1 served as specific primers to amplify a
PP2C2-fragment from c¢DNA, that had been syn-
thesized with reverse transcriptase using rat liver total
RNA as template, This PCR reaction should provide a
highly specific probe for screening a ¢cDNA library, A
1.1-kb DNA fragment was expected from the apparent
molecular masses reported for the two isoforms [11],
and DNA of this size was indeed found as the most
intense band when analysing the PCR products by
agarose gel electrophoresis. The fragment thought to
encode PP2C2 was eluted from the gel, digesied with
HindIll and SstI and subcloned into M13mpl8. One
positive M13.subclone was found to carry a 723-bp
fragment with a single open reading frame and strong
homology to PP2CIL. The reduced insert length was
thought to be due to an internal Ss:I site in the 1.1 kb
fragment.

In order to determine the complete primary structure
of PP2C2, the isolated 723 bp M13-insert was labelled
with 3P and used as a probe to screen 2x 10 clones of
a Lambda ZAP II rat liver cDNA library. Eleven posi-
tive signals survived two rescreening cycles, and phage
DNA was prepared from these clones. Following EcoR1
digestion and Southern blotting of the resulting frag-
ments, the cDNA inserts were examined for cross hy-
bridization with the 723-bp probe and the oligonu-
cleotide SN2 (Fig. 1), which had been derived from the
5’-end of the 723-bp sequence. Four clones hybridized
with both probes, suggesting that they carried the N-
terminal sequences, and the longest (clone JW5) was
chosen for further sequencing. Insert DNA of JW5 was
about 2.0 kb and contained an internal EcoRI site yield-
ing a 0.7 kb fragment that hybridized with oligonu-
cleotide SN2 and a 1.3 kb fragment. Both fragments
hybridized with the 723-bp probe and were subse-
quently cloned into M13mpl8 and sequenced.

Clone JWS3 contained the complete translated region
for PP2C2, 690 bp of the 5" non-translated region and
87 bp of the 3’ non-translated region. The 723-bp probe
was identical to the overlapping part of JWS5 (including
the boundary between the two EcoRl fragments of
JW5), except for a few changes due to the degenerate
PCR-primers at the 5’ and the 3’ end of the 723-bp DNA
and one additional base exchange. JW5 encoded a pro-
tein of 390 amino acid residues with a molecular mass
of 42,888 Da. The complete sequence and the deduced
primary structure are shown in Fig. 2.

4. DISCUSSION

Cohen and co-workers reported the amino acid se-
quence of a peptide (DGGAGDLEDP) corresponding
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GAATTCCSTTTAATGAGCAAATTOCTATTAGCAAATATCARACTCGCCACAGACA 54
GGAGGAGCAGGACTGAGACCACGGGTTGASGGTCACCAAGACTAAGAAGAACCAN 109
CTACTTAAGAAACCAGGG TCGACAACAGGCACGACCAAACCOACACGACSEEASE 183
TCTCGTCCTGCANMNGGAGAAGGCACACCACTGACCCCACACAACAAAATTCAAAR 215
TAGTTTCGCCATAARATATAAACACEETATGTTCOTACCATCEAATARGACAGGA 274
QGAAAGGGGTATANGGGTTAAGACGCTOMTTGGECAATCCCGOAARAGCCGOTGG 329
TACTCTSACCGCCTGETAAAAAATGGCACTTGCGGAGCACTTTCCOTACCAGCGCG 384
GCTCGAGTCTCTG T TCTCTCTATCCCCTCGCTCGAACGATGCTCCACGAGAGATCA 439
GGCTGCGGLGGACCASSTCECEGCEECCANGTCCGCAGCGCCGCTCCGTTAGAGA 494
GCAAGGCGGLGACGGCEECGTOAGGCGLNGOACSGTATARACAGCTCGGGCAGCGE 549
COGTGGCCCAGRCCCCOAGSCCOAAGCGECCCCACAGGLGGTATCGCGTCTCCGE 604
AGAAAGCCAGGECLEET CGCCTGTCCGGCGEGCAAGCCCGCGAGACCTTGLL 659
TTCCACCTICGCCCCACATTCGTTACTAAAL ATG GCT GCA TTT TTG GAT 708

Met Gly Ala Phe Lou App 6
(%CxsE) OLIGO=

ARA COC AAA ACT GAA MGWW 750
Lys Pre Lys Thr 6lu Lys liu Asn Ala Hia Gly Ala Gly Asn 20

WUCLEOTIDES 3M1 AMD Su2
-~ -

WMWWW AGA GTA 792
y Leu Arg Tyr Gly Leu Ser Ser Met Gln Gly Trp Arg Val 24

GAA ATG GAA GAC GCA CAC ACT GCT OTT GTG GOA ATT QCT CAC 834
Glu Met Glu Asp Ala His Thr Ala vVal val Gly Ile Pro liis 48
GGC¢ TT8 CGAC CAC TGG TCG 1TI TTT GCA GTC TAT GAT GOGT CAT 876
Gly Leu Glu Asp Trp Ser Pho Phe Ala Val Tyr Asp Cly His 62
GCT GGA TCC CCGA GTG GCA AAT TAC TGT TCA ACA CAT CTA TTA 218
Ala Gly Sar Arg Val Ala Asn Tyr Cys Ser Thr Mis Leu Leu 16
GAA CAC ATC ACT ACC AAT GAA GAC TTT AGG GCA (GCT GAC AAA 960
Slu Uis Ile Thr Thr Asn Glu Asp Phe Arg Ala Ala Aap Lys k14
TCA CCC TPT GOT COT CAG CCG TCA GTG GAA AAT GTT AAG ACT 1002
Ser Gly Phe Ala Leu Glu Pro Ser Val Glu Asn Val Lys Thr 104
GGT ATC CCA ACT GGC PTT TTIG AAM ATT GAT GAA TAT ATG CGT 1044
Gly Ile Arg Thr Qly Phe Leu Lys Ile A3p Glu Tyr Mat Arg 11a
AAC TTT TCA OAC CTG AGG AAC GGG ATG GAC AGG AGC GGC TCT 1086
Asn Phe Ser Asp Leu Arg Asn Gly Met Asp Arg Ser Gly Ser i3
ACGC SCA GTG GGC GTA ATG ATT TCA CCG ACA CAC ATC TAC TIT 1128
hr Ala val Gly Val Met Ila Ser Pro Thr His lle Tyr Phe 146
ATC AAC TGC GGT GAC TCG AGA GCT GTT CTA TGT AGG AAT CGA 1170
Ile Asn Cys Gly Asp Ser Arg Ala val Leu Cys Arg Asn Gly 160
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CAA GTC TGC TTT TCT ACC CAG GAT CAC AAA CCT TGT AAT CCA 1212
Gln val Cys Phe Ser Thr Gln Asp lis Lys Pro Cys Asn Pro 174
ATG GAA AAG GAG CGC ATC CAA AAT GOA CCA GGC AGT GTA ATS 12584
Met Glu Lys Glu Arg Ile Gin Asn Ala Cly Gly Ser val Met 168
ATA CAG CGT GTG AAT GGG TCG TTA GCA GTS TCT CGT GCT CTG 1296
Ile Gin Arg vVal Asn Gly Ser leu Ala Val Ser Arg Ala Leu 202
GGG GAC TAT GAT TAC AAG TGT GTT GAT GGC AAG GGC €CC ACA 1238
Gly Asp Tyr Asp Tyr Lys Cys val Asp Gly Lye Gly Pro Thr 216
GAG CAG CTT GTT TCT CCA GAG CCT GAG GTT TAT GAG ATT CTA 12380
Glu Gin Leu val Ser Pro Glu Pro Glu val Tyr Glu Ile Leu 230
AGA GCA CGAA GAG GAT GAA TTT GTC GTC CTGQ GCT TGT CAT GGG 1422
Arg Ala Glu Glu Asp Glu Phe Val val Leu Ala Cys Asp Gly 244
ATC TGG GAT GTC ATG AGC AAT GAG GAG CTC TGT GAS TTT GTT 1464
Ilae Trp Asp Val Met Sar Asn Glu Glu Leu Cys Glu Phe val 258
AAC TCT AGG CTT GAG GTG TCA GAC GAC CTG GAG AAT GTG TGC 1506
Asn Ser Arg leu Glu Val Ser Asp Asp Leu Clu Asn Val Cys 272
AAT TGG GTA GTG GAC ACT TGT TTh CAT AAG GGA AGT CGA GAT 1548
Asn Trp Val Val Asp Thr Cya Leu His Lys Gly Ser Arg Asp 286
AAC ATG AGT ATT GTG TTA GTT TGC TIT GCA AAT GCC CCC AAG 1890
Asn Mat Ser Ileé Val Leu Val Cys Phe Ala Asn Ala Pro Lys 300
GTC 'TCA CAT GAA GCC GTG AAA ACA GAT TTA GAG TTG GAC AAG 1632
Val ser Asp Glu Ala val Lys Arg Asp Leu Glu Leu Asp Lys 314
CAC TTG GAA TCA CGG GTG GAA GAA ATC ATG CAG AAG TCT GGA 1474
His Leu Glu Ser Arg Yal Glu Glu Ile Met Gln Lys Ser Gly 328
GAC GAA GGA ATG CCT GAT CTT GCC CAT GTG ATG CGC ATT TTG 1716
Glu Glu Gly Met Pro Asp Leu Ala His val Met Arg Ile leu 3452
TCT GCA GAA AAT ATC CCA AAT TTA CCT CCC SGG GGA GCC CTC 1758
Ser Ala Glu Asn Ile Pro Asn leu Pro Pro Gly Gly Gly lLeu - 1-149
GCT GGC AAG CGC AAT GIT ATT CAA GCT GTT TAT ACT ACA CTT 1860
Ala Cly Lys Arg Asn Val 1lle Glu Ala Val Tyr Ser Arg leu 370
(AmTI3tx8E) ouicomUCLEOTIOE ABED
AAT CCA AAC MMM GAC AAT GAT GGG GGC OCT G6C GAT QTA CAB 1842
Asn Pro Asn Lys ASp Asn Aap Gly Gly Ala Gly Asp Leu Glu 184
GAC TCA TTG GTA GCC TTA TAACCITCTAAATCCTTTTGATTCTGAAAAT 1881
Asp Ser Leu Val Ala Leu k=t 3%0
TGCGCCAAAACTTTTAATCATATTTTCTTCAATACAAGGCCAACTATTCTTSTAA 1946
ATTC 1950

Fig. 2. Complete DNA sequence of the EcoRI insert of clone JW5 and the deduced primary structure of PP2C2. EcoRl, Sstl sites. start and
lerniina vy sieprinted bold, The termination codon is marked by three asterisks. The underlined sequences mark the positions of the three
oligonucleotides SN1, SN2 and ASCI.

to the C terminus of rabbit PP2C2 [12], while one pep-
tide the sequence of which was determined subsequently
(HNAHGAGNG) showed high homology to an N-ter-
minal sequence of rat PP2C1 [13]. The positions of these
two peptides in the sequence suggested that they would
be suitable for constructing oligonucleotides to serve as
primers which could then be used to amplify PP2C2-
specific sequences from rat mRNA. Using these probes
a 1.1-kb DNA fragment was found, exactly the length
expected from the known apparent molecular mass of
rabbit PP2C2. The reduced length of 723 bp of the
fragment cut with Hindlll/Sstl and subcloned into
M13mpl8 was obviously due to an internal Ss¢I site,
which later was found at base 1449 in clone JWS5.

The 723 bp fragment was used successfully to isolate
JWS5 from a rat liver cDNA library, and apart from the
errors in the regions corresponding to SN1 and ASCI,
oniy one base exchange was found in the overlapping
parts of these two DNAs. This change at base 1118
would cause an exchange of arginine for tyrosine, but
we believe the JW5 sequence to be correct, since the

PCR reaction is known to be error-sensitive and amino
acid sequencing has shown that this residue is tyrosine
in rabbit PP2C2 [20].

Both peptides used to construct the original oligonu-
cleotide probes (Fig. 1) were found in clone JWS5 at the
expected N-terminal and C-terminal positions (printed
bold in Fig. 3), apart from the last residue of the C-
terminal peptide which was serine in JW35 and proline
in rabbit PP2C2. This presumably reflects a species dif-
ference between the rat and rabbit proteins. A peptide
sequencing error is unlikely, since the amino acid com-
position of the C-terminal tryptic peptide of rabbit
PP2C2 was identical to the primary structure deter-
mined by amino acid sequencing (ESDGGAGDLEDP)
[12]. Other previously sequenced peptides [12] were also
found in JWS5.

We have isolated and sequenced a cDNA fragment
amplified out of rat liver total RNA whose nucleotide
and deduced amino acid sequence are identical to the
rat kidney sequence of PP2C1 reported by Tamura et
al. [13] (G. Mieskes, unpublished results). This indicates

137



Volume 297, number 1,2

e MGAPLDRPXTEKXKETEHEME AMGHNGLRY2G 25
P(S|G L 80
P(H|G L 80
2C1 TwS FFAVYDGHAGS|QV AR CICEHL 75
ac2 Di¥ s FAVYDGHAGSRVANYC|S THL 75
LiD T
Lie T

2c1 MGI\FLDKPKMEKHNAQQGNGLR‘IG 258

¢ LSSMQQWRVEMED

>
x
L]
>
<
< e
in nl
o

2c2 LESSMQGWRVEMNEDAHTAV

]

2C1
2¢c2

BAGA ===~ = PSVE 95
ADKSGPFALE|PSVE 100

2C1 NVKINNGIRTGT T L|E|I DE|H vn EKKH 120
x -«

2c2 HYK|TI6GIRTOFLK|IDE|Y N F DLRN 125

2cl GIA|PRSGSTAVGSG VLIS PIQ T FINCG 148

2C2 GIMDRSGSTAVGVIMISPT I* FINCG 180

2c1 DS R{C L|L C R N{RKIVIH FITQ DHKP|S L 170
X x

2C2 DS RAVILCRIN|GQ|VIC SITQ P HKP|C M 174

acy FKERIQNAGGSYMIQRVNGSLAVSR 195

202 ERERIQNAGGBVMIQRYNGSLAVSR 200

2C1 ALGDIFIDYKCVHGKGPTEQLVESPEPE 220
®

ac2 ALGDYDYKQVDGKGP’I‘EQL!ISPEPE 228

LACDGIHWDVHN 245
LACDGINWDYVMN 240

w0
[
™
< xH

2C1 |V|H
ac2 v

I{E|R|S|E E D|D Q|F(I
® X
IjLIR)A DIE =jF|V

FEBS LETTERS

February 1992

201 GINEELC|DFV|IRIBRLEV|TIDDLE[KIVCN|E 270
z *
202 SINEBLCIE|FV|N|BRLEVS|DDLE|NIVENRNW 274
2c1 VVDTCLYKGSRDNMSVIjICF NAP 285
* * L]
202 VVDTCLHRKGSRDNMS|IV|LIV[c FlA|[RA P 299
M~
2C1 KV SIA|JEA VKREAIELDR|Y|ILE|NJIRVERTI|I 320
"
2c2 KV SIDIEAVEKRDL|ELDRH|LE|S|IRVEETI|M 324
20 R RI|G|~|E GIViP D L|VIH VM R|T|L|A S|EN I P{8 344
2c2 Q S|G(E|E G|M|P D L|A{H VM R|(I|Li{S A[ENT P|N 349

201 LPPOGGIEILASIKRNVIEAV Y|N|RLNPY 369

202 LPPGGIGILAGIKRNVIEAVY|3[RLNPN 374

2c1 ND TDSASTDDIMY as2
* *

2c2 DN GOGAGDLEDISLVAL 390

Fig. 3. Sequence compurison between rat PP2CI and rat PP2C2. The boxes murk regions of identity between the isoforms, the aslerisks show
conservative amino acid exchanges, Previously known peptides are printed bold.

that the liver and kidney enzymes are products of the
same gene. The amino acid sequences of rat PP2C1 {13]
and rat PP2C2 are compared in Fig. 3. The two iso-
forms display an overall homology of 76% and 23 of the
differences between the isoforms are conservative repla-
cements.
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