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Identification by molecular cloning of two cDNA sequences from the
plant Brassica napus which are very similar to mammalian protein
phosphatases-1 and -2A
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Two clones encoding protein phosphatase (PP) catalytic subunits have been isolated from a Brassica napus cDNA library screened with rabbit

muscle PPla and PP2Ax cDNAs. The deduced protein sequences are very similar to those of mammalian PPla and PP2Aa (72% and 79% overall

identity, respectively) indicating that they are the plant homologues of PP1a and PP2A«. This high degree of similarity provides a molecular explana-

tion for the remarkable conservation of the catalytic and regulatory properties between animal and plant protein phosphatases and supports the
concept that PP1 and PP2A may be the most highly conserved of known enzymes.
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1. INTRODUCTION

Recently, 3 of the 4 major protein phosphatases
(PP1, PP2A and PP2C) present in animal cells (review-
ed in [1]) were identified in the cytoplasmic compart-
ment of both mono- and dicotyledonous plants and
their properties were found to be virtually in-
distinguishable from the corresponding enzymes in
mammalian tissues [2,3,4]. Similarities between plant
and animal PP1 and PP2A included substrate specifici-
ty (using mammalian phosphoprotein substrates), and
differential sensitivity to the mammalian heat stable in-
hibitor proteins (inhibitor-1 and inhibitor-2), the
dinoflagellate toxin, okadaic acid, and the cyano-
bacterial hepatotoxin, microcystin-LR.

PP2A in spinach leaves has been shown to catalyse
the in vivo dephosphorylation and activation of
sucrose-phosphate synthase in response to light [S].
PP2A can also dephosphorylate quinate dehydrogenase
from carrot cells [4] and phosphoenolpyruvate carbox-
ylase from Bryophyllum fedschenkoi [6] in cell-free
assays. By analogy with mammals and yeast, it is an-
ticipated that both PP1 and PP2A will prove to be
critical to the regulation of many aspects of plant
growth and metabolism.

In view of the biochemical similarities between PP1
and PP2A from mammals and plants and because of
the high degree of sequence conservation among PP1
and PP2A c¢cDNAs from mammals, Drosophila and
fungi (reviewed in [7]), we searched for PP1 and PP2A
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clones in a Brassica napus (oilseed rape) library by
screening with probes derived from PPla or PP2Ax
rabbit skeletal muscle cDNAs.

2. MATERIALS AND METHODS

An amplified A\gt10 ¢cDNA library was constructed using mRNA
from developing seeds of Brassica napus, in collaboration with Dr R.
Safford (Unilever Research, Colworth Laboratories, Sharnbrook,
Bedford). This library was screened, as described in [8] except that the
hybridization temperature was 55°C, with a 0.76 kb Smal/Nael
c¢DNA probe encoding amino acids 43-298 of rabbit skeletal muscle
PPla [9] and a 0.93 kb Hpall/Rsal cDNA fragment comprising 20
bases prior to the initiating ATG up to nucleotides encoding amino
acid 303 of rabbit skeletal muscle PP2Aa« [10]. By this method a single
putative PP1 and a single putative PP2A clone were chosen for
purification and further analysis. Rapid isolation of the ADNA,
followed by EcoRI digestion showed the cDNA inserts of the PP1 and
PP2A clones to be approximately 1.3 kb and 1.2 kb, respectively. The
inserts were subcloned into Bluescript pKS-M13* and a nested dele-
tion library was constructed using exonuclease III digestion (Phar-
macia Nested Deletion Kit, Uppsala, Sweden). The plant protein
phosphatase sequences were determined by the dideoxy chain-
termination method [11].

3. RESULTS AND DISCUSSION

The sequencing strategies, nucleotide sequences and
deduced amino acid sequences are shown in Figs 1 and
2. The PP1i-like cDNA is composed of 1344 nucleotides
and has an open reading frame which starts at
nucleotide 222 and codes for 264 amino acids. Since no
initiating methionine codon was detected and a stop
codon immediately precedes nucleotide 222, it is likely
that there has been a rearrangement at the 5’ end during
construction of the cDNA library. Accordingly the
amino acid sequence (255 residues) of the Brassica
napus PP1-like clone which is presented in Figs 1 and 3
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commences with the amino acid at which homology
with the mammalian PP1 is evident. The PP2A-like
c¢DNA clone has 1232 nucleotides and an open reading
frame which starts at the first nucleotide and codes for
309 amino acids. No initiating methionine is present,
and it may be that the Brassica napus PP2A-like clone
is longer than its mammalian counterpart (Fig. 3).
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Repeated screening of the cDNA library, using either
probe under the original or less stringent conditions,
resulted only in the isolation of clones identical to the
two initially obtained.

Regions that are conserved in all the known protein
phosphatases, including the bacteriophage phosphatase
ORF221 have been identified [21]. These regions are
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CTGATCATCGATTCATGATGAAATTTGCAT
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Fig. 1. Brassica napus protein phosphatase 1 (a) cDNA and deduced amino acid sequences of the catalytic subunit, The amino acid sequence begins

at the start of the homology with mammalian PP1, the dashes indicate the untranslated start of the reading frame that is within the cloning artefact,

(b) Strategy used to sequence the clones. The coding sequence is denoted by the thick filled bar and the non-coding region by a thin bar. The hatched

bar represents a cloning artefact. The scale shows the nucleotide position from the 5' end of the cDNA insert. The arrows indicate the direction

and length of DNA sequences obtained. Using complete or partially deleted cDNA inserts, sequencing was initiated with specific oligonucleotide
primers (@) or Bluescript primers (C) on the native or deleted clones.
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also highly conserved in the plant PPl-and PP2A-like
clones. In particular, 22 residues that are conserved in
all protein phosphatases [7,21] are present in the deduc-
ed amino acid sequences of the plant clones except for
a substitution (alanine to glycine) at position 185 in the
plant PP1-like clone. This strongly suggests that these
two plant clones represent plant homologues of PPl
and PP2A.

The plant PP1 showed 72% overall identity to rabbit
PP1 but only 49% identity to rabbit PP2A excluding
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additions and deletions (Fig. 3). If conservative
substitutions are taken into account, the overall
similarity between the plant and mammalian PPl is
82%. The plant PP2A showed 79% overall identity to
rabbit PP2A and only 43% identity to rabbit PP1. The
overall similarity between the mammalian and plant
PP2A rises to 86% if conservative substitutions are in-
cluded (Fig. 3). The structure of PP1 and PP2A have
thus been highly conserved since the separation of plant
and animal kingdoms. The plant PP1 also shows ap-
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AAGCCTCTCTCCGAGCAACAGGTTAGAGCA 90
K P L 8 E Q¢ Q V R A
CCTGTGACAATCTGTGGTGATATTCATGGA 180
P V T I ¢ G D I H G
CTATTTATGGGTGATTATGTCGATCCTGGA 270
L F M G D Y V D R G
ATCACTATTCTTAGAGGAAACCATGAAAGT 360
Q2 R I T I L R G N H E S8
AATGTTTGGAAGTATTTTACTGACCTCTTC 450
N VW K Y F T D L F
TCACCGTCTATCGAGACCCTTGACAACATT 540
s P s I E T L D N I
TCTGATCCTGATGACAGATGTGGGTGGGGA 630
s b p DD RCG W G
AGCAACAGCTTAAAACTTATCAGTCGAGCG 720
8 ¥ 8§ L K L I 8 R A
AGTGCCCCAAACTATTGTTATCGTTGTGGA 810
5 AP N ¥ C Y R C G
CCAGCCCCAAGGAGAGGAGAACCAGATGTG 900
Q F E P A P R R G E P D V
TCCGGTTGTTGGTTTTTTGAAGATCTCTGG 990
GCCTTCTACCTTGGAATAGTGTAATATAGG 1080
TTTAGCTCCCTTCTTGCATCAGAATCTATT 1170
GTGCCG 1232

Fig. 2. Brassica napus protein phosphatase 2A (a) cDNA and deduced amino acid sequences of the catalytic subunit. (b) Strategy used to sequence

the clones. The coding sequence is denoted by the thick filled bar and the non-coding region by a thin bar. The scale shows the nucleotide position

from the 5’ end of the cDNA insert. The arrows indicate the direction and length of DNA sequences obtained. Using complete or partially deleted
c¢DNA inserts, sequencing was initiated with specific oligonucleotide primers (@) or Bluescript primers (O} on the native or deleted clones.
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RabbitPPla M SDSEKLNLDSIIGRLLEVQGSRPGKNVQLTENEIRGLCLKSRETIFTLS 48
Rabbit PP2Act MDEKVFTKELDQWEQLNECKQSQVKS.LCEKAKEILTK 41
Brassica PP2A stetoalrtiu bl o]z olz]slo viM Q|c K]P{L S EjQlo VIRA|L CEXKAKE I L|MD 41
RabbitPPl. QP ILLELEAPLEKIC[GDIHGOQ Y|Y[DLLRLFEYGG|E|P PJE S{NJX[LF LGD Y VDRl 96
Brassica PP1 GoIHGQUY[olpLLRLFEYGG|Y|p PJsANE{LFLGDY VDRl 34
Rabbit PP2Ac ESNVQEVKC‘PVTIM[CGDIMlHGQE'HDI—.IMlELFRIGGlKS|PDTNYLFMGDYVD§89
BrassicaPP2A e snvolplvl[kslp vTlIilc e DlI|H 6 Q F EDLIA|[ELFRIGGIMC|ED TNYLFMGDYVD 89
Rabbit PPlo GKQSLETICLLLAYKIKYPENFELLRGNHEJCSIINRIYGFYDECKRRX_LM
BrassicaPP1 |6 XK g SLETICLLLAYRIIR|YPJS KT XL LRGNHEIDJAJKIINRIYGF YDECKRER|F 82
Rabbit PP2Ax GYYSVETVTLLVlAlLKvRYIRE_RITILRGNHESRQITQVYGFYDECLRK:II&H
BrassicaPP2A |6 Y Y SVE TV TLLV|GILKVRYIPQIRITILRGNHESRQITOQVYGFYDECTLREK Y|137
Rabbit PPl - LKLWKTFTDCFNCLPIIAAIZ EKIFCD.QSMERMlSl
BrassicaPP! - |N|V R|L W KJI{F T DCFNCLP|]v|aAJL I|pjR{X IjijcjM{E 6 G L s PJE|L|D N L N|Q I R]E|IjO{R]129
Rabbit PP2Ac GNANVWKYFTDLFD‘{LPLTALVDGQIFCLHGGLSPSjQ'TLDJHAL185
BrassicaPP2A [ N ANVWKYFTDLFDYLPLTALVDISE[IFCLHGGLSP S IIE{T L DIN|I R|N F[D Rj185
Rabbit PP1ou PTQ}ZPDQGLLCDLLWSDPDKDZQ_GWQENIDRG]MFITFGAEVKHH239
BrassicaPP1 |p T]JE Ilp pD)sfe L L cD L LwsSDPD|QKIE[GWADSIDRG|I|S|c|{T F G A{D K[V A{E|F LJD|K|N 177
Rabbit PP2Act LQEVPHEGPMCDLLWSDPD—DRGGWGISPRGAGYTFGQDISETFNHIA 232
Brassica PP2A yQEVPHGGPMCDLLWSDPD—DRCGWGISPRGAGYTFGQDISlNQFNHS 232
Rabbit PP1o DLDLICRAHQVVEDGYEFFAKRQLVTL[FSAPNY|C|GEFDNAGAMMSVDEIZB7
BrassicaPPl |D LD LI CRIGIHQVVEDGYEFVFAKR|R{L VTII|F SAPNY|GIGEFDNAGA|LL|S VD E]225
Rabbit PP2Acc  G|L]T{L|u¥{s R 2 8 Q L Vv M|E|G ¥ N W|cC DRNVVTIFSAPNYCYRCGN'QAML280
BrassicaPP2A  s{ilk{LlIls Ras oL vMlplc yNwWA{HIEAKGG|TIFSAPNYCYRCGN[MAS{I|L|E|¥Y[D D] 280
Rabbit PP1at ILMCSFQILKEADKNKGKYGQFSGLNGGBPITPPRNSAKAKK 330
Brassica PP1 S{Ljvic S F{E{IJM{K P AJLAS S - = = = - = S G|- LKKVPEKMGKS 255
Rabbit PP2Ac TLKYS_FLQFQPAPRRGEPJH[VTRRTPDYE‘ﬂ 309
BrassicaPP2A C RN HI|F/IJQ FIEfP AP RRGEP|D[VTRRTPDYF L 309

Fig. 3. Comparison of primary structures of Brassica napus and rabbit protein phosphatases. B. napus PP1 is compared with rabbit PPl«, while
B. napus PP2A is compared with rabbit PP2Aq. Identities are boxed and conservative substitutions are underlined.

proximately 70% sequence identity to PPl from
Drosphila melanogaster [12], Aspergillus niger [13],
Schizosaccharomyces pombe [14,15], and Sac-
charomyces cerevisiae [14], while the plant PP2A shows

Table I

Comparison of the rates of change of plant PP1 and PP2A with those
of other plant proteins. Plant proteins have been compared with the
counterpart in the animal kingdom

Millions of years for 1% change

Histone H4 500
Histone H3 330
Calmodulin 100
a-Tubulin 59
Ubiquitin 50
PP2A 48
PP1 36
Histone H2A 33
GAPDH 27
Cytochrome ¢ 23
Aldolase 22

Proteins considered to be highly conserved in the different kingdoms
have been chosen: they are maize and rabbit aldolase [22], wheat and
rabbit calmodulin [23), wheat and rabbit cytochrome ¢ [24], tobacco
and rat cytosolic glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [25,26}, wheat and rat histone H2A [27,28], pea and calf
histone H3 and H4 [29], Arabidopsis thaliana and human «-tubulin
[30], barley and human ubiquitin [31}, Brassica napus and rabbit PP
and PP2A, this study. The divergence of the plant and animal
kingdoms is taken to be 1000 million years [18]. Although the precise
values of the rates of change differ from those calculated when mam-
malian and Drosophila PP1 and PP2A are compared [32] the overall
order of the conserved proteins is very similar.

approximately 80% sequence identity with PP2A from
D. melanogaster [16] and S. cerevisiae [17].

The time for a 1% change in amino acid sequence can
be calculated to be approximately 36 and 48 million
years for PP1 and PP2A, respectively, if the time of
divergence of the plants and animals is taken to be 1000
million years ago [18]. If the rate of change of the plant
protein phosphatases is compared with that of other
plant proteins it can be seen that the protein
phosphatases have a rate of change slower than the
cytosolic enzymes glyceraldehyde-3-phosphate
dehydrogenase and aldolase, the electron carrier
cytochrome ¢, and also the structural protein histone
H2A (Table I). This very slow rate of change suggests
that any major changes in the structure of the protein
phosphatases would be highly detrimental to any
eukaryotic organism.

Although only four classes of serine/threonine pro-
tein phosphatase have been detected in eukaryotic cells
by biochemical methods, cDNA cloning has revealed
several novel protein phosphatases, namely PPV, PPX,
PPY, and PPZ [20]. Whether they encode protein
phosphatases with specialized functions is not yet
known. The plant PP1 and PP2A isolated here are
more similar to rabbit PP1 and PP2A, respectively,
than they are to the novel protein phosphatases. It is not
yet known if PPV, PPX, PPY and PPZ are present in
plants. If not, it may be that they perform animal-
specific functions.
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Two isoforms of PP1, namely PPl« and PP18, have
been found in rabbit {19] and mouse {14] and three in
Drosophila {(PPlay, PPla; and PPI8) [12,19]. The
characteristic amino acid differences between PPla and
PP18 are preserved in all three organisms, implying
that these amino acids confer distinct biological func-
tions [19]. However, B. napus PP1, A. niger bim G, S.
‘marker’ amino acids for both the « and 8 isoforms.
Thus, plants and lower eukaryotes do not share the
same specialisation of function of PPla and PPIS
isozymes which appears to occur in multicellular
animals.

The high degree of identity exhibited by the plant and
animal PP1 and PP2A sequences not only supports the
observed remarkable similarities in catalytic properties
{2] but also suggests that the surface regions involved in
the binding of regulatory subunits are also conserved.
Indeed, the catalytic subunits of PP1 and PP2A are
complexed to other proteins in extracts of plant tissues
{R.W. MacKintosh, unpublished resuits). Investigation
of whether these other subunits have important roles in
determining the subceliular location and modulation of
the specificity and regulatory behaviour of these en-
zymes, as in animals [1], will be a prerequisite to
understanding the control of dephosphorylation pro-
cesses in plants. Since the structures of the protein
phosphatases from plant and animals are very similar it
is expected that the study of signal transduction in
plants may benefit from molecular genetic analyses of
protein phosphatases in animals.
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