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is cxpressad dhroughont development, bt i< miost abundant in the early embryo, The cTPNA hiybridises to singtle siw on the lefUam of the seeond

chromasome at position 281724 The deduced amine acid sepuenve L300 residiesy o PDeosophita PPIA shows 980 identity with either rabbit PP2A
o PP2AML indicating (hat PP2A may be the mast conserved of sl known enesines,
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1. INTRODUCTION

Many extracellular stimuli ¢ligit diverse intracellular
responses through phosphorylation-dephosphorylation
caseades, ranging from the control of metabolisin [1) to
the modulation of synaptic efficieney [2-4]. The
phosphorylation state of a protein is controlled by pro-
tein kinases and phosphatases, and there have been ma-
jor advances in understanding the structure and regula-
tion of the latter class of eazymwes in recent years
(reviewed in [5,6]). The protein scrine/threonine
phosphatases comprise two distinct families, protein
phosphatases 1, 2A and 2B (PP1, PP2A and PP2B) be-
ing homologous to one another, while protein
phosphatase 2C (PP2C) is a structurally ditinct pro-
tein.

PP1 and PP2A show 41% amino acid sequence iden-
tity and these enzyme activities bave been found in afl
eukaryotic cells examined to date (reviewed in [5,6]).
Furthermore, their specificities and sensitivity to in-
hibitors, such as inhibitor 1, inhibitor 2 and okadaic
acid, have been remarkably conserved in organisms as
diverse as mammals, Drosophila [7,8], yeast [9] and
higher plants [10]. In the case of PP, the structural
basis for these biochemical similarities has ernerged
from cDNA cloning studies, which have revealed that it
is the most conserved of all enzymies so far examined
[11]. Mammalian and Drosophila PP1 show ~ 90% se-
quence identity [12,13], while comparison of the mam-
malian and yeast [14] or mammalian and Aspergillus
[15] enzymes reveals >80% identity. The extreme
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structural conservation of PP may be a reflection of its
crucial and multiple roles in vivo, implying an ability o
interact with many substrate nroteins, and/or tepula-
tory subunits {6],

i this paper, we report the isolation of ¢DNA en-
coding a PP2A catalytie subunit from Drosophila
nefanogaster and the determination of its sequence.
These studies have revealed that the structure of PP2A
is as highly conserved as that of PP1L

2. MATERIALS AND METHODS

2.1, Isodetion of ¢ONA clones

A Drosophile head eDNA Tibrary constructed i Agt1 1, kindly pro-
vided by Dr Y. Citri [16], was screened under high strinpency
hybridisation conditions (0,75 M sodium chloride, 78 mM sodium
citrate pH 7.0, 0.1% polyvinyipyrrolidone, 0.1% Ficoll 400, 0.1%

- bovine serum albumin at 67°C) with 2 0.96 kb Mpall/Ryal fragment

which comprised 20 bases of the non coding region 5 1o Lhe initiating
ATC und the nucleotide sequence encoding amine acids 1-303 of the
rabbit PP2A catalytic subunit [17). A Drosophila eye imaginal disc
cDNA library constructed in hgt!0, kindly provided by Dr D.
Kalderon and Professor G.M. Rubin, was screened under low
stringeney hybridisation conditions {18] with a 0.57 kb EcoRI/Smal
fragment encoding amino acids 108-298 of rabbit PP X {i8]. The pro-
bes were labelled to a specific activity of 2x 10° dpm/pg by random
hexanueleotide priming [19] and further purified by spun column
chromatography (20}, Filiers were hybridised overnight with 2x 10°
dpm/ml of the probe and washed with 0.3 M sadium chitoride, 30 mM
sodium citrate pH 7.0t 67°C (high stringency) or 55°C (low stfingen-
cy). Positive recombinant phages were purified by CsCl density cen-
trifugation [21]) and DNA was isolated by phenol/ehloroforn: or for-
mamide extraction of the phages.

2.2. Subctoring and sequence derermination

DNA from the h phage recombinants was digested with EcoRI 10
relense the ¢DNA inseris which were subeloned into the Bluescript
pKS+.vector. DNA sequencing was performed either on single-
stranded DNA, ot on double-stranded supercoiled plasmid DNA by
the dideoxy chain termination method [22], using [a-*2PICATP or
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AGACTEANG =)0
AARMATCUCCOAAMTRAAGTTEATTINVATTH GOAATTUIGTOEACSATARACCAGTAEAATAL GGG VTGHCAATAL AACUCAAGCAGTAQT TG o
CTAATTITORRGUARTO U TUAMTEATAATA ARAGUCGTOAAMATPEANTCGACAANIATY GACGAGATNTTTT TS FICCACCAUARL TGO =l
ATOGUAGGATAAAGCAACAAL AAAAUATCET GAYOAATOGATTGAGCAGT THEAACAAARLC ARTOCLCTTUACAGACACACAAGTTCGUACC ng
¥ 28 O K A T T £ B L 0O o0g W I ¥ ¢ L 8% # ¢ MG L T &2 T 4 V¥V 8 T 3¢
CTOPACHACAAGGCCAAGGAGATTCTCTAC AASSAGTOCAATOGESCMIGARGTAAAATAOC CAGRGIGACAGTAYGUUSAGATUTCOACQAT 100
L & h K A K K ¥ B 8 K R X NV g R ¥V K ¢ PV T YV C G Yy K do
CAGTTTCACUAGOTCATHGAGCTCTTCCUG ATASGOGOCAAGTOTUGUGACACCARCRAL GTUTTCATSGGCUGACTAGUTIGACCGTGGA a0
g ¥ H b L M R L F Lt & G K u P D T # ¥ L o¥ H @ 5 ¥ VvV D R G a6
TACTACTICCUTGAAGACCUTRACCATTETS GTSGCECTOAASSGTICOATATCACAANQGE NTCACCATLCPGHLGUGU PAACO ALGAGTCS 160
Y ¥ # v B T V % L L V¥V A & K V KR Y R ® ®n [ T 1 L B G M H ® 8§ 1320
COCOAGATOACACAGGTETACGEACTTETAG CACOACTHCCTGURGUAAMITATUGGGANTGOC AACGTITCGAAGEYACTTCARGGATCTGTTC 440
R R X 7T @ Vv GOF Y b ¥ ¢ LW RO OR Y G N A H OV H R Y ¥ T b L ¥ 150
AACTACTIGRCACTGALGGCACTAGTCOAL BGGCAGATCTTCTECATUCARGGAGICLTE AGTCCCTCUATCGACAATLTGOGATCACATT 140
P ¥ & P L T A L ¥V D ¢ 1 Fr ¢ L N 6 G L 8 P 85 X D v L D H 1no
CHGGOCUCTREATCUCTTGCAUGAGLITCLE CACUAGGGTCCUATUTGCOATCTGUTICTRS TCUGATCCCGATGACAGGOGTUGCTGGGGA 630
R OA L D OB L O Q K VP OOH#f ¥ & ¥ M ¢ B L L W % D ® # D & G ¢ W G 210
ATCPCUCCTCGTGHCGUCBR Y TACACCTET SUCCAGOATATTTCGOARMMCCTTTANCANC ACAANCOGCETAEACACTGATOTCGEGECGCEC 120
Tt 8 2 OB G4 A U Y T F 6 g DX 858 K T F M N T HN G L T L VvV B R A 240
CATCAGCTRGTCGATGOAGGGCRACANCTGE TOTCACGITCGCANTCTCCTCACARTATTC TOACCOCCANACTATTGCTACCGCTGTGGCC Nl o
@ L ¥ M B < X H w ¢ H b f OH ¥ ¥V T I ¥ 4 AN B H ¥ ¢ ¥ KR < o 270
AACCARGCGGCTETTATGGARCYGGATUAT TCACTTAARTTTTCATTICCTACAATTIGNT CCAGCACCCAGGESCBGAGAGLCTCATGTT 900
N g A A L M E L D P & L K ¥ O F L @ ¥ O 9 A P R R G ¥ P H V J00
ACGCOAAGAANCACUCCGATTATTITACTRTANA GCTGGATTGCTCGCACCTACGCAGCTTACA TERTACACATATTACATCGATTATAACANCA 990
T H R T P D ¥ F L 309
ACAAGANCCGAMMCARNTATATAATATATAC ANMATCCAACCAGCAGCARCAMDATIANNACAL AATGGCAAGTGCTGTCGAAANAMAMAMACTAC 1080
CATAAAMAACAACCCAANACTAAMACCTCG ATGCATTTGTITTIGTGGAGATCGTTTTANAN CAGAGAGCAGTCGAAGAGATATTGTATAAA 1170
CRANGAMAAAAARMNG TAACCATAACAGTCSG AGANCACAAANMTGCATTIGAACAGTTATTS TTGTTOGCCCACASTTTAANMAGAMMAGGTAA 1260
ATTCGGAAMATGTCGCCAGCGOGGGCGBEAS SCAGARAAATTTATATCAAMAGATAANGOGGA GOAGCAGAAGGAGAAGCAGTATACAGAANT 1350
GATACAATCCANTCGAACCTACCAACCAAS CCAGAAACCANGCAACAMAACCGCAAGCAN CAAGAAGAACTACAMCTACT TAGCTAMATT 1440
TGTTAATTTATANRAAATAACGAACTAAGEG TCGCAGCAGAAAGCCAGGGAGCACGAGCTGA TGGATCCATGGCATCATGAGATTATGACGTS 1530
ATGTCTGPGTGGGCGGARGGGGCTGACAAN GOACTAMACGGGNACCMAGGACSGAACGCCA GGACGTAGCAGCATANGCAAGCAGCAGLCGG 1620
TACGAGCAGCAGRAAGCASANGCAGACGACC CACGACCGACAAASCAGCANGATAACGATS AAGCAGCAGCARANMARG TAGGAGCAGTATG 1710
TGGOAGGAGCAGCAGCGAACGCCATTGCGN TGGGGGANGCGCGGGGLEGGGCCAGCGATTT ATATA.M\MCAMMTTATMAMAAAM& 10040
AANA : 1804
(h)
2.9 kb clone |
1.2 kb clone
Q——-———-—————O
1 q——-—o
—8
L | | l L
Q 0.5 1.0 1.5 2.0

Fig. 1. Strucwire of Drosophile protein phosphatase 2A. (a) Nucleotide and predicied amino acid sequence of Drosophifa protein phosphatase 2A,

catalytic subunit. A putative polyadenyiation signal AATAAA is underlined. (b) Strategy used (o sequence Drosophiia clones coding for the

catalytic subunit of protein phosphatase 2A. Black bars indicate the coding region, open bars the non-coding regions and the hatched bar represents

a cloning artefact, The horizontal arrows show the direction and length of sequences obtained with specific oligonucleotide primers (o) and with
Bluescript primers on the native (©) or deleted (9) clones. The scale is in kilobase pairs.
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O, Crabdberg at the Webraatin lastitute of Svicnee, amd Me AL
Murehie at Dundee Undversity,
DA RNA preparation. Nacthern Blot analysey @i i sitte
livhriclisadtion

Theve provedures wete vartied ot s deseribed presiousty (82
Theee probes were cnployed Tor RNA Ny bridosaton, A weding
region fragivent (150 489-80%) was labelied by random hesanucteotile
privisg 191 while e other twa prabes vansisted of srun ol
tratiserints complementary to cither the 37 nemevoding revion o1 the
3 pon-coding region and part of thevoding tegion, For preparaivg
ol the £ probe, the 1,2 Ky elone wis ranated feotr the 37 end to e
Feft] avnt 24 and religated, Forthe 3 probe, the 2.9 kb e DNA Glone
cleaved with el an n 486, Both probes were then synthesiced from
the T3 premoter in Bhaeseript wsing fuePIUTP and Stratagene (San
Diego, €A, USAY RNA  tanscription kit {eainlogue numba
O42003040), The probes ued for in situ hybridisation were cading
region fragments comprising ot 4836305 und ot 23485, which were
libelled by random primiag {19},

3. RESULTS
31 Sequoence of cDNA encoding the Drosophila
PP2A catalytic subunit

Sereening of 2 % 10° recombinants of the hewd
library with the 0.96 kb rabbit PP2ZA ¢IINA probe
yielded a positive clone with an insert size of 2.9 kb
(Fig. 1b), while screening of 1.8 x 10" recombinants of
the eye imaginal disc library with the 0.57 kb rabbit
PPX cDNA probe yiclded a positive clone with an insert
sizc of 1.2 kb (Fig. 1b). The latter clone yielded a §'
non-coding region of 188 nucleotides, an open readiug
frame of 927 nucleotides followed by 133 nucleotides of
3’ non-coding sequence (Fig. la). The 2.9 kb clone con-
tains the coding region starting from nucleoticde 22 and
377 nucleotides of 3' non-cocing region, The 133 nu-
cleotides immediately after the stop codon are identical
in the 2.9 kband 1.2 kb clones. Inthe 2.9 kb clone, the
sequence 5’ to the coding region nucleotide 22 contains
several stop codons, but no initiating methionine, in-
dicating a cloning artefact, and for this reason the 2.9
kb clone was not fully sequenced. The sequence of the
3’ endis presented in Fig. 1a. Northern blotting was us-
ed to demonstrate that the 1.2 kb clone contained the
correct 5' non-coding region and start of the coding
region. An EcoRl/Bg/ll fragment (nt ~ 188 to -+24)
hybridised to thesame 1.5 kband 2.3 kb mRNA species
as coding region fragments (see below).

The nucleotide sequence of the coding region of
Drosophila PP2A shows 74% identity to the nucleotide
sequences of both PP2Ax and PP2A3 from rabbit
skeletal muscle [23].

3.2, Amino acid sequence of the Drosophila PP2A
catalytic subunit
The deduced transiation product of the Drosophila
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CINA TS 09 mimino avids (K Dy identiead o osize 1o
rabhit PE2AL The predicted  molecudar mass of
Pirosophili PPXA IS X802 K, assiming that the ine
tiating methionite is nol removed oe acetyladed,

33 bwgpression dvrin e Drosophibi developent

Restriction rugmants from the voding region (it
AROKR05) and the 37 gon=coding region (nt - 188 1o 24)
of the Orasopdifle PPIA CDNA recaenized  (wo
anseripts of 2.3 kb oand 1.8 kb (dutie nat shown),
whereas frun of 1 transeripts of the 2.9 Kb clone, which
are likely to be mainly from i 3 ond ot the 3 non-
coding region, hybridised predominastly (o the 2.3 kb
traiseript wnder steingent hybridisation conditions (Pig,
2y, 1t s therelfore Hkely that the U3 kband 2.3 kb
transeripts are produced fron the sanwe PEP2A pene, the
1.5 Kb inRNA being terminated with the polyadenyla-
tion signmal ANTAAA at ot 1042-1047 (Fig. 1), Both
thie 15 Kb and 2.3 Kb transcripts were  detected
throughout Droasophila Jdevelopment, but were notably
more abundant in carly embryos,

34, Chromosamad localization of 1rosophila £P2A
Oy in situ hvbridisation o polviene cliromosomes
Coding region trugments of Drosophile PP2A CONA
hybridised o one site in the  salivary  gland

a E1E2 L1 L2 L3 P M F B U
§ ——
4-—_
o E—— .
. ROcwe - - &
16—— ‘
1 —
b

geeonsef ¢ —-

Fig. 2. Expression of the protein phosphatase 2A gene during
Drosophifa development. E1, 0-4 hembryo; E2, 4-22 h embryo; L1,
Ist instar larva; L2, 2nd instar larva; L3, 3rd insiar larva; P, pupa; M,
adult male; F, adult female; B (blank), no RNA,; U, unfertilised eggs.
The size of the mRNA transcript (on the right) and the marker DNA
fragments (on the left) are given in kilobases. (@) Northern blot prob.
ed with the 3' non-coding region of Drasophile PP2A ¢cDNA. (b) The
same blot stripped and reprobed with pDmras64B to control for
variation in loading of the poly(A)-rich RNA, The 1.6 kb Dinrass4B
transcript s present at a consiant proportion of the total poly(A)-rich
RNA throughout developmsnt [24],
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P, 3 Lnsita hvbridisation of Orasephily protein phosphatase 2A GDNA to saliviry ghind polstene chirdmosomes it 28D2-4 on chrouiosome 2.

chromosomes (Fig, 3), The signal was located on the than that observed for PPL [12,13), indicating that
lett arm of chiromosome 2 at position 280244, PP2A may be the most conserved enzyme known, ¢ven
more constant in structure than histone 2A. Only
histones 3 and 4 and calmodulin show higher evolu-

DISCUSSION tionary conservation {11]. PP2A is thought to regulate

Comparison of the encoded amino acid sequence of multiple functions in vivo including several metabolic
Drosophila PPIA cDNA with those of rabbit shows pathways, protein synthesis, DNA replication (reviewed
very high conservation of structure (Fig. 4). The amino in [3]) and the cell eycle. Studies using the inhibitor
acid sequence identity between Drosoplila PP2A and okadaic acid in Xenopus oocyte interphase extracts
both PP2A« and PP2AS of rabbit is 94% and the demonstrated that PP2A is involved in suppressing ac-
similarity rises to 97-98% if conservative substitutions tivation of ¢cde protein kinase [25). Consistent with a
are included, Most of the differences are near the N- role in cell division, abundant transeripts of PP2A are
terminus, and the identity is 98% over the region com- present throughout the life cyele of Drosophila, and it
prising amino acids 50-309. The conservation of struc- is of interest that transeripts are most abundant in the
ture from Lrosophila to mamrmals is slightly higher very early 0-4 h embryo (Fig. 2), at which time a series
Dzxosophila PRI TI® KigiL QHJ’EQLNEC.’NF&T»IE:QVR’PLCDK&KEILEKESHVQEVKE- 50
Robbit PRPIAN " lE]KVF'I‘K LDQHIEQL‘IECK:,QLiﬁ!EQQVSALCEK}\KEILIKESHVQEVBC 50
Rabbit PP2AJ M| D K'I‘E‘TK LDQHE]EQLHECKEQLNENQVRTLCEK'\KEI ZIXKESNVQERVRIC 5¢
Drosophila PPN PYTVCGDVIHGQFHADLMELFR GG KR S DTNYZYLFMGDYVDRGYLYLSVETVTLL 100
Rabbit PP2Au PYVTVYVCGDVYHUHGRFUDLMELFRIG K 3 DTNYLFMGDYVDODRG YSVETVITLL 100
Rabbit PP2AJ PVTVCGDVYUGQPHUDLMELFR GGKSPDTN LFMGDYVDRGYXSVETVTLL 100
Drosophila PP2A VALXVRYRERTIT 1‘..P.GNHESRQI’.Y:‘Q'v"tG'E"L’l'J13:(.2141’..?(‘L’GNJKNV'WK"L’;“'I‘DLF1 150
Rabbitc PP2AG VALKVRYRERTIT LAGNHESRQITQVYGFYDECLRXYGNANVRIEXYFPFTITDLF 150
Rabbit BPP2AJ VI\LKVR_}’_]—P-'ERITILRGNHDST\QITQVYGFYDECLRK'.’GNANVHKYTTDLF 150
Drosophila PR2A DYLPLTALVDGQRQIFCLEHGGLSPSIDISILDHIRALDRLQEVPHEGPMCDLLHW 200
Rabbit PP2AD DYLPLTALVDGQIFCLHGGLSPSIDIZILODHIRALDRLQEVPHEGPMCDLLW 200
Rabbit PP2AJ DYLPLTALVDGQIFCLHGGLSPSIDIRILDHIRALDRLQGQEVPHEGPMCD LLY 200
Drosophila PP2A SDPDDRGG WG SPRGAGYTEFGQRDI ETFNNTINGCGLTLVSRAHQLVMEG YNW 250
Rabbit PP2AR SDPUVDRGGHWG SPRGAGYTFGOGRDPDISETFNHAINGLT LYVSRAHQLVMEGYNRG® 250
Rabbit PP2AJ S D PDDRGCOBWGISPRGAGYTFGOQDISETFNHANGLTLYVSRAHQLVMEGYNGW 250
Droscphila PP2A CHDRNVV'L‘IE‘SAPNYCYRCGNQAALMELDDSHESFLQE’DPAPRRGEPHV 300
Rabbit PP2AX CHDRNVVIPIFSAPNYCYRCGNQAAIIMELD D D|Z|ILR|XISFLQFDPAPRRGETDPHYV 300
Rabbit PP2AJ CHDRNVVDTIFSAPNYCYRCGNQAA|IIMELDD|IR|Z R|XSPLQFDPAPRRGEPHYV 300
Drosophila PP2A TRRT?TPDYPFP L 309
Rabbit PP2AX TRRTPDY¥PF L 309
Rabbit PP2AR TRRTPDYF L 309

Fig, 4. Comparison of the deduced amino acid sequence of the catalytic subunit of Drosophila protein phosphatase 2A with rabbit protein
phosphatase 2Ax and A catalytic subunits, Identities are boxed and conservative substitutions are underlined.
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at rapid cell divisions take place (reviewed in (20]),
However PPl which is known to play o role in the
separation of sister chromatids at o fiter stage of
mitosis in Drosophile 127,28], does not appeay o by
elevated substantinlly in very carly cimbryos ({12 and |,
Alphey and T, W, Cohen, unpublished data).

Only one isaform of PP2A has been isolated from
Drosophile so tar, In mammals, two isoforms e
kuown, PP2A« and PP2AS, which differ in only 8
amino acicds, 7 of which are within 30 resicliey of the N«
teeminus (the 8th being at residue 108), Amino acids 14
and 108 of Droasophita PP2A are as in rabbit PP2Ax,
while amino acids 29 and 30 are as in PP2AG, the other
four residues being different from both PP2A«
PP2Ag. Since only one chiromosomal tocation was
identiticd with the Drosophila PP2A cODNA, i appears
likely that there is only one gene in Drosophile. A sec-
and PP2A gene, if it exists, would have to be at the
sume locus or have a rather different nucleotide se-
quence. Finally, identification of the hybridising site of
Brosophila PP2A ot 28D2-4 will fueilitate mutagenesis
of this locus and the isolation of mutants defective in
PP2A activity using the recently reported technigues
{29,30].
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