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ABSTRACT. Phosphotyrosyl phosphatase activator (PTPA), a 37 kDa cytosolic protein that specifically
activates the phosphotyrosyl phosphatase activity of the dimeric form of PP2A, was clonddr&rsophila
melanogasteandSaccharomyces carsiae Sequence alignment of PTPA from yeast to human revealed
highly conserved regions including the type B fragment of the putative PTPA ATP binding site. We
generated PTPA deletion mutants of these conserved regions as well as point mutations within regions
that were suggested to be functionally important. The recombinant proteins were expreEsamblin

and subsequently purified. Activity measurements, linked with immunological detection, revealed that
most of the well-conserved regions are essential for PTPA activity. However, neither the type A fragment
of the putative ATP binding site nor the cysteine-rich region, present in all bubtbsophilaand yeast
homologues, appeared to be essential for PTPA activity. Moreover, we observed that PTPA truncated at
glycinegs behaves as a dominant negative mutant since it is inhibitory to the wild-type PTPA.

Protein phosphatase type 2A (PP2A3 a family of different eukaryotes including rabbit skeletal muscle, dog
holoenzymes consisting of a catalytic subunit of 36 kDa and liver, porcine brainXenopusoocytes, andsaccharomyces
a regulatory subunit of 65 kDa, forming the dimeric core cerevisiae (26, 27). By immunochemical analysis, PTPA
structure (PP24). PP2A, activity is regulated by associa- has been identified in all tissues and species examizigd (
tion or interaction with one of a still growing number of The deduced amino acid sequence determined by molecular
cellular and viral proteinsl(—10). These regulatory proteins  cloning of PTPA from different vertebrates such as human,
largely determine the substrate specificity and activity of rabbit, and Xenopus(28, 29) reveals a high degree of
PP2A and probably also its cellular localizatiohl( 12), similarity among these species. Hence, PTPA is a ubiquitous
contributing to the involvement of PP2A in the control of highly conserved protein, suggesting an important cellular
many different cellular processes such as cell division, cell function. The single human PTPA gene is located on

growth, cell differentiation, and cell transformatiat8( 14). chromosome 9 (q34), and its structural organization has been
PP2A is also subject to posttranslational modifications by determined 30).

phosphorylation 15—18) and methylation 19—23); two
heat-stable specific inhibitors of PP2A were also described
recently @4).

PP2A is a dual-specificity phosphatase, dephosphorylating
Ser/Thr as well as Tyr phosphorylated substrafeg%, 26).
In vitro, the phosphotyrosyl phosphatase (PTPase) activity
of PP2A is stimulated by a 37 kDa cellular protein, PTPA
(phospho-tyrosyl phosphatase activator), in an ATP,Mg
dependent reaction2¢). PTPA has been purified from

PTPA-activated PP2A has a distinct in vitro substrate
specificity compared to classical protein phosphotyrosyl
phosphatase81), suggesting that PP2A activated by PTPA
might dephosphorylate a selective group of tyrosyl phos-
phorylated substrates in vivo. The cellular concentration of
PTPA is estimated in the micromolar range, similar to the
concentration of PP2A itself, and after activation, the tyrosyl
phosphatase activity of PP2A is only slightly lower than its
Ser/Thr phosphatase activitgg). However, its biological

" This work was supported by the ‘Fonds voor Wetenschappelijk ole in the activation of the phosphotyrosyl phosphatase of
Onderzoek’ (F.W.0.) and by the ‘Geconcerteerde Onderzoeksacties’ PP2A is not yet fully understood. ATP and Rigare
fellow of the F.W.O. .

# GenBank Accession number f@rosophilaPTPA: X98401. that cannot be hydrolyzed are unable to substitute for ATP.

* To whom correspondence should be addressed. Telephone: 32-Nevertheless, PTPA is probably not a kinase since neither
16-345794. Fax: 32-16-345995. E-mail: Jozef.Goris@MED.KULeuven. the PP2A subunits nor PTPA could be phosphorylated. In
ac.be. P ; ; ;

§Present address: Department of Biochemistry, University of addition, PTPA could n,Ot act as a kinase using diverse
Bucharest, Bucharest, Romania. substrates26), and the primary sequence of PTPA does not

! Abbreviations: mT/st, polyoma middle T and small t antigens; contain the canonical kinase ATP binding site GXGXXG

ORF, open reading frame; PAGE, polyacrylamide gel electrophoresis; i ; ;
PCR, polymerase chain reaction; PP2A, protein phosphatase 2A; (28). In the absence of a kinase moti, the primary sequence

PP2A;, dimeric form of protein phosphatase 2A; PTPA, phosphotyrosyl Of PTPA was screened for ATP binding domains such as
phosphatase activator; PTPase, phosphotyrosyl phosphatase. those found in proteins involved in other ATP hydrolytic
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processes. These ATP binding sites contain two segmentsCATATG TCTCTGGATCGTGTAGATTGGC (YPTPAL),

denominated A and B3@), and an imperfect A and a nearly
consensus B sequence were found in PTBA (

In this study, we report a mutational analysis of both of
the putative ATP binding regions as well as of a cysteine-
rich region, thought to be important for the mechanism of
action of PTPA. Indeed, a similarity was observed to the
PP2A binding site of polyoma middle T and to the catalytic
domain of the classical protein tyrosine phosphataSgs (
We also report the molecular cloning of PTPA from
Drosophila melanogasteandSaccharomyces cerisiaeand
present the alignment of these sequences Wi#mopus

and TCGAATTCATATG TTGCCAGAAAAGAG (YPT-
PA2), respectively. For the stop codon region, elongated
with a BanHI restriction site, the oligonucleotides were
TGGGATCCCTATTCCTTGCTGGGCTTATCC (DPTPA),
GGATCCTTATCTACGTAGTCTATCTCTTG (YPTPAL),
and TGGGATCCCTAATCAAAAGGTATTGG (YPTPA2)

of the appropriate PTPA DNA. PCR reactions were carried
out for 1 cycle of 5 min at 94C, 2 min at the appropriate
annealing temperature calculated without taking the muta-
tions and restriction sites into account, 3 min at ‘2,
followed by 30 cycles of 80 s at 94C, 2 min at the

rabbit, and human PTPA. Regions of well-conserved amino @ppropriate annealing temperature for the complete oligo-
acids were found and subjected to functional analysis by nucleotide (maximum 606C), and 3 min at 72C in a total
constructing deletion mutants. From this study, it is clear Volume of 50uL containing 1x buffer (Perkin-Elmer), 2.5
that these highly conserved regions are essential for PTPAMM MgClz, 200uM of each dNTP, 15 pmol of sense and

activity. One further notable mutant, PTPA truncated at antisense primer, 100 ng of the appropriate DNA in pBlue-
glyciness, missing two conserved regions, is inactive and SCript as template, and 2.5 units of Ultma DNA polymerase.
behaves as a dominant negative mutant since it is inhibitory The final mutated PCR product was subcloned into the

to the activity of wild-type PTPA.

EXPERIMENTAL PROCEDURES

Molecular Cloning of Drosophila melanogaster and Sac-
charomyces cergsiae PTPA. The cloned part of the
Xenopu$PTPA ORF was generated by PCR with theénse
oligonucleotide GAAGGTGTGAAGAAGCTGACC and the
3 antisense oligonucleotide TAGCCGGAGGTGACGGG-
GTGGATGG, labeled by random priming3) and used as
a probe to screen ®rosophila embryo cDNA library
(AZAPII, Stratagene) in order to isolate tHerosophila
homologue of PTPA (DPTPA). The first yeast PTPA

PRSET expression vector (InVitroGen) usiddd and
BanHI restriction sites present in both the fragments and
vector, resulting in a native recombinant protein. The
accuracy of the PCR reactions was verified by DNA
sequencing of the construct.

BL21(DE3) bacteria were transformed with these plasmid
constructs, and after induction of the bacterial culture with
0.4 mM IPTG fa 2 h 30 min at 37°C, the expressed
recombinant proteins were purified according2a)( includ-
ing phenyl Sepharose, DEAE Sephacel, monoP, and monoQ
chromatography, unless otherwise specified.

In Vitro Transcription and Translation of Drosophila and
Yeast PTPA DNA.To linearize the pRSET plasmids

homologue (YPTPAL) was isolated by classical screening containing the complete ORF encodibgosophilaand yeast

of a yeast genomic DNA library (kindly provided by J.

PTPA, respectively, both constructs were digested with

Thevelein, Leuven, Belgium) with a yeast PCR product as EcaRl for transcription in the sense direction aBtbsophila
probe. This PCR probe was generated with oligonucleotidespTpPA cDNA was digested witkhd for transcription in the
synthesized toward the regions most similar between agntisense direction.

PTPA-like yeast ORF (accession number: 238059) and mRNA was synthesized using the appropriate RNA

vertebrate PTPA cDNA as primers' (§ense: ACAAGAT-
TGGACTACGGCACGGGCC; 3antisense: GCCGAAC-
CAGAAATGTTGCACCACGGG) and with yeast genomic
DNA (prepared as described 84) as template. Prehybrid-
ization, hybridization, washing, and plaque purification were
performed as described ir2§). The DNA sequences of

polymerase (T3 and T7) and capped. Translation of mMRNA
was performed in mL of rabbit reticulocyte lysate (Strat-
agene) supplemented with.2. of [3*S]methionine (15 mCi/
mL; 1000 Ci/mmol; ICN) and 3ug of mRNA. After
incubation fo 1 h at 30°C, the reaction was quenched by
adding 5uL of 0.125 M Tris-HCI, pH 6.8, 3% SDS, 35%

isolated clones were analyzed by the automatic laser glycerol, 9% mercaptoethanol, and 0.02% bromophenol and
fluorescence procedure, using the “Autoread Sequencing Kit” hojled for 5 min. Translation products were separated by
(Pharmacia) according to the manufacturer’s protocol. To SDS-PAGE. Stained gels were dried and exposed to AGFA
obtain the complete DNA sequence in both directions, we CURIX RP1 film to visualize the labeled translation products.
used specific internal primers based on the DNA sequence  Sijte-Directed Point and Deletion Mutagenesis; Purification
and used subclones made by restriction enzyme digestionof the Recombinant ProteinsTwo different methods were
as templates for the sequencing reaction. The second yeasgsed to introduce point mutations and/or deletions in rabbit
PTPA homologue (YPTPA2) was kindly provided by B. skeletal muscle PTPA. The point mutations &tyGlu and
Purne”e, Louvain-la-Neuve, Belgium, as part of a 41.5 kb Cy5165—>Trp were generated with the “Transformer Site-
cosmid, containing the left arm of chromosome XVI (ac- directed Mutagenesis” kit (Clontech) with full-length rabbit
cession number: X96770). PTPA cDNA in the pRSET expression vector (Invitrogen)
Expression and Purification of Drosophila and Yeast as template. Ten picomoles of selection primer and the
Recombinant ProteinsA Ndd restriction site at the start  appropriate mutagenic primer were annealed to 100 ng of
codon of theDrosophilaand yeast DNA was created by PCR  denatured double-stranded plasmid DNA (selection primer:
using Ultma DNA polymerase (Perkin-Elmer). The oligo- AGCAGCCGGATCTAGCTTCGAATTCC, mutated in the
nucleotides according to the start region containing the uniqueHindlll site of the pRSET vector; mutagenic primer
mutation to achieve dldd restriction site were GAATTC- Glyer—Glu: GCTCAGCTTCTTA CCTTCACGCCTTCG;
CATATG GCGAGTGGCATTAACC (DPTPA), GAATTC- mutagenic primer Cygs—Trp: CGATCTTGCACAQGC-
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Table 1: Oligonucleotides Used as Sense and Antisense Primers in the PCR Reaction To Create Point and Deletion Mutants

mutation sense primer antisense primer
Cysl1l67Ser TGTCTGTCCAAGATCGGGGTGCTG CAGCACCCCGATCTTGACAGACAGCACAGG
Argl73—Ala CTGGCCGTGGACGACCAGATAGCC TATCTGGTCGTCCACGCCAGCACCCCGATCTTG
AM 0 EPAG So6 AAAACCTACCGGCAGGGGGTGTGGGGCCTGG CCACACCCCCTGCCGGGTAGGTTTTCTGGAGC
AG0VWGLD213 GCCGGCAGCCAGGATTTCCAGTTCCTGCCC GAACTGGAAATCCTGGCTGCCGGCGGGCTCC
AS146TRID150 TCCGTGGGCAACTACGGCACAGGGCACGAAGC CCCTGTGCCGTAGTTGCCCACGGACTCC
AY 15:GTGHEs6 ACGCGCATCGACGCAGCCTTTGCCGCTTTCC GGCAAAGGCTGCGTCGATGCGCGTGGAGTTGCCC

CAGCACAGGAAAGCGG). After second strand synthesis, RESULTS

the DNA was digested wittHindlll and transformed in

BMH71-18mutScells by electroporation. Plasmid DNA was

isolated (mini-Qiagen, Westburg), digested witimdlll, and

Molecular Cloning of Drosophila melanogaster PTPA.
With the XenopusPTPA cDNA as a probe, we screened a

transformed in JM109 cells. Mutations were confirmed by Drosophilaembryo cDNA library and isolated three inde-

DNA sequencing.

pendent clones. The longest clone, D3.1., with a size of 1.3

All other mutations were generated with a two-step PCR kb, was further analyzed and sequenced. It contains a
procedure: two initial PCR reactions were performed with Ppotential ORF of 1196 bp, flanked by adnd 3 untranslated
a sense primer annealing to the start region (start primer:region of 41 and 99 bp, respectively. The D3.1. cDNA

GGCTCCGCGEATATG GCTGAGGG,Ndd site in bold-

encodes a protein of 399 amino acids with a C-terminal

face) and an antisense primer at regions to be mutated (se@xtension of 89 amino acids relative to vertebrate PTPA
Table 1), and a PCR with an antisense primer annealing to(Figure 1). The putative start codon for this ORF is located

the 3UTR (UTR primer: GCCCGTCCGCTGCAGGT-

GAGCTCAGC, Sad site in boldface) and a sense primer

at nucleotides 4245 of the D3.1. cDNA, but is not
preceded by thBrosophilaconsensus sequence of initiation

annealing to the region to be mutated (see Table 1). ForoOf translation 86, C/AAAC/AATG) or by a stop codon in
each mutant, these two PCR products were combined in aany of the three reading frames. Therefore, it is not excluded

new PCR reaction with the START antl@'R primer. PCR
reactions were performed in 2 reactions using 2.5 units
of Ultma DNA polymerase (Perkin-Elmer), & PCR buffer,
2.5 mM MgCh, 200uM of each dNTP, 15 pmol of primer,

that the complete ORF drosophilaPTPA is elongated at
the 8 end. However, all efforts to isolate d Bxtended
DrosophilaPTPA cDNA by PCR with a Sspecific antisense
oligonucleotide and the T3 sense oligonucleotide as primers

and 100 ng of template (rabbit cDNA in the case of the two Wwere unsuccessful. The deduced amino acid sequence was
first PCR reactions; the denatured and reannealed mixture47% and 50% identical to the mammalian aXenopus
of the initial two PCR products in the final PCR reaction) PTPA, respectively. In vitro transcription and translation

with 30 cycles of 80 s denaturation at 92, 2 min annealing

of the DrosophilaPTPA cDNA revealed a translation product

at the appropriate temperature, and 3 min elongation at 720f 45 kDa and minor bands of 49, 40, 38, 36, and 28 kDa

°C. This PCR product was digested wiktdd/Sad and
ligated in aNdd/Sad-digested pRSET vector.

The A267-323 truncated form of rabbit PTPA was
constructed by deletion of afipa/EcaoRl fragment in the
PTPA-pRSET constructApa cuts in the coding region of
rabbit PTPA, resulting in a truncation at glyciae

(Figure 2). The predicted molecular massfosophila
PTPA, based on the deduced amino acid sequence, is 45 285
Da. The lower size translation products are likely to be due
to usage of internal initiation sites or perhaps partial
degradation. The 49 kDa translation product in fact is the
full-length protein (see further below). Expression of the

BL21(DE3) bacteria were transformed with these different DrosophilaPTPA cDNA inE. coliresulted in a recombinant
plasmid constructs and the recombinant proteins producedprotein with moderate solubility. The soluble fraction of the

and purified as described for thBrosophila and yeast
recombinant PTPA.

N-Terminal Amino Acid SequencingFor N-terminal
amino acid sequence analysis,~13D pmol of protein was

expressed protein displayed PTPA activity toward rabbit
PP2A,. Purification of the soluble recombinant protein
resulted in two peaks of PTPA activity in the last purification
step (monoQ chromatography; not shown). One peak of

loaded on a ProSorb membrane (Applied Biosystems) which PTPA activity is produced by a pure 36 kDa protein. Amino

was then washed 3 times with 150 of 5% CHCN in

acid sequencing of the N-terminus revealed the sequence

0.1% TFA to remove the buffer salts. Subsequently, protein ASGINQA, indicating that the correct initiation site was used
sequencing was performed on an Applied Biosystems Prociseby the protein synthesis machinery Bf coli, but that the

492 sequencer operating in the pulsed-liquid mode.
Immunoblotting and PTPA Acity Measurement.West-

translation product was probably subject to proteolysis at
the C-terminal region. The other peak of PTPA activity was

ern blots were developed by using the affinity-purified anti- a mixture of two proteins of 36 and 49 kDa. These two

rabbit PTPA goat antibodies as described 27)( PTPA
was assayed as describ@d,(and with many details iB85),

proteins could be separated from each other on a Superdex
200 gel filtration column, and both displayed PTPA activity

using tyrosyl phosphorylated RCM lysozyme as substrate. (Figure 3). Amino acid sequencing of the N-terminus of
The assay is based on the increase in phosphotyrosylthe 49 kDa protein revealed the sequence ASGINQA as
phosphatase activity of the dimeric form of PP2A that is expected. Therefore, this protein represents the intact
exogenously added. One unit of PTPA activates 50% of Drosophila PTPA (DPTPA). Measurement of the PTPA

the potential PTPase activity of-5 units/mL PP24. A

activity of the 49 and 36 kDa proteins in linear conditions

unit of PTPase catalyzes the release of 1 nmol of phosphatefevealed a specific activity of 9% 10° and 80x 10° units/

min using 1uM RCM lysozyme in a 3QuL assay.

mg, respectively.
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HPTPA MAEGERQPPP DSSEEAPPAT QNFIIPKKEI HTVPDMGKWK RSQAYADYIG 50
RPTPA MAEGERQPPP DSSEETPPAA QNFVIPKKEI HTVPDMGKWK RSQAYADYIG
XPTPA NN NN N N A A e e e Tttt
DPTPA dadadedadededodaded ~MASGINQAA GKLPAIAKKV QONLGDMGVWQ KSRAFHDLIG
YPTPAlL -~~~ ~~~ MSLDRVDWPH ATFSTPVKRI FDTQTTLDFQ SSLAIHRIKY
YPTPAZ ~~~~~mmn~ ~ o~ ~~~MLPEKRL, LTPDDMKLWE ESPTRAHEFTK
HPTPA FILTLNEGVK GKKLT.FEYR VSE..AIEKL LALLNTLDRW IDETPPVD.. 95
RPTPA FILTLNEGVK GKKLS.FEYK VSE..AVEKL LALLDTLDRW IDETPPVD..
XPTPA  ~~~n~ RAVK GKKLT.DDYT VSE..VIHKL MALLDTLDRW IDETPPMD..
DPTPA YINGTSSAIQ GIKTT.DEIF ESE..MLKKL LRLFDALEKL VEQNPPLE..
YPTPA1l HLHKYTTLIS HCSDPDPHAT ASSIAMVNGL MGVLDKLAHL IDETPPLPG.
YPTPA2 FIIDLAESVK GHENSQYKEP ISE..SINSM MNLLSQIKDI TQKHPVIKDA
HPTPA QPSRFGNKAY RTWYAKLDEE AENLVATVVP THLAAAVPEV AVYLKESVGN 145
RPTPA QPSRFGNKAY RTWYAKLDEE AEGLVAAVVP AHLAAAVPEV AVYLKESVGN
XPTPA QPSRFGNKAF RTWYARLDKE AESLVSTVIP VHLSAAVPEV AVYLKESVGN
DPTPA QPQRFGNKAY RDWAQAMREL LPELLEQLLP DDKKRYQVEL GQYLTESFGN
YPTPA1 .PRRYGNLAC REWHHKLDER LPQWLQEMLP SEYHEVVPEL QYYLGNSFGS
YPTPA2 DSSRFGKVEF RDEYDEVSRN SRKILRSEFP SLTDEQLEQL SIYLDESWGN
HPTPA STRIDYGTGH HAAFAAFLCC LCKIGVLRV. DDQIAIVFKV FNRYLEVMRK 194
RPTPA STRIDYGTGH HAAFAAFLCC LCKIGVLRV. DDQIAIVFKV FNRYLEVMRK
XPTPA STRIDYGTGH HAAFAAFLCC LCKIGVLKV. DDQHAIVFRV FNRYLEVMRK
DPTPA ATRIDYGTGH HLSFLFFLCS LFKAEILQE. RDIVLGACAE LPRYLEVARQ
YPTPAl |STRLDYGTGH HLSFMATVAA LDMLGMFPHM RG..ADVFLL FNKYYTIMRR
YPTPA2 |KRRIDYGSGH HLNFMCLLYG LYSYGIFNLS NDSTNLVLKV FIEYLKIMRI
HPTPA LOKTYRMEPA GSQGVWGLDD| FQFLPFIWGS SQ...LIDHP YLEPRHFVDE 241
RPTPA LOKTYRMEPA GSRGVWGLDD]| FQFLPFIWGS SQ...LIDHP FLEPRHEVDE
XPTPA LOKTYRMEPA GSQBVWGLDD| FQFLPFIWGS AQ...LVDHS TLEPRHEFVDE
DPTPA LORTYNMEPA GSQGVWSLDD| FQFVPFIWGS AQ...LAVKS PFDPSKFVDE
YPTPA1l LILTYQLEPA GSEGVWGLDD HFHLVYILGS SQWQLLDAQA PLQPREILDK
YPTPA? LETKYWLEPA GSHEGVWGLDD| YHFLPFLFGA FQ...LTTHK HLKPISIHNN
HPTPA KAVNENHKDY MFLECILFIT EMKTGPFAE. HSNQLWNIS. AVPSWSKVNQ 289
RPTPA KAVNENHKDY MFLECILFIT EMKTGPFAE. HSNQLWNIS. AVPSWSKVNQ
XPTPA KIVNENHKDY MFLECILFIT EMKTGPFAE. HSNQLWNIS. AVPAWSKVNQ
DPTPA AIITEYKDHF MFISCIDYIC KVKTGHFGE. HSNQLWSIT. DVPTWAKINA
YPTPA1l SLVREYKDTN FYCQGINFIN EVKMGPF.EE HSPILYDIAV TVPRWSKVCK
YPTPA2 ELVEMFAHRY LYFGCIAFIN KVKSSASLRW HSPMLDDIS. GVKTWSKVAE
HPTPA GLIRMYKAEC LEKFPVIQHF KFGS.LLPIH PVTSG*~~~~ ~~~n~~~~~~~ 323
RPTPA GLIRMYKAEC LEKFPVIQHF KFGS.LLPIH PVTSG*~~~~ ~~~~vvs~ns
XPTPA GLIRMYKAEC LEKFPVIQHF KFGS.LLPIQ PVKSG*~~~~ ~~~~~asaa
DPTPA GLVKMYPKEI LSKFPVIQHVY YFGE.LMTFE PVSSGTTLSN ALLGHVAPPP
YPTPAl |GLLKMY|SVEV LKKFPVVQHF WFGTGFFPWV NIQNGTDLPV FEEKEEESIE
YPTPA2 |GMIKMYKAEV LSKLPIMQHF YFSE.FLPC. PDGVSPPRGH IHDGTDKDDE
HPTPA  ~~~r~~~ datade i lotadetedodededode Sl Sadadadadadad adadediiedededadedadedadodadiiodedadatadadtdatndig
RPTPA dadedadedioded R Satatatatadiiededadeiadododedodediliadedadadadudadedadediindedadndadadbdtdiing
XPTPA e e it data gl tadeiadadededadadediliede S adadedadedediiadadadndadaddtiting
DPTPA SKRICIGTPN LVPPVPVATA PPPPAESLSI EQNVGBSSSE SSDNSVVLRP
YPTPAl QANAGSPGRE QTSTRFPTST SMPPPGVPPS GNNINYLLSH QNQSHRNQTS
YPTPA2 CNFEGHVHTT WGDCCGIKLP SAIAATEMNK KHHKPIPED* ~~~~~~~~~~
HPTPA e dadedadedariadotedot e i tadade g

RPTPA  ~~~~~~ R et Sttt iiag

XPTPA Rt el dedadotetedededadadiing

DPTPA STSSSSLVAA AEGSGDKPSK E*

YPTPA1l FSRDRLRR*~ ~~~~s~svs~~~~ ~

YPTPA2 ~~~~~~~~nn e tadadededadededodediing

Van Hoof et al.

Ficure 1: Alignment of the primary structures of PTPA from different species. The human PTPA sequence is used as a reference for
numbering of amino acids. The most conserved regions, subject of deletion mutants in this study, are boxed. Putative functional domains

(see text) are underlined, and the amino acids thought to be essential for this function are doubly underlined. The arrow indicates the site
of truncation of theA267—323 mutant.

Molecular Cloning of the Saccharomyces aése@ae PTPA yeast with vertebrate PTPA as a probe failed. In addition,
Gene_. PTPA was previously purified frorBaccharomyces by Southern blot analysis of fission and budding yeast
cerevisiae (27). However, attempts to clone PTPA from genomic DNA with vertebrate PTPA cDNA as a probe, no
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O S analysis of yeast genomic DNA a single PTPA-like gene in
budding yeast, whereas fission yeast genomic DNA did not
hybridize with this budding yeast specific probe (data not
shown). This probe was also used to screeBaacharo-
myces cera@siae genomic DNA library, resulting in the
isolation of six independent clones with an average size of
10 kb. All clones contained the complete ORF iHiadlll/
Xhd fragment of 2 kb which was subcloned in pBluescript
for further analysis. DNA sequence analysis of this 2 kb
fragment revealed that the ORF contains 1179 bp, encoding
a protein of 393 amino acids extending the vertebrate PTPA
with a C-terminal amino acid tail of 73 amino acids. The
deduced amino acid sequence was 100% identical to the
FiGURE 2: In vitro tanscription/translation dbrosophila PTPA. seéquence qf the database. YeastPTPAis onIy.29% identical
Sense (T3), antisense (T7), and ne) OrosophilaPTPA mRNA to DrosophilaPTPA because of the complete divergence of
were transcribed in a reticulocyte lysate as described underthe two extended C-terminal amino acid tails. Whereas the
Experimental Procedures. Methionine-labeled products were ana-C-terminal tail of Drosophilais proline (14%) and serine
e oamaoen i e B e oot obamanant (7:5%) fch, the Cerminal extension of yeast PTPA
PTPA (RPgTP?A) and rgolegular Weight markers were loaded in lanes €ONtAINS a very aC|d|c_: region (AA327835). Comparison
1 and 5, respectively. of both C-terminal regions with the EMBL database revealed
no significant similarity with other proteins. Therefore, these
signal was detected. Screening of the EMBL database with C-terminal extensions might assign an additional function
the human PTPA amino acid sequence revealed the presenct® PTPA in these species such as protgirptein interaction
of a Saccharomyces carisiae ORF (accession number: (a proline-rich domain is a feature of proteins which can
Z38059), located at chromosome IX (bp 16227408), and bind to SH3 domains or WW repeats37j and posttrans-
encoding a protein of 393 amino acids which is 38% identical lational modifications such as phosphorylation or subcellular
to human PTPA. A PCR product was made with oligo- localization. The ORF of yeast PTPA DNA was subcloned
nucleotides present in conserved regions of the yeast PTPAA4n a prokaryotic expression vector and expresse.inoli.
like gene andSaccharomyces cerisiae genomic DNA as The recombinant yeast protein had PTPA activity as shown
template. With this probe, we detected by Southern blot in Figure 4. After monoQ chromatography, eluted fractions

RPTPA —

100 — M 47 48 49 50 51 52 53 54 55 56 57 §8 59 60

90

ivity
[0 o]
o

70
60
50
40
30
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10

% of maximal act

40 45 50 55 60 65

Fraction number

Ficure 3: Purification and PTPA activity of recombinatosophilaPTPA. The mono Q fraction, containing both a 36 kDa and a 49 kDa
DrosophilaPTPA protein, was separated by gel filtration (Superdex 200) and assayed for PTPA activity after a 200-fold dilution. The
insert shows Coomassie-stained SEFAGE of the indicated fractions. M represents the 10 kDa marker ladder (Gibco), the most intense
band being the 50 kDa marker.
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Ficure 4: Purification and PTPA activity of recombinant yeast PTPA. Recombinant yeast PTPA1 was purified as described under

Experimental Procedures, and the elution pattern of PTPA acti®)ya(d protein pattern (Coomassie-stained SPBGE of indicated
fractions, inset) during the last purification step (mono Q) are shown. Activity is expressed as a percentage of the peak activity.

12345678 12345678 above). Measurement of the PTPA activity of the pooled
fractions 61—54, Figure 4) in linear conditions revealed a
97- specific activity of 105x 10 units/mg, indicating that the
68- - three proteins are probably active.

Consered Regions in PTPA from Yeast to Humanés
a Second Yeast PTPA Homologu&lignment of the amino
acid sequences of PTPA from yeast to human revealed only
a few regions that are highly conserved in the PTPA protein
) o ] (Figure 1). Comparison of these conserved regions with
'r:e"égﬁfb?r;a'nq Vlf_rl%gi”ag'spt'Or';gr&”esd'até?”cg‘;iyg:ﬁg??)- \éfaSt protein sequences from the NCBI database, using the Blast
reticulocyte lysates (lanes 621nd 7) as described under Experimentapmgram' resulted in one e_xtra puta_tlve ORF which contains
Procedures. Shown is the Coomassie stain of SPAGE (left all of these conserved regions. This sequence was part of a
panel) and the autoradiogram (right panel) of the same gel. Lanes55 kb fragment on the left arm of chromosome XVI of
1 and 8, molecular weight markers_; 2, n_oninduced total bacterial Saccharomyces cerisiae and was sequenced by Purnelle
extract; 3, total extract after IPTG induction; 4, supernatant, and, ot g|. @9) as part of the yeast genome sequencing project
5, pellet after a low-speed centrifugation of the induced extract; 6, . . .
supernatant of reticulocyte lysate supplemented with YPTPA (&ccession number: X96770). This second homologue of
mRNA: 7, same as 6 without added mRNA. PTPA in yeast, hereafter referred to as YPTPA2, has an ORF
of 1074 bp, encoding a protein with 358 amino acid residues
with PTPA activity contained three proteins with molecular and a predicted molecular weight of 41 452, YPTPAZ2 is
masses of 47, 44, and 40.5 kDa, respectively (Figure 4). All 27 and 36% identical t®rosophilaand vertebrate PTPA,
three protein bands probably represent the purified yeastrespectively. However, YPTPA2 shows only 25% analogy
recombinant protein, because they show the same migrationwith its yeast homologue previously described in this report
profile as the translation products generated by in vitro (YPTPAL). YPTPA2 has a C-terminal extension relative
transcription/translation of the yeast PTPA gene subclonedto vertebrate PTPA, which does not show any homology with
in the pRSET expression vector (Figure 5). These are the C-terminal extensions of YPTPAL or DPTPA. The ORF
probably generated by different sites of initiation of transla- of yeast PTPA2 was subcloned in a prokaryotic expression
tion or by partial proteolysis. The highest molecular mass vector and expressed . coli. The recombinant yeast
form had a molecular mass of 47 kDa, which is in agreement protein was purified according to standard methods (see
with the predicted molecular mass of the deduced amino acidExperimental Procedures), but no PTPA activity could be
sequence (45 082 Da); the slightly slower migration in SDS  detected in the crude extract or during the purification.
PAGE is similar to that observed f@rosophilaPTPA (see However, in the absence of a specific detection method of

~YPTPA -

-
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1/ ATP binding site A
— Type A fragment 100 7
PTPA  AAS663 [N]E G V K[G K- [K 90 RMEPAGSQGVWGLDD
consensus sequence:; G X x X X G K |- K 3‘ 80
A A RI|X|S g
H T ©
R...... QGVWGLDD
R 7 60 1
(]
H E 50
x
E 40 A
— Type B fragment
S 30 H
PTPA M200213IRIME P A GS QGIVIWIGL D o
consensus sequence: | R X 5-10 hiX|lh h D *® 201
H E 10
K
0 T T T T T 1
0. 0.5 1 15 2 25 3
2/ Cysteine rich region PTPA concentration {nM)
—> homology to PP2A interaction site of polyoma middle T B
PIPA  ma184176 CCIL CK I GV L RVDD 100 -
| I s MEPAGSQGYWGLDD
poyoma  AA119431 §1C|S C 1 L CL L RKAQH 90 1 R
mi e = ]
£ % RMEPAGSQ. . . . . . D
= 70 4
—» homology to consensus sequence of the catalytic site of S
“classical” PTPases _ 60 4
(3]
PTPA AA164173 G C[L CIX X X X X E 50+
consensus sequence: H C X X X X X >té 40 -
E
Ficure 6: Comparison of putative functional domains of mam-  «+ 30 7
malian PTPA with the appropriate consensus sequences. The se 20 -
essential amino acid residues defining the consensus sequences ar:
indicated with boxes. 10 1
0 T T T T T d
YPTPA2 protein, this is not conclusive evidence that 0 04 02505 1 2 4 8 16 32 64 128

YPTPA2 has no PTPA activity, even if a protein of the PTPA concentration (nM)
correct size is expressed in reticulocyte lysates (data not . . .
Ficure 7: Comparison of PTPA activity of wild typeAM -

shown). Y

. . . . EPAGS0s andAGsVWGLD,13 In panel A, PTPA activities of
Mutational Analysis of Highly Conseed Regions of gjfferent concentrations of purified wild type®) and AMaor-

PTPA. Sequence alignment of PTPA from yeast to human EPAGS; (W) were compared using 10 nM PPzAn the assay.

reveals highly conserved stretches of amino acids (Figureln panel B, wild-type PTPA @) was compared withAGzos
1). The high conservation of these stretches suggests arYWGLD2is (M), using 20 nM PP24.
important role in the function of PTPA. Therefore, different suggests that there is a relation between the homology of
deletion mutants were constructed and their functionality this region with the type B fragment of the ATP binding
investigated. site and the requirement of ATP in the activation of PB2A
One of the most highly conserved regions igoR by PTPA.
MEPAGSQGVWGLD;3 previously identified as being The three other well-conserved regions among PTPA
related to the consensus type B fragment of the putative ATP proteins of all species (Figure 1) did not show any similarity
binding site of PTPA §; see Figures 6 and 7). Only the with other proteins or motifs present in the EMBL database.
basic residue at the N-terminus of this motif,{f is less Their functional significance for PTPA activity was inves-
well conserved (see Figure 1). This B fragment can be tigated by constructing 3 different deletion mutantsS, 4
divided into a variable region consisting of an amino acid TRID;sq AY 15:GTGHEs6, and A267—323. AS146TRID1s50
stretch of 5-10 amino acids (IWhiEPAGSos, in the context and AY15:GTGHE;ss represent two deletion mutants in the
of PTPA) that separates this basic residue from the morefirst conserved domain, whereas®267—323 represents a
stringent hydrophobic region, followed by an acidic residue C-terminally truncated PTPA, missing the two last conserved
(G208VWGLD319). Deletion of either of these two regions regions. Ifinduced at 2€C, the three recombinant proteins
in the context of the rabbit recombinant PTPA affected PTPA are expressed partially as soluble protein as detected by
activity. The A201-206 PTPA mutant shows a 7-fold Western blot analysis. In none of the crude extracts could
reduction in PTPA activity (Figure 7A), whereas th208— PTPA activity be detected. Therefore, these proteins could
213 PTPA mutant displayed 400-fold less activity (Figure not be purified by following their activity. Using Western
7B). These results suggest that this region is important for blot as the detection method (see Figure 8 and not shown),
PTPA activity. The fact that deletion of the more stringent these deletion mutants were partially purified through the
hydrophobic region of the type B fragment has more severemono P step (except thé151-156 mutant that was
effects than deletion of the variable, PTPA-specific residues employed after the DEAE Sephacel step). None of these
(defined as X in the consensus sequence; see Figure 6)nutants displayed PTPA activity at concentrations up to 100
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Ficure 8: Mono P chromatography of th&S,;4TRID;s0 recombinant mutant PTPA. Mutant PTPA was purified as described under
Experimental Procedures. The elution profile of the protein {£&9®) and activity measurementll) of the indicated fractions are shown.
Activity is expressed as a percentage of a control assay wheredPR28\maximally activated by wild-type PTPA. The inset shows the
Western blot of the indicated fractions and the column load (L), developed with anti-rabbit PTPA antibodies.
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Ficure 9: Inhibition of wild-type PTPA by theA267—323 PTPA

ATP binding site, consisting of a type A and a type B
fragment 82); and a cysteine-rich region (ECLCKIGV-
LR173), showing some similarity to the polyoma middle
T—PP2A interaction site5 39) and to the consensus
sequence of “classical’ PTPases (Figure 6). We examined
these domains for their functional significance by site-
directed mutagenesis.

First, mutation in the putative A fragmentdEGVKGKKg;3
of the essential glycinginto an acidic glutamic acid does
not result in any change of PTPA activity &, for ATP
(data not shown). Second, Gysin the cysteine-rich region
was mutated into a Trp, since it is known that such mutation
in the context of polyoma mT (see Figure 6) disrupts the
interaction of mT with the 65 kDa regulatory subunit of
PP2A 39). Direct determination of the association of PTPA
with PP2A was not possible, since PP2A binds with very
low affinity to PTPA 7). Therefore, the impact of this

deletion mutant. The indicated concentrations of mutant PTPA were mutation on the PTPAPP2A interaction was measured as

included in the standard PTPA assay where 6.6 @] 2.2 nM
(m), 0.7 nM (®), or no (a) wild-type PTPA was used to activate
the PTPase activity of 20 nM PP2A, in the presence of 0.6 mM
ATP and 3 mM MgC}.

nM (A146-150), 50 nM A151—156), or 300 nM A267—
323). The mutants were further tested for their ability to
inhibit wt PTPA. TheA267—323 mutant was found to act
competitively as an inhibitor (Figure 9).

PTPA Point Mutations in the A Fragment of the Putati
ATP Binding Domain and in the Cysteine-Rich Region.
Previous studies5( 28) suggested two domains as being
potentially important for the activity of PTPA: a putative

a change in PTPA activity. Mutation of Cys affects the
solubility of this protein, since it is deposited in inclusion
bodies when expressed at 37. However, when the bacteria
were induced at lower temperature (26), a significant
fraction of the expressed protein remains in the soluble
fraction after lysis of the bacteria. During purification of
the mutant protein, the Cys mutant behaved differently
compared to wild-type PTPA. While the wild-type protein
eluted from the phenyl-Sepharose with 50% ethylene glycol,
the mutant PTPA £90%) remained bound to the hydro-
phobic resin under these conditions. The mutant PTPA could
be partially recovered by further elution with 50% glycerol.
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Hence, the Cyigs—Trp mutation of PTPA appears to change communigaccession number: T14877), encoding a PTPA-
the hydrophobicity of PTPA, suggesting that the cysteine like protein from AA47173 with 43% identity to human
cluster of PTPA might be important for the conformation of PTPA, was also found by database screening. The first
the protein. We compared the PTPA activity of the partially highly conserved region (Figure 1) is present in this sequence.
purified mutant (following phenyl-Sepharose and DEAE- Therefore, the highly conserved regions found by alignment
Sephacel chromatography) with the PTPA activity of pure of PTPA from different species (Figure 1) represent new
wild-type protein and found no significant change in PTPA motifs for an essential cellular function.

activity (data not shown). ATP is an essential cofactor in the activation of PP2A by

Fina”y, the primary SequenceléaaqGVLR173 resembles PTPA, and the primary structure of vertebrate PTPA reveals
an imperfect PTPase signature lacking the His in front of an imperfect consensus sequence of a type A and a type B
the essential Cys (see Figure 8)); Itis possible that Cys; fragment of a potential ATP binding site. Therefore, we
and Arg; create “in trans”, with the catalytic subunit of investigated the functional significance of these domains by
PP2A, a PTPase catalytic site. To test this hypothesigsCys Site-directed mutagenesis. Mutation of a {lynto a
was mutated into a Ser, and Argwas mutated into an Ala. ~ glutamic acid would destroy ATP binding and therefore
Neither mutation affected the PTPA activity (data not PTPA activity. However, this point mutation did not change

shown). PTPA activity nor ATP dependency, indicating that this
residue is not essential for the function of PTPA. Hence,
DISCUSSION the potential type A fragment of the ATP binding site is

probably not functional and certainly not essential for PTPA

In this paper, we present a biochemical analysis of activity. This conclusion is further confirmed by sequencing
mutations and deletions in putative functional domains of PTPA fromDrosophilaandSaccharomyces cerisiae,since

PTPA and their conservation among PTPA from different in both cases PTPA does not contain this type A fragment.

species after molecular cloning of PTPA frdomosophila |n contrast, the type B fragment of the potential ATP binding

and Saccharomyces cersiae.  Drosophila and budding  site is well conserved in all species, with the exception of

yeast PTPA are 47% and 38% (YPTPAL) or 36% (YPTPA2) the basic residue at the N-terminus (R200) of this motif

identical to vertebrate PTPA, respectively. YPTPAL and which is replaced by Asn iDrosophilaand Thr in yeast
YPTPA2 are the most divergent proteins among all PTPA (see Figure 1). Deletion of MEPAGSes 0or Guos
proteins cloned, with only 25% identity. This might explain \/WGDL 5, results in a PTPA protein with 7- and 400-fold,
why only one single gene was detected in#aecharomyces  respectively, less activity. This region is obviously important
cerevisiae genomic DNA using YPTPAL as probe. The for PTPA activity. Nevertheless, further research is required
PTPA-like proteins from both species have C-terminal to determine whether this region is responsible for the ATP
extensions with completely different features. This results dependency of PTPA activity.
in identities between yeast ari2fosophila PTPA of only While only the vertebrate sequences of PTPA were known,
29% (YTPAL) or 27% (YPTPA2). The role of these the cysteine-rich region gkdCCLCRig) Was considered to
extensions in the function of PTPA is not clear, but seems pe important for PTPA activity. In part this is because the
to be unrelated to the activity of PTPA in vitro. This sequence is unusual but also because there is some similarity
conclusion is based on several observations: (1) PTPA rromwith a Cys[eine cluster present in p0|y0ma mT. The mT
vertebrates has no C-terminal extension but displays a similarcysteine cluster was shown to be essential for the interaction
PTPA activity as DPTPA [120< 10° units/mg for rabbit  with PP2A, since amino acid substitution of Gysby Trp
muscle PTPA 27) compared to 95x 10° units/mg for  prevents binding of PP2A to mT3). An equivalent
DPTPA]; (2) the 36 kDa form of PTPA frorrosophila replacement of Cygs of PTPA by Trp resulted in a dramatic
lacking the largest part, if not the total C-terminal extension, change in the hydrophobicity/conformation of the PTPA
has a PTPA activity (8& 10° units/mg) that is very similar  protein, so that it was present exclusively in inclusion bodies
to the PTPA activity of the intact 49 kDa protein (with the  on induction at 37C. A soluble mutant protein, obtained
C-terminal extension, see Figure 3); (3) YPTPAL has a py |ow-temperature induction, showed a distinct behavior
completely different C-terminus compared to DPTPA, buta during the first purification step compared to the wild-type
similar PTPA activity (105< 10° units/mg). When DPTPA  protein, but had a rather similar PTPA activity. Hence, the
and YPTPAL were expressed i coli, both recombinant  pTPA activity was not abolished by the Gys~Trp
proteins displayed PTPA activity toward rabbit PR2A  substitution. Therefore, the cysteine cluster might not be
Therefore,Drosophilaand alsoSaccharomyces cersiae directly implicated in the interaction of PTPA with PP2A,
have at least one functional homologue of mammalian PTPA. hut would be an essential structural determinant. The
The second yeast PTPA homologue, YPTPAZ2, does notapsence of the cysteine cluster in lower organisms is further
display PTPA activity under our experimental conditions. evidence that it is not important for the function of PTPA.
In the absence of a SpeCifiC detection method to follow the An arginine residue is located six amino acids C-terminal
YPTPA2 prOtein, this conclusion is equivocal. If, however, to Cy&67_ One could argue that this is at the r|ght distance
this protein does not display PTPA activity, it would mean +to form the consensus sequence of the catalytic site of a
that the conserved regions, that seem to be necessary forg|assical” PTPase4(). The lack of a histidine residue at
PTPA aCtiVity (See further belOW), are not sufficient. Further position_l of Cysl67 into PTPA could be delivered in trans
research will be necessary to clarify this issue. by PP2A, resulting in an active PTPAP2A complex
While this paper was in preparation, the PTPA homologue displaying PTPase activity. However, amino acid substitu-
of S. pombdaccession number: Z98980) was deposited in tions of Cyse; and Argzz in PTPA showed that these
the database. In addition, an EST sequenceRiinus residues are not essential for PTPA activity, indicating that



12908 Biochemistry, Vol. 37, No. 37, 1998

the catalysis of the PTPase activity is quite different from
classical PTPases. The absence of the cysteine-rich region
in Drosophilaand in both yeast PTPA proteins supports these
results. In summary, we can conclude that none of the point
mutations that were introduced were critical for ATP binding

or catalysis.

stretchesAS;46TRID1sp0r AY 15:GTGHE;s6) in one of these

regions or omission of the C terminus, containing two other
highly conserved regions, resulted in complete loss of
These mutant proteins were partially soluble.
During purification, they could be followed by Western blot
analysis and behaved as the native protein. Therefore, the
global conformation of these proteins does not seem to be 17.
affected drastically, while the effects of the deletions are

function.

specific. Interestingly, the truncated PTRAR67—323 can

inhibit native PTPA activity and therefore behaves as a
dominant negative mutant. This indicates that this deletion
mutant can compete probably with the binding of PTPA to
PP2A, resulting in an inactive complex. This also indicates
that the global conformation of this PTPA is retained.

Furthermore, since this mutation is dominant negative, it
might inhibit the PTPA activity in vivo and may be used to

examine the physiological role of PTPA.
Finally, we can conclude that the cloning bfosophila

and the two yeast PTPA homologues revealed highly
conserved regions that are essential but probably not suf-
ficient for PTPA activity. Deletion mutants in these regions
resulted in less active or inactive PTPA. One of these regions
matches a region previously identified as the B fragment of
a potential ATP binding site and is therefore probably

important for that function.
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