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Summary

Protein phosphatase4 (PPP4)is a ubiquitous essential
protein serine/threonine phosphatase found in higher
eukaryotes. Coordinate variation of the levels of the
catalytic subunit (PPP4c)and the regulatory subunit (R2)
suggeststhat PPP4c and R2 form a heterodimeric core
to which other regulatory subunits bind. Two proteins
that specibcally co-purify with Flag-epitope-tagged R2
expressedn HEK-293 cellswere identiPedas Gemin3 and
Gemin4.Thesetwo proteinshave beenidentibedpreviously
as componentsof the Survival of Motor Neurons (SMN)
protein complex, which is functionally defective in the
hereditary disorder spinal muscular atrophy. Immuno-
sedimentationof the epitope-taggedSMN protein complex

from HelLa cells expressing CFP-SMN showed that the
SMN protein interacts, as previously reported, with
Gemin2 (SIP1), Gemin3 and Gemin4 and in addition
associateswith PPP4c. The SMN complex has been
implicated in the assemblyand maturation of small nuclear
ribonucleoproteins (snRNPs). Expression of GFP-R2Bb
PPP4cin HelLa cells enhancesthe temporal localisation
of newly formed snRNPs, which is consistent with an
associationof R2-PPP4cwith the SMN protein complex.
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Intr oduction

Spinal muscularatrophy (SMA) is an autosomalrecessie
neurodgeneratie diseaseharacterisethy progressie lossof
motor neuronsfrom the anterior horn of the spinal cord,
resulting in paralysisand severe muscularatrophy (Melki,
1997). It is one of the leading hereditary causesof infant
mortality (Pearn,1978). Two Survival of Motor Neuwons
(SMN) genesare located in an inverted repeaton human
chromsome5 at ql13, and SMA arises from deletions or
mutationsin the morehighly expressedjeneSMNL The SMN
protein(38 kDa), which canself oligermize,is associatedavith
other proteins.An SMN Ocoref@rotein complex (~300 kDa)
comprisesseveral tightly associatedproteins including the
SMN protein Gemin2 (formerly called SIP1), Gemin3,
Gemin4, Sm proteins and several proteins yet to be
characteriseCharrouxetal.,2000;Charrouxetal.,1999;Liu
et al., 1997; Meister et al., 2000). Additional proteinsmay
associatewith the SMN core comple, and it has been
suggestedhat multiple SMN complexes may exist in vivo
(Pellizzonietal., 2001hb).

SMN is expressedn all tissuesand localisesboth in the
nucleusand the cytoplasm.In the nucleusof most cultured
cells and primary neurons, SMN and Gemin2localisein the
Cajal (also termed coiled) bodies (Canalho et al., 1999;
Matera,1999; SleemarandLamond,1999). Thesebodiesare
discrete nuclear structures that are known to contain
components such as small nuclear ribonucleoproteins

(snRNPs)small nucleolarribonucleoproteingsnoRNPsyand
transcriptionfactors,which suggesthat Cajal bodieshave a
role in snRNPand snoRNPbiogenesisand metabolism.In a
smallproportionof rapidly proliferatingcellsin somecell lines
in culture,SMN localisesin discretefoci, oftennearthe Cajal
bodies called gems (gemini of coiled bodies) (Liu and
Dreyfuss,1996;Liu etal., 1997).

Several studiesimplicate SMN compleesin spliceosome
assemblyandregeneratiorof splicesomakomponentsin the
cytoplasm,the SMN complex appeardso be involved in the
bindingof smallnuclearuridine-rich(U) RNAs to Smproteins
for theassemblyof spliceosomasnRNPYBYhleretal., 1999;
Fischeretal., 1997;Meisteret al., 2000). The SMN comple
is then believed to accompan the assemblednRNPsto the
Cajal bodiesin the nucleus,whereit might be involvedin the
generatiorof active spliceosomeandtheregycling of ShARNPs
after each round of pre-mRMN\ splicing (Matera, 1999;
Pellizzoni et al., 1998). An SMN compl has also been
implicated in the assemblyand metabolism of snoRNPs
requiredfor pre-rRNA splicing (Pellizzoni et al., 2001a).A
recentstudyindicategshatan SMN complex mayplay acentral
role in the assemblyof transcriptosomegPellizzoni et al.,
2001b),large compleces containingRNA polymerasd, Il or
I, transcriptionfactorsandspliceosomesor the coordinated
synthesisand processingof MRNA and snRMA (Gall et al.,
1999). The interaction betweenthe SMN protein and RNA
polymerasdl wasshavn to be mediatedby RNA helicaseA,
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which althoughnot a Ocore€dmponenbf the SMN complex,
maybepresenin asubsebf SMN compleesandis suggested
to beasubstratef the SMN comple (Pellizzonietal.,2001b).
Interestingly hnRNP-R, a protein that is involved in RNA
processingis predominantlyexpressedn the axonsof motor
neuronsandinteractswith SMN (Rossolletal., 2002).To date
there is no information on how the functions of the SMN
complex are regulated or coordinatedwith other cellular
functions.

Reversible protein phosphorylationis a key mechanism
for the control of cellular processesn eukaryotes.PPP4
(originally termedPPX) is a ubiquitousprotein phosphatase
that dephosphorylateserineand threonineresidues(Cohen,
1997).The catalyticsulunit, PPP4cjs very highly consered
from mammalsto Drosophila (91% amino acid identity)
(Brewis andCohen 1992)andproductionof aD. melan@aster
mutant debcient in PPP4c has demonstratedthat this
phosphatasés essentialfor the nucleation, growth and/or
organisationof microtutules at centrosomegHelps et al.,
1998). Analysis of the homologuein Caenorhabditiselegans
by RNA-mediated interferenceshaved that PPP4cis also
essentialfor formation of the mitotic spindlein mitosisand
is required for sperm meiosis (Sumiyoshiet al., 2002). In
accordancewith these data, PPP4c exhibits a prominent
localisation at centrosomesin cultured mammalian cells
(Brewis et al., 1993). However, its high expressionin the
nucleuswith weak expressionin the cytoplasmsuggestghat
PPP4aegulatesadditionalcellular functions.

PPP4c is a member of the PPP family of protein
phosphataseand is most closely relatedto PP2Ac (~65%
amino acid identity) and PPP6c(~60% identity), with less
similarity to PP1 (~45% identity). The PP2A holoenzyme
comprises heterodimeri®core@l PP2Accomplexedto anA
(PR65) regulatory sulunit, and this dimer may then bind to
one of a numberof differentB regulatory sulunits (Janssens
and Goris, 2001). However, PP1c forms heterodimeric
holoenzymescomplees in which the catalytic sutunit is
bound to one of more than 40 distinct regulatory sutunits
(Cohen,2002).Interactionoccursvia a shortconsered motif
that is presentin mary of the regulatory sulunits, and the
different regulatory sulunits may tamget PP1cto different
subcellularlocations. Sit4p, the S. cerevisiae homologueof
mammalianPPP6c,also exists as heterodimericcomplexes
containingonevariable sulunit (Luke et al., 1996).

PPP4exists as high molecularmasscompleces of 450-600
kDa, andtwo putatie regulatorysulunitshave beenidentibed,
R1 (KloekerandWadzinski,1999)andR2 (Hastieetal.,2000).
However, the sukunit compositionof higher molecularmass
complexesof PPP4is unclear andthe structureof R1andR2
regulatory sukunits do not provide ary additionalinformation
onthelocationor functionof thesePPP4complees.Here,we
examinethe PPP4compleesthat containR2 and identify as
novel Owariable@egulatorysutunit(s) Gemin3and/orGemin4,
which arecomponent®f the SMN compl. We also present
data suggestingthat R2-PPP4cenhanceghe maturation of
snRNPsa functionin which the SMN comple is implicated.

Materials and Methods
Preparation of expression constructs
Constructionof the expressionvector Flag-R2 in pCMV5, was

describedpreviously (Hastieet al., 2000). To constructthe pEGFP-
R2 expressionvector DNA encodingR2 wasamplipedoy PCRusing
R2 templateDNA andoligonucleotides!-GCGGATCCGCCACCA-
TGGACTACAAGGACGACGATGACAAGTGCCAGGCGCCATGT-
TGGAGG-3 and 5-GCGTCGACTCAGAAGAACCACTTACTT-
TCAGGGCC-3 to incorporate a BanH| site and FLAG tag
(DYKDDDDK) at the 5! end and a Sal site at the 3! end. The
BanHI/Sal fragmentwasligatedinto pCR2.1TOPO(Invitrogen)and
then subclonedinto the same sites in pEGFP-C1 (Clontech) to
producetheplasmidpEGFP-R2DNA encoding?PP4avasamplibed
by PCRusing PPP4casthe templateDNA and oligonucleotides!-
GAATTCGCCACCATGTACCCATACGATGTGCCAGATTACGCC-
GCGGAGATCAGCGACCTGGAC-3 and 5-GGATCCTCACAG-
GAAGTAGTCGGCCACGG-3 to incorporatean Ecarl siteandHA
tag (YPYDVPDYA) atthe5! endanda BanH]I siteatthe 3! end.The
EcoRI/BanH| fragmentwas ligated into pCR2.1 TOPO and then
subclonednto the samesitesof pCMV5 to produceplasmidpCMV5-
HA-PPP4c.cDNA for the completecoding region of Gemin4was
obtainedby PCR amplibcationusing a human multi-tissue cDNA
panel (Clontech, Palo Alto, CA) as template and primers
correspondingto the known 5! initiating coding sequence(5!-
ATGGACCTAGGACCCTTGAACATC-3) and 3! stopcodonregion
(5--TCAGAAGCTGCTCACTTCTGCAA-3). The resulting 3472
bp cDNA fragment was ligated into pcDNA4/HisMax-TOPO to
produce a constuct of Gemin4 epitope tagged with Xpress
(DLYDDDK) at the N-terminus (Invitrogen, Groningen,
Netherlands). Constructs were veribed by sequencingprior to
transfectionor injection in human cells. Sequenceanalysis was
performed on an Applied Biosystems 373A automated DNA
sequencerusing Tag dye terminator cycle sequencingby the
University of DundeeDNA sequencingservice managedby Nick
Helps (www.dnaseq.co.uk).

Fluorescence in situ hybridisation

TheVysis Nick TranslationKit wasusedto directly labelpuribPedR2
cDNA or BAC DNA with the RuorochromeSpectrum Red as
describedn themanutcturer§protocol. Thelabelledprobewasused
for hybridisationof metaphasehromosomespreads.

Screening of LLNL human single chromosome libraries

Chromosome and5 libraries,constructedn the cosmidLawrist 16
at Lawrence Livermore National Laboratory USA, were kindly
provided by the UK HGMP ResourceCentrein the form of high-
densitygriddedplters.Thelibrarieshadan averageinsertsize of 30-
50 kb andcontainedapproximately20,000clonesproviding a three-
to four-fold coverageof eachchromosomeThe blterswerescreened
by Southerrblotting, usingthe R2 codingregion cDNA (~0.8kb) as
aprobe Positve cloneskindly providedby theHGMP, wereanalysed
using PCR with R2 specibc primers or Topo shotgun cloning
(Invitrogen, Groningen, Netherlands). Three chromosome5 R2
positive clonesweresequencedh both directions.

RNA analyses

Northernblots (Clontech,Palo Alto, CA) containedapproximately2
Hg poly (A)* RNA from differenttissues.The blots were hybridised
with R2 and PPP4c probes according to the manufcturer®
instructions,with the last washin 15 mM NaCl/1.5 mM sodium
citrate/0.1%SDS at 55;C. Following autoradiographyblots were
stripped by washingthe membranein 0.5% SDS at 10GC for 5
minutesand subsequentlyeprobedwith a control " -actin probe.

Cell culture, transfection and preparation of lysates
Humanembryonickidney (HEK) 293cellswerecultured transfected



andlysedasdescribegreviously (Hastieetal.,2000).HeLa kb
cells expressing cyan RRuorescentprotein tagged SMN
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protein (Sleemaret al., 2003) were culturedand lysed as 7
describedpreviously (Hastieet al., 2000).

4.4 =
Purification of Flag-R2—PPP4c complexes
20-10010 cm? dishesof 293 cells were transfectedwith
pCMV5-Flag-R2andculturedfor 44 hoursprior to lysis in
buffer A (50 mM Tris/HCI pH 7.5, 0.03%Brij-35, 2 mM 24 —
EDTA, 0.1mM EGTA) plus5%glycerol,0.15M NaCland
OCompletefdoteasanhibitor cocktail (RocheDiagnostic: 1.35 —

Ltd, Lewes,UK). Thelysatewas mixed with 5 ml of anti-
Flagagarosd€Sigma,Poole,UK) in atubeby endover end
rotationforl hourat4jC. Theagarosédeadsvereseparate
by centrifugationand washedin buffer A containing5%
glyceroland500mM NaCl several timesfor 1 hourat4iC.
Bound material was eluted from the anti-Flag agaros:
columnby the additionof 20 ml Flag peptide(100 pg/ml)
and collectedin 20#1 ml fractions. Thesefractions were
analysed for co-elution of Flag-R2 and PPP4c. Peak
fractions were then pooled, concentratedcand desaltedin
buffer A using a Vivaspin column (Vivascience Lincoln,
UK) prior to further study Gel pltration analysisof the
puribed Flag-R2bPPP4material on Superoses columns
wasperformedasdescribecreviously (Hastieetal., 2000).
Molecular massmarker proteinsusedwere thyroglohulin
(670 kDa), ferritin (450 kDa), $glohulin (158 kDa),
ovalbumin (44 kDa), myoglobin (17 kDa) andvitamin B12
(1.35kDa).

Identification of proteins co-eluting with Flag-
R2-PPP4c

PuribedFlag-R2bPPP4materialwasfractionatedby SDS-
PAGE and stained with CoomassieBlue. Proteins that
consistently co-eluted with Flag-R2 and PPP4c were
excised from the gel and digestedin situ with trypsin as
describedpreviously (Jenseret al., 1997). Tryptic peptide
massesvereanalysedisingathin PImmatrix of 4-hydroxy-
%cyanocinnamicacid/nitrocellulosg2:1) in an Elite STR
massspectrometefPerSeptie BiosystemskrosterCity, CA,
USA) in reBectrormode.Spectravereinternally calibratec
with matrix and trypsin autolysis ions and the peptide
masseswere usedto searchdatabasewithin the UCSF
ProteinProspectoprogramusingMS-FIT analysissoftware
with a masserror set at 50 ppm. Flag-R2 and PPP4«
were initially identibed by immunoblotting but were
subsequently veribed by identibpcation using mass
spectrometry

Immunological techniques

Immunoblottingwas performedfollowing fractionationof proteins
by SDS/RAGE, using NuPage 4-12% Bis-Tris gels (Invitrogen,
Groningen,Netherlands) and transferto nitrocellulosemembranes
(ShliecherandSchull, Dassel Germary). Theblotswereprobedwith
affinity-puribpedantibodiesandantibodybinding wasdetectedising
anti-sheeplgG antibodies conjugatedto horseradishperoxidase,
followed by enhancedhemiluminescencéAmershaminternational,
Little Chalfont, UK). Anti-PPP4c antibodieswere raised against
the N-terminal 57 amino acids of human PPP4c(Brewis et al.,
1993). Anti-Gemin4 antibodies were made against the peptide
AEGIGPEERRQTLLQKMSSKcorrespondingo aminoacids1039-
1059 of Gemin4)and coupledto keyhole limpet haemoganin. The
above antibodieswere raised in sheepat the Scottish Antibody
Production Unit, Carluke, Penicuik, Midlothian, UK and affinity
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Fig. 1. Expression R2 and PPP4c mR&in human tissues. Human multiple
tissue northern blots (Clontech) were hybridised with a R2A<piébe (~0.8
kb, coding for amino acids 78-316) and PPP4c Apikbbe (~0.8 kb, coding
for amino acids 12-279) and'aactin control prob€’ -actin mRM was used
as a control to assess thaiation in sample loading. Hybridisation using
each probe as carried out separatefnd the blot &s stripped before being
re-hybridised with the ne& probe. Tanscripts are indicated by ans on the
right, and the positions of RNstandards of knen sizes are indicated in kb
on the left.

puribed.Murine anti-Gemin3antibodieswere purchasedrom BD
TransductionLaboratories(Lexington, KY, USA) and murine anti-
Flag antibodieswere purchasedfrom Sigma. Anti-GFP and anti-
Xpress antibodies were purchasedfrom Invitrogen (De Schelp,
Netherlands)Anti-sheepand anti-mousesecondanantibodieswere
from Pierce(ChesterUK).

Immunoprecipitatiorof taggedproteinsexpressedn mammalian
cellswas carriedout usinglysatescontainingl mg of total cell protein
for each immunoprecipitation. The lysates were precleared by
incubationat 4iC for 50 minuteson a shakingplatform with sheep
preimmunelgG covalently coupledto protein G-Sepharosaising
dimethylpimelimidate (Harlov and Lane, 1988). Following
centrifugationfor 1 minuteat 16,000g, the supernatanivasremoved
andincubatedor 1 hourasabove, with 5 pg antibodycoupledto 10
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pl of protein G-SepharoseThe immunoprecipitateswere
washedpwe times with 1 ml of buffer A containing0.35 M
NaCl and resuspendeth SDS loading buffer for analysisby
SDS-RAGE and immunoblotting. All controls for the
immunoprecipitatiorexperimentswere carried out in parallel
asdescribedabore usingcell lysatescontaininganotherprotein
expressedvith the sameepitope-tag.

Micoinjection of expression plasmids into HelLa cells

PlasmidDNAs weredilutedto 15 pg/ml with 200mM glutamic
acid (titratedto pH 7.2 with citric acid),140mM KOH, 1 mM
MgSQs and1 mM DTT andinjectedinto HeLacells usingan
Eppendorf5242 microinjector Cells were cultured at 37{C
in Dulbecco® modibed EaglesCmedium. Two hours after

Fraction:
kDa 1 2 3 45 6 78 910 11 12
94 —
67 — — AP I — <4— Flag-R2
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Fig. 2. Co-elution of PPP4c and Flag-R2 from an anti-Flag agarose
column. HEK 293 cell lysates were incubated with anti-Flag agarose as
described in Materials and Methods. Fractiongt{1) eluted with Flag
peptide from the anti-Flag agarose column were collected and analysed by
SDS-RAGE and subsequent immunoblotting with anti-Flag (for detection

injection, cells were ashed in phosphatesffered saline, bed
for 5 minutesat 37;C in 3.7% (w/v) paraformaldehydén 60
mM PIPES,27 mM HEPES,10 mM EGTA, 4 mM MgSQy
titrated to pH 7.0 with 10 M KOH. Permeabilisationwas
performedwith 1% Triton in PBSfor 15 minutesatroomtemperature.
Mouse anti-HA monoclonalantibodies(clone 12CA5) were from
Roche DiagnosticsLtd (Lewes, UK). Secondaryanti-mouselgG
antibodiesconjugatedto Cy3 were from Jacksonimmuno research
Labs.Inc, (WestGrove, PA). ImmunofRuorescenceasdetectedising
a ZeissDelta\ision RestoratiormicroscopgApplied Precisioninc.)
equippedwith a 3D motorised stageand a 100¢ NA 1.4 Plan-
Apochromatobjective. Optical sectionsseparatecdby 200 nm were
recordedand imageswere restoredusing an iterative decowolution
algorithm.For EGFR EYFR Cy3 and DAPI excitation wavelengths
were460 nm (bandwidth20 nm), 523 nm (20 nm) 555 nm (28 nm),
360 nm (40 nm) and emissionwavelengths500 nm (bandwidth22
nm),568nm (50nm),617nm (73 nm),457nm (50 nm), respectiely.

Results
PPP4R2 may be a ‘core’ regulatory subunit of PPP4

To determinewhethertheregulatorysulunit, R2, of PPP4was
avariablesulunit participatingin only somefunctionsof PPP4
or a Ocore@®uhunit that formed a complex with PPP4cin
virtually all PPP4complees (analogoudo the PR65subunit
of PP2A), the expressionof R2 mMRNA was examinedin a
range of human tissues.Fig. 1 shows that there are two
transcriptof 5.6kb and3.6kb for humanR2 andthatalthough
theirrelative level differsin sometissueqfor example,in testis
and ovary), their combinedlevel of expressionin different
tissues appearsto vary coordinately with the level of
expressionof the 1.8 kb PPP4cmRNA. Expressionof R2
mRNA and PPP4cmRNA are both very high in testisin
accordancavith earlierstudiesfor PPP4cmRNA andprotein
(Brewis etal., 1993;Kloeker etal., 1997). Thesedatasuggest
thatR2 is morelikely to be a Ocorefégulatory sutunit thana
variable regulatory sulunit that might be expectedto shav
differential expressionfrom the catalytic sukunit in some
tissues. Previous studies also support this concept. R2
(calculatednolecularmasss0.4kDa, mobility on SDSgels65
kDa) andPPP4d35 kDa) wereisolatedfrom porcinetestisin
a 1:1 compl« as judged by protein staining (Hastie et al.,
2000).In addition,puribPednative PPP4avasshavn to interact
with puribed His-taggedR2 expressedfrom a baculwirus
vector in insect cells. Since the molecular mass of the
His-tagged R2 measured by glycerol density-gradient
sedimentatiorwas 96 kDa thesestudiessuggesthat the R2-
PPP4ccomple is a tetramerof two R2 sulunits and two
PPP4esulunits.InterestinglyHis-taggedR2 andthe R2-PPP4c

of Flag-R2) and anti-PPP4c antibodies.

comple elutefrom gel bltration columnsat an apparentsize
of ~450 kDa. Thesestudiesindicate that the R2 dimer is a
highly asymmetriamolecule.

Five genesencodingR2, locatedon chromosome$8 and5,
are found in the NCBI Homo sapiens genomic contig
sequencedatabaselhe R2 genelocatedat 3p14-2is probably
thefunctionalgene,asits sequencéNT_005561/ Hs3 5683)
is virtually identicalto that of the cDNA (AccessionNo. AJ
271448) (Hastie et al., 2000) and other R2 partial cDNA
sequence# the humandatabasedn addition, this R2 gene
containsnine intronsandis spreadover morethan40 kb. Two
otherR2 genes(NT_022440.4/Hs3_225%ndNT_015983.5/
Hs3_1613% with >98% DNA coding sequencédentity, each
containingonly the most 3! intron are locatedat 3g28. Two
more R2 genes(NT_029228./Hs5 29447andNT_006611.6
Hs5 6768 with >96% DNA coding sequenceadentity, each
containingonly the most3! intron arelocatedat 5p15.5.Each
pair of genesat 3g28and 5p15.5have very similar 5! and 3!
UTR sequencessuggestinghatthey arelikely to have arisen
by geneduplication. Isolation of a BAC clone carrying R2

Fraction:
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Molecular Mass (kDa)

Fig. 3. Analysis of FlagPbR2-PPP4c material by gel bltration. Peak
fractions from the anti-Flag agarose column containing Flag-R2 and
PPP4c were pooled and subjected to Superose 6 gel bltration
chromatographyFractions eluted were analysed by SB$E and
subsequent immunoblotting with anti-Flag (for detection of Flag-R2)
and anti-PPP4c antibodies. Superose 6 fraction numbers are
indicated abee each lane. Molecular mass menk thyrogloflin

(670 kDa) and ferritin (450 kDa) are indicated by &30
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Fig. 4. Analysis of material co-eluting with FlagbR2-PPP4c.
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Fig. 5. Co-immunoprecipitation of Gemin3 and Gemin4 with Flag-
R2. A vector epressing Flag-R2 as transfected into HEK 293 cells.

FlagbR2-PPP4c material eluted with Flag peptide from the anti-FlaiSupernatant (S) and pellet (P) fractions were obtained by

agarose column &s concentrated and analysed by SB&P.
Proteins bands were detected using Coomassie blueeisddfrom
the gel prior to tryptic digestion and identiPcation by mass
spectrometryThe bands at 70 kDa and 40 kDa are lbeligo be

centrifugation folloving immunoadsorption from cell lysates

(L) with anti-Flag agarose. Murine IgGaw used for all controls in
place of anti-Flag antibodies. Proteins in the lysatqu(L0
supernatant (1Ql) and pellet (receered from 50Qul) fractions were

artefacts since thestain more strongly than FlagbR2 and PPP4c ancanalysed by SDSAGE and subsequent immunoblotting with anti-

they have also been noted in the eluates with other Flag-tagged
proteins. Protein methyltransferase JBP1 is contained within the
band at 70 kDa. The other proteins in these bands were not
identibpable. The weak protein bands at 50 kD&&@&w@nd" -tubulin.

genedocatedon chromosomé& allowed mappingof R2 genes
to 3(g27-qter)and 5p15.5(kindly performedby Mark Sales
and Norman Pratt, Ninewells Hospital Medical School,
Dundee, UK), in accordancewith the datain the genome
databaseNo genomicclonesencodingR2 were identibedin
the LLNL humansingle chromosome3 library, andthe high
identity (>90%) of the 3! UTR sequencesf all the R2 genes
preventedascertainmendf whetherthe two R2 mRNAs (Fig.
1) arederived from the geneat 3p14-21aspredicted.

Identification of proteins interacting with PPP4c and
PPP4R2

Following transfectionof cDNA encodingthe Flag-tagged
regulatory sulunit R2 of PPP4cnto HEK 293 cells, proteins
co-sedimentingvith anti-Flagagarosebeadsin the cell lysate
were examined.Fig. 2 shaws the co-elutionof Flag-R2and

PPP4cfrom an anti-Flag agarosecolumn. Use of the Flag

peptidefor elutionminimisesthedetachmenof proteinsbound
non-specibcallyto agarose Analysis of the eluted Flag-R2-
PPP4cmaterial by gel bltration on a Superose6 column
indicatedthat the puribedFlag-R2-PPP4enaterialcomprises
high molecular masscompleces, ranging from 450 kDa to

>670kDa (Fig. 3). A large proportionof this materialeluted
at450kDa, a sizeidenticalto thatof the complex formedwith

puribedfree PPP4candbaculwirus-expressed?2 in previous

experimentgHastieetal., 2000).Thereforethe pool of protein
eluting at 450 kDa is likely to be a comple of Flag-R2and
PPP4cThereis alsofurther materialeluting at a muchhigher
molecularmass(approximately800 kDa-450kDa), which is

likely to representFlag-R2bPPP4complexed with other
proteins.

Fig. 4 shavs a Coomassie-Blue-stainedel of material
elutedfrom the anti-Flagagarosecolumn. Following excision
of protein bands and tryptic digestion, the proteins were
identipedby massspectrometryandcomparisorof the peptide

Gemin3(A) and anti-Gemin4B) antibodies.

ions generatedwith sequencesf previously characterised
proteinsin the UCSFProteinProspectodatabaseAlong with
Flag-R2 (with 21 peptidesmatched,giving 60% sequence
coverage) and PPP4c (19 peptides matched, giving 65%
sequencecoverage) other proteins that were identiped are
Gemind (with 35 peptidesmatched,giving 40% sequence
coverage)andGemin3(with 20 peptidesmatchedgiving 33%
sequencecoverage). Both % and "-tubulins were also
identibped,which may be relevantto the function of R2-PP4c
atthecentrosomegHelpsetal., 1998; Sumiyoshietal., 2002).

Gemin3 and Gemin4 have recently beenidentipedin a
number of studies analysing the SMN protein comple&
(Campbellet al., 2000;Charrouxet al., 2000; Charrouxet al.,
1999). On the basis of amino-acid sequencealignments,
Gemin3is thoughtto be a memberof the DEAD box family
of putatve ATP-dependenRNA helicasesandis alsotermed
DEAD-box protein103kDa (DP103). The name ODEADs
derivedfrom thesingleaminocodefor aconseredmotif, Asp-
Glu-Ala-Asp, which confers ATPase activity. Gemin3 (824
amino acids) has beendetectedin cellular lysatesby SDS-
PAGE asa 103kDa protein,althoughthe calculatedmolecular
massfrom the cDNA is 92.2kDa, in agreementwith the size
of 92.5 kDa determined on SDS-FAGE after in vitro
transcription/translatioiCharrouxet al., 1999; Grundhof et
al., 1999). Gemin4,alsotermedGemin3-interactingrotein 1
(GIP1) comprises1058 amino acids and has a calculated
molecularmassof 119.9kDa but hasan apparentmolecular
masson SDS-RAGE of 97 kDa (Charrouxet al., 2000). No
functional or consered domains of Gemin4 have been
identiPed, but it has been shovn to interact directly with
Gemin3andis thoughtto beacomponenbf the SMN comple
via this interaction.

Co-elution of Gemin3 and Gemin4 from the anti-Flag
agaroseolumnwith Flag-R2-PPP4wasreadilyreproducible;
therefore peptide antibodieswere raised againstthese two
proteins.The antibodiesrecogniseda major bandof Gemin3
at ~94 kDa and a major band of Gemin4 at ~97 kDa on
immunoblotsof Flag-R2DBPPP4c-interactipgoteins(datanot
shavn) andHEK 293 cell lysates(Fig. 5), which validatesthe
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2003) were subjectedto immunoadsorptionusing
anti-GFPantibodies(which readily crossreactwith
CFP) and analysedfor co-sedimentatiorof known
componentof the SMN complex and PPP4c.The
resultsshav thatthe SMN proteinfusedto the27 kDa
CFP tag forms a comple with Gemin2, Gemin3,
Gemin4,aspreviously describedandin additionwith
PPP4c (Fig. 7). Control immunoprecipitatesrom
lysatesof HeLacellstransfectedvith GFPshavedno
Gemin2,Gemin3, Gemind or PPP4c.Theseresults
indicate that PPP4interactswith the SMN protein
complex and points to a novel role for this
phosphatasassociatedvith the functionof the SMN
comple.

Analysis of snRNP localisation in the presence
of the R2-PPP4c complex

Newly formed snRNPscan be detectedby injecting
plasmidsinto culturedcells capableof expressingSm

Fig. 6. Co-immunoprecipitation of Gemin3, PPP4R2 and PPP4c with Gemin4proteins tagged with a Ruorescentlabel, and the

A vector expressing Xpress-tagged Gemindsatransfected into HEK 293

maturation of the snRNPscan be monitored by

cells. Supernatant (S) and pellet (P) fractions were obtained by centrifugatiorobservingiemporalchangesn the Ruorescenpattern
following immunoadsorption from cell lysates (L) with anti-Xpress Sepharose(s|eemamnd Lamond,1999).To determinewhether

(protein G). Murine IgG was used for controls in place of anti-Xpress
antibodies. The proteins in the lysate (@) supernatant (1Ql) and pellet

(recovered from 50Qul) fractions were analysed by SD3®E and

subsequent immunoblotting with anti-Gemin4 (left hand side 3 lanes), anti-
Xpress (right hand side 3 lanes) (A), anti-Gemin3 (B), anti-R2 (C) and anti-

PPP4c (D) antibodies.

identibcationof theseproteinsby massspectrometry(Fig. 4).

Although the protein methylaseJBP1 was also found co-

eluting with Flag-R2bPPP4and methylationof proteinsis

known to be important in assemblyof SMN complees

(Friesenet al., 2001; Meister et al., 2001), it is presently
uncleamwhetherthisis a specibdnteraction becausdBPlhas
alsobeenfoundin the eluateswith otherFlag-taggedgroteins
(G.K.C.,N.M. andPT.W.C., unpublished).

The anti-Gemin peptide antibodies did not
immunoprecipitatendogenou§emin3or Gemin4.Therefore
cDNA encodingGemin4was obtainedby screeninga human
multi-tissue cDNA panel using PCR. Following ligation of
the Gemin4cDNA into an expressionvectorandtransfection
into HEK 293 cells, a reciprocal immunoprecipitation
experimentwas carriedout using lysatefrom HEK 293 cells
expressing epitope-taggedGemin4. Fig. 6 showvs the co-
immunoprecipitatiorof Gemin4with endogenous$emin3(a
positve control), R2 and PPP4c. This suggeststhat the
interaction betweenR2-PPP4cand Gemin4 and/or Gemin3
may be a specibdnteractionthat occursin vivo.

Co-immunoprecipitation of PPP4c with the SMN

complex

SinceGemin3and Gemin4dhave both beenrecentlyidentibed
ascomponent®f the SMN proteincomple, it wasimportant
to determinewhetherR2-PPP4dnteractedwith theseproteins
whenthey were part of the SMN proteincomple. Therefore
lysates from a HelLa cell linexpressing the SMN protein with
a cyan Buorescenprotein (CFP)-epitopdag (Sleemaret al.,

the R2-PPP4compl hasan effect on the pathway
of entry of new snRNPsinto the nucleusand/ortheir
subsequentmovements,plasmid DNAs capable of
expressing YFP-SmB, GFP-R2 and/or HA-PPP4c
were injectedinto HelLa cells. Of the 200-250cells
injectedfor eachcondition approximatelyone third
could be visualisedand scoredclearly Two hours
after injection, cells expressingthe plasmid encoding YFP-
SmBaloneshaveda YFP-SmBsignalin Cajalbodiesin 92%
of cells (Fig. 8E) and a signalin the nucleoli aswell asthe
Cajal bodiesin only 8% of cells, in accordancevith previous
studies (Sleemanand Lamond, 1999). In contrast, cells
expressing all three tagged proteins shaved marked
accumulation of YFP-SmB-labelled snRNPs within the
nucleoliandCajalbodiesin 89%of cells(Fig. 8B) anda YFP-
SmBsignalin Cajalbodiesbut notthenucleoliin 11%of cells.
Nucleolarlocalisationis not usually seenin the majority of
cells on expressionof YFP-SmBaloneuntil later time points
(3to 7 hours).Cells expressingY FP-SmBand GFP-R2in the
absencef HA-PPP4c(Fig. 8H) or YFP-SmBandHA-PPP4c
in the absenceof GFP-R2 (Fig. 8K) shaved the normal
localisationof YFP-SmBto Cajalbodiesatthistime point. The
experimentgave the sameresultson threeseparat®ccasions.
The signalintensitiesfor YFP-SmBand GFP-R2weresimilar
andthe pbltersusedeliminatedcross-talkbetweerthe YFP and
GFP channelsThesestudiesdemonstratehat the R2-PPP4c
complex modibesthe localisationof newly formed snRNPs.
Furthermore HA-PPP4cand GFP-R2colocalisedwith YFP-
SmBin the nucleolugFig. 8A-C andmeigedimages(datanot
shawn)]. Sinceit is possiblesnRNPsare continuouslycycling
throughthe Cajal bodiesand nucleoli and R2-PPP4dlocks
their exit from a nucleolarlocalisation,a late time point was
examined,which shaved that YFP-SmBexhibited a Omature®
localisation,being presentin Cajal bodiesandinterchromatin
granuleclusters(speckleswithin the nucleoplasnin ~80% of
cells expressingYFP-SmB, GFP-R2and HA-PPP4cas seen
for those expressingYFP-SmB alone. Thus the R2-PPP4c
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Fig. 7. Co-immunoprecipitation of PPP4c with proteinsvioasly identibed in
the SMN protein comple Hela cells gpressing CFP-SMN were used for
immunoadsorption of SMN and HelLa cells transfected wetttar expressing
GFP were used in controls. Supernatant (S) and pellet (P) fractions were
obtained by centrifugation follng immunoadsorption from cell lysates

(L) using anti-GFP-Sepharose (protein G), which readily interacts with both
CFP and GFPProteins in the lysate (30), supernatant (1Ql) and pellet
(recovered from 50Qul) fractions were analysed by SD8FE and subsequent
immunoblotting with anti-GFP (A), anti-Gemin2 (B), anti-Gemin3 (C), anti-
Gemin4 (D) and anti-PPP4c (E) antibodies. The 50 kDa bands in the pellet
fractions of A are caused by the presence gelamounts of the antibody hga

chain.

complex doesnot block the progressof YFP-SmB and the
overall resultsindicatethat R2-PPP4@nhanceshe movement
of newly formed snRNPsthrough the brst stagesof their
normal maturationpathway.

Discussion

The PPP4c-R2 complex interacts with Gemin4 and/or
Gemin3 in the SMN complex

The studies describedhere shav that the Ser/Thr protein
phosphatase PPP4c associates with the SMN cgraptéthat
PPP4cin complex with its regulatory sukunit R2 binds to
Gemindand/orGemin3.PPP4cand R2 are likely to form a
dimeric Ocore@pmplex to which variable regulatory sukunits
bind, forming holoenzymestructuresimilar to thoseof PP2A.
The identibcation of Gemin3 and Gemin4 in R2-PPP4c
immune pellets suggestthat one or both may be variable
sukunit(s) interacting directly with the R2-PPP4cdimeric
Ocore@nd tameting it to a specibc function. Reciprocal
precipitationof PPP4c,R2 and Gemin3with epitope-tagged

PPP4 interacts with the SMN complex 1911

Gemin4from cell lysatessupportghevalidity of the
interaction. However, as Gemin4 interacts with
Gemin3(Charrouxetal.,2000;Meisteretal., 2000),
ary one (or both) of theseGeminsmay be binding
directly with R2-PPP4c. The indications that
Gemind may be a cofactor required for Gemin3
RNA helicase activity (Charroux et al., 2000;
Meister et al., 2000) raise the possibility that
Gemind may directly interactwith R2-PPP4cand
targetthis proteinphosphatase Gemin3and/orits
associategbroteins.

RNA helicasediave beenimplicatedin nearlyall
processeshat are linked to RNA metabolismsuch
as translation initiation, pre-mRM\ splicing,
ribosome assemblyand mRNA stabilisation and
transport(Linder, 2000).Gemin3wasidentiPedasa
nuclear phosphoproteininteracting with Epstein-
Barr virus encodedantigensEBNA2 andEBNA3C,
both of which form a comple with the cellular
transcriptionfactor RBP-& and thereby modulate
the expressionof target genes(Grundhof et al.,
1999). IndependentstudiesdetectedGemin3 as a
componenbf the SMN proteincomple interacting
directly with the SMN protein (Campbell et al.,
2000;Charrouxet al., 1999).Sincethe Sm proteins
bind to the SMN comple, the helicaseactvity of
Gemin3may berequiredfor the U RNAs to bind to
the Sm proteins for the assembly of snRNPs.
Gemin4 doesnot interact directly with the SMN
protein and its presencein the SMN comple is
probablytheresultof its directandstableinteraction
with Gemin3(Charrouxet al., 2000). Gemin4,the
SMN proteinandGemin3associatevith U1 andU5
RNAs in the cytoplasmof Xenopusoogytes,but not
aftertheseRNAs have beenassembleihto snRNPs
and imported into the nucleus. Therefore it is
thoughtthat the SMN complex containingGemin4
dissociatesfrom the spliceosomalsnRNPseither
immediately before or shortly after nuclearentry.
Nevertheless Gemin4 is found in the nucleus,
colocalisingwith SMN in Cajal bodiesandis also
detectedin nucleoli (Canalho et al., 1999; Charrouxet al.,
2000; Sleemanet al., 2001). Our studiesshav that R2 and
PPP4care found predominantlyin the nucleusand are also
detectedn nucleolaraccumulationgFig. 8), localisationghat
areconsistentvith interactionof this phosphataseith Gemin4
andassociatiorwith the SMN compl«.

The R2-PPP4c complex influences the temporal
localisation of newly formed snRNPs in the nucleus

SnRMAs aretranscribedn the nucleusandtransportedo the
cytoplasmwhere Sm proteins(a group of seven polypeptides
termedB/B!, D1, D2, D3, E, F and G) bind, andthe 5! end
of the snRNA is modibed to form the characteristic
trimethylguanosinecap (Fischeret al., 1993; Hamm et al.,
1990;LYhrmanretal., 1990; Mattaj, 1986; Nagaiand Mattaj,
1994).The newly formed snRNPsarethenimportedinto the
nucleusThefully maturesnRNPsalsocontainsnRNP-specibc
proteinsand numerousbaseand sugar modibcationsof the
snRNA but the location(s)wherethesemodibcationoccuris
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HA-PPP4c YFP-SmB

GFP-R2 YFP-SmB

YFP-SmB

HA-PPP4c

unclear Newly assembledsnRNPsshav a characteristic
temporal sequenceof localisation patternson their initial
import into the nucleus, which can be followed using
Buorescentlylabelled Sm proteins (Sleemanet al., 2001;
Sleemanand Lamond,1999). At early time points following

Fig. 8. Effect of expression of R2-PPP4c on the localisation
pattern of nely formed snRNPs in HelLa cells. HelLa cells
were injected with)gression plasmid DAls pEYFP-SmB,
pPEGFP-R2 and/or pCMV5-HA-PPP4c (each apgsml),

which are capable okpressing YFP-SmB, GFP-Flag-R2
(termed hereafter GFP-R2) and/or HA-PPP4c. 2 hours after
injection cells were Fed in 3.7% paraformaldehyde. Images
were collected on a Zeiss Deltésdn microscope and digitally
decowoluted. Rinels A and J were visualised using anti-HA
antibodies and secondary antibodies conjugated to CyA. DN
was detected with BPI. (A-D) Hela cells injected with a
mixture of plasmid DMs expressing GFP-R2, HA-PPP4c and
YFP-SmB. (E,F) Hela cells injected with plasmid AN
expressing YFP-SmB alone. (G-l) HeLa cells injected with a
mixture of plasmid DMs expressing GFP-R2 and YFP-SmB.
(J-L) HeLa cells injected with a mixture of plasmid BN
expressing HA-PPP4c and YFP-SmB. BHO um.

dephosphorylateone or more componentin the SMN
compl. Gemina3is reportedto be a phosphoproteimnd
therefore PPP4 could regulate its helicaseactvity by
dephosphorylationyhich may modulatethe assemblyof
snRNPs Alternatively, dephosphorylatiorof Gemin3or
anotherSMN componentnaybea necessarprerequisite
for the binding of the snRNPsto nuclearimporters.The
movement and/or processingof snRNPsas they Row
throughthe Cajal bodiesand enterthe nucleolusmay be
subjectto regulationby PPP4lt is alsopossiblehatPPP4
may participate in the nuclear SMN function(s) of
recruiting components to the spliceosomes and
transcriptosomesand regenerating snRNPs after pre-
MRNA splicing. It will beimportantto ascertainvhether
PPP4is associatedvith a particularSMN comple found
eitherin the cytoplasmand/orthe nucleusor, like mary
protein phosphatasegparticipatesin the regulation of
several cellular processesby interacting transiently with
several SMN complees. Although we consistently found
Gemin3andGemin4in the R2-PP4dmmunoprecipitatesye
did not Pnd SMN or Gemin 2. This data suggestthat that
Gemin3-Gemin4-R2-PPP4may be only loosely associated

injection (1-2 hours) ofxpression plasmids encoding GFP- or with the OcoreSMN complex and thereforeeasily lost from

YFP-taggedSmproteinshew snRNPsaredetectedasa diffuse
pool throughoutthe cell, with accumulationalso seenin
nuclearCajal bodiescontainingSMN. Later (between3 and
7 hours following injection), new snRNPsshov nucleolar
accumulationn additionto accumulatiorin Cajalbodies Only
at latertime points (7 hoursonwards)do the majority of cells
shawv the maturepatternof snRNPlocalisationto Cajalbodies
andinterchromatingranuleclusters(speckles) The R2-PPP4c
compl« altersthis temporalsequencef localisationwith the
3-7 hour patternbeingobsened 2 hoursafterinjection, results
thatare consistenwith the R2-PPP4complec playing a role
in enhancinghe movementof snRNPghroughthe brststages
of theirnormalmaturationpathway. Thisresultagreeswith the
dataindicatingthat R2 interactswith Gemin3and/orGemin4
andthat PPP4ds presenin someSMN complees.

There are mary points at which PPP4might regulate the
snRNP maturation pathway (Gall, 2000). Since PPP4cis
presentatlow levelsin the cytoplasm,it is possiblethatPPP4
may berequiredfor the bindingof U RNAs to the Smproteins
and/orfor the entry of snRNPsinto the nucleus.PPP4cmay

it, which would explain the low level of PPP4cthat we

coprecipitate with  CFP-SMN (Fig. 7). Distinct pools of

Gemin3-Gemindmay exist within the cell andthereforeit is

alsopossiblethatanindependentomplex of Gemin3-Gemin4-
R2-PPP4anay possesdlifferentfunctionsto that interacting
with the SMN comple. In this respecit will beinterestingto

know whether the viral EBNA2 and EBNA3C proteins
modulatetranscriptionby bindingto Gemin3within the SMN

complex or to a different pool of Gemin3. The nuclear
transcriptionakctivator E2 of papillomavirus hasbeenshavn

to modulatetranscriptionthroughaninteractionwith the SMN

comple (Strasswimmeet al., 1999). Furtherexperimentsare
beingundertalen to delineatethe preciserole(s) of Gemin3-
Gemin4-R2-PPP4complees in relation to SMN and the
assemblyof compleesinvolved in pre-mRM\ splicing, pre-
rRNA splicing andtranscription.
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