
AConser ved Fami l y of Nucl ear Phosphopr ot ei ns
Local i zed t o Si t es of Pol ymer ase I I Tr anscr i pt i on
Mar k B. Rot h, Al an M. Zahl er , and John A. St ol k

Fr ed Hut chi nson Cancer Resear ch Cent er , Seat t l e, Washi ngt on 98104

Abst r act . An ant i body was i dent i f i ed pr evi ousl y t hat
r ecogni zes si t es of pol ymer ase I I t r anscr i pt i on on l amp-
br ush chr omosomes, puf f s on pol yt ene chr omosomes,
and many smal l gr anul es i n t he nucl eopl asm of al l cel l s
t est ed . Thi s ant i body bi nds a conser ved f ami l y of phos-

phor yl at ed pol ypept i des i n ver t ebr at e and i nver t ebr at e
cel l s . We devel oped a met hod f or pur i f yi ng t hese pr o-
t ei ns t hat i nvol ves di f f er ent i al sol ubi l i t y i n MgC12 . We

N
ASCENT t r anscr i pt s ar e bound by pr ot ei ns, concomi -

t ant wi t h synt hesi s by pol ymer ase I I . Thi s was dem-
onst r at ed i n obser vat i ons of r i bonucl ease t r eat ed

amphi bi an l ampbr ush chr omosomes ( Gal l and Cal l an, 1962)
wher e i t i s possi bl e t o see nascent pr ot ei n- bound t r anscr i pt s
by l i ght mi cr oscopy, and was l at er conf i r med by a number
of st udi es i n ot her syst ems ( Mal col m and Sommer vi l l e,
1974 ; Lamb and Danehol t , 1979) . El ect r on mi cr oscopi c
st udi es of t r anscr i pt i on uni t s usi ng spr eadi ng t echni ques de-
vel oped by Mi l l er and col l eagues conf i r med t hi s obser vat i on
( Mi l l er and Bakken, 1972) .

Because of t hei r r ol e i n t he el abor at i on of genet i c i nf or ma-
t i on, t her e has been a maj or ef f or t t o i dent i f y t r anscr i pt -
bi ndi ng pr ot ei ns . To dat e, t wo set s have been i dent i f i ed :
hnRNP and snRNP pr ot ei ns. The hnRNP pr ot ei ns, whi ch
number at l east 24, have been def i ned by bi ochemi cal co-
f r act i onat i on wi t h r adi ol abel ed hnRNA ( Samar i na et al . ,
1966 ; Beyer et al . , 1977) and mor e r ecent l y by i mmuno-
chemi cal anal ysi s ( Pi f i ol - Roma et al . , 1988) . Sever al genes
encodi ng hnRNP pr ot ei ns have been cl oned and at l east one
pr ot ei n has been shown t o i nt er act di r ect l y wi t h RNAi n vi t r o
( Mer r i l l et al . , 1988) . Twel ve snRNP pr ot ei ns wer e i dent i -
f i ed by co- i mmunopr eci pi t at i on wi t h snRNAs usi ng an ant i -
body t hat r ecogni zed a common epi t ope f ound on t hese pr o-
t ei ns ( Ler ner and St ei t z, 1979) .

We show her e t hat a mAb 104 ( mAb104) , descr i bed as
bi ndi ng t o l at er al l oops on amphi bi an l ampbr ush chr omo-
somes ( Rot h et al . , 1990) and t o puf f s on Dr osophi l a pol yt ene
chr omosomes ( unpubl i shed obser vat i on) bi nds a pr evi ousl y
undescr i bed conser ved f ami l y of nucl ear phosphopr ot ei ns .
Ant i gens r ecogni zed by mAbl 04 do not copr eci pi t at e wi t h
ant i - hnRNP ant i bodi es ( Rot h et al . , 1990) . We have cl oned a
gene t hat encodes a mAb104 i mmunor eact i ve pr ot ei n f r om
Dr osophi l a mel anogast er The encoded pr ot ei n shar es se-
quence homol ogy wi t h pr ot ei ns i nvol ved i n pr e- mRNA spl i c-
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i sol at ed a Dr osophi l a cDNA encodi ng one of t he pr o-
t ei ns usi ng i nf or mat i on obt ai ned f r ommi cr osequenci ng .
I n vi vo expr essi on st udi es show t hat t hi s pr ot ei n i s con-
cent r at ed on si t es of pol ymer ase I I t r anscr i pt i on and
t hat i t i s hi ghl y phosphor yl at ed . The pr ot ei n shar es a
hi gh degr ee of homol ogy wi t h pr ot ei ns i nvol ved i n al -
t er nat i ve spl i ci ng of pr e- mRNA suggest i ng t he possi bi l -
i t y t hat t hi s pr ot ei n pl ays a r ol e i n pr e- mRNA spl i ci ng .

i ng . We show t hat het er ogeneousl y- si zed RNA- but not
snRNÁs- copr eci pi t at e usi ng mAb104 . Based on t hese ex-
per i ment s as wel l as i n vi vo expr essi on st udi es i n Xenopus
l aevi s, we suggest mAbl 04 bi nds an epi t ope f ound on a f am-
i l y of non- snRNA- bi ndi ng pr ot ei ns i nvol ved i n pr e- mRNA
spl i ci ng .

Mat er i al s and Met hods

Ant i bodi es

We used t hr ee mouse mAbs i n t hi s wor k . Ant i body 104 ( mAb104) i s an
I gMpr oduced by Rot h et al . ( 1990) . Ant i body 9E10 ( mAb9E10) i s an I gG
pr oduced by Evan et al . ( 1985) . mAb9E10 bi nds t o a 12 ami no aci d se-
quence cont ai ned i n t he human c- myc pr ot ei n ; t he si ngl e l et t er ami no aci d
desi gnat i on of t he mi ni mal sequence def i ned t hat cont ai ns t hi s epi t ope i s
MEQKLI SEEDL. The t hi r d mAb, mAbK121, i s an I gGt hat r ecogni zes t he
5' t r i met hyl guanosi ne cap f ound on most U- snRNAs ( Kr ai ner , 1988) .

Pr ot ei n Pur i f i cat i on and Mi cr osequenci ng

Appr oxi mat el y 1 x 109 Dr osophi l a ( Schnei der or Kc) , or human ( HeLa)
cul t ur ed cel l s, or i mmat ur e Xenopus ovar y was washed and r esuspended i n
10 ml of l ysi s buf f er ( 65 mMKCI , 15 mMNaCl , 10 mMMOPS, pH7. 5,
10 mMEDTA, 5 mMbet agl ycer ophosphat e, 5 mMDTT, 5 mMKF, and
200 pM PMSF) . Cel l s wer e l ysed by sever al passes t hr ough a Dounce
homogeni zer and t he l ysat e spun at 70, 000 g f or 1 h. A 60 t o 90%ammo-
ni um sul f at e pr eci pi t at e was pr epar ed and t he r esul t i ng pr eci pi t at e
r esuspended i n and di al yzed ext ensi vel y agai nst l ysi s buf f er cont ai ni ng 1
mMEDTA. The di al ysat e was cent r i f uged at 13, 000 g f or 20 mi n t o r emove
i nsol ubl e pr ot ei n and t hen adj ust ed t o 20 mM MgC12 wi t h 100 mM

MgCl 2 . Af t er 30 mi n t he suspensi on was cent r i f uged at 13, 000 g f or 20
mi n t o r ecover t he pr eci pi t at ed pr ot ei ns.

Af t er SDS- PAGE, and el ect r ot r ansf er t o PVDF membr ane ( Mat sudi ar a,
1987) t he i nt act pr ot ei n was sequenced f r omt he ami no t er mi nus by succes-
si ve cycl es of Edman degr adat i on ( model 477A; Appl i ed Bi osyst ems I nc. ,
For est Ci t y, CA) , f ol l owed by ami no aci d anal ysi s usi ng a r ever se phase C18
col umn ( model 120A; Appl i ed Bi osyst ems I nc . ) . Pr ot ei n sequence obt ai ned
f r omi nt er nal f r agment s gener at ed by t r ypt i c cl eavage of t he pr ot ei n, separ a-
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t i on of t hese f r agment s, and mi cr osequenci ng was done by Har var d
Mi cr ochemi st r y .

PCRAmpl i f i cat i on, Cl oni ng, Sequenci ng, and I n Si t u
Hybr i di zat i on t o Pbl yt ene Chr omosomes

Degener at e 14- base ol i gonucl eot i des cor r espondi ng t o shor t st r et ches of
ami no aci ds on ei t her end of f r agment C, not i ncl udi ng t he cent r al seven
nucl eot i des, wer e used t o ampl i f y t he genomi c DNA sequence encodi ng t he
pr ot ei n ( Gi l et al . , 1988) . The r eact i ons cont ai ned 0. 1 ug of each ol i gonucl e-
ot i de ( one of t wo was l abel ed at t he 5' end wi t h [ 32p] ) , 1 gg of Dr osophi l a
genomi c DNA, 50 mMKCI , 10 mM Tr i s, pH 8. 3, 1 . 5 MM M9C12, 200
AMeach of dATP, dTTP, dCTP, and dGTP, and 2 . 5 U of Ampl i Taq pol y-
mer ase ( Uni t ed St at es Bi ochemi cal ) i n a t ot al vol ume of 25 A1 . Af t er i ni t i al
denat ur at i on at 94° C f or 4 mi n t he r eact i on was car r i ed out f or 30 cycl es
at 94° C f or 1 mi n, 50° C f or 2 mi n, and 70° C f or 1 mi n . The r eact i on pr od-
uct s wer e separ at ed on an 18% denat ur i ng pol yacr yl ami de gel . The ex-
pect ed 35- bp band was exci sed and used i n a second r ound of ampl i f i cat i on .
The second r ound pr oduct s yi el ded suf f i ci ent amount s of each st r and t o use
i n Maxi m- Gi l ber t sequenci ng ( Benci ni et al . , 1984) .

Two 34- base ol i gonucl eot i de gener at ed usi ng t he PCR sequence i nf or -
mat i on was used t o scr een 1. 5 x 105 pl aques f r oman EcoRl l i nker ol i go
dT pr i med embr yo cDNA l i br ar y i n t he vect or l ambda ZAP ( St r at agene,
La Jol l a, CA) . Fi l t er s wer e washed usi ng t et r amet hyl ammoni um chl or i de
( Wood et al . , 1985) . Seven posi t i ve phage wer e pl aque pur i f i ed, t he i nser t s
t r ansf er r ed t o Bl uescr i pt , and si zed af t er EcoRI di gest i on. The l ar gest
cDNA ( 1, 380 bp) was sequenced on bot h ends and f ound t o cont ai n a shor t
pol y A sequence of 19 r esi dues on one end and an open r eadi ng f r ame on
t he ot her t hat coul d encode ami no aci d sequence obt ai ned f r ommi cr ose-
quence anal ysi s of t he i nt act pr ot ei n .

The sequence of t hi s cDNA was obt ai ned on bot h st r ands usi ng se-
quenase ( Uni t ed St at es Bi ochemi cal , Cl evel and, OH) and sever al del et i ons
pr epar ed by exonucl ease I I I and Sl nucl ease. Pr ot ei n sequence si mi l ar i t y
was obser ved usi ng PATMAT ( Wal l ace, unpubl i shed r esul t s ; Heni kof f et al . ,

1988) , and MOTI F ( Smi t h et al . , 1990) wi t h modi f i cat i ons ( Heni kof f and
Heni kof f , unpubl i shed r esul t s) .

I n si t u hybr i di zat i on was done accor di ng t o pr evi ousl y descr i bed
met hods ( Si mon et al . , 1985) .

Const r uct i on of Tagged Pr ot ei ns

Fusi on of t he 13 ami no aci d myc t ag ( MT) codi ng sequence ( Munr o and
Pel ham, 1984) t o t he ami no t er mi nus of t he SR55 open r eadi ng f r ame was
accompl i shed by cl oni ng a 17- bp adapt er i nt o t he ami no t er mi nus of SR55
changi ng t he st ar t met hi oni ne t o an al ani ne but ot her wi se not al t er i ng any
ot her r esi dues . Thi s const r uct was t hen cl oned i nt o t he EcoRI si t e of
Bl uescr i pt MTI , a vect or t hat was const r uct ed by t r ansf er r i ng a Hi ndI I I /
EcoRl 60- bp DNA f r agment f r om t he human myc gene i nt o t he Hi ndI I I /
EcoRl si t es of BS KS+ . The myc t ag bi ndi ng mAb9E10 was or i gi nal l y i so-
l at ed by Evan et al . ( 1985) . Nomencl at ur e used t o descr i be t agged con-
st r uct s i s MT ( number of t ags) / gene desi gnat i on .

The si x t ag concat emer const r uct was pr epar ed by anneal i ng and l i gat i ng
t wo st agger ed par t i al l y over l appi ng 39- bp ol i gonucl eot i des encodi ng t he 13
ami no aci d myc t ag. The l i gat i on pr oduct s wer e separ at ed on a 6% pol y-
acr yl ami de gel . Concat emer s' of var i ous si zes wer e pool ed, el ut ed f r om t he
acr yl ami de, t he ends f i l l ed i n usi ng t he Kl enow f r agment of DNA pol ymer -
ase, and i nser t ed i nt o t he Hi ndI I I si t e of MTl / SR55 . The desi r ed pl asmi ds
wer e obt ai ned by scr eeni ng t r ansf or mant s usi ng t he mAb9E10 af t er I PTG
i nduct i on . Concat emer bear i ng f usi on pr ot ei ns wer e sl ower mi gr at i ng on
SDS- PAGE and mor e easi l y det ect abl e t han t he par ent al MT1/ SR55. Subse-
quent anal ysi s of t he pl asmi c DNA conf i r med t he number of concat emer s
obt ai ned i n i ndependent cl ones.

Expr essi on andAnal ysi s of Tagged Pr ot ei ns
i n Renopus oocyt es

Capped r unof f i n vi t r o t r anscr i pt s encodi ng f usi on pr ot ei ns wer e pr epar ed

accor di ng t o pr evi ousl y descr i bed met hods ( Rot h and Gal l , 1989) . I nj ect i on

of synt het i c mRNAs was done by met hods descr i bed by Gui don et al .

( 1971) . Phosphat ase t r eat ment and West er n bi ndi ng anal ysi s of pool s of 20

t o 30 hand i sol at ed ger mi nal vesi cl es 48 h af t er i nj ect i on of RNA wi t h or
wi t hout 25 nCi of [ gamma- 32 P] ATP was done accor di ng t o Rot h et al .
( 1990) . Radi oact i vel y l abel ed pr ot ei ns wer e det ect ed by aut or adi ogr aphy af -

1 . Abbr evi at i on used i n t hi s paper : MT, myc T .
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t er t he pr ot ei ns wer e separ at ed by SDS- 10%PAGE, and el ect r ot r ansf er r ed
t o ni t r ocel l ul ose . Xenopus l ampbr ush chr omosomes wer e pr epar ed accor d-
i ng t o Cal l an et al . ( 1987) ; i ndi r ect i mmunof l uor escence st ai ni ng was done
accor di ng t o Rot h and Gal l ( 1987) .

I n j 4&0 32Rl abel i ng of Dr osophi l a Ti ssue Cul t ur e Cel l s

Dr osophi l a Kc t i ssue cul t ur e cel l s wer e gr own i n D22 medi a ( Si gma Chemi -
cal Co . , St . Loui s, MO) . Dr osophi l a SL2 t i ssue cul t ur e cel l s wer e gr own
i n Schnei der ' s medi a ( Si gma Chemi cal Co. ) suppl ement ed wi t h 10% FBS
( Gi bco Labor at or i es, Gr and I sl and, NY) . Cel l s wer e gr own t o a densi t y of
5 x 106/ ml . Cel l s wer e washed t hr ee t i mes wi t h TBS and t hen r esus-
pended at 5 x 106/ ml i n phosphat e f r ee medi a suppl ement ed wi t h 3 %
FBS. 32p or t hophosphat e was added t o 0. 4 mCi / ml and cel l s wer e gr own
at r oom t emper at ur e f or 1 t o 4 h . Cel l s wer e har vest ed by cent r i f ugat i on
f ol l owed by t hr ee washes wi t h TBS.

I mmunopr eci pi t at i on of SRp55f r om32FRl abel ed Cel l s

" P- l abel ed t i ssue cul t ur e cel l pel l et s wer e r esuspended i n Net - 2 buf f er ( 50
mMTr i s, pH 7. 5, 150 mMNaCl , 0. 05% NP- 40) whi ch al so cont ai ned 20
mM ß- gl ycer ophosphat e and 500 U/ ml r i bonucl ease i nhi bi t or ( Pr omega
Bi ot ec, Madi son, WI ) . Cel l s wer e l ysed by soni cat i on i n a cuphor n soni ca-
t or and i nsol ubl e mat er i al was r emoved by cent r i f ugat i on . Cel l l ysat es wer e
t hen added t o pr ot ei n Gsephar ose beads ( Phar maci a Fi ne Chemi cal s, Pi s-
cat away, NJ) whi ch had ant i bodi es bound t o t hem, and t hese wer e i ncubat ed
at 4° C wi t h shaki ng f or 1 h .

mAbl 04 i s an I gMand does not bi nd t o pr ot ei n G. A goat ant i - mouse
I gM ant i body was used t o l i nk mAbl 04 t o pr ot ei n G sephar ose. Pr ot ei n G
sephar ose beads wer e i ncubat ed wi t h goat ant i - mouse I gM ( Tago I nc . ,
Bur l i ngame, CA) i n Net - 2 buf f er on a shaker at r oom t emper at ur e f or 30
mi n . Beads wer e washed t hr ee t i mes i n Net - 2 buf f er and t hen r esuspended
i n Net - 2 . mAbl 04 f r omasci t es f l ui d was added t o t he beads, and t hese wer e
i ncubat ed f or 30 mi n wi t h shaki ng at r oom t emper at ur e. Beads wer e t hen
washed t hr ee t i mes wi t h Net - 2 buf f er and cel l l ysat e was added t o t he bead
pel l et .

Af t er a 1- h i ncubat i on wi t h shaki ng at 4° C, beads wer e washed t hr ee
t i mes wi t h Net - 2 buf f er . For pr ot ei n i mmunopr eci pi t at i on st udi es, beads
wer e r esuspended i n SDS pr ot ei n sampl e buf f er and separ at ed by SDS-
PAGE. For RNA copr eci pi t at i on st udi es, beads wer e r esuspended i n 300
Al of Net - 2 . Then, 2 Al of 1 mg/ ml Escher i chi a col i t RNA, 30 A1 of 10%
SDS, 150 141 phenol , and 150 Al of chl or of or mwer e added t o each t ube .
Tubes wer e vor t exed and i ncubat ed at 37° C f or 15 mi n . Tubes wer e cen-
t r i f uged, t he aqueous l ayer moved t o a new t ube, and t he nucl ei c aci ds i n
t hi s t ube wer e et hanol pr eci pi t at ed . Nucl ei c aci ds wer e r esuspended i n f or -
mami de l oadi ng buf f er and t he sampl es wer e l oaded ont o a 5 %acr yl ami de
( 19: 1) denat ur i ng gel . RNAse di gest i on of t he pel l et ed beads cont ai ni ng t he
i mmunocompl exes was done wi t h 100 Ag/ ml RNAse A, or oxi di zed RNAse
A i n Net - 2 buf f er f or 15 mi n at 15° C.

Resul t s

mAb104 Bi nds AConser ved Fami l y of
Nucl ear Phosphopr ot ei ns

I t has been demonst r at ed t hat mAb104 shows punct at e nu-
cl ear st ai ni ng i n cel l s f r om al l met azoans t est s, i ncl udi ng :
human ( HeLa) , Af r i can gr een monkey ( Ver o) , mouse ( 3T3
and L) , Dr osophi l a ( Schnei der ) , and Xenopus ( Xl a) t i ssue
cul t ur e cel l s, and t i ssues f r omnemat ode ( Caenor habdi t i s) ,
ear t hwor m, gr asshopper ( Mel anopl us) , mouse, and amphi b-
i ans ( Rana and Pl et hodon) ( Rot h et al . , 1990) . I t was al so
shown pr evi ousl y t hat mAb104 bi ndi ng on i mmunobl ot s,
and f i xed cyt ol ogi cal pr epar at i ons coul d be el i mi nat ed by
phosphat ase. The act i on of phosphat ase t o el i mi nat e mAb104
bi ndi ng coul d be suppr essed i f t he pr ot ei ns wer e i ncubat ed
wi t h bet a gl ycer ophosphat e . These r esul t s demonst r at ed t hat
mAb104 ant i gens ar e phosphor yl at ed, and t hat t he epi t ope
r ecogni zed by mAb104 i nvol ves phosphat e ( Bot h et al . ,
1990) .

To f ur t her char act er i ze t he ant i gens r ecogni zed by mAb-
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104, we used t he ant i body f or i mmunobl ot t i ng st udi es of
pr ot ei ns f r omhuman ( HeLa) , Af r i can Gr een Monkey ( Ver o) ,
Xenopus ( Xl a) , and Dr osophi l a ( Kc) t i ssue cul t ur e cel l s .
Li ve cel l s wer e washed i n i sot oni c medi um and pl aced di -
r ect l y i nt o pr ot ei n sampl e buf f er cont ai ni ng SDS. The r esul t s
showed t hat mAb104 bi nds sever al di f f er ent pr ot ei ns ; t he
st ai ni ng, however , i s bar el y det ect abl e even when l ar ge
amount s of pr ot ei n ar e used ( dat a not shown) . We f ound t he
same pr ot ei ns can be det ect ed much mor e easi l y i f t hey ar e
f i r st pur i f i ed f r om whol e cel l ext r act s . The pur i f i cat i on
scheme was based on t hr ee obser vat i ons . Fi r st , al l mAbl 04
i mmunor eact i ve pr ot ei ns ar e sol ubl e i n magnesi um- f r ee so-
l ut i ons cont ai ni ng 60 %of sat ur at i on ammoni umsul f at e even
af t er cent r i f ugat i on at 70, 000 g f or 1 h . Second, al l mAbl 04
i mmunor eact i ve pr ot ei ns ar e i nsol ubl e i n sol ut i ons cont ai n-
i ng 90% of sat ur at i on ammoni um sul f at e . These obser va-
t i ons suggest t hat mAb104- bi ndi ng pr ot ei ns ar e ver y
hydr ophi l i c . The t hi r d obser vat i on i s t hat al l mAb104 i m-
munor eact i ve pr ot ei ns pr eci pi t at e and pel l et i f cent r i f uged at
10, 000 g f or 20 mi n i n buf f er cont ai ni ng 20 mMM9C1 2 . I n-
sol ubi l i t y i n MgC1 Z r emai ns a char act er i st i c of t hese pr o-
t ei ns even af t er t hey ar e pur i f i ed by SDS- PAGE and el ut ed
f r omt he pol yacr yl ami de . Thi s suggest s t hat di f f er ent i al sol u-
bi l i t y i n MgC12 i s i nt r i nsi c t o t hese pr ot ei ns and not a con-
sequence of noncoval ent i nt er act i ons wi t h RNA or ot her
macr omol ecul es .

Fi g. 1, l anes 1, 2, and 3 show i mmunobl ot t i ng of mAb104
t o ammoni um sul f at e and magnesi umchl or i de pr eci pi t at ed
pr ot ei ns f r om Dr osophi l a ( Kc) and Human ( HeLa) t i ssue
cul t ur e cel l s, and Xenopus i mmat ur e ovar y, r espect i vel y .
Sever al pr ot ei ns wi t h appar ent mol ecul ar si zes of r v 28- 30,
40, 55, 70, and 180 kD ar e obser vabl e. Al l t hr ee sampl es
cont ai n bands of 28 and/ or 30, and 40 kD. Xenopus i mmat ur e
ovar y has br oad weak st ai ni ng bet ween 100 and 130 kDand
no det ect abl e 55- and 70- kD pr ot ei ns . The 180- kD pr ot ei n
i s onl y det ect abl e i n Dr osophi l a cel l s . The bands j ust bel ow
t he Dr osophi l a 55- kD pr ot ei n ar e not consi st ent l y obser ved .
The r el at i ve i nt ensi t y of st ai ni ng i n any one sampl e i s r epr o-
duci bl e ; t he 55- , 30- , and 43- kD pr ot ei ns ar e t he most abun-
dant i n Kc, HeLa, and i mmat ur e ovar y, r espect i vel y . We est i -
mat e t he r el at i ve degr ee of pur i f i cat i on achi eved usi ng t hi s
met hod i s wel l over sever al hundr edf ol d and t hat t he per cent -
age r ecover y i s near quant i t at i ve . mAbl 04 bi ndi ng t o al l pr o-
t ei ns shown i n Fi g . 1 can be el i mi nat ed by phosphat ase t r eat -
ment , and t he act i on of phosphat ase can be suppr essed by
i ncubat i on wi t h bet a gl ycer ophosphat e ( dat a not shown) ,
t her ef or e, t hey ar e al l phosphopr ot ei ns .

Pur i f i cat i on of Dr osophi l a SRp55

To begi n t o char act er i ze t he mol ecul ar st r uct ur e of t he epi -
t ope r ecogni zed by mAbl 04 as wel l as t he f unct i on of t he
phosphopr ot ei ns r ecogni zed by t he ant i body, we pur i f i ed a
mAb104 i mmunor eact i ve pr ot ei n t o homogenei t y . Thi s was
accompl i shed usi ng t he met hod j ust descr i bed wi t h Dr o-
sophi l a Schnei der t i ssue cul t ur e cel l s as st ar t i ng mat er i al .
When pr ot ei ns obt ai ned af t er ammoni um sul f at e and mag-
nesi um pr eci pi t at i on wer e separ at ed by SDS- PAGE a pr omi -
nent mAb104 i mmunor eact i ve 55- kD pol ypept i de was de-
t ect abl e by Coomassi e br i l l i ant bl ue R st ai ni ng ( dat a not
shown) . Thi s pr ot ei n was used t o obt ai n par t i al ami no aci d
sequence .

Rot h et al . Conser ved Fami l v of Nucl ear Phosphopr or ei ns

Fi gur e 1. West er n bi ndi ng of mAbl 04 t o pur i f i ed cel l pr ot ei ns . Be-
cause mAbl 04 ant i gens ar e r el at i vel y r ar e, t hey wer e f i r st pur i f i ed
by ammoni um sul f at e and magnesi um pr eci pi t at i on ( see Mat er i al s
and Met hods) . Lanes 1, 2, and 3 cont ai n pur i f i ed pr ot ei ns f r om
Dr osophi l a ( Kc) , human ( HeLa) , and Xenopus i mmat ur e ovar y,
r espect i vel y . The pr ot ei ns wer e separ at ed by SDS- PAGE, t r ans-
f er r ed t o ni t r ocel l ul ose, and st ai ned wi t h mAbl 04 . Sever al bands
wi t h appr oxi mat e mol ecul ar si zes of 28- 30, 40, 55, and 75 kD ar e
common t o Kc and HeLa cel l s . A 180- kD band i s pr esent onl y i n
Kc cel l s. Xenopus i mmat ur e ovar y has bands wi t h appr oxi mat e mo-
l ecul ar si zes of 28 and 40 kD, and br oad weak st ai ni ng bet ween 100
and 130 kD. The ser i es of bands bel ow t he 55- kD band i n Kc cel l s
i s not consi st ent l y obser ved .

Based on t he pr edi ct ed pr ot ei n sequence of t he pur i f i ed
pr ot ei n we r ef er t o i t her eaf t er as SRp55 : t he S and R st and
f or ser i ne and ar gi ni ne, t he t wo most abundant ami no aci ds
i n t he pr ot ei n ; p55 denot es t he appar ent mol ecul ar si ze. The
gene desi gnat i on we use i s SR55 .

I sol at i on of t he Gene Encodi ng SRp55

Because mAbl 04 does not r ecogni ze t he dephosphor yl at ed
f or mof t he ant i gen ( Rot h et al . , 1990) we wer e unabl e t o use
i t t o scr een an expr essi on l i br ar y . As an al t er nat i ve, we
mi cr osequenced sever al pept i des f r omSRp55 by sequenci ng
ei t her t he pur i f i ed pr ot ei n ( Fi g. 2, l i ne A) , or by sequenci ng
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GAG CGC TTT TTC AAA GGC TAC GGC CGC ACA CGC GAC ATC CTC
gl u ar g phe phe l ys gl y t yr gl y ar g t hr ar g asp i l e l eu
121/ 41
TTT GTG GAA TTC GAA GAC TAT CGT GAT GCC GAC GAT GCC GTC

phe val gl u phe gl u asp t yr ar g asp al a asp asp al a val
181/ 61 RNP1
GAG CTG CTT GGC GAA CGT GTG GTT GTT GAA CCC GCC AGG GGA
gl u l eu l eu gl y gl u ar g val val val gl u pr o al a ar g gl y
241/ 81
CGC GAC CGC TAC GAC GAT CGA TAT GGT GGT CGG CGG GGG GGC
ar g asp ar g t yr asp asp ar g t yr gl y gl y ar g ar g gl y gl y
301/ 101

GAA AAA TCA TCC TCT CGT TAT GGC CCA CCG TTG CGC ACT GAG
gl u l ys ser ser ser ar g t yr gl y pr o pr o l eu ar g t hr gl u
361/ 121
AAT TTG TCT AGC CGC GTT AGC TGG CAG GAT CTC AAG GAT
asn l eu ser ser ar g val ser t r p gl n asp l eu l ys asp
421/ 141 C
GTC ACC TAT GCC GAT GCC CAC AAG CAG CGT CGC AAT GAG
val t hr t yr al a asp al a hi s l ys gl n ar g ar g asn gl u
481/ 161
TTG TCG GAC ATG AAG ACG GCC ATT GAG AAG TTG GAT GAC ACC
l eu ser asp met l ys t hr al a i l e gl u l ys l eu asp asp t hr
541/ 181
ATC CAC TTG GTC GAG GAT CGT CGC GGA GGA CGC AGC GGT
i l e hi s l eu val gl u asp ar g ar g gl y gl y ar g ser gl y
601/ 201
GGA CGC TCC CGT TCG TCC AGC TCC CGA TCG CGC TCC CGA
gl y ar g ser ar g ser ser ser ser ar g ser ar g ser ar g
661/ 221
CGC CGC TCG TCG CAC TCG CGC TCC AAG TCT CGC AGC CGC
ar g ar g ser ser hi s ser ar g ser l ys ser ar g ser ar g
721/ 241
TCC AAG TCC AAG TCG CCA GTC AAG TCT CGT TCT CGC TCC
ser l ys ser l ys ser pr o val l ys ser ar g ser ar g ser
781/ 261
CGT GAC GTG TCC AAG TCC AAG TCA AAG TCC CAC TCC CGC
ar g asp val ser l ys ser l ys ser l ys ser hi s ser ar g
841/ 281

CGT GAG CGT GAC TCC CGT TCC CGT ACG CGG TCC GTC TCG
ar g gl u ar g asp ser ar g ser ar g t hr ar g ser val ser
901/ 301
TCA CGT TCC AAG TCC ATC CAC CGC GAC TCC CGT TCA CGC
ser ar g ser l ys ser i l e hi s ar g asp ser ar g ser ar g

961/ 321
AAC AAG TCG CGT TCG CGC TCA CGC TCC CGT TCG GCC TCG

asn l ys ser ar g ser ar g ser ar g ser ar g ser al a ser
1021/ 341
CCG GAC CGC AAT AAC GAG AGC ATG GAC GAT TAG ATT AGT

pr o asp ar g asn asn gl u ser met asp asp AMB
1081
AAC ACT TGA TTT TAG ACT TCT ACT ATA ACT ATT CTA CAA ACA

1141
GAC TAC AAC CAA AAC TTA ATG AAT ATG AAA TCA TAC CAA

1201
CAT TTT CTT TTA AAT ATA TAA CGA CAA TTT GTC CTA AGT
1261
TGG CTG GAA GAT GAC AGG GAT CGG CTG AAT GTG CCG ATA
1321
ATA TAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA

i sol at ed f r agment s obt ai ned af t er di gest i on wi t h t r ypsi n ( Fi g .
2, l i nes B and C) . we f ound t hat f or t he i nt act pr ot ei n t he
ami no aci d i dent i f i ed i n t he f i r st Edman cycl e was val i ne at
posi t i on 2, f ol l owed by ser i ne and gl yci ne at posi t i ons 3 and
4. We di d not obt ai n a si gnal at Edman cycl e 4. Cycl es 5
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ATC AAA AAT GGC TAC GGC
i l e l ys asn gl y t yr gl y

RNP1
TAT GAA CTG AAT GGC AAA

t yr gl u l eu asn gl y l ys

TCC GCT CGT GGC AGC AAC
ser al a ar g gl y ser asn

GGG GGC GGT CGT TAC AAC

gl y gl y gl y ar g t yr asn

TAC CGA CTG ATT GTG GAG
t yr ar g l eu i l e val gl u

C
TAC ATG CGC CAG GCT GGC GAG

t yr met ar g gl n al a gl y gl u

GGC GTG GTT GAG TTC GCC TCG
gl y val val gl u phe al a ser

GAG CTA AAC GGC AGG CGG

gl u l eu asn gl y ar g ar g

GGT GGC GGC GGC AGC GGA CGT
gl y gl y gl y gl y ser gl y ar g

TCC CGC AGG CGT TCT CGC TCT

ser ar g ar g ar g ser ar g ser

TCC AAA TCT CGT GGC GGA CGC
ser l ys ser ar g gl y gl y ar g

CGC TCG CGA TCC AAC AAA TCG
ar g ser ar g ser asn l ys ser

ACC CGC TCC CGT TCG CCC AAA

t hr ar g ser ar g ser pr o l ys

AAG CGC GAG TCC CGT TCC CGC
l ys ar g gl u ser ar g ser ar g

GAT CGA TCC GCA TCG GCT GAA
asp ar g ser al a ser al a gl u

CCC AAA AAT GGA AAC GCC TCA
pr o l ys asn gl y asn al a ser

Fi gur e 2 . Nucl eot i de sequence
TAG CTG TCC CAT TAA TAT TAA

	

and concept ual t r ansl at i on of
cDNASR55. Li nes l abel ed A,
B, and Ci ndi cat e pept i de se-

TCA ACA CTC AGA CAC CCC

	

quences der i ved f r ompur i f i ed

ACC ACT GTC GGG CCT CGT

	

SRP55 pr ot ei n . Li nes l abel ed
TCC

RNP- 1 and RNP- 2 i ndi cat e ho

CTT GTT GTG GAC ATG GGA CAT

	

mol ogywi t h aconser ved RNA
r ecogni t i on mot i f . These se-

TTT TTT ATA AGA ATA TTA TTA

	

quence dat a ar e avai l abl e f r om
EMBL/ GenBank/ DDBJ under

AAA AAA AAA AAA AAA AAA AAA

	

accessi on number X58720.

t hr ough 14 r eveal ed t he r emai nder of pept i de A. Ol i gonucl e-
ot i des wer e synt hesi zed t hat coul d encode ei t her t he f i r st f i ve
or t he r ever se compl ement of t he l ast f i ve ami no aci ds f r om
pept i de C. Because of degener acy of t he genet i c code, t hese
wer e bot h mi xt ur es of 64 ol i gonucl eot i des . These ol i gonu-
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- 30
CCT GCT CCA GAT ACG TAA GGA ACC GTT ATC

1/ 1 A_
ATG GTG- G

_
GA TCT CGA GTG TAT GTG GGC GGT CTG CCC TAC GGA GTG CGC GAG CGC GAT TTG

Met val gl y ser ar g val t yr val gl y gl y l eu pr o t yr gl y val ar g gl u ar g asp l eu
61/ 21 RNP2



Fi gur e 3. I n vi vo f or mat i on of mAb104 epi t ope on SRp55 expr essed i n Xenopus oocyt es . Oocyt es wer e i nj ect ed wi t h t r anscr i pt s encodi ng

t agged SRp55 ( MTI / SRp55) or a cont r ol t agged pr ot ei n SE5 ( MTI / SE5) , and ger mi nal vesi cl es di ssect ed f r om t hem af t er 48 h . These

nucl ear pr ot ei ns wer e separ at ed by SDS- PAGE, t r ansf er r ed t o ni t r ocel l ul ose and st ai ned wi t h ei t her mAb104 ( A and D) or an ant i body

speci f i c f or t he t ag, mAb9E10 ( B) . Lane 1 i n each panel cont ai ns ger mi nal vesi cl e pr ot ei ns obt ai ned af t er i nj ect i on of oocyt es wi t h synt het i c

t r anscr i pt s encodi ng MTI / SE5. Lane 2 i n each panel cont ai ns ger mi nal vesi cl e pr ot ei ns f r om oocyt es i nj ect ed wi t h MTI / SRp55. Lanes

3 cont ai n ger mi nal vesi cl e pr ot ei ns f r omuni nj ect ed oocyt es . A, l ane 2 shows a 55- kD band det ect abl e wi t h mAbl 04 t hat i s not det ect abl e
i n MTl / SE5 i nj ect ed or uni nj ect ed oocyt es ( A, l anes 1 and 3) . To be cer t ai n t he st ai ni ng of t he 55- kD band i n l ane 2 was above t he back-

gr ound of endogenous bands det ect abl e wi t h mAbl 04 we st ai ned a f i l t er i dent i cal t o A, l anes 1 and 2 f or a l onger t i me ( D, l anes I and

2) . B, l ane 2 shows a band det ect abl e wi t h t he t ag ant i body ( mAb9E10) t hat comi gr at es wi t h t he 5541) band i n A, l ane 2 . The 70- kD

band B, l ane I i s t he t agged pr ot ei n expr essed f r om MTI / SE5 t r anscr i pt . As expect ed, ger mi nal vesi cl e pr ot ei ns f r om uni nj ect ed oocyt es

do not st ai n wi t h t he t ag ant i body ( B, l ane 3) . I n a par al l el exper i ment oocyt es wer e i nj ect ed wi t h gamma 32 P ATP and t r anscr i pt s . Radi o-

act i ve pr ot ei ns wer e det ect ed by aut or adi ogr aphy . Lanes I and 2 i n Ccont ai n ger mi nal vesi cl e pr ot ei ns f r om oocyt es i nj ect ed wi t h t he

same t r anscr i pt s as t hose i n A and B. An enhanced l abel i ng i s det ect abl e at a posi t i on of 5541) ( C, l ane 2) t hat i s r educed i n ei t her cont r ol

MTl / SE5 or buf f er - i nj ect ed oocyt es ( l anes 1 and 3) .

cl eot i de pool s and Dr osophi l a genomi c DNA wer e used i n

a pol ymer ase chai n r eact i on t o ampl i f y t he 36- bp genomi c

sequence . Bot h st r ands of t he ampl i f i ed DNA wer e se-

quenced and f ound t o cont ai n a uni que sequence t hat coul d

encode t he ent i r e C pept i de.

Two 35- base ol i gonucl eot i des cor r espondi ng t o t hese t wo

st r ands of uni que sequence wer e used t o scr een 1 x 105
cl ones f r om a l ambda l i br ar y of Dr osophi l a cDNAs . Ap-

pr oxi mat el y 80 posi t i ve cl ones wer e obt ai ned, sever al wer e

pl aque pur i f i ed, and one was compl et el y sequenced . Thi s

1380- bp cl one ( SR55) cont ai ns t he codi ng sequence f or

SRp55 because concept ual t r ansl at i on r eveal s al l t hr ee pep-

t i des obt ai ned f r om mi cr osequenci ng ( Fi g. 2) .

Sequence Anal ysi s of SR55 and I n Si t u Hybr i di zat i on
t o Sal i var y Pbl yt ene Chr omosomes

Anal ysi s of t he 39- kD open r eadi ng f r ame r eveal ed t wo obvi -

ous domai ns i n t he pr ot ei n SRp55 . Ami no aci ds 1- 45 cont ai n

a sequence hi ghl y si mi l ar t o pr ot ei ns t hat i nt er act wi t h RNA .

Rot h et al . Conser ved Fami l y of Nucl ear Phosphopr ot ei ns

The RNA bi ndi ng consensus sequence can be spl i t i nt o t wo

shor t bl ocks, t er med RNP- l and RNP- 2 ( Bandzi ul i s et al . ,

1989) . By sear chi ng t he 17, 000 member SWI SS- PROT dat a

base ( ver si on 15) t oget her wi t h SRp55, we f ound t hat al l

known RNA bi ndi ng pr ot ei ns and SRp55 scor ed i n t he t op

35 when ei t her of t he t wo bl ocks was used . The i dent i f i ed

RNP- 2 and RNRI sequences have t he appr opr i at e or i ent a-

t i on i n SRp55 ( Fi g . 2) . The spaci ng bet ween RNP- 2 and

RNRI i n 32 known RNA- bi ndi ng pr ot ei ns r anges bet ween

26 and 34 ami no aci ds ; t he spaci ng bet ween RNP- 2 and

RNRI i n SRp55 i s 25 ami no aci ds .

A second domai n pr esent i n SRp55 i s a l ong st r et ch of al -

t er nat i ng ar gi ni ne and ser i ne r esi dues i n t he car boxy t er mi -

nal hal f of t he pr ot ei n . Over t hi s 131 ami no aci d sequence

42% ar e ar gi ni ne and 30% ar e ser i ne . I n some posi t i ons

l ysi ne- and i n one case, hi st i di ne- i s f ound i nst ead of ar gi -

ni ne, suggest i ng t hat an i mpor t ant f eat ur e of t hi s sequence

may be al t er nat i ng basi c/ ser i ne ami no aci ds .

I n si t u hybr i di zat i on of t he SR55 cDNA t o Dr osophi l a
pol yt ene chr omosomes showed bi ndi ng t o one l ocus on chr o-
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mosome 3R. The speci f i c map posi t i on was bet ween 87F4
and 87FI l ( dat a not shown) .

I n Vi vo Reconst i t ut i on of t he mAb104
Phosphor yl at ed Epi t ope

To show t hat DNAcl one SR55 can encode a pr ot ei n t hat con-
t ai ns t he mAbl 04 phosphor yl at ed epi t ope, we expr essed
SRp55 pr ot ei n i n Xenopus oocyt es . We di st i ngui shed newl y
synt hesi zed pr ot ei n f r omendogenous mAbl 04 i mmunor eac-
t i ve pr ot ei ns by f usi ng a pi ece ( 12 ami no aci d) of t he myc
gene t o t he 5' end of t he SR55 open r eadi ng f r ame . I n t hi s
const r uct i on we changed t he SR55 st ar t met hi oni ne codon
t o al ani ne . Thi s f usi on pr ot ei n was det ect ed usi ng an ant i -
body ( mAb9E10) speci f i c f or t he 12 ami no aci d myc se-
quence . I n vi t r o synt hesi zed t r anscr i pt s encodi ng myc- t agged
SRp55 ( Mi l / SRp55) and anot her nucl ear l ocal i zed t agged
pr ot ei n, MTl / SE5 ( Rot h and Gal l , 1989) , wer e i nj ect ed i nt o
st age VVI oocyt es . Ger mi nal vesi cl e nucl ei wer e hand di s-
sect ed f r om t he oocyt es af t er 48 h .

Fi g . 3 shows t he r esul t s of st ai ni ng of ger mi nal vesi cl e pr o-
t ei ns wi t h ei t her mAbl 04 ( A and D) or mAb9E10 ( B) . Each
l ane i n al l exper i ment s cont ai ns - 25 ger mi nal vesi cl es .
Lanes 3 i n A and B cont ai n nucl ei f r omuni nj ect ed oocyt es .
As expect ed, Xenopus nucl ear pr ot ei ns ar e det ect abl e wi t h
mAb104 ( A, l anes 1 and 3, and D, l ane 1) , but not wi t h
mAb9E10 ( B, l ane 3) . Lanes 1 i nAandBcont ai n nucl ei f r om
MTl / SE5 t r anscr i pt - i nj ect ed oocyt es . MTI / SE5 encodes a
70- kD nucl ear l ocal i zed pr ot ei n det ect abl e wi t h mAb9E10
( B, l ane 1) , but not mAbl 04 ( A, l ane 1) . Lanes 2 i n A and
B cont ai n nucl ei f r om MTl / SR55 i nj ect ed oocyt es . Bot h
9E10 and 104 ant i bodi es det ect a pr ot ei n wi t h an appar ent
mol ecul ar si ze of 55 kD. D i s t he same as l anes 1 and 2 of
A except i t was st ai ned f or a l onger per i od of t i me. Al t hough
mAbl 04 bi nds many di f f er ent phosphopr ot ei ns ( D, l ane 1) ,
SRp55 i s easi l y det ect abl e above t hi s backgr ound ( D, l ane
2) . These r esul t s demonst r at e t hat t r anscr i pt s of cl one
MTI / SR55 encode a pr ot ei n i n Xenopus oocyt es t hat cont ai ns
t he mAb104 epi t ope .

To anal yze t he st r uct ur e of t he epi t ope on SRp55 t hat i s
r ecogni zed by mAbl 04, we i nj ect ed gamma ' 2 P- l abel ed
ATP and t r anscr i pt s i nt o oocyt es . Fi g . 3 C shows an aut or a-
di ogr aph of an SDS pr ot ei n gel af t er el ect r ophor esi s of hand
di ssect ed nucl ei f r omt hese l abel ed oocyt es . Bot h MTI / SE5
i nj ect ed ( C, l ane 1) and cont r ol nucl ei ( C, l ane 3) show t he
same pat t er n of l abel ed pr ot ei ns ; however , af t er i nj ect i on of
MTI / SR55 t r anscr i pt s ( C, l ane 2) , a 55- kDpr ot ei n i s det ect -
abl e . Densi t omet r i c compar i son of t he band whi ch mi gr at es
sl i ght l y sl ower t han SRp55 i n l anes 1 or 3 wi t h t he 55- kD
MTl / SRp55 pr ot ei n shows t hat t her e was f i ve t i mes mor e r a-
di oact i vi t y i n t he 55- kD band i n C, l ane 2 t han i n cor r e-
spondi ng r egi ons of l anes 1 or 3. These r esul t s suggest t hat
SRp55 i s phosphor yl at ed .

Fur t her evi dence t hat t he MTI / SRp55 pr ot ei n cont ai ns
phosphat e i s shown i n Fi g . 4 . Nucl ei f r om oocyt es i nj ect ed
wi t h MTl / SR55 t r anscr i pt s wer e unt r eat ed ( A and B, l anes
1) , t r eat ed wi t h phosphat ase ( A and B, l anes 2) , or t r eat ed
wi t h phosphat ase and ß- gl ycer ophosphat e ( A and B, l anes 3) .
The pr ot ei ns wer e separ at ed by SDS- PAGE, t r ansf er r ed t o
ni t r ocel l ul ose, and st ai ned wi t h ei t her mAbl 04 ( A) , or mAb-
9E10 ( B) . A, l ane 2 shows t hat pr et r eat ment wi t h phospha-
t ase el i mi nat es t he abi l i t y t o det ect al l pr ot ei ns cont ai ni ng
t he mAbl 04 phosphor yl at ed epi t ope, i ncl udi ng t he 55- kD
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Fi gur e 4. Phosphat ase sensi t i vi t y of mAbl 04 bi ndi ng t o MTI /
SRp55. Tr ansf er s of ger mi nal vesi cl e pr ot ei ns f r om MTI / SR55
t r anscr i pt i nj ect ed oocyt es st ai ned wi t h ei t her mAbl 04 ( A) , or
mAb- 9E10 ( B) . Lanes 1 i n each case cont ai n unt r eat ed pr ot ei ns .
Lanes 2 i n each case cont ai n pr ot ei ns t r eat ed wi t h cal f i nt est i nal
al kal i ne phosphat ase bef or e el ect r ophor esi s . Lanes l abel ed 3 wer e
t r eat ed t he same as l anes 2 except ß- gl ycer ophosphat e was added
dur i ng phosphat ase t r eat ment . Pr et r eat ment wi t h phosphat ase el i m-
i nat ed t he abi l i t y of mAbl 04 t o det ect any ger mi nal vesi cl e pr ot ei ns
i ncl udi ng 55- kD MTl / SRp55 ( A, l ane 2) . Thi s t r eat ment al so r e-
sul t ed i n an i ncr ease i n t he mi gr at i on of MTl / SRp55 ( B, l ane 2) .

pr ot ei n encoded by MTI / SR55 . B, l ane 2 shows t hat phospha-
t ase t r eat ed MTI / SRp55 pr ot ei n has an i ncr eased mobi l i t y ;
t he new mol ecul ar si ze i s near 39 kD ( t he expect ed mol ecu-
l ar si ze of t he unphosphor yl at ed pr ot ei n) ß- gl ycer ophos-
phat e, a st r ong compet i t i ve i nhi bi t or of phosphat ase, pr e-
vent s t he l oss of ant i gen r ecogni t i on ( A and B, l anes 3) .

I n Vi vo Tar get i ng of SRp55 Expr essed Pr ot ei n
t o Abl ymer ase l i Tl r anscr i pt i on Uni t s

I ndi r ect i mmunof l uor escent st ai ni ng shows t hat mAbl 04
l abel s t he l at er al l oops of l ampbr ush chr omosomes . A l at er al
l oop cont ai ns one or mor e t r anscr i pt i on uni t s ( r evi ewed by
Cal l an, 1986) . Thi s l abel i ng pat t er n suggest s t hat phos-
phopr ot ei ns r ecogni zed by mAbl 04 i nt er act wi t h t he nascent
t r anscr i pt s bei ng pr oduced at t hese l oci by RNApol ymer ase
I I . I n addi t i on t o st ai ni ng t he l at er al l oops, mAb104 al so
st ai ns t housands of smal l ( 1- 4 1Am) gr anul es, r ef er r ed t o as
Bgr anul es ( Rot h et al . , 1990 ; Wu et al . , 1991) , t hat ar e pr es-
ent t hr oughout t he nucl eus .

To begi n t o def i ne t he mol ecul ar i nt er act i ons t hat t he phos-
phopr ot ei n SRp55 makes i n vi vo wi t h l at er al l oops and B
gr anul es, we st udi ed t he subnucl ear di st r i but i on of SRp55 i n
oocyt es i nj ect ed wi t h MT/ SR55 t r anscr i pt s . As descr i bed
above, we used mAb9E10 t o di st i ngui sh MTl / SRp55 t agged
pr ot ei n f r om t he endogenous mAb104- det ect abl e pr ot ei n .
I ni t i al l y, we f ound t hat even af t er i nj ect i ng l ar ge amount s of
synt het i c RNA ( 200 nanogr ams per oocyt e) and i ncubat i ng
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Fi gur e 5. Spr ead nucl ear pr epar at i ons st ai ned wi t h mAb9E10 . Phase cont r ast i mage ( l ef t ) and i mmunof l uor escence i mage ( r i ght ) f r om
oocyt es i nj ect ed wi t h MTl / SR55 cont ai ni ng onl y one t ag ( A and B) , MT6/ SR55 cont ai ni ng a concat emer of si x t ags ( Cand D) , and MT6/ 164
encodi ng a nucl eol ar l ocal i zed pr ot ei n wi t h si x t ags ( E and F) . Not e t hat t he f usi on pr ot ei n cont ai ni ng si x t ags and SRp55 i s l ocal i zed
t o t he l at er al l oops . Thi s i s par t i cul ar l y evi dent i n t he l oops shown i n t he l ower l ef t cor ner of Cand D. Tags do not appear t o i nf l uence
pr ot ei n l ocal i zat i on because a nucl eol ar pr ot ei n f used t o t he same si x t ags was l ocal i zed t o nucl eol i ( E and F) . Bar , 40 uM.

f or 48 h we wer e unabl e t o det ect t he MT1/ SRp55 t agged
f usi on pr ot ei n by i ndi r ect i mmunof l uor escence ( Fi g . 5, A
and B) .

Because MTl / SRp55 i s expr essed and l ocal i zed t o t he nu-

Rot h et al . Conser ved Fami l y of Nucl ear Phosphopr ot ei ns

cl eus, we r easoned t hat our i nabi l i t y t o det ect t he pr ot ei n was
because of a l ack of sensi t i vi t y of det ect i on . As an al t er na-
t i ve, we used synt het i c ol i gonucl eot i des t o gener at e i n- f r ame
ami no t er mi nal concat emer s of t he 13 ami no aci d myc epi -
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Fi gur e 6. Copr eci pi t at i on of i n vi vo- l abel ed RNA usi ng mAbl 04 .
Label ed nucl ei c aci ds f r om i mmunopr eci pi t at es wer e separ at ed on
pol yacr yl ami de and obser ved by aut or adi ogr aphy . Lane 1 cont ai ns
whol e cel l nucl ei c aci ds . Lanes 2, 3, and 4 cont ai n i mmunopr eci pi -
t at es r ecover ed f r om equi val ent amount s of cel l ext r act . mAbl 04
was coupl ed t o pr ot ei n Gsephar ose beads by i ncubat i ng t he beads
wi t h mAbl 04 and ant i - mouse I gM bef or e pr eci pi t at i on ( l ane 4) .
I mmunopr eci pi t at i on wi t h beads i ncubat ed wi t h ant i - mouse I gM
al one ( l ane 2) , or mAbl 04 al one ( l ane 3) ser ved as negat i ve con-
t r ol s . Compar i son of t he cont r ol l anes ( 2 and 3) wi t h l ane 4 shows
t hat t he mAbl 04 pr eci pi t at e i s r el at i vel y enr i ched i n nucl ei c aci ds
t hat ar e >300 bases l ong . Lanes S, 6, and 7 cont ai n equi val ent
amount s of t he i mmunopr eci pi t at e i ncubat ed wi t h buf f er ( l ane S) ,
buf f er cont ai ni ng oxi di zed RNAse A( l ane 6) , or buf f er cont ai ni ng
RNAse A ( l ane 7) . Degr adat i on of al l r adi oact i ve mat er i al wi t h
RNAse A, but not wi t h oxi di zed RNAse suggest s t hat mAbl 04
pr eci pi t at es cont ai n pr edomi nant l y RNA. Lane 8 shows l abel ed
U- snRNAs r ecover ed af t er i mmunopr eci pi t at i on wi t h an a- t r i -
met hyl cap ant i body ( mAbK121) .

t ope codi ng sequence on t he SR55 open r eadi ng f r ame ( see
Mat er i al s and Met hods) . Concat emr s of t hr ee, f our , and si x
t ags wer e const r uct ed . The DNAs wer e al l st abl e i n E. col i ,
and al t hough each t ag i n t he concat emer cont ai ns a met hi o-
ni ne, t he most ami no t er mi nal one appear s t o be used pr ef er -
ent i al l y f or t r ansl at i on . We used t he si x t ag SR55 const r uct
( MTh/ SR55) t o st udy t he l ocal i zat i on of SRp55 . As ear l y as
38 h af t er i nj ect i on of MTh/ SR55 t r anscr i pt s, we det ect ed
mAb9E10 st ai ni ng of t he l at er al l oops of t he l ampbr ush
chr omosomes ( Fi g . 5, C and D) . We al so obser ved weak
st ai ni ng of t he Bgr anul es pr esent i n t he i nj ect ed oocyt es . Fu-
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si on of t he same si x t ags t o t he ami no t er mi nus of an open
r eadi ng f r ame encodi ng a nucl eol ar pr ot ei n ( MT6/ 164)
( Pecul i s and Gal l , 1991) r esul t ed i n nucl eol ar l ocal i zat i on
( Fi g . 5, Eand F) . The l ocal i zat i on of MT6/ SRp55 t o l at er al
l oops, t her ef or e, i s dependent on t he SRp55 ami no aci d se-
quence and not t he t ag concat emer .

Copr eci pi t at i on of RNA wi t h mAb104

I n an at t empt t o under st and t he f unct i on of t he f ami l y of
phosphopr ot ei ns r ecogni zed by n1Ab104, we began t o ana-
l yze t he macr omol ecul es t hat i nt er act wi t h t hese pr ot ei ns .
We suspect ed t hat SRp55- and possi bl y ot her mAbl 04
ant i gens- bi nd RNA because mAbl 04 st ai ns t he l at er al l oops
on l ampbr ush chr omosomes, t he pr edi ct ed pr ot ei n sequence
cont ai ns conser ved RNA bi ndi ng sequences RNP2 and RNPI ,
and MT6/ SRp55 i s l ocal i zed on t he l at er al l oops . To t est t hi s
possi bi l i t y we at t empt ed t o pr eci pi t at e RNA wi t h mAb104 .
mAb104 does not bi nd RNA di r ect l y, t her ef or e, i f mAbl 04
coul d pr eci pi t at e RNA i t woul d i ndi cat e a di r ect or i ndi r ect
associ at i on of mAb104 ant i gens wi t h RNA. Dr osophi l a ( Kc)
cel l ext r act s l abel ed wi t h [ 32P] or t hophosphat e wer e pr epar ed
and used f or i mmunopr eci pi t at i on . Because mAb104 i s an
I gM and does not bi nd di r ect l y t o pr ot ei n G, we i ncubat ed
pr ot ei n G sephar ose wi t h goat ant i - mouse I gM ant i bodi es
and t hen i ncubat ed t he bound sephar ose wi t h mAb104 . We
f ound t hat excess mAb104 bound beads can cl ear an ext r act
of t he Kc cel l ant i gens ( dat a not shown) .

The l abel ed nucl ei c aci ds t hat co- pr eci pi t at ed wi t h t he
r nAbl 04 ant i gens wer e separ at ed on pol yacr yl ami de and de-
t ect ed by aut or adi ogr aphy ( Fi g . 6) . Lane 1 cont ai ns whol e
ext r act bef or e pr eci pi t at i on . Nucl ei c aci ds r ecover ed f r om
pr eci pi t at es of equi val ent amount s of ext r act ar e shown i n
l anes 2, 3, and 4. The sampl e i n l ane 4 was r ecover ed f r om
ext r act pr eci pi t at ed wi t h mAb104 bound beads ; l anes 2 and
3 ser ved as negat i ve cont r ol s and had ei t her beads and ant i -
I gM ant i body, or beads and mAb104 . Lane 4 cont ai ns ap-
pr oxi mat el y t enf ol d mor e r adi oact i ve mat er i al t han ei t her of
t he t wo cont r ol l anes ( 2 and 3) , suggest i ng t hat mAbl 04
pr eci pi t at ed nucl ei c aci ds . Sever al bands t hat r un bet ween
t he 309 and 622 base mar ker s ar e enr i ched r el at i ve t o 5S and
t RNA i n t he whol e ext r act ( l ane 1) . Lane 8 shows i mmuno-
pr eci pi t at i on wi t h a mAb agai nst t he t r i met hyl guanosi ne cap
f ound on t he 5' ends of al l abundant snRNAs except U6 .
None of t hese known smal l nucl ear RNÀs i s enr i ched i n l ane
4. The mAb104 pr eci pi t at ed nucl ei c aci d was sensi t i ve t o
RNÀse t r eat ment ( l ane 7) , but not t o oxi di zed RNAse ( l ane
6) suggest i ng t hat mAbl 04 bi ndi ng pr ot ei ns i nt er act di r ect l y
or i ndi r ect l y wi t h RNA .

Di scussi on

mAb104 was f i r st i dent i f i ed because i t bound t o act i ve si t es
of pol ymer ase I I t r anscr i pt i on and t o smal l B gr anul es i n t he
nucl eopl asmof t he amphi bi an ger mi nal vesi cl e . I ndi r ect i m-
munof l uor escence st udi es of sever al t i ssue cul t ur e cel l s and
t i ssues f r omvar i ous or gani sms showed t hat pr ot ei ns r ecog-
ni zed by t hi s ant i body ar e l ocat ed i n smal l gr anul es i n t he
nucl eus . I t was di f f i cul t , however , t o char act er i ze t he ant i -
gens on i mmunobl ot s, pr esumabl y because of t he l owabun-
dance of t hese phosphopr ot ei ns . Maki ng use of t he unusual
sol ubi l i t y i n ammoni um sul f at e and magnesi um, i t i s now
possi bl e t o det ect t he ant i gens i n i mmunobl ot s of ver t ebr at e
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and i nver t ebr at e cel l pr ot ei ns . The mol ecul ar si zes of sever al
of t he pr ot ei ns ( 30, 40, 55, and 75 kD) ar e appar ent l y i dent i -
cal bet ween ver t ebr at es and i nver t ebr at es suggest i ng a hi gh
degr ee of conser vat i on .

Al l f ami l y member s ar e hi ghl y sol ubl e i n ammoni umsul -
f at e and i nsol ubl e i n magnesi um, r ai si ng t he possi bi l i t y t hat
t he mAb104 epi t ope i t sel f ( or some ot her shar ed st r uct ur al
f eat ur e) i s i mpor t ant f or t hei r unusual bi ochemi cal pr oper -
t i es . SDS- PAGE pur i f i ed pr ot ei n can f or maggr egat es, sug-
gest i ng t he abi l i t y t o pr eci pi t at e i n magnesi umi s an i nt r i nsi c
pr oper t y of t hese phosphopr ot ei ns . The mAb104 epi t ope
pr obabl y i ncl udes a phosphat e r esi due, t her ef or e, i t i s possi -
bl e t hat phosphopept i des on t hese pr ot ei ns i nt er act wi t h
magnesi um i ons t o f or m l ar ge i nsol ubl e aggr egat es . By
anal yzi ng t he amount of MgC1 2 r equi r ed t o sedi ment mAb-
104 ant i gens we f ound t hat as l i t t l e as 1 mMcan be used .
Because ear l i er st udi es of mAb104 ant i gen cont ai ni ng B
gr anul es show t hat t hey ar e st abi l i zed by t he same concent r a-
t i ons of MgC12 t hat ar e r equi r ed t o f or m t he i nsol ubl e ag-
gr egat es i n vi t r o, we hypot hesi ze t hat MgC12 aggr egat es of
mAbl 04 ant i gens may f or mi n vi vo and t hat t hi s cont r i but es
t o t he f or mat i on and st abi l i t y of B gr anul es .

Possi bl e expl anat i ons f or t he bi ochemi cal pr oper t i es of
SRp55 ar e suggest ed f r omanal ysi s of t he cDNA sequence .
The pr ot ei n cont ai ns over 41% char ged r esi dues whi ch, i n
par t , account s f or i t s hydr ophi l i ci t y . Anot her f act or t hat con-
t r i but es t o t hi s pr oper t y i s phosphor yl at i on. Two r esul t s sug-
gest t hat t he phosphor yl at i on l evel i s hi gh . Fi r st , co- i nj ect i on
of synt het i c SR55 t r anscr i pt s wi t h gamma- 32P ATP r esul t s
i n l abel ed SRp55 . The degr ee of phosphor yl at i on of SRp55
dur i ng t he synt hesi s per i od i s compar abl e t o nucl eopl asmi n
( 30 kD) , t he most abundant ger mi nal vesi cl e pr ot ei n . Al -
t hough i t has been shown t hat nucl eopl asmi n i ncor por at es
mor e 32 P t han any ot her ger mi nal vesi cl e pr ot ei n, quant i t a-
t i ve dat a concer ni ng t he number of phosphat es i ncor por at ed
per mol ecul e ar e not avai l abl e ( Kr ohne and Fr ancke, 1980) .
Second, t her e i s appr oxi mat el y a 15 kD ( 27%) decr ease i n
t he appar ent mol ecul ar si ze on SDS- PAGE of MTl / SRp55
pr ot ei n af t er t r eat ment wi t h cal f i nt est i nal al kal i ne phospha-
t ase . Al t er ed mobi l i t y of phosphopr ot ei ns af t er phosphat ase
t r eat ment i s not uncommon . Modi f i ed f or ms of t he l ar ge
subuni t of pol ymer ase I I ( Dahmus, 1981) , and f os on-
copr ot ei n ( Bar ber and Ver ma, 1987) bot h show a 25%de-
cr ease i n appar ent mol ecul ar si ze af t er phosphat ase t r eat -
ment , and bot h have been shown t o cont ai n mul t i pl e si t es of
phosphor yl at i on . We know of no exampl es of si ngl e si t es of
phosphor yl at i on causi ng such l ar ge changes i n appar ent mo-
l ecul ar si ze . Ther e i s a l ong sequence of al t er nat i ng basi c and
ser i ne r esi dues i n t he COOH- t er mi nal hal f of SRp55 . Fr om
posi t i on 202 t o 333, 40%of t he ami no aci ds ar e ser i ne, and
52% ar e basi c ( 30% ar gi ni ne, 10% l ysi ne, and 2 % hi st i -
di ne) . Phosphoami no aci d anal ysi s shows t hat t hi s pr ot ei n
cont ai ns onl y phosphoser i ne ( no phosphot hr eoni ne or phos-
phot yr osi ne) ( dat a not shown) . We f avor t he possi bi l i t y t hat
mAb104 bi nds t he phosphor yl at ed f or mof t he basi c/ ser i ne
domai n, however , i t i s concei vabl e t hat t he ant i body bi nds
el sewher e . We have expr essed subf r agment s of myc- t agged
SRp55 t o map t hi s epi t ope but have not been abl e t o det ect
mAbl 04 bi ndi ng . Fur t her wor k wi l l be r equi r ed t o r esol ve
t hi s i ssue . Anot her domai n i n t he ami no t er mi nus i s a con-
sensus sequence common t o sever al RNA- bi ndi ng pr ot ei ns
( Bandzi ul i s et al . , 1989) . Thi s sequence has been shown t o
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f ol d i nt o an RNA- bi ndi ng domai n and may account f or t he
RNA copr eci pi t at i on wi t h mAb104, and f or t he accumul a-
t i on of t hese ant i gens on l at er al l oops of amphi bi an l amp-
br ush chr omosomes, and puf f s on Dr osophi l a pol yt ene chr o-

mosomes .
SRp55 i s si mi l ar i n st r uct ur e t o t hr ee Dr osophi l a pr ot ei ns :

t r ansf or mer ( Boggs et al . , 1987) , t r ansf or mer - 2 ( Gor al ski et
al . , 1989) , and suppr essor of whi t e apr i cot ( Chou et al . ,
1987) . They cont ai n sequences of al t er nat i ng ar gi ni ne and
ser i ne, and t r ansf or mer - 2 and suppr essor of whi t e apr i cot
have consensus bi ndi ng si t es f or RNA. Anal ysi s of t hese
gene pr oduct s suggest t hat t hey ar e i mpor t ant i n r egul at i ng
gene expr essi on by al t er nat i ve spl i ci ng .

SRp55 al so shar es a hi gh degr ee of sequence homol ogy
t hr oughout i t s ent i r e l engt h wi t h SF2 ; an essent i al pr e-
mRNA spl i ci ng f act or i sol at ed f r omHeLa cel l nucl ear ex-
t r act s ( Kr ai ner et al . , 1991) . SF2 has al so been shown t o be
i nvol ved i n al t er nat i ve spl i ci ng ; t he concent r at i on of t hi s pr o-
t ei n can af f ect 5' spl i ce si t e sel ect i on ( Kr ai ner and Mani at i s,
1985 ; Kr ai ner et al . , 1990x, b) . Pur i f i ed SF2 cont ai ns t wo
cl osel y spaced bands of t i 33 kD; si mi l ar i n appar ent mol ec-
ul ar si ze t o t wo HeLa cel l pr ot ei ns t hat ar e i mmunor eact i ve
wi t h mAbl 04 . The pur i f i cat i on of SF2 and al l mAb104 i m-
munor eact i ve pr ot ei ns begi ns wi t h a si mi l ar ammoni umsul -
phat e pr eci pi t at i on ; 50- 80% f or SF2, and 60- 90% f or pr o-
t ei ns t hat bi nd mAb104 . Fur t her mor e, ext r act s depl et ed i n
SF2 act i vi t y ar e pr epar ed by spi nni ng pr ot ei n ext r act s con-
t ai ni ng - 4 . 5 MMM9C12 at 105 g f or 1 h . Thi s woul d quan-
t i t at i vel y pr eci pi t at e SRp55, as wel l as al l ant i gens r ecog-
ni zed by mAb104 . Fi nal l y, Kr ai ner et al . ( 1990x) not e t hat
whi l e opt i mi zi ng t he pur i f i cat i on of SF2 ( 33 kD) t hey ob-
ser ved a 55- kD pol ypept i de t hat co- pur i f i es wi t h t he 33- kD
pol ypept i des . Based on t he expr essi on st udi es of t agged
SRp55 and t he sequence si mi l ar i t y wi t h ot her pr ot ei ns i n-
vol ved i n pr e- mRNA spl i ci ng we hypot hesi ze t hat mAb104
r ecogni zes a f ami l y of nucl ear phosphopr ot ei ns i nvol ved i n
pr e- mRNA spl i ci ng, and t hat SF2 and SRp55 ar e member s
of t hi s f ami l y .
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