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Abst r act . I n an at t empt t o i dent i f y st r uct ur al compo-

nent s of t he yeast nucl eus, subcel l ul ar f r act i ons of

yeast nucl ei wer e pr epar ed and used as i mmunogens

t o gener at e compl ex pol ycl onal ant i bodi es . One such

ser um was used t o scr een a yeast genomi c Xgt l l ex-

pr essi on l i br ar y. A cl one encodi ng a gene cal l ed NUF7

( f or nucl ear f i l ament - r el at ed) was i dent i f i ed and ext en-

si vel y char act er i zed . Ant i bodi es t o NUFI f usi on pr o-

t ei ns wer e gener at ed, and af f i ni t y- pur i f i ed ant i bodi es

wer e used f or i mmunobl ot anal ysi s and i ndi r ect i m-

munof l uor escence l ocal i zat i on . The NUF1 pr ot ei n i s

110 kD i n mol ecul ar mass and l ocal i zes t o t he yeast

nucl eus i n smal l gr anul ar pat ches . I nt r anucl ear st ai n-

i ng i s pr esent i n cel l s at al l st ages of t he cel l cycl e .

The NUF1 pr ot ei n of yeast i s t i ght l y associ at ed wi t h

t he nucl eus ; i t was not r emoved by ext r act i on of nucl ei

wi t h noni oni c det er gent or sal t , or t r eat ment wi t h

W
1THI N t he cel l nucl eus, a var i et y of essent i al pr o-

cesses such as DNA r epl i cat i on, RNA t r anscr i p-

t i on, RNA spl i ci ng, and t RNA Pr oduct i on occur

( Newpor t and For bes, 1987) . Recent evi dence i ndi cat es t hat

chr omosomes and ot her component s wi t hi n t he nucl eus ar e

of t en or gani zed i nt o mor phol ogi cal domai ns . The nucl eol us,

nucl ear membr ane, and spl i ci ng cent er s ( or snur posomes)

ar e si t es of wel l - known nucl ear f unct i ons ( Car mo- Fonseca

et al . , 1991 ; Spect or , 1990) . Less wel l - char act er i zed nucl ear

domai ns have al so been descr i bed i n mammal i an cel l s. These

i ncl ude si t es of mor e act i ve gene t r anscr i pt i on ( def i ned by

t he pr esence of RNA- bi ndi ng pr ot ei ns i n spr ead chr omo-

somes [ Al ber t s et al . , 1977 ; I go- Kemenes et al . , 1982] ) , nu-

cl ear " dot s" [ Ascol i and Maul , 1991 ; Xi e, K. , E. Lambi e

and M. Snyder , manuscr i pt submi t t ed f or publ i cat i on] ) , and

nucl ear bodi es [ Chal ey et al . , 1983 ; Vagner - Capodano et al . ,

1982] ) . I n sever al speci es, chr omosomes ar e al so nonr an-

doml y or gani zed wi t hi n t he nucl eus . For exampl e, i n Dr oso-

phi l a, pol yt ene chr omosomes of sal i var y gl ands have a spe-

ci f i c conf i gur at i on ( El l i son and Howar d, 1981 : Hochst r asser

et al . , 1986 ; Saumweber , 1987) , and i n mammal i an cel l s,

cent r omer es can be pai r ed, gr ouped at one end of t he nucl eus
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RNAse and DNAse . Sequence anal ysi s of t he NUR

gene pr edi ct s a pr ot ei n 945 ami no aci ds i n l engt h t hat

cont ai ns t hr ee domai ns : a l ar ge 627 r esi due cent r al

domai n pr edi ct ed t o f or m a coi l ed- coi l st r uct ur e

f l anked by nonhel i cal ami no- t er mi nal and car boxy-

t er mi nal r egi ons . Di sr upt i on of t he NUMgene i ndi -

cat es t hat i t i s necessar y f or yeast cel l gr owt h . These

r esul t s i ndi cat e t hat NUF1 encodes an essent i al coi l ed-

coi l pr ot ei n wi t hi n t he yeast nucl eus ; we specul at e t hat

NUF1 i s a component of t he yeast nucl eoskel et on . I n

addi t i on, i mmunof l uor escence r esul t s i ndi cat e t hat

mammal i an cel l s cont ai n a NUFl - r el at ed nucl ear pr o-

t ei n . These dat a i n conj unct i on wi t h t hose i n t he ac-

companyi ng manuscr i pt ( Yang et al . , 1992) l ead t o t he

hypot hesi s t hat an i nt er nal coi l ed- coi l f i l ament ous sys-

t em may be a gener al st r uct ur al component of t he eu-

kar yot i c nucl eus .

( Ri nger t z et al . , 1986) or cl ust er ed near t he nucl eol us ( Bar -
t hol di , 1991) .

Despi t e i t s si mpl i ci t y and smal l si ze, t he nucl eus of t he

buddi ng yeast Sacchar omyces cer evi si ae has a def i ned i nt er -

nal or gani zat i on . The nucl eol us occupi es a cr escent of ap-

pr oxi mat el y one t hi r d t he nucl ear vol ume, abut t i ng t he nu-

cl ear envel ope ( Ar i s and Bl obel , 1988 ; Schi mmang et al . ,

1989 ; Yang et al . , 1989) . The nucl eol us l i es di r ect l y opposi t e

t he spi ndl e pol e body, a mi cr ot ubul e or gani zi ng cent er em-

bedded i n t he nucl ear envel ope ( Yang et al . , 1989) . Fur t her -

mor e, spl i ci ng component s can be l ocal i zed i n di scr et e i s-

l ands wi t hi n t he nucl eus ( El l i ot t , D. J. , and M. Rosbash,

per sonal communi cat i on) .

The component s t hat or gani ze t he nucl eus i nt o di st i nct

mor phol ogi cal r egi ons ar e not known . Two mechani sms,

whi ch ar e not mut ual l y excl usi ve, coul d account f or nucl ear

or gani zat i on . I n one case, chr omosomes mi ght assume par -

t i cul ar or i ent at i ons r el at i ve t o each ot her and t o t he nucl ear

envel ope . Thi s mi ght speci f y t he posi t i on of ot her nucl ear

component s such as t he nucl eol us whi ch r esi des at t he r DNA

( Kar pen et al . , 1988 ; War ner , 1990) . Al t er nat i vel y, non-

chr omosomal st r uct ur al component s ( RNA and pr ot ei n)

mi ght speci f y a f r amewor k f or nucl ear or gani zat i on, or cr e-

at e l andmar ks wi t hi n t he nucl eus . I n t he l at t er case, t he

or gani zat i on of t he DNA, as wel l as t he macr omol ecul ar
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compl exes i mpor t ant f or r epl i cat i on, t r anscr i pt i on, RNA

pr ocessi ng, and RNA t r anspor t woul d be speci f i ed by i nt er -

act i ons wi t h t he under l yi ng f r amewor k .

One component t hat may cont r i but e t o nucl ear or gani za-

t i on i s t he nucl ear l ami na, whi ch i s a net wor k of f i br ous pr o-

t ei ns under l yi ng t he i nner nucl ear membr ane . The pr ot ei ns

compr i si ng t hi s l ayer , t he nucl ear l ami ns ( Ger ace et al . ,

1978) ar e r el at ed i n sequence t o cyt opl asmi c i nt er medi at e

f i l ament pr ot ei ns ( Fr anke, 1987; McKeon, 1991 ; McKeon et

al . , 1986) . Lami ns, l i ke i nt er medi at e f i l ament s, ar e al pha-

hel i cal pr ot ei ns t hat di mer i ze i nt o coi l ed- coi l r ods, and as-

soci at e t o f or m hi gher - or der st r uct ur es ( Aebi , et al . , 1986 ;

Hei t l i nger et al . , 1991) . The r esul t i ng l ami na i s l i kel y t o pr o-

vi de st r uct ur al suppor t f or t he nucl eus ( Ger ace et al . , 1978) ,

and may pr ovi de an anchor i ng si t e f or a f ew speci f i c chr o-
mosomal l oci ( Paddy et al . , 1990) . However , t he f i br ous

l ami na does not ext end any appr eci abl e di st ance i nt o t he nu-

cl ear i nt er i or , suggest i ng t hat ot her i nt er nal component s
mi ght be i mpor t ant f or nucl ear or gani zat i on and/ or mor -
phol ogy .

I n an at t empt t o i dent i f y ot her st r uct ur al component s of
t he nucl eus, a number of l abor at or i es have ext r act ed nucl ei

usi ng var i ous combi nat i ons of sal t s, det er gent s and nucl eases .

The r emai ni ng i nsol ubl e r esi due has been t er med t he nucl ear

mat r i x or nucl eoskel et on ( Bel gr ader et al . , 1991 ; Ber ezney

and Cof f ey, 1977 ; He et al . , 1990 ; Lot hst ei n et al . , 1985 ; Po-

t ashki n et al . , 1984 ; St auf enbi el and Depper t , 1984 ; r e-

vi ewed by Ver hei j en et al . , 1988) . Most nucl ear mat r i x pr ep-

ar at i ons cont ai n a f i l ament ous st r uct ur e t hat var i es gr eat l y

i n appear ance and composi t i on dependi ng on t he pr ocedur e

used t o i sol at e i t . Because of t hi s var i abi l i t y, and because of

t he possi bi l i t y of aggr egat i on- i nduced ar t i f act s, t he i n vi vo

exi st ence of a nucl ear mat r i x has been cal l ed i nt o quest i on

( see Cook, 1988) . However , despi t e i t s cont r over si al st at us,

t he nucl ear mat r i x has been suggest ed as t he si t e of a number

of cr i t i cal nucl ear f unct i ons, i ncl udi ng DNA r epl i cat i on,

t r anscr i pt i on, and RNA pr ocessi ng ( e . g . , Car r i et al . , 1986 ;

Di j kwel l et al . , 1979 ; Par dol l et al . , 1979, Xi ng and Law-

r ence, 1991) .

Nucl eoskel et ons f r ommammal i an cel l s have al so been ob-

ser ved when condi t i ons have been adj ust ed t o r educe ar t i f act

f or mat i on . Jackson and Cook ( 1988) ext r act ed agar ose em-

bedded cel l s wi t h det er gent at physi ol ogi cal sal t concent r a-

t i ons, and t hen r emoved DNA by r est r i ct i on enzyme di ges-

t i on . Thi s nucl eoskel et on pr epar at i on r et ai ned t he capaci t y

t o car r y out r epl i cat i on and t r anscr i pt i on at r at es si mi l ar t o

per meabi l i zed cel l s . The st r uct ur e t hey obser ved by EMwas

a net wor k of f i l ament s of - 10 r un di amet er , wi t h a r epeat i ng

st r uct ur e of r oughl y 23 nm. These di mensi ons ar e qui t e

si mi l ar t o t hose of cyt opl asmi c i nt er medi at e f i l ament s and

nucl ear l ami ns ( Hei t l i nger et al . , 1991) . Whet her a si mi l ar

st r uct ur e i s a gener al f eat ur e of al l eukar yot ec nucl ei i s an i m-

por t ant unr esol ved quest i on .

The nucl ei of S. cer evi si ae car r y out t he same f undament al

f unct i ons as t hose of ot her eukar yot es, and t hus may be ex-

pect ed t o have si mi l ar st r uct ur al component s, al t hough yeast

do not di ssol ve t hei r nucl ear envel ope dur i ng mi t osi s . Anu-

cl ear scaf f ol d f r act i on has been descr i bed f or S. cer evi si ae

when nucl ei ar e t r eat ed under cer t ai n condi t i ons ( Amat i and

Gasser , 1988 ; Car denas et al . , 1990) . Thi s i nsol ubl e st r uc-

t ur e cont ai ns t opoi somer ase I I , whi ch i s an abundant , i n-

sol ubl e nucl ear pr ot ei n i n i nt er phase Dr osophi l a cel l s ( Ber -
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r i os et al . , 1985) , and a component of t he met aphase

chr omosome scaf f ol d i n ver t ebr at e cel l s ( Ber r i os et al . ,

1985 ; Ear nshaw and Heck, 1985 ; Gasser et al . , 1986) . I n

yeast , cent r omer i c DNA and or i gi ns of r epl i cat i on can be

speci f i cal l y associ at ed wi t h an i nsol ubl e scaf f ol d ( Amat i and

Gasser , 1988) . However , f or bot h mammal i an and yeast

st r uct ur es, t he pr ot ei ns ( or RNAs ; see He et al . , 1990) com-

pr i si ng t he f i br ous st r uct ur es have not been char act er i zed .

I n t hi s st udy, a new essent i al gene cal l ed NUF7, ( f or nu-

cl ear f i l ament - r el at ed) of Sacchar omyces cer evi si ae has been

i dent i f i ed and char act er i zed . The NUFI gene pr oduct l ocal -

i zes t o t he i nt er i or of t he nucl eus and cannot be easi l y ex-

t r act ed by det er gent , sal t , or nucl eases . The pr edi ct ed NUFl

pr ot ei n sequence i s si mi l ar t o t hat of coi l ed- coi l pr ot ei ns

such as i nt er medi at e f i l ament s, l ami ns, and myosi ns . We

specul at e t hat t he NUFl pr ot ei n i s par t of a novel f i l ament ous

nucl eoskel et on . Fur t her mor e, ant i - NUF1 ant i bodi es r ecog-

ni ze an i nt er nal nucl ear ant i gen i n mammal i an cel l s, suggest -

i ng t hat i nt er nal nucl ear coi l ed- coi l f i l ament ous syst ems may

be gener al component s of t he nucl eoskel et on i n eukar yot es .

Mat er i al s and Met hods

St r ai ns and Gener al Techni ques

Bact er i al medi a and gener al DNA cl oni ng met hodol ogy i s descr i bed i n

Davi s et al . ( 1980) and Sambr ook et al . ( 1989) . Yeast medi a and genet i c

mani pul at i ons ar e accor di ng t o Sher man et al . ( 1986) . The yeast st r ai ns

used i n t hi s st udy ar e congeni c wi t h S288C; t hei r genot ype i s pr esent ed i n

Tabl e I .

Yeast Subcel l ul ar Fr act i onat i on

To gener at e nucl ear f r act i ons f or i mmuni zat i on, t et r apl oi d yeast nucl ei wer e

pr epar ed usi ng pr ocedur es adapt ed f r om Ar i s and Bl obel ( 1988) and Hur t

et al . ( 1988) . Br i ef l y, spher opl ast s wer e pr epar ed f r om f our l i t er s of

t et r apl oi d yeast st r ai n Y558 gr own t o ear l y l og phase i n YPD at 30° C.

Washed cel l s wer e r esuspended t o 10%wet wei ght / vol ume i n 1 . 3 Msor -

bi t ol , 0. 50 mM KPO4, pH 7. 5, 0 . 3% ß- mer capt oet hanol , 0 . 5 mg/ ml

Zymol yase 100T ( I CN K&K Labor at or i es I nc . , Pl ai nvi ew, NY) and 0. 05%

( vol / vol ) Gl usul ase ( NEN; Dupont , Bost on, MA) . Af t er a 75- mi n i ncuba-

t i on at 37° C, spher opl ast s wer e t r ansf er r ed t o 0° C, washed once i n 50 ml

1. 3 Msor bi t ol , 50 mMKPO4 , pH6. 5, and t hen spun t hr ough a cushi on of

10 ml 0. 6 Msor bi t ol , 0. 6 Msucr ose, 2 % Fi col l 400 i n 20 mMKP04, pH
6. 5 ( 5 mi n at 4, 000 r pm, JA20 r ot or ) .

Pel l et s wer e combi ned and r esuspended t o 10% wt / vol i n col d homog-

eni zat i on medi um( 20%Fi col l 400, 20 mMKPO4, pH 6. 5, 1 MMM902,
wi t h pr ot ease i nhi bi t or s : 1 mMPMSF, 2 Pg/ ml each of chymost at i n, l eu-

pept i n, pepst at i n, and ant i pai n, 1 mMp- ami nobenzami di ne, 1 mMe- ami no-

capr oi c aci d, 50 mMp- chl or omer cur i phenyl sul f oni c aci d) . Homogeni za-

t i on was per f or med at 0° usi ng a Dupont / Sor val l Omni - mi xer ( usual l y one

or t wo bur st s of 10 s at speed 10) . Homogeni zat i on was moni t or ed by f l uo-

r escence mi cr oscopy, by mi xi ng equal vol umes of homogenat e wi t h ei t her

of t wo mul t i - st ai n mi xt ur es ( mul t i - st ai n A: 1 . 5 gg/ ml DAPI , 200 / Ag/ ml r ho-

dami ne- conj ugat ed phal l oi di n ( Mol ecul ar Pr obes I nc. , Junct i on Ci t y, OR) ,

200 ug/ ml FI TC- wheat ger m aggl ut i ni n ( Pol ysci ences, I nc. , Har r i ngt on,

PA) i n 20% Fi col l 400, 20 mMKPO4, pH 6. 5, 1 mM MgC12 ; mul t i - st ai n

B: as f or mul t i - st ai n A, but subst i t ut i ng r hodami ne 6Gat 1 hg/ ni l f or r hoda-

mi ne phal l oi di n) . Homogeni zat i on was adj ust ed unt i l nucl ei ( vi sual i zed by

DAPI ) wer e f r ee of di gest ed cel l wal l s ( FI TCWGA) , act i n spot s ( r hodami ne

phal l oi di n) and excess membr anes ( r hodami ne 6G) , but bef or e t he nucl ei

appear ed t or n . Af t er homogeni zat i on, DTT was added t o a f i nal concent r a-

t i on of 1 mM.

Unbr oken cel l s and cel l wal l s wer e r emoved by t wo cent r i f ugat i ons at

5, 000 r pm ( JA20 r ot or ) f or 15 mi n, 0° C. The super nat ant was t hen l oaded

over si x Fi col l st ep gr adi ent s as descr i bed by Ar i s and Bl obel ( 1988) , and

spun i n an SW28 r ot or at 11, 000 r pmf or 75 mi n wi t h sl ow accel er at i on and

decel er at i on . The 30 and 40%l ayer s wer e har vest ed separ at el y, and di l ut ed

wi t h an equal vol umes of 0. 6 M sucr ose i n 20 mMKP04, I MMMgCl 2

wi t h t wi ce t he concent r at i on of pr ot ease i nhi bi t or s l i st ed above . Each mi x-

1320



t ur e was l oaded over t wo st ep gr adi ent s of 5 . 8 ml 1. 3 Msucr ose, 9% Fi col l
400, 0. 5 MMM9C12 i n 20 mMKPO4, pH 6. 5, and 5 . 8 ml 1 . 5 Msucr ose

9%Fi col l 400, 0. 5 MMM9C12 i n 20 mMKPO4, pH 6. 5 . These gr adi ent s

wer e cent r i f uged f or 1 h i n an SW28 r ot or at 15, 000 r pm. The pel l et s wer e

har vest ed, and cont ai ned - 15 mg of nucl ear pr ot ei n . Al i quot s of nucl ei

r esuspended i n homogeni zat i on buf f er wi t h pr ot ease i nhi bi t or s wer e f r ozen

on dr y i ce- met hanol and st or ed at - 80° C.

For a r api d pr epar at i on of cr ude t et r apl oi d nucl ei , t he homogenat e was

cl ear ed of unbr oken cel l s and r esi dual cel l wal l s by t wo spi ns of 15 mi n at

5, 000 r pm i n a JA20 r ot or and t hen separ at ed i nt o super nat ant and pel l et
f r act i ons by a f i nal spi n of 13, 000 r pm f or 30 mi n i n t he same r ot or . Nucl ei

wer e r esuspended i n homogeni zat i on medi um wi t h pr ot ease i nhi bi t or s . For

a si mi l ar pr epar at i on of hapl oi d nucl ei t he homogenat e was cl ear ed by t wo

cent r i f ugat i ons of 15 mi n at 7, 000 r pm ( JA20) , and t he f i nal spi n was 30

mi n at 12, 500 r pm ( JA21 r ot or ) .

I mmuni zat i on of Mi ce wi t h Subnucl ear Fr act i ons

Tet r apl oi d nucl ear f r act i ons wer e pr epar ed usi ng Fi col l gr adi ent s f ol l owed

by Fi col l / sucr ose gr adi ent s, as descr i bed above. Nucl ei wer e di l ut ed wi t h

buf f er ed sucr ose t o a concent r at i on of - 2 . 5 mg/ ml pr ot ei n i n 0 . 25 Msu-

cr ose, 5 %Fi col l , 0. 25 mMMgC1 2 . DTT was added t o 20 mMand EDTA

t o 5 mM. Nucl ei wer e mi xed by i nver si on, and pel l et ed f or 30 mi n at 12 . 5K

r pm, JAI 8 . 1 r ot or , wi de posi t i on . The super nat ant was r emoved and t he pel -

l et r esuspended i n 0. 25 Msucr ose, 20 mMKPO4, pH 6. 5, 0. 5 mMMgC12,

and t hen adj ust ed t o 1 %Tr i t on X- 100 and 0. 2 MNaCl i n t he same buf f er ed

sucr ose . Nucl ei wer e vor t exed vi gor ousl y, i ncubat ed on i ce f or 30 mi n, and

t hen separ at ed i nt o a super nat ant and pel l et by spi nni ng 30 mi n, 12 . 5K r pm

JAI 8 . 1 r ot or . Fr act i ons wer e st or ed f r ozen at - SO° C. The super nat ant f r ac-

t i on, cal l ed 2S, whi ch cont ai ns nucl ear por e compl ex- r el at ed pr ot ei ns, was

used t o i mmuni ze mi ce . Ot her mi ce r ecei ved t he pel l et f r act i ons .

For i mmuni zat i on, t he 2S f r act i on was pr eci pi t at ed wi t h col d 10%TCA,

washed i n i ce- col d et hanol / et hyl et her ( 1 : 1 vol / vol ) , r esuspended i n PBS

wi t h 0. 1% SDS and heat ed t o 95° C f or 5 mi n . A f emal e Bal b/ c mouse was

pr i med wi t h 0. 4 ml pr i st ane i nt r aper i t oneal l y . 5 wk l at er t he mouse was i m-

muni zed wi t h t he 2S ext r act f r om500 I t g of nucl ei mi xed wi t h an equal vol -

ume of Fr eund' s compl et e adj uvant . Thr ee i mmuni zat i ons f ol l owed at 2- 3-

wk i nt er val s wi t h 250 1t g- equi val ent s of 2S ext r act al so i n compl et e

Fr eund' s . A per i or bi t al t est bl eed was t aken 3 d af t er t he second boost . 3

d af t er t he l ast boost , 5 x 106 SP2/ 0 myel oma cel l s wer e i nj ect ed I P t o i ni -

t i at e asci t es t umor f or mat i on. Asci t es f l ui d was har vest ed t i 2 wk af t er my-

el oma i nj ect i on .

Ext r act i on of Yeast Nucl ei

Nucl ei wer e i sol at ed as descr i bed above and r esuspended i n 10%Fi col l , 20

mMKPO4, pH 6. 5, and 0. 5 MMM9C12 t o a f i nal pr ot ei n concent r at i on of

1 mg/ ml ; t hi s mi xt ur e cont ai ned t he pr ot ease i nhi bi t or s PMSF, apr ot i ni n,

chymost at i n, ant i pai n, pepst at i n, and l eupept i n ( Snyder , 1989) . The nucl ei

wer e separ at ed i nt o 250- Al al i quot s and ext r act ed wi t h 1- 4 vol of sucr ose

ext r act i on ( SE) buf f er pl us sal t , noni oni c det er gent , and/ or nucl eases ( SE

= 0. 5 Msucr ose, 20 mMKPO4, pH6. 5, 0. 5 MMMgC12, and pr ot ease i n-

hi bi t or s) . Ni ne ext r act i on/ t r eat ment condi t i ons wer e used . Shown i n Fi g.

4 ar e ( 1) SE + 0. 2 MNaCl ; ( 2) SE + 0. 5 MNaCl ; ( 3) SE + 1%Tr i t on

X- 100 ; ( 4) SE + 1% Tr i t on X- 100 + 0. 2 MNaCl ; ( 5) SE + 1% Tr i t on

X- 100 + 1 . 0 MNaCl ; ( 6) 0. 25 mg/ ml RNAse + 0. 25 mg/ nt l DNAse I . Not

shown ar e ( 7) SE + 1 . 0 MNaCl ; ( 8) SE + 2 . 0 MNaCl ; and ( 9) SE +

100 mMl i t hi umacet at e, 10 mMl i t hi um3, 5' - di i odosal i cyl at e. As a cont r ol ,

t he i sol at ed nucl ei wer e t r eat ed wi t h SE buf f er al one, and pr ocessed i n par -

al l el wi t h t he ext r act ed sampl es .

Al l i ncubat i ons wer e per f or med on i ce f or 30 mi n, except f or t he nucl ease

t r eat ment whi ch was per f or med f or 1 h . Af t er t he i ncubat i ons, t he sampl es

wer e spun i n a col d JA18 . 1 r ot or at 12 . 5K RPMf or 30 mi n . The super na-

t ant s wer e car ef ul l y r emoved and ext r act ed pr ot ei ns wer e pr eci pi t at ed wi t h

10% TUA ( f i nal concent r at i on) f or 1 h on i ce . Thi s mi xt ur e was spun at

16, 000 g f or 5 mi n and t he pel l et was washed t wi ce wi t h col d et hanol / et her

( 1 : 1 vol / vol ) . The pel l et s wer e ai r dr i ed, r esuspended i n 4014 SDS sampl e

buf f er , and boi l ed f or 5 mi n . The i nsol ubl e nucl ear pel l et f r act i ons wer e

r esuspended i n 401e1 SDS l ysi s buf f er ( Sambr ook et al . , 1989) , and boi l ed

f or 5 mi t t . 10 k1 of each sampl e was anal yzed by i mmunobl ot anal ysi s . 20

1í l wer e anal yzed i n a par al l el Coomassi e bl ue- st ai ned gel . I nspect i on of

t he Coomassi e bl ue- st ai ned gel r eveal ed t hat f or t he sampl es ext r act ed wi t h

0. 2 MNaCl ( +/ - det er gent ) equal amount s of pr ot ei n wer e obser ved i n t he

super nat ant and pel l et . For sampl es ext r act ed wi t h hi gher NaCl concent r a-

t i ons ( +/ - det er gent ) , gr eat er amount s of pr ot ei n wer e pr esent i n t he super -

nat ant t han i n t he pel l et .

Mi r zayan et al . NUF1 : A Novel Yeast Coi l ed- Coi l Nucl eoskel et al Pr ot ei n

I sol at i on of t he NUFI Gene

A agt l l yeast genont i c DNA expr essi on l i br ar y was scr eened wi t h t he

mouse asci t es f l ui d ( Snyder et al . , 1987) . The asci t es had been pr evi ousl y

depl et ed of ant i - E. col i ant i bodi es and di l ut ed 1 : 700 i n TBS + 20% FCS.

Af t er scr eeni ng 1 x 106 r ecombi nant s, t wo posi t i ve cl ones wer e i dent i f i ed,

cal l ed XNUFI . I and XB. For XNUFLI , por t i ons of t he i nser t s wer e sub-

cl oned i nt o t he bl uescr i pt vect or ( SK' ; St r at agene, La Jol l a, CA) . One of

t he subcl ones of XNUFLI , cont ai ns a 1 . 9- kb EcoRI f r agment and i s cal l ed

pNUFI . I .

To i sol at e XNUF1 . 2 and XNUF1 . 3, a XEMBL3A yeast genomi c l i br ar y

( Snyder et al . , 1986) was scr eened usi ng a 32 PRl abel ed 1 . 9- kb EcoRl f r ag-

ment of pNUFI . I ( Sambr ook et al . , 1989) .

Pr epar at i on of t he Gl ut at hi one- SRansf er ase : NUR

Fusi on Pr ot ei n and Pr oduct i on of

Ant i - NURAnt i bodi es

The 0. 9- kb EcoRV f r agment of XNUFLI ( see Fi g . 1) was cl oned i nt o t he

Smal si t e of pGEXI ( Phar maci a Fi ne Chemi cal s, Pi scat away, NJ) r esul t i ng

i n a f usi on of NUFI codi ng sequences i n t he appr opr i at e f r ame and or i ent a-

t i on. Over expr essi on and pr oduct i on of t he f usi on pr ot ei n was per f or med

i n t he E. col t st r ai n RRl as descr i bed i n Smi t h and Johnson ( 1988) . 3 mg

of GST: NUFI f usi on pr ot ei n was pur i f i ed f r om t wo I L cul t ur es usi ng

gl ut at hi oni ne- conj ugat ed agar ose beads, and a smal l sampl e was anal yzed

i n a pol yacr yl ami de gel cont ai ni ng SDS ( Laemml i , 1970) and st ai ned

wi t h Coomassi e br i l l i ant bl ue . A si ngl e pol ypept i de of t he expect ed 65- kD

mol ecul ar mass was obser ved . Rabbi t i mmuni zat i ons wer e admi ni st r at ed

by t he Pocono Rabbi t Far ms and Labor at or i es ( Candesi s, PA) . A pr i mar y

i nj ect i on was f ol l owed by t hr ee boost s, spaced t wo weeks apar t . Each

i mmuni zat i on consi st ed of 600 j i g pr ot ei n appl i ed subcut aneousl y i n 10

l ocat i ons .

Af f i ni t y pur i f i cat i on of ant i bodi es t o t he GST: NUFI f usi on was per -

f or med as descr i bed i n Si r der ( Snyder , 1989) . 2001í g of GST: NUF1 f usi on

pr ot ei n was adsor bed ont o I cm2 of ni t r ocel l ul ose f i l t er over ni ght at 4° C.

The f i l t er was bl ocked wi t h PBS + 3 %BSA ( PBS = 0. 15 MNaCl , 50 mM

NaP04, pH 7. 2) f or 6 h at r oom t emper at ur e and t hen i ncubat ed wi t h t he

0. 4 ml of r abbi t ser um + 0. 8 ml of PBS over ni ght . The f i l t er s wer e washed,

and af f i ni t y- pur i f i ed ant i bodi es wer e el ut ed wi t h 0. 2 Mgl yci ne pH2 . 5 . Pur i -

f i ed ant i bodi es ( - I ml ) wer e desal t ed and concent r at ed by spi nni ng f or

15 mi n, 5, 000 g at 4° C i n Cent r i con- 30 mi cr oconcent r at or s ( Ami con)

t o a f i nal vol ume of 500 1d . As a negat i ve cont r ol , pr ei mmune ser a was

i ncubat ed wi t h GST: : NUFI - coat ed f i l t er s t r eat ed i n an i dent i cal f ashi on .

Af f i ni t y- pur i f i ed ant i - NUFI ant i bodi es r eact st r ongl y wi t h t he GST: NUFI

f usi on ( dat a not shown) . Exper i ment s usi ng t he pr ei mmune ser um f ai l ed t o

r ecogni ze t hi s pr ot ei n .

I mmunobl ot Anal ysi s

To t est t he i mmunol ogi cal r eact i vi t y of t he pol ycl onal ser a, 0. 2 l ag of t he

GST: NUFI f usi on pr ot ei n was heat ed t o 100° C i n SDS sampl e buf f er f or

10 mi n, separ at ed i n a 7. 5 %pol yacr yl ami de gel cont ai ni ng SDS, and bl ot t ed

t o ni t r ocel l ul ose ( Bur net t e, 1981) . The bl ot s wer e bl ocked i n 20% FCS +

10% nonf at mi l k i n TBS ( 0. 15 M NaCl , 50 mMTr i s, pH7. 2) f or 6 h at

r oomt emper at ur e, i ncubat ed i n af f i ni t y- pur i f i ed ant i bodi es di l ut ed 1 : 100 i n

20% FCS + TBS over ni ght at 4° , and det ect ed by a 1- h i ncubat i on wi t h 5

ACi / r nl 1251 pr ot ei n- A ( I CN K&K Labor at or i es) at r oom t emper at ur e.

Thr ee 15- mi n washes wer e conduct ed af t er t he pr i mar y ant i body and 1251

pr ot ei n- A i ncubat i ons . Al l washes wer e per f or med i n 5% nonf at mi l k,

0. 05 % NP- 40 i n TBS at r oom t emper at ur e .

For i nununobl ot anal ysi s of yeast pr ot ei ns, spher opl ast homogenat es, or

nucl ear and cyt opl asmi c f r act i ons wer e pr epar ed f r omyeast as descr i bed

above . The quant i t y of pr ot ei n f r om each f r act i on was det er mi ned as de-

scr i bed by Br adf or d ( 1976) and 401í g of each f r act i on was boi l ed i n SDS

sampl e buf f er f or 10 mi n and separ at ed i n a 7 . 5 % pol yacr yl ami de gel con-

t ai ni ng SDS ( Laemml i , 1970) . Gel bl ot s wer e pr epar ed and t r eat ed as de-

scr i bed above.

For i nt munobl ot anal ysi s of mammal i an pr ot ei ns, i sol at ed nucl ear f r ac-

t i ons wer e pr epar ed accor di ng t o Davi s and Bl obel ( 1986) . 100 ug of pr ot ei n

was separ at ed i n a 7. 5 %pol yacr yl ami de gel cont ai ni ng SDS and pr ocessed

as above. A pr ot ei n band of x+100 kD i n mol ecul ar mass was r ecogni zed

upon l ong exposur es of t he bl ot .

I ndi r ect I mmunof l uor escence

Yeast . The i ndi r ect i mmunof l uor escence pr ocedur e was si mi l ar t o t hat de-
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Tabl e I . St r ai n Li st

St r ai n

Y270

Y727

Y728

Y558

scr i bed by Gehr ung and Snyder ( 1990) . Thr ee yeast st r ai ns wer e used : ( a)

wi l d t ype di pl oi d st r ai n Y270 ; ( b) nul l : : URA311NUFI het er ozygous di pl oi d

st r ai n Y727; and ( c) t et r apl oi d st r ai n Y558. Doubl e i mmunof l uor escence

was per f or med usi ng af f i ni t y- pur i f i ed ant i - NUFl ant i bodi es ( 1 : 100 di l ut i on)

and YOLl / 34 ( 1: 100 di l ut i on) , a mAb t hat r ecogni zes t ubul i n and whi ch

ser ved as a posi t i ve cont r ol ( not shown) . The secondar y ant i bodi es used

wer e Texas r ed- conj ugat ed goat ant i r abbi t ant i bodi es ( 1 : 100 di l ut i on of

st ock ; Amer shamCor p. , Ar l i ngt on Hei ght s, I L) and f l uor escei n- conj ugat ed

goat ant i r at ant i bodi es ( 1 : 100 di l ut i on of Cappel Labor at or i es st ock) . Vi su-

al i zat i on of DNA i n t he same sampl es was accompl i shed by t he addi t i on

of 0. 25 kg/ ml Hoechst 33258 t o t he mount i ng sol ut i on ( 70%gl ycer ol , PBS,

2%n- pr opyl gal l at e) .

Mammal i an . CVl cel l s wer e gr own on gl ass cover sl i ps, r i nsed once

wi t h PBS, and f i xed i n PBS cont ai ni ng 1%f or mal dehyde f or 10 mi n . The

cel l s wer e washed 5 mi n each i n PBS, PBS + 0. 1% NP- 40, and t hen PBS.

Af f i ni t y- pur i f i ed ant i - NUFl ant i body was di l ut ed 1: 50 and i ncubat ed wi t h

t he cel l s f or 2 h at r oomt emper at ur e. The cel l s wer e washed agai n, 5 mi n

each, i n PBS, PBS + 0. 1 %NP- 40, t hen PBS, and t hen i ncubat ed wi t h Texas

r ed- conj ugat ed goat ant i r abbi t ant i bodi es at a di l ut i on of 1 : 100 i n PBS. The

cel l s wer e washed and mount ed i n sol ut i on cont ai ni ng 0. 25 ; 4g/ ml Hoechst

33258.

DNA Sequence Anal ysi s

The DNA sequence of t he NUFT gene was det er mi ned by t he di deoxy chai n

t er mi nat i on met hod as descr i bed i n Sanger et al . ( 1977) i n t he pr esence of

[ a- 35 S] dATP ( 650 Ci / mmol ; Amer sham Cor p. ) ( Wi l l i ams et al . , 1986) .

Thr ee gener al appr oaches wer e ut i l i zed t o sequence bot h st r ands of t he

NUT7 gene . The 3. 0- kb EcoRI pi ece of cl one XNUF1 . 2 and t he 3. 7- kb Sal l

pi ece of cl one XNUF1 . 3 wer e subcl oned i nt o t he bl uescr i pt vect or ( SK';

St r at agene) . Fr ombot h ends of t he i nser t , set s of uni di r ect i onal nest ed del e-

t i ons wer e gener at ed by par t i al di gest i on wi t h exonucl ease I n and Sl

nucl ease ( Hemkof f , 1987) . Sever al subcl ones wer e al so made usi ng speci f i c

DNA r est r i ct i on f r agment s of t he NUMgene . Fi nal l y, pr i mer s wer e made

t o ei ght l ocat i ons of t he gene and used t o det er mi ne t he sequence i n speci f i c

r egi ons. I n ar eas of ambi gui t y, mul t i pl e subcl ones and/ or pr i mer s wer e pr e-

par ed and anal yzed . Some por t i ons ( t i 20% over al l ) of t he second st r and

wer e det er mi ned usi ng DNA der i ved f r omt he kgt l l cl one, XNUFl . I ; t hi s

sequence was i dent i cal t o t hat obt ai ned f r om t he XEMBL3A cl ones . The

NBRF dat abank was sear ched f or si mi l ar i t y t o t he pr edi ct ed ami no aci d se-

quence of NUFl usi ng t he FASTA pr ogr am i n t he kt up- 2 mode, and t he

t r ansl at ed Genbank was sear ched usi ng t FASTA ( Pear son, 1990 ; Pear son

and Li pman, 1988) . Secondar y st r uct ur e pr edi ct i ons wer e made usi ng t he

Gami er secondar y st r uct ur e pr ogr am ( Pear son, 1990) .

Const r uct i on and Anal ysi s of a Di sr upt i on Mut at i on

i n t he NURGene

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

Genot ype

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- d200 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- d200 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- 4200 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- , 6200 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- d200 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- d200 t r pl - dl

MATa ur a3- 52 LYS2 ade2- 101 HI S3 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- d200 t r pl - dl

MATa ur a3- 52 LYS2

	

ade2- 101 hi s3- d200 t r pl - dl

MATa ur a3- 52 l ys2- 801 ade2- 101 hi s3- d200 t r pl - dl

To const r uct t he nuf l : : URA3 al l el e, t he 2 . 5- kb SacI f r agment of t he NUFI

gene was subcl oned i nt o DSK+- 1 . DSK+- 1 i s a der i vat i ve of SK* whose

pol ycl oni ng si t e had been t r uncat ed by di gest i ng SK+ wi t h BamHI and

CLal . The ends wer e f i l l ed i n wi t h t he l ar ge f r agment of E. col i DNA pol y-

mer ase I and dNTPs, and t hen l i gat ed . The U. 43 gene was i sol at ed on a

1 . 1- kb Hi ndI I 1 f r agment f r omYEP24 ( Car l son and Bot st ei n, 1982) and sub-

cl oned i nt o t he SK' - 1 : : NUF1 const r uct at t he Hi ndI I I si t e . Subcl one nuf l -

1: : URA3 was r ecover ed wi t h t he URA3 gene t r anscr i bed i n t he opposi t e

or i ent at i on as NUFI . nuf l - 2: : URA3 had t he URA3 gene i n t he same or i ent a-

t i on as NUFI . These const r uct s wer e t hen di gest ed wi t h Sac I , t r ansf or med

i nt o di pl oi d yeast st r ai n Y270 by el ect r opor at i on ( Becker and Guar ent e,

1991; Rot hst ei n, 1983) . Ur a+ t r ansf or mant s coul d onl y be r ecover ed f or

t he nuf l - 1 : : URAS al l el e and not f or nuf l - 2 : : URA3. Pr esumabl y, pr omot er oc-

cl usi on pr event s ef f i ci ent t r anscr i pt i on of t he URA3 gene i n t he nuf l -

2 : : URA3 const r uct .

Two nuf l : : URA311NUFI het er ozygous di pl oi ds wer e spor ul at ed . 32

t et r ads wer e anal yzed f r om st r ai n Y727. 25 t et r ads segr egat ed pr ogeny

wher e 2 spor es pr oduced col oni es and 2 por es di d not ( 2 : 2 segr egat i on) ;

7 t et r ads segr egat ed pr ogeny wher e 1 spor e pr oduced a col ony and 3 spor es

di d not ( 1 : 3 segr egat i on) . Fr om st r ai n Y728, 23 t et r ads wer e anal yzed, 17

t et r ads segr egat ed pr ogeny i n whi ch 2 spor es each pr oduced col oni es and

2 di d not ; 5 t et r ads segr egat ed pr ogeny i n whi ch one spor e pr oduced a

col ony and t hr ee di d not . Al l hapl oi d pr ogeny t hat f or med col oni es wer e

Ur a- as det er mi ned by r epl i ca- pl at i ng ont o SC pl at es l acki ng ur aci l .

Gel bl ot anal ysi s of genomi c DNA of Y727 usi ng 32P- l abel ed NUFl

pr obes conf i r med cor r ect subst i t ut i on at t he NUFI l ocus ; anal ysi s of t wo

pr ogeny t hat f or med col oni es f r omt hi s st r ai n r eveal ed t hat t hey cont ai ned

onl y t he wi l d- t ype NUMal l el e .

Resul t s

nuf l : : URA3- 1

NUF1

nuf l : : URAS- 1

NUF1

TYRI

t yr l

TYRI

TYR]

I sol at i on of t he NURGene

To i dent i f y pr ot ei ns t hat mi ght be st r uct ur al component s of

t he nucl eus, an i mmunol ogi cal appr oach was under t aken . A

var i et y of yeast subnucl ear f r act i ons wer e pr epar ed and com-

pl ex pol ycl onal ant i bodi es wer e gener at ed i n mi ce . One nu-

cl ear f r act i on, a super nat ant obt ai ned af t er washi ng yeast

nucl ei wi t h EDTA, t hen t r eat i ng wi t h 0. 2 MNaCI and 1%

Tr i t on X- 100, yi el ded pol ycl onal ant i bodi es t hat r ecogni zed

f i ve maj or bands on i mmunobl ot s of yeast pr ot ei ns and a

l ar ge number of mi nor speci es ( dat a not shown) . I ndi r ect i m-

munof l uor escence i ndi cat ed t hat t hi s compl ex ser um r ecog-

ni zed a var i et y of nucl ear component s i ncl udi ng t he nucl ear

envel ope, nucl eol us and t he nucl ear i nt er i or . Thi s ser umwas

used t o scr een 1 x 106 r ecombi nant phage of a Xgt 1I yeast

genomi c l i br ar y . Two posi t i ve cl ones, XNUFLI and XB,

wer e i dent i f i ed and shown t o be di st i nct by compar i son of

DNA sequences and r est r i ct i on maps .

Pr ot ei ns pr oduced f r om t he Xgt l l cl ones wer e used t o

af f i ni t y pur i f y ant i bodi es f r omt he compl ex ser um. Pr ot ei ns

f r omXB pur i f i ed ant i bodi es t hat r ecogni ze a 60- kDcyt opl as-

mi c pr ot ei n as det er mi ned by i ndi r ect i mmunof l uor escence
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Fi gur e 1. A r est r i ct i on map of t he NUFI r egi on and sequenci ng
st r at egy. The posi t i ons of yeast codi ng sequences of t he Xgt l l cl one,

XNUFLI , and t he XEMBL3A cl ones, XNUF1 . 2 and XNUF1. 3, ar e
i ndi cat ed . XNUF1 . 2 and XNUF1 . 3 cont ai n - 15- kb yeast DNA
i nser t s and wer e mapped onl y i n t he NUFI r egi on ; unchar act er -

i zed por t i ons ext end beyond t hi s r egi on as i ndi cat ed by t he dashed
l i nes . The posi t i on of t he 900- bp segment used f or gener at i ng
GST: : NUFI f usi ons i s al so i ndi cat ed . For t he sequenci ng st r at egy,
ar r ows i ndi cat e t he l engt h and di r ect i on of t he sequence det er -
mi ned . Ar r ows begi nni ng wi t h a shor t ver t i cal l i ne denot e sequence
der i ved f r om t he ANUFU cl one ; ar r ows st ar t i ng wi t h a ci r cl e de-
not e sequence der i ved f r om t he XEMBL3A cl ones . No sequence
di f f er ences wer e obser ved bet ween t he Xgt l l and XEMBL3A cl one .
( Bonom) The posi t i on of t he nuf l - 1 : :U. 43 i nser t i on mut at i on i n t he
NUT7 gene . A 1 . 1- kb f r agment cont ai ni ng t he URA3 gene ( not t o
scal e) was i nser t ed i nt o t he Hi ndl I I si t e l ocat ed at t he 5' end of t he

NUFI gene. The open r eadi ng f r ame of URA3 i s i n t he opposi t e

di r ect i on of t he NUF7 ORE

and i mmunobl ot anal ysi s . Ant i bodi es pur i f i ed f r omXNUFl . I

pr ot ei ns f ai l ed t o pr ovi de def i ni t i ve r esul t s i n i ndi r ect i m-

munof l uor escence . However , XNUFI . l was st udi ed f ur t her

because pr el i mi nar y sequence anal ysi s i ndi cat ed t hat t he

pr edi ct ed pr ot ei n encoded by t hi s cl one may f or ma coi l ed-

coi l st r uct ur e ( see bel ow) . A r est r i ct i on map of XNUFL1 i s

pr esent ed i n Fi g . 1 . The encoded gene i s cal l ed NUFI f or

Nucl ear Fi l ament - r el at ed gene. NUFI i s not encoded as a f u-

si on pr ot ei n on ANUFl . l as det er mi ned by bot h i mmunobl ot

anal ysi s ( not shown) and DNAsequence anal ysi s ( see bel ow) .

The NURGene Encodes a 110- kDPbl ypept i de That
Fr act i onat es wi t h t he Nucl eus

I ndi r ect i mmunof l uor escence or i mmunobl ot anal ysi s f ai l ed
t o pr ovi de concl usi ve r esul t s usi ng XNUFLI pr ot ei ns t o
af f i ni t y pur i f y ant i bodi es f r omt he compl ex ser um. We t her e-
f or e pr epar ed pol ycl onal ant i bodi es di r ect l y t o t he NUF1
gene pr oduct . An i nt er nal 0. 9- kb codi ng segment of t he

NURgene was cl oned i nt o t he pGEXI vect or ( Fi g . 1) , and
a 65- kDgl ut at hi one- S- t r ansf er ase : : NUF1 f usi on pr ot ei n was

over pr oduced i n E. col i . 55 % of t he 65- kD f usi on pr ot ei n

was encoded by NUFI sequence, t he r emai nder by gl ut at hi one-
S- t r ansf er ase . Rabbi t s wer e i mmuni zed wi t h t he GST: : NUF1

f usi on, and NUFI - speci f i c ant i bodi es wer e af f i ni t y pur i f i ed

f r om t he i mmune ser umusi ng t he f usi on pr ot ei n .

To det er mi ne t he si ze and subcel l ul ar l ocat i on of t he NUF1

Mi r zayan et al . NUFl : ANovel Yeast Coi l ed- Coi l Nucl eoskel et al Pr ot ei n

Fi gur e 2 . I mmunobl ot of yeast
spher opl ast pr ot ei ns and pr o-
t ei ns f r om nucl ear and cyt o-
pl asmi c f r act i ons pr obed wi t h
ant i - NUF1 ant i bodi es . Equal
amount s of pr ot ei ns pr epar ed
f r omwhol e yeast cel l s ( Tot ab,
yeast nucl ear ( Nuc) and cyt o-
pl asmi c ( Cyt o) f r act i ons wer e
separ at ed i n a pol yacr yl ami de
gel cont ai ni ng SDS. I mmu-
nobl ot s wer e pr epar ed and
pr obed wi t h af f i ni t y- pur i f i ed
ant i - NUFI ant i ser umand pr e-
i mmune ser a . ( Lef t ) Af f i ni t y

pur i f i ed ant i bodi es . ( Ri ght ) Pr ei mmune ser um. The ar r owhead i n-
di cat es t he posi t i on of t he 110- kD NUFI pol ypept i de .

pr ot ei n i n yeast , i mmunobl ot t i ng exper i ment s wer e per -

f or med on subcel l ul ar f r act i ons . Homogenat es of yeast

spher opl ast s wer e separ at ed i nt o nucl ear and cyt opl asmi c

f r act i ons, and equal amount s of pr ot ei n f r om each sampl e

wer e separ at ed i n an SDS- pol yacr yl ami de gel . I mmunobl ot s

wer e pr epar ed and pr obed wi t h af f i ni t y- pur i f i ed ant i - NUFI

ant i bodi es . As shown i n Fi g . 2, a pr ot ei n of 110 kDi s r ecog-

ni zed i n t he spher opl ast homogenat e ; t hi s pr ot ei n i s hi ghl y

enr i ched i n t he nucl ear f r act i on . Two l ess i nt ense bands of

l ower mol ecul ar mass ar e al so det ect ed i n t he nucl ear f r ac-

t i on . These smal l er pr ot ei ns pr obabl y r epr esent degr adat i on

pr oduct s si nce t hey ar e not obser ved under condi t i ons t hat
r educe pr ot eol ysi s ( not shown) . No bands ar e obser ved i n ex-

per i ment s usi ng pr ei mmune ser um. Thus, t he 110- kD nu-

cl ear pol ypept i de cor r esponds t o t he NUFI gene pr oduct .

The NURGene Pr oduct Local i zes t o t he Nucl eus by .
I ndi r ect I mmunof l uor escence

	

-

To i ndependent l y t est t he nucl ear l ocat i on of t he NUFI pr o-

t ei n, i ndi r ect i mmunof l uor escence exper i ment s wer e car r i ed
out on di pl oi d yeast cel l s usi ng af f i ni t y- pur i f i ed ant i - NUF1

ant i bodi es. Ant i - NUFI st ai ni ng i s vi si bl e t hr oughout t he nu-

cl eus, and i s not uni f or m, but appear s somewhat gr anul ar

( Fi g. 3) . The NUFI pr ot ei n i s not pr esent i n t he nucl eol ar

r egi on, whi ch i s r ecogni zabl e as t he weak DAPI - st ai ni ng

por t i on of t he nucl eus . Fur t her mor e, nucl ear st ai ni ng i s ob-

ser ved i n al l cel l s r egar dl ess of t he st age of t he cel l cycl e ;

unbudded, smal l budded, and l ar ge budded cel l s ( i ncl udi ng

mi t ot i c cel l s wi t h di vi di ng nucl ei ) al l st ai n wi t h si mi l ar i n-

t ensi t y . Wi l d t ype t et r apl oi ds, di pl oi ds and het er ozygous

nuf l / NUF7 di pl oi d mut ant s each st ai n wel l . No st ai ni ng

above backgr ound was obser ved when pr ei mmune ser a was

used ( Fi g. 3 e) . Thus, subcel l ul ar f r act i onat i on and i m-

munof l uor escence exper i ment s bot h i ndi cat e t hat t he NUFI

pr ot ei n i s a nucl ear pr ot ei n .

The NUFI Pr ot ei n I s l i ght l y Associ at ed
wi t h Yeast Nucl ei

To under st and t he nat ur e of t he associ at i on of t he NUFI pr o-

t ei n wi t h t he nucl eus, bi ochemi cal ext r act i on exper i ment s

wer e per f or med . Yeast nucl ei wer e pr epar ed and ext r act ed

wi t h a buf f er cont ai ni ng ei t her 0 . 2, 0. 5, 1 . 0, or 2 . 0 MNaCl ,

or wi t h 1 %Tr i t on X- 100 i n combi nat i on wi t h i ncr easi ng sal t

concent r at i ons ( see Mat er i al s and Met hods) . The i nsol ubl e
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Fi gur e 3 I ndi r ect i mmunof l uor escence of di pl oi d yeast cel l s usi ng af f i ni t y- pur i f i ed ant i - NUFI ant i bodi es ( A- C) and cont r ol pr ei mmune

ant i bodi es ( D- F) . ( A and D) Di f f er ent i al i nt er f er ence cont r ast mi cr oscopy of t he st ai ned cel l s . ( B and E) St ai ni ng wi t h ant i - NUFI ant i bodi es

( B) or pr ei mmune ant i bodi es ( E) . ( Cand F) Hoechst 33258 DNA st ai ni ng of t he same sampl es. Not e t hat each sampl e cont ai ns unbudded,

smal l budded, and mi t ot i c cel l s .

nucl ear mat er i al was pel l et ed by cent r i f ugat i on ; t he ex-

t r act ed pr ot ei ns r emai ned i n t he super nat ant . Cont r ol nucl ei

r ecei ved onl y buf f er t r eat ment . As shown i n Fi g . 4, t he

NUR pr ot ei n and pr esumed degr adat i on pr oduct s ar e not

ext r act ed wi t h ei t her 0. 2 or 0. 5 MNaCl , and ext r act i on wi t h

up t o 1 . 0 or 2. 0 MNaCl al so f ai l ed t o r emove t he NUFI pr o-

t ei n f r om t he nucl eus ( dat a not shown, i dent i cal t o t hat ob-

ser ved f or sampl es A- D) . Fur t her mor e, t he maj or i t y of t he

NUFI pr ot ei n r emai ned i n t he pel l et af t er ext r act i on wi t h 0. 2

or 1 . 0 MNaCI i n t he pr esence of 1. 0% Tr i t on X- 100, al -

t hough smal l amount s of t he NUFI pr ot ei n ar e r el eased un-

der t hese membr ane sol ubi l i zat i on condi t i ons . Ext r act i on of

yeast nucl ei wi t h 10 mMl i t hi umdi i odosal i cyl at e whi ch r e-

moves hi st ones ( Mi r kovi t ch et al . , 1984) , al so does not r e-

move t he NUFI pr ot ei n f r om t he nucl eus ( dat a not shown;

i dent i cal t o t hat of sampl es A- D, Fi g . 4) . These exper i ment s

i ndi cat e t hat t he NUFI pr ot ei n i s t i ght l y associ at ed wi t h t he

yeast nucl eus and does not depend upon membr ane i nt egr i t y

or chr omat i n f or t hi s associ at i on.

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

Fi gur e 4. I mmunobl ot s of nucl ear f r act i ons af t er ext r act i on wi t h

sal t , Tr i t on X- 100, and/ or nucl ease t r eat ment . Yeast nucl ei wer e ex-

t r act ed wi t h l ow sal t buf f er ( A) , or buf f er pl us 0. 2 MNaCI ( B) , 0. 5

MNaCl ( C) , RNAse A pl us DNAase I ( D) , 1% Tr i t on ( E) , 1%

Tr i t on pl us 0. 2 MNaCl ( F) , or 1%Tr i t on pl us 1 . 0 MNaCl ( G) .

The ext r act ed pr ot ei ns r ecover ed f r om t he super nat ant ( S) and r e-

si dual pel l et pr ot ei ns ( P) wer e separ at ed i n a 7. 5 %pol yacr yl ami de

gel , bl ot t ed, and pr obed wi t h ant i - NUFI ant i bodi es .
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To t est whet her NUFl i s associ at ed wi t h RNA or DNA,

t he yeast nucl ei wer e t r eat ed wi t h RNAse and DNAase ( Fi g.

4, sampl e D) . No det ect abl e NUFl pr ot ei n was r el eased

f r omt he nucl ei , i ndi cat i ng t hat i nt act DNAand RNAar e not

r equi r ed f or mai nt ai ni ng NUFI nucl ear associ at i on .

The Pr edi ct ed NUF7 Pr ot ei n Sequence
Cont ai ns a Lar ge Domai n wi t h Si mi l ar i t y
t o Coi l ed- Coi l Pr ot ei ns

I n an ef f or t t o l ear n mor e about t he f unct i on of t he NUFI

gene pr oduct , t he DNA sequence of t he NUF7 gene was de-

t er mi ned . The ent i r e NUFl open r eadi ng f r ame pr oved t o be

encoded by XNUFLI , al t hough t hi s cl one cont ai ned ver y l i t -

t l e f l anki ng sequence ( Fi g . 1) . To i sol at e a cl one encodi ng t he

ent i r e NUE gene wi t h addi t i onal f l anki ng sequences, a 1 . 9-

kb segment of t he NUHgene was used as a pr obe t o scr een

a XEMBL3A l i br ar y cont ai ni ng - 15 kb segment s of yeast

genomi c DNA. Two posi t i ve cl ones, XNUF1 . 2 and XNUF1 . 3

wer e i dent i f i ed . XNUF1 . 2 cont ai ns t he 3' end of t he NUFI

gene, and XNUF1 . 3 cont ai ns t he ent i r e NUR r eadi ng f r ame

pl us adj acent sequences ( Fi g . 1) .

A 3 . 7- kb segment cont ai ni ng t he NUM gene was se-

quenced usi ng t he di deoxy sequenci ng met hod ( Fi g . 5) . A

si ngl e l ar ge open r eadi ng f r ame ( 1- 2, 835 bp) was f ound,

capabl e of encodi ng a 112- kD pr ot ei n . The NURcodi ng r e-

gi on l acks a TACTAAC sequence f ound near t he 3' ends of

most yeast i nt r ons ( Teemet al . , 1984) , suggest i ng t hat no i n-

t er veni ng sequences i nt er r upt t he open r eadi ng f r ame . Fur -

t her mor e, t he si ze of t he pr ot ei n pr edi ct ed f r omt he DNA se-

quence i s 112 kD, consi st ent wi t h t he r esul t s obt ai ned by

i mmunobl ot anal ysi s . The pr edi ct ed NUFI pr ot ei n cont ai ns

many char ged ami no aci ds : l ysi ne ( 12 . 9% of t ot al r esi dues)

ar gi ni ne ( 7. 3%) , gl ut ami c aci d ( 13%) , and aspar t i c aci d

( 7. 5 %) . However , t he number of aci di c and basi c r esi dues i s

appr oxi mat el y equal , and t hey ar e gener al l y wel l di st r i but ed

t hr oughout t he pr ot ei n, except at t he car boxy t er mi nus whi ch

i s enr i ched i n ar gi ni nes .

The pr edi ct ed NUFl pr ot ei n sequence was compar ed t o

ami no aci d sequences i n t he NBRF- PI R dat abase usi ng t he

FASTA pr ogr ams and t o t r ansl at ed sequences i n t he Gen-

bank dat abase usi ng t he t FASTA pr ogr ams ( Pear son and Li p-

man, 1988) . The NUFl pr ot ei n was f ound t o have si gni f i cant

sequence si mi l ar i t y t o pr ot ei ns capabl e of f or mi ng coi l ed-

coi l st r uct ur es such as myosi ns, nucl ear l ami ns, and cyt o-

pl asmi c i nt er medi at e f i l ament s . Sequence si mi l ar i t y i s st r on-

gest i n t he cent r al NUFI r egi on ext endi ng f r omami no aci d

r esi dues 164 t o 791 . When t hi s r egi on, whi ch compr i ses

627 ami no aci ds ( 66. 4%) of t he pr edi ct ed NUFI pr ot ei n, i s

compar ed wi t h known sequences, up t o 21%sequence i den-

t i t y and 68% sequence si mi l ar i t y i s f ound wi t h t he coi l ed-

coi l cl ass of pr ot ei ns ( see Fi g . 6 f or compar i son wi t h t he

myosi n heavy chai n of Di ct yost el i um di scoi deum) . These

compar i sons suggest t hat t he NUFl pr ot ei n i s a coi l ed- coi l

pr ot ei n .

Fur t her i ndi cat i on t hat NUFl i s a coi l ed- coi l pr ot ei n i s de-

r i ved f r omsecondar y st r uct ur e anal ysi s of t he pr edi ct ed pr o-

t ei n sequence. Coi l ed- coi l r egi ons ar e gener al l y al pha hel i -

cal wi t h hept ad per i odi ci t y ; hydr ophobi c r esi dues ar e

usual l y f ound i n t he f i r st and f our t h posi t i ons of t he hept ad

( posi t i ons a and d when ami no aci d r esi dues i n each hept ad

ar e l abel ed a- g) , and hydr ophi l i c r esi dues of t en occupy t he

r emai ni ng posi t i ons . Thi s conf i gur at i on gener at es a hydr o-

Mi r zayan et al . NUFI : A Novel Yeast Coi l ed- Coi l Nucl eoskel et al Pr ot ei n

phobi c f ace on one si de of t he a- hel i x ; i nt er act i on of t wo

subuni t s occur s at t hei r hydr ophobi c f aces t o f or ma coi l ed-

coi l di mer ( Cohen and Par r y, 1990) .

Secondar y st r uct ur e anal ysi s ( Pear son and Li pman, 1988)

of t he NUFl pr ot ei n sequence pr edi ct s an al pha hel i cal do-

mai n i n t he cent r al r egi on ( Fi g . 7) . Thi s r egi on cont ai ns

r egul ar hept ad r epeat s wi t h pr edomi nant l y hydr ophobi c

r esi dues i n t he a and d posi t i ons ( Fi g. 6) . Wi t hi n t hese posi -

t i ons, most ( 57 %) of t he hydr ophobi c r esi dues ar e l euci nes .

As i s char act er i st i c of coi l ed- coi l pr ot ei ns, t he ot her posi -

t i ons of t he hept ad cont ai n a hi gh number of char ged ami no

aci d r esi dues wi t h t hose i n posi t i ons e and g cont ai ni ng t he

hi ghest per cent age ( 61% char ged ami no aci ds i n e and g as

compar ed t o 44%char ged r esi dues i n c, d, f ) . Thus, bot h

homol ogy sear ches and secondar y st r uct ur e pr edi ct i ons i n-

di cat e t hat t he NUFl pr ot ei n coul d be a f i l ament ous pr ot ei n

i n t he cel l .

Cl oser i nspect i on of t he pr edi ct ed secondar y st r uct ur e i n-

di cat es t hat t he 627 ami no aci d cent r al r egi on cont ai ns seven

shor t i nser t i ons 1- 11 ami no aci ds l ong t hat i nt er r upt t he hep-

t ad per i odi ci t y ( Fi gs . 6 and 7) . However , we expect t hat t he

ent i r e r egi on f or ms a si ngl e coi l ed- coi l , because t he smal l i n-

ser t i ons t hat separ at e t he ei ght coi l ed- coi l segment s do not

cont ai n pr ol i nes and ar e expect ed t o onl y cause mi nor shi f t s

i n t he phasi ng of t he hept ads ( see Di scussi on) .

The ami no- and car boxy- t er mi nal domai ns t hat f l ank t he

cent r al coi l ed- coi l domai n ar e 164 and 153 ami no aci d

r esi dues l ong, r espect i vel y . Al l of t he pr ol i ne r esi dues f al l

i nt o t hese domai ns . The ami no- t er mi nal domai n cont ai ns

t wo pot ent i al phosphor yl at i on sequences f or t he cdc2/ CDC28

pr ot ei n ki nase ( Shenoy et al . , 1989) , whi ch has been i mpl i -

cat ed i n nucl ear l ami n di sassembl y ( Heal d and McKeon,

1990) . One of t hese sequences l i es at r esi dues 36- 39 ( SPTK)

and t he ot her at 91- 93 ( SPR) . A l ess per f ect r ecogni t i on se-

quence f or t hi s enzyme i s f ound at ser i ne 116 . No cdc2/

CDC28 phosphor yl at i on consensus sequences ar e f ound i n

t he car boxy t er mi nus . As not ed above, t he car boxy- t er mi nal

end has an abundance of ar gi ni ne r esi dues . An unusual l y

hi gh number of t yr osi ne r esi dues ar e al so f ound i n t hi s r egi on

( 13 % of t he t ot al ami no aci ds i n t hi s r egi on ar e t yr osi ne) .

Addi t i onal f eat ur es of t he pr edi ct ed NUF1 pr ot ei n sequence

ar e pr esent ed i n t he di scussi on .

I n summar y, t he NUFI pr ot ei n can be di vi ded i nt o t hr ee

gener al domai ns : an ami no- t er mi nal domai n wi t h pot ent i al

phosphor yl at i on si t es, an ar gi ni ne- t yr osi ne- r i ch car boxy-

t er mi nal domai n, and a cent r al al pha hel i cal r egi on pr edi ct ed

t o f or m a coi l ed- coi l r od .

The NURGene I s Essent i al f or Cel l Gr owt h i n Yeast

To det er mi ne whet her t he NUFl gene pr oduct i s essent i al f or

yeast cel l gr owt h, t he NUMgene was di sr upt ed i n vi vo . The

URA3 gene of yeast was i nser t ed near t he 5' codi ng r egi on

of t he NURgene such t hat onl y 74 ami no aci ds of t he NUFI

pr ot ei n can be t r ansl at ed upst r eam of t he i nser t i on ( see Fi g .

1) . The nuf l 1: : URA3 al l el e was i nt r oduced i nt o a di pl oi d

yeast st r ai n by one- st ep gene t r anspl acement ( Rot hst ei n,

1983) . Cor r ect subst i t ut i on at t he NUMl ocus was conf i r med

by gel bl ot anal ysi s of yeast genomi c DNA. Thi s t r ansf or -

mant and a second i ndependent t r ansf or mant wer e spor ul at ed

and 55 t ot al t et r ads wer e anal yzed . 42 t et r ads each yi el ded

t wo hapl oi d pr ogeny t hat f or med col oni es and t wo t hat di d

not ; t he r emai ni ng 13 t et r ads each yi el ded one pr ogeny t hat
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AATI ' CGGGAGCTCCTTGTAGACATI ' ATTTCATATGTTATACTTAAACTAGATAGAGACGTMTATMTACTAAGCTGAACATTACCCTAATTACGCGTTATAAGTTTTAATCCTTCATTTTG

AAGGAAAACAAATAAACAAAAAG9TGA' I GTGGAAC_ . kAATACAA ' I GTGCGC_GGATA' I CTTAAGCAACTI CGTTAGTTACAGTCCACACAAAGCGAAAAAGGGCTGATAAACACTC

1

	

ATG GAC GAA GCG TCA CAT CTC CCA AAT GGG AGC TTG AAG AAC ATG GAA TTT ACG CCT GTA GGA TTT ATC AAA TCC AAG CGA AAC ACC ACG

1 M D E A S H L P N G S L K N M E F T P V G F I K S K R N T T

91 CAA ACA CAA GTT GTA TCG CCT ACT AAG CTT CCA AAT GCC AAT AAT GGT GAT GAG AAC GAA GGC CCT GTT AAG AAA AGG CAG AGA AGA AGC

31 Q T Q V V S P T K V P N A N N G D E N E G P V K K R Q R R . S

181 ATT GAT GAT ACA ATT GAC TCC ACA AGG CTA TTT AGT GAA GCT TCA CAA TTC GAT GAC AGC TTT CCA GAA ATT AAG GCT AAC ATT CCG CCT

61 I D D T I D S T R L F S E A S Q F D D S F P E I K A N I P P

271 AGT CCA AGG TCA GGC AAT GTT GAC AAA AGT CGC AAG AGA AAT TI r ATT GAT GAT TI G AAG AAA GAT GTG CCA ATS, TCT CAG CCC TTG AAA

91 S P R S G N V D K S R K R N L I D D L K K D V P M S Q P L K

361 GAA CAA GAA GTA AGA GAA CAC CAA ATG AAG AAA GAG CGA TTT GAC CGT GCT Tr A GAG AGT AAA Tr A CTA GGA AAA AGA CAC ATA ACA TAC

121E Q E V R E H Q M K K E R F D R A L E S K L L G K R H I T Y

a51 GCA AAT TCT GAT ATT TCT AAT AAG GAA CTT TAC ATT AAT GAA ATC AAG AGT TTG AAG CAT GAA ATC AAA GAA TTA AGA AAG GAA AAA AAC

151A N S D I S N K E L Y I N E I K S L K H E I K E L R K E K N

sat GAT ACT CTC AAT AAT TAT GAT ACC CTT GAA GAA GAA ACA GAT GAC TTG AAG AAC AGA Tr A CAA GCG CTG GAA AAA GAG CTG GAC GCC AAA

181 D T L N N Y D T L E E E T D D L K N R L Q A L E K D V D A K

631 AAT AAA ATT GTG AAT TCA AGA AAA GTA GAT GAT CAT TCT GGA TGC ATA GAA GAA CGT GAA CAA AM GAA AGA AAG TTG GCT GAA TTA GAA

211N K I V N S R K V D D H S G C I E E R E Q M E R K L A E L E

021 AGA AAA CTG AAA ACT GTG AAA GAC CAA GTG CTA GAA TTA GAG AAT AAT AGT GAC GTA CAA AGT TTA AAA TTG AGA WT AAG GAG GAT GAA

241R K L K T V K D Q V L E L E N N S D V Q S L K L R S K E D E

e11 TTG AAG AAT TTA ATG AAT GAG TI G AAT GAA TTG AAG AGC AAT GCA GAA GAA AAG GAT ACA CAG TZG GAA TTC AAG AAA AAT GAA CTG AGG

271L K N L M N E I . N E L K S N A E E K D T Q L E F K K N E L R

9o1 AAA CGA ACA AAT GAA Tr A AAT GAG TTG AAA ATC AAG TCT GAT GAG ATG GAT TTA CAA CTA AAA CAA AAA CAA AAT GAA TCA AAA AGA Tr A

301K R T N E L N E L K I K S D E M D L Q L K Q K Q N E S K R L

991 AAA GAT GAA TTA AAT GAG CTT GAA ACC AAA TTC AGC GAA AAT GGT TCT CAG TCT TCT GCA AAA. GAA AAT GAA TTG AAA ATG CTG AAA AAT

331K D E L N E L E T K F S E N G S Q S S A K E N E L K M L K N

1o81 AAA ATA GCC GAG CTA GAG GAA GAG ATT AGC ACG AAA AAT TCA CAG TTA ATC GCA AAA GAA GGT AAG TTA GCA TCA TTA ATG GCT CAG CTA

361K I A E L E E E I S T K N S Q L I A K E G K L A S L M A Q L

1101 ACT CAA TTG GAG AGT AAA CTT AAT CAA AGA GAC TCC CAG TI G GGC TCA AGG GAA GAA GAA TTG AAA AAA ACA AAC GAT AAG CTA CAA AAA

391T Q L E S K L N Q R D S Q L G S R E E E L K K T N D K L Q K

1261 GAT ATC AGG ATA GCA AGA GAG GAA ACA GTT TCA AAG GAT GAA CCG ATA ATT GAT CTT CAA AAA AAG GTT AAA CAG CTA GAA AAT GAC Tr A

421D I R I A R E E T V S K D E R I I D L Q K K V K Q L E N D L

1351 TTT GTG ATA AAA AAA ACG CAC AGT GAG TCT AAA ACT ATT ACT GAT AAT GAA CTA GAA TCT AAA GAT AAA CTT ATT AAA ATT TTA GAA AAC

ast F V I K K T H S E S K T I T D N E L E S K D K L I K I L E N

1441 GAT Tr A AAG GTT GCA CAA GAG AAG TAC WT AAA AM GAA AAA GAG CTC AAA GAA AGG GAA TTT AAC TAT AAA ATT WC GAA TCA AAG T1G

481D L K V A Q E K Y S K M E K E L K E R E F N Y K I S E S K L

1531 GAA GAT GAA AAG ACC ACG CTA AAT GAA AAA ATT TCT AAC TTA GCC GCA GA- A AAC TCA CAG CTA AAA AAT AAA ATA GAG GAC AAT TCG ACT

si l E D E K T T L N E K I S N L A A E N S Q L K N K I E D N S T

1621 GCC ACT CAC CAT AM AAA GAA A. AC TAT GAG AAG ( AG TTA GAA TCG CTA AGG AAA GAT ATT GAA GAG TAC AAA GAA AGC GCA AAA GAT TCT

541A T H H M K E N Y E K Q L E S L R K D I E E Y K E S A K D S

1011 GAA GAC AAA ATT GAG GAA CTA AAA ATT AGG ATT GCT GAA AAT TCT GCT AAA GTA TCG GAG AAA AGA TCA AAG GAT ATA AAA CAA AAA GAT

571E D K I E E L K I R I A E N S A K V S E K R S K D I K Q K D

1eo1 GAA CAG ATC AGC GAC CTC ACT CAG AAT CTA AAA CTA CAA GAA GAT GAG ATA AGC TCA TTA AAA TCC ATA ATT GAC AGG TAC AAA AAA GAT

6o1 E Q I S D L T Q N L K L Q E D E I s` S L K S I I D R Y K K D

1991 TTC AAT CAA TTG AAA TCT GAA CAG AGT AAT ATC CAA CAT GAC CTA AAT TTA CAA ATA CTA AAT CTG GAA AAT AAG TTA ATA GAG AGC GAG

631F N Q L K S E Q S N I Q H D L N L Q I L N L E N K L I E S E

19el GAT GAA TTA AAG TCA CTA AGA GAT TCT CAA AAA ATT GAA ATA GAA A. AC TGG AAG AGA AAG TAT AAC AAT CTT TCA CTG GAA AAT GAC AGA

661D E L K S L R D S Q K I E I E N W K R K Y N N L S L E N D R

2001 TTG TI G ACA GAA AAA GAA TCC GCA TCA GAC AAA GAG CGC GAG ATA WC ATC TI G AAC AGA AAA CTT GAT GAA ATG GAT AAA GAA AAA TGG

691L L T E K E S A S D K E R E I S I L N R K L D E M D K E K W

Fi gur e S. Nucl eot i de and pr edi ct ed ami no aci d sequences of t he NUR l ocus. The pr edi ct ed NUFI t r ansl at i on pr oduct i s depi ct ed bel ow

t he nucl eot i de sequence . Number s adj acent t o t he DNA sequence r ef er t o t he nucl eot i de posi t i on . Number s adj acent t o t he pr edi ct ed ami no

aci d sequence r ef er t o t he ami no aci d posi t i on . These sequence dat a ar e avai l abl e f r om EMBL/ Genbank/ DDBJ under accessi on number

Z11582 .
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2161 AAC TTA CAG GAA TCT AAA GAA AAA TAT AAA CGC GAA CTA CAG AAG GTG ATT ACT GCT AAT GAT CGT TTG AGA AGA GAG AAA GAG GAG TI G

721N L Q E S K E K Y K R E L Q K V I T A N D R L R R E K E E L

2251 AAT GAA AAC AGC AAT AAT ATT CGT ATC ATG GAA GAC AAG ATG ACT AGG ATA AAA AAA AAT TAT TI G AGT GAA ATC ACT TCT TTA CAA GAG

75i N E N S N N I R I M E D K M T R I K K N Y L S E I T S L Q E

2341 GAA AAT AGG AGA CTT GAA GAA CGC CTC ATA TTA AAT GAG AGG CGT AAA GAC AAT GAT TCA ACT ATG CAA TTA AAT GAC ATC ATA AGC TAT

181E N R R L E E R L I L N E R R K D N D S T M Q L N D I I S Y

2431 TAT AAA TTG AAG TAT CAC TCA GAA GTA AGA CAC AAC AAC GAT CTT AAG GTG ATC AAT GAT TAT TTA AAC AAG GTT CTT GCT TTG GGG ACC

811Y K L K Y H S E V R H N N D L K V I N D Y L N K V L A L G T

2521 CGT CGT TTA AGA T" I G GAC ACA AGG AAA GGT GAG CAC AGT CTA AAC ATT TCA CTT CCA GAC GAT GAT GAA CTA GAT CGT GAT TAC TAC AAT

e41 R R L R L D T R K G E H S L N I S L P D D D E L D R D Y Y N

2611 AGC CAT GTT TAT ACA AGG TAT CAT GAC TAT GAA TAC CCG CTT AGA TTC AAT TTA AAC AGA AGA GGT CCC TAT TI C GAA CGC CGC TTA AGC

871S H V Y T R Y H D Y E Y P L R F N L N R R G P Y F E R R L S

2701 TTC AAA ACA GTT GCC CTT TTA GTG CTT GCT TGT GTG AGG ATG AAA AGG ATT GCT TTT TAC AGG AGA WA GAC GAT AAC AGA TTG CGA ATA

vol F K T V A L L V L A C V R M K R I A F Y R R S D D N R L R I

2891 CTA AGA GAT AGA ATT GAG AGT AGC AGC GGG CGT ATA TCT TGG TAG

931L R D R I E S S S G R I S W

TATCGCTTACTCTATCATCATATTTCTCGTATGTACATCGACTCCTACGCAGACTGATCTTCAAGCGAGCCACCGTGAATGTGGAAGCATAAACAGATGAGAAACCTPPPI GTTTCTGAGATCG

TGACCTr AGATI GTAGTGTGCTAATCTCCCTAGTATI GACTACTPI GCGTI TATr CA==TCCAATAGAAATACAGCATAAAACATACGTAGGGTATATCTATGTATGTGGTATATTI G

TATTATAAGTTACTTAGATTTACTGGCGCCCT=AAGCTATI GTAATTATI TACGGCCTCTGCGATf C=CTr GAAAGTA7CTGTTATTAT000CAGTI GGTI TAACA=ATAGTGA

TPTr CCAACGTATCGCAT' I TPI ' CAAGGAGTTCTTTGAACT' I CGCAATATTI TTATCTATGGTG=CAATAATACCAMACC

Fi gur e S.

f or med a col ony and t hr ee t hat di d not . Al l pr ogeny t hat

f or med col oni es wer e Ur a- . Mi cr oscopi c i nspect i on of t he

pr ogeny t hat di d not f or mcol oni es r eveal ed t wo t o ei ght l ar ge

cel l s, i ndi cat i ng t hat t he spor es had ger mi nat ed and t he

d
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d

	

d a d

	

d

	

d

	

d

~ I KSLKHEI KEL, RKEKNDTLNNYOTLEEETDDLKNRLQALEKELDAKNKI VNSRKVDOHSGCI EEREOMERKL 236

NYONI N EQLAKSNVEKQRKKVEL. DLEDESAQLAEETAAKQALDKLKKKLEQELSEVQTQLSEANNKNVNS - - - - DSTN 1261

d

	

d e d

	

d a d a d a d

	

d e d a d

	

d

	

d

AELERKLKTVKDQVLELENNSDVQSL. KLRSKEDE' LKNLMNELNELKSNAEEKDTQLEFKKNELRKRTNELNELKI KSDEM 316

KHLETSFNNLKLELEAEQKAKQALEKKRLGLESELKHVNEQLEEEKKQKESNEK- - - - RKVDLEK - - EVSELKDQI EE-
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d a d a d a d a d a d a d a d s d a d a d

DLQLKQKQNESKRLKD- ELNELETKFSENGSQSSAKENELKMLKNKI AELEEEI STKNSQLI AKEGKLASLMAQLTQLES 395

EVASKKAVTEAKNKKESELDEI KRQYADW' SSRDKSVEQLKTLQAKNEELRNTAEEAEGQLDRAERSKKKAEFDLEEAVK 1414

d

	

d

	

d

	

d

	

d

	

d

	

d a d

	

d

	

d

KLNQRDSQLGSREEELKKTNDKLQKDI RI AREETVS$QF$I I DLQKKVKQLENDLFVI KKTHSESKTI TDaLLESKDKLI 475

NLEEETAKKVKAEKAMKKAETDYRSTKSELDDAKPNSSEQYVQI - KRLNEELSELRSVLEEADERCNSAI KAKKTAESAL 1494

d a d

	

d

	

d

	

d

	

d

	

d , d

	

d

	

d

	

d a

KI LENDLKVAQEKYSKMEKELEEREFNYKI SESKLEDEKTTLN- EKI SNLAAENSQLKNKI EDNSTATHHMKENYEKQLE 554

ESLKDEI DAANNAKAKAERKSKELEVRVAELEESLEDKSGTVNVEFI RKKDAEI DDLRARL- DRETESRI KSDEDKKNTR 1574

d a d

	

d

	

d a d

	

d

	

d e d s d

	

d

	

d

SLRKDI EEYKESAKDSEDKI EELKI RI AENSAKVSEKRSK Di k0KnE0 I SDLTQNLKLQEDEI SSLKSI I DRYKKDFNQL 634

KQFADLEAKVEEAQRE- TI DRLKKKLESDI I DLSTQLDTETKSR - - - I KI EKSKKKLEQTLAERRAAEEGSSKAADEEI 1651'

d d d d d

	

d d d d

~KSEQSNI QHDLNLQI LNLENKLI ESEDELKSLRDSQKI FTFNWKRKYI JN LSLENDRLLTEKESASDKEREI SI LNRKLDE 714

RKQVWQEVDELAAQLDSERAALNASEKKI KSLVA - - - - EVDEVKEQLEDEI LAKDKLVKAKRAL - - - EVELEEVRDQLEE 1724

d

	

d

	

d a d

	

d

	

d a d a d

	

d

	

d a d

MDKEEkEULQESKEKYKRELQKVI TANDRLRREKEELNENSNNI RI MEDKMTRI KKNYLSEI TSLQEENRRLEERLI L 791

EEDSRSELEDSKRRLTTEVEDI KKKYDAEVEQNTKLDEAKKK - - - LTDDVDTLKKQLEDEKKKLNESERAKKRLESE 1792

Fi gur e 6. Al i gnment of t he pr edi ct ed coi l ed- coi l sequence of t he

NUFl pr ot ei n ( t op) wi t h t he myosi n heavy chai n of Di ct yost el i um

di scoi deum( bot t om) . Thi s al i gnment , as det er mi ned by a sear ch of

t he NBRF- PI Rdat abase usi ng t he FASTA pr ogr am, i s r epr esent a-

t i ve of an aver age i dent i t y scor e ( 19. 5%) and si mi l ar i t y scor e

( 67. 5 %) f or myosi ns. Two dot s r epr esent ami no aci d i dent i t y ; one

dot r epr esent s ami no aci d si mi l ar i t y . Si mi l ar i t y was cal cul at ed t o

be 34 . 1% usi ng mor e st r i ngent cr i t er i a ( i dent i t i es pl us E = D,

K=R, Q=N, I =L=A=V=M, F=Y) . Thenumber s on

t he r i ght r epr esent ami no aci ds posi t i ons of t he NUFl pr ot ei n ( t op)

and of t he myosi n heavy chai n of D. di scoi deum ( bot t om) . The

f i r st and f our t h r esi dues of t he NUFl hept ad r epeat s ar e i ndi cat ed

by a and d. The seven under l i ned r egi ons r epr esent shor t i nt er r up-

t i ons i n t he pr edi ct ed coi l ed- coi l of t he NUFl pr ot ei n .
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veget at i ve cel l s had di vi ded one t o t hr ee t i mes bef or e deat h .

Appr oxi mat el y 80%of t he t er mi nal cel l s wer e budded .

Thus, NUMi s necessar y f or veget at i ve gr owt h .

NUFI Ant i bodi es Recogni ze a Rel at edAnt i gen i n t he

Nucl eus of CVI Cel l s

As shown i n t he accompanyi ng manuscr i pt ( Yang et al . ,

1992) coi l ed- coi l - r el at ed pr ot ei ns ar e al so pr esent i n t he nu-

cl ear i nt er i or of mammal i an cel l s . To det er mi ne whet her

NUFI - r el at ed pr ot ei ns ar e pr esent i n mammal i an cel l s, Af r i -

can Gr een Monkey Ki dney ( CVI ) cel l s wer e st ai ned wi t h

af f i ni t y- pur i f i ed ant i - NUF1 ant i bodi es usi ng i ndi r ect i mmu-

nol l uor escence. The r esul t s, shown i n Fi g . 8, i ndi cat e t hat

t he nucl eus st ai ns i nt ensel y. The st ai ni ng i s somewhat gr anu-

l ar and i s not pr esent i n t he nucl eol us, consi st ent wi t h NUF1

pr ot ei n l ocal i zat i on i n yeast . Ver y weak st ai ni ng i s det ect ed

i n t he cyt opl asm. I n mi t ot i c cel l s, t he NUF1 st ai n i s di s-

Fi gur e 7. Secondar y st r uct ur e pr edi ct i ons of t he NUFl pr ot ei n and

pr edi ct ed coi l ed- coi l r egi ons . The pr edi ct ed cent r al coi l ed- coi l do-

mai n i s depi ct ed as ei ght r egi ons t hat ar e separ at ed by mi nor phase

shi f t s . Secondar y st r uct ur e of t he NUF1 pr ot ei n was pr edi ct ed by

t he Gami er pr ogr am( Gami er et al . , 1978) . «- hel i x i s pr edi ct ed t o

compr i se most of t he coi l ed- coi l r egi on.
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Fi gur e 8. I ndi r ect i mmunof l u-

or escence of Af r i can gr een

monkey ( CM) cel l s usi ng af -

f i ni t y- pur i f i ed ant i - NUFI an-

t i bodi es . ( Panel s) Cel l s wer e

st ai ned wi t h af f i ni t y- pur i f i ed

NUFI ant i bodi es ( B) or pr e-

i mmune ser a ( D) . Hoechst

33258 st ai ni ng of DNA i n t he
same cel l s ar e shown i n A

and C.



per sed i n t he cyt opl asm ( dat a not shown) . Thus, t he mam-

mal i an NUFI anal ogue has a di f f er ent l ocal i zat i on t han

NuMA, a coi l ed- coi l r el at ed pr ot ei n t hat i s pr esent i n t he nu-

cl eus of i nt er phase cel l s and at t he mi t ot i c appar at us dur i ng

mi t osi s ( Yang et al . , 1992) .

Di scussi on

I n t he cyt opl asm, a f i l ament ous cyt oskel et on pr ovi des a

st r uct ur al f r amewor k f or cel l ul ar f unct i ons and over al l cel l u-

l ar or gani zat i on . Al t hough a l ami na of i nt er medi at e f i l ament -

r el at ed pr ot ei ns under l i es t he nucl ear envel ope, whet her a

net wor k of f i l ament s ext ends i nt o and or gani zes t he i nt er i or

of t he nucl eus i s a mat t er of gr eat i nt er est and cont r over sy .

I nt r anucl ear f i br ous el ement s can be obser ved af t er var i ous

ext r act i on pr ocedur es ( Ber ezney and Cof f ey, 1977 ; Jackson

and Cook, 1988 ; Lot hst ei n et al . , 1985) , but t he mol ecul ar

component s of such a pot ent i al nucl eoskel et on have not yet

been def i ned bi ochemi cal l y . The pr esent st udy and t he com-

pani on paper descr i be t wo pol ypept i des t hat ar e candi dat es

f or component s of an i nt er nal nucl ear f i l ament net wor k .

I n t hi s r epor t we descr i be t he i dent i f i cat i on of a novel gene

i n yeast cal l ed NUFI . Subcel l ul ar f r act i onat i on exper i ment s

and i mmunof l uor escence r esul t s i ndi cat e t hat t he NUFI pr o-

t ei n i s a 110- kDnucl ear pr ot ei n t hat i s t i ght l y associ at ed wi t h

t he yeast nucl eus . Based on t he pr edi ct ed secondar y st r uc-

t ur e, t he NUFI pr ot ei n i s expect ed t o have a l ong coi l ed- coi l

r egi on i n i t s cent r al domai n, 627 ami no aci d r esi dues i n

l engt h . Al l pr ot ei ns pr edi ct ed t o f or ml ong coi l ed- coi l st r uc-

t ur es, when anal yzed, have been shown t o f or mf i l ament s i n

vi vo or i n vi t r o ( Cohen and Par r y, 1990 ; St ei ner t and Pen-

man, 1985b) . Hence, we expect t hat t he NUFI pr ot ei n wi l l

f or m a f i l ament as wel l . Gene di sr upt i on exper i ment s i ndi -

cat e t hat t he NUF7 gene i s essent i al f or yeast cel l gr owt h .

These r esul t s and t hei r i nt er pr et at i on ar e di scussed i n f ur t her

det ai l bel ow.

The NURPr ot ei n I s 7ï ght l y Associ at ed wi t h
t he Yeast Nucl eus

I ndi r ect i mmunof l uor escence exper i ment s usi ng af f i ni t y-

pur i f i ed ant i - NUFI ant i bodi es i ndi cat e t hat t he NUF1 pr o-

t ei n i s pr esent i n t he yeast nucl eus i n a gr anul ar pat t er n t hat

excl udes t he nucl eol us . St ai ni ng i s cl ear l y not per i pher al ,

and i s pr esent at al l st ages of t he cel l cycl e . I n mammal i an

cel l s, si mi l ar gr anul ar st ai ni ng i s obser ved f or si t es of DNA

synt hesi s, whi ch copur i f y wi t h i nsol ubl e nucl ear mat r i x

pr epar at i on ( Nakayasu and Ber ezney, 1989) .

The compl ex ant i ser umused t o i sol at e t he NUF7 gene was

of i nt er est because i t r ecogni zed many nucl ear component s,

i ncl udi ng t he nucl ear i nt er i or . The mouse was i mmuni zed

wi t h a sol ubl e f r act i on f r omyeast nucl ei pr ot ei ns ext r act ed

wi t h 1 %Tr i t on X- 100 pl us 0. 2 MNaCl . Lat er bi ochemi cal

ext r act i on exper i ment s usi ng af f i ni t y- pur i f i ed ant i - NUFI f u-

si on pr ot ei n ant i bodi es conf i r med t he pr esence of smal l

amount s of NUFI pr ot ei n i n t hi s f r act i on . Thus, t he NUFI

pr ot ei n r el eased f r omnucl ei pr obabl y pr ovi ded one of t he

i ni t i al i mmunogens .

However , t he maj or i t y of NUFI pr ot ei n i s pel l et ed under

a number of ext r act i on condi t i ons, l eadi ng t o t he concl usi on

t hat t he NUFI pr ot ei n i s t i ght l y associ at ed wi t h t he nucl eus .

I t i s al most compl et el y i nsol ubl e under membr ane di sr upt -

i ng condi t i ons and under hi gh sal t condi t i ons t hat di sr upt

Mi r zayan et al . NUFI : A Novel Yeast Coi l ed- Coi l Nucl eoskel et al Pr ot ei n

i oni c i nt er act i ons bet ween pr ot ei ns . Ther ef or e, i t i s unl i kel y

t hat t he NUFI pr ot ei n i s f r eel y sol ubl e i n t he nucl eopl asm
i n vi vo . The NUFI pr ot ei n cannot be r emoved by t r eat ment s

wi t h nucl ease or l i t hi um di i odosal i cyl at e ( whi ch r emoves

hi st ones ; Mi r kovi t ch et al . , 1984) , i ndi cat i ng t hat i nt act

chr omat i n and RNA st r uct ur e i s not cr i t i cal f or mai nt ai ni ng

NUFI nucl ear associ at i on . These r esul t s st r ongl y suppor t

t he hypot hesi s t hat t he NUFI pr ot ei n i s par t of a st r uct ur al
f r amewor k i n t he yeast nucl eus . Whet her t he NUFI pr ot ei n

associ at es wi t h nucl ei by vi r t ue of sel f - associ at i on or by as-

soci at i on wi t h ot her i nsol ubl e nucl ear st r uct ur es i s an i mpor -

t ant i ssue t o be addr essed i n t he f ut ur e .

NUFI I s Pr edi ct ed t o Be a Lar ge Coi l ed- Coi l Pr ot ei n

Secondar y st r uct ur e pr edi ct i ons based on t he codi ng se-

quence i ndi cat e t hat t he NUFI pr ot ei n i s compr i sed of a l ong

al pha hel i cal r od domai n f l anked by nonhel i cal r egi ons . The

cent r al hel i cal r egi on cont ai ns canoni cal hept ad r epeat s wi t h

pr edomi nant l y hydr ophobi c r esi dues occupyi ng t he f i r st and

f our t h posi t i ons ( a and d) . I n coi l ed- coi l pr ot ei ns t he a and

d r esi dues of an a- hel i x f or ma hydr ophobi c f ace whi ch al -

l ows di mer i zat i on vi a hydr ophobi c i nt er act i ons ( Cohen and

Par r y, 1990 ; Di bb et al . , 1989 ; Gei sl er and Weber , 1982 ;

Kagawa et al . , 1989 ; McKeon et al . , 1986 ; St even et al . ,

1988) . Coi l ed- coi l di mer s ar e t hought t o be addi t i onal l y st a-

bi l i zed by i oni c i nt er act i ons bet ween char ged ami no aci ds

whi ch ar e pr eval ent at posi t i ons e and g ( Cohen et al . , 1987;

Di bb et al . , 1989) . Appr oxi mat el y 60% of t he e and g

r esi dues of t he NUFI pr ot ei n ar e char ged . Thus, t he hept ad

per i odi ci t y and di st r i but i on of char ged r esi dues i ndi cat e t hat

t he NUFI pr ot ei n may f or ma coi l ed- coi l di mer .
Consi st ent wi t h t he secondar y st r uct ur e anal ysi s, sear ches

of sequence dat abases wi t h t he pr edi ct ed NUFI pr ot ei n se-

quences r eveal ed t he NUFI pr ot ei n i s homol ogous t o pr o-

t ei ns of t he coi l ed- coi l f ami l y, i ncl udi ng myosi ns, l ami ns and

i nt er medi at e f i l ament s . The hi ghest si mi l ar i t y was wi t h myo-

si n heavy chai n sequences whi ch cont ai n a coi l ed- coi l r od

of - 900 ami no aci ds i n l engt h . However , unl i ke myosi n, t he

NUFI pr ot ei n l acks a nucl eot i de bi ndi ng si t e and conse-

quent l y i s pr obabl y not a mot or pr ot ei n .

The NUFI pr ot ei n i s si mi l ar t o i nt er medi at e f i l ament s pr o-

t ei ns i n t hat i t i s pr edi ct ed t o have a l ar ge cent r al coi l ed- coi l

domai n f l anked by nonhel i cal t er mi nal domai ns ( Gei sl er and

Weber , 1982 ; Hanukogl u and Fuchs, 1983 ; Mar chuk et al . ,

1984 ; St ei ner t and Li em, 1990 ; St ei ner t et al . , 1985a) . The

t er mi nal domai ns of i nt er medi at e f i l ament s ar e t hought t o be

i mpor t ant f or r egul at i ng t he assembl y of i nt er medi at e f i l a-

ment s and ot her speci f i c f unct i ons ( Gei sl er et al . , 1983) .

Phosphor yl at i on i n t hese domai ns i s r esponsi bl e f or r egul at -

i ng t he pr ocess of f i l ament assembl y and di sassembl y ( Gei s-

l er and Weber , 1988 ; Heal d and McKeon, 1990 ; Pet er et al . ,

1989 ; War d and Ki r schner , 1990) . I t i s possi bl e t hat t he

NUFI pr ot ei n i s al so r egul at ed by phosphor yl at i on event s .

The pr edi ct ed NUFI pr ot ei n cont ai ns many ( 12 . 8 %) ser i ne

and t hr eoni ne r esi dues t hr oughout i t s sequence . Two of t he

ser i ne r esi dues i n t he ami no t er mi nus of t he NUFI pr ot ei n

have cont ext s ver y si mi l ar t o nucl ear l ami ns and i n vi t r o

subst r at es of t he cdc2/ CDC28 pr ot ei n ki nase ( Heal d and

McKeon, 1990 ; Pet er et al . , 1989 ; Shenoy et al . , 1989 ; War d

and Ki r schner , 1990) .

I n t he nucl ear l ami ns, a put at i ve nucl ear l ocal i zat i on si g-

nal i s f ound i n t he nonhel i cal domai n ( Loewi nger and
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McKeon, 1988 ; Vor bur ger et al . , 1989) . The NUFI pr ot ei n

cont ai ns t hr ee sequences enr i ched i n basi c r esi dues t hat ar e

candi dat es f or nucl ear l ocal i zat i on si gnal s ( Hal l et al . , 1984 ;

Kal der on et al . , 1984a ; Kal der on et al . , 1984b) . Two ( KEK-

YKRand RLRREK) l i e at t he end of t he put at i ve coi l ed- coi l

( posi t i ons 726- 731 and 742- 747, r espect i vel y) . The ot her

( KKRQRR) l i es i n t he ami no- t er mi nal domai n at posi t i on

54- 59. Lami n Bal so cont ai ns an aci di c st r et ch at i t s car boxy

t er mi nus whi ch has been pr oposed t o bi nd chr omat i n ( Pet er

et al . , 1989 ; Vor bur ger et al . , 1989) . NUFI cont ai ns a si mi -

l ar l y si zed aci di c st r et ch at i t s car boxy t er mi nus ( r esi dues

860- 865) whi ch mi ght al so ser ve t o i nt er act wi t h chr omat i n .

Det ai l ed St r uct ur e of t he Pr edi ct edRod Domai n

I n spi t e of t he si mi l ar i t i es bet ween NUFI and member s of

t he i nt er medi at e f i l ament f ami l y, t her e ar e t hr ee maj or di f f er -

ences . Fi r st , t he l engt h of t he coi l ed- coi l r od domai n of t he

NUFI pr ot ei n i s t wi ce t hat of i nt er medi at e f i l ament s : 627

ami no aci ds r esi dues i n t he NUFI pr ot ei n as compar ed t o

310 ami no aci ds f or i nt er medi at e f i l ament pr ot ei ns ( or 352

f or nucl ear l ami ns) . Second, t he NUFI pr ot ei n does not con-

t ai n t he conser ved ami no aci ds r esi dues f ound i n t he f i r st and

l ast coi l s of i nt er medi at e f i l ament s ( McKeon et al . , 1986 ;

Weber et al . , 1988, 1989) . Thi r d, t he NUFI pr ot ei n di f f er s

wi t h r espect t o t he number and posi t i on of br eaks i n t he cen-

t r al coi l ed- coi l r od domai n. I nt er medi at e f i l ament s cont ai n

t hr ee hi ghl y conser ved br eaks of def i ned si zes ( LI : 8- 14,

L12 : 16- 17, L2 : 8 ami no aci ds l ong) ( St ei ner t et al . , 1985a) ;

t hese br eaks of t en cont ai n pr ol i nes whi ch ar e expect ed t o i n-

t er r upt t he a- hel i x . Consequent l y, t he i nt er medi at e f i l ament

r od cont ai ns f our di scr et e segment s 35, 101, 19, and 121

ami no aci ds l ong . I n cont r ast , NUFI cont ai ns seven shor t i n-

t er r upt i ons ( 1- 11 ami no aci ds l ong) whi ch r esul t i n ei ght

coi l ed- coi l segment s 56, 203, 28, 84, 42, 70, 35, 70 ami no

aci ds l ong . Al l of t he i nt er r upt i ons r esul t i n a phase shi f t of

ei t her one, t hr ee, or f our ami no aci d r esi dues ; si nce an

a- hel i x i s 3 . 6 r esi dues per t ur n ( Cohen and Par r y, 1990) , t he

t hr ee or f our r esi dues i nser t i ons shoul d onl y shi f t t he posi -

t i on of t he hydr ophobi c spi ne by - 0 . 5 r esi dues . Si nce al l of

t hese i nt er r upt i ons l ack pr ol i nes and pr obabl y cause onl y a

sl i ght phase shi f t , we expect t he a- hel i x of t he cent r al do-

mai n t o be mai nt ai ned as one si ngl e coi l ed- coi l .

Ther e i s pr ecedent f or shor t i nt er r upt i ons i n coi l ed- coi l

pr ot ei ns . I n f act , shor t i nser t i ons ar e f ound i n al l coi l ed- coi l

mol ecul es except f or t r opomyosi n ( Phi l l i ps et al . , 1986) .

Regul ar st ut t er s of one ami no aci d ar e f ound i n par amyosi n

and sar comer i c myosi n ( Cohen et al . , 1987 ; Kagawa et al . ,

1989) . Four ami no aci d i nt er r upt i ons ar e f ound i n t he i nt er -

medi at e f i l ament s and l ami ns . These i nt er r upt i ons have been

pr oposed t o modul at e t he pi t ch of t he coi l s as t hey t wi st

about one anot her ( Di bb et al . , 1989) .

Addi t i onal modul at i on of t he a hel i x can be der i ved f r om

i nser t i on of pol ar r esi dues i n posi t i ons a and d . For exampl e,

pol ar r esi dues ar e f ound i n t hese posi t i ons i n myosi n and

have been pr oposed t o pr ovi de f l exi bi l i t y i n bendi ng of t he

coi l ( Di bb et al . , 1989) . I n i nt er medi at e f i l ament s, speci f i c

a and d posi t i ons t hat cont ai n pol ar r esi dues ar e wel l con-

ser ved, i ndi cat i ng t hat i r r egul ar i t i es i n t he hept ad per i odi ci t y

have f unct i onal si gni f i cance ( Lewi s et al . , 1984) . The hept ad

r epeat s i n t he pr edi ct ed NUFI pr ot ei n sequence somet i mes

cont ai n char ged r esi dues i n posi t i ons a and d . I n 86 hept ads,

t her e i s one char ged ami no aci d at posi t i on a and 28 char ged
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r esi dues i n posi t i on d . As post ul at ed f or myosi n, such

r esi dues mi ght pr ovi de f l exi bi l i t y t o t he l ong NUFI r od .

Cor r el at i ons bet ween t he l engt h of r od domai ns, measur ed

by di r ect obser vat i on, and t he l engt h of a pr edi ct ed al pha he-

l i cal segment have been made f or a number of coi l ed- coi l

pr ot ei ns, i ncl udi ng t he par amyosi n of Schi st osoma mansoni ,

nucl ear l ami ns ( Aebi et al . , 1986 ; Hei t l i nger et al . , 1991) ,

and i nt er medi at e f i l ament s ( Cohen et al . , 1987) . I f t he NUFI
pr ot ei n f or ms an al pha hel i x wi t h si mi l ar pi t ch t o t he S. man-

soni par amyosi n, whi ch packs an 823 coi l ed- coi l ami no aci d

sequence i nt o a 122- nmmol ecul e, t he NUFI r od woul d be

- 93 nm i n l engt h . I f f i gur es f or i nt er medi at e f i l ament s ar e

used, a si mi l ar l engt h i s pr edi ct ed . These st r uct ur al pr edi c-

t i ons can be t est ed usi ng i n vi t r o assembl y exper i ment s wi t h
t he NUFI pr ot ei n .

The NUFI Pr ot ei n as a Pbssi bl e Component of a
" Nucl eof i l ament " Syst em

Usi ng EM, Cook and Jackson vi sual i zed a net wor k of f i l a-
ment s i n t he nucl ei of ext r act ed HeLa cel l s ( Jackson and
Cook, 1988) . The f i l ament s wer e - 10 r un i n di amet er wi t h a
r epeat i ng uni t 23 nmi n l engt h . Cook and Jackson not ed t he

si mi l ar i t i es t o t he r epeat st r uct ur e of i nt er medi at e f i l ament s
( Mi l am and Er i ckson, 1982 ; St ei ner t and Penman, 1985b) .

Coi l ed- coi l di mer s of i nt er medi at e f i l ament s have been
post ul at ed t o over l ap by 50%, account i ng f or a t i 21- 25- nm
per i odi ci t y .

The ext r act i on exper i ment s and sequence homol ogi es

not ed above suggest t hat t he NUFI pr ot ei n i s a candi dat e t o
compr i se i nsol ubl e i nt r anucl ear syst em i nsi de t he yeast nu-

cl eus . However , t he l onger l engt h of t he NUFI pr ot ei n woul d
necessi t at e a di f f er ent spaci ng or over l ap ar r angement t o t he

per i odi ci t y seen i n i nt er medi at e f i l ament s, per haps achi eved

by a t hr ee- quar t er s over l ap. An al t er nat i ve r ol e f or NUFI

coul d be i n cr ossl i nki ng f i l ament s or anchor i ng ot her mol e-

cul es . A cr ossl i nki ng r ol e has been pr oposed f or pl ect i n, a

coi l ed- coi l pr ot ei n t hat i nt er act s wi t h cyt opl asmi c i nt er medi -

at e f i l ament s ( Wi che et al . , 1991) .

NUFI and Ot her Coi l ed- Coi l Nucl ear Pr ot ei ns

Ant i - NUFI ant i bodi es r ecogni ze a r el at ed pr ot ei n i n t he nu-

cl eus of mammal i an CVl cel l s. Pr el i mi nar y i mmunobl ot

anal ysi s on i sol at ed CVl nucl ei i ndi cat e t hat t hi s pr ot ei n i s

si mi l ar i n si ze t o t he yeast NUFI gene pr oduct . The NUFI

pol ypept i de i s al so si mi l ar i n si ze t o a r ecent l y r epor t ed 92-

kD pl ant nucl ear ant i gen r ecogni zed by mAbs t o i nt er medi -

at e f i l ament s ( Beven et al . , 1991) . Si nce mAbs can r ecogni ze

pr ot ei ns t hat shar e a common epi t ope but ar e ot her wi se un-

r el at ed, t he pot ent i al homol ogi es t o i nt er medi at e f i l ament s

must be i nt er pr et ed caut i ousl y . Never t hel ess, t he pl ant ant i -

gen, mammal i an NUFI ant i gen, and t he yeast NUFI pr ot ei n

may al l be r el at ed .

To our knowl edge, ot her t han NUFI and NuMA ( see Yang

et al . , 1992) , no al pha- hel i cal pr ot ei ns have been descr i bed

t hat ar e candi dat es f or coi l ed- coi l nucl ear f i l ament s. I n t he

yeast Schi zosacchar omyces pombe, t he nuc2 gene pr oduct i s

t hought t o be an i nsol ubl e i nt r anucl ear pr ot ei n, but i s not

pr edi ct ed t o f or ml ong coi l ed- coi l s . I nst ead, i t has a uni que

34 ami no aci d r epeat st r uct ur e t hat can f or m amphi pat hi c

hel i ces and may ser ve as a DNA bi ndi ng domai n ( Hi r ano et

al . , 1988, 1990) .
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I n t he accompanyi ng manuscr i pt ( Yang et al . , 1992) , we

descr i be a l ar ge coi l ed- coi l r el at ed pr ot ei n cal l ed NuMAt hat

i s pr esent i n t he nucl eus of i nt er phase cel l s and i n t he spi ndl e

appar at us of mi t osi s . Because t he si ze of t he mammal i an

NUFI - r el at ed pr ot ei n and i t s subcel l ul ar di st r i but i on dur i ng
mi t osi s di f f er s f r om t hat of NuMA, we concl ude t hat t he
NUFl - r el at ed pr ot ei n i s di f f er ent f r om NuMA. I t i s l i kel y

t hat mor e t han one t ype of coi l ed- coi l pr ot ei n i s l ocat ed i n

t he i nt er i or of mammal i an nucl ei ; we specul at e t hat t hese

pr ot ei ns ar e component s of an ent i r e net wor k of f i l ament ous

nucl ear st r uct ur es .

We t hank C. Yang f or assi st ance t hr oughout t hi s wor k, and C. Cost i gan,

R. Heal d, B. D. Page, R. Padmanabha, and S . Sobel f or cr i t i cal comment s

on t he manuscr i pt .

Thi s r esear ch was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant

GM36494 t o M. Snyder , and used equi pment pur chased wi t h t he hel p of

Pew Schol ar s Funds . C . S . Copel and was suppor t ed by a Damon Runyon-

Wal t er Wi nchel l Cancer Resear ch Fund f el l owshi p, DRG- 957 .
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