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Abst r act . We pur i f i ed 15, 000- f ol d f r om HeLa cel l
nucl ear ext r act t he cent r omer e ant i gen t hat r eact s spe-
ci f i cal l y wi t h t he 17- bp sequence, desi gnat ed pr evi -

ousl y as CENP- B box, i n human cent r omer i c u- sat el -

l i t e ( al phoi d) DNA by a t wo- st ep pr ocedur e i ncl udi ng

an ol i gonucl eot i de af f i ni t y col umn . The pur i f i ed pr ot ei n
was i dent i f i ed as t he cent r omer e pr ot ei n B ( CENRB)
by i t s mobi l i t y on SDS- PAGE ( 80 kD) , and r eact i vi t i es
t o a monocl onal ant i body r ai sed t o CENP- B ( bact er i al
f usi on pr ot ei n) and t o ant i cent r omer e ser a f r ompat i ent s
wi t h aut oi mmune di seases . Di r ect bi ndi ng by CENP- B

of t he CENP- B box sequence i n t he al phoi d DNA has
been pr oved usi ng t he pur i f i ed CENP- B by DNA mobi l -

T
HE cent r omer e i s t he essent i al domai n i n eukar yot i c
chr omosomes f or pr oper segr egat i on of chr omosomes
t o daught er cel l s at mi t osi s and mei osi s ( 7) . Si st er

chr omat i ds ar e hel d t oget her at t he cent r omer e af t er DNA
r epl i cat i on unt i l t he coor di nat e di sj unct i on t akes pl aces at t he
met aphase t o anaphase t r ansi t i on . The cent r omer e pr ovi des
at t achment si t es f or spi ndl e mi cr ot ubul es on a chr omosome
by or gani zi ng ki net ochor e ( 36) , a uni que pr ot ei naceous ma-
t r i x havi ng cont act wi t h cent r omer i c chr omat i n on i nner si de
and dynami c associ at i on wi t h spi ndl e mi cr ot ubul es on i t s
out er l ayer ( 8, 28) and i s seen by el ect r on mi cr oscopy as a t r i -
l ayer ed di sc- l i ke st r uct ur e ( 35, 37) . Mot or mol ecul es r equi r ed
f or posi t i oni ng of chr omosomes dur i ng t he met aphase and
anaphase st ages may al so r esi de wi t hi n or near t he cent r o-
mer e/ ki net ochor e domai n ( 16, 17, 22, 34, 39) . These mul t i pl e
cent r omer e f unct i ons must i n some way be di r ect ed by a ci s-
act i ng DNA sequence l ocat ed i n t he cent r omer e r egi on . I n-
deed, speci f i c cent r omer e DNA sequences ( CEN- DNA) i n
yeast Sacchar omyces cer evi si ae and Schi zosacchar omyces
pombe wer e i dent i f i ed bot h by physi cal mappi ng of cent r o-
mer e r egi on DNA and by act i vi t y assay t o sel ect DNA seg-
ment r esponsi bl e f or i mpar t i ng mi t ot i c and mei ot i c st abi l i t y
t o pl asmi ds cont ai ni ng aut onomousl y r epl i cat i ng sequences
( 9, 12, 18, 21) . Al t hough t he mi ni mal essent i al sequence of
CEN- DNA f or S. pombe i s not compl et el y del i mi t ed yet , t he
CEN- DNAs of t wo yeast speci es ar e qui t e di f f er ent i n chai n
l engt h and l ack obvi ous sequence conser vat i on ( 11) . The
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i t y- shi f t assay, Sout hwest er n bl ot t i ng, and DNase I pr o-
t ect i on anal ysi s . The bi ndi ng const ant of t he ant i gen t o
t he CENP- B box sequence i s 6 x 108 M- ' . DNA mo-
bi l i t y- shi f t assays i ndi cat ed t hat t he maj or compl ex
f or med bet ween t he CENP- B and t he DNA cont ai ns
t wo DNA mol ecul es, suggest i ng t he i mpor t ance of t he
CENRB/ CENPB box i nt er act i on i n or gani zat i on of
hi gher or der ed chr omat i n st r uct ur es i n t he cent r omer e
and/ or ki net ochor e . Locat i on of DNA bi ndi ng and
di mer i zat i on domai ns i n CENP- B was di scussed based
on t he DNA mobi l i t y- shi f t assays per f or med wi t h a
pr ot ei n f r act i on cont ai ni ng i nt act and par t i al cl eavage
pr oduct s of CENRB.

mammal i an cent r omer e i s cyt ol ogi cal l y def i ned as t he pr i -
mar y const r i ct i on i n met aphase chr omosome . However ,
i dent i f i cat i on of t he DNA segment execut i ng mammal i an
chr omosome segr egat i on has not been st r ai ght f or war d be-
cause of t he hi gh compl exi t y of t he DNA i n cent r omer e do-
mai n and t he di f f i cul t y encount er ed i n const r uct i ng an act i v-
i t y assay.

The pr i mar y const r i ct i on of mammal i an chr omosomes i s
made up of het er ochr omat i n composed pr edomi nant l y of
hi ghl y r epet i t i ve DNA sequence ( sat el l i t e DNA) ( 44) . How-
ever , sat el l i t e DNA f ami l i es l ocat ed i n t he pr i mar y const r i c-
t i on of chr omosomes i n di f f er ent mammal i an or der s ( e. g . ,
r odent s and pr i mat es) appear l ar gel y unr el at ed i n t hei r se-
quences and uni t l engt h . Thus, al l human chr omosomes con-
t ai n at t he pr i mar y const r i ct i on t he a- sat el l i t e ( al phoi d)
DNAcomposed of t andemr epeat s of 170- bp di ver ged mono-
mer s or gani zed i nt o gr oups of pol ymer i c uni t s t hat ar e ar -
r anged t andeml y i n a l ar ger uni t r epeat ed f ur t her i n 300-
5, 000- kb ar ea ( 25, 41, 45, 47) . Human al phoi d DNA t hus
var i es i n amount and sequence f r omchr omosome t o chr o-
mosome ( 44, 45) . Aki net ochor e- r el at ed DNAsequence has
not been i dent i f i ed wi t h human cel l s . As f or t he mouse, Mus
muscul us, i t has been shown by i n si t u hybr i di zat i on t hat a
mi nor - sat el l i t e DNA composed of t andem r epeat s of 120- bp
monomer uni t s l ocal i zed on t he out er sur f ace of t he cent r o-
mer e cor r espondi ng t o t he ki net ochor e domai n ( 46) .

Wi t h t he use of cent r omer e- speci f i c aut oant i bodi es ( an-
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t i cent r omer e ant i bodi es ; ACA' ) i n ser um of pat i ent s wi t h
aut oi mmune di seases, t he l ocal i zat i on of speci f i c ant i geni c
pr ot ei ns has been det er mi ned at t he cent r omer e- ki net ochor e
r egi on of chr omosomes f r oma number of mammal i an spe-
ci es ( 6, 13, 29) . Wi t h human cel l s, t hr ee maj or cent r omer e-
speci f i c pr ot ei ns ( cent r omer e pr ot ei n [ CENP] A, B, and C)
have been i dent i f i ed usi ng ACA ser a ( 14, 31) . CENP- A ( 17-
kD) i s a hi st one- l i ke pr ot ei n component of a cent r omer e-
speci f i c nucl eosome ( 32, 33) . The gene f or CENPB( 80- kD)
has been cl oned and sequenced, and t he pr oper t y of t he ant i -
gen i s t he most ext ensi vel y st udi ed among t he t hr ee cent r o-
mer e ant i gens ( 7, 15) . I t was r epor t ed r ecent l y t hat CENP- B
i s a hi ghl y conser ved pr ot ei n i n mammal i an cel l s ( 40) . The
pr oper t y of CENP- C ( 140- kD) i s l east known .

Pr evi ousl y, we have shown wi t h HeLa cel l s t hat al phoi d
DNA and cent r omer e ant i gens col ocal i ze i n bot h mi t ot i c
chr omosomes and i nt er phase nucl ei by doubl e- l abel i n si t u
hybr i di zat i on and i mmunof l uor escence ( 27) . We have shown
subsequent l y t hat pr ot ei ns f r om HeLa cel l nucl ear ext r act
f or ma compl ex cont ai ni ng CENPB wi t h al phoi d DNA con-
t ai ni ng t he 17- bp mot i f ( PyI ' TCGTTMAAPuCGGGA) .
The 17- bp mot i f has been desi gnat ed as " CENP- B box" , si nce
Sout hwest er n bl ot anal ysi s on a pr ot ei n f r act i on, obt ai ned
f r omHeLa cel l nucl ear ext r act by i mmunopr eci pi t at i on wi t h
an ACA ser um, had suggest ed st r ongl y t hat CENP- B i t sel f
bi nds t he 17- bp mot i f ( 26) . The CENP- B box i s f ound i n onl y
a subset of al phoi d monomer s but t he CENPB box- cont ai n-
i ng al phoi d monomer s ar e det ect ed i n al l cent r omer es of hu-
man chr omosomes except Y chr omosome ( 26) . The possi -
bi l i t y of pr esence of a smal l amount of CENP- B box i n Y
chr omosome al phoi d DNA i s st i l l under i nvest i gat i on . I n-
t er est i ngl y, t he CENPB box i s al so pr esent i n mouse mi nor
sat el l i t e ( 26, 46) . The conser ved CENP- B and CENPB box
i nt er act i on i n t he mammal i an cent r omer e mi ght of f er a key
t o sol ve t he common f unct i on car r i ed by t he cent r omer i c
het er ochr omat i n wi t hout r i gi d sequence conser vat i on .

To i nvest i gat e t he al phoi d DNA and cent r omer e ant i gen
i nt er act i on f ur t her i n mol ecul ar l evel , we pur i f y i n t hi s st udy
t he CENP- B box bi ndi ng pr ot ei n f r omHeLa cr ude nucl ear
ext r act and show t hat CENP- B i t sel f bi nds CENPB box se-
quence i n al phoi d DNA. We t hen show t hat a DNA- pr ot ei n
compl ex t hus f or med cont ai ns t wo DNA mol ecul es . Thi s
suggest s t he possi bl e commi t ment of t hi s DNA- pr ot ei n i n-
t er act i on t o t he hi gher or der ed st r uct ur e f or mat i on i n cent r o-
mer e domai n .

Mat er i al s and Met hods

Ant i ser a and Monocl onal Ant i body

ACA- posi t i ve ser a wer e obt ai ned f r oma l upus er yt hemat osus pat i ent , L H. ,

and a scl er oder ma pat i ent , K. G. By i nt munobl ot t i ng anal ysi s, t hese ser a
r ecogni ze CENP- A, B, and C( 31) . Nor mal human ser um( donor : N .N. ) does
not r ecogni ze any cent r omer e ant i gens . Ant i - CENP- B monocl onal ant i -
body ( m- ALAI ) , whi ch r ecogni zes a si t e pr esent wi t hi n car boxy- t er mi nal
147 ami no aci d r esi dues i n CENP- B ( 15) , was t he gi f t f r om Dr . WEamshaw
( Johns Hopki ns Uni ver si t y, Bal t i mor e, MD) .

Buf f er s

Washi ng buf f er was 20 mMHepes, pH 7. 6, 20 mMKCI , 0. 5 mM EDTA,
0. 5 mMDTT, 0. 1 mMPMSF Ext r act i on buf f er was 20 mMHepes, pH 7. 6,

1 . Abbr evi at i ons used i n t hi s paper : ACA, ant i cent r omer e ant i body ; CENP,

cent r omer e pr ot ei n .
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0. 5 mMEDTA, 0. 5 mMPMSF, 0. 5, ug/ ml Pepst at i n A, 4 pMLeupept i n
( Si gma Chemi cal Co . , St . Loui s, MO) . Buf f er A was 20 mMHepes, pH
7 . 6, 0. 5 mMEDTA, 10% gl ycer ol , 1 mMDTT, 0 . 2 mMPMSF. Buf f er B
was 20 mMHepes, pH 7. 6, 1 mMEDTA, 10% gl ycer ol , 0. 05% NP- 40,
3 mMDTT, 0. 1 mMPMSF. Bi ndi ng buf f er was 20 mMHepes, pH7. 6, 10%
gl ycer ol , 1 mMEDTA, 3 mMDTT, 0. 05 %NP- 40, and 150 mMNaCl ( f i nal
concent r at i on) . Bi ndi ng buf f er I I was as descr i bed by Masumot o et al . ( 26) .
TBEbuf f er was 12 . 5 mMTr i s, pH 8. 0, 12. 5 mMbor i c aci d, 0. 5 mMEDTA.

Nucl ear Ext r act s

HeLa cel l cul t ur e and pr epar at i on of HeLa nucl ei wer e per f or med as de-

scr i bed by Masumot o et al . ( 26) . The i sol at ed HeLa nucl ei wer e suspended
i n washi ng buf f er ( see above f or buf f er component s) at t he concent r at i on of

2 x 108 nucl ei / ml , mi xed wi t h equal vol umes of ext r act i on buf f er sup-

pl ement ed wi t h 0. 4 MNaCl and 30%( vol / vol ) gl ycer ol , i ncubat ed 1 h at
0° C wi t h gent l e agi t at i on, and t hen cent r i f uged f or 5 mi n at 1, 500 r pm i n
a r ot or ( model TS- 9 ; Tomy Sei ko, Tokyo, Japan) . The pel l et was ext r act ed

agai n wi t h ext r act i on buf f er suppl ement ed wi t h 0. 5 MNaCI and cent r i f uged
at 25, 000 r pmf or 1 h i n a r ot or ( t ype 40; Beckman I nst r ument s I nc . , Pal o

Al t o, CA) . The super nat ant f r act i on was r ecover ed and st or ed at - 80° C

( 0. 2- 0 . 5 MNaCI nucl ear ext r act ) .

Pr obes

The f ol l owi ng compl ement ar y ol i gonucl eot i des wer e synt hesi zed chemi -

cal l y and used f or t he pr obes or compet i t or s cont ai ni ng a CENP- B box se-
quence .

The 56- mer DNA:

5' - TCAGAGGC
CTCCG

The 23- mer DNA:

5' - GGC
G

CENP- B box

CENPB box

The 29- mer DNA:

5' - TCAGAGGC
CTCCG
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CENPB box

TTTCTTCATATTATGCT AGACAGAATAATTC- 3'

AAAGAAGTATAATACGA TCTGTCTTATTAAGAGT

TTT- 3'
AAACC'

TTTC- 3'
AAAGAGT .

The Py and Pu i n t he box was C and A, r espect i vel y . The def ect i ve 23- mer
DNA had pyr i mi di ne t o pur i ne base al t er at i ons at t he under l i ned posi t i ons
i n t he CENP- B box : 5' - TATCGTTGGAAAA_GGGA- 3' .
The end- l abel ed pr obe DNA mol ecul es wer e pr epar ed f r om t he 23- mer ,
29- mer , or 56- mer DNA by r epai r i ng t he si ngl e- st r anded ends wi t h DNA
pol ymer ase I Kl enow f r agment and r adi oact i ve nucl eot i des . Resul t i ng mol -

ecul es wer e cal l ed t he end- l abel ed 25- bp DNA, 32- bp DNA, or 59- bp

DNA.

Pr epar at i on of Ol i gonucl eot i de- Sephar ose

The ol i gonucl eot i de- sephar ose was pr epar ed accor di ng t o t he pr ocedur e
descr i bed by Kadonaga and Tj i an ( 23) wi t h sl i ght modi f i cat i on . The 56- mer
DNA was l i gat ed t o f or mconcat emer s up t o N1, 500 bp. The concat emer i c
ol i gonucl eot i des wer e t hen coupl ed t o Sephar ose- 4B ( Phar maci a Fi ne
Chemi cal s, Uppsal a, Sweden) wi t h CNBr . About 50 ug of t he ol i gonucl eo-
t i des was coval ent l y l i nked t o 1 ml of Sephar ose- 4B wi t h 40% coupl i ng
ef f i ci ency.

Nucl ear ext r act ( 50 ml ) was di l ut ed wi t h 50 ml of buf f er Aand l oaded ont o

a 20- ml Q- sephar ose col umn equi l i br at ed wi t h buf f er A pl us 250mMNaCl .
The col umn was washed wi t h 100 ml of buf f er A cont ai ni ng 250 mMNaCl
and bound pr ot ei ns wer e el ut ed wi t h l i near NaCI gr adi ent s, f r om250 t o 500
mMi n 100 ml buf f er A and t hen f r om0. 5 t o 1. 0 Mi n 100 ml of t he same
buf f er . The Q- sephar ose f r act i ons wi t h t he speci f i c bi ndi ng act i vi t y t o t he
end- l abel ed 59- bp DNA ( f r act i ons 39- 54 i n Fi g. 1) wer e pool ed t oget her
and di l ut ed 3 . 1- f ol d wi t h buf f er B. Af t er t he addi t i on of soni cat ed sal mon
sper m DNA at a f i nal concent r at i on of 25 Ag/ ml , t he pool ed mat er i al ( 94

ni l ) was mi xed wi t h 500 pl of t he ol i gonucl eot i de- Sephar ose r esi n and i n-

cubat ed f or 2 h at 0° C wi t h gent l e agi t at i on . The r esi n was packed i nt o a

col umn, washed wi t h 5 ml of buf f er B pl us 150 ni M NaCl , and bound pr o-



r ei ns wer e el ut ed wi t h a 30- ml l i near gr adi ent of NaCI concent r at i on f r om
150 mMt o 1 Mi n buf f er B. Fr act i ons wi t h speci f i c bi ndi ng act i vi t y t o t he
59- bp DNA wer e st or ed at - 80° C.

DNAMobi l i t y Shi f t Assays

End- l abel ed 59- bp DNA ( 10 f mol e or i ndi cat ed amount ) was i ncubat ed i n
20 I al of bi ndi ng buf f er cont ai ni ng 1 I al or i ndi cat ed amount s of a pr ot ei n
f r act i on and pol y( dI - dC) - pol y( dI - dC) f or 2 h at 0° C. Wher e speci f i ed, end-
l abel ed 25- bp or 32- bp DNAcont ai ni ng CENRB box was used as t he pr obe
i nst ead of t he 59- bp DNA. The r eact i on mi xt ur es ( 10 I al ) wer e el ect r opho-
r esed on pol yacr yl ami de gel s i n TBE buf f er at 20 V/ cm at 4° C, and gel s
wer e dr i ed and exposed t o f i l m ( XAR5 ; East man Kodak Co. , Rochest er ,
NY) . Wher e speci f i ed, 1 I al of ACA- posi t i ve or heal t hy cont r ol ser um ( di l u-
t i on 1 : 30 wi t h PBS) was added t o t he mi xt ur es af t er t he bi ndi ng r eact i on
and i ncubat ed f or 30 mi n at 0° C.

Renat ur at i on of Pr ot ei ns f r omSDS- PAGE

2 . 5 ml of t he af f i ni t y col umn- pur i f i ed mat er i al ( f r act i ons 11- 15, 300I t l each ;
f r act i ons 16- 20, 200 I l l each) was pr eci pi t at ed wi t h 10 ml of acet one and
t he pr eci pi t at es wer e f r act i onat ed on a 7. 5 %SDS- PAGE. 80- kD and 65- kD
r egi ons of t he gel wer e exci sed accor di ng t o mol ecul ar wei ght mar ker s ( Bi o-
Rad Labor at or i es, Cambr i dge, MA) , and t he pr ot ei ns wer e el ect r oel ut ed
f r om gel s i n a hal f st r engt h of Laemml i el ect r ode buf f er ( 24) cont ai ni ng
5 mMDTT Af t er t he ext r act was pr eci pi t at ed wi t h 4 vol of acet one, t he
pr eci pi t at es wer e t hen di ssol ved i n 4 I al of 6 Mguani di ne- HCI i n buf f er B
and al l owed t o st and f or 30 nt i n at 4° C. The sampl es wer e t hen di l ut ed 50-
f ol d wi t h buf f er B cont ai ni ng 0. 5 M NaCl and di al yzed agai nst t he same
buf f er at 4° C f or 10 h .

I mmunopr eci pi t at i on of DNACompl exed
wi t h Cent r omer e Ant i gen

The bi ndi ng act i vi t y of t he cent r omer e ant i gen t o CENP- B box- cont ai ni ng
DNA was det er mi ned by i mmunopr eci pi t at i on as descr i bed by Masumot o
et al . ( 26) wi t h t he f ol l owi ng modi f i cat i ons . The end- l abel ed 59- bp DNA
( 0. 4 ng) was i ncubat ed wi t h 1 Al of a nucl ear pr ot ei n f r act i on i n 100 I al of
bi ndi ng buf f er cont ai ni ng 0. 4 l ag pol y( dI - dC) - pol y( dI - dC) f or 2 h at 0° C.
1 I al of an ACA- posi t i ve ser um was added t o t he mi xt ur e and i ncubat ed f or
30 mi n on i ce . Then 20 Al of pr ot ei n G- Sephar ose ( Phar maci a Fi ne Chemi -
cal s) was added t o t he mi xt ur e f ol l owed by a 30- mi n i ncubat i on on i ce wi t h
gent l e agi t at i on . The mi xt ur e was cent r i f uged, t he pr eci pi t at e was washed
t hr ee t i mes wi t h 0. 5

i n]
of bi ndi ng buf f er cont ai ni ng 0 . 5% NP- 40, and i t s

r adi oact i vi t y was det er mi ned by a l i qui d sci nt i l l at i on count er ( Beckman I n-
st r ument s I nc . , Ful l er t on, CA) . One uni t of t he bi ndi ng act i vi t y of cent r o-
mer e ant i gens i s def i ned as t he act i vi t y t hat makes 1 f mol e of t he end- l abel ed
59- bp DNA i mmunopr eci pi t abl e wi t h an ACA- posi t i ve ser um.

I mmunobl ot t i ng and Sout hwest er n Bl ot t i ng

I mmunobl ot t i ng was done by t he met hods of Masumot o et al . ( 26) wi t h t he
f ol l owi ng modi f i cat i ons . ACA was used at 1 : 600 di l ut i on. HRP- conj ugat ed
ant i - human I gG or ant i - mouse I gG ( Bi o- Rad Labor at or i es, Ri chmond,
CA) was used at 1 : 3, 000 di l ut i on as t he second ant i body .

DNA bi ndi ng act i vi t y of pur i f i ed pr ot ei ns i mmobi l i zed t o a pol yvi nyl -
dene di f i uor i de membr ane ( Mi l l i por e Cont i nent al Wat er Syst ems, Bedf or d,

MA) ( Sout hwest er n bl ot t i ng) was anal yzed by t he met hod descr i bed by
Masumot o et al . ( 26) usi ng t he bi ndi ng buf f er I I cont ai ni ng 100 mMNaCl
i nst ead of 50 mM. No compet i t or DNA was added t o t he r eact i on .

DNase I Pr ot ect i on Anal ysi s

DNA f r agment s cont ai ni ng x169 sequence wer e r est r i ct ed f r om pl asmi d
pUCal 69 ( 26) and end l abel ed wi t h DNA pol ymer ase I Kl enow f r agment ,

[ a- 32 P] dNTP ( 3, 000 Ci / mmol ; Amer sham I nt er nat i onal , Amer sham, UK)
and t he ot her t hr ee nonr adi oact i ve dNTPs as f ol l ows . For t he l abel i ng of
L- st r and, pUCa169 was cl eaved by DdeI and end l abel ed wi t h [ a- 32p] -

dCTP. For t he l abel i ng of R- st r and, pUCa169 was cl eaved by EcoRI and
Hi ncI I and end l abel ed wi t h [ a 32P] dTTP. DNA f r agment s ( 1 . 2 ng) , end
l abel ed at one of t he compl ement ar y st r ands as above, was mi xed wi t h t he

speci f i ed amount s of pur i f i ed CENRB ( ol i gonucl eot i de- sephar ose f r act i on
17) i n a 50- I al bi ndi ng buf f er cont ai ni ng 40 ng of pol y( dI - dC) - pol y( dl - dC)

and i ncubat ed f or 2 h at 0° C. To t he mi xt ur e, 50 Al of 6 mMMgCl 2 and
1 mM CaC12, and 2 I al of 50 mgml sol ut i on of DNase I ( Takar a Shuzo,
Kyot o, Japan) wer e added and DNA was di gest ed f or 1 mi n at 20° C. 50 Al
of a DNase st op sol ut i on ( 95 mMEDTA, 0. 8% SDS, 0. 3 mg/ ml sal mon

Mur o et al . Cent r omer e Pr ot ei n BAssembl es a- Sat el l i t e DNA

sper m DNA) and 50 l al of 10 Mammoni umacet at e wer e added t o t he r eac-
t i on mi xt ur e and DNA was pr eci pi t at ed wi t h et hanol , col l ect ed by cent r i f u-
gat i on, dr i ed, r esuspended i n 8 l al of f or mami de l oadi ng buf f er , and t hen
el ect r ophor esed on a 6 %pol yacr yl ami de sequenci ng gel . The gel was dr i ed
and exposed t o f i l m ( XAR- 5 ; East man Kodak Co. ) .

Det er mi nat i on of Appar ent Equi l i br i um
Const ant ( Kapp)

A ser i es of st andar d bi ndi ng r eact i ons wer e per f or med usi ng t he f i xed con-
cent r at i on of t he pur i f i ed CENP- B ( ol i gonucl eot i de- sephar ose f r act i on 17)
and var yi ng concent r at i ons of t he end- l abel ed 59- bp pr obe DNA ( Ds* ) i n
10 I al r eact i on mi xt ur es f or 2 h at 0° C. 90 I al bi ndi ng buf f er cont ai ni ng 150
mMNaCl was t hen added t o each r eact i on mi xt ur e and t he amount of t he
pr obe DNA compl exed wi t h CENP- B ( B- Ds) was det er mi ned by t he DNA
i mmunopr eci pi t at i on as descr i bed above . The concent r at i on of unbound
pr obe DNA ( Ds) was det er mi ned by t he di f f er ence ; Ds = Ds° - BDs . The
appar ent equi l i br i umconst ant ( Kapp) was det er mi ned by f i t t i ng t he dat a ac-
cor di ng t o t he st at i st i cal met hod of Wi l ki nson ( 43) . The appar ent equi l i b-
r i um const ant of t he bi ndi ng r eact i on ( Kapp) can be cal cul at ed accor di ng
t o t he equat i on :

Ot her Pr ocedur es
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[ BDs] / [ Ds] = - Kapp[ BDs] + Kapp[ B° ] .

B° i s t he t ot al amount of CENP- B. Ds and BDs ar e t he f r ee and bound
speci es of t he pr obe DNA, r espect i vel y . The nonspeci f i c bi ndi ng const ant
i s det er mi ned by t i t r at i ng a const ant amount of CENRB and t he end- l abel ed
59- bp DNA wi t h i ncr easi ng amount s of unl abel ed soni cat ed pUC119 DNA
i n aver age chai n l engt h of 400 bp . Dß, whi ch i s nonspeci f i c DNA ( pUC119)
pr esent , i s expr essed as mol es of t he 17- bp equi val ent i n pUC119 DNA
( mol es of pUC119 x 3162 - 17) . The r el at i onshi p among Kapp, Ks, and
Kn i s gi ven by t he equat i on :

1/ Kapp = 1/ Ks + Kn/ Ks x [ Dn] .

Ks and Kn ar e t he equi l i br i umconst ant s f or speci f i c and nonspeci f i c bi ndi ng
r eact i ons of CENP- B, r espect i vel y .

Pr ot ei n concent r at i ons wer e det er mi ned by t he met hod of Br adf or d ( 5) or
assayed wi t h t he Bi o- Rad Labor at or i es ki t ( 20) wi t h BSAas t he pr ot ei n st an-
dar d . Pr ot ei n was vi sual i zed af t er t he gel was si l ver - st ai ned ( 30) .

Pur i f i cat i on of CENRBBox Bi ndi ng Pr ot ei n

To pur i f y t he CENP- B box bi ndi ng pr ot ei n, DNAbi ndi ng ac-
t i vi t y of t he cent r omer e ant i gen was r out i nel y moni t or ed by
DNA i mmunopr eci pi t at i on ( 26) and DNA mobi l i t y shi f t as-
say usi ng t he end- l abel ed 59- bp DNA t hat cont ai ns t he
CENRB box as descr i bed i n Mat er i al s and Met hods. The
cent r omer e ant i gen was det ect ed by i mmunobl ot t i ng usi ng
ACA. Heha 0. 2- 0. 5 MNaCl nucl ear ext r act was f i r st chr o-
mat ogr aphed on a cat i oni c exchange r esi n, Q- sephar ose .
Thi s st ep separ at ed t he CENP- B box speci f i c DNA bi ndi ng
act i vi t y and 80- kD cent r omer e ant i gen ( CENP- B) f r om97
of t he l oaded pr ot ei ns wi t h good r ecover y of bot h act i vi t i es
( Tabl e I , Fi g . 1) . The act i ve Q- sephar ose f r act i ons wer e
pool ed and f ur t her pur i f i ed wi t h DNA r ecogni t i on si t e
af f i ni t y col umn ( ol i gonucl eot i de- sephar ose) as descr i bed i n
Mat er i al s and Met hods ( Fi g . 2) . Thi s st ep br ought 630- f ol d
pur i f i cat i on and 25 %r ecover y of t he speci f i c DNA bi ndi ng
act i vi t y . On bot h col umns, t he di st r i but i on of t he CENP- B
box speci f i c DNA bi ndi ng act i vi t y and t he 80- kD ant i gen
( CENRB) wer e cor r el at ed . Thus, 15, 000- f ol d over al l pur i -
f i cat i on was achi eved wi t h a 15% r ecover y f or t he DNA
bi ndi ng act i vi t y as est i mat ed by t he DNA i mmunopr eci pi t a-
t i on assay. The r ecover y of CENRB was al so - 15%as est i -
mat ed by t he met hod of i mmunobl ot t i ng ( dat a not shown) .

As shown i n Fi g . 2 A, t he DNA bi ndi ng act i vi t y of cent r o-



Tabl e I . Pur i f i cat i on of CENP- B

* One uni t cor r esponds t o speci f i c DNA bi ndi ng act i vi t y t o pr eci pi t at e 1 f mol e al phoi d DNA by i mmunopr eci pi t at i on .

mer e ant i gens was el ut ed f r om t he ol i gonucl eot i de- sepha-

r ose col umn i n t wo peaks . I n t he DNAmobi l i t y shi f t assay

wi t h t he end- l abel ed 59- bp DNA, f r act i ons f r om t he mi nor

peak pr oduced f our weak bands, wher eas f r act i ons f r omt he

maj or peak gave a st r ong band wi t h t he sl owest mobi l i t y of

t he f our ( Fi g . 2 B) . I n accor dance wi t h t hi s r esul t , an ext r a

ant i geni c band i n 65 kD was det ect ed i n t he f r act i ons f r om

t he mi nor peak ( Fi g. 2 C) . A r epr esent at i ve f r act i on f r om
each peak was char act er i zed f ur t her by i mmunobl ot t i ng and
Sout hwest er n bl ot t i ng. Wi t h f r act i on 17 f r omt he maj or peak,
a maj or pol ypept i de band was det ect ed at 80- kD mobi l i t y by
t he si l ver st ai ni ng and a si ngl e r eact i ve band was det ect ed at
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t he same posi t i on wi t h monocl onal ant i body f or CENP- B,

m- ACAI ( Fi g . 3, A and B) . The end- l abel ed 59- bp DNA

al so bound t o t he 80- kD pol ypept i de ( Fi g . 3 B) . These r e-

sul t s show t hat t he af f i ni t y- pur i f i ed 80- kD pr ot ei n i s i ndeed
CENP- B. Fr act i on 13 f r omt he mi nor peak was concent r at ed

t o 10- f ol d and used f or i mmunobl ot t i ng . An 80- kD ant i gen

accompani ed wi t h si mi l ar amount s of 65- kD ant i gen was de-

t ect ed wi t h bot h ACA ser um and m- ACAl ( Fi g . 3 C) . An

ext r a- f ai nt band of i nt er medi at e mobi l i t y was al so det ect ed
by m- ACAL The Sout hwest er n bl ot t i ng showed t hat bot h t he
80- and 65- kDbands bound speci f i cal l y t o t he CENP- B box
cont ai ni ng pr obe DNA, but t he bi ndi ng act i vi t y of t he 65- kD

Fi gur e 1 . Fr act i onat i on of He-
La nucl ear ext r act by Q- seph-
ar ose chr omat ogr aphy . HeLa
nucl ear ext r act was pr epar ed
as descr i bed i n Mat er i al s and
Met hods and l oaded ont o a
Q- sephar ose col umn at 250
mM NaCl . The col umn was
devel oped successi vel y wi t h
t wo l i near gr adi ent s of NaCl ,
250- 500mMand 0. 5- 1 M. ( A)
The DNAbi ndi ng act i vi t y ( o)
was det er mi ned by DNA i m-
munopr eci pi t at i on assay usi ng
1 ul of each f r act i on and ' 1P-
l abel ed 59- bp DNA cont ai n-
i ng CENP- B box . Pr ot ei n con-
cent r at i ons ( o) wer e det er -
mi ned by t he Br adf or d dye as-
say. ( B) 1 j 1 of each f r act i on
was i ncubat ed wi t h t he end- l a-
bel ed 59- bp DNA, and t he r e-
sul t i ng DNA- pr ot ei n compl ex
was anal yzed by gel r et ar da-
t i on assay. ( C) Cent r omer e
ant i gen was det ect ed by i m-
munobl ot t i ng . 10 1, 1 of each
f r act i on was el ect r ophor esed
i n 10% gel , t r ansf er r ed t o t he
membr ane, and pr obed wi t h
ACA ( human I Hser um) . Lane
a, HeLa nucl ear ext r act ; l ane
b, f l ow- t hr ough f r act i on ; l ane
c, wash f r act i on ; l anes 4- 104,
f r act i ons el ut ed f r om t he
Q- sephar ose col umn .

Fr act i on Vol ume

ml

Tot al
pr ot ei n

k8

DNA bi ndi ng

Tot al

U

act i vi t y*

Speci f i c

U/ ag

Yi el d

Per st ep

%

Over al l Per st ep

Pur i f i cat i on

Over al l

f ol d

Nucl ear ext r act 100 200, 000 75, 000 0. 38 - - 1 1
Q- sephar ose 32 5, 200 45, 000 8 . 7 60 60 23 23
Ol i gonucl eot i de-

sephar ose 7 2 11, 000 5, 500 . 0 24 15 630 15, 000



Fi gur e 2 . Pur i f i cat i on of CENRBbox bi ndi ng pr ot ei n by DNA r ec-
ogni t i on si t e af f i ni t y chr omat ogr aphy . Q- sephar ose f r act i ons wi t h
speci f i c DNAbi ndi ng act i vi t y wer e pool ed and af f i ni t y pur i f i ed on
an ol i gonucl eot i de- sephar ose col umn as descr i bed i n Mat er i al s and
Met hods . ( A) Pr ot ei n concent r at i ons ( o) wer e det er mi ned by a Bi o-
Rad Labor at or i es ki t and speci f i c DNAbi ndi ng act i vi t y ( e) , whi ch
was det er mi ned as descr i bed i n Fi g. l A. ( B) l pl of each f r act i on was
i ncubat ed wi t h t he end- l abel ed 59- bp DNA and t he DNA- pr ot ei n
compl ex was anal yzed by gel r et ar dat i on assay. ( C) Cent r omer e ant i -
gen was anal yzed by i mmunobl ot t i ng as descr i bed i n Fi g. 1 C. Lane
a, Q- sephar ose pool ed f r act i on ; l ane b, f l ow- t hr ough f r act i on ; l ane
c, wash f r act i on; l anes 1- 29, f r act i ons el ut ed wi t h NaCl gr adi ent
buf f er ( 0. 15- 1 . 0MNaCl , 30 ml ) f r omt he ol i gonucl eot i de- sephar ose
col umn .

ant i gen was consi der abl y weaker t han t hat of t he 80- kD ant i -
gen . A f ai nt r adi oact i ve band was al so det ect ed at t he i nt er -
medi at e posi t i on . I n addi t i on, a weak r adi oact i ve band was
det ect ed above t he 80- kD band . I t mi ght be t he same band
det ect ed i n Fi gs . 1 and 2 above t he 80- kD ant i gen .

I nt er act i on Si t es of CENRBon Al phoi d DNA

The bi ndi ng si t es of CENP- B on a 169- bp al phol d monomer
( a169) have been anal yzed by DNase I pr ot ect i on anal ysi s
usi ng t he af f i ni t y- pur i f i ed CENRBpr epar at i on and t he x169
cont ai ni ng DNA f r agment s whi ch have been l abel ed at t he
3' end of t he L- or R- st r and ( Fi g . 4) . I n bot h L- and R- st r ands,
af f i ni t y- pur i f i ed CENRB ( f r act i on 17) pr ot ect ed a 25- nu-
cl eot i de sequence cent er ed over t he CENRBbox . Pr ot ect i on
of ot her si t es on t he pr obe DNA was not det ect ed . An en-
hanced DNase I cl eavage si t e ( ar r owheads i n Fi g . 4) was ob-
ser ved at nucl eot i des 248 and 246 on t he R- and L- st r and of
ci 169 DNA, r espect i vel y . Si mi l ar r esul t s wer e obt ai ned
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usi ng t he ol i gonucl eot i de- sephar ose f r act i on 13 ( dat a not
shown) .

Equi l i br i um Const ant s f or CENRBBi ndi ng
t o Al phoi d DNA

The bi ndi ng r eact i on was f ur t her char act er i zed by ki net i c
st udi es. The anal ysi s was per f or med on t he assumpt i on t hat
t he i nt er act i on bet ween CENRB and DNA was a si mpl e bi -
mol ecul ar act i on . The equi l i br i um const ant f or CENP- B
bi ndi ng was det er mi ned by t i t r at i ng a const ant amount of
pur i f i ed CENP- B wi t h i ncr easi ng amount s of t he end- l abel ed
59- bp DNA and anal yzi ng t he bi ndi ng r eact i on usi ng t he
DNAi mmunopr eci pi t at i on assay. At ypi cal t i t r at i on cur ve i s
shown i n Fi g . 5 A . The dat a i n sect i on Acan be used t o det er -
mi ne t he concent r at i on of act i ve CENP- B ( B° ) . The cur ve
dr awn cor r esponds t o a B° of 1 . 1 x 10- 9 M. The concent r a-
t i on of act i ve CENP- B i n f r act i on 17 can be det er mi ned usi ng
B° and t he mol ecul ar mass of CENP- B, whi ch i s cal cul at ed
as 65 kD f r omt he ami no aci d composi t i on ( 40) . The concen-
t r at i on, 0. 72 ng/ pl , i s about t he same as t he pr ot ei n concen-
t r at i on of f r act i on 17, 0. 75 ng/ pl . Kapp, whi ch must cor -
r espond t o Ks i n t hi s assay wi t hout compet i t or DNA, i s
cal cul at ed as 6. 4 x 101 M- ' , accor di ng t o sect i on B, t o
whi ch t he dat a i n sect i on A ar e r epl ot t ed . Fr om t he ex-
per i ment al dat a shown i n Fi g . 5 C, Kn/ Ks and 1/ Ks can be
obt ai ned as t he sl ope of 5 . 5 x 10- 5 and as t he y i nt er cept of
1 . 6 x 10 - 9 M, r espect i vel y . Fr om t hese r esul t s, Kn i s est i -
mat ed as 3. 4 x 10° M- 1 . Usi ng t hi s val ue, we can cal cul at e
t he equi l i br i umconst ant f or bi ndi ng of CENRBt o " CENRB
box" ( Ks) t o be 6 . 3 x 10 1 M- ' . Thi s dat a wel l cor r esponds
t o above Kapp, whi ch was det er mi ned i n t he assay wi t hout
compet i t or DNA.

Pr oper t i es of DNA- Pr ot ei n Compl exes Det ect ed
by Gel El ect r ophor esi s

Pr oper t i es of CENP- B f r act i ons wi t h t he di f f er ent af f i ni t y
t o t he ol i gonucl eot i de- sephar ose col umn have been anal yzed
f ur t her by DNA band shi f t i n gel el ect r ophor esi s usi ng t he
end- l abel ed 59- bp DNA. Wi t h f r act i on 17, one maj or DNA-
pr ot ei n compl ex showi ng t he sl ow mobi l i t y ( r ef er r ed t o as
compl ex A) was f or med . Wi t h f r act i on 13, compl ex A and
t hr ee addi t i onal compl exes ( compl exes a, ß, and - y) wi t h
f ast er mobi l i t i es wer e f or med ( Fi gs . 2 B and 6) . For ma-
t i ons of al l t hese bands wer e compet ed out wi t h t he excess
amount ( 100- f ol d) of nonr adi oact i ve 23- mer DNA car r yi ng
t he CENRB box, whi l e no compet i t i on was obser ved wi t h
t he excess amount of t he 23- mer DNA havi ng sequence al t er -
at i ons i n t he CENRB box ( t he def ect i ve 23- mer [ see Mat e-
r i al s and Met hods] ) , i ndi cat i ng t he dependence of al l com-
pl ex f or mat i on on CENRB box sequence . The addi t i on of
an ACA ser umaf t er t he bi ndi ng r eact i on caused t r appi ng of
t hese compl exes at t he or i gi n, but t he addi t i on of nor mal
ser um di d not , i ndi cat i ng t he pr esence of ant i geni c pol y-
pept i de( s) i n al l compl exes ( Fi g. 6) . These r esul t s, t aken
t oget her wi t h t he r esul t s i n Fi g. 3 C, st r ongl y suggest t hat
al l t he compl exes wi t h di f f er ent el ect r ophor et i c mobi l i t i es
wer e f or med by t he speci f i c i nt er act i on bet ween t he pr obe
DNA and CENRB and/ or par t i al degr adat i on pr oduct s of
CENRB.

To det er mi ne t he number of DNA mol ecul es i n compl ex
A, t he DNA band shi f t assay was per f or med usi ng f r act i on
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Fi gur e 3. Char act er i zat i on of ant i gens i n f r ac-
t i on 13 and 17 f r omol i gonucl eot i de- sephar ose
col umn by i mmunobl ot t i ng and Sout hwest er n
bl ot t i ng. ( A) Si l ver st ai ni ng of pr ot ei ns i n di f f er -
ent pur i f i cat i on st ages af t er SDS- PAGE. Gel
concent r at i on was 10. 0%. Lane 1, 1 pl of nu-
cl ear ext r act s ; l ane 2, 10 j l of Q- sephar ose-
pool ed f r act i on ; l ane 3, 100, u1 of f r act i on 17. ( B)
I mmunobl oni ng anal ysi s and DNAbi ndi ng ac-
t i vi t y of f r act i on 17. Gel concent r at i on was
10. 0%. Lane 1, 10 t l of sampl e was el ect r opho-
r esed on SDS- gel , t r ansf er r ed t o pol yvi nyl dene
di f l uor i de membr ane, and pr obed wi t h mACA1
( 1 : 500 di l ut i on wi t h PBS) . Lane 2, 10, u1of sam-
pl e was el ect r ophor esed and t r ansf er r ed t o pol y-
vi nyl dene di f l uor i de membr ane i n par al l el wi t h
t he sampl e i n l ane 1 . The membr ane was i ncu-
bat ed wi t h 32 P- l abel ed 59- bp DNA, washed,
and anal yzed by aut or adi ogr aphy . ( C) I mmuno-
bl ot t i ng anal ysi s and DNA bi ndi ng act i vi t y of
f r act i on 13. Gel concent r at i on was 7. 5 %. Lane
1, 100 , . l of sampl e was pr eci pi t at ed wi t h 80
acet one and t r eat ed as descr i bed i n B f or i m-
munobl ot t i ng. Human KGser um was used as
ACA. Lane 2, i mmunobl ot t i ng per f or med i n

par al l el wi t h sampl e i n l ane 1 usi ng m- ACAI ( 1 : 500 di l ut i on wi t h PBS) . Lane 3, 200, , l of f r act i on 13 was pr eci pi t at ed wi t h 80%acet one and
Sout hwest er n bl ot t i ng was per f or med as descr i bed i n B. Posi t i ons f or mol wt ( kD) mar ker pr ot ei ns ar e i ndi cat ed on t he l ef t of l ane 1 i n al l panel s .

17 and t wo pr obe DNA mol ecul es i n di f f er ent chai n l engt hs .
When t he end- l abel ed 59- bp or t he 25- bp DNA wi t h t he
CENP- B box was used as a pr obe i n a bi ndi ng r eact i on, a
r adi oact i ve band was f or med at A59 or Al l posi t i on, r espec-
t i vel y ( Fi g . 7 A, l anes 1 and 8) . When an i ncr easi ng amount
of t he nonr adi oact i ve 23- mer and 56- mer mol ecul es wer e
added t o t he r eact i on mi xt ur es f or l anes 1 and 8, r espect i vel y,
an ext r a band wi t h t he same i nt er medi at e mobi l i t y and an i n-
cr easi ng amount appear ed ( Fi g. 7 A, l anes 2- 4 and S- 7) .
Even wi t h var i ous r at i os of compet i t or s, no addi t i onal bands
wer e det ect ed . These r esul t s i ndi cat e t hat t he compl ex A
cont ai ns t wo mol ecul es of DNA ( see Fi g . 9 f or t he possi bl e
st r uct ur e of compl ex A) .

The number s of t he DNA mol ecul es i n t he ot her com-
pl exes ( a, ß, y) , wer e det er mi ned si mi l ar l y by t he band shi f t

assay usi ng f r act i on 14, whi ch al so cont ai ns 80- and 65- kD
component s. Fr act i on 14 f or med t he f our compl exes ( com-

pl exes A, a, ß, and y) usi ng t he end- l abel ed 59- bp or 32- bp
DNA ( Fi g . 7 B) . When an i ncr easi ng amount of t he non-

r adi oact i ve 29- mer and 56- mer mol ecul es wer e added t o t he

r eact i on mi xt ur es f or l anes 1 and 8, r espect i vel y, no ext r a

bands appear ed f or compl ex a, ß, or y, whi l e an ext r a band
appear ed f or compl ex A ( Fi g . 8 B, l anes 3- 7) . These r esul t s
i ndi cat e t hat t he compl ex a, ß, and y cont ai n one mol ecul e
of DNA.

To assess t he const i t ut i ng pol ypept i de i n each compl ex,

DNA band shi f t assays wer e per f or med usi ng pol ypept i des
r ecover ed f r om 80- and 65- kD r egi ons of SDS gel s ( Fi g . 8

A) . Usi ng r enat ur ed 80- kD pol ypept i de, t wo bands wer e
f or med at t he posi t i ons of compl ex Aand ß. Compl ex A and
ß may cont ai n di mer and monomer of CENRB, r espect i vel y,
as di scussed bel ow. I n t he case of r enat ur ed 65- kD pol ypep-
t i de, one maj or band was f or med at t he posi t i on of compl ex
- y . The band at t he posi t i on of compl ex a was not f or med
wi t h ei t her pol ypept i de. The suscept i bi l i t y of t he compl exes
f or med wi t h f r act i on 14 t o t he ant i - CENP- B monocl onal an-
t i body was exami ned ( Fi g . 8 B) . The addi t i on of mACA1 af -
t er t he bi ndi ng r eact i on caused t r appi ng of compl exes A, a,
and ß at or near t he or i gi n, but f or mat i on of compl ex y was
not i nf l uenced . Si nce compl ex y was t r apped at t he or i gi n by
an ACA ser um ( Fi g . 6) , t he pol ypept i de i n t he compl ex y
seems t o be a f r agment of CENP- B whi ch l acks t he epi t ope
f or m- ACAl , t he COOH- t er mi nal 147 ami no aci d r esi dues
i n CENRB. The r esul t of compl ex y i s puzzl i ng, si nce t he
i mmunobl ot t i ng anal ysi s of f r act i on 13 has shown t hat t he
6541) band was r eact i ve t o bot h an ACAser umand mACAI
( Fi g . 3 C) . The 65- kDband may cont ai n t wo speci es of ant i -
gens bot h der i ved f r omCENP- B but l ost t he di f f er ent do-
mai ns i n t he pol ypept i de ( see Di scussi on f or det ai l s) .

Di scussi on

The Speci f i c I nt er act i on of CENRBwi t h

t he CENRBBox Sequence

We have pur i f i ed t he CENP- B box bi ndi ng pr ot ei n 15, 000-

Fi gur e 4. DNase I f oot pr i nt i ng of pur i f i ed CENP- B on a169 DNA. DNase I pr ot ect i on anal ysi s of a169 DNAwas anal yzed as descr i bed
i n Mat er i al s and Met hods . A- and G- speci f i c ( l ane A+G) and G- speci f i c ( l ane G) sequenci ng r eact i ons and DNase I di gest i on si t es on
t he L- st r and and R- st r and, ar e shown . 1 . 2 ng of DNA end l abel ed at one of t he compl ement ar y st r ands was i ncubat ed wi t h 1 ( l ane 1) ,
3 ( l ane 2) , 9 ( l ane 3) or 0 ( l ane 0) / l of f r act i on 17 f r omt he ol i gonucl eot i de- sephar ose col umn . Nucl eot i de sequence number i ng cor r esponds
t o t hat i n Fi g. 3 of Masumot o et al . ( 27) . Ar r ows ( A) i ndi cat e enhanced DNase I cl eavage si t e on R st r and at nucl eot i de 249 and L- st r and
at nucl eot i de 245 .
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Fi gur e 5. Ti t r at i on of CENPB
wi t h al phoi d DNA. Bi ndi ng r e-
act i ons wer e car r i ed out wi t h
const ant amount of CENPB
( f r act i on 17 f r omol i gonucl eo-
t i de- sephar ose col umn) and
i ncr easi ng amount s of " P- l a-
bel ed 59- bp DNA and ana-
l yzed as descr i bed i n Ma-
t er i al s and Met hods . React i on
mi xt ur es cont ai ned no com-
pet i t or DNA. ( A) CENPB
was t i t r at ed wi t h i ncr easi ng
amount s of 32pl abel ed 59- bp
DNA. ( B) The dat a of Ds and
B- Ds wer e pl ot t ed t o cal cul at e
t he appar ent equi l i br i um con-
st ant . Ds and B- Ds ar e t he
f r ee and bound speci es of t he
59- bp DNA, r espect i vel y. The
sol i d l i nes wer e dr awn by f i t -
t i ng t he dat a under t he met hod
of Wi l ki nson ( 43) . ( C) Det er -
mi nat i on of Kn. Bi ndi ng r eac-
t i ons wer e car r i ed out as de-
scr i bed i n A, except t hat t he
concent r at i on of 32P- l abel ed
59- bp DNAwas kept const ant
( 1 nM) , wher eas t he amount
of nonspeci f i c DNA ( soni

cat ed pUC119) was var i ed . Kn was det er mi ned by l i near l east
squar es f i t of t he 1/ Kapp vs . Dn dat a ( sol i d l i ne) . Dn, nonspeci f i c
DNA ( pUC119) .
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f ol d f r om HeLa nucl ear ext r act by a t wo- st ep pr ocedur e
( Tabl e I ) . Judgi ng f r omt he pr ot ei n mobi l i t y on SDS- PAGE
( 80 kD) , t he r eact i vi t y t o bot h ACA ser a and m- ACA1 ( a
monocl onal ant i body r ecogni zi ng COOH- t er mi nal r esi dues
of CENPB) , and copur i f i ca6on of CENP- B box speci f i c DNA
bi ndi ng act i vi t y and 80- kD cent r omer e ant i gen t hr oughout
t wo- st ep col umn chr omat ogr aphy, we concl uded t hat CENPB
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i t sel f bi nds t he CENPB box . I ndeed, DNase I pr ot ect i on
anal ysi s of al phoi d DNA showed t hat a 25- bp r egi on cen-
t er ed over CENPBbox was pr ot ect ed wi t h t he pur i f i ed pr ep-
ar at i on of CENPB( Fi g . 4) . We del i mi t ed pr evi ousl y t he 17-
bp r ecogni t i on sequence by t he i mmunopr eci pi t at i on of t he
t wo del et i on ser i es of al phoi d DNA st ar t i ng f r omeach end
of t he « 169 DNA ( 26) . Al t hough t he consensus r ecogni t i on
sequence i s yet t o be det er mi ned, t he f act t hat t he CENPB
box was commonl y f ound i n var i ous i mmunopr eci pi t abl e al -
phoi d monomer s ( al t hough f l anki ng sequences wer e var i -
abl e) , r ei nf or ces t he not i on t hat t he r ecogni t i on sequence r e-
si des wi t hi n t he CENPB box sequence ( 26) . However , t he
17- bp DNAal one was i nact i ve as a pr obe f or t he i mmunopr e-
ci pi t at i on assay or a compet i t or f or t he DNA- mobi l i t y shi f t
assay ( dat a not shown) . Al so, t he ef f i ci ency of t he compl ex
f or mat i on of CENP- B was gr eat er wi t h t he 59- bp pr obe t han
wi t h t he 25- bp pr obe ( Fi g . 7 A) . Taki ng t oget her al l t hese
r esul t s, one may easi l y ar gue t hat t he bi ndi ng ar eas out si de
t he CENP- B box ar e al so i mpor t ant f or t he st abl e compl ex
f or mat i on.

Judgi ng f r omt he amount of pur i f i ed CENP- B ( 50 pmol
f r om 1 x 1010 of HeLa cel l s) and t he r ecover y of t he spe-
ci f i c DNA bi ndi ng act i vi t y as wel l as t hat of 80- kD ant i gen
( - 15 % f or bot h) , t he number of CENPB mol ecul es per
HeLa cel l i s - 20, 000. Thi s val ue i s consi st ent wi t h t he r e-
sul t s of Cooke et al . ( 13) , who est i mat ed an aver age of 375
copi es of CENPB per chr omat i d by i mmunoel ect r on mi -
cr oscopy .

The equi l i br i umconst ant f or bi ndi ng r eact i on of CENPB
( f r act i on 17) t o CENP- B box ( 59- bp DNA) was det er mi ned
by assumi ng t hat each bi ndi ng si t e i ndependent l y i nt er act s
wi t h DNA . The val ue was 6 x 101 M- 1 , whi ch i s r el at i vel y
l ow compar ed wi t h t hat of t r anscr i pt i on f act or t au of yeast
( 5 x 10 10 M- 1) ( 1) , t he adenovi r us maj or l at e t r anscr i pt i on
f act or ( 1 x 10 10 M- 1 ) ( 10) , or t he 5S r RNA t r anscr i pt i on
f act or TFI I I A of xenopus ( 1 x 10 9 M- 1 ) ( 19) . However , i t
shoul d be poi nt ed out t hat t he equi l i br i um const ant f or a
yeast cent r omer e bi ndi ng pr ot ei n CPI t o CEN3 sequence i s
3 x 101 M- 1 , cl ose t o t he above val ue ( 2) . Under our ex-
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Fi gur e 6. DNA mobi l i t y shi f t assays usi ng f r ac-
t i on 13 or 17 f r om ol i gonucl eot i de- sephar ose
col umn . Bi ndi ng r eact i ons f or A and B wer e
per f or med as descr i bed i n Mat er i al s and Met h-
ods usi ng 1 1. 1 of f r act i on 17 ( l anes 1- 3) or f r ac-
t i on 13 ( l anes 4- 6) and 10 f r nol e of t he 32P

l abel ed 59- bp DNA. ( A) Compet i t i on wi t h t he
nonr adi oact i ve 23- mer DNÁs : l anes 1 and 4,
bi ndi ng r eact i on wi t hout compet i t or s ; l anes 2
and 5, addi t i on of 1 pmol e of t he 23- mer DNA
wi t h a CENPBbox ; l anes 3 and 6, addi t i on of
1 pmol e of t he def ect i ve 23- mer DNA. ( B)
Ef f ect s of ser um addi t i on af t er t he DNAbi nd-
i ng r eact i ons : l anes 1 and 4, no ser um added ;
l anes 2 and 5, addi t i on of 1141 ACA ser um( KG)
( 1 : 30 PBS) ; l anes 3 and 6, addi t i on of 1 ul nor -
mal heal t hy ser um ( 1: 30 PBS) . A, «, 0, and y
i ndi cat e compl exes wi t h di f f er ent mobi l i t i es .



Fi gur e 7. Det er mi nat i on of number of
DNA mol ecul es i n compl exes by gel
shi f t assays . ( A) Bi ndi ng r eact i ons wer e
per f or med wi t h 1 ul of f r act i on 17, 10
f mol e of t he end- l abel ed 59- bp DNA
( 106 cpm/ 18 ng) ( l anes 1- 4) or 25- bp
DNA ( 106 cpm/ 7 ng) ( l anes 5- 8) and
10, 40, and 160 f mol e of t he nonr adi o-
act i ve 23- mer DNA ( l anes 2- 4, r espec-
t i vel y) , or 80, 20, and 5 f mol e of t he
nonr adi oact i ve 56- mer DNA ( l anes 5- 7,
r espect i vel y) . Mobi l i t y shi f t of pr ot ei n-
bound DNAwas det er mi ned as descr i bed
i n Mat er i al s and Met hods . A59 and Azs

show t he posi t i ons of compl ex A f or med
wi t h 59- bp and 25- bp DNA, r espect i vel y .
Ar r owhead i ndi cat es t hat t he compl ex i n
t he i nt er medi at e mobi l i t y appear ed i n
t he pr esence of t wo- chai n l engt h DNAs .
( B) Bi ndi ng r eact i ons wer e per f or med
usi ng 1 I t , l of f r act i on 14, 10 f i nol e of t he
end- l abel ed 59- bp DNA ( 106 cpm/ 18
ng) ( l anes 1- 4) or 32- bp DNA ( 106

cpm/ 10 ng) ( l anes 5- 8) and 5, 20, and 80 f mol e of t he nonr adi oact i ve 29- mer DNA ( l anes 2- 7, r espect i vel y) , or 40, 10, and 2 . 5 f mol e
of t he nonr adi oact i ve 56- mer DNA ( l anes 5- 7, r espect i vel y) . An ar r ow i ndi cat es t he compl ex A f or mat i on at t he i nt er medi at e mobi l i t y .

per i ment al condi t i ons, no cooper at i on was f ound . Si nce a
maj or compl ex made bet ween CENP- B and al phoi d DNA
cont ai ns t wo DNA mol ecul es as descr i bed bel ow, f ur t her
anal ysi s under di f f er ent condi t i ons i s r equi r ed t o cl ar i f y t hi s
poi nt .

Fi gur e 8. Anal yses of pol ypept i des i n DNA- pr ot ei n compl exes
f or med wi t h f r act i ons f r om t he mi nor peak. ( A) WADor 65- kD
pol ypept i de i n f r act i on 11- 20 was obt ai ned as descr i bed i n Mat er i -
al s and Met hods, and compl ex f or mat i on wi t h t he end- l abel ed 59-
bp DNA ( 10 f i nol e) was exami ned by DNA mobi l i t y shi f t assay.
Lane 1, 1 l t , l of f r act i on 13 ; l ane 2, 6, ul of 80- kDpol ypept i de; l ane
3, 6 pl of 65- kD pol ypept i de. ( B) Suscept i bi l i t y t o t he monocl onal
ant i body was anal yzed usi ng 1 t 1 of f r act i on 14 and 10 f mol e of
t he end- l abel ed 59- bp DNA. Lane 1, no ant i body added ; l ane 2,
addi t i on of 1 ul of m- ACAl .
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Al t hough bot h t he ant i geni ci t y and DNA bi ndi ng act i vi t y
wer e det ect ed onl y at t he 80- kDposi t i on usi ng t he peak f r ac-
t i on of t he ol i gonucl eot i de- sephar ose col umn ( f r act i on 17) ,
an ext r a 65- kD band wi t h t he same ant i geni ci t y and speci f i c
DNA bi ndi ng act i vi t y was det ect ed as a mi nor component
usi ng t he f r act i on 13 ( Fi g . 3) . Si nce r epeat ed f r eezi ng- t haw-
i ng of t he cr ude nucl ear ext r act , t he di gest i on of par t i al l y
pur i f i ed CENP- B f r act i ons wi t h var i ous pr ot eases, or
pur i f i ed CENP- B ( f r act i on 17) kept on i ce f or one mont h pr o-
duced m- ACAI r eact i ve ant i geni c pol ypept i des i n t he same
si ze and/ or wi t h speci f i c DNA bi ndi ng act i vi t y ( dat a not
shown) , i t i s ver y l i kel y t hat t he 65- kDant i gens ar e degr ada-
t i on pr oduct s of CENP- B. The same possi bi l i t y was suggest ed
ear l i er by Bal czon and Br i nkl ey ( 3) on t he ACA- r eact i ve 65-
kDant i gen t hat had been pur i f i ed wi t h an ant i t ubul i n af f i ni t y
col umn . The DNAmobi l i t y shi f t assay showed t hat CENP- B
and i t s put at i ve degr adat i on pr oduct s f or mf our compl exes
i n di f f er ent mobi l i t i es ( Fi g . 6) . Al l f our compl exes have
shown bi ndi ng speci f i ci t y t o t he CENP- B box sequence and
r eact i vi t y t o an ACA ser um ( Fi g. 6) , but t he r eact i vi t y t o
m- ACAI or t he number of DNA mol ecul es i nvol ved i n t he
compl ex f or mat i on pr oved t o be di f f er ent ( Fi gs . 7 and 8) .
Compl ex A, f or exampl e, cont ai ned t wo mol ecul es of DNA
whi l e t he f ast er movi ng t hr ee compl exes ( compl exes a, ß,
and , y) cont ai ned onl y one mol ecul e of DNA ( Fi g . 7) . Com-
pl exes A, a, and ß have r eact ed t o t he m- ACAl , wher eas
compl ex y di d not .

Our cur r ent vi ewf or t he mol ecul ar const i t ut i on of t he f our
compl exes i s shown bel ow. The pr ot ei n component s of com-
pl ex Aand compl ex ß may be di mer and monomer of 80- kD
CENP- B, r espect i vel y, f r omt he r esul t s as f ol l ows . ( a) The
DNAmobi l i t y shi f t exper i ment usi ng t he 80- kD ant i gen r e-
cover ed f r om SDS- gel ( Fi g . 8) . ( b) The number of DNA
mol ecul es i n t he compl ex A and ß ( Fi g . 7) . ( c) Mol ecul ar
wei ght of compl ex A det er mi ned by gl ycer ol gr adi ent
sedi ment at i on, whi ch cor r esponds appr oxi mat el y t o t he sum
of t he mol ecul ar wei ght of t wo mol ecul es each of CENP- B
and pr obe DNA ( our unpubl i shed r esul t s) .

Most 80- kD pol ypept i des el ut ed f r omt he SDS- gel seemed
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Fi gur e 9 Model s of hi gher or der ed st r uct ur es made wi t h l ong al phoi d DNA and CENP- B. I n A and B, t wo DNA mol ecul es i n compl ex
A or i ent t he opposi t e di r ect i on and t he same di r ect i on, r espect i vel y . I n ( i ) and ( ü) , i nt r ast r and and i nt er st r and assembl y, r espect i vel y, of
al phoi d DNAmol ecul es by CENP- B mol ecul es ar e shown . Tàndeml y r epeat i ng al phoi d DNA monomer s wi t h and wi t hout a CENRB box
ar e depi ct ed as heavy and t hi n ar r ows, r espect i vel y . CENP- B mol ecul es bi ndi ng t o CENP- B boxes ar e shown as open ci r cl es . The compl ex
A i s depi ct ed t ent at i vel y as di mer of t he CENP- B mol ecul es and t wo DNA mol ecul es assembl ed t oget her .

unabl e t o r ecover di mer i zat i on act i vi t y even af t er r enat ur a-
t i on t r eat ment , si nce compl ex ß was t he maj or r eact i on pr od-
uct ( Fi g . 8 A) .

A band cor r espondi ng t o t he mobi l i t y of compl ex - y was
f or med bet ween t he pr obe DNA and t he 65- kDpol ypept i des
el ut ed f r omt he SDS- gel ( Fi g . 8) . The compl ex y f or mat i on
was not di st ur bed by t he addi t i on of mACA1 ( Fi g. 8) , al -
t hough i t was di st ur bed by an ACA ser um( Fi g . 6) . Si nce t he
epi t ope f or mACA1 r esi des wi t hi n COOH- t er mi nal 147
ami no aci d r esi dues i n CENRB( 15) , t he 65- kDpol ypept i de
i n compl ex - y pr obabl y l acks t he cor r espondi ng COOH- t er -
mi nal domai n . The r esi st ance of compl ex y t o mACA1 was
unexpect ed, si nce i mmunobl ot t i ng anal ysi s of f r act i on 13
has shown t hat 65- kDpol ypept i de r eact ed wi t h bot h mACAI
and an ACA ser um. These r esul t s suggest a possi bi l i t y t hat
anot her pol ypept i de wi t h t he same 65- kD el ect r ophor et i c
mobi l i t y woul d exi st i n f r act i on 13 and t hi s pol ypept i de
woul d car r y t he COOH- t er mi nal r egi on ( t her ef or e r eact i ve
t o mACAl ) but woul d l ack t he NH2 - t er mi nal r egi on i nst ead .
The NH2- t er mi nal l ocat i on of DNA- bi ndi ng domai n was
al so i ndi cat ed by our cur r ent anal yses : t he pol ypept i de en-
coded by a cDNA cl one of CENP- B l acki ng mor e t han hal f
of t he COON- t er mi nal r egi on showed DNAbi ndi ng act i vi t y,
whi l e t he pol ypept i de wi t h a del et i on of 16- ami no aci d r esi -
dues at NH2- t er mi nal r egi on l acked bi ndi ng act i vi t y ( our
unpubl i shed r esul t s) . Gi ven by i t s el ect r ophor et i c mobi l i t y,
compl ex a may cont ai n a het er odi mer of one 80 kD and a
degr adat i on pr oduct of CENP- B. The 65- kD pol ypept i de
wi t h t he r eact i vi t y t o m- ACA1 i s a candi dat e of t he degr ada-
t i on pr oduct wi t h t he put at i ve di mer i zat i on domai n .
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Funct i onal Rol e of CENP- B and CENRB
Box I nt er act i on

The CENP- B box sequence i s pr esent i n var i ous subcl asses
of al phoi d r epeat s cover i ng al most al l chr omosomes ( 26) .
The pr esent r esul t s r eveal ed t hat CENRB mol ecul es assem-
bl e al phoi d DNA wi t h CENP- B box . Thi s CENRB and
CENRB box i nt er act i on may pl ay a r ol e i n gat her i ng up t he
l ong al phoi d DNAr epeat s i n t he cent r omer e domai n t o make
up r egul ar hi gher st r uct ur e or hol di ng of si st er chr omat i ds
af t er r epl i cat i on ( Fi g . 9) . The CENP- B we have used i n t hi s
anal ysi s was obt ai ned f r omi nt er phase cel l s . I t i s i mpor t ant
t o knowhow st ages i n t he cel l cycl e woul d af f ect t he pr oper t y
of t he CENRB.

I n suppor t of our pr esent and pr evi ous r esul t s of speci f i c
i nt er act i on bet ween CENRB and al phoi d DNA ( 26) , an i n
vi vo associ at i on bet ween al phoi d DNA and CENRB was
suggest ed by an i mmunocyt ogenet i c anal ysi s of a r ear r anged
cent r omer e of human chr omosome 17 ( 42) . Cooke et al . ( 13)
showed by i mmunoel ect r on mi cr oscopy t hat CENP- B i s
l ar gel y conf i ned t o t he chr omat i n of t he cent r al domai n be-
neat h t he ki net ochor e i n HeLa cel l s . The DNA sequence di s-
t r i but i on wi t hi n cent r omer e i s wel l document ed i n t he genus
Mus . A CENP- B box was al so f ound i n t he 120- bp uni t se-
quence of t he mouse mi nor sat el l i t e, t he sat el l i t e DNApr es-
ent i n t he di scr et e r egi on of pr i mar y const r i ct i on at or adj a-
cent t o t he si t e of t he cent r omer e ant i gens i n most mouse
speci es t est ed ( 46) . Recent l y, CENRB gene was i sol at ed
f r ommouse and hi gh conser vat i on of t he CENRB genes i n
t he human and mouse cel l s was shown ( 40) . The i n vi vo and
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i n vi t r o associ at i on of al phoi d DNA wi t h CENP- B, and t he
conser vat i on of CENPB and CENP- B box sequence i n hu-
man and mouse cel l s, suggest t hat CENPB pl ays a f un-
dament al r ol e i n st r uct ur e or f unct i on of t he cent r omer e
chr omat i n .

The f unct i onal r ol e of cent r omer e ant i gens has been ad-
dr essed r ecent l y i n t wo mi cr oi nj ect i on st udi es usi ng ACA.
Ber nat et al . ( 4) r epor t ed t hat i nj ect i on of ant i cent r omer e an-
t i bodi es i nt o HeLa cel l s dur i ng i nt er phase di sr upt ed chr o-
mosome movement s at mi t osi s and t hat al l ser a t hat i nhi bi t ed
mi t osi s had hi gh l evel s of ant i - CENPB ant i bodi es, but var i -
abl e l evel s of ant i - CENPA or CENPCby i mmunobl ot t i ng
anal ysi s . They suggest t hat CENPB may be t he t ar get ant i -
gen f or t he obser ved mi t ot i c di sr upt i on . Si mer l y et al . ( 38)
al so f ound t hat an aut oant i body, whi ch det ect ed t he cent r o-
mer e/ ki net ochor e compl ex i n per meabi l i zed mouse cel l s or
mouse oocyt es and cr ossr eact ed wi t h an 80- kD cent r omer e
ant i gen, i nt er f er ed wi t h t he pr omet aphase chr omosome al i gn-
ment f or mouse cel l s . These r esul t s suggest t he possi bl e
l i nk of CENP- B act i vi t y i n execut i ng cent r omer e f unct i on .
Recent l y, Zi nkowsky et al . ( 48) pr oposed a r epeat subuni t
model of ki net ochor e i n whi ch t he cent r omer e/ ki net ochor e
compl ex i s assembl ed f r omr epet i t i ve subuni t s t andeml y ar -
r anged on a cont i nuous DNA/ pr ot ei n f i ber . The CENPB
and al phoi d DNA compl ex mi ght be one of t he component s
of such a r epet i t i ve uni t . Thus, t he r eact i on of CENP- B and
CENPB box may of f er a key t o el i ci t a common f unct i on
per f or med by cent r omer i c sat el l i t e DNA wi t h hi ghl y var i -
abl e sequence among mammal i an speci es .

We t hank Dr . Y. Noyor i and hi s col l eagues f or synt hesi s of t he 56- mer
DNA f r agment s, and Ms . M. Hi r ano f or secr et ar i al wor k .

Thi s wor k was suppor t ed by gr ant s- i n- ai d f or Sci ent i f i c Resear ch on Pr i -

or i t y Ar eas ( 03261103) , t he Mi ni st r y of Educat i on, Sci ence and Cul t ur e
of Japan and by t he Uehar a Memor i al Foundat i on .
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