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ABSTRACT

	

The genes codi ng f or r i bosomal RNA i n pl asmodi a of Physar umpol ycephal umar e ar r anged

pal i ndr omi cal l y on ext r achr omosomal r DNA mol ecul es of 61 kb ( ki l obasepai r s) . I ncubat i on of mi l dl y

ext r act ed r DNA wi t h t he ' 25 1 Bol t on- Hunt er r eagent r esul t s i n i ncor por at i on of l abel not r emoved by

SDS, CsCl , or var i ous or gani c sol vent s . Label ed pr ot ei n i s pr ef er ent i al l y associ at ed wi t h t er mi nal r DNA

r est r i ct i on f r agment s, as det ect ed af t er gel el ect r ophor esi s of t he DNA. Ant i body r eact i on wi t h

di ni t r ophenyl at ed pr ot ei n- r DNA compl exes al l ows vi sual i zat i on of pr ot ei n l ocat ed f r om 1 t o 2 kb

f r om t he t er mi ni , i n a r egi on cont ai ni ng mul t i pl e i nver t ed r epeat sequences and si ngl e- st r and gaps .

DNase I t r eat ment of ei t her r DNA or r DNA t er mi ni r el eases pr i mar i l y t wo l abel ed pr ot ei n bands of

5, 000 and 13, 000 dal t ons as wel l as l ess pr omi nent bands of hi gher mol ecul ar wei ght . We di scuss

mechani sms f or i nvol vement of t er mi nal pr ot ei n i n r epl i cat i on of 3' ends and chr omosomal i nt egr at i on

of t he r DNA .

I n nucl ei of t he l ower eucar yot e Physar um pol ycephal um, t he

genes codi ng f or r i bosomal RNA ar e epi somal i n t hat t hey ar e

l ar gel y, i f not excl usi vel y, l ocat ed on di scr et e r DNA mol ecul es

of 61 kb ( ki l obasepai r s) ( 1- 6) . I n t he pl asmodi al phase of t he

l i f e cycl e t he r DNA i s l ocat ed ent i r el y i n t he nucl eol us dur i ng

i nt er phase . Each r DNA mol ecul e cont ai ns t wo t r anscr i pt i on

uni t s of - 13 kb codi ng f or r i bosomal RNA. These ar e ar r anged

pal i ndr omi cal l y about a l ar ge cent r al spacer of 27 . 6 kb ( 2- 4) .

I n each mol ecul e t he most di st al codi ng r egi on, t hat f or 26S

r RNA, i s i nt er r upt ed by t wo i nt er veni ng sequences ( 4) . A

t er mi nal spacer of var i abl e l engt h aver agi ng 5 . 4 kb l i es di st al

t o t he 26S gene . We have r ecent l y shown t hat t hi s spacer

cont ai ns a r egi on of mul t i pl e i nver t ed r epeat s of - 100 by

l ocat ed near t he act ual t er mi nus ( 5) . I n t hi s r egi on si ngl e- st r and

DNA gaps ar e sel ect i vel y l ocat ed at t he 5' end of a sat el l i t e-

l i ke sequence begi nni ng CCCTA. Sequences i n t he r DNA

t er mi nal r epeat ar e homol ogous t o chr omosomal DNA se-

quences di sper sed t hr oughout t he genome.

Appr oxi mat el y 150 copi es of t he r DNA f r om each nucl eus

ar e di st r i but ed wi t hout l oss t o daught er nucl ei dur i ng mi t osi s

( 6) t oget her wi t h chr omosomal DNA t hat segr egat es ( i n st r ai n

a x i ) t o f or m 46 chr omosomes ( 7) . Al t hough l i t t l e i s known

about t he mechani sms f or r epl i cat i on or di st r i but i on of r DNA,

i t i s cl ear t hat t he t er mi ni must pl ay a cr i t i cal r ol e i n t hese

pr ocesses . I n t hi s st udy we r epor t t hat a si gni f i cant per cent age

of Physar um r DNA t er mi ni possess ver y t i ght l y, possi bl y co-

val ent l y, bound pr ot ei ns l ocat ed i n a r egi on cor r espondi ng t o

t he t er mi nal i nver t ed r epeat s .
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MATERI ALS AND METHODS

I sol at i on of r DNA- Pr ot ei n Compl exes

Nucl eol i wer e i sol at ed f r om mi cr opl asmodi a as pr evi ousl y descr i bed ( 4, 5) .

The r DNA was ext r act ed f r om nucl eol i by a modi f i cat i on of t he sel ect i ve

ext r act i on pr ocedur e of Br aun and Evans ( 8) . Al i quot s of 10' nucl eol i wer e

suspended i n 2 ml of 0. 15 MNa- ci t r at e, 0. 15 MNaCl , and 5 mMEDTA, pH 7. 8,

cont ai ni ng 0. 1 mMphenyl met hyl sul f onyl f l uor i de ( PMSF) ; SDS was added t o

2%. The mi xt ur e was i ncubat ed f or 60 mi n at 27° C. Af t er addi ng NaCl t o 1 . 0 M,

t he mi xt ur e was pl aced at 4° C f or 12 h. Af t er cent r i f ugat i on at 12, 000 g f or 30

mi n, t he super nat e was di al yzed agai nst 50 mM EDTA, pH 8. 0, wi t h 1 mM

PMSF ; CsCl was added t o 56%, and r DNA was banded by cent r i f ugat i on as

pr evi ousl y descr i bed ( 2) . Gl asswar e and di al ysi s bags wer e t r eat ed wi t h a sol ut i on

of 0. 1%Fi col l , 0 . 1%pol yvi nyl pyr r ol i done, and 0. 1% bovi ne ser um al bumi n t o

pr event bi ndi ng and l oss of r DNA- pr ot ei n compl exes. Rest r i ct i on di gest i on and

gel el ect r ophor esi s wer e per f or med as descr i bed f or r DNA ( 4) except t hat 0 . 1%

SDS was i ncl uded i n el ect r ophor esi s buf f er s t o f aci l i t at e ent r y of pr ot ei n- com-

pl exed f r agment s i nt o agar ose gel s .

Label i ng of r DNA- Pr ot ei n Compl exes wi t h t he

1251
Bol t on- Hunt er Reagent

Label i ng usi ng t he N- hydr oxysucci ni mi de est er of 3, 5- [ 1z5í ] i odo 4- hydr oxy

phenyl pr opi oni c aci d ( Bol t on- Hunt er r eagent ; New Engl and Nucl ear , Bost on,

Mass; 4, 000 Ci / mmol ) was per f or med essent i al l y as descr i bed by Rekosh et al .

( 9) f or adenovi r us DNA pr ot ei n . Dr i ed Bol t on- Hunt er r eagent ( 1 . 0 mCi ) was

r eact ed wi t h 200 f g of r DNA- pr ot ei n i n 0. 1 ml of Na2B<07, pH 8. 5, f or 30 mi n

on i ce . The r eact i on was st opped, and unr eact ed r eagent r emoved as descr i bed

( 9) . Label ed r DNA pr ot ei n was f ur t her pur i f i ed on a l 0- ml CsCl gr adi ent

over l ayer ed wi t h 1 ml of 20%sucr ose sol ut i on cont ai ni ng 10 mMTr i s- HCI , pH

7. 9, 1 . 0 mMEDTA, and 0. 1 mMPMSF . Cent r i f ugat i on was car r i ed out f or 30

h at 25, 000 r pmi n an SW- 41 r ot or . DNA f r act i ons l abel ed wi t h 12Sí wer e pool ed
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and et hanol pr eci pi t at ed f or f ur t her anal ysi s . I n separ at e exper i ment s, we al so

banded r DNA pr ot ei n i n si mi l ar gr adi ent s cont ai ni ng 37%CsCl and 4 MGuCl .

The pr ot eol ysi s i nhi bi t or NaHS03 was i ncl uded i n al l buf f er s i n sever al exper i -

ment s. The i nhi bi t or PMSF was pr esent i n al l di al ysi s and cent r i f ugat i on buf f er s.

Nucl ease di gest i ons wer e per f or med f or 2 h at 37° C i n buf f er cont ai ni ng 60 mM

KCI , 10 mMNaCl , 3 mMMgC1 2, 0 . 5 mMCaCl , and 10 mMTr i s- HCl , pH 7 . 4.

DNase I and st aphyl ococcal nucl ease ( Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d,

N. J. ) wer e used at 10 U/ ml and 50 U/ ml , r espect i vel y . Pr ot ei nase K( Mer ck &

Co. , I nc. , Rahway, N. J . ) was used at 100 wg/ ml f or 4 h at 37° C.

El ect r on Mi cr oscope Vi sual i zat i on of r DNA-

Pr ot ei n Compl exes

Pr ot ei n bound t o DNAwas vi sual i zed af t er t r eat ment wi t h di ni t r of l uor oben-

zene ( DNFB; Pi er ce) f ol l owed by ant i - di ni t r ophenyl ( DNP) - pr ot ei n ant i body

essent i al l y as descr i bed by Wu and Davi dson ( 10) . Af t er di ni t r ophenyl at i on of

pr ot ei n bound t o r DNA as descr i bed ( 10) , pr ot ei n- r DNA compl exes wer e r eact ed

wi t h pur i f i ed r abbi t ant i - DNP I gG ( pr epar ed agai nst di ni t r ophenyl at ed bovi ne

ser umal bumi n) as f ol l ows. Di ni t r ophenyl at ed r DNA pr ot ei n ( 5 ug) was i ncubat ed

wi t h 200 j i g of r abbi t ant i - DNP I gG f or I h at 37° i n 80, ul of sol ut i on cont ai ni ng

5 mMNa3 EDTA, 0 . 2 MNaCl , 0 . 05 Mt r i ci ne, pH 8. 0, and 1 . 0 mMPMSF . I n

a modi f i cat i on of pr evi ous pr ocedur es ( 10) , we i ncubat ed, f or a f ur t her 20 mi n at

18° C af t er addi t i on of S. our eus pr ot ei n A( Si gma Chemi cal Co. , St . Loui s, Mo. ) ,

10 Pl at 1 . 0 mg/ ml i n t he above buf f er . Unbound ant i body and pr ot ei n A wer e

r emoved on 1 . 5 ml col umns of Sephar ose 2B. El ut ed r DNA- pr ot ei n compl exes

wer e t r eat ed wi t h 0. 02% gl ut ar al dehyde f or 10 mi n at l 8° C and spr ead f or

el ect r on mi cr oscopy by t he f or mami de pr ocedur e pr evi ousl y descr i bed ( 4, 5) .

RESULTS

Sel ect i ve Label i ng of r DNA- Pr ot ei n Compl exes

Nucl eol i wer e di sr upt ed i n 2%SDS under condi t i ons t hat

di d not empl oy pr ot eol yt i c enzymes and t hat wer e desi gned t o

mi ni mi ze endogenous pr ot eol ysi s . Upon CsCl densi t y gr adi ent

cent r i f ugat i on, t he r DNA t hus ext r act ed bands as a br oad

densi t y f r act i on r at her t han as a shar p peak of densi t y 1 . 713 g/

cm3 , as i s expect ed f or r DNA pur i f i ed by mor e ext ensi ve

pr ocedur es ( 2) . The r DNA pool ed f r om t hese gr adi ent s con-

t ai ns a r el at i vel y hi gh per cent age of chr omosomal DNA f r ag-

ment s. Thi s r DNA f r act i on was l abel ed as descr i bed wi t h t he

cscl Fr act i on

FI GURE 1

	

CsCl gr adi ent cent r i f ugat i on of r DNA- pr ot ei n compl exes .

DNA ext r act ed f r om hi ghl y pur i f i ed nucl eol i was l abel ed usi ng t he
' 251 Bol t on- Hunt er r eagent and cent r i f uged i n a 10- ml CsCl gr adi ent

wi t h a 1- ml upper sucr ose l ayer as descr i bed . Fr act i ons wer e ana-

l yzed f or gamma emi ssi on and absor bance at 260 nm.
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t a' I Bol t on- Hunt er r eagent under condi t i ons known t o r esul t i n

l abel i ng of pr ot ei n of DNA- pr ot ei n compl exes ( 9) . Subsequent

CsCI gr adi ent cent r i f ugat i on empl oyed an upper sucr ose l ayer

as descr i bed t o r et ai n unbound l abel ed pr ot ei n. Fi g . 1 shows

t hat most l abel bands i n t he CsCl gr adi ent wi t h t he same
densi t y as t he r DNA sat el l i t e shoul der . Li t t l e or no l abel bands

wi t h chr omosomal DNA, t he pr omi nent absor bance peak at p
= 1 . 702 g/ cm3 . Car e must be t aken t o use hi ghl y pur i f i ed

nucl eol i f or t hese ext r act i ons : sl i ght cont ami nat i on wi t h mi t o-

chondr i al DNA, whi ch i s l ess dense t han chr omosomal DNA,
r esul t s i n si gni f i cant cont ami nat i on of gr adi ent s wi t h 1251- l a-
bel ed mi t ochondr i al pr ot ei n . DNApool ed f r om t he denser si de

of t he l abel ed peak, >90% pur e r DNA as det er mi ned by
anal yt i cal ul t r acent r i f ugat i on, was used f or f ur t her anal yses .

Speci f i c act i vi t i es of t 25I i ncor por at i on var i ed f r om 1 t o 8 x 10 3

cpm/ , ug DNA i n di f f er ent exper i ment s . Mor e t han 80%of t hi s
l abel i s r et ai ned af t er ei t her et hanol pr eci pi t at i on, t r eat ment

wi t h 80%f or mami de, 9 Mur ea, 4 MGuCl , 2%SDS, or f ur t her

CsCl gr adi ent cent r i f ugat i on . Phenol ext r act i on r emoves ^- 35%
of l abel . However , af t er phenol ext r act i on, unl abel ed r DNA

coul d be l abel ed t o hi gh speci f i c act i vi t y wi t h t he Bol t on-

Hunt er r eagent , suggest i ng t hat phase di st r i but i on of r DNA-

pr ot ei n i n aqueous phenol mi xt ur es may be compl i cat ed . Tr eat -

ment wi t h 0 . 5 MNaOH r emoves >80%of l abel , and di gest i on

wi t h pr ot ei nase K r emoves >90%of l abel f r omt he r DNA.

Label ed Pr ot ei ns Ar e Pr esent at t he r DNA

Ter mi ni

Label ed r DNA- pr ot ei n compl exes wer e di gest ed wi t h r est r i c-

t i on endonucl eases and subj ect ed t o el ect r ophor esi s on 1 . 4%

agar ose gel s cont ai ni ng 0. 1%SDS. Rest r i ct i on f r agment bands

wer e exci sed f r om gel s, and i ndi vi dual f r agment s wer e r er un

on agar ose gel s as descr i bed i n Fi g. 2 . Thi s r er unni ng pr ocedur e

r educed backgr ound f r om l abel ed mi t ochondr i al DNA- asso-

ci at ed pr ot ei ns t hat occasi onal l y t r ai l ed t hr ough CsCl gr adi ent s .

Fi g . 2 shows an aut or adi ogr aph of t he t hr ee r DNA Bam Hl
f r agment s separ at ed as descr i bed. The Bar n c f r agment of 2 . 7

kb, vi si bl y st ai ned wi t h et hi di um i n Fi g . 2A, i s der i ved f r om

t he r DNAt er mi ni ( 4) . Thi s f r agment var i es i n si ze by ±400 by

and appear s as a het er odi sper se band on gel s ( 5) . The Bar n a

and b f r agment s ( 21 . 4 kb and 13 . 2 kb) ar e der i ved pr i mar i l y

f r omr RNA codi ng r egi ons and nont r anscr i bed cent r al spacer ,

r espect i vel y . As seen i n Fi g . 2A and B, t he r DNA t er mi ni ar e

pr omi nent l y l abel ed wi t h t 2' I
. I n some exper i ment s si gni f i cant

l abel coul d be det ect ed i n nont er mi nal f r agment s, but t he

t er mi nal f r agment s ar e al ways l abel ed i n gr eat di spr opor t i on

t o t hei r per cent age of t he r DNA. Thi s i s seen i n Fi g. 2 B, i n

whi ch r DNA f r agment s ar e pr esent i n equi mol ar quant i t i es .

Ter mi nal r DNA- pr ot ei n f r agment s have a hi gh t endency t o

aggr egat e and a hi gh af f i ni t y f or agar ose. SDS was necessar y

f or l abel ed f r agment s t o ent er t he gel , and el ect r oel ut i on was

i nef f i ci ent . I n separ at e exper i ment s r DNA pr epar ed as de-

scr i bed was ni ck t r ansl at ed usi ng a- " P- deoxynucl eot i des, di -

gest ed wi t h var i ous r est r i ct i on enzymes, and subj ect ed t o el ec-

t r ophor esi s bot h bef or e and af t er t r eat ment wi t h pr ot ei nase K.

No shi f t i n posi t i on of t he al r eady het er odi sper se t er mi nal

r est r i ct i on bands coul d be det ect ed . One expl anat i on f or t hi s

coul d be t hat many t er mi ni do not have t i ght l y at t ached pr ot ei n

and t hat any shi f t t hat mi ght occur i s masked by band het er -

ogenei t y . Al t er nat i vel y, bound pr ot ei n coul d r et ar d l abel i ng,

whi ch occur s sel ect i vel y at t er mi nal si ngl e- st r and gaps as pr e-

vi ousl y r epor t ed ( 5) .
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FI GURE 2

	

' 25 1- l abel ed pr ot ei n bound t o Physar um r DNA r est r i ct i on

f r agment s . Label i ng and pur i f i cat i on of r DNA on t wo CsCI gr adi ent s

was as descr i bed i n Mat er i al s and Met hods. The r DNA ( 5- 10 wg)

was di gest ed wi t h Bar n HI as pr evi ousl y descr i bed ( 4) and subj ect ed

t o el ect r ophor esi s on 1 . 4% agar ose gel s cont ai ni ng 0. 1% SDS. For

panel A, bands wer e exci sed, and DNA ext r act ed by el ect r oel ut i on

was agai n subj ect ed t o el ect r ophor esi s on a 1 . 5- mm- t hi ck agar ose

gel . On t hi s gel , band c i s over r epr esent ed t o enhance vi si bi l i t y . For

panel B, exci sed bands wer e pl aced di r ect l y ont o a second 1 . 4%

agar ose gel , and r DNA f r agment s ar e t hus r epr esent ed i n equi mol ar

quant i t i es . Gel s wer e dr i ed and aut or adi ogr aphed usi ng Dupont

Cr onex f i l m and an i nt ensi f yi ng scr een f or 7 d at - 80° . Not e t hat

t he bul k of pr ot ei n l abel i s i n t he Bar n c t er mi nal r est r i ct i on f r agment

even t hough t hi s f r agment cont ai ns <10%of t he t ot al r DNA.

Rel ease of Label ed Pr ot ei ns f r om r DNA by

Tr eat ment wi t h DNase 1 or St aphyl ococcal

Nucl ease

Al i quot s of l abel ed r DNA, i sol at ed af t er t wo CsCl gr adi ent s
as pr evi ousl y descr i bed, wer e t r eat ed wi t h DNase I and sub-

j ect ed t o SDS gel el ect r ophor esi s f ol l owed by aut or adi ogr aphy

t o vi sual i ze l abel ed pr ot ei n bands . Fi g. 3 A shows t hat DNase

I r el eases 125 1 i n pr i mar i l y t wo pr ot ei n bands. These do not

cor r espond t o t he el ect r ophor et i c posi t i ons of any of t he Phy-

sar um hi st ones, whi ch wer e r un on t he same 15% pol yacr yl -

ami de gel . The mol ecul ar wei ght s of t he l abel ed r DNApr ot ei ns

r el eased by DNase I ar e 5, 000 and 13, 000 dal t ons ( measur e-

ment s not shown) ; t hese ar e l abel ed I and I I , r espect i vel y, i n

Fi g . 3. I n Fi g. 3 B, i t can be seen t hat br i ef t r eat ment wi t h

ei t her DNase I or st aphyl ococcal nucl ease r el eases pr ot ei n 11 .

Thi s band appear s ver y di f f use, possi bl y as a doubl et , af t er

DNase I t r eat ment . Pr ot ei n I i s not si gni f i cant l y r el eased f r om

r DNA by st aphyl ococcal nucl ease but i s r el eased by DNase I .

Di f f use l abel ed mat er i al i s seen at mol ecul ar wei ght s >40, 000 .

Thi s l abel and l abel at t he t op of t he gel may r epr esent ot her

pr ot ei ns on t he r DNAbut coul d al so be t he r esul t of i ncompl et e

di gest i on of DNA pr ot ei n by t he nucl eases used. I n Fi g . 3 B i t

can be seen t hat pr ot ei nase K t r eat ment abol i shes al l l abel and

t hat no l abel ed nucl eot i de f r agment s appear on t hese SDS gel s.

When ' 25 1- l abel ed r DNA r est r i ct i on f r agment s wer e el ut ed

f r om agar ose gel s, t hey coul d be di gest ed wi t h DNase I and

t hei r pr ot ei ns anal yzed . Fi g . 4 shows an aut or adi ogr aph of t he

Bamc compl ex, i sol at ed as i n Fi g. 2, t r eat ed wi t h DNase I and

subj ect ed t o el ect r ophor esi s on a 15%SDS pol yacr yl ami de gel .

Tr ack c shows pr ot ei ns r el eased by di gest i on of l abel ed DNA

el ut ed f r omt he agar ose gel . Bands cor r espondi ng t o pr ot ei ns

I ( 5, 000- 6, 000 mol wt ) and 11 ( 13, 000 mol wt ) , as seen i n Fi g.

3, ar e vi si bl e . I n t hi s case, band I I i s r esol ved as t wo bands.

Bands ar e al so vi si bl e at 40, 000- 45, 000 mol wt . These ar e not

pr omi nent when t ot al r DNA i s di gest ed as i n Fi g . 3 . They may

r epr esent aggr egat es of pr ot ei ns or pr ot ei ns and DNA. They

may al so r epr esent pr ot ei ns pr esent i n l ownumber s speci f i cal l y

at t he r DNA t er mi ni . Label at t he t op of t he gel i s aggr egat ed

pr ot ei n- DNA not di gest ed by DNase I . Tr ack d was obt ai ned

af t er di gest i on of l abel ed mat er i al t hat coul d not be el ut ed

f r om t he agar ose gel Bar n c band . Homogeni zed agar ose was

l oaded di r ect l y ont o t he pol yacr yl ami de gel . Thi s l abel ed ma-

t er i al i s evi dent l y pr ot ei n- DNA bound t o agar ose and cannot

be di gest ed wi t h DNase I . Compar i son of Fi gs . 3 and 4 wi t h

Fi g . 2 shows t hat pr ot ei ns of l ow mol ecul ar wei ght ( 5, 000 and

13, 000) f ound on t he r DNA mol ecul e ar e l ocat ed sel ect i vel y at

t he t er mi ni .

El ect r on Mi cr oscope Vi sual i zat i on of Pr ot ei ns

Bound t o r DNA

To see pr ot ei ns bound t o t he r DNA i n sampl es spr ead f or

el ect r on mi cr oscopy, we used a pr ocedur e ( 10) t hat empl oys
r abbi t ant i - DNP ant i body t o bi nd pr ot ei ns pr evi ousl y der i va-
t i zed usi ng DNFB. Thi s enhances t he si ze of pr ot ei n compl exes
on t he DNA so t hat t hey can be r ecogni zed af t er shadowi ng.

When i nt act r DNA i s r eact ed wi t h DNFB and ant i body and

spr ead as descr i bed i n Mat er i al s and Met hods, pr ot ei n com-
pl exes ar e vi sual i zed as seen i n Fi g . 5 . At t he t op of Fi g. 5 i s a
r epr esent at i ve r DNA mol ecul e wi t h compl exes l ocat ed wi t hi n
3 kb of each end and anot her possi bl e compl ex at - 8 kb . ( For

pur poses of measur ement al l of t hese compl exes wer e scor ed . )

Of t he f ul l - l engt h r DNA mol ecul es measur ed, 92%had ant i -

body compl exes . Of t hese mol ecul es, 61%had compl exes i n at

l east one t er mi nal spacer and - 6%had compl exes near bot h
t er mi ni . At t he bot t om l ef t of Fi g . 5 ar e shown t er mi ni f r om si x

separ at e f ul l - l engt h r DNAmol ecul es t hat possessed compl exes .
I n each case a compl ex i s l ocat ed wi t hi n 1- 3 kb of t he act ual
t er mi nus ; i n onl y a smal l f r act i on of mol ecul es wer e compl exes
seen di r ect l y at t he t er mi nus . We mapped t he posi t i ons of
compl exes vi sual i zed on r DNA mol ecul es t r eat ed wi t h DNFB
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FI GURE 3 SDS gel el ect r o-

phor esi s of " ' I - l abel ed pr o-

t ei ns r el eased f r om r DNA by

nucl ease t r eat ment . ( A) 15%

Pol yacr yl ami de gel showi ng

bands r el eased by t r eat ment

wi t h DNase I . Each sampl e

cont ai ned r DNA l abel ed and

pur i f i ed as descr i bed, 1, 000

cpm, wi t h ( +) or wi t hout

( - ) t r eat ment wi t h DNase I .

At t he l ef t of t he gel , t ot al

Physar um hi st ones wer e

el ect r ophor esed f or compar -

i son . The l ar ge band vi si bl e

wi t h Coomassi e st ai n i s BSA

added t o di al ysi s bags t o pr e-

vent bi ndi ng . ( 8) 12% Pol y-

acr yl ami de gel showi ng r e-

sul t s of t r eat ment of l abel ed

r DNA- pr ot ei n compl exes

wi t h DNase I ( DNase) , wi t h

or wi t hout subsequent t r eat -

ment wi t h pr ot ei nase K ( PK) ,

and st aphyl ococcal nucl ease

( SN) . Each sampl e cont ai ned

r DNA l abel ed and pur i f i ed

as descr i bed, 1, 000 cpm, and

t he i ndi cat ed nucl ease . Ar -

r ows adj acent t o aut or adi -

ogr aphs i dent i f y l abel ed

bands r el eased by nucl ease

t r eat ment i n t he r anges of

5, 000 dal t ons ( 1) and 13, 000

dal t ons ( 11) . Cont r ol sampl e

r DNA ( cont ) r ecei ved no en-

zyme t r eat ment .

FI GURE 4 Rel ease of l abel ed pr ot ei n f r om t he Bar n HI r DNA t er -

mi nal r est r i ct i on f r agment by DNase I . The t er mi nal r DNA Bar n c

f r agment was i sol at ed by el ect oel ut i on af t er di gest i on of r DNA by
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and ant i body as shown i n t he hi st ogr am at t he bot t om r i ght of

Fi g. 5 . As a cont r ol we mapped posi t i ons of compl exes on t he

same number of r DNA mol ecul es t r eat ed wi t h ant i body but

not wi t h DNFB. Thi s cont r ol i s adequat e t o demonst r at e t hat

ant i body does not sel ect i vel y associ at e wi t h si ngl e- st r and r e-

gi ons on t he DNA. I t i s cl ear t hat pr ot ei ns r ecogni zed by t he

ant i - DNP ant i body ar e pr ef er ent i al l y l ocat ed wi t hi n 1- 2 kb of

t he act ual r DNA t er mi ni . Compl exes seen on ot her par t s of

t he r DNA mol ecul e may r epr esent pr ot ei ns bound t o r DNA,

but t hei r di st r i but i on does not di f f er si gni f i cant l y f r om t hat of

compl exes seen wi t hout DNFB. Compar i son wi t h t he map at

t he t op of t he hi st ogr am shows t hat t he r egi on of pr ot ei n

bi ndi ng cor r esponds appr oxi mat el y t o t hat r egi on known t o

possess mul t i pl e i nver t ed r epeat s and sel ect i vel y- l ocat ed si ngl e-

st r and gaps. The l ocat i on of bound pr ot ei n r el at i ve t o t he

Bar n HI and el ect r ophor esi s of r esul t i ng f r agment s on an agar ose

gel as i n Fi g . 2 . Tr ack C: el ect r oel ut ed Bar n c was et hanol pr eci pi -

t at ed, r edi ssol ved i n 501AI of di gest i on buf f er , and t r eat ed wi t h 5 U

of DNase I f or 2 h at 37° C. The di gest i on was st opped by addi ng 3

x SDS sampl e buf f er , and el ect r ophor esi s was on a 15% pol yacr yl -

ami de gel . Tr ack D: l abel ed Bar n c pr ot ei n r emai ni ng bound t o t he

agar ose gel af t er el ect r oel ut i on was t r eat ed wi t h DNase I . The

agar ose cont ai ni ng t he Bamc band was homogeni zed, di al yzed

agai nst t he DNase I di gest i on buf f er , di gest ed, and st opped as

descr i bed . The r eact i on mi xt ur e was t hen l oaded di r ect l y i nt o t he

gel sampl e wel l . Mar ker s ( t r acks A, B, and E) ar e oval bumi n ( 43, 000) ,

a- chymot r ypsi nogen ( 25, 700) , ß- l act ogl obul i n ( 18, 400) , l ysozyme

( 14, 300) , cyt ochr ome c ( 12, 300) , bovi ne t r ypsi n i nhi bi t or ( 6, 200) , and

i nsul i n ( 3, 000) . The pr omi nent Coomassi e bl ue- st ai ned bands i n

t r acks Cand D ar e t he r esul t of added DNase I .



FI GURE 5

	

El ect r on mi cr oscope vi sual i zat i on of r DNA- pr ot ei n compl exes af t er t r eat ment wi t h DNFB and r abbi t ant i - DNP ant i body .

The r DNA- pr ot ei n compl exes wer e ext r act ed and pur i f i ed by CsCl gr adi ent cent r i f ugat i on . React i on wi t h DNFB f ol l owed by

compl exi ng wi t h ant i body and t he S. aur eus pr ot ei n A wer e as descr i bed i n Mat er i al s and Met hods . DNA was spr ead f r om a

sol ut i on cont ai ni ng 50% f or mami de ont o a 20% f or mami de hypophase and shadowed wi t h Pt - Pd as pr evi ousl y descr i bed ( 4, 5) .

Lengt hs wer e det er mi ned usi ng as st andar ds r RNA R- l oops spr ead si mul t aneousl y . Each t er mi nus shown i s f r om a f ul l - l engt h ( 55-

65 kb) r DNA mol ecul e. Bar s i ndi cat e 1 kb . Ar r ows i ndi cat e el ect r on- dense st r uct ur es scor ed as r DNA- pr ot ei n compl exes . Of f ul l -

l engt h r DNA mol ecul es measur ed, 72% possessed at l east one ant i body compl ex . For t he hi st ogr am at bot t om, t he l ocat i ons of

compl exes on 25 exper i ment al r DNA mol ecul es and 25 cont r ol r DNA mol ecul es ( wi t hout DNFB) wer e mapped . The hi gh-

magni f i cat i on mi cr ogr aph at upper r i ght shows one end of a mol ecul e wi t h a ci r cul ar i zed t er mi nus and a pr ot ei n compl ex l ocat ed

di st al t o a r egi on of r DNA secondar y st r uct ur e .



i nver t ed r epeat r egi on can be seen i n t he f ew mi cr ogr aphs

obt ai ned i n whi ch a t er mi nus possessed bot h a pr ot ei n compl ex

and a f ol dback sequence, t he l at t er possi bl y because of par t i al

denat ur at i on wi t h f or mami de dur i ng spr eadi ng . An el ect r on

mi cr ogr aph wi t h t hese f eat ur es i s seen at t he t op r i ght of Fi g .

5 . I n t hi s case t he pr ot ei n compl ex i s l ocat ed - 200- 500 by

di st al t o t he i nver t ed r epeat r egi on .

DI SCUSSI ON

Our r esul t s i ndi cat e t hat pr ot ei n i s ver y t i ght l y bound t o t he

Physar um r DNA mol ecul e i n a r egi on 1- 2 kb f r omt he t er mi ni .

Thi s l ocat i on cor r esponds appr oxi mat el y t o a r egi on pr evi ousl y

shown t o cont ai n mul t i pl y r epeat ed i nver t ed r epeat sequences

of - 100 by and speci f i c ni cks or gaps ( 5) . Ni ck t r ansl at i on at

t hese di scont i nui t i es begi ns wi t h t he sequence CCCTA ( 5) . An

unusual chr omat i n subuni t st r uct ur e cont ai ni ng a r epeat ed

sequence at t he t er mi ni of Tet r ahymena r DNA has been r e-

por t ed, suggest i ng t he pr esence of nonhi st one pr ot ei ns on

r DNA t er mi ni i n t hat or gani sm ( 11) . We have not yet det er -

mi ned t he pr eci se posi t i ons of t he Physar um r DNA pr ot ei ns

wi t h r espect t o i nver t ed r epeat sequences and si ngl e- st r and

gaps . Based on speci f i c act i vi t y of l abel i ng wi t h 125 1 Bol t on-

Hunt er r eagent , i t can be est i mat ed t hat 1- 5%of r DNA mol e-

cul es possess pr ot ei n sel ect i vel y bound t i ght l y t o t er mi ni . Thi s

coul d r ef l ect i nef f i ci ency of l abel i ng but coul d al so i ndi cat e

t hat pr ot ei n i s bound as par t of a t r ansi ent enzymat i c pr ocess

and i s not const ant l y associ at ed wi t h al l t er mi ni .

When ei t her r DNA or i sol at ed r DNA t er mi ni ar e di gest ed

wi t h DNase 1, di scr et e pr ot ei n bands of 5, 000 ( 1) and 13, 000

( I I ) mol wt ar e det ect ed, t he l at t er most l i kel y t wo bands ( Fi gs .

3 and 4) . Di gest i on of t er mi nal r est r i ct i on f r agment s al so

r el eases pr ot ei n bands of 40, 000- 45, 000 mol wt ( Fi g . 4) . The

st r uct ur al r el at i onshi p of t hese pr ot ei n bands i s not known.

They may be subuni t s of a l ar ger pr ot ei n- DNA compl ex or

t hey may be st r uct ur al l y and f unct i onal l y di st i nct . I t i s not abl e

t hat st aphyl ococcal nucl ease ef f i ci ent l y r el eases band I I but

not band I f r om r DNA ( Fi g . 3) . Thi s suggest s t hat band I I

may be a di mer of band I connect ed by a shor t DNAsegment

r esi st ant t o st aphyl ococcal nucl ease . Pr ot ei ns of t he same mo-

l ecul ar wei ght s ar e det ect ed on r DNA whet her or not nucl eol i

ar e t r eat ed wi t h phenol i mmedi at el y af t er i sol at i on. Thus pr o-

t eol ysi s i s pr obabl y not a f act or i n t hese exper i ment s al t hough

t hi s cannot be r ul ed out ent i r el y . I n Fi g . 2, si gni f i cant pr ot ei n

l abel i s obser ved on t he l ar ge Bar n a r DNA f r agment , whi ch

consi st s pr i mar i l y of t he r RNA t r anscr i pt i on uni t . Thi s l abel

coul d be at t r i but abl e t o t he pr esence of undi gest ed r DNA, but

i t may al so r epr esent pr ot ei n at t ached t o sequences on or near

t he t r anscr i pt i on uni t . El ect r on mi cr ogr aphs have not t hus f ar

r eveal ed any sel ect i ve l ocat i on f or such pr ot ei n ( Fi g . 5) . Speci f i c

act i vi t i es of i odi nat i on al one do not al l ow cal cul at i on of t he

number of pr ot ei ns per r DNA mol ecul e, but i n some el ect r on

mi cr ogr aphs we coul d see mor e t han one compl ex per t er mi nus,

as seen at t he bot t om r i ght of t he si x phot ogr aphs of r DNA

ends i n Fi g, 5, suggest i ng mul t i pl e bi ndi ng si t es f or pr ot ei ns .

The nat ur e of t he chemi cal bond bet ween pr ot ei n and r DNA

has yet t o be det er mi ned . I t has been obser ved t hat pr ot ei ns

l i nked t o t er mi ni of her pes si mpl ex vi r us DNA segment s ar e

appar ent l y not coval ent l y bound even t hough t hey ar e SDS

r esi st ant ( 12) . I n t he pr esent case, r esi st ance t o SDS, GuCl ,

CsCI , f or mami de, and ur ea suggest s a coval ent l i nkage, and

l abi l i t y t o NaOH woul d be consi st ent wi t h a phosphoest er

l i nkage al t hough ot her bonds ar e possi bl e .

I n adenovi r us a si ngl e bound pr ot ei n i s l i nked di r ect l y t o t he

31 4

	

RAPI D COMMUNI CATI ONS

5' t er mi nus of each st r and and may ser ve as a pr i mer f or

i ni t i at i on of r epl i cat i on ( 13) . Thi s pr ot ei n i s pr esent on a hi gh

per cent age of adenovi r us mol ecul es and i s at t ached t hr ough a

phosphoser i ne l i nkage. I t i s unl i kel y t hat r DNA bound pr ot ei n

i n Physar um ser ves an i dent i cal pr i mer f unct i on because r DNA

r epl i cat i on i ni t i at es i n t he cent er of t he mol ecul e and pr oceeds

t owar d t he ends ( 6) . The t er mi nal pr ot ei n of Physar um may,

however , be i nvol ved i n r DNA r epl i cat i on because some un-

known pr i mi ng mechani smmust be i nvol ved i n r epl i cat i ng 3'

ends of t he l i near mol ecul e. I t i s concei vabl e t hat coval ent

at t achment of pr ot ei ns occur s dur i ng f or mat i on of si ngl e- st r and

di scont i nui t i es . ( Eucar yot i c DNA t ype I t opoi somer ases may

f unct i on vi a coval ent DNA i nt er medi at es [ 14] . ) I f such ni cks

ar e made i n t er mi nal r epeat s, a r epl i cat i on mechani smcan be

envi si oned i n whi ch DNAsynt hesi s and st r and di spl acement

occur at a r epeat f ol l owed by ci r cul ar i zat i on of t he t er mi nus,

l i gat i on, and st r and sci ssi on t o f or ma compl et ed 3' end . Such

a mechani sm has been pr oposed f or mi t ochondr i al DNA i n

Tet r ahymena ( 15) . The i nvol vement of t er mi nal pr ot ei n i n t hi s

way i s consi st ent wi t h t he el ect r on mi cr ogr aph i n Fi g. 5 showi ng

a ci r cul ar i zed t er mi nus at t ached near a pr ot ei n compl ex, a

f r equent l y obser ved conf i gur at i on.

Ter mi nal pr ot ei n may al so be i nvol ved i n i nt egr at i on of t he

r DNA wi t h chr omosomal DNA component s . Li t t l e i s known

about any such pr ocess i n Physar um, but t he suggest i on i s

based on obser vat i ons t hat t he t er mi nal i nver t ed r epeat se-

quences ar e r ei t er at ed i n chr omosomal DNA ( 5) . Ter mi nal

pr ot ei n coul d or gani ze a t r ansi ent chr omosomal associ at i on of

r DNA r esul t i ng i n equi t abl e di st r i but i on of r i bosomal genes

dur i ng mi t osi s or mei osi s.

We t hank Dr . Massi mo Romani f or t he gener ous gi f t of r abbi t ant i -
DNP ant i body and f or many hel pf ul comment s . We ar e gr at ef ul t o
Vi ncent G. Al l f r ey f or hel pf ul di scussi on and suppor t .

Thi s wor k was suppor t ed by t he Nat i onal I nst i t ut es of Heal t h

( GM26170) and t he Amer i can Cancer Soci et y ( NP 228 J) .

Recei ved f or publ i cat i on 11 Febr uar y 1981, and i n r evi sedf or m 20 Jul y
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