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Most models for transcription and replication involve polymerases that track along the
template, We review here experiments that suggest an alternative in which polymerization
occurs as the template slides past a polymerase fixed to a large structure in the
eukaryotrc nucleus-a "factory" attached to a nucleoskeleton. This means that higher-
order struclure drctates how and when DNA is replicated or transcribed.

KEY WORDS: Nucleoskeleton, DNA replication, Transcription, Bepair, Chromatin
loop.

l .  ln t roduct ion

The o topl . i :nr  is  a compl icated cel lu lar  compartmenl .  wi th d i f ferent  regions
dedicatcd t t r  d i i l 'c rent  funct ions.  Var ious organel les 'and subcompartments
are orgunizcd around d i i ferent  skeletons.  and complex mechanisms di rect
molccul . i r  l r r r l f ic  bet \ \ 'een these subcompartments and surrounding mem-
branc-s.  In  c()nt rast  u i th  t l r is  complexi ty ,  the nucleus has t radi t ional ly  been
vieucd a\  rc lat i \c lv  unstructured.  wi th ferv major  compartments (e.g. ,  the
envclopc.  hctcrochromat in.  euchromat in.  and nucleol i ) .  I t  is  now being
real izcd th l t  the st ructure of  the nucleus is  as complex as that  of  the
cytoplasm. u i th d i f fcrcnt  skeletons and subcompartments.  each wi th i ts
own par t icu lar  funct ion.  For  example.  the major  nuclear  processes of  repl i -
cat ion.  thc repai r  of  damage in DNA. t ranscr ipt ion,  RNA processing,  and
transport. all take place in specific subcompartments. Moreover, complex
controls nranaqc traffic betu'een these subcompartments and the cytoplasm.
Therefore. nuclear architecture profoundly affects gene function. We re-
v ieu 'hcre i ts  ro les in  repl icat ion.  t ranscr ipt ion.  and the repai r  of  damage
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l l t A r r  A  r A (  r . ' r ) t /  A t l l )  l ' l  I l i l  i l  | ( x ) x

I l  l ) \  \  \ \ r r r L r r ' , r r r r , L i l i l ( l t l r , ' r ' . i l o : t  l r r l l r r  I l t r \ l ( r l { r t ' t ( . r l , t l l ( l  l l t : t l  t l t , r t l t l . t l t l

; r s r r r r r t l r o l  I l r t  l r r r r t l r o n r r l r r l ( ' l ' . n l \ ; r s i s t o n t e r t i e t t l l \  l ) ( ) \ s i l ) l t '  r r i l l  I t c e l t l l ) l ) i t -
s i z t ' t l . ' l l r e  r )ue le lu  n l : r t r i \  i u l ( l  s c i r l l i ) l c l  i r s  desc r i t ) cd  i t t  so t t t c  o thc r  chap te rs
rr r  the se r . 'o lunre s i r re conln l ( ) r . r ly  iso lated undcr  less ; lhys io logic t r l  condi t ions
l tnt l  hcr . rcc may d isplay m()re pcr turbed funct ional  propert ies.

' fhc 
apprcc iat ion of  the ro le p laycd by large st ructures in  nucle i  has led

to i r  rccvaluat ion of  the mechanism oi  polymer izat ion.  The t radi t ional  v iew
involved polymcrases that  t racked a long the template (F igs.  1A-C and
2A).  (The term p<l lymerase is  used herc to descr ibe the c lustcr  o l  many
di l ferent  polypept ides that  form an act ivc cornplcx in  which thc polymc'r iz-
ing subuni ts  are prescnt  only  as minor  conrponcnts. )  This  v iew was scnsib lc
i l 'po lymerases were smal l  rc la l ive to thc tcntp l i t tc  and i f  thcy acted a lonc.
However,  recent  exper iments shorv th: r t  rn i rnv l )NA polvmerases are con-
centrated together  in to largc s l ruct t t rcs.  " l i tc lor ics" .  that  dwarf  thc tem-1
platc.  Therefore wc imaginc th i r t  se vcnt l  tc t t tp l l r le  s  s l idc past  a number of  

'

DNA po l ymerases  I i xcd  w i th in  l i r c l o r i es :  t l r e  t t .  n ) l ) l i r t c  l l l ( ) ves  ra thc r  t han
the  enzyme (F igs .  lD -F  ) .  I ' . v i t l c r t ce  i s  r t l s t t  i t ec t t t t t t t l r t l i l t t  t ha t  t r ansc r i p t i on
occurs s imi lar ly  (  F ig.  2B ) .  Indcct l .  lo . r l ic  su{ te s t  s  t  l r ; r l  i l  l  l re  I l  N A polvrnerase

d id  t r ack  a long  thc  he l i ca l  l e  r r rp l l r t e  .  t he  r csu l l i r t q  l r i n r s r ' r i l ) l  \ \ ' ( ) L l l d  l r c  cn tan -
g led  abou t  t he  t emp la t c  ( l r i g .  J l i . t t ppc r ) .  I l owevc r .  t t o  s ; t l i s l i t c t o r v  n t ccha -
nism has vct  been suggcs(cd i rs  to horv i t  nr ight  be ut t t r r r t r ' l r ' t l  pr . io t  t ( )  c \por [
t o  t hc  cv ton lasm.  A  scns i l r l c  a l t c rna t i vc  i s  t o  i r r r r r o l r i l i z r ' t l r e  l r o l v r r t e r i r sc :

A
A

3' \-/ 5'

EJR_ E_A_
-#

F lG .  1  Mode l s  f o r  r cp l i ca t i on  i nvo l v i ng  (A  C )  n ro l r r l t  ; r r r r l  ( l )  |  )  r r r r r r r r l r r l t  l r i r l t r t t cn t ses .
A -C .  The  conven l i ona l  mode l  i nvo l vcs  (A )  b i nd ing  o l  t l r t  p r r l l n re r i z r r r q  co r t t p l c r  ( ova l )  t ( )

t he  o r i g i n  ( b l ack  do t s ) .  bo fo re  l he  comp lcx  sp i i t s  i r r t r r  r r r o ; r r r r i  ( l l . (  )  l he  t u ' o  i l i t l v cs  t r i t c k

a long  l he  l en tp l a te  ( t h i ck  l i nes )  as  nascen l  DNA ( t h i r r  g r i r y  l i r r c s )  i s  r r ; r r l e .  A r ro r vs  i nd i ca t c

direct ion of  qrowth of  nasccnt  chains.  D-F. ' [ 'he al tcrnat ive rnot le l  i r r ro l rcs passagc of  the
(cmplate through a f ixed complcx and cxtrusion oI  nasccnt  I )N' \ .  l l rc  or iq in is  shclrvn herc

de tach ing  f r om l he  comp lcx .  bu t  i t  may  r cma in  a t t achcd .  l l ' r on t  l l o z r t k  t ' t . r / .  ( 199 -5a )  w i t h

permission of  Oxford Univers i ty  Prcss. l
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F lG .2  \ l o t l c l s  l i r r  r r ansc r i p ( i on  i nvo l v i nq  ( t op )  mob i l c  and  (bo t t on . r )  immob i l c  po l vmc rascs .

Top .  l he  l ) { ) l yn l e  r ; r s c  ( so l i d  c i r c l c )  l r acks  (a r row)  a l ons  onc  o [  t hc  two  he l i ca l  s t r ands  t o

gencratc l t  l l iu l \cr i l ) t .  l -h is t ranscr ipt  is  cntanglcd about the tcmplale and must be untangled.

bu t  ng : : r t i s l r r c l ( r I \  n l c ch i i n i \ n r  l . r as  y ' c1  been  sugges t cd  r v i t h  r cga rd  t o  how  th i s  m igh t  bc

ach i cvc t l  l t i i r t r r . se r l  b t ' ( ' ook  and  C iovc  ( l 9 t ) l )  and  ( - r r r t k  ( i 9u ' l ) 1 .  Bo t l ( ) l n .  DNA ro ta tes

(arrgrv)  i rs  i l  s l i r l t .s  ( l r r rsc ur l rw) past  an immobi lc  polynre rase (sol id c i rc le a l tachcd to hatched

a rea ) : t hc l l r l \ ! r i l ) l  i s r . r l r r r t l cdas t cmp la t c ro ta t i onS ,cnc r i t t espos i t i v candncga t i vesupc rco i l s
( i nd i c i r t ed  l r r  ,  ; r r r r l  )  \ \ l t i c l l  n r ss l  hc  r c r r ] ovcd  hv  a  t opo i son re rasc . ' l ' he  movc tncn t s  i nvo l vcd

a re  s i n r i l l r r  l o  r l r r r i r r r ; r  \ c r ( \ \  ( 1 | ) c  l )NA) th rough  a  l i x c t l  nu t  ( t he  po l ymc rasc ) .  I F ron l  Cook

( 1 9 ( ) - l )  s i l l r  I r (  t n l \ \ r r r n , ' l  l t  \ l  I ' r r ' . r  I

t hen  an  r r r re r r l l r r t t l t r l  l r ' ; t r t se r i l t t  c i l r l  l r e  ex t rudcd  as  t he  temp la te  moves

bo th  ro t l t i on r r l l r  : r r r t l  l . r t t ' r r r l l r  t l t r o t t q l t  t he  l i x cd  po l ymer i z i ng  s i t e  (F ig .  2B .

l owc r ) .  
' l  

h i s  r r t e l r r t s  l l r r r l  l l t t '  pos i t i o t t  o l  t t  scquence  i n  t h ree -d imens iona l
spacc  r c l a t i ve  t o  t he  l i r r ' r l  po lq l l l e  I i t ses  u i l l  c l i c t a te  how eas i l y  i t  can  engagc
a polyrncr iz inq c()n lp l (  \  (  r  r '  .  . r l  l . t t  l t  )  so t  h i r t  rcp l icat ion or  t ranscr ipt ion can
begin.  As a rcsul t .  l t iq l r . ' t  o t ( l (  r  \ l r  t lc l t l l  e  c( ) l t t l ' ( ) ls  both processes.  Al though

d i scuss ion  hc rc  co t t ce  t t l r t l r ' s  r ) r r  (  r r k i r r \ ( ) t i c  cnzymcs ,  i t  seems  tha t  p roka ry -

o t i c  e  n ryn res  t r i l l  u ' o r k  i t t  n t t t ,  l t  l l t t '  s r t t t t e  way .  as  t hc  ca ta l y t i c  doma ins
o f  DNA po l \  r t t e  n rs t ' s  i u  (  \ l r  t t r  l t t l t l l r  I e  l l t c c l  t o  t he  euka ryo t i c  enzymcs
( R r a i l h l r ' l i l c  l t t t t l  I l o .  l t ) t )  i  )

A .  A r l , r f i t t : t . :  ;

l s t l t t t r i l c \ i t l l  ( ( r n ( r ' i l l r ; r l r ( ) l l \ i i l L  l t ( ) l  r ' . ( t l r - ' t i t l l V t l s c d d u r i n g n u c l e a r f r a c t i o n -

a t i O r t  o r  t l r r r r i l r ,  l ) ( ) l \  l l t ( ' | l t \ ( '  : t \ \ i t \  l l t  t l t t l s e  t h c y  c t t u s c  c h r o m a t i n  t o  a g -
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r l  r l  n , 1 r f  . l l f /  ^ ' / t j  l l ' l l l  l l  1 ! l f

, l L  r ' , t 1 ,  I t l ' , . r l t  | l l t \ \ r ' t f . , t l ' l (  i l t 1  , . . I l r l  t l l | | l r  l l , t l l i l , l l l \ .  n t o t (  l t , r t l , t l r l t  t ( | t t t t t

l r I r \  , l t L  i l r r ' r l  l n \ l L  , r r l  I l o r r t  r (  t .  ( l i l r t t n ; t l i l t  I \  I ) ( ) t \ ( . ( l  i l t  i t  i l t ( . 1 : l \ l i l l l l t  s l l t t e

, t t l ( l  ( l l l t l (  \ t t l , t l l  \ ' l r , l r r ' (  \  r n  l ( ) r l i e i t !  t l r ' : t r t t i r t i c i r l l v  l l l l c c t  s t r u c t u r c .  l i o r  e x l t r t t -
l ) l t .  o t t t  l ( ' r l t l )  I l ) ( '  I l ns io loe i c i t l  s i r l l  co r r ce  n t ra l i on -usua l l y  used  to  i so la t c
nur ie I  iur ( l  c l r rorr r i r t in- -dcstroys thc 30-nm l ibcr .  ext racts a quar tcr  c l l 'nu-
c lerr r  protc i r r  inc luding DNA polymerases and generates a ncw at tachment
ol  lhc l ibcr  to  the substructurc lor  cvcrv onc that  precxis ts .  of ten res idual
r rggrcgat ion is  suppresscd by adding "stabi l iz ing"  cat ions l ikc magnesiunr
ions,  spcrmine.  or  spcrmidine.  but  these generate fur thcr  ar t i factual  at tach-
nte nts.  Then i t  is  not  surpr is ing that  s l ight  d i f ferences in  iso lat ion condi t ions
g,cnerate very dilfcrcnt structures, cach with its own characteristic sct of
sc( lucnces associated wi th a d i f fercnt  subset  of  prote ins.  For  exantp lc .
nrat r ix  at tachcd regions (MARs) arc bound to d i f ferent  protc ins depcnding
on the precisc ncthod o l '  iso lat ion,  scaf fo ld at tached regions (SARs) are
of ten speci l ica l ly  associated wi th topoisomcrasc l I ,  and t ranscr ibed se-
quences are bound to "cagcs."  Skcpt ics point  to  thc fact  that  cven those
in the f ie ld cannot  i ls rec on which scquences are associated wi th which
prote ins in  a par t icu lar  substructurc and natura l ly  suggcst  that  some, or
a l l .  arc iso lat ion ar t i l 'acts  r ' " ' i lh  no countcrpar ts  in  u iuo (Cook.  19Uf l l  Jack
and Eggert .  1992).

Against  th is  backqrourrc l .  i t  is  not  surpr is ing that  convinc inq cv idcncc lor
a ro lc  of  largcr  s t r t rc t r t res i t t  r tuc lcar  I 'ur rc t ions was onlv o l ' r (a incd wi th the
usc of  mt t re phvsi t l log ic i r l  cor t t l i l ior rs  t l ta l  pre scrvcc l  rn i rnv nrrc lcar  I 'ur rc t ions.

B.  Physio logical  Condr[ ror- rs

The pract icr r l  proble rns err r rsecl  b l ,chromat in aggrcgat ion under physio logi -
cal  condi t ions c l t t t  l re  ( ) \ 'e  rc( ) r t lc  i l 'ce l ls  are encapsulated in  agarosc micro-
bcads (50-150-pnr  t l i i rnre (cr)  bcfore lys is .  Agarose is  permeable tc l  smal l
molecules s<l  e nc i rPsul i r tc t l  cc l ls  cont inuc t ( )  grow in s tandard t issuc-cul turc
med ia .  Whcn  l he r  l t r . e  pc r t re l t b i l i zed rv i t h  i r  m i l d  dc l c rgcn t  i r r  l r  " phvs io lo r t i -

ca l "  bu f f e r  n t t l s t  so l t t b l e  u l l op l i t sm ic  p ro t c i r t s  l r nc l  RNA r l i l ' l  r r sc  ( )u l  l ( )  l e l vc
the cytoskelcton i rnr l  i rssoci i r tcd rnater ia l .  i rs  rve l l  i rs  t l rc  r r r rc le r rs  ( l : ig .  . lz \ - ( ' :
Jackstrn and C' t lok.  l ( ) , \ i .5 i r ;  . l i rckst>n e l  u l . ,  lg t t t i ) .  Ihe l l t ln ' ( )sL 'p lotec ls  thcsc
ccl l  rernnants and.  i r t rpt l r t i r r r t l \ ' .  the cncapsulatcc l  nuclc i  c i rn l tc  rn l rn ipulated
frcely  wi thout  aggregi t t ior r  rvh i lc  they rernai r r  l tcccssi l r le  to probes l ikc
anl ibodics and cnzvtncs.  As thc template remai l rs  in l i rc l  l rnd as cssent ia l ly
a l l  the rcpl icat ivc and t r i lnscr ipt ional  act iv i tv  o l ' the l iv inq cc l l  is  reta ined.
i t  scems unl ikc ly  that  polyme rases could havc aggrcetr tcd af ' ter  lys ing the
cel l .  Note that  a lmost  a l l  a t tachments to be d iscussed beklw involve ac-
t ive polymcrases.

cYTOPt ASII

F lG .3  I ' r o t t r l r r r r , l o r  r i s r l r l i z i n t l  r r uc l coske l c t ons  and  assoc ia t cd  s t r uc l u res .  (A )  ( ' c l l s  i r r c
( l l )  r ' l r r ' ; r 1 ' r t t l . r l t , l  r r t  ; r r l : r r osc  ( do t s )  and  (C )  l y scd  t o  I eave  a  cy toske l c t on .  nuc lea r  I am i r r : r
( t l o t t r ' r l  r t r L l r  )  , r r t t l  r t u r ' l coskc l c t on  ( s t r a i gh t  l i n c )  t o  wh i ch  i s  a t t achcd  a  r cp l i ca l i on  l ac to r y
(g l ; t t  r t r , t i )  , r r t r l  , r  I ) \ i , \  l oo l t  c ( ) vc r cd  w i t h  nuc l coso r l c s  ( gpcn  c i r c l es ) .  Donse  c l r r oma t i n
obsc t t r r ' s  l l r r '  n i r ,  l , o sL t l t l ( ) n  l ) u l  c l r n  l t c  r cmovcd  by  (D )  cu t t i ng  t he  ch roma t i n  l j be r  w i t h  a
rCs l t l ( l t o t l ( i l ( l { r i l t l \ ' l r ' i r \ r ' . i r t l r l  l l t c t t ( I : ) r ' cn t0v i r t g i t nVUn i t t t i t chcd f ragmCn tse lCC t rC lphCr rC t iCa l lV .
( l f )  r \ l l c r  ( l r l l r r r ,  l l n ( k  s r ' t l i ons .  t l t t  r r t r c l coske l c l on  i r r r t l  i t s soc ia l cd  l ac to r v  can  nou ,be  secn
i l l  l l t t ' t l t i l r i l r )  r l ) r ( r r ) \ ( ( ) l ) t . l l l , ' t : l  (  o o k  ( l t ) t ! )  r v i t l t  | c r n t i s s i t t n  o f  I C S U  P r c s s . J

l l .  Nucleoskeletons and Chromatin Loops

M o s t  c u l l  l t 1 1 r l 1 1 1 ' 1 ' . 1 1  r t ( r \ \  , r l , l L  L  l l t ; t l  t l t t o t t t o s t l n t a l  D N A  i S  l O O p e d  i n t O
d t l t t t i t i r t s  b t  r t l l r r r ' l r r r r ' r r l  o l  l l r t  (  l u ( ) n l i l t i r r  l i l r c r  t o  a  n u c l e o s k e l e t o n .  F o r t u -
n a t c l \ ' ,  t t t c i o t i c  l l r t t t P l r r t t s l t  , l t t o r t l ( ) \ ( ) r l ) ( \  o l  l i v i n g  n e w t  C e l l s  p r o v i d e  u n d i s -
p u t a b l c  p r o o l  o l  c l r r o n t r r l u r  l , ' , r p : : r l l : r t ' l r c r l  t r l  a  s k c l e t o n  c o r e  ( C a l l a n .

l 9 l 7 ) .  l l n l i l r t u r r i r l c l r .  ( ' \ ( . r  \ r r (  r '  t l r r .  r l i l i r r l  d c m o n s l r a t i o n  o f  i n d i v i d u a l
s u p c r h e l i c i r l  d o r t r i r i r r s  u r  " r r r r ,  l r ' . r r l r "  l r o r r r  i r r t c r p h a s e  c c l l s  ( C o o k  a n d
l l r t r z e l l .  l ( ) 7 . 5 ; .  l l t e t c  l t r t s  l r t ' r ' t t  l r l l l r ' . r ' t ( ( l l c p t  a s  t o  w h a t  t h e  n t o l c c u l a r
b l t s i s  o l  t l t t ' s k r ' l t ' l o r t  i s  l r r t t i  r r l r . r t  t l r ,  \ (  ( l l (  n c e s  i r r v o l v c d  i n  t h e  a t t a c h m c n t s
t t t r t l l t t  l r r ' .  , . \ s  r r t t l l i t t t ' t l  l t l r , r \ (  (  o n l t ( r \ \ ' t \ \  l t i t s  c c n t c r e d  o n  w h C t h c r  t h e
i l l l i r (  l l i l t (  r ) l \  \ (  r ' n  l / r  r ' 1 l r ' . ,

l l  t .  r r n 1 , , r r l . u l l  ( ( r  t ( ( : r l l \ 1 \ t r ' r ) L r  t l t ' t h c  c y t o s k e l e t o n  w a s  o n c c
( ( l t t l t { r \ r  r . , t , r l  l . l r ' r ' l \  l r r ' ,

t t t t l t r  t , l i l , r l  r  l {  r r (  l ) l \  , t l (

1 t r '  
' r t r )  

| r I t . r r t , l  l l t r '

, l  so t l i l l icu l t  [o  sec:  the widths of  i ts

I f  l l l  '
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'  r t  so lLr t ion of  the l ight  microscope
lr  r r  . '1" .1t ' , r t ,  n t icroscopy are usual lv
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I t l l  t ^ f i ^  , \  f . , r r , 1 f l l r t , l r l ' i l |  r  r ) f

l ' i r ( '  I l l r r  l ( r  ( ( ' r r ' r r  ,  \ r ,  r ( l ( ( l  r { r ' r ( r n ' .  o l  r l r (  r k t l t r o t t  l l r , t r  r ' , r n r r ( ) \ ( t \ \
(  \ , r | r r r ' r l r  r l  r r r r r r '  ( | t  r r r , l t r t , l r t r t l  r ' l r ' t t t t t t l s  o l  t l t t  s k e , l r ' l o t t  N e l e  \ c e  n  I ) \
l l u o t L  r r (  n ( (  l n t (  t o s 1  r 1 y 1 1  i t l l ( . 1  i l l l ) t u r ) o l i r l t e  l i r t g  i r r r d  ( 2 )  c ( ) l l . t l ) l c t c  s k c l c t o r t s
\ \ (  l ( '  l n l l q ( ' ( l  l r t  t ' l t t l t ( ) n  n l i c l ( ) s c o l ) v  o l  w h o l c  n t o u l l t s .  S o  p c r h a p s  i t  i s  r - r t l t
\ u r l ) r ' i s i l ) g  l h l r t  l he  nuc le ( ) skc l c t ( )n  has  p roven  equa l l y  d i f l l cu l t  t o  image ,
esPeci i r l ly  s i r rcc i t  is  obscurcd by dcnse chromat in,  which a lso prevents
i l cccss  r r l ' l r n l i hod i cs  t ( )  i l .

wc have visualized a nucleoskeleton using the approach il lustrated in
Fig. 3. Encapsulated cells were lysed, the chromatin fiber cut with restriction
crrdonucleases, and then most obscuring chromatin removed by electropho-
rcsis. E,lectron microscopy of thick (resinless) sections (capco et al., l9g2:
He et al., 1990) thcn revealed residual clumps of chromatin attached to a
"d i f fuse skeleton"  that  rami f ied throughout  the nucleus (F ig.  a) .  This  net-
work is  morphological ly  (and funct ional ly)  vcry complex,  but  i ts  . ' .or"  

,  ,1 .
l i laments"  had the ax ia l  repeat  typ ical  of  the inrernrcdiate- f i lament  fami ly  (  l !

F l G . 4  E l e c t r o n  r n i c r o t n r p l t  o l  t r ' l l  l o  l 1  l ) p \ l r l r t r r \ t \  l r . 1 r  r r l r r r  l t  ( ) ( ) , i  e l ' ( ) ' ) i t l i l t  h a s  b c c n
r c m o v e d .  E n c a p s u l a t c d  c c l l s  u c r r .  I r t  r r i l t . r l r r l r u  t  r l .  r r r r  r r l r . r t t . r l  \ \  t l l t  l ) r ( ) l r I  L l t  i l l ) .  t r c a t e d  w i t h
n u c l c a s e s ,  c l r r o n t a t i n  e l r r t e t l .  i l r c o l I o r , r l r ' t l  l r r o l r n  u r r r r r r r r r o l , r l r r . j r . t l  r r t l l t  5 - r r n t  t o l d  p a r t i c l c s .
a n d  a  5 0 C ) - n m  r c s i n l c s s  s e c t i t t t t  l t t e p r t t r ' r l  . \ r 1 : r r o r r ' { . . \ ) s r r r r o r r r t l s  r ' t t o p l ; r : 1 1 i c  ( C )  a n d  n u c l e a r
r c m n a n t s  w h c r e  r c s i d u a l  c l t t t t t p s  o l  r ' l r r o r r r ; r l r r r  i n (  i r l t i r c l r ( . ( l  l o  i r  t l i l l r r s t . n e l w o r k  t h a r  r a m i l i c s
f r o n l  n u c l c o l u s  ( N t l )  1 o  l a n r i r t i t .  ( i o k l  p ; r l t i c l e s .  u h i c h  r r r c  r r o l  r i s i b l c  a t  r h i s  m a g n i f i c a t i o n .
w c r c  c o n c e n t r a t e d  i n  r c p l i c l r t i o n  l r t c t o r i e s  ( l i ) .  I l u r :  I  p n r .  l l i r o r n  l l o z i i k  4  a l  ( 1 9 9 4 b )  w i t h
p e r m i s s i o n  o f  l h e  C o m p a n y  o l  l l i o k r g i s r s  l _ t t l . l

*X

)
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r  r  r l , r (  f . . r r | , i l l i l (  I ' o l  l t l \ \ l  l i l i l l l i l i l r r l l I o t r ' : r t  I l t r  l l ' , i l 1 t ' \ . i l t { | l t . ,

. l  i  l ' , r r l r , ' .  t t t r l t t r l t t t r ' .  o n t  l l t , t l  \ l ) ( ( r l l ( i r l l \  t r ' ( o t t r l r / r ' ( l  ; u r  ( l ) l l ( ) l ) ( '  l n  l l l ) u n

\  l , ,  l r r ( ( n  i u l l l l ( )  ; r r ' r t l s  5 ( ) f i  l r r r t l  ( r l l .  ; r n t l  e e l l  t r P r ' s  ( r . e . .  I l e  l . i r .  I l l ' . l l . 1 .

r rn t l  S \ \ ' l . l  )  r cve  r r l e  t l  i n t c rn i r l  " sPcck l cs "  w l re  r r  t l r e  o t r scu r i ng  c l rnn r i r t i n
\ \ i rs  renr( )vcc l  ( l loz i ik  c l  r r l . ,  199.5b) .  l : lcct ron rn icroscopy showcd that  a l l
lhrce i r r r t ib<lc l ics labcle c l  nodcs on thc d i l ' l 'usc nuclcoskclc ton,  a l though thc
ctr re l i l i rnrcr t ts  wcre weaklv labeled (Hozdk er  a l . ,  1995b).  One ant i - lamin
l l l  r r r r t i t roc lv  re i rc ter l  u 'e  i rk ly  wi th loc i  on th is  d i f fuse skeleton in  a minor i ty
o l  t e  l l s .  M( ) r ' e ( ) \ t ' r .  t ' l t ' t  l l o r r  r r r i c r r l scopy  us ing  ( convcn t i ona l )  t h i n  sec t i ons
l lorr r  rvh ic l r  r ro t ' l r rorr l r t i l l  was rcmoved revealed as much lamin A in the
i1 te1 i6 r .  l r s  l r l  l l r t  p t ' r ' i p l r c rV .

' I  
l r i s  r es r r l l  \ \ i r \  \ u rp r i s i nq .  I t  i s  w idc l y  assumcd  tha t  t he  nuc lea r  l am ins -

i r s  t l r r ' i r  r r r n r t  i r r t l i t r r l es  r r re  con l i ned  to  t he  nuc lea r  pe r i phe ry .  Howeve r .
t hev  r r r t  o t t : r s i o r l r l l \ ' l i r r r n r l  i n t c rna l l y .  f o r  examp le  du r i ng  G l  phase ,  i n
cc r l i l i r t  p r t l l t o l o t ' . i t r t l  s t i l l c s .  whcn  mu ta ted ,  o r  when  ove rexp reSsed  (e .g . ,
( ' i r r t f t ' r r r r :  r ' t  t t l  ,  l ( ) ( ) {  ) :  (  i i l l  t , t  t t l . ,  1990.  Bader et  a l . ,  l99 l ' ,  Beven et  a l . ,  1991 ,
Ki t t t ' r r  ; r r r r l  \  r r i r i .  l ( ) ( )  |  :  I  e  ke l t  c t  a l . ,  1992.  Goldman et  a l . ,  1992' .  Lutz et  a l . ,
l ( ) ( ) - l :  \ f  l r l ; f  \ rn  r ' t  r t l  . l ( ) ( )J :  l l r idger  et  a l . ,  1993).  This  in ternal  locat ion has
bce r r  r r l t r r l r r r l i ' t l  t r r  r r r r  r r cc i t l en ta l  m is loca t i on  o f  p ro te ins  des t i ned  fo r  t he

Pc r iP l r r ' r r .  l r r r l  r ' o r t l t l  ( ' ( l  u i l l l v  a r i sc  f r om an  ovc rconcen t ra t i on  a t  a  no rma l
s i l c .  l l r ,  r (  \ u l l \  t l t ' s t r i bec l  ubovc  sugges t  t ha t  t he  l am ins  have  been  m is -
n i r r r r t ' r l .  l l r r ' r  l r : r r t '  l r o l l r  i r  pc r i phe ra l  and  an  i n te rna l  l oca t i on .

\ { ' t '  l r r r  (  , r l \ (  )  nr( ' l \ r r le  r l  loo;r  s ize us ing physio logical  condi t ions.  Most
c l r ro r r r r r l l n  \ \ ; r \  r ( ' n l ( ) \ ( ' ( l  l r s  bc l i l r c  by  t r ca tmen t  w i t h  an  endonuc lease  fo l -
Iour , ' t l  l r r  r ' l t  r ' t ro I l ror t  s is  lo  lc i rve res idual  c lumps of  chromat in at tached
Io  (h t '  r r r r t  l r ' os [ t  l r ' l o r r  ( l  r l l .  l )  An  i l v c ragc  l oop  s i ze  o f  86  kb  ( i n  HeLa
ce  l l s )  r r r r s  l l r r ' r r  , l ,  t l l r r  t  t l  l r o r r r  l l r c  pc rccn tage  o f  ch roma t i n  rema in ing  and
t l t e  s i z t  r r l  t l r t  , r t l , r t  l r t  t l  I r ; r l r r r r ' r r t s  ( . l i r ckson  e t  a l . ,  1990 ) .  No  l a rge  changes
in  l oo l r  \ t , / (  (  ou l r l  l ' ,  r l t  l t  r  t i  t l  , r l  t l i l l c r cn t  s tages  i n  t he  ce l l  cyc le .  The re fo re
Ihe  l t t t t r l t t t t t t  t t l , r l  , r l l . r (  l r r r r L  r ] l \  l , r o l r : t I lV  pc rs i s t  du r i ng  t he  g rOss  S t ruc tu ra l
c l t i t r r t c s  ( ) r ' ( u n r n r ' , l r r n r ! '  n r t . \ r \  I ( ) ( ) l )  s i z c  m e a s u r e d  i n  t h i s  w a y  i s ,  o f
cou rse .  l n  i r \ r ' r i n t r '  l , r  . r  ( l r ' (  l r ' , , r ( ) n .  \ ( ' e  . l i t c kson  e t  a l . ,  ( 1990 ) .

l l l .  At tached Polymerason

N l t ' t l ,  l r  r l \ r ) l \  r r l  l r . r (  l . r r r '  l ) \  \  , r r r r l  l { \ / \  p o l y m c r a s e s  c a n  b e  d i s t i n -
t ' . t l l r l t r ' t l  l l r t l t r  l l t r r \ (  t t l \ , ' l r t t t t ' t t t t t t t , ' l , t l r ' ( 1 t . . i f l t l f C h e d ) C n Z y m e S b y C g t t i n g
( ' n ( , r | ' , u l , r l , , l  , l r r ( , n r , r l r r  r r r l , '  l r . r , ' r r r ,  r r l :  o l  l 0  k b  w i t h  a n  e n d o n u c l e a s e
; t t t t l  l l r ,  l r  r ,  i l r r , \  r t t ) '  (  l (  (  l t r r l ' 1 1 , , 1 ,  l r , , r l l r  , r t t r  L t t t i t l l a C h e d  f r a g m e n t S  ( F i g .  3 ;
. l : r r  k ' . , ' r r  r r r , l  (  , ' , ' f .  l ' t \ ' ' . r  l ,  l ' / r ' , r , . r  i '  l , r r ' k s o l r  r , t  a / . ,  1 9 8 t 3 ) .  I f  p o l y m e r a s e s
i l (  , r l . r ,  l r , , l  r  r i l r ,  r  , l r r r  r  l l r  I , '  r l r ,  . . k t  l L  l o n  o l  i n d i r c c t l y  t h r o u g h  a  l a r g e r
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\ l t t t ( l t l t (  \ \ l l t t  l t  r \  l n  l l r r  , r l l , r r  l r ,  r l  l o  l l r ,  , L ,  1 ,  l , r l  ) .  l l l (  \  : l t o I l t l  l (  n 1 , l n  l l

l l t t ' : t g l t t o s r ' l r t ' l t r l  l t l l t ' r  t  l t  t  l t o r ' l t t l t o t ) .  t l  t u t ; r l l r r r ' l r t ' t l .  l l r t ' r  s l r o t r l t l  e l c ' t t l o t . l t r t e

l l o t t t  l l t c  l t c i t r l  * i t h  t h e  t ' l t r t r r r t  r ' l t t . o t t t l r t i r t .  ( ' u t t l n q  e  l r l o r r u r ( i n  i n  t r r r s v n c l r l o -

r t i z cd  i t r t c l  pcnne  i t l ) i l i r r : r l  I  l e  I . t r  ce  l l s .  l i r l l o r vcc l  l r v  e  l e  c t r oe  l u t i on  o l '  . . J5 , / ,

ol  thc chromzrt in .  hard lv  rcducccl  l )NA or  I INA polymcr iz i l tg  act iv i ty .  As
vcrv largc chromat in f ragments ( i .c . .  con(ain ing -  150 kb DNA) can cscape
l ' rom beads,  th is  polymer iz ing act iv i ty  must  be a l tached.  Nascent  DNA and
RNA-whcther labcled in uiuo or in uitro by short incubations with
[ ' rP]TTP or  [ r rP]UTP-also res is ted e lut ion.  These resul ts  are s imply cx-
p la ined i f  po lymerases are at tached,  d i rcct ly  or  ind i rect ly ,  to  a very large
structure l ike a skeleton.

A.  Reol icat ion Factor ies

Sceing is  bc l iev ing:  the d i rect  v isual izat ion that  repl icat ion lakcs p lacc at
a l imi ted number of  d iscrcte s i tes in  thc nuclcus has perhaps providcd the
nlost  persuasive cv idcncc of  a r r l le  for  an undcr ly ing st ructurc.  In  the
or ig inal  cxper i rnent ,  rat  l ibroblasts in  S-phase were incubated wi th bromo-
deoxyur id ine;  then s i tcs where thc analogue had been incorporated werc
labeled using fluoresccntly tagged antibodies dirccted ac.ainst thc analogue.
These s i tes were not  d i f fusc ly  spread throughout  nucle i  but  concentratcd
in -1-50 foc i  (Nakamuraet  a l . , l9 t l6) .  Subsequent ly  i t  was found that  ear ly
dur ing S-phasc t l rc  foc i  wcrc smal l  and d iscrete:  la ter  they became larger
(Nakayasu and Bcrczncy.  l9 l t9 :  Fox e l  a l . ,  1991;  Ki l l  e l  a l . ,  1991;Humbcrt
and Usson.  1992:  Mandcrs ct  a l . ,  1992)when centromer ic  zrnd othcr  hctero-
chromat ic  regior ls  wcrc repl icatcd (O'Kcefe et  u l . ,  1992).  Pcrmcabi l ized
mammal ian cc l ls  (F ig.  .5 :  Bravo and Macdonald-Bravo.  1987 HozAk et  a l . ,
1993) or  demcmbranatcd l ' rog spcrm in cgg e xt racts (e.g. .  B low and Laskey.
l9 l t6 .  19881 Hutchiuson cr  a/ . ,  l9 l i7 .  l9 t i f i l  Mi l ls  c t  o/ . .  l9 t t9)  incorporate
biot in- l t rbeled dLJl ' l ' ]  in to anal< lgous l i rc i .  v isual izcd in  th is .casc wi th f luo-
resccnt ly  labelcd st rcptr rv id in or  t l rc  i r1 ' rpropr iatc  ant ibodies.  Thcsc lbc i  are
not  f ixat ion ar( i lacts  l ' rcct t t tse s i rn i l r r r  loc i  i r rc  sccrr  l r l lc r  i r reor 'Ponr l ion t t l '
f l uo resce in -dUTP in to  1 te  r r r t c i r b i l i z cc l .  b t t l  t r n l i xe  r l .  ce  l l s  (  I  I l r ss l rn  r r r r t l  ( ' ook .
1993).  The foc i  rcmain evet t  u ' l ter t  t . t . tost  c l t tor t r i r l i r t  is  re rnoret l  (Nlkuvasu
and Bercz-nev.  19t19:  Hozi ik  r ' t  r r l . .  l ( ) ( ) .1  ) .  i rnplv i r r r l  t l l r t  t l rcy l t lc  i r l tachcd
to an undcr ly ing st ructurc.

Undc r  t he  cond i t i ons  uscd  i n  t l t c se  e  xPc r i n re  r r ( s .  r r  s i r r g l c  r cp l i ca t i on  f o r k
could nt l t  possib ly  incorporatc s t r l { ic icnt  l i rbc le t l  ln l l t rqrrc  lo  bc dctectcd,
so many forks must  be act ivc i t t  c i tch locus.  i r r t lecr l .  s inrp lc  calculat ions
(based on the number of  l i rc i ,  thc r i t tc  t l f ' l i l rk  l . r rogrcssion,  the spacing
bctwecn forks.  the s ize o l  thc sct tomc.  and thc lcnsth o l  S-phase) show
that  -40 forks must  be act ive in  cach car ly  S-phasc l i rcus in  a human cel l .

(  r (

F l ( i  1 ,  I  r , , t ,

\ t  t t r  l l  " r r r . ' ,  
, 1

t l l  l l ' . r r t , l r r r ,

l l t t r  l t  ,  l r . r r r r ' ,

l l ; 1 1  r  y r r r r  l l

L  \  L  r r i  r , , r , r , r l r l r s  o l  r c l r l i c l r t i on  l r i l t ( c rns  f ound  a l  d i f l c r en t  s t agcs  o l  S -phasc .

I  l ,  I  r  , ,  l l :  r r ,  r ,  .  r ) t , r | r r r l ; r l ed  i n  i r ua rosc .  pc rn l eab i l i zed .  i ncuba t cd  w i t h  b i o t i n -

'  , r  I  j , , r ,  |  |  r on  \ r l  (  \  l n ( l i r  e r l  l v  i r t t r t t un t t l abc l cd .  F l u t> r csccncc  rna rks  r ep l i ca t i on  s i t es .

r r r  r r r r r r l , ,  r  , r r t l  r l r s t r i l r r r l i r r r t  r t s  cc l l s  p rog rcss  l r on r  (A )  e t l r l y  1 t l  ( l )  l a t c  S -phasc .

r , , r r  l l , ' ;  l .  ,  r  , t l  I  l ( ) (U l ) )  $ i t h  pc rn r i s s i on  o I  t hc  Comprny  o f  B io l og i s t s  l - t d . l

l l r r s  r :  : r r r r 1 , l 1  r  \ l r l . 1 1 1 1 1  q l  r 1  l l r L '  1 0  l o r k s  i t r e  a t t a c h e d  t t l  a n  u n d c r l y i n g

\ l r u ( l l l r r '  I  r ,  r r  r l  1 , , , 1 1 1 1 1 1  r , r \ (  \  ( l ( )  l t l t c k .  s o t t - t c  n l c c h a n i s m  m u s t c o n f i n c  t h e
- l 0  l r : r r ' I l r ] r '  (  r . / \ r r (  .  t , ,  r r r r L  ' . r r , r l l  l ) i t l l  ( ) l  t l t e  n u c l c u s  a n d .  p r e s u m a b l y ,  t h i s

t l o r r l t l  r r r r o l r r  , r l l . r i  l r r n ,  r r l  , r l  l 1 )  l ( ' r ) l l ) l ; t l r ' \  1 o  l t l . t  u n d c r l y i n g  s t r u c t u r e .  S o

n l t i t l t . r r . r  l l r t  r r r r r t l r ' l  r r ,  n n r ' , t  u r \ , , k t  : o r l ) r ' l o l c  l i r r i r s u b s t r u c t u r e .  H o w e v c r ,

l t s e t r r . l r  S  l t l l r s t  l o r r l r . r r ,  , l r , r r r r ,  l t  r : o l  l ( l (  )  1 0 0 t l m , a S i z c t h a t i s a t t h e l i m i t

o l  r c s o l t t t i o t t  l r r '  l r r i l t l  r t l r \  r r  |  , (  , , 1 ' \  r l  l  r  r t t l r l  l r e  d i l l i c u l t  t o  u s e  f l u t l r e s c e n c e

n t i c r ( x c o l ) \ '  ( ( )  e  l L t t i r (  l (  i l / (  l l r ,  r t  t ,  L r l t r ' t l ( , l l i l )  t 0  s u c h  a  s u b s t r u c t u r e .

N l l r r r v  r r t t t ' n t g r l s  l r ; r r t '  l r t  r ' r r  n r , r r l L  t r ,  l . ' , , r l t z e  I c p l i c a t i o n  s i t e s  b y  c l c c t r o n

n l i t r o s t o p \ .  I  ; r r l t  i u l l ( ) l i r ( l r l l r . r l ' l r r  . l r r r t t , r  t l  t l r l r t  l i v i n g  c c l l s  i n c c l r p o r a t e d

I  l l l r l r r r t t r t l i n t  ( ) \ (  r  l ) (  t r o t l s  , r l  r r . r n \  r r r r r t l t l t ' s  i t ' l t t l  d i s p e r s e d  c h r o m a t i n ,

r ' 1 , , : ,  l r r  \ , u l , t l ' l t  : r z r ' r l  n l i r \ \ ( . .  " l  , , , r \ 1 ,  t t : t  r l  e l t r t l t t r a t i n  ( B o u t C i l l c  c f  4 / . ,

l , ) ' l  I  r ! . , r n  l ' , ' s )  l i u l  , r s  l l r r  1 ' . r l l r l  r r , ' l l r  , r i  l l t t  l . l  l t t r r l i c l c s  e n l i t t e d  b v t H

t \  r r , r r \  l ,  r r  r ,  r  l t t t r r r l t r ' r l ' ,  , , 1  r r . r , , r r L  l ,  r :  l o t t t l .  t l r i s  a p p r o a c h  c o u l d  n O t

l ) t l \  r . l ,  r l l  ,  r r l  r i  r r r l l l l r r r r r  l , ' r  1 , '  ,  ,  ,  l , ' r  t r l i z l t l i t t l - t .  M t l r c 0 v c r .  n a s c c n t

l ) \  \  r  f  r  i  r l  . r  r , r l r  i l l  , r l ' r ' t r l  r r L  J L  i l l t i l r ' s  l ) t l  s c c ( ) l l d  S O  t h a t  m O S t  o [
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S r , ' n thc t i c  s i t cs  c r rn  bc  i n r rnuno labc l cd  w i th  eo ld  pa r t i c l cs  t o  a  n ruch
hiqhe r  rcs() lLr( ion af ter  incubat ine pcrmcabi l izcd cc l ls  wi th a subopt inra l
conccntrat ion of  b iot in-duTP to ensure that  thc incorporated analogue
rcmains c losc to the polymer izat ion s i te .  Gold par t ic les then l ie  wi th in
20 nrn o i  the incorporated b iot in  ( i .e . ,  connected through an ant ibody
bridge). In the first such experiments, most obscuring chromatin was re-
nrovcd as described in Fig. 3 before 400-nm-thick (rcsinless) sections were
viewed in the electron microscope. Electrcln-dense- bodies were scattered
along the diffuse nucleoskelcton; they were present in the samc numbers
as the foc i  seen by I ight  microscopy.  and dur ing ear ly  S-phasc they werc
re lat ive ly  constant  in  s ize (  100-300-nm diametcr) .  Af ter  c longat ing nascent  (
DNA by -500 nucleot ides,  gold par t ic les werc associated main ly  wi th thesc
clectron-dense bodies (F ig.  6) .  As thc incuhat ion t ime was progressively
increased, longer pieces of DNA were made and gold particles were found
progressively further away from the densc bodies. This implics that nascent
DNA is extruded from the dense body as templates pass through it.

As cells progress through S-phase. these structures seen by clcctron
microscopy change in numbers,  s ize.  shape.  and d is t r ibut ion just  l ike foc i
seen by l ight microscopy ( Fig. 5). Replication foci/factories contain proteins
specifically involved in synthcsis (e.g.. DNA polyntcrase a, PCNA. and
DNA methyltransferasc (Lconhardt er al., 1992', Hoziik et al., 1993) as well
as others that  might  bc involved in regulat ion [c .g. ,  cyc l in  A,  cdk2,  and
RPA70.  but  not  cyc l in  Bl  or  cdc2 (Adachi  and Laenrml i .  1992;  Cardoso er
al., 1993: Sobczak-Thcpot (t ol., 1993)]. As even the smallest contain -40

act ive forks and associatcc l  lcading-  and lagging-st rand polymcrases,  i t
seemed appropriatc to cull thcrrr rcplication factorics. Fragments of such
factories were probablv isolirtecl by Tubo and Berezney (1.987) when they
isolated par t ic lcs contr r in i r rg nuruv p<l lv lucr i rscs hy l ight ly  d isrupt ing somat ic

F lG .  6  Rep l i ca l i on  f ac to r i c s .  L :ncaps t t l l r l u t l  ce  l l s  *u r t  l r r ' r n r r ' , r l , r l r l r ' ( l  r r  r l l r  s l r r p l o l vs i t t .  i n cu -

b a t c d r v i t h b i o t i n - d I J T P f o r 2 . S m i r r .  l l c l t l c ( l  \ \ i l l t r r l r e l t ; r s t r .  { ) t ) , ,  r l l r ( ) r ) l i r l l r ) c l u t c c l . a n d s i t c s

o f  b i o t i n  i nco rpo ra t i on  imn runo labe  l ed  u i ( l r  5 -n rn  go l t l  p r r r l r r ' l r ' r .  l l i r o r r r  l l o z l i k  c t  a l .  ( 1993 )

r v i t h  pc rm iss i on  o ICe l l  P ress . ]A .  Sevcn  re  p l i ca t i on  l ac to r i u \  ( l  l  7 ) .  N I  :  nuc leo lus .  L :  nuc lea r

l an r i na .  O {  t he  1 t tO  go ld  pa r t i c l c s  i n  ( hc  nuc l ca r  r cg i o r r  7 l ' i  ( r r o l  r r s i b l e  r r t  t h i s  magn ihca t i on )
r ve rc  i n  l ac to r i c s .  i nd i ca t i ng  t ha t  f ac to r i c s  we rc  t hc  s i t e  o l  l ) ) J r \  s r r l hcs i s .  Ba r : 0 . - 5 ,un r .

13.  Highcr-power v iew of  F, l  and F5- Arrowhcads point  to l l re onlr  c \ l ra lactory part ic lcs.

l lar :  0.2 g.rn.  C.  (Jnderexposure and lur ther 2 '< rnagni f icat iorr  o l  l iJ  ur t t l  I ]5 t r t  shorv lahcl ing '

I r r r o r vhcads  i nd i ca t c  some  o f  t hc  30  go ld  pa r t i c l c s .  Ba r : 0 .1  pn r .
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l l l l r l r  l .  \ \ l l l l (  l l l ( r l (  \ 1 1 , ( ) l r r l l \  l ) 1 i l ( ( ( l u t ( \  I ' l \ t  l l t t  s t t i l l ) l I t  l s o l ; 1 1 1 5  l l \ U i | | t \
: l l t t l r t  t l  l r t  l l r o t l t r ' n t i s l : .

I  l t e  l : r e l o t  i t ' s  s e  e  t l  i r r  t l r i c k  r . c s i t l l e s \  \ e e t i ( ) n s  c ( ) r ' t ' e s p ( ) l 1 d  t o  i r  s t r l r s e  l  t r l '
t l t e  t t t t c l e i t r  " l r od i cs "  t ha t  h i t v c  bccn  sccn  ovc r  l hc  yca rs  i l . l  convcn t i ( ) na l
( t h i n )  scc t i ons  (Bou tc i l l e  ( t  u l . ,  19741  B rasch  and  Ochs ,  1992 ) ;  t hcy  a rc
s inr i lar ly  labelcd wi th b iot in-dUTP and PCNA and rhcy changc in number.
shapc.  and d is t r ibut ion in  much thc sanle way (Hoz: ik  et  at . ,  1994b).

Al though most  rcp l icat ion lakes p lacc in  factor ies,  there is  somc extrafac-
tory synthesis lhat increzrscs as cells progress through S-phase (Hoz.6k et
a/., 1994b). Thcre are spccitrl topological problcms associated rvith replicat-
ing thc last  few basc-pai rs  hetween two repl icons (Suncl in  and Varshavsky.
l9 t i0 .  l98 l )  so i t  is  at r ract ivc to suppose that  thc ex l rafactory label ing
ref lccts  a t idy ing-up dupl icar ion of  h i thcr to unrcpl icated DNA.

B.  Transcr ipt ion Foci :  BNA Polymenase l l

Are many RNA p<l lymerases s imi lar ly  at tachcd in large factor ies? Resul ts
using thc l ight  microscopc- lhough not  dcc is ive-suggest  that  thev might
be (Jackson et ul., 1993: see also Wansink et al.. 1993). E,ncapsulated and
pcrmcabi l ized HcLa cc l ls  werc incubated wi th Br-UTp;  thcn 300--500 f luo-
rescent  foc i  were i rnmunolabcled us ing an ant ibody againt  Br-RNA (Fig.
7) .  The foc i  conta in RNA polymerasc I I  and Sm ant igen.  a component  of
thc spl ic ing apparalus.  This t ics rhe synthct ic  s i te  inro a sol id-phase network
that  might  p lay a ro lc  in  post- t ranscr ipt ional  cvents l ike spl ic ing and t rans-
pcrrl (e.g.. Lawrcncc cl rrl., l9fi9: Carmtt-Fonseca et al., l99l Carter et al.,
1993).  Rough calculat ions r rqain suggcst  e lch t ranscr ipt ion focus conta ins
- .50 act ive RNA polynrcr i rscs and many lcrnplates.  a-Amani t in .  an inhib i tor
o l  RNA polymerasc l l ,  prcvents incorporat ion in to thcse foc i .  These foc i
remair.r after remrlving rn()st chrclmatin as dcscribed in Fig..3 (Jackson et a/.,
1993).  cc lnf i rming that  svnthe t ic  s i tes are at tachcd to an undcr ly ing skelcton.

we might  havc cxpccrcr l  t rack ing polymcrascs 1o bc sprcad rhroughout
open chromat in.  but  thc i r  apparcnt  conccntrat iorr  in to l i rc i  suegcsts thcy
do not  havc thc l ' rccc lot r t  t ( )  t l ' i lck  cvcrvwhcrc. ' l 'hc s i rn; l lcst  ex; r lunat ion of
at l l  thesc resul ts  is  that  nr i t r rv  l lNA p<l lvnreruscs i r rc  l t t l i rc l rc t l  in  lactor ics
l ike the DNA polymcr i rscs.  I  lo* 'cvcr .  th is  conclus i ( )n c()n le s  w' i t l r  a  caut i t ln .
Est imates of  thc nurr rbcrs o l  l {NA polvrnerascs Per l i lcus are ncccssar i ly
less exact  than thosc l i r r  I )NA polvrr rerascs.  s inrp lv  l . rcc i rusc we do not
know thc  t o ta l  numbc r  o l  e l onq i r t i r r e  t lNA  po l v r r r c r i r scs  o r  l i l c i  i n  a  ce l l .
Foci  are so var iablc  in  s izc ar tc l  i r t tcns i lv  l rnc l  c losc lo  t l tc  resolut ion af fbrc led
by l ighr  rn icr t tscopy that  i t  re  r r t r r i r ' .  1 ' , r . , r i i l ' . l1 .  thut  nnny havc in tensi t ies below
the lcvelof  detcct ion by l luorcsccncc nr icnrscopy.  ( '< lns idcran cxt reme case
in which -2-5. (xx)  polymcrasc l l  molccules (cox.  l t )76)  arc in  t ranscr ipt ion
uni ls  randomlv d is l r ibuted throughout  cuchronrat in :  th is  incv i tably  msans
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, r . , ,  l l  |  , r r r r l  l l r  I  I  l '  l r r ' l n t r '  n n n ] u l ( ] l ; r l r r ' l r r t l l  ; n t \  l l u ( ] r l ) ( ) l ; t l t ' r l  : r r l r l o t ' t t t l
. ' r  t f t s t l e l t ' r l u c l e ( ) l l u  l o c t  i r r e  t l l e r l  r i s i l r l c  ( . l l r c k s o n  c t  t t l . ,  l t ) ( ) . 1  ) .  r \ q l r i r r .

l l r e s e  r t t t c l e o l r r r  l i r c i  r c n l i r i n  i r l l c r  r e n r ( ) v i n g  n r o s t  c h r o n t a t i r r  i r s  r l c s c r i b e r l  i r r
l t i { .  i .  con l i r n r i r t g  t ha t  syn tho t i c  s i t e  s  a r t :  a t t ache  d  t o  an  unde  r l y i ng  s l r uc tu rc .

Nuclcol i  havc a wel l -def ined u l t rast ructure.  Several  l ibr i l lar  ccnters.
which cqual  the number of  polymerasc I  foc i  descr ibed abovc,  are cach
surrounded by a dense f ibr i l lar  component  which is ,  in  turn,  embedded in the
granular  component .  In  which of  thesc d i f ferent  nucleolar  contpar tments
t ranscr ipt ion occurs has long bcen controvers ia l  (Jordan,  1991);  several
factors have contr ibuted to th is  controversy,  inc luding the low resolut ion
ol' l 'ered by autoradiography after incorporation of [rH]uridine and the
lcngth of  the labcl ing l imcs rcqui red.  Wc have reccnt ly  resolved th is  contro-
vcrsy us ing perme'abi l ized cc l ls  and a pulse of  Br-Ul 'P shor t  enough to
ensurc that  most  t ranscr ipts  remain a t  thc i r  s i te  of  svnthesis .  Af ter  immuno- (
gold labeling, gold particles were found over thc dense fibri l lar component 

' 
i

(cspccia l ly  i ts  bordcr  wi th the f ibr i l lar  ccntcr) .  ind icat ing that  the dense
fibrif lar componcnt was the svnthetic site (Hozrik et al., 1994a).

We imagine.  then,  that  the nucleolus is  bui l t  around f ibr i l lar  centers
attached to the skeleton; the fibri l lar ccntcrs store the polymerascs, topo-
isomerases. and othcr protcins required for transcription. Polymerases di-
rect ly  organize th is  s t ructure s ince i ts  format ion in  mammal ian cc l ls  is
prevcntcd by micro in ject ing ant ibodics to the enzymc (Benavente et  a/ . ,
l9ti7) and veast mutants with a delcted gcnc for the second largest subunit
of  the polymerasc assemble several  min inuclcolar  bodies rather  than a
normaf crcscent-shaped structure (Oakcs ct ul., 1993). About -6 active
c is l rons (each -5 pm krng and packccl  wi th - l (X)  act ive polymerases)  are
associatcd wi th each l lbr i l lar  center  in  a human nucleolus (see Haaf  er  nL,
l99l ) .  Act ive polymerascs-which rcs is t  c lut ion in  thc exper iment  i l lus-
t rated in  F ig.3 (Dick inson c/  aI . ,  1990)- l ic  on thc sur face of  the f ibr i l lar
center  and t ranscr ipt ion occurs as a t ranscr ipt ior r  r , rn i t  s l ides cnd-c ln through
them over  thc sur f t rcc whi le  the nascent  r l i .NA is  cxt rudcd into the dense
f ibr i l lar  component .  As a promoter  emcrgcs l rorn onc p<l lvmcrasu.  i t  can
soon engage anothcr  on thc sur f 'ace.  On tcrrn in i r l ior r  ( i .c . .  rvhcn t l rc  3 'cnd
of  the c is t ron has s l id  past  a polymerasc) .  Ihe r r l tscerr t  l r i r r rscr ip t  in  thc
dense f ibr i l lar  componenl  condcnses in to thc gr i rnul t r l  c( ) l l l ) ( )ncnt  where
i t  completcs i ts  maturat ic ln.  Thercfure the dcnsc l i l r r  i l l i r r  c( )n l l )oncnt  appar-
ent ly  s l ides over  thc sur face of  the f ibr i l lar  centcr .  onc crrc l  advancing whi le
thc othcr  is  converted in to the granular  compol tcr ) t  t rnd newly inact ive
e nzvmes are recycled through thc f ibr i l lar  ccntcr  to  thc growing cnd of  the
de r rsc f ibr i l lz l r  component .

This nrodel  can be reconci lcd wi th the beaut i l 'u l  i rnages of  spreads of
r ihosonral  DNA ( for  a rev iew.  sce Mi l ler .  l9 t l l  ) .  i f  thc hvpotonic t rcatment
usccl  c l ispcrses the granular  cornponent  and st r ips t ranscr ipt ion uni ts  f rom
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l l r r . , ,  , ' , l r ' ,  r r ,  , r r l r r  I ,  , r l  t , l , l t t : t l i , r r t . W i t h i r l a b o u t 3 0 m i n , m a n y s i t e s

s , , l , . l \  ,  , i . r r , ,  , l  r  I  t r  , r . ,  r r l , l t . 1  r ( . \ . 1 1 ( . l t ! ( . .  t ) t l I  t l f C  S i t e S  i n V O l V e d  i n  f e p l i C a -

l l . 1  t r  1 r  r 1  r r  1 r  ,  p l , 1 , , r r  r l  r  , r ,  l t r t  l  r t ' t l  l l t l c  t l t r r i r f g  S - p h a S e - W h e n  d e e p

l l r . l , . t , , ,  l r r , , r r r  r l r r r  r  1 , ,  r r r r ' , l r r l , l r , , r l ,  r l  l l r t ' r t ' 1 l l i t : r t i t l n S i t e S f e m a i n t f a n S C f i p -

I r r r r r , r l l r  . r ,  t r r ,  r l l  r  r r r  ,  /  , r /  l r ) ( ' ' l  l r t l l  t . ' t '  W i t r t s i n k  e f  a / "  1 9 9 4 ) '  T h i s

( o l o { , r l r / . r t r , , r  , , 1  r l  , , 1  t ,  l ' l r , , r l l ( ) l l  , l r l ( l  l r : r r l : c l i p t i o n  a t  t h e  G 1 / S  b O r d e r

\ i l t , t , ( . , t . .  t l r  r r  l r  L r  I L l , r r , , r L  r l ,  r r r r r , l t l  s ,  r ' t l  . l \ \ t ' l l l b l y  O f  f e p l i C a t i O n  f a c t o f i e s

( 1 1 , r " " , ' r r  t t t , l t  " " r  " i r

V .  Ropnr r  F lo ; t l t r : r t t tu t t

l r ' .  \  1 ' r  r r l l r . n r o l c t  ( U V )  l i g h t  i n v o l v e s
,  l r ,  r ' .  t , r  l i l l  t hc  gap .  The re fo re  s i t es

r  r r r r , , l . r l r t ' l c c l  a l ' t e r  i n c o r p o r a t i o n  o f

1 , ,  1 r  | 1 , ' , 1 1 1  l ) u t  c o n c e n t r a t e d  i n  d i s -

, l  |  ) \  \  r l i s t r i l . r r . r t ion  (Jackson e t  a / . ,

r :  r r l r , r l l r  i r t t e t t s c  r c p a i r  t o o k  p l a c e
'  r r  r r . , \  r i p t i o r t  b c c a m e  i n h i b i t e d  b y

, 1  r r  . , r t t  :  $  i t h  l i t t l e  t r a n s c r i p t i o n .

l ( ,  I ' , l '  ,  r r  (  o l  t n tnsc r i p t i on ,  show ing

l l r . r l l l r , l I  I  ,  , , r r p l r ' t l .  l ( e  pa i r  s i t es  gene ra l l y
'  r  r r  r '  ,  r ' l l  r t  L t c l c i t r  an t i gen  bu t  no t(  ( r l l l . r l l l  I

l l r ,  l r t t t r , ,



I l r ,  r , | | , l l t . l ( l t \ t l \ \ ( ( . i l 1 \ i l ( r l l ( ) l ) (  i t \ ( l o \ ( , 1 \ , t : \ o 1 l , l l 1 . q l \ \ t l l l l l t ( , \ [ ( l ( l i l t l
, l \  l l l (  \  l ) l l i l \ r ' i l ( l l \ l l \ .  i t l l r ' t  l t c i r l n l L ' r ) l  \ \ i l l l  i l l  L ' r ) ( l ( ) n u { . . l r . i t \ r ' i t s  u t  I  r | .  l .
t l t o s l  t t ' P l t i t t ' t l  l ) N r \  i t t t t l  t l t e  l e l ) i r i r  l ( ) c i  l r r r :  r c n l ( ) \ ' e ( l  l r o n r  b e r r t l s  \ \ r t l )  t l l e
e  l t t o t t t l t t i t t  l l ' l t Q t t l c t t t s .  I  l o w c v c r ,  a s  c l c c t r ( ) e  l u t i o n  c l c s t r o y s  r c l ) i t i r  i l e  t i \  i t v
( l r r r t  r rot  thc S-phasc act iv i ty) .  rcpai rcd DNA rn ig l r t  be at tachcd i t r  u iuo
through a polymcrasc that  was removed by the pr .ccdure.  So th is  approach
has not  a l lowcd us to determinc c lec is ivc ly  whethcr  rcpai r  s i tcs are associ -
i r lcd wi th a skc leton i t t  u iut t .

Vl. Attachment Sites in a Model Loop

It is l 'ormally possiblc that many polymerases could track around a cluster
of  loops and so res is t  c lut ion in  the expcr iment  i l lust rated in  F ie.  3.  i f  loons
werc [ ( ) ( )  smal l  to  he cut .  Howevcr .  cxpcr imcnts wi th a modcl  loop cont i rm
that  act ivc pc l lymerases res is t  c lut ion even when the chromat in l ibcr  is
shredded (Jackson and Cook,  1993).  They a lso a l lowe<J us to dc l inc the
molecular  t ies at  the bases of  thc loops.

A plasmid that possesscd thc SV.', origin ol 're plication plus two promoters
( i .e . ,  the SVa, , -ear ly  and human al -gkrb in promoters)  was t ransfccted in to
cosT cells. There it replicated over 2-3 days to givc many thousands of
min ichromosomes.  About  1200 min ichronrosomes per  cel l  res is ted e lut ion
( i .c . ,  were at tached) whi le  any cxt ra c.p ies that  were t ranscr ipt ional ly
and repl icat ional ly  inact ivc could bc e lutec l ;  t l r is  suggests that  there are a
saturable number of  b inding s i tes avai lable 1o thc p lasmid.  Af ter  cut t ing
each at tached min ichromosome into -4(x)-bp l ' raements,  -90% of  the con-
tour  length could be c lutcd:  the remain ing l ragme nr  or  two were associated
wi th a promoter  or  an engagcd polymcrasc thut  was st i l l  ab le to run on
along the remain ing at tachcd f ragment .

These results werc surprising and give us i l vcrv clvnairic view of loop
structure.  Act ive min ichromosomes might  havc been at tachccl  through a
common sequcncc l ikc an or ig in of  repl icat ion.r  a SAII .  but  r . ro s inglc
sequence was uniqucly  responsib le for  at tachmcnt :  rathe r -  c l i l l 'c rcnt  par ts
o1 each min ichromosomc were at tached at  onc or .  l r r  rnost ,  lwo points.
Morcover ,  even though both t ranscr ipt ion uni ls  wcre h iqhlv  uct ive.  they
only conta ined onc polymcrase.  So we imagine that  incr t  nr in ichromosomes
at tach to a factory to becomc act ive.  in i t ia l ly  at  onc o l  thc two promoters.'rhcn 

a polymerase cngages and the minichromosome bccomes attached
s<r lc ly  through the sequence at  thc polymer iz ing s i tc .  I r ina l lv  the templatc
dissociatcs.  but  i ts  prox imi ty  to b inding s i tes in  thc I 'actorv wi l l  mcan that
i t  can c.mpetc ef fect ive ly  wi th othcr  min ichromosomcs [ 'c l r  those b inding
si tcs.  ' l 'hcrcforc,  

at  any moment indiv idual  tcmplatcs wi l l  be at  c l i f fercnt

. '  ' i '

r , r  , , r  l ' , ' r r  I  r l r r  r r  . r l l , r r  l r , , l  . r r r , l  , l r l l ,  r r  | l  I ' r , r r r t

1  r , ' 1 ,  L l , r  r l r ,  , ' l  . r l l , r ,  l r t r r ,  r r l

V l l .  M r t o t i c  C h r o m o s o m e s

I l r ,  , ,  r r t r , r l  , t r r r ,  l r r r , r l  l , , r l l r (  ( l l  l l r e  i n t e  r ' p h a s c  c l r r o r r . r o s o n t e  i s  t h c n  t h e
, l r r , ' 1 1 1 , 1 1 r r  1 , , , , 1 )  t r l r t ,  l t  r ' .  l r t r l , r l  t l s l r l t s e  t l t r t t L t g h i t n c n { t t g c d R N A p o l y m c r -
. r . , i  t , , t  l , l , ' r r , ' t \  t )  l ) i l t . .  l l t r :  l , : r s i t  s t r t t c l t t f t r l  l c a t u r c  p c r s i s t  t h r o u g h  t h e
, ' r i ' . . .  r L  , 1 | l  r | , ' \  | 1 ,  i l t , ,  l l l . r t  o \ (  l l l  t l r r I i l t r l  r t t i l o s i s ' l  I t  s e c m s  t h a t  i t  d o c s :  t h e
\ r , r t , ' r r  l ,  r r , , t l r , ' l  t l r (  l ( , . 1 ) \  n r t ; r s u r c t l  i r r l  l t h v s i o l < t g i c i t l  b u f f e r - r c m a i n s
u r \ l r . r r r , , , l  r l , r , f  . r  i / , , r ,  l i t t ) (  l )  l r n r l  l t o l h  I I N A  p c l l y m c r a s e s  I  a n d  l I
r i  l r r , r r l r  l ' , ' r r r r , l  , l r r , r r r l l l , r l t r t  l t  ( \ l l r l s t r i  c t  t t l . ,  1 9 7 9 ) ,  e v e n  t h O U g h  n a s c e n t
l r , r r ' . (  r l ' l  r 1 ' , , 1 1  1 5 1 , ,  r n ( , (  t )  t r r t t l  ( ) ' l r i r r r e l l .  l 9 9  l ) .

\ r r .  l ,  , ' l , r r  L r ,  t , , r r ,  . .  , , , , ' r  , r l s , ,  l r l o v i r l c  t r  c l c t a i l c d  r n o d c l  f o r  t h e  s t r u c t u r a l
I t o r 1 , , 1 1 1 1 7 . ' 1 r r , r , , 1  r r r t . . . 1 . . ; l r : k r r o r r r t t l t i t t i t s f { E p - 2 c c l l s c n t e r m i t o s i s , t h e

l l r t , ,  ' , t , ' r ,  , ' t  t l r ,  ; , , , 1 \ r ) t  t i t \ \ '  l  l r i u t s c l ' i y t t i o n  l ' a c t o r ,  U B F .  r c m a i n  b o u n d
, r t  t r  \  ' l  t l r ,  l l l r r r r ,  l , , r l , r r  o 1 1 ' ; 1 1 1 s 7 i l r q  l e g i o n s  ( N O R s ) .  S u b s c q u e n t l y  t h c s e
l , r r , r l  ,  r , n {  (  r t r  r t r ( , 1 ' .  . r (  \ \  n l r ) L ' l l i c l l l v  P l r r l i t i o n e d  a m o n g  d a u g h t e r  c e l l s
{ l { o l r r r r  |  , r  , r /  l ( r ( ) i )  l l r ' r r ' l l r r ,  r ' e r l r r l r r r l s  o l ' t h c  i n t e r p h a s e  f a c t c l r y - t h e
I r l , r r l l , r r  (  (  r r (  |  , r l r l  t t . ,  \ u n o r r r r t l r n g s  p c r s i s t  i n t o  m c t a p h a s e  a s  v i s i b l c  c n t i -
I r t s .  l l r t  \ (  ) l i .  l l r r r r t  r , (  r  n r ( ) \ l  r r r r r ' l e o l r r r r r r i r t c r i a l - c s p c c i a l l y t h e m a t u r i n g

l l ; u t \ (  l | 1 . ,  , r r r  l l . . t  l r r r 1 1 1  1 1 1 ,  \ (  ) l { s  l o  l o r r t . t  i t  d c n s e  m a s s  o f  p r c l t c i n s  a n d
l ( \  \  t l r . r l  ' , , . r l  l l r ,  . t t t l  t , ,  o l  l l l r ' t t t i l o t i c e l t r o t r l t l s O m C  ( H C r n a n d e z - V C r d U n

i l i l ( l  (  r , r l l t r ,  I  l ( , ( ) l )  l r  r , .  r l r ,  i l  , r i l l i t ( l n t '  l o  s t r l - l p o s e  t h a t  a n a l o g o U s  R N A
p o l r r r r r ' r , r . . ,  l l  , r r , l  l l l  l , r ,  t , , r ( . .  ( ( r l l , r p : t ' o r r l o  c t t c h  o t h e r  t o  f o r m  t h e  a x i a l
t l t t o t t t , r n r (  r \ ' .  r , l  1 ' 1 1 , l ' 1 1 , , , ,  . u l ) . , (  ( l r (  n l  t o r t t l c t t s a t i t l n  o f  d i f f e r e n t l y  s i z e d
I o o l r :  t r r r t r r  t l r , r . . t  I  r r  t r , r L , ,  \ \ r r r r l t l  l r ' n r . l r l t '  l l r c  b a n d s  t y p i c a l  o f  m c t a p h a s e
( (  t ; r t r '  , t t l r l  l l t r  k t t t i l t ,  I t r t t  \  (  o o k  l ' ) ' )  l ) .  \ o t c  t h a t  i f  t h C  v e s t i g e s  o f  t h C S e
l l t t l o r r r ' r  . u (  \ (  l ' r r  r , , r t r  t l  , \  r r l ) (  l r r r , r l l r  l o  t l l r t r g h t c r  c c l l s  l i k e  U B F ,  a t t a c h -
t t t c t t l s  i t t r o l r t r r '  l ( \  \  1 ' , ' l \ r r r ,  r , r ' . ,  .  r r r l l  l r t ' r p [ c r i t c d  b y  t h o s c  d a u g h t e r s ;
I r s  l r  r r ' s r r l l .  l l t t  r r r ' l r r  t t \  o l  l ' . r r t r ,  r r l , r r  1 ' (  n r ' \  \ \ ' i l l  a l s o  b e  i n h c r i t e d  ( C o o k ,

I ( ) 7 1 .  I ( ) / . 1 )

l  r k t  l l r L  l : r n l l r )  ,  r , r : k r ' l t  l o r r  t l r ,  l . r n r r r r  e o n l l t i n i n g  e n d o s k e l e t o n  w o u l d
r r l : o  t l r ' | o l \  r r r i ' t r z t  i l l r r  r r r r ,  n r l r  r . . r , .  l r  r  . r l l o s  c l t r o n t o s < t m e  s e g r e g a t i o n .  O n
(  l l l r \  l l l l o  (  r l  p l l , t : r '  t l  t r l t t l r l  t , 1 r r r l 1 , r r ,  ' t Z t '  l l e l W e e l l  f a c t o f i e s  t O  p f O V i d C
: l t t t t  l t t t . r l  . r r r l  : o  l u l (  l r o l . r l  '  r r n l r ' l l l t  l r t ' l r v c c n  I ' a c t o f i e s  a n d  p c f h a p s
, r  s o l r r l  l , l r . r . . i  l , r l  l r : u l s t  l l ) l  n r o \ ,  r r (  l l  l  l r i s  r t t t c l c o s k e l e t o n  w o u l d  t h e n

l ) l i r \  ; | l r  (  \ \ (  i l l r , t l  r ( ) l (  i l t  l l ) l (  t ' r , t l I t t '  l l u \  l ( , i l  s l l l t c c .  i n  m u C h  t h c  S a m e  w a y
l l l t l  t ' t  l o | l 1 s 1 1 1 1 1 ,  r l l r ' r l (  ( l l , r l (  l r l , r r r r ' r r l :  r l l (  { ' . r t t c  c v t o p l a s m i c  s p a c e  ( L a z a r -
r t l r ' s .  l ( ) f i 0  ) .



Vl l l .  Rol r r t rorrnhr ; t  to  Str r r f ion orr  Othor  Str r rc turor

. \ :  l l t r '  l t t s l ( ) l \  ( | l  r t t l r t t t t r ' l t  J t  \ l t u ( . l u t ( . \  \ ( . ( . i l 1 \  ( ( )  l r r .  . t  l i l \ l o l \  i l l  . l r t r l . r ,  I
r l  r r  l o o l i s l r  l o  t l i r i r r t  l l r : r l  l r r r t  l ) l ( . 1 ) i u ; t t l ( ) n  t \  l r t t . r r l  i l t l t l , r ( 1 .  I l o r \ t r t . r
l l t t ' i t t ( t t c l t r t t c n t s  t r l  l l t e  c l r r o r t t i t l i r r  l i l r r . r . l o  l l t e  s r r l r r 1 1 . 1 1 L . 1 1 1 1 . . , s L . t . n  u t ) ( l ( . 1

l l i t v s i o l o g i c l r l  c o r l d i t i t l t t s  i t r v o l v e  a c l i v c  l ) ( ) l v n r e  r . t s c s  t h i r l  r c t i r i r r  I l r e  l r c r n  r l r
t ha t  t hcv  had  a r  u iu r t : i l '  t hcy  had  bccn  t : c r r c ra t cc l  du r i np  i so l l l i on .  wc  r r t r r r l l
cxpcct  lhcm tc l  lose act iv i ty .  How. thcn,  do thc studics c lcscr ibcd l r l ror t .
rc la lc  to those involv ing other  subnuclear  s t ructures that  havc Icd to t l r l lc . r
en1 conclus ions?

Wc bel ieve that  manv oI  the d i f fcrences rcsul t  f rom the gencrarrorr  ot
ncw at tachmcnts dur ing iso lat ion.  For  cxample.  i f  encapsul i ted cc l ls  r r r . ,
lysed, treated in the ways c()mntonlv usetl to isolate the substructurcs hclirr.t.
re turn ing them to a physio logical  buf fer ,  and then the loop s ize mcasur. . , l .  (
wc find that diffcrcnt procedurcs givc strikingly different results (Jacksorr
et ul., 1990). Exposure to the mild hypotonic conditions generally uscd r.
iso late nucle i -usuat ly  the f i rs t  s tep in  thc iso lat ion of  the substructurcs
roughly halves loop s ize,  the precise value depencl ing on the deta i led ionic
constitution of the isolation buffer. This reduction in loop size is not rc-
versed by restor ing the tonic i ty  to  normal  and mcans that  for  every at tach-
ment existin g in uiuo, about one new attachment is create d in uitro as nuclci
are prepared. High conccntrations of magnesium ions also irreversibly l ix
the chromat in in to smal l  lo<lps ( i .e . ,  create ncw at tachments) .  (Note that
magnesium ions are chelated with ern equal concentration of triphosphatc
in our  physio logical  buf fers. )  Subsequent  cxposurc to 2 M NaCl,  l ike that
used to prepare nuclear nratrices. increases loop size from this lower valuc.
Another  popular  procedure uses the detergcnt  l i th ium di iodosal icy latc
(LIS) tcr generate scaffolds (Mirkovitch er at., l9g1). Lysis first increases
loop s ize to - l (x)  kb.  before a stabi l izat ion s(cp rcduces i t  to  15 kb.  So
here, f ive of six attachmcnts are probably creatcd by the procedure! As so
many at tachments are bc ing created and destroyccl  dur ing the iso lat ion of
matr ices and scaf fb lds.  i t  is  then very d i f l icu l t  to  bc ccr ta in which of  the .
ones studicd i r r  u i tn t  actual ly  prccx is ted i t t  u iuo.  I

Nucleoids are iso lated d i rect ly  f rom cel ls  by cxt ract ion in  2 M Nacl .
which increases loop s izs te 123 kb.  so they probably lose only a few
at tachments.  Therefore,  thei r  domain st ructure is  very l ikc that  founcl  us ing
physiological conditions, with replicating and transcribctl scquences (espe-
cially promoters and enhancers) being the most closely associated with the
substructure (Jackson et al., 1984).lt is also reassurins that two completely
different sets of condirions (i.e., direct lysis in 2 M Nacl to give nucleoids
and lvsis in physiological buife rs) yield structures that have loops of roughly
the sanre s ize.  t ied at  thei r  bases to the same skclc ta l  s t ructure throush

' , ' r  '  i J l t ( l t ^ l l  l t r f l (  l l i ) f l  1 1 1

r ' n l i , l , ( , 1  l i \ . \  l r o l Y t t t e  t ' l t s c s  ( ) r  l ) r ( ) l l l ( ) l c l s / e  t t l t l t t t c t ' l s .  r r t t l t : t t t t r e  l ) N , \  ; r r r t l

l l N r \  l r r r l r r r r c r i l s e s  a t t a c h c d  t o  t l r c  s k c l c t o n  i t n d  t l r i r t  t h c  l t i t r s l t c t  t r c i t t r t t ( ' t l l

lcads to s l ight ly  fewer at tachments.
The finding of a lamin endoskeleton is consistent with observalit>ns ol it

distribution only at the periphery, if the dense chromatin generally prevents

antibody access to the interior. Note that lamins are frequently associated

with the interior of matrices (e.g.. Capco et al., 1982', Staufenbiel and Dep-
pert, 1982; Fey et al., 1984'. Luddrus et ol., 1992) which. l ike the diffuse

nucleoskeleton seen under physiological conditions, contains ribonucleo-

proteins and. pcrhaps. RNA (e.g., Long et al., 1919: Fcy et a/., 1986). It is

usual ly  assumcd that  th is  in ternal  matr ix  cannot  conta in any lamins,  and

th is  may be the rcason thal  at tempts to iso latc  i t  and determine i ts  s t ructure

have bcen so unsuccessful (Jack and Eggert, 1992); however, this failure

is  easi ly  cxpl icablc i f  the assumpt ion is  incorrect .  In termediate f i laments
(which inc ludc thc lamins)  would then p lay a ro le in  in tcgrat ing both

cytoplasmic and nuclcar  space.  As lamins a lso b ind DNA and/or  chromat in
(e.g. ,  Burkc.  I990:  Cl lass and Gerace.  19901 Shocman and Traub,  1990;

Hoger et ul., l9t)1; Yuan et ul., 1991 Glass et ul., 1993) and havc becn

impl icatcd in  rcp l icat ion (c .g. .Jenkins et  u l . ,  1993).  thcse rcsul ls  prov ide a
physical  basis  lor  addi t ioner l  lamin lunct ions wi th in nucle i  (e.g. .  Traub and

Shoeman. 199,1) .

lX, Gonclusions

The resul ls  c lescr ibcd ah<lvc suggcst  th t r t  t l rc  chromat in loop- the basic

st ructura l  conrp() r . lcn l  < l l  the in tcrp l t i tsc c l t ronl< ls t lmc- is  at tached through
polyme rascs ur . td  l t r< lnt t l te  rs  t ( )  i t l t  t r r tde r ly i r tg  larn in-conta in ing endoskele-

ton that  ranr i l ics throughout  l l te  t tuc lc i t r  in lcr i t l r .  Bolh RNA and DNA

polymerascs arc at lached.  c i thc l  d i rcct lv  or  ind i rcct ly  through a factory.

to th is  skelc(orr .  As a rcsul ( .  l t lops l t t 'c  dyni tnt ic  and polymerases stat ic :
points of  at tachmer. r (  o[ ' l< l< lps col t t i r r t t i t l lv  change as templates are rceled

through the fixed polymcrascs.
In HeLa cel ls ,  repl icat ion be g i r rs  i t t  scvcra l  hundred smal l  factor ies wi th

diameters of  100-2(X) nnl .  As cc l ls  proqrcss through S-phase many of  thc

factor ies probably bcconrc in i tc t ivc i t t td  l t re  quick ly  d ismant led,  whi le  others
grow and fuse to givc the l itrgc l 'aclorics with long axes of 600 nn"l or more

seen latc  dur ing S-phasc.  l 'hcse (actor ics correspond to a subset  of  the

densc st ructurcs known t r t  c lcc l r t tn  microscopists  as nuclear  bodies '
Transcriptiorr o[ ribosomal qe ncs also occurs in dense nuclcolar factories

in regions known as the de nsc l ibr i l lar  component  surrounding the f ibr i l lar

centers.  Al though analogous l 'actor ies involv ing RNA polymerases I I  and
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