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10 .  I  tN ' t 'R ( ) t ) u ( - f  t oN

Condcnsation is the hallnrark of nritosis. Wlry, thcn, does the
cl t ronrat in  I ' ibrc  not  condcrrsc i r t lo  the r r rost  conr l lact  l i l l r t r , : t  s l l l tcrc?
Wlry are chronratids cylindrical, and not splterical ? What arc thc lrasic
principles that deternriue the cyliutlr ical shape?

Many rnodels assunle tlrat chrotttos()nles lrr: constructecl f iont a
hierarchy of helices: thc double hclix t lrst t leing coiled into a
rruc leosorne ( -  l1  nnr  d ia. ) ,  r tuc lc t ' rsonres i r r to  solenoi t ls  ( - .10 r tnr  t l ia . ) ,
solcnoids iuto cltronratid l i trres (22-5--150 rtnr dia.), attd so otr to give
a cy l inder .  I lowcvcr ,  dcspi te wl tat  our  text l rooks say,  ar td dcspi te t l te
irrclirtable cvidcrtcc tltat solcrroids itt 'e l iruttt l i tr vi lrtt irr bul' lcrs
corrtaining < 100 nrM nronovalertt ion, there rent;rius uo evidence that
so l cno ids  ex i s t  r ) r  t , i r , < - l  ( v i t t t  l l o l de  a r t t l  Z l i t t i t uova ,  199 .5 ) .  l i r r  c xa l t tP l c ,

soleuoids caunot  l rc  seen in v i t r i l led sect ions o l 'n letaphase C] l lO or
I Ic l . -a cel ls  that  havc bcen uei t l tcr  f lxed nor  s ta ined,  and i t  is  unl ike ly
th:rt solenoids r-l id cxist [rut wcre utissed becitusc uticrotutrulcs with the
sarne nrass/unit-length can lre seert itt the cytoplasrn (Mcl)orvall er a/.,
1986). 

' l 'hcre 
is alsr.r no agreelncnt about higher-orde r coil iug (Manton,

1950): gyrcs nray appcar collstartt itt nuntbcr but variablc in sctrsc itt
l rypotonical ly-swol leu hu nran chrornosorrres (Ohnuki ,  1  96{3) ,  of  opposi tc
se r rsc i r r  a  nr inor i ty  o l ' t " l rc  s is tc l  c l t ror t t l t ic ls  o l ' iso l i r tcr l  I  lc l . l  'scal ' l i r l t ls '

(Roy de la 
'I 'our 

and l.aentrnli, 1988), or rigltt- lrartclcd in polyterre
Dtztsophila chroruosorncs (l l trcltstritssct ltttt l  Sctlat, l9fi7). (\rull lctl rvith
thc gap in thc [ r icrarchy at  thc lcvc l  o l ' t l te  so lcnoid,  such v i r r iab i l i ty
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snlacks 'rrrc of biological diversity ancl/or diff 'erences in the c.nditions
at,thc tinlc .f a'alysis i 'stead .l 'sonre generar structurar p.i,r. if i". '"

wc wi l l  surr rnrar izc aa a l tcr .at ive l r r . t re l  t l ra t  cxt r ra i r r r '  * r . , , ,c'hr.nros.nres are cyri.dricar (Coo.k, r99.5). It takcs as i,,., i l ' . , i , igp.i,, ' ,
the .l lservati.rrs i>f lrre early r ' icr.sc.pists that chr.nrr.rr.ni., ur,- 'I i r rnrcd l ior r  sr . r i 'gs. [ 'chronr .nrcrcs t i ra t  c . r rdc.se at  t l rc  c 'd  or ,Inrc.rpllasc, to split and segrcgate during mitosis, ancl then decondense
i ' the daughter  cc i ls  (Wi iso ' ,  l92g) .  I r is  to  r re c . r r t rasted wi th nr .s tcurrc.t rrr.dels tlrat irrv.lve s.nrc firrnr .f helical c.i l irrg or i l l-.t"t i 'eJinteracti. 's lretwcen I)NA.a'd/'r protei r)s (see, tbr 

""f". 'pr.,- 
rJ"i ir"J

1966;  Bak et  u l . ,  1977;  Pauls. '  u , ,d l_n"n. ,n i l i  ,1971;  nut t i  
" r 'on. f  

i ; , , ,198.5;  Zatsepi  na et  r t l . ,  1989;  Marruel id is ,  1990;  I {at t r re r ,  1992).

10.2 S' fUDl l :S t_,SIN(; ,pt  IYSIOI_OG|CAI_,  C]ONDt. t . tONS

The study of 'uclear and chromosonre structure is bedevii le<i try rhepr.Lrlcnr .f artcf'acts. chrorrati '  is de.sely packecl arrd poisetl ' ir i- 'a
nrctastable state so that eve' smail changei in toniciry .uur. if to
aggregate into an unworkable nress. As a result, uriphysiological
c.rclit i . 's urc alnr.st i.variatrly uscd t. isolate clrrclnrc,s,.,nies, . icl"i
a .d nuclear  substructu 'es l ike nrat r iccs a 'd scaf fb lds;  thel r  ar t tunrerr t
otierr rages as to what extc't such is.latcs retlect structur", r;;;r;;;
'^,o (reviewed try Cook, 19S8).' l 'o sidestep these problenrs, we have
clcvcklpecl  c . r tc l i t i . r rs  that  a l l .w us t ( )  arr . lyse st ructur .e r ' t ler

::]: l1l: i: l i l : :11'. 1.l. l l ' .  l ,trysiological. 
' t 'he 

practicit problcnrs causctt t,y
cnronlati l) sggrcgatrorr at an isotonic sart concentration are ,ru"r..rnrl
lry crtcapsulatirrg cclls irr agarose rrricrobc:rcls (.50 1.50 Trrrr rl i ir.) f r.1..,..
p.ernrealri l izirg rhenr in a 'prrysiorogica| bufter (Jackson et ur. ', rggg).

], ' ]" : l1,r"l,1lin 
- rrt 'rw prorecred by agarose - can be pipe rrej ftee ly;

r t  rs_ acccssrb lc  [ .  pr . [ rcs I ike ant i t rodics and cnzynres,  i t i  ONa is  i r r tac i
arrd polynrerases re tain their activity. -l-he 

basic structural l 'eatures of
I Iel,a nuclci havc lrce u aralysccr usi.g 'prrysiological, c. 'rrit i . 's :r ' tr
thc approache.s i l lustrated in l igure 10. 1.' l-he 

results r:an be sumnrarized as f. l lows. l.anrins - which are
rr rcnr t rcrs r l (  thc in tcrnrcc l ia tc- f i larncrr t  laru i ly  o l '  pr .otc i r rs  ancl  whic l r
tbrnr an exo-skeleton that urderpins the nuclear i 'emlrrane ((icrace
a'd.Burke,  l9 t l8)  -  are a ls .  par t  . f  a .  i r r tc ' ra l  'uc lc . ikc letorr
(Jackson arrcl (irok, 1988; Irrz6k et d., 1995). chr<;r'zrtirr r.ops witrr
an average contour length of g6 kbp are attachecr t. t lr is skercton:
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l ' ig .  l0. l  A proccdure fbr  analysing chronrat in st ructure rrs ing ,physio logical ,

condi t ions.  (A) I leLa cel ls  are (B) encapsul . r t '< l  i r r  an ogotor .  i ,eaa la l r r tea
sunorrrr r l i r rgs) .  Al ler  pclnrcabi l izat i t ln ,  thc c l , loskr : lc lor i ,  lanr i r r i r ,  i l tcrpal
nucleoskeleton, ass()ciated transcription factory (oval) antl DNA loop coverecl rvitlr
nucleosorrres (c i rc les)  a l l  beconre accessib le to nrolecular  pr . r t re i .  1Dy ,L<toet t
ct tdorrnt ' lc ; rscs ( ' i r r  n()w t l i l l i rsc t l t r r t rq l r  l l r t ,  i rg i r rosc ; r r r r l  crr l  c l lorr r i r f in  kt t r t ts
(ar tows) so that  ( l : )  urosl  chrourat i .  t :an be reurt rvcrr  cketropho'e l ical ly .  1 i r ,1
skeler . r rs,  whether in i l re r rucleus () r  cytoplasrr ,  are l )cs(  v isrra l izcr i  by et i ,c t ror i
t t t i e t osco l r y  o l  t l r i e k  sce l i o r r s .  l l , r o111  ( \ 1 t1  ( 19 ( )5 )  \ \ , i l l t  l l r r , ; r t , r r r r i s s i o r r  o l . l l r r .
oolr rpany of  l lo logists Ltd. l ' t 'h is  proccdure has bcen usc. l  ro r lhar l t . rcr ize:  ( i )  Arr
internal  lanr in-contain ing nucleoskeleton,  once obscrrr ing chronrat in is  renrovet l
( . f r rcksorr  arrd ( 'ook,  I9 l i t l ;  l l .z : ik  t {  ut . ,  1995).  ( i i )  l  l rc  con(our '  lcrrgt l r  of  loops,
f ronr_the ; rverage lcngth and pcrcerrage ol  rernain i r rg DNA l ragnrents i i f  f ragnrent
length is  8.6 ktrp an<l  l ( l ( ) (  rcnrains,  conrour lengrh is  S.O x t71 tOl tOO)-g6 kbp).
I t  docs not  chtrnge r l r r r ing rr r i los is,  so lhc urolcr . r r l i r l  t ies l ro l i l ing l , r , ,1rr  1rc, . i i t
(Jackson et  u| . ,1990).  ( i i i )  Sequences rcurai ' i^g a l ier  e lut io. ;  r l iey a ie nrai r ly
pronlo lers,  etrh:rncers ancl  t rauscr i t red ser luences,  inrpl l , ing that  eneaged
Po l y r i l e r i r s cs  - -  u ' l r i ch  c : r r r  s t i l l ' r ' l l u - ( ) l ' : r l o r r q  r cs i t l r r ; r l  l j i r t n r c r r l s  - , -  n t c t l i a t c
at tachnrenl  lo the skeleton (JacLsorr  ant l  Cook.  l9g.s;  1993;.  1 iv.1 Si tcs o l
t ranscl ip l ion.  [ )errr reabi l ized cel ls  (e i thcr  bcl i r re or .  af ler  cut t ing arrd c iut ion) are
a l l o r vc r l  t o  u l i t k c  l lNA  i r r  t l t c  ; l r c sencc  o l  l l - t J l  l , ,  a l t r l  t he  l r  i i t e s  ( i c  l ac i o l i c s )
contain ing the incorporated analogtre are inrnrunol lbel lcd usi r rg;r r r t i t ror l ies apainst
Rr 'RNA (Jacksru r t  u l . .  1993: see also Wansink t r  t l . .  l99J\ .
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inrportantly, this length does not change during mitosis, inrplying that
t lrc nrolecular t ies nrust persist (Jackson et a1..,1990). Surprisingly,
Ioops - whether part of the natural chronrosctnre or a trarrsfccted
'nrinichrorrrosonlc'  -  arc attachcd through prontoters/crrhancers arrd
transcribed sequenccs to polynterizing conrplexcs on the skeletou
(Jacksrlrr and ( look, 198.5; 1993). 

' l 'he 
active polynterases that nrediate

attachment are concell trated into discrete ' lbci '  (Jackson et al. ,  1993
Wansink et al. ,1993). ( ' fhe ternr 'polynrerasc' is used to dcscri l te the
largc cluster ol '  polypcptidcs in the active conrplcx.) ' l 'he 

ftrci  l ravc
variable sizes and slrapes which rnakes counting dif t icult ,  but we
nevertheless estinratc that there are -2000 in a I lela cel l ,  or roughly
thc  numl rer  o f  n r i lo t i c  bauc ls  o r  c l r ronror r rc res  (u r rpu [> l i shcd  rcsu l ts ) .' l 'he 

bright ones contain >50 active polynrcrascs, plus associatcd
templates and contponcnts of the spl icing apparatus. Wc have
chr is te  ned t l re  n r  t ra r rsc r ip t io r r  ' l ac to r ies 'by  ana logy  w i th  thc  rcp l i c i r t io r r
lactories that are also l ixed to the skeleton arrd conl.ain al l  the
rnach inery  necessary  to  dup l i ca te  >20 rep l i cor rs  s i r r ru l laneous ly
(Nakarrtula at ul. ,  1986; l l<tzik et ul. ,  l t ) .) , | ;  1994b).

I O . 3  N U C I , E O I - A  R  O I I G A N  I Z , I N G  I I . E G I O N S  A N D
TRANSC]RI P] ' ION ITAC|OR I I ]S

We rvi l l  assunle that the renlnants of transcript ion tactrtr ies containing
l {NA po lynrerascs  l l  a r rd  l l l  a rc  c r lu iva lcn t  t ( )  n tos t  o l ' t l re  n t i to t i c
chronronreres seen during nt ikrsis. (We are currently col lect ing
cv i r l c r rce  l i r r  th is  assur r rp t i r l r r . )  l l t>wcver ,  cxcc l le  r r t  cv i t l cnr :e  t r l rca t ly
cx is ts  t .ha t  the  t ranscr ip t io r r  l ; rc to r ics  lound i r r  nuc leo l i  (w l r i ch  conta iu
RNA polyrnerase | )  arc cquivalent to thc rnitot ic 'chronronreres' ol ' the
t tuc lco lu r  o r -g i r r r i z i r tg  r t 'g i ,  r r r .

Nuc lco l i  c ( )n la i l t  scvcra l  ' l r l r r i l l a r  cc t l t rcs '  su l roundcd by  a  'dense

l r t r r i l l a l  c ( ) n r l ) ( ) l r c l l ' ;  i r r  t t r r r r ,  t l r c s c  u r c  c r r r l r c i k l c t l  i n : r ' g r t r r u l a r
c ( ) r r ) l x ) r )c l l t '  (Spcc tor ' ,  l9 ( ) .1 ; .  l : ib r i l l a r  cc l ) t rcs  -  -  wh ic l r  a rc  a I  r rodcs  on
t l te  skc l t : to t t  -  s to rc  i l t c  re t lu i red  e l )zyn tcs  a r t t l  l ra t tsc l iP t i r rn  s t 'u r r rs  t r ' r
( ) c c u t  i l s  r l ) N A  s l i t l c s  t l r r o r r g l r  p o l y n r c r i r s t s  o r r  t l r r i r  s r r r l ; r c r : .  N l r s e c r t l
r l tNA is  t l t c t t  cx t ru t l c t l  i r t to  t l t t '  t l t ' r rsc  l lb r i l l l r r  corn l ron t  n t  : rn t l  i r l t c r
t c r t t t i t t a t i o t t  -  i t  r t t o v t ' s  l o  t l t t '  g n r r t u l i t r  ( ' ( ) l l [ ) ( ) l l ( n t  t o  t ' t r r r r P l t t c  i l s
r t ta tu ra t io r t .  

' l  
l r c rc l i r rc  t l r cs t '  l l t  to l i cs ,  w l r i c l r  a lc  scvc l t r l  l ru r rd rcc l

nanonte ters  i r t  d ia r r tc tc r ,  cor r l i r i t r  thc  i t c t i ve  r r r l ch i r rc ry  o r r  t l r c  s r r r l i r cc
t r l  s t t r r i rgc  c ( ) res  t l rc  I i l r r i l l ; r r ' ( ' r ' n l t ( ' s  ( |  loz ; i k  t t  r t l . ,  l ( ) t ) . I :a ) .

4. I'ontbo, J. McNlunrts, 
'l'.t|. Ihqlrcs et al' I5l

Each t lbr i l lar centre is of ien associated wit lr  one, or a f 'ew, act ive

ribosomal cistrons and thc tt l tal  nuntber of cerl t lcs is direct ly related

to the transcript ion rate. I ;or exatnple, t l rc -2-]4 in a l lbrotr last tal l  to

-156 ou  scrun) -s ta rva t ion  (Jordan and McGoven l ,  1981)  and. thc . -9

in a periplrcral blootl  lyrnphocyte r ise to -8jt  as i t  is st irnulated tcr

cl ivide l f iaai et al. ,  t9bt1. ln ir ther words, i .crcasing trattsc. i ' t ion

increases surlace ar"o utt i  so the nunltrcr of polylt terases accessit) le to

pro [ ro te rs .  When nuc leo l i  d isassenrb lc  dur ing  l l l i tos is ,  n t t l s t  t tuc lco la r

c t r r r r1 . , . rne  t r l s  c l i sPcrsc  ( l  Ie rna i ldez-Ve rdu t l  a r td  ( lau t ic r ,  199 ' l )  b t t t  - -

renrarkably - i l l  polynrerasc I artd tnost ol ' t l te trattscript ior l  lactor,

URF. renrain bound as the remnants of t l te l ' ibr i l lar centres agSregate

inttt  fhe ttuclcolar orgarrizirrg rcgiorls ol l  t l tc cl trr lntos() l t lcs (Sche cl '  attd

I{ose, l9tl,l; ILousscl et ol., 1993).

I t  is attract ive to supPOSe that factorics ct 'r t t tai t l i r tg polynrcrases I l

a r rc l  l l l  : r re  l ru i l t  s i r r r i la I i y .  l t t c re  ascc l  t r : t t t sc r iJ r t io t l  wou l t l  c l i saggrcgatc

c()r.cs, i t tcreasirrg surtacc arca artt l  the rtutt tbcr ot '  ac(:cssi[) lc
'  

p' ly 'er:rses. Wlien trartscript ion ceases du.r ing nl i tosis, nlost core

i1a i . , i " l  w .u l l  d is 'c ' sc  a r rd  t l re  rcs t  rvo t r ld  ag ,g tc 'ga tc  rv i t l t  o t l t c ' t -

renlnants to give ihe chronronreres of nri tosis. ( iroups of srnal l

tactor. ies r ich in genes would condcnse into Gienrsa-l ight bands. Ancl

as the RNA pl lynrerases a.d transcript i .n factors that t ie the

chrr. l I l rat in into looPs renlain tround, those loops would retain their

contour length.

10 .4  A  D l ( ;R I jSSION ON Cl t lL l -U l -A tL  ADI l [S I ( )N

l lut why clo chrrtrt tott terCs cottdcltsc i t t t t t  i t  cyl irr t lcr atrd t tot a sPlrc|c" '
. l .he 

pi inciples involvcd can bc excnlpl i l led by retcrencc to thc

dcv . l i ,p r r rcn t  . r f  t i ssuc  laye  rs  dur ing  c t t lb ryogcr tcs is '

W5e' disaggrcgatcd r icural ccl ls {r. t t t  f t . trg ct lr trry.s are rattd.t t t ly

inte rt t t ixct l ,  t l iey aggre gate into a sphere atrt l  t l teu sort i t t to a

s c r r r b l a u c c  o l ' t h c . r i i g i i r a l  t i s s t r c ,  r v i t l r  c c t o t l c r t t t  s t r r t o r r t l t l i t t g  t l t c

endodcrnr ( lr ig. 10.2A-[);  
' l 'ownes and I lol t t ietcr, l9-55). ' Ihis process

i .s  s i r r ' l y  
" )1 r [ , i , r " ,1  

i { ' ce l l s  c l i f le r  o ' l y  i r r  tSe i r  i t t l l tes ivc t tess  t i r r . r te

ant t t l te  r  (S tc i r rbcrg ,  196 ' l ;  Arnrs t fo r tB ,  l9h j9 ) '  l r i r s t '  t l r c  cc l l s  rv i l l

: rggrcg,atc; t l tett ,  as rat)d() l l l  nlovcl l lel l t  creates c() l l tacts'  cot)[acts

t r . i * ' .1 . , t  t l t c  r t t , r t c - i t t l l l cs ive  cc l l s  w i l l  t t  r r t l  l ( )  l ) ( ' t s is t '  r r r t t i l  cvc t l t r t i r l l y  i t

: ' i ' : : ' . t l l . l ess-c r l l t cs ivecc l l s f i l rn rsar t lu t rdacore t l f t | t cn t t r re -ad l tcs ive

( L
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' l ' h is  
rnode l  l ras  bcen tes ted  d i rcc t l y  (S tc i r r t re  |g  i r r )d  

' l ' akc ic l l i ,  1991) .

I- cel ls are not nonnally very adhercnt, trut becttntc l l lore so i l '  they

express (at ler transt 'ect ion of t l tc appropriatc cDNA) t l tc at l l lcsiort

l l l i ) lccule, cadberin, on their surtace; nrixturcs expressiDg dit fercnt

antounts ol 'cacl l tet ' i t t  cl t t  st lr t  i r t t t l  l t lW-cxprcsscrs st lrrounrl ir lg a corc t l f

high-expressers.
W. . lun rnoclel i . te rphase chronrosonres i ts str ings of lcss-adhesive

ttt tclcostt l t tcs rt t t t t t i t tg trctrvcctl '  
" '1t l  

[ l r l rPit lg t iott t '  t t torc-at l l tcsivc

lactories (Fig. l0.2l l-()).  In rnitosis, i t tcrcasecl aclhesivetlcss wil l  dr ive
'st icky-encl '  aggregation to thc l l lost conl l)act att t l  statr lc structttr( j  -  a

cyl irr t ler .r f  rrui lci ls. ' tntcs around a chrotl lol l lcrr ic corc ir t  wlt icl t  i r t tcr '-

nucleosoi lral and inter-chronlontere i t t teractiorts are tt laxint ized.
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Fig.  10.2 (A-D) Cel l  sor t ing throtrg l r  d i f terent ia l  adl tesiveness and (E-G) an

analogous,st icky-end'  i lggregat ion ant l  sol t i i lg  r lur ing proJrhase.  l  l ' r t l r l r  cook.(  199,5)

wi th the pernr is i ion of  
' l l re 

Conrpauy of  Bio logists Ltd.JA-D: Whert  two cel l  types

(tight and dark) are (A) rnixed, (B) they aggregate into the most cornpact form,

a sphere.  As c() l ) tac ls created by rat tdot i i  n lovemel l t  bt tween thc ntore-adhesive

(dark) cells persist for longer, they clump internally. (D) clunrps of Irtore-adhesive

cel ls  cont inue to aggregate unt i l  the less-adhesive cel ls  st r r round a few large

clumps, a l though soi t i r rg is  rarely perfect .  t - -G: ( t - )  A str i r lg of  less-adhcsive

nucleosontes (sntal l  c i rc les on loops) is  at tached to two Inore-adhesive tactor ies

( largc c i rc les) .  ( I r )  As factor ies t r ruch (anow) drrr i r lg cot t t ler tsal iot t ,  they st ick

i . ,g. : l l ' " t ;  l i r r .ge l : rc l t t r . ies i r rc l t lo l l i rh ly lhc l i rs t  lo l i tsc.  l ) isPl ; r t ' t 'd  kxr l ts  ctc: t tc  : t

h ighcr densi fy i r r  thc p l i rnc of  cont i t ( : t ;  { t l l  gconrctr ical  te i tsot ls  ( l t is  dcl ls i ty  is  -5X

n,il -10* higher if 8o klrp loopt 51yg1ch .1-50 nnr flour lactories o[ -50 arrrl 2-5 nrD

cl i tnrcrer  Icspe<:t ively.  ( ( ; )  As t l lc  lorrc l t iug halvcs ol  thc tw()  l : tc tor ies fuse i l t lo  a

cyl inder (a i lowheaj) ,  lh is  ceut la l  t lensi ty increases l i r l t l ter  by one-th i 'd.  l }e

r iucleosorrra l  coucentral ion is  now nt t tc l t  l t ig l ter  arount l  t l te nt iddle of  the cyl inder

tharr  at  arr  ent l ;  th is eDhartccs nuclcosot t ta l  agglcgat io l l  at td et tst t tes lhal  thc l lB) i t

factory to fuse will do so at a nrore-accessillle end. Moreover, lhe next factory is

g"n"rouy c lose by and tethered throtrgh a short  inter- faclo ly loop,  as i t  spl i t  f ront

i ts  neig l ibour ear l ier .dur iug interphase wheu a larger looP at tached to generate two

snral lJr  l . rops,  one of  which l recanre the inter- tactoty loop.  Addi t ional  tactor ies

ruow Sind ai  the crrds,  c lotrgat iug l l rc  cy l int ler .  l ' l tcse gcontel t ical  consi t ler l t t io l ts '

ant l  the pr incip les i l lustratcd in R-t l ,  ensule thal  chrontat ids are cyl indr ical  (and

nor spher ical)  and thal  loops in i t ia l ly  incorporatct l  in lo lhe \ rong'cyl i r tder

(usual ly  a s ister  c l t ront l r t id)  wi l l  sor t  i l t to the ' r ig l t t '  one

t ,' t  '
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F ' i g .  10 .3  A rnode l f o r l hes t ruc tu reo f  ahun ranch ron roson rc . [ ; r on rCook (1995 )
wi th t l te pernr iss ion of  

' l l re 
Conrparry of  Bin logists l . td. l  t lppcr:  Structurc dur ing

Gl phase.  Transcr ip l ion faclor ies are localed at  nodes on a lanr in-contain ing endo-
skeleton and their  nunrber a l rd s ize depend upon l ranscr ip l i tual  act iv i ly .  I f  there
are 1250, each might  be -50 nm dianreter ,  contain -25 act ive RNA polynrerases
and be associated wi th -56 chronral in loops (usual ly ,  [ rut  not  invar iat : ly ,  der ived
fronr onc chronral i t l )  wi th a range ol  cor t touL lengths ( ie .5 sets of  I  I  kx lps cenlred
around -7.5,  50,  7-5,  100 and 175 kbp respect ively;  average 86 kbp).  -10%,

chronrat in then l ies wi t l r in -8.6 kbp of  a fnctory,  so ge rres wi th in i t  are c lose
errough to polyrrrcrases to at lach arrd be l ranscr ibed:  lhc lcrr ra indcl  is  loo rcnrole
and condenses on to the lanr ina or  nucleolus as heterochronlat in-  lncreased
transcr ipt ion,  generates more,  snral ler ,  factor ies each associatcd wi th ferver,
s lxrr lcr ,  loops. ' l 'he enlargenrenl  ( r ight)  s l rou,s a krop at tacl rcd througlr  a
l r ansc r i l ) l i ( ) n  r r n i t  and  a  p ro r r r o l e r / c r r l t anc t ' r  l o ; r  l x l l y r r r c r i z i ng  con rp l cx  an t l
t rarrscr i ; l t iou l ) rctor '  (ov:r ls) .  ( l r r  t rarrst ' r ipt io l ra l ly- i r r ; rct ivc rct iorrs.  t r i r r rst r i l l l iorr
f i rc tors arc t l re solc r r to let 'u l ; r r  t ies.)  A t rans( ' r ' i l ) t  (u 'avy l i r rc)  is  exl tudcr l : rs the
tenr l ) l l (e s l idcs t l r rout l r  the le l i -hartd conl l ) lcx;  lh is tcr t rp latc nrovcrucnt  'opcns'

adjaccnt  chlourat iu.  
' l ' l rc  

l )NA t luplex wiuds arr luud uuclcosontcs (c i rc lcs)  in t l re
loop;  var iat ions in l inker length (+2 bp) and entry-exi t  angle (+l -5")  gencrate an
ir regular  z ig-zagging f ibre ( l lorowi tz t t  u l . ,  199-I)  thal  cxterrr ls ,  on average, -350

nnr l lonr  a l ; rc tory.  [ .ower:  l \4 i lot ic  st l l lc lurc.  I l r r r r t iut  chrornosoutc l6 w, l t ich
corr ta i r rs - '100 Mtrp l )NA (37 ol  gerrorrre)  - -  is  uror le l led,  assurnir rg c;rch
chronrat id is  3,400 x l i00 nnr.  ( ' l 'he dinrcnsions of  'nat ivc '  chronrosonrcs v:uy
signi f icant ly ,  depending on condensat ion.)  On entry into nr i tos is,  skele lons
depolynrer ize,  l ranscr ip l ic ln ceases and nucleosonres pl r rs - .38 fact() ry renlnanls
agg rcg i r l c ; r r d  t l r cn  s ( ) r l  i n l ( )  r r  c y l i nd l i r ' a l  n r r t ' l t o so r t t ; r l ' c l ( ) u ( l ' s r r n ( )un ( l i nq  a
chronronrer ic axis,  as descr ibed in Fig.  .31 ' - - ( i .  l )espi te lhesc learraugert tenls,  loops
retain their  at lachrnents and contour lcngths.  A typic: r l  tactory, /chronr<rnre rc,  p lus
an avrr i tge loop cxlcr tdcd orr  c: tc l t  s i r lc ,  l i t  rv i t l r i r r  lhe u ' idt l r ;  krr tgcr  lool ts t i rh l  [ r i tek
on thenrselves (enlargerrrent ,  r ight) .  l 'actor ies associated * , i th nrore s l ro11s1 166p5
(arrr l  : rc l ivc gt ' r res)  g ive narrower cyl indels;  erarnl ; lcs i r rc lude ( l )  ( i ienrs:r - l ight

barrds (57,  th i r r r rcr) ,  ( i i )  sevcla l  MbP ol  ycasl  l )N1\  t r ruskrt ' i l te t l  i r t to u urousc
genonre ( lhe c losely-spaced yeast  gones arc t ransct ibed dur iug inter l l l rase ar td so
wi l f  bc in short  loops;  McManus er  u l . , l99J) and ( i i i )  act ive rDNA loops which

give t l re 'secondary constr ic t ion '  of  the nucleolar  orgart iz ing region ( l lo t rer t - l ior te l
et  u l . ,  l9()3) .  l  he r lcs ign pl inc ip les arc,  a l rnost  ccr ta in ly,  l i r l thc l  nrodi l icd in ot l ter
s l lec ia l iz-ed c l r ronrosoural  regiorrs;  l i r t  cxarnple,  the several  N, lbp of  I ron-t rar tscr ibed

rr  I  -s i r te l l i le  prrbably conr lcnse into a splrer ical  cenlrourcr ic  'chronrort tere '  through
inler ; r t ' t ious i r rvolv i r rg ( ' l :Nl) - l ] ,  r i r l l tc t  lh i t r t  polyrne t ; tses ot  t r i tnsct i l l l ion f ; rc l t t ts
(Y rx l a  r t  r r l . ,  1992 ) .
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Factory/chromomere
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10.-5 A MODITL

'lhese 
c.nsidcratiors lcad to a nloder involving thrcc fu'danre'tal

levels 
_ of .rganizatio.: nucle.srtmes, lo.ps and tru,,r.. ipti,rn

factories/chronronleres (rrig. 10.3). During iuterprrase, loops are tiedthrough 
.RNA polymerases or 

'transcriit ion 
factors to' ta"ttr-;"s;

increased transcripti.. counteracts the tenderrcy .r, f 'ac:torics t. tusca'd gerrcrarcs .r()re, sr'ailcr', r.ct.rics t. wlrich i.ro,i".ry ur,,." 'g;;;;;
are attached i. shorte r roops. During mitosis, it . skeieto'
deJrolynrerizcs' transcriprirr ' c"ascs a.d prrit"ins arg Prr.sPrr.r-yratetl,irrcreasirrg adlresivencss bctweerr lactories and between n,r.l.oi,rul"s.
chronr.some c.nde nsation w.urcr begin irr heterochronrati '  a'd
f 

roct'cd bidirrctio.rrally t. give cyli 'clrical stri 'gs oIchronr.nreres thatr r rs l  ruse tnto o.e rarge cyr i .der  per  (entangred)  chr .nrat ic i  pai r ,  which
then sPlits i.to two as incrivicruar chionrati irs s.rt.ut. t...,r igcr stri 'gs
would give longer cyrinders of sinrirar widt'. Each cyri ' ie. *.rui.t
c.rrtairr 'ucleos.nres arrangeil around a disorderccl chr.nronreric axis(Fig '  10.3t ) ) .  l r r  d i f le  rc . t  ' re  taPhascs,  rcg i . r rs  r icr r  i r r  t rarrscr i r , " . t  g" , i " i
(rn short.loops) associated with (snrall) t ictories wii l condense to"lbrnr
Gienrsa-light bands irr r.ug_hry.the sanre praccs, trut inciividuat g"n", J..,
not occ.upy absolute ly t ixed positions. On entry into i; t, ttr"
appropriate internrediate tiranrents would reporynrerize beiwee'
decondensing chrornonreres, around the nucieai p"ripfr"ry onJ
llrroughout the cytoplasm to fcrrnr the internal nucleos[eleion, iamina
aud cytoskeleton that together integrate ccllular space.

t0 .6  c ' oN( ' t . us toNS

' l 'h is  
nr .del  is  del iberate ly  designed to be a nr i . inra l is t .ne,  and wi l l

obviously have t ' be embroidcrecl as uew cletails appear. f i  ,"qrir",
o' ly three basic structural rnotirs in the organizationat'hierar.rf 

'  
i ,.

nucle osome, chrornatin loop ancl lactory/chron to expiain why
'uclei and clrr..tosomes 

. have the shapes they have. f i, ,u;. 'r
assumption is that irrterphase transcription focl/factories u.. ih"
precursors of nritotic chror'.meres, which is supp.rtccl try t lre
esta.blished relationship ol nucle.lar lrrci/ lact.ries with ttre niitotic
nucle. lar  orgarr iz i 'g  rcg i . .s .  ' l 'hc 

i l r tcr .cr i . r rs  i .v . lvcd ' rc  c i t r rcr
r runrcr( )us arrd r rc lusPcci l ic  ( i .e .  l rc twcerr  r ruc lcos.r r )cs arrc l  bc lwccrr
drr.nronreres) .r fewer but nlore spccil ' ic (i" rre twee rr
J ' r lyr r rcrascs/ [ r ' : r r rsc ' iPt i . r  l i r t ' t . rs  i r r rd t r . . r r .s t , r i l r t i . r r  urr i tsy.  , l ' l re

11. I'otttbo, J. NlcNlartus, 
'1..-1. 
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structural role suggested t irr  RNA polynrerase as ot le loop t ie is
perhaps surprising, but tbe cr)rynle pluys just suclt  a rrr le i t t  looping

bacterial DNA (Krawiec attd I t i lcy, 1990). 
' l -he 

pcrsistcttcc of t ies
th rough nr i tos is  inev i tab ly  r r teans  t l ta t  t ra r tsc r ip t ioua l  pa t te rns  rv i l l  t re
irr lreri tcd by daughtcr cel ls. lnrportantly, thc lrest cvidertcc lbr thc
nrodel is derived t ionr studies on i t t tact or cryo-l ixed cel ls, or t l tose

pcr ruea l r i l i zed  i r r 'p l t ys io log ica l '  l ru I ' t ' e rs .
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'['he replication of ribosontill IINA genes
in eukaryotes

C. l,6pez-Estraiio, J.B. Scln'artznrttt ond I'. Llemtindez

I  I . I  IN I ' I IOI )UCTION

Ri:pl icat ion of cl t totrtosonral DNA is a crucial process ir l  the cel l  cycle

of '  cukaryotes that is st i l l  poorly ut lderstot 'rcl .  Ini t iat ion t l f  repl icat ion

occurs  when a  cc l l  i s  g t l ing  to  d iv idc .  l lo rvevc l ,  c t t t t y  i l t l t r  I t t i t t t s is

c lepenc ls  upon the  success fu l  te rnr i r ra t ion  o f  DNA rep l i ca t ion .  In i t ia t ion

anil  tcrrrr ination clf  DNA repl icat ion are twtr t 'c levattt  evcl l ls t i )r

dividiug cel ls.
ln i t ia t io r t  o f  DNA rc l l l i ca t io t r  i r l  e  ukaryo t ic  t : l t ro t l los t ' rn tes  occurs  a t

nunrerous  d isc re te  s i tes  a long the  parcn ta l  I )NA ( l lu l re r t t tan  ar td

I t iggs ,  l96 t t ) .  l r t  ycas t ,  t l r c rc  i s  ev ider tcc  th l r t  t l tesc  s i tes  a re  spcc i f rc

DNA sccluertccs kltowtl as repl icat iott  origit ts. Solrrc l)NA f lagttte I l ts

trl' tlrc budditlg yeilst Sacclmrornl'<'es c'erevisiue ctlnter to the plaslnids

cc tn ta iu ing  thcnr  t l re  ab i l i t y  to  rcp l i ca tc  i tu to r to t t t< ' tus ly  o r tcc  per  S

phasc .  l leccr r t l y ,  i t  w i ts  dc t l lo t ts t ra tcd  t l la t  t t ta t ty  o f '  thcsc  l )NA

I'ragnrerrts, uanted Al{Ss l l t l r  r tutt l t tol l lously rcpl icat i t tg scquetlccs),

function as true rePlication origins not only when inserted ir t to a

plasnrid but also in their chronrosonral context. Sccluettce ct lntparison

and po in t  n ru ta t io t t  ana lys is  led  to  the  ident i t i ca t ion  o f  an  I  1 -bp  ARS

conscnsus sequence (ACS) (A/ l  " l- l - l 'A' l 'A/G'l-  l"  l 'A/f  )  that is csscntial

t i rr  ARS function. 
' l 'his 

A(lS is not sufl lcicnt, l towever, for ef l lcicnt

Al{S aci ivi ty. A less cottservctJ A'f-r ich sc(luct lcc locatcrd - l '  to the'f-

r i ch  s t rand o f  the  ACS is  a lso  requ i red .  The ease o f  unwi r rd ing  o f  th is

.3 ' rcg io r t ,  t ta r t ted  I )U l i  l l i r r  / )NA r rn rv i r rd i r lg  e lcnrer r t ) ,  s r -en ts  to  l re

in rpor tan t  to r  A l tS  lunc t io r t  (Nata lc  c r  a1 . ,  199- i ) .  l t t  a  dc ta i l cd

l i r r i c t iona l  ana lys is  o l ' thc  A l {S l ,  Mara l t rc t ts  i t r r t l  S t i l l r t ta r t  (1992)  tbu l ld


