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A B S T R A C T
Recen t  expe r imen ts  sugges t  t ha t  t he  ac t i ve  po l ymerases  i nvo l ved  i n

repl icat ion,  t ranscr ipt ion and the repai r  of  damage in DNA are concentrated in
l a rge  s t ruc lu res  - ' f ac to r i es ' -  w i t h i n  euka ryo t i c  nuc le i .  Th i s  has  fo rced  us  t o
reevaluale how polymerases work.  The t radi t ional  v iew involved enzymes that
t racked a long templa les and th is  was sensib le i f  the polymerases were smal l
re lat ive to the templates and i f  they acted a lone.  However,  immobi l izat ion of  many
polymerases wi th in one factory means that  the templates must  move instead.  Then
the posi t ion of  a gene in three-drmensional  space re lat ive to a factory wi l l  d ic tate
how easi ly  repl icat ion,  t ranscr ipt ion and repai r  can occur .

I n t r o d u c t i o n
The cytoplasm is a complicated cellular compartment, with different regions

dedicaled to d i f ferent  funct jons.  Var ious organel les and sub-compartments are
organized around d i f ferent  skeletons and complex mechanisms di rect  molecular
l raf f ic  between these sub-compar lments and surrounding membranes.  In  contrast
w i t h  t h i s  comp lex i t y ,  t he  nuc leus  has  t rad i t i ona l l y  been  v iewed  as  re la t i ve l y
unstructured,  wi th few major  compartments (eg the envelope,  heterochromat in,
euchromal in and nucleol i ) .  l t  is  now being real ized that  the st ructure of  lhe nucleus
i s  as  comp lex  as  t ha l  o f  t he  cy top lasm,  w i t h  d i f f e ren t  ske le tons  and  sub -
comoar lmenls.  each wi lh  i ts  own par t icu lar  funct ion.  We out l ine here the ev idence
for  the local izat ion of  act ive polymerases in  d iscrete st ructures that  we wi l l  cd l l
' fac lor ies ' .  Work us ing condi t ions c lose to the physio logical  and that  mainta in as
much of  the funcl ional  in tegr i ty  as is  convenient ly  possib le wi l l  be emphasized.

The  app rec ia t i on  t ha t  ac t i ve  po l ymerases  a re  concen t ra ted  i n  such
' factor ies '  has led us to reevaluale how they work.  [The term 'polymerase'  is  used
here to descr ibe the c luster  of  many d i f ferent  polypept ides thal  form an act ive
comp lex  i n  wh i ch  the  po l ymer i z i ng  sub -un i t s  a re  p resen t  on l y  as  m ino r
components. l  The t radi t ional  v iew involved enzymes that  t racked a long templates.
This was sensib le r f  the polymerases were smal l  re lat ive to the lemplates and i f
they acted a lone.  However,  the immobi l izat ion of  many polymerases wi th in one
factory means that  the templates must  move instead (9-10) .  Then the posi l ion of  a
gene in three-dimensional  space re lat ive to a factory wi l l  d ic tate how easi ly  the
in i t ia t ion of  repl icat ion,  l ranscr ipt ion or  repai r  occurs.

(o,St

Art i facts
l so ton i c  sa l t  concen l ra t i ons  a re  no t  gene ra l l y  used  d r - r r i ng  nuc lea r

f ract ionat ion or  polymerase assay because they cause chronrar t i r r  to  aggregate in to
an  unworkab le  mess ;  t he re lo re  b ioche rn i s t s  have  dev i sed  more  t rac tab le
condi t ions,  but  these of ten af fect  chromat in s l ruc lure.  For  example,  one- lenlh the
physio logical  sa l t  concentrat ion is  f requent ly  used to iso late nucle i  and chromat in
but  th is  generates (ar t i factual )  a l tachments of  the chromat in f ibre to the sub-
st ruc lure.  Then i t  is  not  surpr is ing that  s l ight ly  d i f ferent  iso lat ion procedures
generate d i f ferent  s t ruc lures,  each wi th i ts  own character is t ic  set  of  sequences
associated wi th a d i f ferent  sub-set  of  prote ins.  For  example,  matr ix-at tached
regions or 'MARs'  are bound lo d i f ferent  prote ins depending on lhe precise method
of  iso lat ion,  scaf fo ld-at tached regions or 'SARs'  are of ten speci f ica l ly  associated
wi th topoisomerase l l ,  and t ranscr ibed sequences are bound to 'cages ' .  Scept ics
point  to  the fact  thal  even those in the f ie ld cannot  agree on which sequences are
associated wi th which prote ins in  a par t icu lar  sub-st ructure and natura l ly  suggest
lhat  some, or  a l l ,  are iso lat ion ar t i facts wi th no counterpar ts  in  ViVq (8,26) .

Against  th is  background,  i t  is  not  surpr is i r rg that  cor . rv inc ing ev idence tor
compartmentation was only obtained with the use of more phys!ological conditions
for  b iochemical  s tudies,  or  -  bet ter  -  by studying l iv ing cel ls .

' P h y s i o l o g i c a l '  c o n d i t i o n s
More physio logical  condi t ions can be used dur ing analys is  i f  ce l ls  are f i rs t

encapsu la ted  i n  aga rose  m ic robeads  (50  -  150  1 rm d iame te r ) .  Aga rose  i s
permeable to smal l  molecules so encapsulated cel ls  cont inue to grow in s tandard
t issue-cul ture media.  When the cel ls  are permeabi l ized wi th a mi ld detergent  in  a
'physio logical '  buf fer ,  most  so luble cytoplasmic prote ins and RNA di f fuse out  to
leave the cytoskeleton and associated mater ia l  surrounding the nucleus (28,37) .
The agarose protects these cel l  remnants and,  important ly ,  the encapsulated nucle i
can be manipulated f reely  wi thoul  aggregat ion whi ls t  they remain accessib le to
probes l ike ant ibodies and enzymes.  As the template remains in tact  and as
essent ia l ly  a l l  the repl icat ive and t ranscr ipt ional  act iv i ty  o l  the l iv ing cel l  is  reta ined,
i t  seems unl ike ly  that  polymerases could have aggregated af ter  permeabi l izat ion.
Note that almost all attachments to be discussed below involve active polymerases.

Fig.  1 i l lust rates one approach we have used to v isual ize a nucleoskeleton
wi th in HeLa nucle i  by e lect ron microscopy of  th ick sect ions,  res idual  c lumps of
chromat in remain at tached to a 'd i f fuse skeleton '  that  rarn i f ies thror , rghout  the
nucleus (F ig.  2) .  This  nelwork is  morphological ly  complex,  but  i ts  'core f i laments '
have the ax ia l  repeat  typ ical  of  the in termediate- f i lament  farn i ly  of  prote ins (32)  and
i ts  nodes can be immunolabel led (by both immunof luorescence and e lect ron
microscopy of  th ick sect ions)  us ing var ious ant i - lamin ant ibodies (22) .  Elect ron
microscopy of  convenl ional  th in sect ions a lso revealed lamin A in the in ter ior  as
wel l  as at  the per iphery.  This was surpr is ing as i t  is  widely  assumed that  lhe
nuclear  lamins -  as thei r  name indicates -  are conf ined to the nuclear  per iphery but
these resul ts  suggest  that  lamtns have been misnamed.  IHowever,  note lhat
lamins have occasional ly  been found internal ly  wi th in nucle i  (eg 15,6,43) .1

In  t he  expe r imen t  desc r i bed  i n  F ig .  1 , l he  ave ra ,qe  con tou r  l eng th  o f  a
chromat in loops ( ie  86 kbp)  was deduced f rom the percentage of  chromat in
remain ing a l tached to the skeleton and the s ize of  the at tached f ragments.  This
length d id nol .  change dur ing mi tos is ,  so the molecr . r lar  l ies hold ing the loops
probably pers is t  (33) .

Act ive polymerases were a lso local ized us ing a s imi lar  approach (Fig.  1) ;
essent ia l ly  a l l  DNA and RNA polymer iz ing act iv i ty  -  as wel l  as nascenl  DNA and
RNA -  res is ted e lut ion,  suggest ing that  lhe enzymes were a l tached (e i lher  d i rect ly
or  ind i rect ly)  to  the skeleton (29,30,31,37) .  Act ive enzymes cannot  t rack around the
loops,  o lherwise they would have been lost  wi lh  the e lut ing chromat in.
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F ig .  1 .  A  p rocedu re  to r  ana l yz ing  ch roma t i n  s t ruc tu re  us ing  ' phys io log i ca l '

cond r l t on  s .
(A )  HeLa  ce l l s  a re  (B )  encapsu la ted  i n  an  aga rose  bead  (do t ted

surroundings)  (C)  Af ter  permeabi l izat ion,  the cytoskeleton,  lamina,  in ternal
nucleoskeleton,  associated t ranscr ipt ion factory (oval )  and DNA loop ( l ine)
covered wi lh  nucleosomes (c i rc les)  a l l  become accessib le lo  molecular  probes.
(D) Added endonucleases can now diffuse through the agarose and cut chromatin
loops (arrows) so that  (E)  most  chromat in can be removed e lect rophoret ica l ly .  (F)
Skeletons,  whelher  in  the nucleus or  cytoplasm, are best  v isual ized by e lect ron
microscopy of  th ick sect ions.  [From (12)  wi th permiss ion of  the company of
Bio logis ts  Ltd. l

This orocedure has been used to characterize:
( i )  An  i n te ina l  l am in -con ta in ing  nuc leoske le ton ,  once  o l r scu r i ng  ch roma t i n  i s
removed (32,22)
(r i )  The contour  length of  loops,  f rom the average length and percentage of
remain ing DNA f ragments ( i f  f ragment  length is  8.6 kbp and 10% remains,  contour
lenglh is  8.6 x 1/ (10/100) = 86 kbp) .  l t  does nol  change dur ing ml tos is ,  so the
molecular  t ies hold ing loops pers is t  (33) .
( i i i )  Sequences remain ing af ler  e lut ion,  they are main ly  promoters,  enhancers and
iranscribed sequences, implying that engaged polymerases - *hig! can sti l l  'run-

on' along residual fragments - mediate attachment to the skeleton (28-29, 34).
(iv) Repiication sites; permeabil ized cells (either before or after cutl ing and elution)
are incubated wi th b iot in-dUTP and s i tes conta in ing the incorporated analogue
indi rect ly  immunolabel led wi th f luorescenl ly- tagged ant ibodies (e9.20)
(v)  Transcr ipt ion s i tes;  permeabi l ized cel ls  (e i ther  lg fo1e_9r af ter  cut t ing and
i : tu t ion i  are a l lowed to make RNA in lhe presence of  Br-UTP, and then s i tes ( ie
l ac to r i bs )  con ta in ing  the  i nco rpo ra ted  ana logue  a re  immuno labe l l ed  us ing
ant ibodies against  Br-RNA (35,50) .
(v i )  Repair -s i tes;  encapsulated cel ls  in  G1 phase are i r radiated wi th u l t ra-v io let

ti lni, iniuOated to allow repair to init iate, permeabil ized and incubated with biotin-
o -u tP  oe f  o re  repa i r  pa t ches  con ta in ing  the  i nco rpo ra ted  ana logue  a re
immunolabelled with fluorescently-tagged antibodies (27'36)'

i:r .r-a?  -

F i g , 2 ' E | e c t r o n m i c r o g r a p h o f c e | | 1 0 h p o s t - m i t o s i s f r o m w h i c h - 9 0 % c h r o m a t i n
has been removed.

Encapsulated cel ls  were permeabi l ized,  incubated wi th b iot in-dUTP, t reated

wi th nucleas"r ,  
"nror i t in  

e luted as in  F ig.  1,  incorporated b iot in  immunolabel led

;i ih 5 ;; gotd particles and a 500 nm r6sinless section prepared. Agarose (A)

. r i i " r "Oi  
-cytof  

tasmi"  (C)  and nuclear  remnants where res idual  c lumps of

chromat in are a l lacheJ to 
' "  

Ol t tu . "  nucleoskele lon that  rami f ies f rom nucleolus

i r r ru i  i .  i " . ina-  Gold par t ic tes, .whl*  a le not  v is ib le at  th is  magni f icat ion,  were

concentrated in  repl icatLn iactor ies (F) '  Bar :  1 pm'  [From 20'21)  wi th permiss ion

of the ComPanY o{ Biologists Ltd.l



h e p i l c a l t o n  I a c l o n e s
l f  DNA polymerases t rackecl  a long the template,  we nr ight  expect  s i tes o l

repl icat ion to be d i f fusely  spread throughout  euchromal in.  l t  th"erefore came as a
su rp r i se  t o  d i scove r  . t ha t . . ac l r ve  po l ymerases  were  no t  d i f f use l y  sp reac l  c )u t
concenlrated wl th in a few discrete foc i .  This  was f i rs t  demonstra led by incubat ing
Irv ing rat  f ibroblasts in  S-phase wi th bromodeoxyurrd ine;  af ter  the incorporated
ana logue  was  l abe l l ed  w i t h  f l uo rescen t l y - t agged  an t i bod ies ,  - 150  foc i  became
v is ib le  (43 ) .  Ea r l y  du r i ng  s -phase  the  foc i  we re  sma l l  and  d i sc re te ,  l a te r  l hev
D e c a m e  t a r g e r  ( 4 5 , 1 4 , 3 8 , 2 3 , 4 1 )  w h e n  h e t e r o c h r o m a t i n  i s  r e p l i c a t e d  ( 4 6 i .
Permeabi l ized mammal ian cel ls  (F igs.  1 and 3,5,19)  or  demembranaied f rog sperm
ln egg extracts (eg 2,3,24,25,12]}  incorporate b iot in- label led cJUTp into anl logous
loc r ,  v i sua l i zed  i n  t h i s  case  w i th  f l uo rescen t l y - l abe l l ed  s t rep tav id in  o r  t he
appropr iate ant ibodies.  These foc i  are nol  f ixat ron ar t i tacts because s imi lar  foc i  are
se^en l l ter  _ incorporat ion of  f luorescein-dUTP into permeabi l ized,  but  unf ixed,  ce l ls
(16)  The foc i  remain even when most  chromat in is  removed (45,19) ,  impry ing lhat
they are at tached to lhe under lv inq skeleton.

synthet ic  s i tes can be rmm"unolabel led wi th gold par t ic les to a much h lgher
resolut ion af ter  incubat ing permeabi l ized cel ls  wr lh a sub-opt imal  concentrat ron of
b io t i n -dUTP to  ensu re  l ha t  t he  i nco rpo ra ted  ana logue  rema ins  c l ose  l o  l he
polymer izat ion sr le .  Gold par t rc les then l ie  wi th in 20 nrn of  the rncorporated b iot in .
corrnected lo  i t  through an antrbody br idge.  In  the f i rs l  such exper iments,  mosi
obscur ing chromat in was removed as descr ibed in F ig.  1 befo ie 400 nm th ick
(res in less)  secl ions were v iewed in the e lec l ron microscope (Frg.  z ,1g) .  Elect ron_
dense bodies were scal lered a long lhe d i f tuse nucleoskeleton;" they were present
in lhe same numbers as the foc i  seen by l ight  microscopy and dur ing ear ly  S-
phase  they  were  re la t i ve l y  cons tan t  i n  s i ze  ( i 00  -  300  nm d iame te r ) .  A f t e r
e longatrng nascent  DNA by ^ '500 nucleot ides,  gold par t ic les were assocrated
rnain ly  wi th these e lect ron-dense bodies.  As the in iubai ion t ime was progressrvery
i r - r c reased ,  l onge r  p ieces  o f  DNA were  made  and  go ld  pa r t i c l es  we re  found
progressively  fur lher  away f rom lhe dense bodies.  Thi i  impires lhal  nascent  DNA
is extruded f rom the dense body as templa les pass throuqh i t .

As cel ls  progress. through s-phase,  the bodres seen by e lect rorr  r ' rcroscopy
change  i n  numbers ,  s i ze ,  shape  and  d i s t r i bu t i on  j us t  l i ke  f oc i  seen  by  l r gh i
microscopy.  They conla in prote ins speci f ica l ly  involved in synlhesis  1eg o i ln
polymerase a,  PCNA, RP-A and DNA melhyl t ransferase as wel l  as o lhers that
mrght  be involved in regulat ion (eg cyc l in  A,  cdk2 and RpATo;  4o-1- jg-7-47) .  Thev
also correspond to a sub-set  of  t l re  nuclear  'bodies '  that  have been seen over  the
yea rs  i n  conven l i ona l  ( t h i n )  sec t i ons  (4 ,  2 l ) .  E lec t ron  mrc rog raphs  o f  sec t i ons
through these bodies suggest  they are made of  f ine,  t ight ly-po. [ "c i ,  f ibr i ls  and that
indiv idual  chromat in s t rands are at tached at  the sur face.

Simple calcula l ions (based on the number of  foc i /nuclear  bodies,  the ra le ot
fork progression,  the spacing between forks,  the s ize of  the genome and the lenglh
of  s-phase) rmply that  -40 forks rnusl  be act ive in  each ear ly  S-phase st ruc lure in  a
human cel l .  Therefore i t  seems appropr iate to ca{ l  them repl icat ion ' factor ies, .

Al though most  repl icat ion takes p lace in  factor ies,  there rs  some extra- fac lorv
synthesis  that  increases as cel ls  progress through S-phase (21) .  There are specia l
topological  problems associated wi th repl icat ing the last  few base-pai rs  beiween
two repl icons (48-49)  so i t  is  a i l ract ive lo  suppose that  the extra- factory label l ing
ref lects a ' t idy ing-up'  dupl icat ion of  h i ther to unrepl icated DNA.

IEH
MNffi
MME

Fig.  3.  F luorescence micrographs of  repl icat ion pat terns found at  d i f ferent  s tages of
S -phase .

Synchronized HeLa cel ls  were encapsulated in  agarose,  permeabi l ized,
incubated wi th b iot in-dUTP and incorporat ion s i tes indi rect ly  immr-rnolabel led.
Fluorescence marks repl icat ion s i les,  which change in number and d is l r ibut ion as
cel ls  progress f rom (A)  ear ly  to ( l )  la te S-phase.  Bar :  Sprm. [From 20,  wi lh
permiss ion of  the Company of  Bio logis ts  Ltd. l

5 min. 1O min .

Fig. 4. Transcription sites visualized by 'confocal' microscopy.
HeLa cel ls  were permeabi l ized,  incubated wi th Br-UTP for  (A,B)  5 or  (C,D)

10 min to extend nascent  RNA chains by -200 and -400 nucleot ides respect ive ly
and s i tes conta in ing Br-RNA indi rect ly  immunolabel led.  Nine opt ica l  s l ices were
taken through a typ ical  nucleus f rom each sample;  A and C show a centra l  s l ice
(Sl)  and B and D lhe pro jec l ions (Proj )  of  the n ine sect ions on to a s ingle p lane.
Transcription sites are concentrated in foci or'factories'. Bar: 5 pm. [From 27 with
permission of Oxford University Press.l



Act ive RNA porymerases are arso concentra lec i  rn factor ies (35,50) .  whenencapsulated and permeabi l ized HeLa cel ls  are rncubaled wi th Br-UTp,  and thensr tes conla in ing lhe incorporaled analogue immunolabel led,  -500 f luorescenl  toc ican be seen (Figs.  1 and 4) .  we have recenlry  v isuar ized -  * in .q condir ions inwhich a l l  s i tes are detected -  -2000 such factor ies at  the ut t ras i ruct i , rat  tevel ;  theyconla in three zones l ike the polymerase I  factor ies d iscussed below: a regron r ichtn FNA polymerase l l  ancl  l ranscr ipt ion fac lors,  next  to  an area contarnrng nascentl r ansc rp t s  wh i ch  -  i n  ru rn  -  abu l s  a  reg ion  con ta in ing  sp r i c i ng  componen ls(unpubl ished resur ts) .  Rough carculat ions igain suggest" thai  
" " . f i  

,nu. l  conta in-15 act ive FINA porymerases and many temp_rates " ihey 
remarn at rer  removrnf

most  chromat in as descr ibed in F ig 1 (35) ,  conf i rming that  ih"y ur"  a lso a i lached lothe skeleton.
Nucleolar transcriplion faclories are now relatively well characterized. Sitesof  nucleolar  t ranscr ipt ion can be seen by l ight  microscopy af ter  rncubat ing

permeabi l ized Hela cel ls  wi th rx-amani t in  ( to  inhib i t  RNA polymerase l l )  and Br_
UTP, and immunolabel l ing any incorporated analogue;  -25 d iscrete nucteolar  foc i
are then v is ib le,  and -  again -  these remain af ter  mosl  chromat in is  removed (34) .
In the e lect ron microscope,  nucleol i  conta in several  ' f ibr i l lar  centres '  -  which equal
the number of  polymerase I  foc i  descr ibed above -  surrounded by a 'dense f ibr i l lar
component '  which is ,  in  turn,  embedded in the 'granular  component ' .  Transcr ipt ion
(detected by immuno-gold label l ing af ter  incorporal ion of  Br-UTp into nascent
RNA) occurs in  the dense f ibr i l lar  component  on the sur face of  rhe f ibr i l lar  centre(20 ) .

I t  then seems that  the nucleolus is  bui l t  around f ibr i l lar  cenl res at tached to
the skeleton,  lhe f ibr i l lar  centres store the polymerases,  topoisomerases and other
pro lerns requi red for  t ranscr ipt ion.  one -  or  a few -  act ive c is t rons (each _5 pm
long and packed wi th -100 act ive polymerases)  are associated wi th each f ibr i l lar
centre in  a human nucleolus.  Act ive polymerases -  which res is t  e lut ion in  the
exper iment  i l lust rated in  F ig.  1 (13)Dick inson et  a l . ,  1990) -  l ie  on the sur tace of  thefibri l lar centre and transcriplion occurs as a trinscription unit sl ides end-on throughthem over  the sur face whi ls t  the nascent  rFINA is  ext ruded into tne oense f ibr i l larcomponent .  As a promoter  em€rges f rom one porymerase,  i t  can soon engageanother  polymerase on the sur fac-e.  on terminat ion ( ie  when the s end of  thecis l ron has s l id  past  a polymerase) ,  the nascent  t ranscr ipt  in  rhe dense f ibr i l larcomponen t  condenses . . i n to  t he  g ranu la r  componen t  whe re  i t  comp le tes  i t smaturat ion.  Therefore the dense f ibr i l lar  component  apparent ly  s l ides over  thesur face of  the f ibr i l lar  centre,  one end advancing whi ls t  rhe o lher  is  converted in tothe .granular  cornponent  and newly- inact ive enzymes are re-cyc led through thefrbr i l lar  centre to the growing end-of  the denss f ibr i l lar  

"orpbn"nt  
izo l  Thisprovides us wi th a model  for  the st ructure of  a l l  t ranscr ipt ion factor ies:  ac l ivepolymerases l ie on the surface of a storage core, which l ies next to a processrng

area.

Rep l i ca t i on  and  t ransc r i p t i on
The re lat ive locat ions of  repl icat ion and t ranscr ipt ion s i tes has been

a19ly1ed.  by incubat ing permeabi l ized cel ls  f rom di i ferent  s iages of  the cel l  cyc le
w i th  bo th  b io t i n -dUTP.  and  B r -UTp  (18 ,50 ) .  Du r i ng  G i  phase ,  t he  -300
transcription foci in a HeLa nucleus aggregate on entry int-o S phase into -.1 50 foci;
lhese colocal ize wi th s i tes of  rept iCi t ion.  wi th in -30 r ; r in ,  many s i tes sole ly
engaged. in t ranscr ipt ion re-emerge,  but  lhe s i tes involved in repl i la t ion remain
lranscriptionally active. Even late during S phase - when deep heierochromatin is
being dupl icated -  the repl icat ion s i tes remain t ranscr ipt ional ly  act ive.  This
colocalization of replication and transcription sites al the G175 border suggests that
transcriplion sites seed assembly of replication factories (reviewed by 17j-
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Fig.  5.  Visual izat ion of  s i tes of  unscheduled DNA synthesis  in  (A-E) MRC-S
ir radiated wi th d i f ferent  doses and (F-J)  HeLa cel ls  at  d i f ferent  t imes af ter
i r radiat ion.
A-E.  Encapsulated cel ls  in  G1 were uv- i r radiated wi th the doses indicated,  grown
for t h to allow repair to init iate, permeabil ized with streptolysin and incubated with
b io t i n -16 -dUTP fo r  15  m in ;  s i t es  con ta in ing  i nco rpo ra ted  b io t i n  we re  then
immunolabel led (goat-ant i -b iot in  fo l lowed by a FITC-ant i -goat  ant ibody)  before
cells were photographed using similar exposures (except for that in A, for which the
exposure was doubled) .
F-J.  As A-E,  except  ce l ls  were i r radiated wi th 40 J/m2 and grown for  the t imes
indicated.  J  i l lust rates DAPI-sta in ing of  ce l l  in  L Bar:  5 gm. IFrom (27)  wi th
permission of the Company of Biologists Ltd.l

Repair  s i tes
The repai r  of  damage induced in DNA by u l t ra-v io let  l ight  involves excis ion

of  the damage and then repai r  synthesis  to f i l l  lhe gap.  We have a lso v isual ized
si tes of  repai r  synthesis  in  MRC-5 f ibroblasts and HeLa cel ls  in  G1 phase (Fig.  1;
27,36) .  Encapsulated and permeabi l ized cel ls  were i r radiated wi lh  u l t ra-v io let  l ight
and a l lowed to repai r  in  the presence of  b iot in-16-dUTP; then s i tes conta in ing the
incorporated analogue were indi rect ly  immunolabel led us ing a FITC-coniugated
antibbdy. Again sites were not diffusely spread lhroughout nuclei but concentraled
in discrete foci (Fig. 5). The pattern of repair foci changed with time; init ially inlense
repair  took p lace at  t ranscr ipt ional ly-act ive s i tes but  when t ranscr ipt ion became
inhibited it continued at siles with l itt le transcription. Repair synthesis in vitro also
occurred in the absence of lranscription. Repair sites generally contained a high
concentrat ion of  pro l i ferat ing cel l  nuclear  ant igen but  not  the tumour-suppressor
protein, p53.



The resul ts  show t l ra l  the act tve polynrases involved in a l l  the major  nuclear
funt ions are concenlrated wi th in cJ iscre le compartments or  ' fac lor ies ' .  They a lso
poin l  to  a centra l  ro le for  l ranscr ipt ion factor ies in  the organizat ion of  both lhe
s t ruc tu re  and  the  func t i on  o f  t he  nuc leus .  Ac t i ve  RNA po l vmerases  and
transcr ipt ion factors rn a fac lory t ie  lhe chromat in f ibre in to loops,  and l ranscr ipt ion
takes p lace as templates s l ide through f ixed polymer iza l ion s i tes in  the factory.  At
the beginning of  S-phase,  these t ianscr ip i ion factor ies seed the assembly of
repl icat ion factor ies;  then repl icat ion occurs as the template s l ides through the
enalrged factory as nascent  DNA is  ext ruded into a newly-repl icated" loop.
Moreover,  when DNA is  damaged,  repai r  probably in i t ia tes wi t i r in  ;  t ranscr ipt ion
tac lory.  Therefore,  the posi t ion of  a sequence re lat ive to a factory is  the key
determinant  of  whether  lhat  sequence can be t ranscr ibed,  repl icated o i  repai red.  
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