
of guidance cu.es. C'1'cl ic nuclr 'ot ide levels
are  su t  . r . ' c t  to  soph is t i c : t t cd  tc rnFp; ;11  .1n f l
spatial rL' !ulal ion. introducln! l  arnple p(r len-
tral for pfL-.r. ,cron. 0nd crosstalk anrong siu-
nal trans.luctrt  n path\\ 'a\s. Conrerurng sig-
: i a l i n g  n l c c h a n i s m s  a i s o  s i r n p l i f v  c u s -
:on IZ ld  s r r lL r t ions  1o  l l re  p rob l ! -n r  o l  assess-
:ng  rc la t r rc  . i r :n lJ  s t rength  and thus  in te r -
- re l i ' t . '  t l r , '  . r ' re  lo , ' , t l  r 'n r  j ;1 r111119111 in  t teu-
- \ ,n  t \ le  . rnJ  rc r l r \ r r l  : l . t t c  spc i i i i c  n r3n-
:-r irs. In thr: cor] lr-rt  i t  is intelestrng to nr)te
' : r . r t  s r r in , r l  . ' o :d  n iu ror r .  tha t  be l t l re  re r ri | " '  

I  " ' ,

; i l tcrcnth in t l ieir rratural enrironlnent i l r
:he enrblr. tr  erhibited sinri lar responses in
r i tro. Probabll .  the cornplex in vrvo envi-
:Lrnnrent provrdes urr ique spatial composi-
t iohs  o f  gu idance cues .  thus  e l i c i t ing  con-
r , . v t - r r l  r t c , l  r - ( h n r l q F i

These results raise a number of issues for
further studr'. One is the nrolecular nature of
the el lector mechanisms that mediate anrac-
t ion or repulsion. Anractive candidates ale
the small  G proteins theterotl inreric GTP-
b ind ing  pro te ins)  cdc- l l .  Rac .  and RI io .
r i 'hich regulate actin c\ loskeleton ntorpho-
genesis and gro\\th cone acti l in (9). RhoA
can mediate groulh cone col lapse. is neca-
tivelv regLrlated br c.\\{P. and nrav also me-
d i a t e  r . ' p L r  l s r . r n :  c J c J l  p r r t r c i p a t c :  i r r
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chemotaxis and nral,also mediute attract ion
(  ln l .  ^  fu l ther  i ssuc  i :  r r  l te t l te r  rL 'c (p to r
cor lp le res  ra ther  lhan s r tg le - r ' ccep lo r  ; . ro -
teins nrav nrcdiate attract i \e and repulsi le
rcsponses (/ ,1). Final ly. to r ihat ertent and
hou' do the rnechanisms described in these
studies af l 'ect suidance rn situl The recent
report that. after crossins tlie nridline. conr-
nr issura l  a rons  bccome inser ts i t i ve  lo  amJc-
t ion bl the f loor plate is consistent r i  i th the
possibi l i t_r that attract ion by \etr in-1 na1,
be sri i tchc'd to repulsion in vir o (, l l )  ln a
s i m i l a r  s c e n a r i o .  e u i d a n c e  b v  g u i d e p o s t
cel ls nrav involve init ial  anraction, fol lou.ed
bl repulsion to promote funher navjcatlon
of the grou,th cone to\\'ard the next guidance
cues. Direct expe'r ' imental test ins of these
possibi l i t ies is needed. I t  s i l l  be paft icularl)
imptrrtant to determine hcru grori t l i  cones
handle cornple\ sets of guidance clues. and
hon '  para l le l  s !s tems tha t  L rse  cA\ ,1P end
cGMP interact. Bl recruit ing other sienal-
ine cornponents. contact-nrediated guidance
nrav  add s ign i f i car t t  conrp lc ' r i t r  to  th r '  a t -
tractiveh' simple rnechanisnrs uncovered bv
these in l i t ro srudies.

It  seerns a safe bet that these discovenes
u i l l  p ro r t to te  s t_sn i f i can t  tu r ther  p ro l re is .
S in r  j ia r  s r i  r t ch  u rec l tan isnrs  r ln \  oper l tc  j r r

i r
L , + )
r 'a -  v  L  . r

s)napse fo r r r r r t ion .  ncr te  sprou t ing .
s) 'naptic plastrcin, in the adult (1,3). C
horvever, the most excit  jng possibi l iq '
by' these fin.irngs is that the inhibitory
rra ls  that  pre\ent  ner \e rc lcneral ion in
adult central nervous svstertt  could be a
uated bv ohrrmacolosical inten'entionc
raise c;-cl ic nucleotide letels in injurc' i
ons. thus pranlot ing their re:.reneration.
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stal led in functioning transcript ion factoriet '
Exist ing transcript ion factories are dec
s ioned and rep laced by  ded ica ted  rep t tc
factories. (C) Zoning regutations ensure
ed reptication factories are grouped together'
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Thc 
- ln  D\ \  n lo lccu ies  th r t  make up

I  t h :  J . r i . ' r J  h u r r r r n  g e n o r n e  l r c  i r r -
I  c rcdr 'n l .  th in  and r  e - r r  long .  \ \  i rh  a

u ' id th  o f  - l  nanometers  and a  combined
l e n _ s t h  o f  - l  n r e t e r s .  A l l  . 1 6  n t o l e c u l e s
m l l s t  h e  :  r .  l : d  l n r { r  u  . t u c l e u s  o n l r  -  l 0
m i c r n n r e t - r .  r r  i d c  r  n a c l r i n . '  n r n h l e r r r

a n a l o q o u s  t t r  f o l d t n s  a  k i t e  s t r i n - s  t h a t
stretches i ionr \eq \trrk to Chicaeo into a
sphere l( t  nrr ' tc 'rS 3Cft)>:1

R e a l - s i z e d
DNA s t r i ngs  a re
p robab l r  packed
rnto rea'l-sized nu-
c le i  b1 ,  a  comb i -

nat ion  o f ' ranr lo rn  bund l ing  ( l i ke  pasra  in  a
b o i l ' 1 . ) .  c c , r l r n e  i n r o  h i g h e r  o r d e r  s p i r a l s .
and loopr r r , l  b \  a t tachrxent  to  an  under l r -
ing  nuc lcar  skc lc ton  or  "matnx"  (1 .  2 ) .  Y 'e t
th is  tanr lc  n rLrs t  s t r l l  a lJo*  t ranscr ip t ion  o f
ind iv idua l  rc - l re  S  and the  rep l rca t ion  o f  a l l
c h r o r n , ' . '  n r u : .  s o n t . ' h , , \ \  ( ) n e  c r - r m p l e l e
new genonra |nust bc sorted out for tnheri-
tancc  br  cach dau{ lh rc r  cc l l .  One mi les tone
in  the  c luc idu i ton  o l  such s l ruc tu rc - func-

The author is  in the Department of  Cel l  Bjotogy,  Sir
Wiltiam Dunn School of Pathotcgy, South Parks Road,
Ortord OXZ 3RE, UK. E-mait: peter.cook@path.orac.uk

t i on  r c l a t i onsh ips  r . r  i t h i n  rhe :e  con rp le r
tangles \\ 'as the isolation bv Bereznel and
Cof le l  o f  the nuclear  matr ix  in  the 19-0s
1-31. Nori,a report f lon Bereznel's lab: on
na re  I  i ( l l  o f  r h i s  i ss r re .  i l l um ina tes  t he  o r -
de r  i n  rhe  nuc lea r  t ang le  du r i ng  t he  p ro -
cess of  DNA repl icat ion (4) .

The neu riork builds on several obser-
vat ions.  F i rs t .  the cel lu lar  nrachines rhat
replicate DN.{ tcomtrrosed oi DNA poly'-
merase and associated proteins) do not act
a ione.  Instead tens (somet imes hundreds. l
are houscd in enormous " factor ies"  (u i th
.d iarneters of  0.1 to I  pm);  ind iv idual  ma-
ch ines  i n  each  fac to ry  ree l  i n  l oops  o f
D\A as thc l  repl icate rhenr  r i ) .  Sccc,nd
transcription machines that cop), Di"vA into
RI.NA (RNA polvmerases and associared
prote ins )  are concentrated in  analogr- rus
factories (6). Third, transcription happens
cont inuousl .v . ' :  i t  s tar ts  uhen a cel l  is  born
and goes on unt j l  i t  d iv idr- 's .  ln  contrast ,
DNA is  repl icated only dur ing the nr iddle
th i rd ofcach cel l  cyc le.  Repl icat ion begins
in man1, factories located in transcriptron-
ally active resions and ends in a few large
fac to r i es  i n  l ess  ac t i vc  reg ions  (5 ,  7 ) .
Fourth. structure-function rclationships are
remarkably stable. For exantple. clustcrs of

LE-. L J LJ
,J.LJ LL J
L;] LJ LJ

\ I /
LL

LL
LL

One or the other. Organizing repl ical in$ lh- r,;i
chines in nuclei.  (A) Repticating machine:
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which are repl icated together  by
factor)-stay tosether for many cel l

ions: thcy are agajn replicated to-

* by nerv factones in the descendant
l l n ( ,9) .  Thus.  the nuclear  s t ructure can

tc exacrlv rvhen anti .vherc facton:s

S c t E N c E ' s  C o M p A s s

the condi t rons used dur ing permeabi l iza-
t ion aegrcgatc s t icky nucle ic  ac ids? How
well rvas thc native structure of the tanglc
preser'! 'ed during anallsis, and were many
firint tbci missed? Such devils can only be
c{)nf ront-d by tcchnical  impruru 'mcnts in
sample prcparation irnd microscopy. or by
inaging act ivc factor ies in  l iv ing cel ls  (  /  / ) .

\\ 'hichevcr path turns out to be correct,
t h c s e  n e r v  r e s u l t s  c o n f i r m  t h a t  D N A
strings are not packed completel)- randont-
Iy  l ike pasta in  a bo* l :  something orga-
nrzes the repl icat inc and t ranscr ib ing re-
g ions in to foc i .  The s implest  possibt l i ty  is
that  a factory t ies the srr ing in to I  rosct te
of ioops. while polymerases in thc lactory
reel  in  the loops dur ing repl rcat ion and
transcript,ion. As alri 'ars in biology. lunc-
tion depends on stnlcture, and \ ice versa.

This paper also highlights how' l i tt le rve
kno' , r '  about  repl icat ion and t ranscr ipt ion
machines. usuall,v-' depicted in textbooks as
smal l .  lone complexes rhat  t rack a long in-
d i r ' idual  segments of  D\A.  Rather .  these
results su:ges! that ntanv machrnes reel in
manv different DNA loops simuhaneously.
At a time *.hen *e s'i l l  soon krrorv the ex-
act sequence of the bil l i ,rns of bases in the
human genome, ,.r 'e kn,t,.t, alnrost nothing

ab<;ut how those bases are strung in three-
climensional space and horv the resulting
structure facil i tates gene funcrion. Com-
mon sense suggests that  thcre must  be
somc undcrlying ordcr within the apparent
tan,Jle, and by studying sites of activity the
\Yct et ul. report !:oes directly to the heart
ot thg structural problcrn.
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t0 usselnble
\\ ' ,ere do repl icat lon and transcript ion
, p rce u ithin the nuclear tangle'. 'To an-

r r r is  quest ion.  \ \ 'e i  c t  a i .  (4)  permeabi-
cc'l ls and alloued thern to make DNA

RNA in the presence of taeged build-
blocks. *hich are incorporated into the
i e rc  acrdsr  then they  bound an t ibod ies
r tags. to r,vhich fluorescent labels can

Jirccted so that the ne*ly nade DN.\
tf: green and new RN.{ is red

\ f ' : r  th is  process.  the nucle i  in  young
i  )nta ined several  hundred red foc i .
rriarkinc a transcription factory (onh

tre sho\ '"n for the nucleus in the f igwet,
tbcr are so laint and small that the..

onl) be seen with sensitrve l ight micro
:s pushed to their l inrits of resolution.
do the replication factones then set as-

durine thc' middlc' third of the cell
I  T r io  s rmple  nrode ls  p resent  them-

es. ln trne rpath .{ in thc t- i : :Lrre). repl ica-
n i  ih ines  (s reen)are  lns ta l led  in  some
1C ' rCC\ r : t rns  r red ,  t r rn . ; r ip t ron  fac tc -
'  l l l  th ls  ! ' Jse  \ \  c  r r  r r t l l t l  -1Oaa,  ,o  ta ' '

I i rctories t9) that *oulc t luoresce both
and red thus appeann: rel lor.r ' .  Once

:epl icat ion nuchrnes hac f injshed their
. lher nright be trlnst-errcc to other tran-
rt irrn (rc.dr tbcttrr ies. turning them 1,el-
thcn. when al l  D\A haC been duplicar-

rL) lrL)re ve]lotv t trctones r iould be seen.
in  r  ,  a l temat ive  merde l  (1 / i )  (pa th  B  in
i i r , . L r e  ) .  e r i s t i n g  t r a n s c r i p t i o n  (  r e d  r
oncs  * .ou ld  be  dccor l rn rss ioned and
p ie te lv  ne*  rep l i c l t ion  i t reen)  fac to -
\ tou ld  be  cons t ruc ted  in  the  v ic in in .

; : .  a l l  t a c t o r r e s  n o u l d  a p p e a r  e i t h e r
r r  o r  red  bu t  nerer  te l lo*
ne results. surprisrngl l :  t l t  neither mod-
,: len lbcr tended t,r l rc n. 'r t  to grecn fo-
i id r! 'd ones ne\l  to rr 'd lrci  (path C in
l l , t ,  :)  This sugsests thar nuclei are di-

i :  iLr zones. distrnct repitcation (green)
l ra r rsc r ip t ion  ( r ! 'd )  r rcas  res t r i c ted  to
0r the other functron (onl i  one zone of
Ipe is shown on pi l th C rn the f igure).

, i l  DNA is duplicated erenrually. groups
:Ll thctones nrust all bc- de;rrmmissioned

r then l  region is f i rst zoned green.
ihcn reconrnrissioned tt-rsether uhen i t
rof . . i l  red.
l r c  :  r esu l t s  beg  scve r : r l  ques t i ons
1) i  . t  a re  the  zon ing  regu la t ions ,  and
' 1, , tces them.) Whtrt strLlcture under-

i  l r rne . )A  chron tosor t re . 'Horv  a re  fac-
I  . , to rd ine te ly  dc-c t ln rmrss ioned and

'hmiss ionec l  l  As  a l *avs  in  th is  d i fT i -
r r t i (L  the  der i l s  a re-  in  the  de ta i l s :  D id
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sheets  ' ,a r ied  a t  an  a lmost  met ronomlc
-1 1.000-1'ear rhythm. the period of changes
in orbiul t i l t .  Hypotheses seeking to explain
ihis 2t-t-)ear-old paradox have generally fall-
en intLr one of three camps: mechanisms that
posit rhat Eanh's ice-atmosphere-ocean cli-
nlatL' slstem maintains an internal osci l ia-
tion nerr 100.000 yerrs that can get phase-
locked to e\temal orbital forcing (lt. mech-
a n i s m s  t h a t  i n v o k e  h i g h l y  n o n l i n e a r  r e -
sponses of this systern to weak forcing by
eccentr iciry (J). and mechanisms that in-
stead invoke temporal variations in the incl!
nation of Earth s orbit  relat ive to the solar
s! 'stem (/).  another orbital parameter that
vanes *i th a periodicity of about 100,000
years. Each of these explanations has diffi-
culN accounting lor some aspect of the cl i-
mate record and hence none have achieved
broad lcceptance. Recently, a fourth npe of
h1-pothesis has been proposed (-i), Lrne that
elegantly '  avoids some of thc- shortf4l ls of
earlier nrodels and dra*s atlention to simpla.
rc'lations apparent in the most recent lind ac-'-
cLrrate ice l 'olume and insolat io.n records

[see. t i rr  instance. (6,] .
lnsprred by the obsen'ation that rnodels

of ocean thennohaline circulat ion hare mul-
t iple sterdy states. Pai l lard (J) inresti ,rated a

GlaciaI Puzzles
M. E. Raymo

a ne of  the most  perp lex ing and en-
I  f  dunng puzzles in  paleocl r ruato logv
-  has been the cause of the 100.000-

v e r r  r h l t L n r  n f  t h r  n r r r , r r  . ' l r c i r l - i n t e r -t l r l r r  v r  r r r !  r r l J - t v r

- s l 0c ia l  c r  c l es  du r i ng  rh r  pas t  i  m i l l i on
years. The smaller uarmings and coolings
superimposed on this p3nern are more-or-
less l inear  responses to var iat rons in  the
d i s t r i bu t i c rn  o f  so la r  hea t i ng  caused  bv
changes in Earths orbitl l  position. kno*n
as "Nli lankovitch" \ 'ariatirrns, atier an earl)
investisator (,1), but no such sirnple orbital
mechanism has been found that  can ex-
p la in the 1( i0.000-vear c i 'c le .  Al though
Earth's orbrtal eccentncin. and he nce aver-
age d is tance f rom the sLrn,  var ies wi th a
100.000-year cyc le.  the resul t ing chanses
in solar heanng are belie\ ed to be too snrall
to be climatically si_enificlnt.

Ho* can such a srong climate response
arise tiom such a sc-emingll weak tbrcing'l
And uhv d id the 100.0() t ) -year  *c le only
appea r  ab t ru t  800 .000  rea rs  ago ' l  F rom
about --l to I mil l ion vear\ ago. snrrrl ler ice
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