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98 C hromosotrres und C itromatin

I .  CHROMATIN AGGREGATES UNDER 151 r i r  , \ ,1 \ : ) l l - l ( l \ s

I n  an  i dea l  wo r l d .  a  b iochemis t  w i sh ing  to  un t l \ ze  . i : r , : . . : r  ' - - -  i . . :  : r , n rn \  \ ) r
D N A i n t h e l i v i n - e c e l l w o u i d b e g i n b y s e l e c t i v e l l ' a n t i p r o r r e . ' l . . ' J ' . ' . .
F i rs t  he might  separate the nucleus t iom cvtoplasnr .  is t l la te ihc ' . r :  : : . .  . .  : - . . : : : . .
the in tact  DNA t iee of  a l l  t rher  consr i ruents tF igure l ) .  Thr :  : r , . . r . .  . - -

achieved bv t reatments of  increasing sever i rv .  (Note that  in  th is  i ' ic r . :  : - '  .  -  i
and "severe"  are a lmost  a l rvavs loaded termsl)  Horrever .  under is , , :  ,  -
straightfbrward path as this ctrrurr.rr be traversed: the chromatin agLrc:-.:.. - '

and unworkable mess.r ' r  Even the supert ic ia l l .v-  appeal ing approach, , i  . - . . ' :
detergent  such as sodium dodecyl  su l tare ro pass d i rect lv  t iom cel l  i t , . r . i - , '  .  ' . :

impossible - the released chromosomal DNA is so long and fraeile ir rn:,, ::,: - -
by p ipet t ing in to smal l  f iagments. r 'a  (Biochemists neverrheless descnle : :J-J :  , -
representing perhaps a one-hundredth part of the chromosome. as high-i:ro.c- -...-
DNA!)  Given the in t ractabi l i t r  o f  chromat in underphvsio loeical  condi t ions.  r i ier : . . : .  .  - .  '  .  -
have been sought and used. These generally involve hvper- and hvporonic rtrogri.
the presence of "stabil izing" r-ations. Such routes are unsatisfacton tbr sererl. : i ...
First, the "stabil izing" cations activate degradative nucleases. Template inre!nrr .:..-
percoil ing are essential prerequisites for efficient replication. recombination. end ir,::.-::.
t ion in simple templates.s so rve might expect the same to be rrue of eukan'otic DN.\ Se - :.-
unphysiological salt concentrations may introduce artifacts. That this is cunenrll rhe -l:.::.
problem in th is  f ie ld is  h ighl ighted by studies on t ranscr ipt ion.  The t radi t ional  v ie*  , , r  : . . .
transcription occurs is most dramaticallv i l lustrated by the photomicroeraphs oi "senc\ :
act ion"  obta ined by l l i l ler  lnd col leagues using h lpotonic condi t ions.6 These po*cr- : - .
lmages resembling Christmas trees are generall l '  - but not alwavst - obtained wirh cr'nt
plexes containing polvmerase I and are readily interpreted in terms of a mobile polvmerase
which processes along the DNA and is unattached to anv larger structure. This model rs
extended to include comple.res containins polymerase II and is now included in most standard
textbooks.s Such a view is reintbrced bv the isolation of soluble polvmerases that work in
the absence of any larser elements. In sharp contrast. studies using h.'-pertonic conditions
suggest that nascent RNA is made as DNA passes through a polymerase fixed to some larger
nuclear structure.e As a resuit. we have two paradoxical views of transcription: in the one.
a skeletal substructure is the essential active site; in ihe orher. it is not required and ma1
not even exist. Similar differences in approach. results. and interpretation surround almost
all aspects of higher-order srrucrure in the nucleus and its relation ro tuncrion.

I I ,  VARIOUS SUBNUCLEAR STRUCTURES

A. Nuclei
Nuclei are usually isolated as the first step in any fracrionation procedure in this field.

Generally cells are hypotonically swollen and then broken by homogenization to release
nuclei that can then be pelleted free of cytoplasmic contaminants. Divalent cations are added
to prevent aggregation. It has recently been shown that this procedure - generally considered
to be "mild" - extracts about a quarter of the protein and half the nascent RNA. rou-shlr
doubles nuclear volume.ro and extensivelv nicks nuclear DNA." Simply because this rreD
has been considered a "mild" one, it is not so carefully standardized. Thus. dilterenr ,-ell
types are swollen - and so hypotonically extracted - for different periods and the rele.r:ed
nuclei are exposed to endogenous nucleases. which vary in type and concentration ircrm :eil
to cell, for different times.

B. Nuclear Matrices and Scaffolds
A wide range of subnuclear structures have then been extracted from such nucler j.rns



H YPERT OiI|c

soroiac

Volume III 99

, XEborcts

DISAGGREGATED
-  -  -  INTACT OR EROXEN

CHROMATID+ CONSTITUENTS >CONSTITUENTS
(e.s .  DNA)  (o .9 .  O i lA)

Scartold

o f
ce l l .
ri fv

i v  be
i l d  "

h a

unous
ionic

V C S

ared
ents .

rghr

6leased
rim cell

i .
:r

us ing

CELLS T-} NUCLEI +

Crwrml-

xYPCrOft€

FIGURE I Varous wavs oi isoiatrng subnuclear structures. The soiid alrows represenr an ideal way
,) l  proPres\r \e i \  deconstruct inq rhc cel l  in to i ts  componenrs under isotonic condi t ions.  In practrce.  the
Jot ted i ine: .  . rhrch Jepan i rom isotonrc condi t ions.  indicate the routes adopted.

n()n l r )nrc i le tcrgents and h ich roncentrat ions of  sa l t  ie .g. .  Tr i ton X-100 and l , !1  NaCl) .
Thc ' .  rnc ludc nucierr  pore.ompie\es.  envelopes.  ghosts.  matnces.  lamins.  scaf fo lds,  and
tirldcd ;hrornosomes. rFor ir re\ierv. see Rer-erence ll.) l lost share a basic set of proteins
.h i r r rcrenst lc  o i  pore comple\es . ind lamins to which ma) 'be added other  prore ins,  inc luding
pan o i  the cr toskeleron.  Thc pore complexes.  envelopes.  and lamins are der ived main ly
iront the nuclear penphery rnd lhe matrix irom the rntenor. To these vanous substructures.
mL)re or less decraded nucjeic acld is attached. .\t trne extreme are the pore complexes'3
rnd lanr ins ' '  -  essenl ia l lv  pure preparat ions of  a fe* '  pol rpept ides:  at  the other  are scaf fo lds
whrch conta in a i l  the nucleu DNA. but  th is  is  broken r i .e . .  i t  is  re laxed) and associated
rvith some protein.'5 Nuclerr matrices have an intermediate character. containing l itt le RNA
and DNA.16 Recent lv  -  and confusinglv  -  "matnces" have been iso lated d i rect lv  f rom
cells using very different conditions tiom those used originallv and as a result they contain
most. and sometimes all. of the DNA and Dresumablv manv cvtoskeletal elements.rt-ro

C. Nucleoids
An alternative approach is to lyse l iving cells directi-"- in a nonionic detergent and a high

concentration of salt.:r-rr Then structures are released which resemble nuclei depleted of
many nuclear proteins. Thev contain all the nuclear RNA and DNA attached to a cage-like
structure which contains the basic set of Triton- and salt-insoluble proteins tbund in the
other subnuclear structures. However. they differ from these others in two very important
respects: they have not been exposed to hypotonic condidons and their DNA is supercoiled
and so lareelv intact.:r ' :r-5

III. ARTIFACTS

.{. The Problem
Cunently, considerable anention is focused on these various subnuclear structures, not

least because a role in nearly every nuclear function has been imputed to them: e.g., it is
suggested that they pack the DNA into the nucleus and organize chromosome folding,'s that
thel are the sites of replication .18'26'21 Fanscription,e processing, and transport of nuclear
R\A.:s-rr and that they are the target sites of regulatory molecules like steroid receptors,32
calmodulin.rr and viral T antigens.3a While the gulf befween such speculations and proof
remains largely' unbridged. the skeptic sees little need to ascribe any function to these
insoluble structures. .A,fter all, DNA can be replicated and transcribed in vitro using much
simpler and soluble systems. Are not these structures simply artifacts produced by exposure
to extreme conditions (i.e., detergents and high salt concentrations)'? For example, the
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I .  CHROMATIN AGGREGATES UNDER ISOTO\ IC C, - , \D IT IONS

I n  an  i dea l  wo r l d .  a  b iochemis t  w i sh ing  to  t na l vze  s tn l c tu re - i un . : . ' : r  : ' i l . i t t ( ) n \h rps  t r t
DNA in the l iv ine cel l  rvouid begin bv select iveh ' l tnd prosressi ' ' 'e i ' ,  . : t ,  r t . i r - .1 : ; t  j  lhe . ;e i l .

F i rs t  he might  separate the nucieus t iom cvtoplasnl .  iso late the chronr l l : : r .  r : r . r  : . : . r r l ' .  !un i \
the in tact  DNA i iee of  a l l  orher  const i tuents (F igure l ) .  This  proce\ \  . \ , ,u . . :  : . : ,^ . ,n i . .  l .e
achieved bv t reatments c l f  increusing sever i tv .  (Note that  in  th is  f ie ld.  tc ln)  . i r . :  . : .  r r iJ
and "severe"  are a lmost  a l*avs loaded termsl)  Ho*ever .  under isotonrc; . ,n . r r l ; , 'n-  - - r ; r  . r
straighttbrward path as this crlrurol be traversed: the chromatin aegreeetes rnrr) J jr ' ..1i::,, i .. j .

and unworkable mess. ' r  Even the superf ic ia l ly  appeal ing approach of  usrns r  \ r r , ,n  j  , , r . . '
detergent  such as sodium dodecyl  su l fate to pass d i rect lv  f rom cel l  to  in tac l  D\ . \ ; r , ' r . ' .
impossible - the released chromosomal DNA is so long and tiagile it iner,itablv gets \hcJre-l
by pipetting into small f iagments.r'" (Biochemists nevenheless describe these tragnrcnr..
representing perhaps a one-hundredth part oi the chromosome. as hieh-molecular rreignr
DNAI) Given the intractabil in of chromatin underphvsioloeical conditions. alternativc roure s
have been sought and used. These generally involve hyper- and hypotonic conditions ln,j
the presence of "stabil izing" cations. Such routes are unsatist'actor '- tbr several reason:
First. the "stabil izin-g" cations activate degradative nucleases. Template integritv lnd su-
percoil ing are essential prerequisites for efficient replication. recombination. and transcnp-
tion in simple templates.s so rve might expect the same to be true of eukan'otic DNA. Secono.
unphvsiological salt concentrations mav introduce arlifacts. That this is cunently'the centraj
problem in this field is highlighted by studies on transcription. The traditional view oi ho*
transcription occurs is most dramatically i l lustrated bv the photomicroeraphs of "genes rn
action" obtained b,v Miller and colleasues using h1'potonic conditions." These powertui
images resembling Christmas trees are generall l,- but not alwavst - obtained rvith com-
plexes containing polvmerase I and are readily interpreted in terms of a mobile polvmerase
which processes along the D\A and is unanached ro rnv larser structure. This model is
extended to include compleres containing polymerase II and is now included in most standard
textbooks.s Such a view is reinfbrced bv the isolation of soluble polvmerases that work in
the absence of any larger elements. In sharp contrast. studies using hvpertonic conditions
suggest that nascent RNA is made as DNA passes through a polymerase lrxed to some larger
nuclear structure.e As a resuit. we have two paradoxical views of transcription: in the one.
a skeletal substructure is the essential active site: in the other. it is not required and may
not even exist. Similar differences in approach, results. and interpretation surround almost
all aspects of higher-order sructure in the nucleus and its relation to t 'unctlon.

I I .  VARIOUS SUBNUCLEAR STRUCTURES

A. Nuclei
Nuclei are usually isolated as the first step in any tiactionation procedure in this field.

Generally cells are hypotonicall,"- swollen and then broken bv homogenization to release
nuclei that can then be pelleted free of cytoplasmic contaminants. Divalent cations are added
to prevent aggregation. It has recently been shown that this procedure - generally considered
to be "mild" - extracts about a quarter of the protein and half the nascent RNA, roughll
doubles nuclear volume.ro and extensivelv nicks nuclear DNA.'r Simply because rhis step
has been considered a "mild" one, it is not so carefully standardized. Thus. differenr cell
types are swollen - and so hvpotonically extracted - for different periods and the released
nuclei are exposed to endogenous nucleases. which var,v in type and concentration from cell
to cell, for different times.

B. Nuclear Matrices and Scaffolds
A wide range of subnuclear structures have then been extracted from such nuclei usins
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FICURE L Vanous wavs of isolating subnuclear struclures. The solid urows represent an ideal wa1-
ol  prosressl \e i \  deconstruct inq rhe cel l  in to i ts  components under isotonic condi t ions.  In pract ice.  the
dotted l ines.  *hrch depan t iom rsoronic condi t ions,  rndicate rhe routes adopted.

noniontc dctergents and h igh concentrat ions of  sa l t  (e.s . .  Tr i ton X-100 and 1M NaCl) .
The.' include nuclear pore complexes. envelopes. ghosts. matrices. lamins. scaffolds, and
iolded chrornosomes. (For l revierv. see Rei'erence ll.) l lost share a basic set of proteins
iharacter is t ic  of  pore complexes lnd lamins to which ma1,be added other  prore ins.  inc ludine
part oi the c1'toskeleton. The pore complexes. envelopes. and lamins are derived mainlv
trom the nuclear periphery and the matrix trom the intenor. To these vanous substructures,
more or less degraded nucleic acid is attached. At one extreme are the pore complexesrl
lnd laminsr' - essentiallv pure preparations of a t 'erv polrpeptides: at the other are scaffoids
rvhich conta in a l l  the nuclear  DNA, but  th is  is  broken r i .e . .  i t  is  re laxed) and associated
rvith some protein.'5 Nuclear matrices have an intermediare character. containing l itr le RNA
and DNA. 'o Recent lv  -  and confusinglv  -  "matnces" have been iso lated d i rect lv  f rom
cells using very different conditions l iom those used orieinally and as a result thev contain
most .  and somet imes a l l .  o l the DNA and presumablv manv cvtoskeleta l  e lements. rT- :o

C. Nucleoids
An alternative approach is to lvse l iving cells directiv in a nonionic derergent and a high

concentration of salt.t ' 'r3 Then structures are released which resemble nuclei depleted of
many nuclear proteins. Thev contain all the nuclear RNA and DNA attached to a cage-like
structure which contains the basic set of Triton- and sait-insoluble proteins found in the
other subnuclear structures. However, they differ lrom these others in two very important
respects; they have not been exposed to hypotonic condirions and their DNA is supercoiied
and so largely intact.rr '13-2-s

III. ARTIFACTS

A. The Problem
Currently, considerable attention is focused on these various subnuclear strucrures, not

Ieast because a role in nearly every nuciear function has been imputed to them; e.g., it is
suggested that they pack the DNA into the nucleus and organize chromosome folding,r5 that
they are the sites of replication,rs'26'27 transcription,e processing, and transport of nuclear
RNAir8-3r and that they are the target sites of regulatory molecules like steroid receptors,32
calmodulin,3r and viral T antigens.3a While the gulf between such speculations and proof
remains largely unbridged, the skeptic sees little need to ascribe any function to rhese
insoluble structures. After all, DNA can be replicated and transcnbed in vitro using much
simpler and soluble systems. Are not these structures simply artifacts produced by exposure
to extreme conditions (i.e., detergents and high salt concentrations)' l For example, the

us ln  g



100 Chrontosonres un<J Chrornutin

str ik ing inrages of  chromosome scai fo lds j5 could resul t  i rorr r  ihc : . r , 'nr ! .e . : i ie  prc 'u ip i rat ion
of  prote in onto a chrOmosome: far  f rom the scai t i r id  ( ) rsrn l l rn !  :nc D\  \ .  ' t  rs  the chro-
mosome that  organizes the scai to ld l  Such ani factual  i . rssoc[r t l ( )n \ce:r \  . :n l l r .  crpecia l lv  as
s imple calculat ions show that  R\A and D. \ . -A are pre\cnt  J t  c \ t r r ( ) r i rnrr : . r  ' : rLh - , )nccntre-
t i ons  i n  t he  nuc leus  (abou t  100  mg lm i ) .  Funhe rmore .  s i ng le -s t randed : ru . : l r ; . i i ; J s  mrgh t
be st ickv and ag- l regate in  h igh st i t  concentrat ions.r5 so one might  expe; l  i l \  \  . rn i  nuscenl
DNA to prec ip i ta te and condensc onto any subnuclear  s tmcture.  [ t : :  u . t  r \  .ucn. ln

association that functional properties are inl 'erred.
The problem, then.  is  to  demonstrate whether  or  not  env lssociat ion \d in . .  . : i i i rg iuJ l .

The burden of  proof  c lear lv  l ies wi th workers in  th is  l le ld.  One approach r :  i , r  - , ' j r r r f r re
substructures iso lated bv d i f f 'erent  procedures;  i f  an associat ion in  v i t ro is  roun, j  J( ,n\ r \ ient l ) .
then i t  is  probablv a lso tbund in r ' ivo.  Horvever .  th is . rpproach is  constrarned br  the . imrtc 'd
range of  iso lat ion condi t ions rhat  can be used.  As a resul t .  skept ics remain uncL)n\rnced br
the ident i ty  of  s t ructures iso lated by replac ing one counter ion (e.g. ,  Na-)  by lnothele. r . .
dextran sul tate) '5  especia l ly  r rhen other  minor  a l terat ions in  the sequence o i  oper l t r t rn '  ' , r

leneth of storage do protbundl', alter the constitution oi the resultin-e structure.'n'-
A second approach. rvhich hrs successtully correlated structures observed in vitro *rth

those in vivo. is to raise antibodies to substructures - usually the simpler types l ike lamins
- and to use them to probe the cellular distnbution oi the antigen by immunof' luorescence
Such studies have cont-rrmed that the lamin and envelope proteins are indeed nuclear ()r

perinuclear and have highlighted how dynamic nuclear structure really is.r8'" For example.
while the lamina is reversibly depolymerized and dispersed dunng mitosis.rn a 300-kilodalton
matrix protein concentrates at the poles of the mitotic apparatus.$ However. a nagging
question remains - do not soluble antigens precipitate r)nto chromosomal structures dunng
the isolation oi anv subnuclear structure l

B. The Essential Control - Demonstration of Specific .\ssociation
Biochemists in this treld. jusr as in anv other. must iace up to the classic crit icism of the

physiologist or cell bioloeist - that on breaking open the cell thev generate an artifact.
This crit icism can never be completely answered. but its tbrce can be diminished if i t can
be shown that the particular anilacts ivith which one works are not just random aggregates
of certain cellular componenrs: more imponantlv. it rnust be shown that anv associations
between molecules seen in vitro are equivalent in both quantity and quality to those fbund
in vivo. An artifactual association would seem unlikel;- if i t could be shown (l) that all the
molecules in the cell rvere associated anci t2) that they were associated in a specific way.

IV. SPECIFIC ATTACHMENT TO SUBSTRUCTURES

A. Nascent RNA
When HeLa cells are incubated with []Hluridine for I min to label only nuclear RNA.

>957a of the radioactivity initially present in the cells and insoluble in trichloroacetic acid

subsequently cosediments with nucleoids.e A variery of experiments showed that this as-
sociation was very tight, but is it specitic?

A "cap" containing methvlared bases is anached at the 5' end of nascent RNA immediately
that transcription begins. so the 5' end of such transcripts can be labeled with []Hl methionine.
This label is also incorporated into proteins. DNA, and other methylated bases within RNA
chains; 8.3Vo was demonstrated to be incorporated into caps during a pulse-label of l5 min.
lf nascent RNA is specifically attached at its 5'end, caps should resist detachment by
pancreatic ribonuclease. This is what was found; even when 75Vo of nascent RNA was

detached, 8Vo of the label was recovered with cages in caps. (The difference bet*een 8..1
and 8.0Vo can easily be attributed to differences in recovery of RNA chains of different

L

t l

i
I
I
I
I



:e .

N S

Dy
,
or

rh

or

n

ry

Volune llI l 0 t

sizes.)  I t  was concluded that  the nascent  RNA was speci t icr r l lv  r t tached et  i ts  5 'cnd to the

-RNA 
molecules l t  la ter  s t lges in  thei r  maturat ion l re l lso found ussociated rvr th the

matnx.r t - r '  but  i t  renra ins to be shorvn in  a s imi lar  rvav whether  or  not  thev , t re. tocc i l ' ica l ly
lssociated.  t '

B.  DNA
,\ttachntents of DN,{ to a substructure have been int'ened tiom the obsen'ation of su-

percoi l ine in  nucleord DNA.rr '1 :  Supercoi ls  can onlv be mainta ined in l inearDNA by l t lop ing
It. presumablv bv attachment to r substructure. Horvever. looping could occur bv DNA-
DNA or  DNA-RNA-DNA interact ions a lone." ' r  A/ /  the DNA can be iso lated unbroken and
atiached onlv if cells are lvsed directlv in Triton lnd high concentrations of salt to yield
nuclcoids or "tbldcd chromosomes" that have the greetest degree of contamination by
cvtoskeletal eiements. .\re such attachments specificl This can be answered by mapping the
position oi a sequence relative to the attachment point on the substructure - in this case
rhe nucleoid cage - by detachine progressively more and more DNA tiom the cage with
l nuclease . If attachment.s are specitrc. a sequence which l ies close to the attachment site
-.hould resist Jerachment rnd s.r be enriched in the cage tiaction: one lying turther away
should be depleted. On the orher hand. if attachments rre generated nonspecifically during
isolatron. they rvil l  van from one nucleoid to another in the population so that anv given
sequence wi l l  ne i ther  be ennched ntr r  depleted.  I t  turns out  that  a- ,s lobin sequences at tached
to HeLa cages can be ennched rDprorimatelv eight t imes. rvhereas the B- and 1-globin
sequences r n the same sample are i jep le ted ( i . e. . the a-globin se ne l ies closer to an attachment
s l te than the B-  or  J-genes) . " . {c t rve v i ra l  sequences in nucleoids f rom t ranstbrmed cel ls
are enr iched even more 1 i .e. .  uo to l8  t imes){s and the resui ts  of  a typ ical  expenment are
ii lustrated in Figure 2.

This mappinq technique has been extended to "marnx" DNA. rvith less convincing and
sometimes contlicting resuits. Some groups have contlrmed specitlcitv of attachment; for
example, they find integrated S\'-10 sequences.rT the ovalbumin gene.:o and some cellular
repeatsr6'47 enriched two to five times in the "matrix" fiaction. Others. unable to demonstrate
anv convincing enrichment. arsue that the attachments are artifactual.37'48'1e Still others. by
extiacting nuclei with strong deter_9ents. t-lnd different attachments to those found with
matrices.50 Clearly. the causes oithese variations seen with "matrices" need to be examined
and the more clear-cut enrichments obtained with nucleoids need to be confirmed. (Higher
enrichments have been obtained at very high levels of detachment from matrices using "dot-
blots".r7'5r-53 However. technicai problems with specificitv and degree of hybridization of
tiagments of different sizes make interpretation of rhese results difficuit.)

Even if genes can be mapped relative to anachment sites. these results could nevertheless
be explained as follows. Nascent DNA or RNA - or the complexes generatine them -

could become sticky at high salt concentrations and so precipitate onto the substructure. As
only a tiaction of the genome is being replicated or transcribed at any time, only this fraction
will precipitate, apparently specifically. If so, it would be unsurprising that nascent DNA
and RNA are associated. or that s€quences can be mapped relative to these association points.
However. nascent DNA cannot be solely responsible for the aftachments, since both loop
size and the relative position of genes within a loop remain constant even when no DNA is
replicating dunng mitosis or Gl.€'5'1 The crit icism that transcribing complexes are the
mediators of artifacrual attachments is more difficuit to eliminate, but some telling obser-
vations on the spectficirv of the anachments of nascent RNA make this possibility unlikely.

l. As described earlier, cil the nascent RNA proves Io be attached at its 5'end.e
2. It is only RNA made in vivo ia the nucleus that becomes attached: pulse-labeled RNA
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does not  associate wi th c lges i f  f l rs t  "chased. '  in to the cytoplasm. nor  does nascent
R\.{ rf svnthesized in vitro. bv Escherichirr coii RNA polymerase. within the isolated
nuc leo rd .  "
\ascr'nt transcripts of a nuclear virus, int' iuenza virus. are all associated with cages.
*hereas those ol a cvtoplasmic rhabdovirus are not.is
The prorimitv of active viral genes in transtbrmed ce.l ls to the crge cannot be an
rmmediate consequence oi transcription since the1, remain close to the cage when
transcriptron stops during mitosis or heat shock (see later).

these results concern nucleoids and should be extended to other structures.

\ '. ISOLATION OF CHROMATIN UNDER ISOTONIC CONDITIONS

.\. .{garose \I icrobeads
Hitheno. tre have been unable to selectively deconstruct cells and travel, under isotonic

;onditrons. irom cell to nucleus. t iom there to chromatin. and finally'to the nuclear con-
st i tuents r i .e  . .  a lons the sol id  r rows in F i -eure l )  for  nvo reasons.  One is  the suscepr ib i l i ty
,ri D\.{ to shear and to endonucleolvtic degradation. and the second is the tendency of
u-hromattn to eggregate. Both problems can be solved bv providing cells with an anificial
lnd protect ive coat  of  asarose rhat  is  f iee l l 'permeable to smal l  molecules.  prote ins,  and
enzYmes.  but  not  to  chronosomal  DNA (Figure, la) .  Subsequent lv .  when re lat ive ly  s tandard
procedures tbr the selective deconstruction of the cells are followed. the agarose coat prevents
aggregation and protects the fraeile DNA lFigure -lbt.-r

Living cells can be encapsulated in agarose microbeeds by homogenizing en aqueous
phase containine cells in molten agarose with an immiscible phase of l iquid paralfin: on
cooling, suspended agarose droplets gel into microbeads.i6 The gelled beads can be removed
tiom excess paraffin by centri iugation and then used directly or the cells can be cultured
and -grown within them. Bead diameter varies somewhat depending on the conditions used
during homogenization; the standard procedure ;-ields beads with about three fourths having
diameters between 25 and 75 pm. Since less than one bead in 100 is more than 125 pm in
diameter. these beads pass freelv through the plastic t ips used with automatic pipettes. The
concentration of cells per bead can be varied wideiv; however, when beads are packed with
cells 1e.g., l0'per mill i l i ter packed beads), many lie embedded on thc surface and these
tend to be detached on manipulation.

The pores in the beads offer no effective barrier to small molecules. For example. most
cellular proteins and RNA diffuse freely through them.'0'3 Indeed, agarose beads are used
routinely (e.g., as Biogel@ A-150m from Bio-Rad@) as a fi l trarion medium ior fractionation
of particles up to 150 x 106 daltons in chromatographv columns. Panicles of this size may
also be electroeluted from the beads.57 However. intact chromosomal DNA is too big to
escape and remains trapped within the bead. As a result. if encapsulated HeLa cells are
lvsed using the conditions traditionally used to isolate nucleoids, the properties ofthe resulting
encapsulated nucleoids are ver,v similar to their unencapsulated counterpafts.t3 Encapsulated
cells have been treated with a wide range of different conditions to selectively extract various
components from cells.ro Two wii l be described in some detail.

B. Beads Containing Intact DNA
Nearly all protein and RNA can be stripped from DNA using ionic detergents (e.g.,

sodium or lithium dodecyl sulfate). When cells iue so extracted. viscous DNA is released.
formine a jelly which can oniy be manipulated aner shearing and so breaking the DNA. If
encapsulared cells are extracted with l ithium dodecyl sulfate. the DNA remains trapped
within the beads.or Atler washins. the resultins beads are found to contain all the cellular
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FIGURE 3 Phase contrasr  mrcroeraphs oi  asarose bcads;onrain ing HeLa cei ls  { r )  or  rheir
denvat ives lvsed under isol t 'n tc condi t ions (b) .  Electron micrographs of  the same sampies
:re a lso shown in 1c)  and rJt .  The bars represenr l (X) ra.b i .or  5 pm (c.d) .  tFrom Jackson.
D '{ and Cook. P R.. .{:eneral method lor prepanne 

"-hromatin 
containins inmcr DNA,

EMBO J. ,  -1.  9 lJ.  198_s.  \ \ ' i rh oermission.)

DNA and less than l7c of the proteins. About l5c7c of the RNA remains and nearly all of
this is nascent RNA which is probablv complexed wirh rhe superhelical templare (see below).

Remarkablv. mitotic cells rreld stnrctures in which discrete chromosomes can be seen
after staining with ethidium and which are stable for davs on storage. Furthermore, the
encapsulated DNA - whether trom randomlv growins or mirotic HeLa - is supercoiled
because it binds ethidium in the manner characrerisric of circular plasmid molecules. (At
low concentrations. more dve binds to a neqativelv supercoiled DNA than ro its relaxed
counterpart. At high concentratrons. where binding induces positive supercoil ing, less dye
binds to the intact molecule. This difference forms the basis of the widely used method for
P_urifying supercoiled plasmid DNA free of relaxed piasmid or chromosomal DNA in cesium
chloride density gradients.) This supercoil ing is siable to electrophoresis, but relaxed by
proteinase K. Presumably these supercoils are mainrained in loops of DNA. and the kinetics
of relaxation by 1-rays suggesls rhat these loops are about 500 kb in size.

This survival of both supercoiling and chromosome morphology in lithium or sodium
dodecyl sulfate was very surpnsing and begs a number of questions. For example, are the
Ioops generated artifactually on lysis and do the loops have counterparts in vivo'/ It is easy
to imagine how a long DNA molecule, ordered in a mimtic celr into a ckomosome, mignt
on deproteinization remain so entangled wirh itself that it retains some chromosomal mor-
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pholour, Fibers cmanating from r)ne tangle and then retoining the same tangle later would
be responsrble f 'or the apparent looped structure. with rhe tangles concentreted about rare.
t isht l r  bound prote in molecules.  . {ccord ing to th is  jaundiced v iew.  the tangle in  v i t ro would
naturallv reflect the stnrcture in vivo. but only in the grossest sense. Of course. the same

laundiced eve sees the morphology of nucleoids. "marrices". and chromosome scaffolds
in the same wav.

However, might not these strucrures isolated in ionic detergents be closer to l ife than this l
If loops are generated artifactualh'on lysis. we might expect the more tightlv packed the
DNA init ially. the more tightly packed - and so smaller- the resulting loops. However.
mitotic and interphase loops are similarly sized and do not progressively untangle and relax
on storage or electrophoresis. Encapsulated chromosomes even retain their shape when
sub.;ected to an electric field in rvhich the polarity is reversed every 30 sec. If these are not
artifactual tangles, chromosomes - unlike scaffolds and matrices be maintained
bv iorces resistant to strong ionic detergents.'3 Hydrogen bonds between nucleic acids invoive

.;ust such tbrces. raising the possibil i ty that chromosome morphology is maintained by single-
stranded RNA or DNA bridgine different parts of one duplex. An intriguing alternative is
that a DNA molecule. bv itself. can assemble into a chromosome. Perhaps specific inter-
lctions betu'een identical sequences spaced along one duplex torm the duplex into a series
oi Ioops. The close apposition oi two identical duplexes to tbrm a tbur-stranded structure
in rvhich two basepairs are themselves specifically paired (i.e.. hydrogen bonded) is ster-
eochemical lv  possib le ' "  and stabr i ized by supercoi l ing. : 'The decis ion as to whether  these
structures isolated in strong ionic detergents are merel\ artit 'actual tangles or ret' lect rather
preciselv the ordenng oi DNA ln vivo must await the results of experiments that address
whether or not interactions at the base of these loops are specific or not.

C. Beads Containing Chromatin
If encapsulated cells are lvsed under isotonic conditions using Triton X-100 and sutficient

quantities of EDTA to chelate nearly all magnesium ions. structures resembling nuclei
prepared by conventional procedures remain (Fi-eure,lb). 'u Their DNA remains essentially
intact, as judged by the ethidium-binding assay described earlier. Like isoiated nuclei, their
chromatin is less dense than that found in cells, and since they have been treated with Triton,
they are surrounded by remnants of the nuclear memb.rane and cytoskeleton (Figure 3d).
When anaiyzed by one-dimensional gel electrophoresis. the proteins of encapsulated nuclei
are similar in amount and type to those of nuclei isoiated bv a conventional procedure, with
the obvious addition of cytoskeletal elements. Their RNA conteDts are also very similar:
both retain about l57o of the RNA labeled in 24 hr and essentially all that labeled in 2.5
min. How various procedures affect the aftachment of radiolabeled RNA in encapsulated
nuclei was examined by treating them and then removing any detached RNA by electro-
phoresis. Some of the RNA labeled in 24 hr is detached by hyper- or hypotonic treatrnent
and nearly all is detached by ionic detergents. Perhaps surprisingly, the kind of hypotonic
treatment (1 .5 nM NaCl) that is widely used for the visualization of transcription complexes
(i.e.. in "Miller spreads") must destabilize the complex since about half the nascent RNA
can subsequently be removed. Hypertonic treatment with 2 M NaCI detaches Iittle nascent
RNA and probably artifactually generates new aftachments so that some become less easily
extracted by lithium dodecyl sulfate. Even though sarkosyl extracts nearly allnuclear protein.
about 307o of the nascent RNA resists extraction: presumably this is the fraction that is
associated with the polymerase in the transcription complex.se Even after treatrnent with
lithium dodecyl sulfate or proteinas€ K, some nascent RNA remains trapped in the bead,
perhaps because it remains hydrogen bonded to the superhelical template.

Such encapsulated nuclei can be incubated on ice in buffers containing I mM EDTA for
hours without funher nicking. However, since such preparations might be used for tunctional
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studies,  thei r  s tabi l i ty  r t  37 'C in the presence of  .A,TP and !1g ' -  ions must  be known.
Incubation in I mM EDTA, I nr-}I ATP, and I m,|/ \tgCl. tor up to 30 min did not cause
lny n ick ing.  but  in  I  mM MgCl,  rhe DNA became s lorv l l 'n icked and at  h igherconcentrat ions,
rnore rapid ly  so.  Since th is  assav tor  n icks is  so sensi t ive -  I  n ick per  100 kb g iv ing the
maximum effect - this means either that there is very l itt le nucleolvtic rctivitv rn these
preparations. or that any nickine is efficiently reversed.

It should be stressed that the use of isotonic conditions does not necessanlv guarantee the
isolation of "native" nuclei or chromatin. onlv that the resulting preparation is l ikelr to be
less prone to artitacts than other preparations which use nonisotonic conditions. For erample.
the ionic balance within the nucleus must be disrupted. since the isolation procedure destrovs
the nuclear membrane. The availabil ity of chromatin containing intact DNA. in an accessible
vet stable and manipulable tbrm. should prove useful tbr studies on higher-order structure
in the nucleus and its relation to tunction. One such rnailsis is now described.

VI. TRANSCRIPTION OCCURS AT THE NUCLEOSKELETON

A. llodels for Transcription
The model for transcription that is almost universallv accepted involves a polymerase that

processes along the template to generate a transcript that is attached to the polymerase and
template at the nascent 3' end.3 This process takes place in the absence of any larger structure.
Like many received ideas. it tums out that there is l i tt le decisive evidence supponing the
model. Probably the best is provided by the photomicrographs of "genes in action" which
resemble Christmas trees.6 These beautiful images are usually obtained with complexes
containing RNA polymerase I. but analogous complexes containing polymerase II can oc-
casionallv be seen.'Such "Miller spreads" are prepared by first isolatin-q nuclei and then
"gently" dispersing the chromatin in buffered disti l led rvater.

Supporting evidence for this model is apparentlv provided by the many obsen'ations that
soluble polvmerases work in the absence of any larger strucrure. Horvever. >957c of po-
lymerase II pellets with broken nuclear fragments@ and can be released only by prolonged
incubation in Mgrt ions or by sonication.or Furthermore.' ir is not widely appreciated that
"semisoluble" polymerases init iare extraordinanlv inetficiently: one of the most etficient
systems. a crude "lvlanley extract". synthesizes correclly init iated transcripts at average
rates of (10 nucleotides per hout'r or 0.}lVc of the rate in vivo.6r

An alternative view results from rvork on nucleoids isolated using hvpertonic conditions.e 55

All the RNA labeled with very shon pulses is found associated with nucleoid cages and is
attached at both the 3' and 5' ends (see earlier). If nascent RNA is so closely associated
with the cage, then so too must be the genes from which it is transcribed: put in another
wav. DNA close to the cage should be richer than total DNA in transcribed sequences. This
proposition was tested by preparing DNA by incubating nucleoids with 6co RI; then cages,
and any associated DNA, were sedimented free of detached tiagments to yield a pellet which
retained 5Vo of the init ial amount of cage-associated DNA. This cage-associated DNA was
purified and the percentage forming a hybrid with an excess of total nucleoid RNA was
determined: 23Vo was complementar-v to nucleoid RNA. Assuming that only one strand is
transcribed, then about half this sample of cage-associated DNA contains transcribed se-
quences - a remarkable enrichment.

These experiments suggested that both ends of nascent transcripts were attached in some
way and that transcribed sequences lay close to the cage. If so, transcripts might be generated
as DNA passed through a fixed transcription complex which is associated with the cage.
This model for transcription was tested in another wav using a series of rat cells transtormed
by polyoma and avian sarcoma virus (ASV).'5 On transformation these viruses integrate
randomly within the genome so that viral sequences might be expected to integrate init ially
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i l t  r i lndom in the loops. However. i i the cells express the rranstbrmed phenon'pe. one rvould
predict that thc intesrated viral sequences, being rranscribed. would l ie close to the poly-
nrerase and so tt l the caqe.

Setluences were mapped relative Io theirpoint oiartachment using the procedure described
elrl ier - the results obtained wrrh the transtbrmed lines ere summarized in Table l. (Of
course. comparisons between diiterent cells should be made at the same levels of detach-
rnent.) In no case is the concentration of untranscribed albumin sequences in the DNA which
is closely associated with cages richer than that in rhe conrrol. In every case the integrated
vrral sequences are enriched in the tiaction of DNA that pellets with the cages.

One line - l ine 82 - was anaivzed more extensivelv. In general, detaching more DNA
fiom the nucleoids, whether with Eco Rl or Bam HI. enriched ail the viral sequences to a
-ureater extent (Table l) and the leti-hand junction sequence, which contains both cellular
tlanking sequences and viral sequences, was enriched more than the internal. and purely
viral sequence: both were enriched more than the right-hand junction sequence (Table 2).
This suggests that the left-hand fiagment is closest to an attachment site or is atrached the
strongest. Note that the left-hand. internal, and nght-hand fragments contain 2. I, and 0
r iral enhancers. respectivcly.

Does the virus inteqrate selectivelv in sequences lying close to the cage ordoes it integrate
randomlv, inducing new attachmentsl Various viral sequences and contiguous cellular se-
quences have been cloned. thereirrre these possibil i t ies were tested by seeing rvhethercellular
sequences which tlank the inscned virus l ie close to the cage in the parental Rat-I cells
tTable l ) .  Cei lu lar  sequences homologous to a l l  tbur  such polyoma junct ion probes tested
t i .e . .  32JI .  5 lCl ,  7TL.  and ;TRi  rvere readi lv  detached t iom untransformed Rat- I  cages
lnd cages prepared tiom ASV-transformants ti.e.. the relative enrichments are <1.6) (Table
1). By contrast. in thc polvoma r:ustormants these cellular sequences were ettached to the
integrated v'iral DNA and so were ;learly associated with the cage. The attachment of outlving
cellular sequences induced bv riral integration iras hiehlighted as follows. The junction
probe from the right side of the virus in 7a.xT {7TR) hvbridizes rvith one major Eco RI
fragment of 5 kb lrom parental Rat-l cells. When the virus integrates, it does so into oniy
one of the two homologous chromosomes, so that the junction probe now hvbridizes to 2
tiagments from the transtbrmant TaxT - I of 5 kb tiom the unaffected chromosome and
another of 5. I kb, which contains viral sequences (Figure +A). With total DNA. the 5 kb
band is the more intense (Figure -lB. channels I and l); however. when all but 47c of the
DNA is detached from TaxT nucleoids. the band intensiiies are reversed (channels 3 and
-l). The purely cellular 5 kb band is depleted while the virai 5.l-kb band is enriched. Clearly,
the virus induces a novel attachment. A similar enrichment of the viral bands but depletion
of the purely cellular band is obrained when the junction probe 82Jl is used with line 82
nucleoids.

Subclones of one of the ASV ransformants (i.e., A1l VIT) enabled the strength of this
correlation between gene activiry and proximity to the cage to be tested more rigorously.
Two subclones have lost the transformed phenotype and contain no detectable viral tran-
scripts. When these "flat revenanc" are treated with the antimetabolite, aza-cytidine, and
recloned, transformed colonies containing viral transcripts emerge at a high frequency. As
far as can be judged by restriction enzyme mapping, all cells in this series contain unchanged
proviral sequences inserted in the same cellular sequence, but differ in whether or not the
proviral sequence is expressed. ̂{gain, gene activiry is found to colrelate with proximity to
the cage (Table l).:o This correlation even extends to hybrid cells formed by fusing two of
the transformed lines with a normal cell. One hybrid is transformed, the other is not: in the
one the ASV provirus l ies close to the cage, in the other it does not (Table l).

One trivial explanation of all these results is that nascent transcripts, which are presumably
closely associated with their templates, prevent access of Eco RI to potential cutting sites
in transcnbing DNA. This possibility is unlikely since similar enrichments were seen when
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Table I
DETACHMENT MAPPING AI-BUMIN. VIR.{L, AND JUNCTION

SEQUENCES IN VARIOUS CELL LINES

Percentage DNA remaining rre lat ive enr ichment)

.{lbumin Polyoma .fsv
Ce l l  lVo \  tvo)  r?o)

-1 (  I  x  )  100 (no bands) l f i i  rno bands)

Poly. 'oma j r rnct ions

( q " )

a  1 a . g  v  r [ S l J  l ]
' l  ( 1 . 6  x  ) [ 5 - ] C l l
9 ( 1 . 0  x ) [ 7 T L ]
- r  ( l . l  x  ) [ 7 T R ]

6 (0 .6  x  ) [7TRl
5  (0 .5  x  ) [7TL]

Parent
Rat-  I

Polvoma-transtbrmed
8 2  6 ( 0 . 9  x ) 1 . 1  ( 1 . 7  x  )

6 t 3 . 5  x r
5 i 6 . 9  x f
-1 (.1.6 x )"
t ( 6 . 7 x 1

0 . 8  ( 1 8 . 0  x  )
6 ( 2 . 1  x )
-1 (4.0 x )
5 ( 3 . 0  x t

5 3
TaxT

Tsa 3T3

ASV-transformed
A  *  l l
A  +  a 1

A23
8 3 l
A I  I  V I T

.1 (0.9 x )
5 ( 0 . 7  x )

1 3  ( 0 . 6  x  )
3  ( 0 . 8  x )
6 ( 0 . 5  x )
5 ( 0 . 6  x )

l . l  (0.8 x )
I  ( 1 . 0  x )

Flat reve(ants of At I  VIT
l 3 N
2 l N  1 0 ( l  x )

Aza-cyridine selected retransformans of 2lN
2l aza-C trans I

2l aza-C trans 3

Nontransformed hybrid
A23tB2E3

Transformed hybrid
B3 l / 82E3

l 3  { l . l  x  )
- :  {3 .9  x  )
6  (> - j .0  x  )
5  ( i . 9  x )

I i  r l .  I  x ) "
l -1  ( : .0  x  )
I  (3 .0  x  )d
7  ( -1 .0  x  )
5  ( i . l  x ) "
5  (>9 .0  x  )o
- 1 ( 7  x )
I  ( > 9 . 0  x )

i  ( 1 . - 1  x  )
l 7  ( 1 . 0  x  ) b
l 0  r 0 . 9  x  )
1 0  r  1 . 5  x ;
-1 (0.8 x )
- r ( 2  x )

I  { 5 . 6  x )
7  ( 5 .  I  x )
I  0 . 7  x )
7  (6 .0  x )
6  (4 .5  x )

6  ( 0 . 6  x )
2  ( 0 . 7  x )

9  ( 3 . 0  x )
L . l  17 .8  x  )
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Table I (continued)

\ i ,1a '  \utoradlr )gr3phs l ikc those r i lustrated in Figure J were prepared lbr  each cel l  l inc.  usrnq pohoma.
. \S\ ' .  r ibumrn.  ( ) r  polvolna. tunct ion probes.  and sc:rnned usrng a microdensi tometer.  : rnd peak
nc'rshl5 ! \ere measured.  The:el l t ive intcnsi t res , r f  one oi  rhe strongest  bands r lnd hence the
:el l l t r  e ennchments )  were detemrined bv ref  erence to \ iml l i l  brnds obtarned wrth varvrnq weiqhts
, t t  t t r ta i  DNA. '5 3 ' )

'  \uc leords rrere obtained f rom r  populat ion contain ing 75ic rnrrotrc cel ls  obtained bv successrve
:hr  mrdrne and colcemid blocks.
tsam Hl was used instead of  6co RI in both digest ions.
\ucleoids were incubated with nbonuclease to remove all but Jcc or less of the RNA labeled in l5
mrn wtth i rHlur id ine 110 pCLmt) pr ior  to the t ' i rs t  Eco RI d i_eest ion.

' \ucleords were isolated from ceils that had been subjected to -15'C for l0 min. a procedure that
reduced incorporation of a pulse oi [rH]uridine into RNA bv >95?0.

Table 2
THE LEFT.HAND ECo RI FRAGMENTS

OF T}IE INTEGRATED VIRUS IN
LINE 82 LIE CLOSEST TO THE CAGE

Relative enrichment of

various fragments
Percentage DfA

remaining

l l

6
I
0 . 3

Left

l . r -  : <

: . 0  )<

3 . 5  x

6 . 7  x

1 8 . 0  x

Internal

t . ' x

- 1 .0  x

5 . 5  x

l l . 7  x

Right

1 . 6  x
1 . 0  x
1 . 2  x

1 0 . 0  x

tl

h '

C '

I

tl

e t

Note; Band inensities rn autoradiographs prepured h]<e those
in Figure I were measured and the reiatrve enrich-

ment's *ere dctermrned

From Cook.  P- R. .  Lang, J. .  Hayday,  A. .  Lania,  L. ,  Fr ied,
M . ,  Ch i swe i l .  D .  J . .  and  Wvke ,  J .  A . .  E |BO J . ,  l ,  44 ' 7 ,
1982. With Frmission.

1. Bam Hl replaced Eco RI in both digestions.
2. Nascent RNA was detached prior to Eco RI digestion.
3. Transcription was suppress€d by heat shock or dunng mitosis (Table l).

B. Testing the Models
The essential difference between these fwo models for transcription is the participation

of a larger nuclear substructure at the active site of the transcription complex (Figure 5). In
theorv they can be distinguished using encapsulated chromatin prepared under isotonic
conditrons, by fragmenting the chromatin with an endonuclease and finally removing any
unattached chromatin by electrophoresis. If the polymerase is unattached to any larger
structure, then all three constituents of the transcription complex, the nascent transcript,
active RNA polvmerase, and the transcribed gene, should all escape from the bead on
electrophoresis (Figure 5A). Indeed, we might expect even low levels of digestion to lead
to the preferential loss of all three, since active genes are preferentially cut by endonu-
cleases.n On the other hand, if the polymerase is attached. all three should remain associated
with the larger strucrure since it is too big to escape from the bead (Figure 5B). It turns outi
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Channel
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o/o remaining

FIGURE 4. Detachment mappng of a junction sequence (7TR) in 7axT. (A) Two loops on

each of two homologous chromosomes of uninfected Rat-l cells are shown (i) attached to the

nuclear skeleton (hatched area). On transformation by ASV, the virus integrates into one of the

loops (solid rectangle) to yield line 7axT. This line might have unaltered attachments (ii) or

contain a novel artachment (iii). The junction sequence (7TR) of 5. I kb from TaxT hybridizes

to the 2 homologous 5-kb tco RI restriction fragments in Rat-l and to fragments of 5 ard 5. I

kb in TaxT (from the unaffecred and affected chromosomes. respectively). (B) Various amounts

of tota.l DNA or DNA which resisted detachment by Eco RI (4Vo remaining associated with

cages) were applied to rhe gel. Auroradiographs were prepared using the junction probe 7TR.

In the cage-associated sample (channels 3 and 4), the 5. I- and 5-kb bands are enriched 2.4 x

and 0.6 x,  resp€ct ively.  (From Cook.  P.  R. ,  Lang, J. ,  Hayday,  A. ,  Lania '  L. '  Fr ied '  M. '

Chiswel l ,  D.  J. ,  and Wyke. J,  A. ,  EMBO J. ,  1,447,19E2. wi th permission.)

that a.ll three remain trapped within the bead consistent with Figure 58.57 A typical experiment
demonstrating that little, if any, active RNA polymerase II can escape is now described.

Cellular DNA was uniform.ly labeled with 3H, the cells were encapsulated, lysed under
isotonic conditions, and RNA polymerase activity was assayed by incorporation of [3'?P]UTP
into acid-insoluble material. The resulting encapsulated nuclei contain active RNA poly-
merase II, which is halted by lysis during elongation on the endogenous template. This
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FIGURE 5.  Two models lbr  tnnscnp(ron.  tA) RNA polymense ( . )  processes along the DNA
I -  )  svnthesrz inq : r  nascent t r3nscnpr rwavy l ine).  Two al ternat ives are depicted -  in ( i )  the
nuclear substructure has no ro le.  *h i le in r i r )  i t  oreanizes the chromat in into looped domains.
{B) The same looped domarns:re presenl in tB). but now trrnscripts ue generated as DNA
moves past a plrlvmerase which is also associated wilh the nucler skeleton {halched area). A
vanant of (B) is that the 5' end oi the nascent transcript is also attached in some way.e After
cutiing DNA with an endonuclease (arrow) and e)ecrrophoresis. nascenr RNA. polymerase, and
actlve genes should be retained *ithin the beads (broken cjrcles) in (B). but not (A).

polymerase does not reinitiate. but elongates the existing nascent RNA chains under these
conditions. Eco RI digestion of the encapsulated nuclei reduced the total amount of RNA
made in vitro to 85Vo of that of the control, presumably because the template was truncated
or its contbrmation otherwise changed. Subsequent removal of 707o of the chromatin by
electrophoresis reduced the activiry no funher. Therefore the polymerase resists removal,
unlike the majonty of the chromatin. Although the chromatin fiber has been cut into pieces
sma.ll enough to escape, perhaps the nascent RNA and associated protein made the tran-
scription complex too bulky. Therefore, beads were incubated with sufficient RNase A to
detach >957o nascent RNA and hence RNP. With or without electrophoresis this reduced
the polymerase activity by about 157o. Treatment with both RNase and Eco RI, followed
by electrophoresis, removed >95Vo nascent RNA and 73Vo of the DNA. In contrast, 707o
of the polymerase activity remained and this reduction by 30Vo could be explained by the
additive effects of Eco RI and RNase treatments (i.e., l57o plus l1%o). Clearly, little if any
active polymerase escapes on removal of 

'737o 
of the chromatin and more than 95Vo of the

degraded RNA and associated ribonucleoprotein. This suggested that the franscribing com-
plex must remain very large, too large to pass through the pores in the bead.

These results naturally beg the question: to what is the complex attached? However, these
srudies did not answer this question; they only suggested that the structure resists electro-
elution and so is probably very large. However, it seems likely that the nuclear cage and
matrix are intimately related to it. The term nucleoskeleton was used to describe the strucfure
found under isotonic conditions to distinguish it from the others isolated in2 M NaCl, and
it was suggested that the nucleoskeleton was the structure with which the transcription



:
1
I

ai

" t. t'1
.1
J

tt2 C ltro mo sone s and C I t  r , , , t t t t  t  i  r t

complex is associated. Obviousir. iurther ', '" 'ork is required to deflne the nature of the
nucleoskeleton and its proposed inreractions w'ith the trtnscription complex.

Transcription complexes seen in spreads atter exposure to hypotonic media are not attached
to a larger structure. whereas their counterpans isolateci in I ' !/ NaCl are. These apparenrly
paradoxical results can be reconciled if i t is uccepted that borh'tre artifacts. In I M NaCl.
nucleosome structure and polvnrerase activrt\ are destroved. while attachments oi active
genes and nascent transcripts to rhe nucleo:keleton rre :etained. Indeed. new attachments
may be -qenerated.ro5{)  On the other  hand.  in  h\potonic nredia.  nucleosome st ructure and
polvmerase activitv are retainecj. but the transcriptron ..)mple\ is disrupted and some tran-
scripts are detached from the nucleoskeleton. Since hrptrrtrnic trcitment removes ()ne quarter
ot  the prote in of  encapsulated nucle i ' "  and s ince no ske ier l l  s t ructure can be seen in " \ l i l ler"

spreads.  i t  mav even be destrored.  Of  course.  i t  mar tum rrut  thut  poi r rner lse I I  t ranscr ipt ion
uni ts  are at tached.  whi le  the pol lmerase I  t ranscnpt ion uni ts  usual l l  seen in spreads r re not .
ln  th is  context  i t  is  worth not ing that  both polvmerase I . rnd I I I  tun l ike polvmerasc.  I I )  are
tound in the soluble t iact ion, , r 'hen nucle i  are prepared.  This suggests that  i f  these tuo
enzvmes are attached. thev and poll,merase II must be rttached difterentlr.

V i I .  TRANSCRIPTION OF LOOPS OR CIRCLES

Transcription of loops or circies poses a number of topological problemse which appll '
equal l l ' to  models involv ing mobi le  polymerases ormobi le  tempiates.  (One must  necessar i ly
move relative to the other.) Imagine the polymerase oi Esclrerichia coli transcribing a
supercoi led p lasmid DNA molecule te.g. .  ; rVX).  of  rbout  I  kb in  length.  by processing
along I strand of the double helir. Such a circular tempiate would have a radius of about
9 nm if condensed 6-iold by supercoil ing. If the transcnpr encodes a polypeptide. the enzyme
(radius about 7.5 nm). plus transcript. attached ribosomes (each with a radius of about l5
nm) and nascent protein must all pass once through the center of the circular template on
transcription of every turn of the helix. Even if they managed to do so. the resulting transcript
rvould be intertwined around the lemplate once loreren helical turn transcribed. and could
only be separated completelv trom the template by rotatrne one end about the template axis
(once tor every turn transcnbed). .\s this whole process seems implausible, these problems
must be sidestepped. The inten*ining. but nor threading, problem would be solved bv
at taching both ends of  the nascent  t ranscnpt  to the polvmerase:  then the 3 'and 5 'ends
necessarily rotate about the heii.r eris the s{rme number oi t imes. Both problems would not
anse if there was no net rotation of polvmerase and remplate about each other. This could
be achieved by a discontinuous eiongation process in *hich the polymerase transcribed one
rurn of the helix, then paused. and rotated once back around the helix axis before repeating
the process. Alternatively, the polvmerase might transcnbe a separated or "melted" template
strand which did not intertwine locally around the other. If no covalent bonds were broken,
then the melted turns must necessarily be stored elsewhere in the template. This could be
achieved by altering its supercoiling, but it is difficult to imagine how sufficient supercoils
could be stored during the synthesis of long transcripts. If covalent bonds in the template
were cut and resealed. then meited turns could be removed and reintroduced 1e.g.. by a
nicking-closing activity) dunng rranscription.o 65 Another possibil i ty is that covalent bonds
in the transcript are cut and resealed, with the template passing through the cut. In eukaryotes
such a cutting and resealing occurs during splicing. t

These formal possibilities are listed here to emphasize the constraints that apply to any
model o[ transcription whether applied to prokaryotes or eukaryotes. It seems to us that the
most l ikely solution involves

l. No net rotation ttf polvmerase and transcript about the helical axis simpty because
thev are too bulkv
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VIII .  , \N ATTACHNIE\IT HYPOTHESIS FOR TRANSCRIMION

We envisase the nucleoskeleton as one part of the active site of the transcription complex.
organlzlnq the template - the DNA - in three-dimensional space into close proximity to
the polvmerization site. Transcriprion proceeds bv passa,ee of the DNA through the complex
to yield attached transcripts. If the polvmerase is tethered to the nucleoskeleton. then genes
closely associated with this skeleton wil l be transcribed in pret'erence to those that are remote
ttom it (Figure 6). Then it becomes easy to imagine horv selective attachment of genes to
the  nuc leoske le ton  m ieh t  unde r l i e  se lec t i ve  gene  r c t i v i t y  du r i ng  deve lopmen t  o r
oncogenesis. '  ro  u6

The attachments and detachments of the integrated viral genes described earlier are entirely
consistent with this hypothesis. .rs is the close association of the expressed ovalbumin gene
- but not its unexpressed counterpart - with the "matnx".r0 An infectine virus wishing
to subvert the cellular transcriprion machinerv would have to attach to the nucleoskeleton,
and this is indeed true of int' luenza virus.55 The hypothesis also allows a reinterpretation of
some old data on the structure oi DNA in nucleoids derired tiom various cells of the avian
ervthrocvte l ineaqe.I Development from the immature and transcriptionallv active erythro-
blast through the reticulocl'te to rhe mature but inactive erythrocyte is marked by the dis-
appearance ofthe nucleoid cage.rnd a progressive loss oisupercoil ing (perhaps detachment)
of the DNA. When the inert enthrocvte nucleus is reactivated by iusing the erythrocy'te
with an rctive cell. elements oi the nuclear matrix rerppear.6t The inactivation and then
retctivation of transcriptional actrr itv correlates with the disappearance and then reappearance
oi the cage or matrix; it also conelates with the progressive detachment and (presumably)
reattachment of the DNA.

What might tngger specific rnechments of target sequences during development is com-
pletelv obscure and could involve any one of three formal possibil i t ies. First. their chemical
constitution could be altered. e.g..by rearranqements l i le those involved in the activation
of immunoglobulin geneso8 or bv modifying (e._r., hypomethylating) their DNA.6e Second,
their affinity for the nucleoskeleton might be altered by changing their conformation. perhaps
by coil ing or supercoil ing them in a different sense or degree.'o-'? The third is the traditional
one which involves the selective binding of specific anachment proteins.'The availabil ity
of chromatin prepared under isotonic conditions should a.llow us to isolate attachment se-
quences and their binding sites. so enabling us to distinguish between these possibil i t ies.

Switching genes on by attachment can be reconciled with old ideas on the importance of
a critical cell division prior to restriction in developmental capacity. If specific sequences
become permanently attached as they are replicated at the nucleoskeleton, the order in which
adjacent genes pass through the repiication complex might determine their sequence of
expression during development. Interestingly, the cr- and p-globin gene clusters are probably
each in one loop in HeLa cells." and genes in both clusters are arranged along the chro-
mosome in order of their expression during ontology.t '

What sequences might be involved in bringing the gene to be transcribed close to the
polymerase complex? They would be expected to increase the rate of transcription dramat-
ically and to be cis acting, and these are just the propenies of "enhancer" sequences.'5'76
Cunent thinking views these as "entry" sites for a mobile polymerase: instead. they might
be entry sites tbr the mobile remplate. bringing it close to a tethered polymerase.

Polymerase attachment has a number of other interesting consequences. For example,
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RGURE 6. An attachment model for differentiarion. In the undiffercntiated cell,
nuclear DNA is specifically attached ( r ) to the nucleoskeleton (hatched area)
form.ing loops. During differentiation, novel functional attachmenrs (A) specific
to a cell type are generated, bringing specific genes (A or B) close to a poly-
merization site at the nucleoskeleton (P). In tbe presence of polymerase and
appropriate transcription factors, the attached geDe is tra$crihd as it moves past
the polymerase, generating an attached transcript.

only certain sequences - perhaps only those within one loop of DNA - will be accessible
to any one enzyme or cluster of enzymes. Put in another way, a polymerase will be dedicated
to transcribing a few, and perhaps only one, transcription units. Furthennore, there will be
stnrctural constraints on attaching fwo adjacent promoters. Hence, when they are very close
together it is possible that stable DNA-nucleoskeleton interactions allow only one to function
at a time - precisely this type of effect has been reported.TT Increasing the distance between
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the two promoters. so that thev can both loop back to the nucleoskeleton. might enable both
to t-unction.

According to this hypothesis - obviously highly speculative - genes within nuclei are
or-ganized in a quasi-crvstall ine manner. and where a gene is in three-dimensional space -
its proximity to active sites on the nucleoskeleton - crit ically determines its function.
Different tissues within an organism would be characterized bv different arrays of atrach-
ments. but within a tissue the three-dimensional strucrure of DNA would be very similar
fiom cell to cell. It is easy to imagine (in a general sense) how gross structural changes of
the type described might be duplicated when the chromosome was duplicated and be suf'-
ticiently stable to persist through mitosis, so that a parricula-r differentiated state might be
stably inherited by the mitotic descendents of a panicular cell.toT' In addition. such gross
structural changes might be expected to induce more subtle changes in chromatin confor-
mation, e.g., making acrive genes sensitive or hypersensii ive to nucleases.e

A hypothesis in which attachment is a necessarv precondition for transcription is readily
extended to include replication. the repair of damaged DNA,:7 78 and recombination. Such
a general hypothesis might appeal to a mariner. who knows that ropes of any length must
be tied down at all t imes. othenvise they become taneled; and if that mariner wished to
work on a piece of rigging, he would first bring that piece down to the deck and secure it
f irmly. The same may be true of rhe long nucleic acid polymers in the nucleus.

IX.  CCNCLUSIONS

The tleld of higher-order stmcture in the nucleus has been bedeviled with the problem of
whether or not a particular structure is an artifact. To a large extent this has been due to
our inabil ity hitherto to isolate nuclei and chromatin under physiological conditions. while
preserving the integritv of the DNA. Now, however. it is possible to isolate chromatin under
isotonic - if not physiological - conditions, so that we can be more confident that some
of the controversies will soon be resolved.
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