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SCOPE- ARD CO‘QTEIII‘S Alnost all the genetic mfon:ation of the eucaryotic
cell is contained in the nuclear chr omosozes. How regulation of the ’
’cmprcssion of th:ls infomation take.s place still rezains as one of the

great mysteries cf the Biological Sciences. In this thrzmis an attempt.; -‘

.

1o made to look at a fou of the chamical ccmpoacnts that may ‘be

involvcd 1n this proccss.

~
-

mramtin (the: intctphase forn of the ecucaryotic cell genu:c)
T

of a m....bcr of tissue culture ccll l.inas has been fmcti.onatcd using .
;-cm novel tcchniquea into its four najor components: , DEA, mm, T

h P
"hictcncs anﬂ ncn-histonc proteins. '

0f theze fcur £mctiom tho mm fraction has rcmincd the lcast
t;;-.:ll chamctcrizcd * This thcsis attc:pta to decusnstrate tha: the RINA
..: Eracticn in chi‘mtin.is conzrary to the opinien oE a m:::bar of pcoplc
ot pm”ant. a ccz:plmz fmcticn. quitc dist:inct fm other cellular

A €CTROnLNTT. a vodel is pmcntcd vhoreby rgcnﬂ zcgulation in '

T

coeazyotic cells tales place vid the interseticn of chmmsmal . EB

protoin, mﬁ A cmanmm. ) o
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. 1 INTRODUCTION  ,

" The pfiﬁgiples involved in fegulatiou of gene
expression‘ﬁas bérn in 1866;‘with the picneeriﬂg wdrk
of Georg.e Mendel, it 1&5 -unnotliced by his \
contempora;ies ﬁn;il the beginning of the ZOtﬁ century.  In the - g
years following.fhe.redf%cowefy of Mendel's laws, by De Vrieé, | ' .
Correns,'and Tschermak, the new science qf éenetics ;as formédk
Morgan in 1919, working with the fruit fly-Droaoghila, concluded
that genes a;é unique entities carried in the chrﬁmosomeé of the

cell nucleus. Even in those ploneering vears the gene had emerged

as ;hc'e;cmgntnry udit of the ‘blueprint of the organism. It became the

»

' biologista'ﬂEEQ Today in ‘the case of such simple living thiugs as 2
viruseg and bacteria, ic immeéhea as a structure of never ceaaing uonder‘
the epitcmy of aimplicity and cozplexity nolded togcther in harmony to
present the mysterious fcature of life-— the pcwer of self-dnplicﬂtion.
S$in¢e 1950 there has been a spcctaculnr grouth in Ou: under- T
standing of the nature of :hé gene, Thiﬁ growth is due in fact to,
firutly,_Bur succcéﬁful application pf biochemicgl and biophysical ;
'fechhiéucb to dismantle the gene and exanine its ﬁﬁme;ous:compbngnta,
- and cecondly, the exploitation of microorganisns cuch'aa4viruses and
bactcria to study how the gene functions in vivo. o _ ‘- | ;o g

The genntic studies of the firat hal$ of tﬁe century had
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f,smce the cat'ly sixties, the study of how the genotic inform:iou

. 1nd1ca;ed?tﬁat the ceIl‘s*blueprint_was stofea io a defined manner . =

- . . ~ ’ C" - N
in the chromosome. How then were the-plans of the blueprint transformed

o

.. into a liﬁing organism? : ¢ T R

. It was eventually,realized that the primaty functional

property of the gene was to code for Ehe enzymes within the : A e';u

\

cell. This functional property was decisively denonstrated by Beadle eyt

and Tatum vhen they showed that different genes in. Néuroapora crassa

controlled the presence of specific enzymes invéived in complex '
metabolic_pathways ;n the coll.; Mutants whioh;had,IOSC oe}tain_genes,-
couldroo;‘sorvive under certain onvironﬁentai_conditioﬂs becou;e théy

no "longer had tho roquired_enéymé to metabolize oné‘or“cmreIEEtobolic A

components'the new environment had presented to.the cell.

Our pfesent undefstaoding of thé.ohemical naiure of the gene’

cones principally from the elucidation of the structurc® of DYA

(Watson and Crick, 1953), the chemical oubstonce of whith genes arci“

made , uThia quickly lcd to an appreciotion of how the gene reproduceo

* (Meselson and Stohl, 1958) ond the: rolc geoes play in tho nynthosio of .

<.

* - the vast arfay of proteins in the cell (ﬂpagland S:ephonoon, Scoct. f

<y
Eecht, and Zamocnik. 1957, Nirenbcrg and Hatt ei, 1961° Harnet,

| e "
'Kropf ond Rich, 1962 Smith Salas, Stanley,- Hahba amd Ochoa, 1965)

5

otored on the DHA 13 proceoseﬁ into individual cellular protoins hao‘“

grovn intd a vcry complox branch of ocionce. Particnlarly for sovue

‘ pto:aryotic cells, dotails obout the mecﬁanisms of protein oynfheoio°

are known, which a few yoars‘beforc would have bcen.though: of as -

unattainay;e. It vas through a mooaive trust in.pobltq‘iatereat and,

- N [

d

[
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a‘uépoéc, and _th‘e- judicial use of a linited number of biochemical snd :
biophysical techniques. that the basic aspects of the wechanisn of
protein synthesis emerged

It soon became clear that-while all cells carried
<‘ost protein synthesis in essentially the same
-rmanner, the cplls from one species to anothet diffeted in two. important
respects, Firstly. cells of different species contained different
bsse sequences in their DNA - e result that is not too\surprising when

ve. consider that the cells genetic information ie atored in the form of

a triplet nucleotide aequence along one strand of the UgéZ//The second :

way one. cell differs ftcm ‘the’ otﬁer is the basis of this thesis, ‘
¥

namely different regions of the DNA are transcribedginto proteins in .

different cells.”'In*this way;one cell typo way have a very different {
set of protein compouents from another depending upon . its envitonment,
: its passoge through evolution, and its pnsscge through the diffetentia-

tion procees in the orgsnism. The degree to which any one gene will be

transcribed can’ vsty from almost no detectable transcription -a

i

to slmost continuous trsuscription throughout thc lifetime the ccll.

It is.cn understanding oélthis geuc regulation that the forces 4

. nature still tetcin from us, and tbus prevent us from undorstnnd'

.f

3 and.
poosibly futthct modulstin0 the process of 1ife..

Coasidcrsblc ptogtcos has been msde in undexstsnding the mcchcnisn i

;i of teauletion of bacterial gene exprcssion (Jacob cnd Houod, 1961 )

Wl
r

Gilbcrtssnd liueller—ﬂillt 1966 Gilbcrt and Heullet-ﬂill, 1967' Epstein snd

Bccksith, 1968) Althcugh the study of’gone regulstion in proccryotcs hes ,-'

AN
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* These structures alone would indicate that the"cucaryotic cell has a

&

-

. = : .
been both interesting and imﬁgrtant, itwhas nevertheless soze -

limitatious. Many feel that a direct extﬁgpolaticn oﬁ_processes in

bacterial cells to higher organisms 13 far’ too aimple—minded. The

d eucaryocic cell contains many timea nore DNA with greater coaplexity

than_ the bacterial cell and'carties vast anounts of info;mation.: So

i

nany’ complex procesaes are going on Bimnltaneously'aith thousands of
5 ~
proteins being aynthegized at a time, that it scemed virtually

- .- .
impossible to segtegate individual processea for detailed analysis.
Hawever, atteopts to unravel the e&caryotic nystem have improved

couaiderahly during the past few years due tq technical . progress in

1solation‘and examination of various sub-cellular componenga and the

ahility to reproduce, in vitro, itions and prdccésés gimilar to

thése*that occur 1n the cucaryotic cell in vivo', |
6 — i
There are manyﬁclear mo:phqloglcal differences between

-

ﬁrocafyotic and eucaryotic.caiis.. Por eximple, cucaryotic cells

‘posgess nuclei, nucleoli, endoplasmic reticuluﬁ ard a golgl apparatus.

- ’ ’ . . . u
- very ouch more complex structure than that of tha procaryotic cclli.

Hﬁéﬁ wu'loo& at the nature of the 3en¢§1c nmteziml in'thm

cucaryotic cell wo .oee’ that not only o there mnnh znre oA prescnt

+

in tetmn of absolute aznun: per cell, but this DEA 1a only pazt oE
a vory ccuoplex Btructura‘- thoe eucaryotic chxomnscmm - which nlaa
ccntains conaidcrabla anounta of protein and REA. |

| - Tho chrumnsamm can exiat in two. Ecrms in the cucazyucic call.
It can exiﬂ: as a ccm@act, highly ordarad structure duxing cell

mitemim. Fig{ﬁ},@huws m preparatiaa of someo tygical mmtaphama

<




.chromoscmes obtaiued frcm a human cell line (Hela cells)

= -

- An eno%?ous-body of work has -gone into studying the mataphase . B T\_ﬁx
chronosone, particularly its morphological characteristics (see ‘ . . _/3

- Du Praw, 1970 for a review). \The metaphase chronoscme 1a, however, i
quite 1nactive as far as gene transcription is cuucerned (Kasten and
Strasser, 1966).‘ In this thesis we shall be concetned with the other |
forn thé'%ucaryotic‘cell gqpomg takes up. During cell interphase, N P

tﬁé total génnme bécomes disorgahized into an apparentlyqtandom'
‘_fiberous scructure which we‘call chromatin. -It io as chro@atin that-

1 the genome is genetically nctive in tha‘cell. Fig. 2 shows an’ ;'
electron micrograph of a typical chromatin pteparatiou. o |

- T It is now believed that the decision of which regiona of the

cucaryotic cell DNA will be transcribed into RNA and translated into’

ptotein rests. upon the highly ccaplex interaction of - :he cellular
protein and ;NA cumponents with'tha DNA. There is ‘a vdst azount of'
cxpétimnnﬁgl:dataffor.thialéonclﬁsion. for:exa?ple:' Séone tIQSQ)!
MeCarthy end Hayer (igsA),-naéidEon (1968). xhe‘exéezimanzé of
Gurdon (1962) have chown that nuclai frou a sizable prgpor:ion of the
'diffetentiated tntestinnl cells of a feeding nopus tadpole posscos
the capability of dcveloping into a normnl adult when implanted into
ezuclcatcd egga from the sdma npecies. Tﬁia demaamtrated that
differcntimtion.and thus highly complex chanaea in gena zagulation,
-nced ot invo{gp irrevarsible changes to any mignificant par: of the . .
" total callular gEnODR Y Thna any irtevetaible gens inactivation such

- as Iosa of’unused regicnm of callular DEA cannot be regarded a9 a

5
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Figure 2. Ca&lf thymua chromstim. X 42,800 (Prom Bran and Ris, 1970).
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fundamental mode of control. ; It has become clear that aply a small -
portion of the total cellular genome is acfive in any eee differentiated
cell. The fraction which 1s active will depend ptx the type of |
differentiated cell. Though this was. briefly proposed by- Horgan in

193_4 (Horgan, 1934), the serious proposal‘ that variable gene activity -~ -
c?uld underlie differentiation can be consideted tg date fron the 1_‘
early 1950'9, and the writings of Mirs’ky (1953 and 1951), Stedman and
Stedman {1950), and Souneborn (1/950) ‘In the last decade the : eory
has beer tested direetly in many ways. Strong evidence now exists -
_supporting the exiafence of an. r'ix':uac.tive chrom“fin Chetereehromtm)

fraction in differentiated cell nuclei which includes the mjor

) porfice of the gend:nic DHA. Allfrey and H:Lrsky (1958, 1962, 1963) for

_‘ example, have demonstrated that more than 75X of the DNA in isolated

caiﬁ thyme nuclei can be rezoved with DNase ﬁitﬁoht impaiting km
aynthesis, provided that: the him:ones thus relecased are i.nactivated

and an edéquate ATP supply i ensured. ] 'i'hie REA eyn:hesis. however,

. 15 dependent on the ptesen‘\n% of the re:mining einotity fraction of the’
nuclem.' DXA. ‘I.n the lnboratoty thoe inactive ehrr.matin of the thyms

aucleus has been visnal:l.zed in the elec:ro'n microscope and hau even been

T

L3

partinlly wolat:ed. . o

-

b3

‘The ftaction of che geme acmuy functicml in differcntiated
' ceue (euchrmatia) lma also been uted!.ed. I%eemmmcnts based -on

" REA-DNA hybridizec;lon ptocedu:ee and on chtcm.mun texplate ac’tivity

- ¢

now exict for a number of different:leted cell types. In the bybtidizetion ”
meﬁmﬁte redioective}.y lsbeled, uewly mtheeued REA mtected Emm '

P
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various differentiated céll types 15 annégled‘with homologous DNA

under conditioﬁs favoring hybrid forﬁagibn between the RNA and comple-

. méntary. stretches of DNA. Comparison betueen the amount'of'DHA'(

: hyb;idized and the amount uhich could have engaged in hybkidization

}
under the conditions used have shown ¢hat in dlfferenciated cellg

only about 10% or less of the.genonic fraction assayed is actually ,

active in BNA Bynthesis {Davidson, CtipP&, Kraner and Nirsky, 1966

*tShearer and McCarthy, 1967 Paul and Gilmour, 1966' Georgiev. Ananieva

and. Kozlov, 1966)., Similarly, in 2 variety of tissues, only about 102

of thg template activity displayed by purerDNA aépeaza to Ee aVailable
in differentiated celi'chromatin piepnrﬁtibns, It haa hgen shawn in
several such studiess furthetmore, that the chramatin prepanationﬂ
cmployed function in a "normal” mamner in that the spectrum of gene
producta which thé;'produce in vitro correspond to thogé‘synthcsized

in thnt cell type in vivo (Paul\gnd Gllmour, 1968).

Other BHAeDYA ‘hybridization experimanta dcmouatrate that :bc

~apcctrum of gcnea active 1n each tiaaua is indeecd dintinct. exaccl#

as thc theory of vatiable gene activity nsccuuitatca, sn that tha RHA

gene ptoducts of each cell type hybridize.eitb partly overlapping but

- partly nonoverlapping regions of the gercomic DRA. -

Fnrthcrunre. both templa:e activity and hybtidizaticn atudics B

dcmcnntratc that the upectrum of gene aativicy changca as tha;m:ate -

of call differan:incion changes, for instance. 1a itver raganaration

(Thaler and Villea. 196?) and in botmnnﬂ respcnge (e.8.» O'Emllay.

HeGatre, Middleton, 1968) The presence of partislly diverse ERA
‘populations spmcific to givan differentiatwd call types and to givan

t . I

»
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states of’diffarentiation clearly'represents a direct verification of

.

the variable gene activity theory of cell-differentiation. It is not -

‘yet established how the template activity of chroz tin is regulated
~nor is it known what are the componente:in the cell that are involved
in deciding which fraction/of ‘the genome should exist as euchronatin,'
and thus be ge;étically active, and which fractions should exist as
ﬂetegochr;matin. ’ |

. Shromatin as it is isolated from the cell contains three
E'qajor;:;;;onents, DNA, protein and RNA. Let us quickly su::ari.e

what we ‘know about each of these ftactipns.

. -

e

——— et . +

In 1874 the Swisa biochemist H1e$cher reported the purification
’ ’ =
of a substance from salmnn sperz that he called nucleic acid; later it

‘wag found that there are two typea .of nucleic” acidrin all ceils, und '

that Miescher' a compound was the substance of the genes. deoxytibonucleih

_acid (DHA) After Fcurgen 1ntroduccd a apecific stain for DNA 1o 1924,

. this material was shown to baxlprgely localizeé‘in the nuclci and chrc:-

J

oscﬂca of both plant and animal cells; by contrast, thc other mojor class
%
of nucleie acid;‘ribonucleic acid (RNA), occurs prinarily ontside tho -

. oucleus in the cytoplasm. In 1969 Hirsky.and Rim quantified‘?eulgan 8

\..

stain nud Succeedcd 2n measuring the DWA content of 1ndividual cell
nuclei they concluded that the aﬂount of DWA per- . ’ e
chrc:dLome sct ia approximatoly constant 1n X aiven spee ea, a

cha:acteris:ic_that had bea; ptedicted for the haraditary‘gaterial.‘



' . denstured DNA will in cuitable conditions tcfcm a duple:: gtucLure.

The chromosﬁnes of mmale ‘have about 5= 10g base pairs in

the DNA of each haploid set, and__;;t would not have been surpris:lng
if the sequences comprising. this vast nuzber of bases had properties
_which differed e.o _lietle from ehe 'taean,r that'furttier analy‘sis- would have
been' inerel'ctible." The last Iilve years have shoum, however, that! i_:he
gen&mee of higher organis_m.;: have many groups of 'sequ.enees eith '
properties so different from the mean that ‘they can be purified an.dv'
even their basic sequence’ de,temined. km of these special groups of . i
aequencea are peculier to higher organiems end are n:ot £oun.d in bacteria
or phage. Some of l:hem have known functio:'xs: oth;zrs have not: Ome

rking hypothesis is that these unknown special sequences are somehov

concemed with proceases peculiar to higher: organisms the organ:lzation .

of their chromsms or differentiation. for exauple. _

- Two diecoveriea in the mleeular biology of DNA hade made this
work poeeib.‘;e; t_:he .demons:rations by Meeelson_, S:ahi and Vinoarad_ (1957)
| that DHA moleculee of 'differenl: ccmpoai:ion'cm be separated by R

- bunding 1n dense ealt 3radienl:a and by Marcur god Doty (1961) that

very like ita originel mtiva fom. It oo eypeam :het the DA’

- containe in eddition to im base eequences for epecific ‘gena protein.;.
‘ a

- .ppecial base sequencee ‘which are redtmdenr, in that they repeat over

and ovor again: throughout the. cell genoze. Their ptesence can be
dmmtggted by looking at t.he rmmraticn amu@ of dmtured
paA (Britcen and Kohnn. 1963) |
| - 1% low mieculer weight DA from a ‘highez o‘:geniem 15 heat - L

- R : i
! \



: denatured and then returned to a tenperature sone 25° below its. Tm, it will

\_‘—-
reassociate (or renature) and the time coureg of this :eaesociation can be

foiiowed either optically or by periodical .column fractionations whieh
distinguish reassociated from denatured molecules. The time-course of -
such a reessociation is usually discontinuous as shown in Pig. 3 for

the calf. . This. figure taken from Britten and Smith (1970) shows clearly
the dtfference-between the fintermediate fraction" teassociating between
Cot 0.0001 and Cot 1 and, the "slow fraction" reaseeciating at Cot values
above 100. Different oiganisms_heve different shapeg‘fer this kind of
reassociation curve. N . o |

Britten and Smith (1970) have calculated that for some rodents 3

few sequences preseat in the "intermediate DNA fraction occur as often =

‘as 66, 000 times and contain sequences up to 17, 000 nucleotides. long.

Repeated DNA has now becn identified in all higher speciee that have been

exemined (Britten and Davidson. 1971); It constitutes-as little as 20% of

. 611 the DﬂA 1n the cell nuclei o£ sonz gpecies. to ae_mueh as 8§0% of the_ .

DNA of the specieu Bufo (Britten and Davidson, 1971).
Ong® important Eeatute of intereediate DNA 18 ite ability to bind 1n

vivo synthesiued RRA. It uow appeare that in earlier experizments in which

BNA was hybtidized to. DNA the meaeurement gave only: ‘the ability of the®

RHA to  bind to intersediate or fast DNA (Bishop, 1968, Walker, 1968;

Melld and Biehop, 1969; Britten, 1970). © The rencone for this are 85’

. }followe- let us take as & model the eituation 1n which RNA ie tranecribed

1

_cqually froa onc strand of a DHA, uhich contains a. 102 fraction ;n vhich

cech uequence is repeated 2 hugdged timee. . o o .
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Fig. 3. The reassociation of calf DNA."}[’his DNA was sheared imto piébcs a’pprbxi- "
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mately £09 nucleotides long, denatured and anncaled at €0°C in 012 M phospha:tc
Buffer, and the proportion of reassociated DNA was asszyed by hydrox}'apamc,

" fractionation. (From Britten and Smith, 19700) - - (T
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Then it is easy to see that in a hybridization experiment each
repetitive DNA has a 100-fold better chance of reacting with a '

\ L3

complementary RNA molecule than any fragment of unrepeated'DNA.
L3

Therefore, under conditions .of DNA excess it is the RNA products of

‘repe;ted DNA sites which first veact and when RNA is in excess it is

the repeated DNA eites which are saturated earliest. Since under ‘
'nost expericental conditions only the early part of the reaction is

' eoorded, these experiments give information primarily about . repetitive

DNA and its products. This simple picture is diuch complicated in vivo

because there will belunknown praoportions of the different RNA clrﬁses

and their origin will also be undetermined. However, besides ribosokal, | ' ¢

transfer and 55 RNA which are known to be transcribed from multiple

. genes, it can be concluded from the conditione of the expetimente that

7part at 1eaet of the giant RNA from nuﬁlci and of the messenger RNA
ﬁof polysomes binds to intermediate’or fast DNA (Scherrer and Marcaud, o
1965 Attardi ct al., 1966; Soeiro, Birnboin ond/Darne1l, 1966).
Khat then is the function of the RNA tranScribed fron the 7
;"intcrcediate DHA fraction'? \ ‘ . - . T
' Callan (1967) has suggested that structural gemeo in the )

oucaryotic cell are preecnt in zultiple copies. Since; however. thc
genotic evidence is only conoiatcnt with thc prooence of a oinglc :

-eopy of cnch gene be hed to propose that all copics had to folloe‘
exactly the mutations ehich occurred in a Hnestor gene . The thcory is '

based primmrily on cytologicel ‘ovidence, For exampie, tho genoze io

Fd
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organized into chromomeres: which contain much nore DNA than is required

for either & cistron or ae operCncin.the-bacterial‘eense. fhere is a
close correlation between genetic markers and bands (equivalent to
chromomeres) in Diptera, In amphibia in particular, there are uidely
differing amounts of DNA per genome which cannot be explained by widely
different complexities in thcse organisms, and are best explained by
DRA nultiplication. A difficulty is that no molecular mcchanism for
the rectification cf°slqyes'is knowm, although\mbdels hare been suggested
(Whitehouse, 1967j. The difficulty 1e not overﬁhelming, however, since,
as we have seen; the cistron coding for 5S RNA appears to remain
identical as 1f such a mechanism existed. The theory has been recently
considered in conaiderable detail by Thomas (1970), and has received
experimental support from Thomas et al. (1970), vwho have observed a
high proportion of ring structures in the electron microscope after
native sheared DNA has been: treated with an exonuclease or after’
_ denatured DNA has been renatured.

A function for intercediste DNA in rcgulating diffcrentiation -
haﬂ been suggested by Britten and Davidson (1969) and Georgicv (1969)
These two hypothcses differ in 1mportnnt respecta aincc Britten and
Davidson suppose that RHA,-posuibly the high colecular weight RNA
found in nuclei is the mnin conttolling elcment.  They tﬁercfbre .
requiré a frnction of DNA which is only transcribcd into this kind of .
HNA. Thc latter is ‘then: ablc to bind to aites cdjacent to structural\-‘
gcnea which arc both tronscribed ond trenzlated. Hmny structural .
genes might therefore have cozmon controlling sites respcudfng to tha

soue RHA sequence nnd hcnce there 1s a nced fcr rcpetitive DH&. i

~
-
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Georgiev's model, on the‘other hand gives the. ccntrolling role to

proteino, like the bacterial repressors, uhich reaét with accept

oites on the DXNA. There-may be nany such acceptor sites olose together

each reacting with different controlling proteins in.tho abseﬂco‘of -‘, -

— [

repression a very large RNA molecule is ttanscribed, which includes f

g »

‘both the multiple acceptor‘EiE;a -and the otructu:al genes adjacent -

o

-

to thon. Before the atruotural genes Eoss to tho cytoplasm for

translation, the acceptor sites are removed enzymatically, thus

Y

accounting for the turnover within the nucleus of a large proportion

»

of this high—molecular woight RNA. 'f o R o .

The cain difference between these hypotheses 15 the role they
: . ‘ - . . - )

" ageribe to the high-molecular weight ouclear BNA. Drittes.ond Davidsen
! "t\ 7 ’ ‘ ‘ . - . - ¢

consider this or.perhops a low moleoular woight REA to be a -pogitive

con:rolling olemont or activator, while Georgiev coosidoro tho formcr
to be the precuroor in- part of messenger. RRA Thcre are difficultieo et
with both idooo, ic is not clear why. thoso aot;vator nnleculoo ohould
be of ouchkbigh :olcculor uoight ( 1003} on ths oczz hand, and thozo 13
no cvidonco that ony of this RHA rcacheo the cytoplasz on-ﬁﬁo othor.
. Amongot the rcpotitivo pHA ooquhocoo is a rother opooiol ‘
.afroctionrknown;oo- 'satellite DIA". Bhon cellulay DUA io,coo:rifugod_
s ioopiouic CoC1;3ra%%cnt in ©any hooootpo D forms oot?onlz one ooin
Eano oroond ito mmoo donoity, but algo ona or more smaller oido'bando
| appear at domitioo quit:o different from tlm m&n hond Ia eho dommtic
dorae, for oxomplo, thio sotoll&to DIA". oan roprosont a3 mu:h as 283

of tha total collular bHA (ﬂrrighi Eﬁnﬂol. Boraoaﬂohl omﬂ Esu, 19?0).

Rns
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| Schildkraat and »éan': (1968) pzepaEea cuclccli by ngh;‘ sénﬁ:aéxoﬁ
and differential ccntrifugation and found that they were considerably
enriched in satellite DFA. This‘unexpccted result haa been ccnfirned
by thc recent in situ hybridization results of Joncs (1970), uhich shows |
1nterphasc nuclei with radioactivity concentrated round tha nuclcolx
and by Smich's (1970) resulta which demcnatrmte that whec satcllite
is being prefetentially synthesized aftcr'bblycma infection, thc nucleolus‘
ie prefcrcntially Iabelled. 1f wouse mctaphasc chtcmosomcs~are ‘
:ceparated 1nto eight sizZe classca, which somawhat ovcrlap thcir neighbours,
cach odass contains satellite DNA (Maio and Schildkraut. 1969) Tha ¢
.. five laxgcr classca ranging in avctage 1cngth from 2.1 to 3. 8 1} ccntain .

—.bctwcen 7 and 82 Batcllitc. Thc threc smaller clasccs of O 8-1.& w length

;tme bc:wccn 11.4 and 12.82 s,ctcllitc, They also rcportcd anothcr signifi—
’;cant observaticn~ when mctaphasa chrcmosomcc are waﬂhcd uith 2 ¥ WaCl;

nbuut 702 of thc DRA 1a cxtractcd 1n:o chc supcrnatant, but the rcmninicg

302 ci rcaistnnt DRA concains all thc aatcllitc £ruction ;f o o

« Thccc obscrvations were cxtcnded by thcqinvcstigatioaa of B

Yosnineh, and Yunts (1969, 1970) who have 1oolated chromatia fractions
. frcm nuclci by milé citraacnic trcatncnc cnd aubccqucnt diffcrcntinl
ccntrifusatlon. Thcy dictinguiah three ftacticum vhich they havc )
. callcﬁ hctcrochrnmatin. 1ntcrmcdiatc cnﬂ cuchrcmatin Bﬂ&. Thcy find ‘
cctallitc DRA to ba 3rcat1y caxichcd 1nkthc hcccxcchtcnatin f:cctionN
. for. zha mwumc (Yasminch and Yuniﬂ. 1969, 1970@).&&@ guimca pig (Yunic
"wz kwameh, 97%) and tha calf (vmm m Yanis, 1971). K

Hbmt teccncry thc ncwly dcvclcpcd tcchmiquc of in citm mnlccular

L5
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_ hybridization has been used by Jores (1970) and Paxdue and Gall (1970)
to 1ndicate that a large fraction of mouse satellite DNA 18 located
near the cen,t:romere in the metaphase chromoscmes and near  the nugzle::lus
- ‘and -chromatin gran;xles in the interphase nucleus. The techniéue
consista of partially deproteinizing and then denaturing the cells by-
‘heat or_alkg;i while they still adhere to the alide. During cooling -
~ or after néuf:alizing, highly tadioa;;ive‘nna enzymatically prepared from
aaéelli;e DNA or DNA from the single strands themselQes-ia.added at )
high cépceqtraﬁion to ghe slide when aoﬁe of thé label is takgn’up by
the different parts. of the nucleus.. | | |

Theoe results might auggest that satellite DRA“ has a structural

:ifunction in the chrozogone. ) ey

CIearly we have a lot yet to learm about the atrangement of

" base sequepcéa in the eucaryotic cell DNA until we can get scma 1n513ht

'{nto how it regulates gene gxﬁressian,

.TbE_‘latones o | ‘. , - A .

Tharo are two major protein fractions 1n chronatin, tha histonea"

and the con-histone proteins (WHP). _Le;‘us_firmqicansidet the histonecs.
Like DHA the histonea'had‘an ﬂérlyébistorical iﬁtrédustion.‘-ﬂoaaal-
'(1386). almnst ong hundrcd yeara ago. 1solated higtones fronm red cells

- of soose blood “fho name rﬂmainﬁ a myatery. ha marely cays "I  l9'
zccummaud the term hiatcna for his ftactian. ﬂim reasons for stndying
hiatcnﬁs aru not Clﬂﬂzy Hm.had been 1ﬁpreased by Hieachmr'a work on

the tranmformation occurring in the tissama of tﬁ@ aalmsu as it suza

c@ the Rhine to Basel - the diminuticn of thm mmsglaa nnﬁ(xhe inc;gaaai
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in mags of the gpnad§£ Kossel sipposed that the explanation of this

_.change -id the gissues was that a developmental tfanSEofma;;ou of the ’

original tissue proteins dccurréd. Protamiﬁe_ﬁas the mos: far-reaching :
' . & .

_ atatg-reached in this transformation, histone an intermediary state.

Kogsel séid that he was.particularly 1ntere§;eé in this developﬁental :

change of the/tissue proteins | S u i L
It.was not until about 1942 that the 1nveﬁtigation of hiatonea‘

were taken up again after Rossel's work. Hirsky and Pollister (1952) “ -

clearly established them as a unique group of cellular protein. Around

-

this tice Stedman and Stedman (1950) suggested a poasible role of

hiatones in gene regulation. They auggestad that gene activicy is

‘ suppreased 1o differentiaticn and that this is done by histones.

While this role of genes in differentiation 1s quite-the norm today, :

® it was not a point of view frquen:ly ‘expreéssed in those daya, partigularly

not by aeneticists or cmbryologiata. ' o .

Bvor aince their diacovery by Kosael 1: was known tha: higstones

-. are heterogeneous proteins.: The polycationic characte: and’the

_stnilar amino acid ccmposition of histones frustrated,many attespta to

_fraetionafc these unique proteinﬂ. The chenical diffarencan between

two groupa of histones (i.e. histoaﬂa rich in Iyuina anﬂ histonea rich
in nrginina) proved aqfficient to permit their chemical sepaxation

(Stcdnnn and Stcdman, 1950. 1951. Johns et al., 1960). The paculiar E

 caino acid ccmposition of tha vcry Iyaine-rich biszona (appruxinately

303 lyaina and only about 32 argininn) allcumd 1ts early sayarattcn

and characterization (Daly and. Hireky. 1955, Davigen and Butlur. 195&‘




Crampton, Moore and Stein 1955, Crampton, Stein and Moore, 1957;
Crampton, 1957) However, only the advent of nare sophisticated tools
-“for protein fractionation (such as icn exchange chtc;atography, gel
filtration, and coan:er-current distribution) frequently combincd with \\ﬁ
selective extraction of chromatin by a variety of solvents permitted
further investigations of hiSCOne heterogeneity. )

It now appears that there are five major hiatone fractions
(Unilica, 1967; sceuwagen and Cole, 1969; Johns, 1971; Phillips, 1&71) <
There are three major histones in the lysine-rich groups. The:e are
‘commnnly-known as F1, ann and anzJ There are only two major hiscones
in the argiuine—rich group known qp~sz and Fs.. Several other histones

€

occur in spccialized tissues such as nucleated erythrocytea and - apernatozoa

(Enilica, 19673 Nielin, Callahan, Lamb ‘and Mnrry, 1Q6& _Paoletti ‘and .

Huqng, 1969). Unfortunately another terminology alsa exists in the

-

11terature for the same histone fractiona. The F1, Fgaz, F2a2, Fab

and F» are also refervcd to as: I, IV, 1Ia, IIb and III. We shall use

the former astation in thia thesis. )

It also appeara that histonea. especially‘ihc lysine-rich
fractions, can bc phosphorylatcd (Ord and Stocken, 1966* Allfrey and
-"Hiraky, 1966), methylated (Shcphetd. Bnrdin and Holand 41971) andf
acetylated (Shepherd, Rbland and Bardin, 1971). Theac hia:one modificntions
introduce uulciplicity in elec:rophoretic and chromatographic patterns
; Eowevct. the reasons for ‘these madifications rcmnin unclear.

- There io now little doubt that as mugg@stcd by Ste&man and " ;?
-Stcdman (1951) histonea are one of the kny componcnta invo;ved in the 4

.'centrol oﬁ gcne cxpression in the eucaryotic cell. Eumezous expazim@nts

L4
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' bave shown that they inhibit the actien of DRA dependent RNA polymerase
~ : !

B

b'y restricting the anouht of DNA template_ available to the enzyma-

(Kuan.g and Bonne.t, 1962' Allfrey, Littau and Hirsky 1953' B;t‘r and
Butlet, 1963' nnenberg and Zubay. 1965) However, .1t is believed -
that they are not the primry factors i?‘volved 1n specific gene
tegulation. Othcr cozponent (s) within the cell detemine ‘?ahich genes
uill be repressed and this repression is wediated via the hist.ones.

Y
Thia auggestion is based on a nu:nber of observationa With a-few

. exceptions (Bustin and Cole, 1968' Fazbrough, Fujimm‘a.,and Benper,

1968) the ratio of bistone_to DHaA, the composition, and—the pmi:er.ties

of histones are similar in tiscucs which differ 3trongly with respect

‘to their hynthetic activi:y {Dingwan and Spornm, 1964° Hnilica and -

. -’

Kappler, 1965 Beescn\and Tri.plett 1967; Hohberg and Busch, 1970)

There. s a stmng similarity between theﬁntonn compositions of

hetero- and euchrom'atin (Ftengter, ‘1965;~G9msk1 and Woodard, 1966;

abu:lty to recogni e salectively a polydeoxyribmlcotide saquenw

"to a dcgme rcquire,d for speciﬁc gene rcgulatim although soze do

di.splay a preferen.ce for certain bascs or cnrtain regions of the DEA "'

_CM3. 196_?). It appears‘ that the'hih:onms do 'no: possess tho' 8

(John.s znd Butlcr, 19&; Paul and Gilmur, 1968; De!.ange ‘and Smith, 1971)

r

It thos oppears that the primnty factors involved in specific

_‘ gene regulal:ion in tho eucaryott: cell must ba coutainad in _some o:her

: cmomt(a) of the chmmam. There are two amr m:;or ccmponcnta

preseut in. the chrcmsma of cncm:yattc caum that may ba poaaibm |

tes for this function, the mm-mmne proteins (FHP) and BIWA.

B : . ' S

E
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The non-histone proteiﬁs :

Unlike the histones and DXA which were discovered almost a
century ago the NHP have a relatively recent histery. .

Stednan and Stedman (1943, 194&) first isolated non-histone
chrozosomal proteins and suggested that they vere 1nvolved in chromosome
qtrucgure. Sowever. researgh on non-hiastone nuclear proteing§gvolved

LS

very slowly, nainlyﬁbecausé of the absence of unique éhemical propetties

22

by which the individual non-histone nuclear proteins could be identified -

or readily extrac:ed and fraccionated._ Only during the last few years

- has the 1=provemnnt of extraction procedures together with the electro-

phoreais in polyacrylamide gel petmittcd better iden:ification of the

wnon-histone proteins in chra“ matin together with sooe 1nit1g1 studies

on their biochemical and biological ptopurties._

Tha EHP are clasaified as the protein material remaining in
chroaatin after exttaction of :he histones with acid. They have an
acidic aoino acid cc"position and show ‘an excess of gluf//ﬂ\ and-

aspartic acids. For this tea*on :hey are often callcd the nuclear

a vury high thiol content. They reprcuent. for ezzmple. ovor 80% of
A

thn thiol groups in rat liver nuclei (Grmnuw, 1969). These protc%na

alco ceontain significan: anounts of phosphorua (Lcngan, 1967;

Tleinsoith and Allfrey, 1968; Tak@da. Youzmura end Odgs, 1971).

'Sﬁbfract§cnation.of the FEP has been extrenely difficule in thm”pan:;

duo to the harsh treatzent with dilute alkald z=d. to the tendency of
b . ' . ) . i

thece proteins to aggregate cnce removed frem thc DEA. Results of thoe
5 - : ! ’ . . : .

‘acidic pfotcins“ They havn one other dis:ingninhing featura, they hava




e elin
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.Rﬁz—terninal anino ‘acid analyses of nuclear non-higtone prateins

'

(Steele and Busch, 1963° Busch and Steele, 1964 Buach. 1965) 1ndicated

~a considerable degree of heterogeneity. The scope of the heterogeneity

"of - these proteins was aot fully realized howevér, until the advent of

polyacrylaniae gel electrophoresis. Using-gels cqntainingiﬁbs énd[or

. ufea or speciai buffer solutions, numerousé%andﬂ'were obsarved By

several investigators for the nonr@istone:nuclear=proteins in vdrious

tissues'(Benjamin and Gellhorm, 1968’ Elgin and Bomner, 1970; Shaw \

and Huang, 1970' Shelton and Allfrey, 1970' Dastugue et nl., 1970b,

nLoeb and Creuzet 1970 ?latz et al., 1970; Haccillivray. Carrol and

Paul 1871). vAs determined fram their elcctrophoretic migraiion in
SDS-ccntaining polyacrylamide gels, the :nlecular weights of thnnn
protcinﬂ range from 5 000 to more than 100,000 dal;ons.

. Tha KHP have a number of properties thnt o night cxpect a
compcnent involved in spccific 3ene regulation to have. The content
of NHP 10 different in parta of the chromosome that havu di:ferent “
RNA myncheaiziﬁg activiries {Georgiev, Ermolaeva and anrakii, 19?0;
Prenster. Alifrej and Hiraﬁ&. 1953} Swift. 1964; CGmmings; 1967). There
aloco appear to bo narked tisgus vaxia:iona 1n the number znd content of

st 1 compouﬂnta betuecn different tiﬂhues (Loeb and Creuae:. 1969

' Teng, Teng and Allfre},\ 1970; Plats, Kish acd mmmmm, 1970;

Rostroba aod Wang, 1970; mcGﬂlivray, Carroll and Paul, 1921). ‘ﬂwxa
aro indications of selective synthesis of ceme i) fractiona after cell
mtimmlaticn by hormones Crata, 1966; Deissaroth. 1969, Teng and Bamiltun.
1970 Euck, Schnuder and H&ﬁer. 1970; Staim and Bamargn. 197Ga° A




Shelton and Allfrey, 1970 Barkar, 1971 LeStourgeon and Rusch, 1971;
Helmsing and Berendes, 1971}‘as~well ag specific binding of a RHP

. fraction to DNA (Kleinsﬂich Hetdemaﬂand Carroll, 1970; Salas and Green,

N

T 1971). . :

- b

Thua,unlike the hiatone uhioh appear- to be relatively non=

upecific in their binding to DRA, the NEP appear as good candidates for,
components th;t_may be involved in control of spocificlgcno expression.
¥hile the reported tissue speoific.éistribution of EHP is a
grcat 1mprovemant to the monotony of oimilar hiotono patterno in variouo
tinsueo. it should be 1nterpreted with caution. In t&o early days of
hiatone fractionation and‘chatacterizatioo tpero'uorerroporto of tiosuo“
and species specific histooos. Most of these Teports were lator-fouod

b

to be due to aggtcgption, 1imited protcolyoia or contamination of tha :

histones withkbthcr proteins

Recently Elgin and Bomner (1970) 1nvootigated 1n dotﬁil the
tioouo and species apecificity of noa~histone protoino 19 purifiod
chromntin. Uaing SDS-ocrylamido gel elcccrophoreois they were able ,
to resolve rat liver chrozatin aon-histene proteins 1nto thirtocn
oajor b&kﬂo with polecular weights betucen approximatuly 5 000—100.080 ‘
daltons. A homologouo pattern was found for*otmilar protoino frem f B
chicken liver. ua ghould rnmmmbar that many of tha EEP bando Eound io
chroamtin aay only reprcocnc encyzes oomontial to nncloic acid
"potebolism or ato juot structural Qrotoino. aid bove littla to do with
coatzollins specific gnno oxpreosion. Perhapa the trues proteins invo!vod

in gono contrel arortoo_hozorogenooa and present g@‘too low an onnun;
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—_ to be seen on the polyacrylamide gela used to fractionate the KHP
fractions. . : - R
Chropatin RNA's N o T

_The RRA ccm;ponents of the .chromoscme afe an even less we!‘ll
rdefined group of:‘ components. ;rhere seexs to be a 'ccnéiderable degree
of variation 1n the total Bl‘lz-t.;.ontent of chrc::ati.n (interpbas& chrozogozes)”
" 4n different tissues Cﬁingnan and Sporn, 1964; Bomer et al., 1968;
‘Shav and Euang‘, 1970; Bekhor and Bavetta, 1971). A wiﬁe spcctnm oé : ; -

RNA components of ‘differing mlecular weigbta hag been inolated ftom

-, chromatin  (Huang and Bonner, 1965, Benjamin, Levander, Gellhom and

__DeBellis,‘ 1966; Pkreatay}zo and Busch‘, 1968; Pel_l.ing. 1970;- chmug and

Bonner, 1970; Gasaryan gt al., 1971; Kanchisa, Pujitant, Sano and

Tanakn 1971' Honah.an and Hall, 1972) | _

' " Perhaps the beat m:udied ch:o...atin RHA mpommt is a chrozmatin

low mlccnlar wt B.NA componcn: called "chroms!omal RHA“ first descr:lbcd

by Hsang and Bommer (1965). This RNA was char fterized by 1t emall

ocize, chain length of &0 nucleotidcs, and 1:!3 ;:iéh contcnt of dihydtouridync
acid. Thia BRA is cqmplcmcnmry to about 5% of the nuclear DEA and

ic organ—-apacific {Bonner and Widholw, 1967). m unusunl propertics
of chromsoml RMA - led Euang méd ‘Bonner to auggest that it may be

' molved in gene regulation; tha: is, m caafming mpacﬁicity on the
h.wtom-mm htc:action. Chrmml BEA heg cince bam-isolam& freo
mt '1iver, -Tat ascites cello {mum and w:ﬂomn. 1369), calf thyzus

'(Shih cod Dedner, 1969), and chick esbryos (Huang, 1967). Tha rolo of
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chromnstmal BNA in thé histopé—DHA interéctiun kas been 1n€e3tigatéd
by atudjihg the.tonditions ;e&uired for the seguence-specific reco;—
‘stitution of chtoﬁatin. ‘Hheﬁ chromatin is ditsociated in the presqnce
| of 2 ! NaCl the histones, a portion of-the noo-histone protein. and
the chromosomal RHA. which under these. conditions is bound to the
chrcmoscmal proteins, are completely dissociated from ‘the DHA. The
dihsociated chrcmatin can be reconstituted by ﬂluwly dialyzing away
the HaCl. The template activity (the percentagﬂ of DHA in chrcmatin
available for'E. coli RNA polymerase to transcribe BRA) of such
reconstituted chramatin s nearly identical to that of nativa chrcmatin.
The RNA transcribed from this chromatin was then conpared by RNA-DNA.
hybridization competition expertmenta with the Eﬁa transcribed from
: nntiva:chromatin.J if the histqne returns to the same sitea, tha REA .

- generated should contain the same dequentea contaired in the RNA

transcribed from native chromatin, and ahéuld thos cozpete on an equal |
basis in DNA-RNA ﬁytridiz#tion cumpetiticn ézpetimaﬁta.. If..hcwever;
ths hiﬂtones return -to rnndca sites on the D¥A, the RRA generntcﬂ uill
oot bc 1dentical to the RHA transcribcd frum.native chrumatin and uill
ot be an cffective cozpetitor in the hybtidizaticm reaction,

It was found that REA tranacribcd fron chrematin did not coﬁgetc
' aith_nﬂé transeribed from reconstructed\chtumﬂtim. ‘Teus under these
conditions tho chrcmoabﬁal prnteigé~did not returo to their,drigtﬂal_
Coftes, ‘_ | s | | - |
Shan chrcmntin ia recoastztuted by sr@ﬁiﬂat dimlyain frem 2 M

HMCI, tha 1ouic bonds batueen histon&a and DYA are rafatmmd 1£,
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however, chromosonal RNA directs the binding of histones, by base ) | T
pairing wirh a complementary segment of the DHA then conditions must
~iabe employed which allow the specificheconbtirution of chromooomal
BNA. Conditions were therefore sought uhich would allow specifac
chromosomal RHArDHA 1nz$ractions. The 5 H urea in the presence of

RaCl was found to be‘a suitable condition. Chrematia, veconstituted

from 2 M NaCl containing 5 M urea by first reﬂoving the RaCl and then

‘the urea, results in chromatin vith a teaplate ectivi:y identical to '
that of(porive chromacin. RHA rranscr;b d fronm such reconstituted

chromatin competeo on’an equol basis with ¢t BHA transcribed from

native chromatin. The histone hao therefore returned to the same’or

to equivalent porrions of DﬂA.

- y

if tho specificity of the histone-DNA intorocﬁion 14es in the |
_obiliry of chroeosomal RRA to recognize a complementary haoo oequeoco
in the DHA, destruction of tho chromooomal RFA thould result 1n |
gonspecific reconotirurioo. Chromooomol EHA wag thoroforo dogroded
by Rﬁooo treatment followed by reconstitotion of tho chromotin and
rcooval of the Riase. Cantrol oxporimonts have ghown that under theoo )
' condiciono the chrozpscmal RNA i totally degraded. The RFA transcribed
froa ooch chrcmatin does not coopote with the RHA tranncribod fron ;
ootivc chromotin. Trcaroenr of ootivo chromorin with bootonito,
undor-coeditiono 1dent1col to those used for the rooowal of Rﬁeoo ]
Q‘Eteo roconotitutod chromotin. 4143 not ohongo the opectroo of Rﬂa
cequerees oyntheoired. .
aAn oﬂdi&ional oochod to oolectivoly reoovo,tho chrooooomol '

. A is 2o (Ena)z treeroonr. The zn@+ cotolyaoo tho hydrolytio ooiooioo

b E - é . _



of BNA, Zu®t treatment of the dissociated chromatin agein results in

£

-

-

pecific reconstitution. ?rdm these therinanzs it was concluded

that chrozosonal RNA 1s required for the'ééquenne—apecific reconstitution

of chronmatin (Bekhor, Kung and Bonner, 1968).
Sevolap and Bonner {1971) have recently shown that this

chrozmosonal RNA 1nteracts with theﬁrepetitiva scquancea of the DHA.

They further dezonstrated that almoac immcdiately af:er partial rat liver P

. !
hepatectomy there i3 an increasc abcve normal in the amountn of liver

~

chromoscﬁal RNA. This is follouad by an increase in the template

* octivity of chroaa:in DNA oynthesis and pitosis emyficld and Bommer,

1971a). Distinct tissue difference in rat chrcmoncmal RNA species havo
been demonstrated Oﬂayfield and Bonner, 1971@) The ubova work would
nppcar to.decoonstrate that therc is a uniqua RRA fructicn present iﬁ
chromatin.

Eoucver. not evarybody agrees with in:erprctatiq;s of Bunnet o
cork. ' Beyden and Zachau (1970) feal that chrcmoaz:al RNA 4s nothins
©ore than degraded tRNA. Starting frcn calf thy:ns, and’ adhezinﬂ
closely to tho procedure dcuaribcd by Shih and Ecnzmr (1969), Ecydcn
and Zothau found that cozzarcial ptanasa (e protcolytic cnzymn cxtract

uocd fo TCRove proccin ascociated with chrcaoaomnl REA) contained goms

ngclcase activity. Uaing thn mathcd &cscribcd by Shih and Doanor thoy

foted that clcctrophoreais of chxcmnaomal !IA o polyactylaaido gels
cmve only a broad smﬂar of 10W~molecular weight mmcmriel. xE thm
peoanaa troagtoent oE tho p@llicle was cmitted, h@mmvﬁx. zh@ 2t ahe“cd

icstead o majoz ¢cmponsnt migrattn9 in tho pamitiaa aasociaccd uizh

~ L . B . . -
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. The identification was confirmed by the dembnstratién in the

ract of ﬁigh amiﬁo—éﬁid acceptor activity, which gas substantially

d atroyed by the pronase treatment. | :

" Artecan and Rnth (1971), Cozzerford and Dclihas (1966), Loeb
(1967), using different techniques could not isolate any protein bound
RNA components. S*eszak and Pihl (1971), treating chramatin with

Bi'asce H, ;n enzyne specific for the BNA coicty of DNA-RNA hybrids, found
chat only about 0.1Z of thq 'DNA of rat liver chromatin is hybridized

to BHAK (Bonncr 8 group indicatcd that chromosomal RNA hybridi-ea to

a large fraction bf the genoze (Bonner and Widholn, 1967; Dahzus and \
HcConnell, 1969; snxn and Bommer, 1968)). Szeszak and Pihl (1972)
rcccntly indicatcd that ;%é RRA moicty of chroTocenal RHA from rat liver

ic not a ucll defiaed cntity but conzisto of diffcrent types of RNA,

'thn major patt of 'which 1o rot chqnicnlly ‘bound to protain. Arnold '

and 'Younge (1971) havc igolated a low molecular wt. RNA fraction frcn
rat livcr chrcmatin using the mathod of Bommef ot al. (1968), they
iaolatc an RMA fraction in many ways aimilar to that of chramnscmal |
- Rﬂ&.a Hnwcvcr, theiz RNA differed in one important respect, it containcd
o dihydropyriniainc baucs, a distinguishing fcaturc‘;} chru:n"c:al
FIA (ﬂoancr, Dakeus, Focbrough, Huang, Marushxwa and Tuan, 1968;
Jhcchsoa and Bomnor, 1971). BDe Fillippcs (19?0).attczptinu to purity .
Chrﬁ:ﬂuc:ﬂl RHA fron Hela colls failcd. éua to tho ccntaminmticn of o~
~ oative czall RIA specdes with frogmonto of dagradad larger E&ﬁ' |

?hns wo oem that there 10 3 canaiéarable air of cloud1n~sm f

cmrzounﬁ&ng the erum ‘ature arnd fmmction of chz | Thic has

ag timmm givcn tiﬁm Lo SOTO bcnted eﬂitorinl csunmats and :eplics in

a
’ [



. the literatore (Nature ﬁoleculaf biology cortespondent, 1971a;. Bonnet,
1971b Nature molecular biology correspondent, 1971b' Eolmes Hayfield
Sander and’ Bonner, 1972)

Chromtin contains other mm components vhich appoar to be
chenically unbound to protein. Even less is known about thﬂo& RA

conponents.

Préotayko and Busch (1968) described 2 mu=dber of low molecular

wt RNA's (4—73 RNA) freo ﬁhe "chromatin frac;;on“_oflrat 1ivoi and rat

- .Novikoff hepatooa nuclei. Howeﬁor. it was not clear if this .
"deoxyribouucleo protein RHA" cane solcly froo the chromntin fraction.
Using a more tradicional nbthod to isolate chromatin fron chickcn
1liver ouclei Kanehisa, Pujitani, Sono. and Tonaka (1971), K&nohiso,
Tonoko and Kano (1972), Tanaka ond’ Kanehioa (1972) have obtaiced five
low molecular wt RNA fractions (7-103) frcm chickon chrcmotin. Thoy

~ have demonsttated that at least two of these fractions s:imnlato»thc

) tcnplotc activity of chromatin by in go=o wuy Anteracting with tho

30

hiotonco (Tanaka ond Kanchica, 1972) Soto, 5xiaho. Gaito ond Sugimnra

--(1972) hovc rccontly dcmaoo:rotcd thot a rapidly lﬁbolcd ok} fraction

.io bourd to-DIA in Ehrlich tumot~collo -a rosolt in mozkcd cootroot

to_that obtatned by S..co..a!: and BAil (19711:), diceusced corlier.
Thoo, Uo ceo that galike tho other co*go:nnta p”coent in the

oucotyotic coll chrcmnocmo tho RRA froctioﬁz;oo rolninzﬂ confoscﬁ. )

_ Thio thesio ooto. cut Lo 111uotratc‘that ehcro is imdwod a v"ry diotinoc _

_REA Eroctioo pfeuont 1n chrawotio. Thio Ezcztiom is conmidovobly

29T0 cc*plo“ than iﬁ yzoocntly ayyrociotod. Io ooaﬁvﬁns tho l“l

L vJ




‘o pew.procedure to isolate and fractionate chrozatin was developed.
A theoretical model has alsc been drawvn up to suggest how geme regula-
tion takes place in eucaryotie cells. - EE | | o
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I1 METHOD AND MATERIALS S

71. Growth of T-issue Cultufe Cells

| a. House L cells were derived fronm Earla'o origiqal fibroblast Iine
(Sanford Earle & Likely, 1948). The established line was bbtained from

Dr. K.B. Freeman, HcMastet Univemity. The calla vere grc:m" in suspension
in Joklik's modification of minicun essential mditnn (Eagle, 1959) with
5% (v/v) ffoetal colf serua, amphotericin B 2 5 pg/ml ond tylocina ' .

60 uglnl. The composition of oininum essential cedium 1o given op table 1.

b}

b. Buman KB cells were originally derived £rom an cpitheli.al R
cheak carcinoma (Eagle, 1965). The established line was obtainded by o
Dr. S. Mak from Dr. M. Green, St. Louts, Hissourd, Cells vere grown
in auspenaion in Joklik's modification of minizun :ﬂsential mediu::x :

(Eagle, 1959) with 5% (v/v) foetnl calé gerum, mphotericin B 2.5 ualml

and tylocinc 60 wg/al. = % - '5'

c. Rat hepatoma cells, &erivcd from o mol:ld hcpat cza (Thozpson,

'Ioﬂino & Cun’an, 1966) were originally grown ia molayev‘culeuzc in .,
Sud.m'n cedium but were adapted to grw ‘in suspension in- Jo%:lik'm
aodification of minimm coscneial cedium (Eaglc, 11959) with 32 (wlv).
goctal calf semm, 3% calf ooren, azphoterieln B 2.5 uglml ond tylocine T
60 ug/ml. The establiahcd lice vas obaama fron Dr. R.3. Precam;

Melinoter Univegcity.

4. DOMS Chiuese Homster cgua were obmm@& Em a aingm cell

cleomo of DDH cMmme heoster cena. These am o mlom eall iine anﬂ

 woro cbtmimé fron Gmmd Ialamd m::lcgical Cw,m,ny Theso cells mm ;

£
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grown in mouolayer culture in minimnm essential medium (see tablel )
supplemented with 102 foetal calf serum, amphotericinﬁ§*2 5 nglml and

tylocine 60 yg/ml. .

Cells were main;ained in exponential growth by dilu:ing the .
guspension to a- concentration of 2 x 10° eellslml edch day with fresh
prewarmed megium. Cell: concentrations were deternined with a Hemocyto—

meter (American Optical) - A1l cell lines were free of uycoplasma as
assayed with "a mycoplasma test kit“lzﬁofth Amarican Biologicals Inc.j
'i‘o study incorporation of labeled precureore into chromtin, the
cells were grown in the presence of the prccuruor.at a concentration of
2 x 10° cellslnl. In o typical experment cella were collected - frem a -
one litfe' suepensi.on cullture by c'r—zntrifugation for IO_min at 650 x g,
. th“e}peilet‘ was restpended' in 100 nl of fresh- meé:hm containing the ‘ " 
_labelee'precursor; Hhen 1%¢ 1leucine, orlszP E3P0u veze labeled

protursors the cells were first washed then groen in minimnl essential

,zzdium free of unlabeled 1eucine, or HaPOn. In ail incorporation
experim_nta involving labeled precu:sors the wedivm was supplemnn:cd
with 52 dialyued foetal calf serm and 20 mﬁ BEPES buffer, pH 7.3 - 7.4,
33 Uridine incctporation into chtc:atin oE DOﬂ-CB cclls wag dhtainud

by replacing the cadium witﬁ zedimm conteininb 1abeled: uridine and 103

dialyzed focxal calf seTud. Al tinsuefculturc reogents ware obtained

ﬁton Grand Island Biologicel 0gppeny. € ‘ f f ) : S

Preparation of chromatin ond 1ta Eractienaticn into 1ta major coTponents,

Emmmzous motheds to 1solate ch:cmntin and ieolete gene oF. all of ,
ito 1ndividual cemponcnte exint. The mmthnde gcamtmlly involvc procedures”’

vhﬂch éenmzuxc ar &1ecmrd ecme of the chzaeatim eemaenenzc in yﬁeldieg

W

-

u



TABLE 1
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CHEHICAL COMPOSITION OP HEM, MINTMIM ESSENTIAL HEDIEH (JGKLIK—‘

VHDDIFIED) FOR SUSPENSION CULTURE

Conponent
Nac‘l S s veasSRNSSSRESTSLISESREES

KC1

MgClz * 6B20  seencesens
RaBzPOs * 20 everesers
Deﬁt:dae e
L-Arginine éﬁl ....... een
L-Cystine 2EC1 .........{

L-Glﬂtmine Ooooto_t.onoooi.

‘bmﬂtidinc .‘.....ll“.'.r

kloolcucine -....Q...-..}

+

L-Leucine

q

FL—Lysinc essarsacascraes
,L—Nathionina ,..fu.......
L?Phénylalanine bessamene
t—?hreoniué

a.‘.!.q-.’q-.o

zg/L

6500.00 .

400.00
- 200.00

1327.00

2000.00°

105.00
© 32,40
294.00

31.00

752.00

52.00

58.00
15.00
32.00

48.00

Cozponent ) ]
'L-Tmtophan assea -‘- P -(-- -"o .e 710-00
‘_L-Tyropine (Ddsodi&m) |

. L-Valine
i-TInositsl

~D';c_35 éﬂﬁtﬂmtc -..-00-‘-1-.‘-. )

-Hiﬂoflavin

3/l

.-..O’.....’.‘....... 46.00

....‘.A-...l.._.l-...". 1.00 .

Choline C1 -

Folic acid 1.00

PRSP ET I EETNENRRE RS

sosedseFNERREQRBRYESE

2.00
N1cotinzmide seesevsesoscnacsss 1.00

_ | Lo
Pyridozal ECL eevvoconsrncences 1.00

10.10

Thmj:na Hﬂ -‘o-,o._; olol..--.-o;_-co loqo

?h&ol red. ..I'-......'........-.. 10.0'0

Wa ;A.o.oo-...‘.-o..-o'oo'o'c.o-.- 2000.00

 Potasoitm pendeillin G ... 75 unieo/ml

_Straptamycin‘auifatc csesssd SO rvegfol

¥, ﬂlﬂlﬁﬂﬁ ESSE%TI&L MEDIUM (EAGLE HTT“ EA3L3'° EﬁL&fEED "SALT

fGLUTIGJ 0 SUSPEMSIOW (S?IEHEB) CHLTURES

Lacazical to formula cbove, GISCPE m Cale =nd 10 times the |,

ghoophates.

F
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one purified. cozponent. Exazples of such pi:ocedureg ar; acid extraction-
to isolate . the histones (Johns, 196& 3 JMurray, 1969), strongly alkaline
ﬂconditions, or icnic detergentu to.isolate the KHP (Benjamin and

: Gellhorn, 1968; Shirey ‘and Huang, 1969). Phenol bas been used to iéﬁlate
the nucleic acid or protein components (Pteatoyko and Busch 1968'
Shelton and Allfrey, 1970) - Scze mi}.der extraction methods recover only
a portion of .the NEP fraction (Longon, 1967) or do not separate the RRA
cozponents fron the KHP fraction (Shomhana, Simpson and Sober, 1972)

. In the present work a procedure based on the use of higb urea a.ng
salt concentrations is described. This methed 1s capable of ftactioh- '
ating smll czounts of chromtin 1nto its four major ctmponents?

DlA, BEA, histones and non-histone pmtcina As little as one m,nolayer
of 1& = 10° cells can be hzmdlwd_ conveaiently. Alt.hough oaly the re"ulta
" for L cell chromatin will be described in detail, the method has been -

used successfully with chmmtin from I KB, DON, and rat hepa:am ecell .

.unen. ‘The procedure uscd docs oot involve use, of phenol, :I.cmic doter-
lgents or otlmr \;mbstancca th.m: ©ay 1rrcvctsib1y denature one’ or more of )
the ;nbovn ftactions. ~In fac? the high urea and salt conditions used - -
are those _czpericental ccmlitiann in:!.tiuny mquircd ] bring ohout

rcmtum:ion of chromtin fm\thc individml ch:mt:ia froetions
- Boaner, 1570). } '

i

Isolnticn o‘z" nuclei ! /’ : ' ' ' ]

e 4

It was fowd that the prcpa"ation of purificd chrezatin icolntcd
éﬁf@ctly froo whola cells g;mn- 1:: tiszus culture by.a pmsmtly used
ptctqéam (%amh&ge acd Ecmnz, 1%6) when staim..d with ?yrmim-’%thyl

Gzcen otafn (St oD, 1%3), cmwimd 8. ccmmevabm cmownt of cyt::.
(J
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contaminati:;n. Furtber, nucleolar contanination was ;uspected and was
" later confin:ed)by -solibilization of chromacin in IH NaCl, An'insolubm
nucleolar fraction was obtained us:lng the method of Wang (1967)

To el:l.ninate possible co:xplicattons due to conr.amination from
- thege sources- chromatin was isolated from pure mx:phologically intact
ouclei rathar th roa whole cells in uhich bo:h the cell nembrane and
auclear nenbranes were¢ broken together to‘* liberate tha chromatin.

- Call nuclei were _prepared as follcwa. Thc cellu (& = 107 to
4 x 10° cells/al) were harvested by sedimentntion at 650 x g for, 10 min
at 6° C. The cells wer wa..hcd cnce in ice-cold Earle' 8 Bahnccd _
Salt solution and collecled by rccentrifuga/ ien. Huclel were :lsolated |
casentinlly 2g déécrib_ed by Penzan (1966) except that the cells
verc-alloved to swell in hypotenie buffer (0.01 X NaCl, 0.01 M tris, |
0.0015 M HgClzﬁazo pH 7.5) for fivc nin." Teiton X~100 was added to a

ﬂnal conccntration of 0.22 ard the cells were mptﬁrcd in o Do_unéc

glans homo gcnizer (Kontes Glass “Co., Vineland g.J.) using 5-10 u:rokes.
'l'hc amount of cell breskage was detcrnized by swming a drop of the o
bomagenate with mct‘hyl greca/pyeontas B otatn (1968) . fHicroscoplc |
uzminm;ion zeveals bluc mzclei. frec of red cullular cemhranes whem the .~
cen 3b:ca}.ane is cc:zple:c. 'ﬂm cuter nuclear wmna wags xemvmd fron
the vaghed cuclei by ::car.mnt with the ncn-ienic de torﬂcnt m*ccn 80,
cnd the icrnic detexgcna pediun dcozycholmta &3 dmrihed by E’m

| It 15 czscnti.al to odd the codlm deoxycholate dmpuim with
vigomm m ca &' vortes Type mixer to provent lcas of chrmmaml

pﬁ.‘oteia CoTPONCOLS,. 28 wan as parzml Lymm of tho mzcmi. The rapid

: g:rabably @mmm s local huildwg in cmﬂtmﬁm of «tho icnic



) g iy ’ : g
.
) - - . . 37 :

4
Figuro &, a. A propargtion of pm&ﬁ'eé_ir-cal; mlei:amm% vith ©o byl ’
greealpyrondse B etatn. T
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" detergent to a}zch an extent that it couses loss of sc=e histone or nop-
histone protein componcnts {Szart and Bonner, 1971). The detergent treated
nuclei are collected by ccntrifugatiou, 650 x g for 7 oin. Figure Ga shnwn
a prepnratian of L cell nnclei isolated as descrihed above. 3

-

?Isolation of chronatin © o . ,l

A geneml flov diagran of tha izolation ptoce.dure is given in Fig. 5‘
Hhen mll munts of chrozatin are beina, isolm:ed 1t is essantial
to siliconizc atl glassva.re with S:lliclcd (Clay Adzes, Parsippany, H.J.).
in ordcr to prevent)loss due to binding of chronatin to. glass.
The pe.llct obr.nincd after centrifugatien of tha detergen:—t:reatcd
nuclgi wag suspended in qalinc-EDZ& (0.075 M B=Cl, 0.025 1 EDTA,  pH 8.0).-
2 <107 nuclei/ml. Purified bentonite (Brownhill, Jomes, Statey, 1959)-
~wag added t.6 a final concentr_at:ion of 100 ug/ml TRe bentonita appeam to

"scrve three functions. It octs g9 oo RRA'ase {rhibitor (Brownhill, Jozes,

Stacey, 1959;‘_Lit_tauer m\d}i\la,il%z),. 1ta_nhra%1w¢ action during hozogen-
ization facilitates the bmm of nmucled and :mbléoli, and probably it

| raids in nhenrin,_. the chrmtin. Also for mall gzounts of chrmtin ifcr
excople chr ...atin from a cingle mmlaym of 16 = w“ colla) 1t coTVes as -
an czxccllcnt catrier in tha QUTeroud hc::cgenizi:z o=d ccn*ﬁfegaticm aoteps. s
The nuclei in the saline-m buffcr coentainiecg bemtenite arc resuspended
cotng a toflon plags tiosuo grinder (A.B. Thozzs Co., Paflafolphia). The .
puelear moobrane was ruptumd by threa two-sce mﬁmﬁcﬁ treatmouts (tim
lewest setting on a Branson: mdml 3125 son:lﬁcr). Tho lyaed m;clei wozTe
cmlinzi undor t!:w microscop@ afcmr staining, witﬁ cothyl gzem«pmﬁim B
gtain. Tho bentcnite staiva red ood oppears €O ammm 0 than blua

Etm of chrcmoml mataml Kfn rowmd imtact ml@& mald ba seon.
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The crude chro::at:iu and bentonir.e were collected by centrifngation for 10

oin at-l0,0GO x g. The pellet uas suspended in the sallne-‘:‘.nm buffer by
ho:::.ogenizacioﬁ and recollected by centrifugation. The pellet was washed

three tines-with 0.01 M tris, pH 8.0, by repeating the above homgenizat;lnn

"

and centrifugatio;; st:eps. Figure &b ghows a prepm:at.ion of L cell chrozatin

‘isolated as described above.

-

.o . To remove the bcnr,onite and sona nuc.‘!,‘te\o" T mtarial the chrcmtin
vag dissqlved in.1 H HaCl,, 0.01 4 tris, 0.002 M EDTA, 0.002 M z-mercapto-
cthanol, pH 8.0 by stirring slovly for 30 min ke viscous sélution u:as
céﬁtrifﬁged for one hr"at 30 000 Z. 8 ‘The aupernatanlt was carefully

_ rc’.:oved leaving bc.hind the nuclcolm.' residual fraction“ (Hang, 1968) and

bcnton;[te as a pellet. WHe rafcr to the material aoluble in the 1Mmcl

buffer é’(.lpematant as chrematin. This mthod of obtaining chrc-:.nt:!.n bas )

been used before (Prestayko and Btiﬁgl':, 1968; Wm;‘_lgss) aed y;ricld}z at _
' lcast 962 of the total nuclear DRA in our hands. Tho matetial incoluble in

the 1 M EaCl buffer appears to conr.nin ben:onite, noelcolar material und

coTo nudcar mm.branﬂ-liho mtctial (¥zag, 1968). Tha chmical cc::positim -

of chrozatin isolated frcm B, L oN and Rat Ecg:.atm cmllo 1o shct:n on -

Tﬂbl.c 20 B

TProctionation o'f chrematip coonopento //
Ry

1.° ’1 arnd hiph uolecular L RHA

Cﬁrctmluna urea (Scmmttul‘fmn ultm pure) ond ﬂolm IaCl voo
| ehen c.dd..d to thc abovo chrmtin solutim emzh t!mz: theic fml ceneca=
¢ratics vere 5 Mezd 3 I=1 mwec:imly. Ttm chrmtin colu:ica who

mtrifnscd for 26 hr at 200 Oﬂﬁ = 'g, yielding a ¢leaz muet oﬁ’ II.J;

coatainicg 0.52 RUA. _Tho mmm-a aﬁm:z:hm“n in obeaining

aamccmnm oﬁ chrematin coaponents mm ma, HaCl, @wmmim

N
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TABLE 2 N
CHEMICAL COMPOSITION - CHROMATIN

e o — ———

COHTENT RELATIVE TO DNA

41

CELL TYPE _
- DNA® RNA®®0 PROTEIN""
KB 9 0-08 -7t
L f! . 0-05 73
HTC " 0:07 -85
Dow P 008 - | 170
° Date nn'r.ct:an b,v the method of Burten, J B och.m 62 ( i£23) 3l 15,
o0 De‘lemﬁno?xoq by the method of Lowry et gl,J. Biol. Czem 23 (i231) 2¢5.

206 Diermingtion by the method of Webd, J. Bjol ghem:_z_z_j (1555) €35,
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e et okt s

. 1 L -
hydtochloride, and SDS have alteady been published (‘Hartines and Fuks
19?1) I have favoured the use of a syste:: com 1n:l.ng two of the above . s

components: 5 H urea, 3 H NaCl. Under these comiitions 1n the presence ' ' L

of 2—mereaptoethano} and EDTA at pH 8.0 ;he DRA pellet formed during th
l high. speed centrifugation ci;:ntains only 9.12 c!f the total: chromat
lerotein.' . This protbe:ln‘ fraction has not beern furthex c‘.’naéacterit )
fron- previous work it seems possible that 11: contninn protein cozponents
nost of wh%h were already dissociated by the 3 H MCI 5 M urecd buffer
(Shoshana, Smp.,on .and Gober,. 1972). )
Throughout the pi:ocedure care was taken to keep aheariﬁig of the -
DNA to a ninimm However, brie.f sonicar.ion trcamcnt of the purificd . °‘; 

nuclei was found to be neccsaary to ensure rupture of the nuclci. Tbc

oinizmal effect of this ttcatmcnt on thc DIA finnny obtain.,d in the high -

r

opced centrifugation pcllet io scen in Fig. 6. &r matin was obtained

fro::: Hs’zPOn. 1abe1cd ccslls.. The cells were. grova in 1.0 =C Hs’aPOI.

" in 100 ol of cells (4 x 10° cells/al) for_ - 6 hr. Tho D¥A pcllet £roa
the high speed ccntrifuwation otcp was dis...olveé in 001 M ‘godiw

" zcetate, 0.00L M Zd:-rcaptoethanol, O&DS. 152 :mcroee pH 5.4.
Unlabelcd calf chy=us DHA, L—-ccll r—HRA. t-[I o=d brousphcnol blua

‘ dyec were uddcd to act. an mz’i..ero. Chrmtogmg‘*y en scpharo..c 2D chowo
that alcest all of thc counts are in the high mz.ccular wight rcﬂion.
Houaver, a small fracticn of the counm appeared to veside in tho

=R reglon. Trcnmant uith puriﬁcﬁ Bn'asc c=3 B3'ase morthington)

-

‘ghowed that both DTA anﬂ XA 1abalcd cmponants weze pvcscnt in tha
| p-RMA regien. The YIM uas smatcd £rom the 1@3 cRecss cﬁ B.ﬁ.\. by

equdliibeim émés.ey cengrifugation i’..n & zesiwm mme ‘mlumim ceatainieg

-

'
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'dinethylsulfoxide (Willians and Vinograd 1971)." In a“ty-pical éxpe:inent,
the chromatin DNA pellec fomed fronm 10’ L-cells p” 1nhele.d was _'
dissolved in 4.0 ol of a solution containing 0.01 ﬁ tris; O. 002 H e
-EDTA; 0.002 M Z—mercaptoethanol 1 491 M CSzSDa., IOZ DHSO pH 8. 0. L
The presence of 102 DMSO was found to be essential to prevent
precipitation of the RNA. The solution was filtered through a glass
fiber filter (Reeve Angel 93&AH) :Lnto a centtifuge tube.-, The remainder
of the tube was covered with liquid paraffin add centrifuged for 58 hr
at 32,000 fpm in a Spinco SW 30 rotor at 25° C. Forty frac.tidns‘wé’re' :
collected from each gradienl_:'. FPig. 7 shows ther coxplete scﬁaration of
DNA from the high mlgcdl;ar weight RNA. ' The RA ffﬁcug:cn was pgqled'
oand di@lyzed -agaix\:s.t 0.01 M sodium ;cetﬁ-té pH 6.5 aftef adding ’c_o_ld

‘carrier KB cell r-RNA and t-RNA. Thc RNA was then collected by -

precipitation with cthanol and stored at -20° C.

2. HBistopes - E e . : ' ' ‘ _ ..
The supémtant of the dolution fr'on the h:lgh- spefad' centrifugation
otep coutaiuing histones. nou-histcne proteins and RIA was poured off

and dialyzcd for six houm against two. changes of 100 velumes of 5 M

. _urea, 0.01 Y tris, 0.002 M EDTA, 0. 002 ﬂ 2ﬂﬂrcnptocthnnal pE 8.0. Tha

dm1y‘zcd golution wago passcd thmuhrh a DEZAE-cellulose colm (Eot a
soople dctivcd froa 4 x 10° cells, a colm 0.5 eo diazoter % 12 & 1a
soyfficicnt). Whatman microgramxlar prc-..mllcn n“-sz D..M-cellulosa was
t.ided. 'Z'ho him:ona fraction pasoes through the colm in tho mofﬁ pca.x
For mll qunntitiea of cells it do not pouaibla to qum:ﬂ.tativaly
concentrote the protc:l.n in 'this Emcticu by prez:ipltatioa vith m;amic .

' %mts (Jomm 196&). The runoff pcaf.. Emcem mm brc ghz to pd 4.5

B ]
L &
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by addition of glacial acéticu acid end the soiution passed through a )
C!&—cellulose colu:m (0.6 cm dianeter x 8 cm). The coluzn waa ﬁashed |
with 0 5M acetate buffer, pE 4.5 containing 0.005 o Z—mercaptoethanol.
The total histone fraction was collected in a few dropa by elution with ,
0.02 _}1 HC1. ‘(Subfractionation of the total hiatone_ fraction can be
obtainad ﬁsing different e'lutiorlx buffers instead of 0.02 M HCL wh:lc-h
clutes all the histones from ih; columm togethér (Johﬁé.;' Phillips, l
Simpson and 'Buﬁler, 1969); this éas not attecmpted here). The histone
fraction Qas lyophily;'ed and atoréd at -20° C.

3. NHP and low molecular weight RNA fractiono

The NHP and low ol wt RNA ccmpone.nta remainad bound to thc DEAE—

cellulose coluzn. " They were eluted with 2 aalt gradient of 0 0 ¥

™~

,NaCl to 1.0 4 NaCl in 2 buffer cnntai.ning 5H urea, 0.02 ¥ tris, €.002

M EDTA and 0.002 M Z-mercaptoethanol. A high pzotcin or RNA ccm:antraticn ‘_

in a mnall volume of elut:lon buffer facilitatea the further analyaia of
these conponenta with polyacrylamide gel clectrophomsm. For thin
recason we use an accurate steep sa].t gmdio.nt. Tha gradicnt was zade
:with a gucrose gradicnt aaker (Buchler Iodzruzents, Eorth I.ec, H.J.)
uging 40 al of buffcx: in cach reaewoir. Ha hm found that although |
the REA cmponcnto are zelati\rcly 1n¢cnsit1v~e to the presmco of uzea '_

m the cluting buffer tha ‘é!HP fraction i.s smitivc. cm:::letc absen,.c

of urea oppears to allew ¢the IEP to rezada bmmd to the colm at

_cmccntmtions close to ‘that mquircd go cluzc ﬂ’m chrmm oA cc::pcma_s_

(Patol and Hmng, 196&). ‘Pivo Yﬂ urcs io ths clutica buffaz a].lcma
pleooe ccr*plctn separation ¢ ofE tho EdP fmcticn am‘ﬁ tha Ei..sa*a ﬁmctﬁm. )

Fig.8 Mv:atmtes zh» Az2sn cluzlon pro /rcm tho E&E—cmllulcue

R »

e bty e
¢t ahis g i
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coluzn__‘Tﬁo rl fractionc vere collected?, Tcis is a prcfile7tﬁat.was
obtained fron chrcmatin starting with 2 x 10n L—cclls -grown in the
'presencc of H—uridinc 1 mCllOO ml and ‘“C-leucine 58 uCIlOO nl of ._
rediun for 6 br; Fractions 0 to 12 contain zost of the I“C 1encice.
counts and will be termed. the "NHP fraction”. The ’H nridinetcoﬁnts
clute as two radioactive peaks the first, fraction, 15-20 ve - call peak Ay
the second fractions 22-27 ‘we call peak B. We Bhall “consider each of .
the pooled fractions in turn. |

. The pooled ftactions of NHP or RNA were dialyzed against O. 12
SDS 0.1Z Z—mntcaptoechanol and analyzed by gel clcctrophoresis. ﬁhcn .

less than & x 10G cells was used as starting paterial, 0.2 vols of

3 D .
i)

1 H sodiwm acetate, pH 4. 5 was ndded to the pooled £ractivns followed
by unlabeled yeast soluble—RHA (B D.8&., Enaiand} and 2 vols of cthanol.

" The. total poqled fraction was then collccted as a pzccipitatc and stored

at =20° C.

Polyacrylamide gel electrophoresis

1
1.. Analytical acidic rels

TFor cnalysis of the his:onc graction the mtﬁ‘od of Panyin zmd
Chalkley (1969) was used. :y&nnidc, H,H -bisfucxylcqidc acd TRMED -
are purchaced Ero: Eastman Chemicalo. o
Anrylanide gcl formation requires the mizinu of ccrylcmddc with -
polymerization aceclerator an& catalyat, ull of uhi;h arc ﬁtorcd 1n
ccpaxatc ccntaincta.‘ Thcgc soluticns can be prcpurcﬁ in the calculated
bugfcr and wrma coucentrations o give thc dcsircﬁ czpezimcnzal canditicns

in the £imal gel. Tﬁc Eollcuinu goluzicno wore cngacyca go give o 15»

— .
-
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pdlyac;ylamide gel in 2.5 M urea at a final pH = 3.2 (after pre-electro-. ' @
phoresis): Solution A: 60% acrylamide (w/v) and 0.4Z N ﬁ'-bisécrylamide
(w/v) in HgO‘ Solution B: &3 2Z of glacial acetic acid (vlv) and &Z of
IEMED (wlv) in Hzo- Solution C' 0.22 (EH;)zSgOn (w/v) in 4 H\urea,

-

freshly prepgred. Solutions A and B were stored at 0° and warmed to roon
%température'ﬁefore-nixing iqhtheqratios. 1 part, of B, 2 pg;ts oé A, and
5 parts of C. Polmerization takes about 2 hrs t§ éo té cozpletion.
The final dimgn;ions of each gel was 0.75 cus 1ntefnal dianetetlﬁ\ig cns
logg, - |

All gelﬁ were pre-run to remove allﬂcharged speéies.
other ﬁhan protons and acetate anions. This eiec:rofhéreﬁis wag ro&tinely
ronitored by - observing : bcnﬂene—azo—a—naphthylamine through one
gcl. The dye zoves about 1 65 cm!hr at 2 oAftube. The dye 15 red ino

" the pE range used, carries a single positive charge and has a mulccukﬁ;

woight greater than that of the othet 1ons- pte-elc:trbphoresis ia, Y
chercfore, judged complete whcn the dye is eluted.
Electtophorcsis of‘hiaconcs. Higtones a mgjml) were diaaolved

..\-)

in 0.9 R ncetic acid, 152'suc:osc. The amnunt of colntion applicd to

_ the gel was 20‘u1. paccr gel io podther rcquircd nor used in this
nystam; Chnic heat should bc minimi"cd to the -tcnt that it doas not
€ouse curved banda. Ihis is "achicved atdghe ionic otzcnoth usad i€ the
cuxrcn::is naintained at 2 mﬁ!gel. Botﬁ the upper (aacdc) czd 10@02
(cagbode) buffer was 0.9 ¥ acc®ic ccid. .

After olcctrophorcsia cach pel was stained for ot least 5 hro
vich 0.13 axddo §1ack in 202 cthanol, 72 acctic ceid, ared water. Thﬂ

cels were destained with 72 acctic acid. pasﬁticna oﬂ 20 utaimndz _



histone fractions was then deté@nd by amg tﬁe gel in a Gilford
gellscanne'r (Model no. 2610) uaing a visible light source, 600 ma.

- After staining each gel'ﬁas cut mﬁo 2 = glices. The slices
were individually combusted in a Packard Tri-Carb sampie oxidizer and
the amount of °H arginine and °H 1..ysine_. vas deéezﬁin_ed in a Nuclear
Chicago Mark 1 Scintillation Counter:

2. Analytical basic gels

‘Pot analysis of the NEP ‘and . low n:oleculnr wt RHA fractions a
;wo-—phaae gel systen was used. A0.75 cm mtemal dizpeter x 15 co )
aeparation gel" was prepared by polyr:erivinn 10 ml of a solution
conr.aining: 12.5% acrylanide, 0.375% R,H'-methylene—biuacrylmide,
0.499 ¥ l:riu and 0.1Z SDS, with 10 ul of TEHED:::i 100 pl of a 10%
solution of a:monim §ersuifate. - :A 0.5 co high "stacking gel" was
polycerized on top of the sepamtion gel with a solutiofx containing: |
kY4 acrylzmide, 0.32 1 N'-mthylcne-’bisacrylamidc, 0.642 M tt:l.‘} gnd 0.1%
SDS, 10 :!1 of thia solution vas poly::ari"cd in tfzc safto way as the
ncparation gel. ‘l'hc upper buffer (sel cathode) and the- lcmet electrode .
buffer (the gel ano}e-)/m 0.025 M tris, 0.192 ¥ glycinc and 0.1% S8,
pB 8.1. - o B L
In eany instanccs there were sufficieat cczmz;: Lt 7200, 000 C?'\ilnl)
in chc CLQ}’-R."GA or 'EI? fractions to mlyacz thm dizcctly unconccntrated
vith thio gcl oyotch. | | o “
Tho k‘mctions ucre dialy::c& ai:tzstﬁe.lz atsits anﬂ 0.12 zmzmp;r
ctha.ml 100 w1 aliqu:ta wvore cdzed vith a o cry'taln of uzea, 2 ul
oE 0.052 brcmophcnol blue and o.mz trypan blusz, szm’i camfully Layarcd

en top of z&n stacki.ng gel. In inoteoced tﬂmm mﬁl cogunto of chrmz:in
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vere used as the starting ﬁatefiél‘theré were usually not sufficient
counts in 100 u% aliquoﬁs from thé DEAE-celluloSe fractions to give
good resolution of individuai RNA or pr;téin caéponents after acrylanide
gel eiecérophoresis. In such cases ic vas ‘first necessary to ptccipicate
_the toral CLMW-RNA or NHP- fractions with two volumaa of ethanol after
addition of 0.2 vol of -1 M sodiun acet_ate PH 4.5 and ualabeled yeast
soluble RNA (B.D.H.Hﬁngland) 0.2 néjml.- fhe-preciﬁitatejuas'collected_

- after % nrs ;t,-20° ¢ by centrifugation and dissolved in 100 ﬁl of 12
sDS qnd‘lz 2;=e£captogthanpl. Before”plﬁcing the sanplé on the gél,.
urea.”bromophenﬁl biﬁe and trypan blue were addéd-aﬁ described agbove.

Electrophoresis was for about eight hours at 4 mA/gel. After eLéctro-

'phoresis\each gel wvag cut into 2 or 1 ma slices. For 3%p labeled
naterial thc slices were counted directly in 10 ol of Aquasol (New  ‘ '-r‘:
England Nuclear Inc.). For 8 and !%C labeled matcrial the ulices ware
individually combusted ina Pnckard Tti-Carb aazple oxidiﬂer. The.
nmount of 8 or % labeled raterial ia each alice was, dct?:mincd in.a
huclcar Chicago Mark 1 Scintilléticn Counter, «
| In cxperi:mnts whorc an accurate ostination of thc S value of the

' individual CLﬁH—RﬂA frnc:ionn wags obtained thc stacking gal“ ﬁas caitted.

o

.The nnA fractions were scpzratcd by elcctrcphoriaus direcctly using the 12 5«

acrylamidc ﬂcparation gcl. Ueder these. ccﬂditicns ths vol'wn of 5"“p1c :
aPplicd to the gol should be lcsn than 20 ul. D _

Fbr analyoin of tha chtunmtin high mﬁlcculmz vt INA fractiam
obtainnd f:un tho DA pcllet was unaly”cd cn o diﬁfez&nt acrylamide gel
. oyotca-oince duo to dts large size it 15 ngable tu'pﬁnatzgte the 12,35

cerylendde scparotien gel. This cozponent uso amalyzed eo o 2.09%
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scrylanide, 0.112 N,N',«metﬁy;ene-bisacrylaﬁide,10.22 agarose gel systenm.
-~ The procedure deseribed by Bartoov (1971) was followed. The positions h
of the unlabeled marker rat liver r—BHA and t~RUA wag determined by
scanning the gel in a Gilford gel scanner (Hodel rno. 2410)

3. Prepatative basic slab gels

This technique was found to be particularly uqeful for frac*ionation .
of *p-labeled RNA with high specific activity, cince the clabs can be
. easilytsubjected to eutoradiograpﬁi, a method of choice*for detcetion of
azl’—la.beled compougds.' Visualization of the reaolved polyribonueieotide
bands by other neans ¢.g., by staining, is equally possible. Of the

- pany apparatus for gel slab electrophoresis, prnpoaed in the literature.

the cell'descr;bed by De Wachter end Fiers (1971) was preferred for-itﬁ T

simplicity and because it can be easily dismzntled. A fee nsﬂifieatious" S
were 1ntroduced. in particular the si«e of the cell and the method of o
saople application. -~ ‘ ". \_‘- | ;
‘ The gel slab is cncloscd beﬁfeen o] 31&83 platcs, b = thiek
25 co high. aﬁd 25 cn wide.. Thc space betueen the platcs 49 2 0r &=
nnd 10 dotcrmincd by the :hickncss of two Perspex (Lucite. Plexiglas)
" ptrips, 1.5 z 2.5 cno, which close the cell at the eides. Grcaee
prcvideu a leak-proof joint bctueen the glass o=l thz Porspes, and ete-l g
clipa keep the plates firmly :o"ethﬂr. Thella"er oide of the cell i«
tc:porarily closed with plas:icine ¥hile tho cerylenide goluzien io
‘poured into it and nllcwcd to polgmeriee.- Slozs foz eazple upplica:icn
are forcad 1n the gel by nserting a Perspexn slet Eermmr, 15 = 10 <o,
iof tho some thiekn"sn as Eﬁe ctrips, in’ the 1iguid befoze pelymm”ieaaicn

-eceeva.- The number enﬁ wid:h af the olozs eepcnﬂ on the mmbeT of
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samples to be‘applied, 1 co distance being left betﬁeen-ihe slots. 7

For electrophoresis the cell is pﬁt in a 30x30x5 co wide tank
provided with'a|platinﬁm vire electrode,rwhich sefves as 16w§r buffé;
reservoir. The gel is covered with a layer of buffer and electrical
Eontact uith a‘similar upper buffer reoervoir is established by a wick
of Whatman 3 MM paper soaked with buffer.. The wick is 16 ¢cu wide, and
one loyer éf papef 1s used per millineter gel thickness. The distance'
Abctwecn the cell and the buffer rescrvoir is kcpt a3 uuﬂll as possible
to mirinive the electrical resiucance of the wick The wick io lincd
with klexihle polyethylene sheet to prevent cryutalli.ation.

The caze type of aeparation and stacking gel 13 used as for thc
analytical basic gel systems, nawely @ 12.5% acrylamidc separation gel
15 cu high, on top of which ig placed a 0.5 cm high 32 a;ryla:idc

otnckiug ‘gol.

~e

Beforc che ‘samples arc loaded en the gel, the &enuitg.ia incrcascd
‘,by cdding a few crystals of urca. Alsco. addcd are bro:ophcnpl bluc and
trypan blue dyc markers. - - §$ N A - _ " s |
For loading, the papcr wick 1o token cway c:ﬂ gamples are applicd '
from o micropipetcc or pointcd,capillary. The tip is hold under the
gurfcee of thc buffer o fcv uillinstera gbove the gel surfuca_gyile the
pipotte is nlculy blowa out. ?hc denso seople foilo through thy buffer:
grd forms a neat 1aycr on the gcl. : \ |
Thm ccmplc volumz is related to tho olze of thﬁ ulﬁt'co that the
luycr Eorm:d docn not exceed 5 . Tho @ruwcnca oﬁ a dye cokes it easy

" to choerve tbc lo2ding cpmration bh&lc thc.migtaticn of the dye band

ssvas a Mwasurc of zha -progress of the clcct =keresis.’ As £oed 83 011_

o .
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’ \
the samples are loaded on the gel, the wick is carefully';;glacgd; :
Electrophoresis was maintained at 10 volts/en of gel vertical height
until the bromophenol blue dye marker was within two ca from the bottoa

\

of the gel. L L _ ' I
© After completion of the run the wick is taﬁcﬁ aﬁay and thg buffer‘“

layer on top of the gel is sucked off with a Paztcnr pipette., Tﬁe éﬁl _

cell is taken out of the buffer compartument and placed hori*ontally,

the clips are taken off, and the top glass plate is carefully looscned

. from the gel slab by 1nsert1ng a knife between plate and the Perspex

strip. The strips are rezmoved as well dpd nost of| the ércase is carefull§

E?bbcd fron the bottom plate with a cotton pad wctteﬂ with acetone. Tg@”

gel olab is covered with a shec: of -thin plastic dlm.(Saran wrap)

wvhich is folded back over the edgca of the glass plate. This prevents

the gel from dryihg out while virtually no radiation is'absorbed. The

gcl slab is takea to the darktoom and covered with a 30 x 25 cm sheet o -
of Knddk royal blue ncdical X—ray film.‘ Gpod coatactjuith tha gél ]
éurface is ob:uincd by putting a glass plate on top. Thc CXposSure tﬁ:»
depends on the activity 1nlth" bats "ple, the uumbez of bands over which 1:
i3 distributed, and the thickness of thm slab. Times vsually renged . N
frem 1-3 days. The X-ray film was dcvclopcd in o Kbdak ne dcvclopcr.

The RIW bands of intcrast are cut out of the ﬂlcb. The czciscd .
gel band is ground in a czmall Tortar gnd thc rcsnltinu sranular pas:c
40 taken up 4 10 ol lcc-cold 0.2 I UaCl. Carrier yeast. coluble B
-uas nddcd to this saspcnsion. The crushed acrylzmidc vag reosved by

ccntwifuwa:icn and tho RHA in.the au*crnatanz 9zmcipitaacd uith a £ioal

LI i

cenceatration of 2.5% p@rchloric-acid.

7 . v
7
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4. Prepargtive two-dimensional polyacrylanide gel electrophoresis of

32p_1dbeled RNA . : ‘ <

N . i
ﬂr//’?;actionation of RHA at pH 8. results 1n a pattetn of bandsl the

zobility of which decreases uith the 1ogarithn of the chain length of

—

the fraguents they contain (De Lachter er al., 1971). If-the vertical
_height of gel containing these bands is cut out of the slab placoo

- horizontally above another gelﬁatgoﬁ 3.5 then when the RNA bands |

pass down into this large slab tho separation of the RNA

conpoFents will be a © function of not only the chain 1engt£’but alpo the
base conposition. This is because at pH 3. 5 the net charge is a’funccion A
both of chain length and of baso conpooition. Ho:oover, protonation of

'the cytosino and adenine residues and the ptesencc of SDS should result

in a disoociation of chains kept togothor by basc—pairina between
complementnfy segmento lecading to confornational.changes in tho RHA. This
type of two-dicensional polyac lenide gel cleétrophorcoia was originally
propooed by Rayzgnd and Aurell (1962). The procodure reporto& hero is

a modification of the mothod doocribcd by De-Wachter and Fiero (1972) _
It 4o ouitablo for fractionation of complex RRA uixturon. Tho apparatuo
vas the sczme ag that used fot the proparative bsnic alab gélo.

Sirpce tho not caarge of an RNA coloculo is apprcciubly lower at

pd 3.5 than ot pH 8, the’ acrylamido :onccntration of the acid gel oust
be lower than that of the peutral gel if tho colcculo is to have approx-
'1c3tc1y the ocme mnbility ip both dircctions. It 40 thon 2dvontageous
to choose the acid gel as the first dimcnoion a=d the ncutral gel as the
cocczd. At the start of the oocond ooporation thg pH diffcrence betucen
’tho;;wo golo_gopidry_dioappoato. Tho Eﬁﬁkmsﬂoo.ﬁtma a core diluted

-
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to 2 more concentrated gel, vhich results in a cudden drop in mobility
and a concomitant zone shgipening. Apart froo these consigéfhtfbns-gl
is deairable to separate first under the most denaturing c;nditions,_i.e., o f

at acid pH and in the presence of SDS.

The . acrylanide concentrations chosen for thc firnt dimen¢ion '
acidic gel was 6.25% acryla:ide, 0. 1872 N,R'—z thy]ere~bisacry1a;ide.
"Thc buffer in the regervoirs and in thn gcl hes tﬁﬂ aanc campoaition. H
0.025 M citric acid, 0.12 SDS, tha pH was adjugted to 3.5 wich HaOH.
Conditiong of assewbly of the gcl and clcctrophoresis is-the saoe as thac
* described” for the preparative slab basic gels. The RIA bands frcm this
gel are 1ocaCed by autotadiogtaphy._ The. strip of gul is transferred to

5

a occ?rd glasa plate vhich uill forn the back wall of the elcctrophorcsis

cell Hor the second di:znsion. .
; . 5
/i The ecell 4o thcn aa e=bled, put upright into a trough with

Plas\gcinc, and filled with the pH 8.0 gel mnd bufer sya:cn. This is
the same gel as used for. the prcparativc slab busic gcl. The proccdure
to bcparatc and locate tha A on this sceond dimsnsicn is cdsentially
the gaze as thac dc,cribcd for thu prcparativa glsd basic gol, the thin
pH 3.5-6.25 acrylanide gel alony the top of th_ 12 5% acryleztde

replocing the 3% cerylentde ceparatiea gel.

Colu=n chréﬁntography

1. Scphad o _ ~ o S _
This iu a bchd-fozmcd dextzan gcl. It is échared by crose-
.

linkinsg sclcctcd deztran fructians wich epichlo “ydriﬂ It o2

chrcmatographic—matcrinl capable of sephrating snbs&smccs &c;o:ding to
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colecular size. The separation method is most eccmonly knovn ag gel

f4lrration 6: gel chromatggraphz, Sephadex is strongly hydrophilic and *
thus swells in water and electrolyte oluticns Vhrious types of
sephadex are available, differing in their euellinﬂ proPerties. The
degree of swelling is an important characteristic of the gel. Gels 1n .
which the nmatrix 15-3 ninor component are used for fzactionation'of
;pigh molecular weight substances, whereae the demser gels are used-for
separation of low molecular weight compcunds. _

The CLMH-RNA was subfractionated by gel Eilt:ation thtough sephadex
Efioolusing a column 1 co digreter x 250 cm. 'chrect packing of the

| , .

gephadex in this coluzn is of the utmost importzmce fer good perforzance

of a gel filtration column.- Irregularities in the packing.giﬁe rise to =

uneven flow through,the coluzn which often results in_zénelﬁroadeeing.
This will inevitably pive rise to extcnsive diinzicn which can lead to
uixing of otherwiae,well sepatated zZones. The flcw rates cbtainable
are affected by the packing technique. 1£ too.high an operating
~-prensurc 15 used duriug packing the gel bed becemes compressed ghus
causing high xesietancc to flaQ; o \g‘ -

Taec gel 10 ptcvioualy dolicn in the clezicon buffcr of 0.01 H
codiun ecctate, 0. 001 M 2-c reaptoethansl 0.23 523 pH 5 &. An ovcrnight'
cneess of cluant iz rcooved ustil a foirly :hick clurry 1o Eormﬂd. ?hial‘
olurry ohould not be so thich that it ratains pip-bubbles. Tho olurry
cheuld Be pourcd caré%ully into the eolum either down the enll ot the
| coluzn or down a gleas red. . If the colusn is oot filicd with olurry
e?4 oluant until the eolcﬂn in ccﬂplc*cly Eull Cezeeca an eluena

-pegezvolr to tho cele:n and rcznva tho lase treces oE aie thrcuﬂh ghe
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air vent in the column top piece. An air pocket in. the top of the

column will cause the eluant to

drop into the gel suspension and 9111

::hus disturb the even Settling of the gel particles. It may not always

be possible to £111 the column completely with gel at one time In

such cases an extension tube should be mounted on top of the column.

A Gel and Eluant Reservoir has been specially designed for :his—pntpose

by Pharmacia Fine Chemicals. Pour all the. gel required for the expericent

into the columm and the gél»resexvoic and start the flow jr—adiately.

Two to three colucn volumes of cluant shonlé be-passcd through the

column in order to stabilize nnd'equiliﬁxate the gél bed.

To apply the CLMW-RNA fraction wost of the eluant above the gel

surface is removed by suction.
remaining eluant drained away.

carefully iayeted on top of the

The colu:n outlet 19 opcncd and the
After closing tke ocutlet the s:nple is

bed. Thp colu:n cutlet ic then ogencd.

Afccr the aanplc has draindd 1nto the bed, the gcl surfac&\und the

column wall 1n contact with thc

camﬁlc are Hashcd with a cmall amsunt

of eluant. Undcr no circuastanccs phould tha bed run dry durino this

proccduro. Thc colunn 18 thcn Filled Uith &lnant and connected to a

, rescrvoit of clution Buffcr. ~ Four ml frcctions wore collcctcd cad tna

c:cunt of radioactivity in cach

nl aliquota nnd adding it to 10

frcction wao dcterminﬂﬁ by :c:sviuu C.1

mz\oﬁtﬁqundnl fﬂcu Enolnnd ’uzlcur) and

countinn in a Bcckman LS-ZOOB ccintillatianucc:ntc ncr cytcplaccic

.

2. Scpharcsc

E\Thic in o bead=form

48, ss ‘and 5.5S mm'“s vere oimilnxly pun’.fied ca this colc::::'.

saroce gel. It hos proved to bo aa’cmeclient

catcii for gol gileration of'bigh{mnICcﬁl§r wt.éniccdicé‘aq;ally Ggﬁlﬁﬂeﬂ

-

S

[




by sephadex G-200." The colum is made up and rm emactly as described

for the ‘sephadex columns. : e ‘ . . N e

1l-cell DNA was ‘charé:g:terized_ ;)y gel filtfé@ioy through sépharosé o
2B (Phamacié,- SW'eden) u‘siﬁg h column 2.5 lcms d@ter :: 160 cos. The
elution buffer. was’ 0 01 H sod:lum acetate, 0.001 E 2-nercaptoethanol

' 0.2% SDS pH 5.4. Four al fractions were collected and-the azount of
radioactivity in each fraction was detemined by rezoving 0. 11:11 aliquot.:

and adding it to 10 wl of aquasoldand' counting .as described above.

-
—

3. DEAE-cellulose - e | -

14

. _ .
This 13 a microgrqnulér form of cellulose which has a niber of
sugar hydroxyl groups substituted with d_i‘iethjl&minoethyl gx:ou;is. This |

naterial has the abili_t;j cb‘absotb acids or aopholytes above their

isoelectric point. This absori)tion proccss is~inhifsit’ed to a certain
degree - depemiing upot the spec\?s abaorbed by incrcasing the ionic

strength of the buffer in which the DEAE-cellulo cais surrounded. Thc,

3

diffegential release of ptocein or RNA compogkan:u fran a colu_:n of DEAE-

ce‘llulbse with an increasing scalt éradien.t {n the clution buffer is the

—

basis of thia chromatwraphic procedu:e. , . : J.
‘Hhatoon "New Fiberous DE-52" cellulose vas uced for all DE‘.M;Z

ecllulose g:nluz:ma. This mtcriaL iu gupplied in a Tet, fully m:ollen

forn and thus does not req ;c—cycling.._ All colimms wore made up '

. LN

and uscd cxactly as ,récc::andcd by the canefacturer. The -columas were
) e y ) ; .

" aluays wvashed with ten tires their own voluze of bulfor before placizg
- ) e . : .

© the ooople on thc'coiu:n.‘

L4 L

4.. CQcellulose o , T

;

Thig is a microgmnular fom of cellploce ‘Lhﬂch hﬂu a m..bar cﬁ
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. Mandell and_Hershey (1960) to the‘fractionagion of DHA and RRA. The

its sugar hydroxyl groups-substituted with: carboxym.thyl groups. “This

material has the ability. to absorb ba;es and anpholytes below their

isoelectric pyuint. As for the DEAE-cellulose. colu=ns we can.take aavantaée

of the differential reléase of prétéinlcomponents from the.Cﬁ cellulose; \\\'
by changigg_#he ionic strength (of—pﬁ?(qf_the'bufger‘passing through

the columm. \ ' : -

k Hhatm;n "NeﬁvAdvanced Fiberous CM-23" carboﬁymethyl gellhlose wéé

used for all CM-cellulose colutms. All columng vere nade up and used __' v

exactly as recozmended by the manufacturer. ' !

5. Hethylated albumin kieselguhr

The total content of RNA present in KB cell chrozatin uuﬂ analyzed
on a MAK column Lernan (1955) first introduced the usze of a column of

1

nethylated serum albumin—coated kieselguhr for the fractionation of

pneurmoccocal DNA. This wethod- was later improved znd extended by
nndified’techéiﬁgé h;s been‘successfully used by mony wofkers.fbr the ..

aeparation of RNA fron DHA, fractionation of varicus claugcs of RNA ot

DNA, and fractionation of SRNA The total chru“ tin RNA was analy-ed T ’
on a MAK coluzn according to Osawa and Sibatani (196?). Hyflo suparccl

wags vashed'uith 0.1 ¥ hCl 330 until nautral 0.1 H Ha0H, cnd aﬂaiu with

H20 until ncutral and dricd. Mnthylated albunin was prepargd by‘

discolving 3 3 7 of bovinc serunrélbumin fraction V %n §00 ol of absplu:e

cothanol to uh*ch &4, 2 ol of 12 H EC1 wno udded., Tee colutica was kcpt

in the dark for 3 dayn at 25° C and wag chalen fren gicd to gice. Tho

'ccthylatcd albunin ccdimmnc uas ua*hc& tuicc uith absolntc nuthanol and

v

twice with poroxide-fred cther (distillcd ovis Eerra’ulpantq), dried and

.
H

: . » - . - - ~- . . N



. stored at —20°:C.
Thirty gms of washed Hyflo supercel was suspendedvih 150 ol of .
0.1 ¥ buffered saline (0.1 ¥ NaCl, 0.05 M sodium phosphate, pH 6 7)
boiled for 1 nminute then cooled to 35° C. Ten nl of 1% (wlv) methylated
albumin was added, stirred and then poured. quickly to make a 160 x 22
o column which was jacketed and heated to 35° €. After the m,secned'
down a layer of 0. 5 cm of Hyflo supercel suspended’ in 0.1 M buffered !

a

saline was added to serve-as a mechanical barrier to the working
_portion of the column “Ihe bed voluze of the colu:n was about 60" alh
and the liquid displacement volume was about 54 ol. The colu:n was
washed with lOO ol of 0.1 M buffered saline then looded Hith about 4 ug
of RNA dissolved in 40 nl of 0.1 M buffered saline Reeervoiro of 400

ol of 1.2 M NaCl 0.05 M soé}um phosphate, . pH 6 7 and 800 mt of 0.1 M

WaCl, O. 05 M sodium phosphate, pﬁ 6.7 were- 1ncuhoted at 35° C and
connected to a Phoenix varipump ‘Model 6000 which puzped a linenr salt .
gradient through the colurm at a rate of 1 nllninutc.; Three nl. fractions
were collected, the optical deneity at 254 oo was recoré:d continuoualy
by an ISCO v analyzer Model 222 and an ISCO chort recorder Model 170.
Practions were checked for HaCl conccntrotion{oich a ‘conductivity bridge.

Mbdel 31 (Yellow Spfings Instru:cnt Co.) ond ‘counted for rudioactivity.

Sucroge Pradients ;

} The chr tin high wolecular ueiﬂht RRA fraetion was onﬂlyoed
‘usin; an fgokinetic 152 to 302 osucTroese gradient in 0.1 H odiuq?acctatc
ard ‘0.52. SDS, pE 6.0 (Toll,. 1967) Tcn.ul gredients were centrifugcd

- for 17 he 1e an IEC SB~283 rotor at 25, 000 TERsat 25° C. Optical

deasicy, profilcs wIre: couitorcd with a Phoreccla oV opticol unit durien_

A b - . ‘ y - '
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withdrawal of the gradiént from the bottom of ths tube. The ‘amount of
radioactivity in each fraction (0.2 nl) was determined by removing 0.1
=11 aliquots and adding it to 10 ml of aquasol (New England Nuclear)
and counting in = Beckman LS—ZOOS scintillation counter.

Base composition of RNA

The 32p-RNA f;actions ve;e hydroiyzed with 10% aquqous-piperidine
as described preﬁiously.{Seda£ and gall,‘1965): TWAVchécmatographié -
systemé were used tq'separafe the nﬁcleotlde cozponejte. Ope sygtém
capable of séparatiﬁg many of the modified hucleotide components involves
tWo-dimﬂnsional chromatography on <ellulose plates (Eastman 6065
cellulose, 20 cus 3?20 cns) (Seno, Knbayashi and Hiuhimura, 1968) Thc

olvent systems were isobutyric acid -0.5H Nﬂg. 5:3, by vol, and
isopropanol-conc HCl—water, 70 15 15 by vol.)  The cue dinlnsion

chromatographic system of Lane (1963) was used when it wag established

that thete were no codified nucleotida components present in an RNA
fraction. The location of each nuclcotide wag detexndned by exposing
the chtqﬁ;togran to a Kodak RPIM X-OMAT rapid proce,sing X-ray film
Exposure time ranggd fron onc to four doys. The autoradiography corzrclated
cxactly wvich the poslf%}n of Ehcézitra-viélct.absotbing spots pf the
unlabelcd carrier nucleocidus. The c:oént of radioactivlt§<ln each spot -
was dctcrmincd by cutting out the apot and counxinu 4t in golucne

seintillator fluid. S o

?rcpatation of £-RNA and r-RLA o L -

?otal K8 and L-ccll. cytOplasmic RRA was 1uolazcd freon the
cytoplasnic froction ugsing thc cothod of Aztntdl, Parnas, Huanu and

Atzardl (1966). Partiol océérmticn of tha t—BE& apd T-RIA Er*ctican uas



-3?° c. The 4S, 55 'and "7S™ RHA cc:ponents were isolated e;actly\
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obtained with o-cresol precipitagion (Rirby, 1968). Each ract}on was

further purified by chrowmatography on a Sepﬁadex.G—IOO' colwmn (Gilber.t, :
Larsen, Lelong and Boirom, 1965)." ?he-t—RHA ot;r—EﬁA‘frac;ion w%s-
concenttétedAby lyophilyzhtibn, resuspensiénjin a émall voluge of water -
and p:ecipit’éfion with ethamol. = - : ‘

|
Preparation of 1% 1abeled z»s 55 and 5.55 RMA's i

About 4 x 10° cells were grown in the presence of 10 uC of 1"C

uridine 60 =C/eM in 200 ml of ninimm essential wediun for 17 hr at

‘ﬁ\
-
M

described by Pene, Kanight, and Darnell (1968). HMore recent data sugggsts

" that the 7S BNA has an S value of 5.55 (Sy and MeCarthy, 1970)..

.’J

Preparation of histones ' : . ' ‘
'I‘o identify the hi;.tone fraction isolated in this nev procedure
to fractionate chromatin, unlabeled histoncs were Lolatcd from L

cells using the ¢lassical methéd of eztraction with 0. l\x;i/hzsou. 0.05 H

Ra‘ﬂSOs (E‘anym and Chalkley, 1969). Five diﬂtinct bands were ubtained

: ) :
in the 152 acrylanide acidic gel c}cctzophorcsis.syatm. Thc prqteins

were otained by suspending for two hours the gels in a n_olution':of 0.27 -

anido black in 7% acctic ceid. “The gels were degtained clectrophoretically

4n SZ acctic ccid and ic—ediately scanmed at 600 mn on a Gilford 2000

opectrophotozater cquipped with a Gﬂior&' gel ccezmer (Model mo. 2410). )

'

Chenieal aunnlysis

DIIA was as.,aycd by the cethed of Eurten (1955) usizﬂ calf thycus

DM (S!.,;,,._:\) ac a otandard. A was a..,.,aycd by tt'c mt,hcd ‘of Webdb (1955)

" uoing ycast .,olublc ™A (D.D .lﬁ. En,_,land) as a st dard.; Protein was

assaycd by the mthcd of Lm:ry, nc.,.cn’:aauw‘:, Fore ..h.J Randall (1966)
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using bovine serun albumin (Sigma) as a standard. The density of the

cesiun sulphate gradient was determined as described by Hillians and
Vinograd (1971). . o ‘ R <
Reagents ’ -

< Only the purest available chemicals were used. Urea solutions

vere pgrified by passing an 8 M urea solution (Baker, analar grade)
through an AG 501-X8 (Bio-~Rad Laboratories) coluezwy & en diameter x 4 co. ‘
Other reagents were added diluting the urea concentration to 5 M.

The buffers were'always stored at 4° C and used within 36 hr of prepara-
tion. Leucine—lbc (uniform labeled) 270 =i/cole, 1ysine—4 5— ’"

5000 mCiImmole, a:ginine-s-’ﬁ 5000 nCilnzoIe, uridine-S— H 20 aoo
;:Cilmmole, uridine—2—1“C 60 =Ci/t=ole were obeained from A_erahemlSearle,

. Toronto. 32P-HgPO:. carrier free ves obtained froo New Enbland Kuclear,

Hentreel. 5,6-D1hydro uridine (2' ox 3%) :nnoph06phatea {(nixed iso*ets)

was made by hydrcgenatioﬁ of UM? with hgdrogen over a rhodium catalyst

(Schein and Schein, 1968).

~

\
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To understand how the euézéyotié cell regulates the-exprESSion
of specific genes 1n its chfomosomés,‘ic is first necessary to kﬁow_ : .
exactly what are the molecules pfesent in this very complex material.
We m&ght then ask are all of these molecu;es_préspnt in chromosozes in
the cell,jor do they ariae by,lin some way, bihding to the chromosoéal
complex during L§S isolation? Are. the chromoscmal components 1solated
degradationofbbtherwise modified products of larger molecules that

exist in the cell? What part do these molecules play in the transcriptional

proceﬁ%? How is the uholé chroooscomal apparatus built,_duplicated-and

~

regulated? " The answérs to these questions wiil occupy the ninds of . S
men for many years fo come. The reward will be the poséiﬁility of

explaining and possibly mbdﬁlatiﬁg-thé tfoubles of man. those offﬁhich

genetic basis for their cxistancé. | ‘ |

]

Initial work with chromosomal RNA

We have seen that the chromosomal RNA componcnt iaolated by
Bonner et al. (1968) is unique in- that it appcars to. |
have sooe protein covalenﬁlﬁ boﬁnd to it. It is thus often known as_.
"Protein bound RNA". | |
They -have isolated this RA by utili,ing the diffctcncc in denalty _\\
' one would expect bctwecn frce RNA and 2 proteinIRhA co-plca.‘ High
speed centyifugation of purc chronatin in 4 M CsCl yields a pellet of
DNA {alsco some high colecular ut. RA). The protein prcscqt £loats as

a "skin” on the Surfﬂcc of the dgh sor CsCl. Present . in the gkin also

.65
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"TABLE 3 ,
CHL-_MKCAL COMPOSITION OF PURIFIED CALF THYMUS CHROMATIN
COMPONENT MASS. RATIO
. DNA\ 100> .
PROTEIN 1790e
. RNA 00! oeo

°- Determination by 1he meihod of Burion, J. 8|ochem &2 (i956) 3!5

AN
°c  Determination by the meihod of Lowry et ol,J. B!O! Chzm. 193 (i%ﬂ 265 |
oo Defermination by the method of Webb, J. Biol. Chem. 221 (1959) 6:;5. .

—r

2.
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is the protein bound RHA fraction. If the protein isﬁaigested oith

pronase (a group of proteolytic enzymes) the RNA component of the protein ’
'fbound RNA can be isolated on a DEAE cellulose colizm.

-About the timerthis work.éas initiated a rucber of people

reported in the literature that they could not reproduce the work with

chromosomal RNA (Commerford and Delihas, 1966 De Fillippes, 1970;

Heydén and‘Zachau, 1971). This has at tices given rise to some heated

editorial cozzents and teplies (Nature, 1971a; Ratuxe, 1971b, Nature,

1971c).

In the- light of these reports it was deci&e& to re—examine the -
RNA fraction of cbromatin' to ascertain the number, type d structure

of RNA components present in the eucaryotic cell -chronosoze.

First experiments involved isolation of chxozatin fron calf
thycus tissue to get familiar with.the ioolntion tcchniquea using
cethods then already described (Shih and Bonner, 1969; ' Dahous and
McConnell, 1969; Huang and Bonner, 1965; Bonnot et al., 1968) A
sauple of pure chromatin waorobtained having the corrcct w opectra
.(fig. 9), and DNA, RNA and protein cozposition (tqble 3) to thaot of
previously published valucs (Shih and Bomner, 1969).\ o T
Eléetron micrographs of such chro:ntin ?charations otained as
described by Parsons (1967) resemblcd chroaatin iuolatcd and similarly
cxcnined by Frenster, Allfroy ondnHiro ky(1963), fig 2-_ It Uao
. posoiblc also to'seo.oo- dense regions. Eig;ln, oeopoctod to be eaclcoli.
In thio chrc" in ioolation proccdurc the ntclcoli are
lorgely diointegrated by tho blending proccso (Dozzez, 4968) ond this

chould mot appear ia tho Ginol chtouatin pzoporotioa Tha p"coceco
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of RN'ase activit§ at'var1ous stages iﬁ the chrozatin iselation pyécéaure -
wvas also suspected. This has since been confirned by other ﬁorkers
(De Fillippes, 1970). A protein bound RNA fraction could be obtained
through ; lo-foid lower, amount -to that obtaingd by other workers —
(Shih and Bonmer, 1969). |

1t vas felt however, that thiv wethod of looking at the RNA
coaponents 1in chromatin was unsatisfactory io that 1t wannot possible
to 1splate the prote?n.cozponent° (histones afid nonhistone proteins)
and any protéin bound REA compounents fyca each other, since despiteomany
attenpté, the CsCl “profein'akin" wns‘gpnpletely insoluble, in cocxzon
buffer media even with the additionxéf icnic or.nonionic detergents,
reducing agents or urea. 'Thc'f:eé RNA was obiained only after digesting

all of the protein with pronn se.

It had been oy . carly cxpericnce that this procedure leads to

' hydrolysis of RNA present—tu“the chrcmatin dﬁ:in~ digestion of the
protein due to contanination of the pronase with Rﬂ'asc activity. and . _
bacterial growth. The bacterial grouth could bc ov*rcc"s by che addition
of cthanol to a Einal conccntration of 52. .This do2s not appear to
-__&ffccc thc protcclycic ectivity of thc cnzyueé'(Rc:nto et all, 1960).

Ko catisfactory method could bc obtaincd to overec=e tho nuclease
problcn. . These obscrvatiqnsqhavc sincc bccn ccnxir:"d by other

vorhkers (DchFillippcﬁ; 1970: Ecydcn and 2achau, 1971)

| ’ Thc procedurc decezibed above to’ isolatc chrc:aec:al RRA takes

. cdvantaoc of ‘the unique dcnnity an RP&-protcin CC”?IC» vould have im a3

Cstl Qensity.gzadicnt. Su*h a proccduxc would vt yicld R |
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2

cooponents present in chromatin but;not bound to protéin as an RNArbrotgin
cooplex. Nor.?duld RNA comﬁonents bound to a snall“ﬁeptide Eéhang and
Huaﬁg, 1969) be obtained with this meg?od. HWe might ask how magyrRNA
ccm%onénts are present in purified‘chrggatin? ‘Is there just one low
colecular. wt. progein ba;nd RNA fraction, or “is :heré a'whblé spectrun
oé conpohent not seen by ‘the presently used purification procedures
simply because they are discriminated against dnring the chroaatin
fractionation?

To answer this questioé,ad;antage éas taken of the unique.
propertiés of-# MAR-column. Such a columg can,sepat;te t-RNA, 55 RHA,
DNA, 165 and 23S RNA's. An icportant feature of this .colu=n i;ﬂihat
removal of DNA,from any chfomatin aséociated RNA i35 not nécessary. This
elininatgs .the possibility of treating the final purified RRA preparatien

/

with DN'ase that 15 contaninated with RN'ase activity. This 15 a very ﬁ

~

ioportant point'sincc phe'DNA is in chromatin present to a 100 fold
excess to that of the RNA. Many of the other techniques used to

fractionate RNA are impractiﬁél Bigﬁ such an‘éxcess of DIA.

| It wau.first necessﬁry £of0pénd gome tics “pcifccting.thgubrt“
of fractionatiqn'of nucleic z2cids on a MAK coluzm, to inqgfc that any
peaks obtained from the coliuzm were in foct real BB species, 'Toﬂéo
this E. coli nucleic écids vere characterized dn’tha colu=a. Their -
profiles froam the MAR colirm have @épn’uéll chaxac;qxizcd tﬁsawa and
A Sabatani, 1967).- 3%p Iabélcg_g.‘ggii B DA cnd ﬁ§ﬂ cas prepared an&

cluted fron thcfcoiuﬁn a5 described in the cotheds ccetion and by

o~

Qaowa and Sabﬁtani (19675.‘

-



I R .

Chromatin was prepqred ﬁfén 3 rats; (’ 100 gns eacb) which ‘were

given I.P. 5 =t of S-vH-uridine. . The procedure used ‘to prepare

'@ and purify the chroﬁatin'was e$séntiélly t@at as,qescribed by'Dahmuq | g
and McConnell (l969).chhe-t9ta; Qucleiéfhcids ¢;nteﬁt of ghé rat liverA
chr&matin was obtaiﬁed freé from-the proteiﬁ compoﬁénts by repeateﬁ
extraction with a cﬁioroformlisoamyl alcohol nixture (Marmur, 1967) Fig.
11 illustrates the profile obtained when rat liver (3H-uridine
labeled) chrqmatin nucle&c acid-Fomponents'aredcog;uted from a MAK
column along with E. coli (*?P-H3PO. labeled) nucleic acids. Fron the
profile of the ’H 1abe1ed haterial 1t’islélédr that thefe is a widev

spectrum of RNA components present {n rat liver chkomatin. Thede range

in size and structnre from low molecular wt. RLA components like t-RNA
"
up to high molccular wt. RNA structures. like r—RNA However, since the

pechanisn for the differentia& elution of ‘RNA speedies froo a HAK

colunn is incompletely understood ﬂp can say lictle uith this type of

column about the structurc of the RNA's elﬁtgdL ,
Fhat wga apparent from this wo;k was that chro:agin did not

contain just one low molecular wt. RNA cozponcnt but, in foct, had o

very hcterogenoua population of RHA molecules.
‘The major portion of the rcst of th*p thodig will be concerned ,‘P

‘uith thc 1aolat10n, purification, char ctcri.ation and pos aiblc

:> funccional rolc of :hc ¢ RMA molecules.
’ "A new method to isolate and subfractionate chrc:ntin

T 5

Thc widc opectrun of RNA cozponTtnts ptcﬂcnt in chrezatin neces~
407

sitated the develogzent of new 9roccdutcn to isotatc uﬂd sudfracticnate
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chromé?in. -It uas particularly inmportant to obtain the RNiz;fifsiggg,.qsﬁ’"’f*;__-
‘free of protein or DNA components aince tieée fracticns co easily :
cloud over metabolic or regulatory roles of_the RITA fraction.. DRA in

particular , re%dily interferes wi;g the résolutidn,of RN& componénts

during polyacrylamide gel eleétrophoresia. Eveﬁtuélly a procedure for

the fractionation of chrcmétin.idto itsfq#r major components DNA;

_RNA, histomes, and nonhistone proteins was established. In su=ary:

the chromatin components afe digsociated in a 3 8 IC1, 5 M urea solution

[ ;J:

containing 2-mercaptoethanol and EDTA. The DNA and high :nlecular ‘
welght RNA are coliected by'higﬁ speed centrifugaticn as a‘pcilet. The
DNA is separated from the RNA in this pellet by €280, equilibriu:-
density centrifugation. In the supérnatant of the h%éh é%céd ce?trifuga-
tion step are thg histones, the nonhistone protein #nd CLMU-RNA fracéidns.

'Y

These fractions cén be separated %rom each other ﬁy DEAE cellulose

coluzm chrematography. . o - ' ' AL
Let us look at somo of the components present in these major

ccaplex chromatin fractions.

“
L

The pellet fton the high' specd centriﬁ_gation step

Chcaical analysia 1ndicaccd that the DWA pellct Eorm_d curinU the .
high speed centrifugation conzain? only 0.14 of thel total chrc:atin
L protcin; Thia'fraﬁtibn ﬁas not been further characzcrizcd. Frca prcdicua'u
work it geezg possible that it containa protcin cc:;ancnta ©ost o¢ nﬁxch

were alrcudy disaocintcd by the 3 M uaCi. 5 M urea hnffer (Shoshuna. S

Siopson and Sobcr, 1972).

Throughout the ch:c:atin isolatien prccc*uxc caze was taLcn to r«\\



keep shearing of the‘DNA'fo'a minimﬁm. Howevér, brief sdniéation
treatuent of the éurified nuclei was found to be necessary to ensure
rupture of the nuclei. The riinimal effecEf;;Vthis treatment on the
DNA finally obtained in the high speed centrifugation pellet ig seen -
in ‘Fig. 6. Chromatin was obtained from 32P—H3P05 labeled L cells.
The cells were grown in 1.0 =C 32p_H.P0, in 100 ol of cells (6 x 106
cellglml) for 6 hf. The DNA pellet from the high speed centtifugation L
step was dissolved 4in 0.01 M sodium acetate, 0. 001 H Z-mercaptoethanol
0.22~SDS, 15Z sucrose pH_S.A. Unlabeled calf thymus DNA, L cell r-RNA,
t-RNA and bromophenoi blue dye were added to act as markers. Chromato-

graphy on sepharose 2B shows that almost 3ll of the counts are in the

high molecular weight region. However, a small fraction of the counts .

appeared ‘to reside in the f-RNA.regioh. ‘Treatment with pﬁrified ﬁR'ése
and DN'age (Hbrthington) showed that both DNA and RNA labeled components
wére present in the r—RNA region. The RNA was separated from the 1atge
 excess of bNA by eqﬁilib;iﬁm density centrifuga:ion in a cesiqm sulfate
solution containing'dime;hylsulféxide (Williams and Vinogradé’lS?}).

In a typical eXPerimentthe_chromatinﬁDNA pellet formed frcm”ib’ L |
cella_?az‘labé1e§ was dissolved 1n_4.ﬁ ol of a solution cou:ai#ing 0.0l M
tris; 0.002 M EDTA; _0.002 g Zﬁercap.toeﬁhépol: i.326'H c::zsof: 102 -
DMSO pH 8.0. . ,
The pregence of IOZ‘DHSO{ﬁaﬁrfound to be cssential to prcvant

_ prccipitation of thc RNA " The oolution wag filtcrcd :hrounh a glaso
‘iber €ilter (Recve Angel 934AR) into a ceuttifuﬂe tubc. . The rcznindcr

of the tube was covered with liquid pa:affin and ccntrifuged for 58 hr
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at 32,000 rpnm in_n.Spinco SH 50 rotorﬁat 25° C. \Forty fractions werc

collected from each gradient. Fig. 7 sﬁ%vs the ccmplete separation of DHNA

from: t‘ high zolecular. weight RNA. The RNA fraction wvas pooled and

dialyzed against‘0.0l g;sodium acetate pH 4.5 after adding cold carrier

L-cell r—-RNA and t-RNA. ’Thc RNA was then coallected by precipitation with : \%3:
ethanol. Sedimentation of the~32é labeled RNA thtough a 15-30% sucrose

gradient'indicates that it -has a broad molecular weight'spectrnm with a

peak S value around 10S8 (Fig. 12). This was confirmed by electrophoresis

.

of the 3?p labeled RNA on a 2% acrylamide-0.22 agarosé‘gel (Fig. 13). The:

" base composition of this type of RNA from KB cells is shown in table 4.

{The base composition of this RNA,from L-cells was not determined) This

fraction will be terned the chromatin high molecular wt. RNA ftaction

(CHMH-RNA fractionlh

vThe histone fraction

[ ¢ . —

The supernatant of the solution fron the high speed centrifugation
step containing histoncs, nonhiqtone proteins and RMA was poured off and
dialyzed for six hours against two changes of 100 volumes of 5 M ures,
.01 M tris, 0. 002 M EDTA 0. 002 M 2-“°rcnptoethanol pH 8.0.  The :
dialyzed solution was passcd through a DEAEPcellulose column (for a 5
. sample derived from 4 x. 10° cells, a coluxmn 0 S em digmeter x' 12 cn is
rsufficicnt). Hhatman microoranuiar preswollen DE 52 :E*\\Eellulosc was
used. The histone fraction passCes thrquwh the column in the runoff
‘peak. For ooall quantitics of ‘cells it is not posnible to quantotively
conccntratc ;ho protein in this fraction by prccipitation with or"anic -

solventn {Johna, 196&) The runoff pcok fraction was brought to pH 4.5

'by addition oE glacial hcctic ocid ard the- uOlUtiOﬂ poosod through a
E
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TABLE 4. - - o
BASE COMPOSITION OF CHROMATIN RNA
T ona - BASE
RNA TYPE S = T % T
e A ln . B ) | T - 7
| Hign maeser Wl aie | 192 | 208 | 294
Low molecular wi, N |
RNA fraction | eH 253 | &6 | 30
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CM-cellulose column (0.6 co dianeter = 8 em). The column was washed

with 0.05 M acetate buffer, pH 4.5 containing 0. OOS'H Z-Hercaptoethanol.
The total higtone fffction was collected in a few drops by elution,witb
~ 0.02 M EC1. [Subfx;actionation of the total histone fraction can be
obtained usiﬁg different elution bt}ffers inst_eéd of 0.02 ¥ HC1 which
elutes all the histonés f;om the column t;gether (thns; Phillips,
Sinpson, Butler,_19605. ‘This was not attempted here].- The hist;ne
fraction was‘iyophilyzed and chérac:erized by acrylé;ide gel electro-
phoresis. Fig. 14 shows the hisione profile obtained from a single
nonolayer of KB cells (12 x 10° cells) that were labéled with 200 ¥C
3H-_lysine and Zoa}uc-sﬁ-arginine in 10 ml;of lysine and arginine free

medium for four hours. S50 ug of L—cérl-&nlabéled histones isolated

as described in the methods .and naterials_sectionwwgré”coélectropho:éscd
wvith the radioactive material. Five stained bands tentatively assigned

to histone fraétions Fgal,:PzaZ;_sz, Fy and Fxn(botto: to top of gel)

were seen. The radioactive:count profile of the sliced gel indicated

‘a

that all the histone fractions were present in the CM;ccllulo e sanple.n
Further, sinceh;here are ng other major bands pregcnt it would appéa:
‘that this fractionation proccdurc yiclda little contanination of tha
"histone ftaction with the nonhiatone proteins.

The NHP and low molccular wei ht BNA Eractiond

~ The NEP and.icw gol. wt. RNA cozpoments zcmained bound to the
‘DEAE-céiiﬁldsa célu:n They vere élu:ed vith a salt gradicat of 0.0 M. -
HMCI to 1. 0 ¥ HaCl in a buffer contaiainu 5 uxca, 0. 02 " crio, 0.002. W

‘EDTA and 0.002 it 2-acrcaptocthanol. A high pzcﬁci" or R.ﬂ cca=e1 zati
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in a small volume of elution buffer facilitates the further analysis of
these components with polyacrylamide~gel electrophoresis. For this

reason an accurate steep salt gradient was ‘used. . The gradient was made

with a sucrose gradient maker (Buchler nstruments, North Lee, N;J.) IS

using 40 ml of buffer in each reggrvoir; We'haﬁe'fouﬁd that altho;gh
the RNA c&mponen:; afe relatively inseﬁsitivg to theipreéencerqf urea in
the eluting buffer the ﬂHPJfracéion\ié séusitivé,~ Couplete absence of
urea appears to allow the NHP to remainfbound'tg the colﬁmn at
concentratlons close to that required to elute the chromatin RNA
coaponents (Patel and Wang, 1964). Five M urea in the elution buffer “
allows almost complete separatiom of the NHP fraction and the RNA
fractién. This éritical deﬁendénce‘upon the prcsénce or absence of
urea 13 illustrated in figs, 15 and 16, fig. 15 1llustrates the !
Azse elution profile from the DEAE-cellulose colu:n of the NHP and
CLMH-RNA components when the elution buffer contains ne urea. Two
nl fractions were éolleéted.' This._ ié a profile that was obtained
fron chromatin starting with 2 x 10° L*cells grcun in the presence
of ‘Buridine 1 =C/100 al and ‘“c-xeucine 50 uC/100 nl of mediun for
6 hr. It can be seen that the *n uridine_label material (RA)
coclutes from thé cslumn along withiihe.lhé le;cine labeled paterial
(protein). Tﬁis ihriﬁseif-uight not be a sef1035'difficulty since
little JB-uridine béconén incorporated into protein and visa versa
for a!@’C---}.eut':il.ne. _ _

| 1t would of course prevent the use cfA?EPiﬂgPog-torlnbel

CLY-RIA froctions since the NHP io rapldly phosphorylated &a ehe cell
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(Yakeda, Yamamura and Ohga,,197i; Yeng,EYeﬁg and Allfrey, 1970).
One coulé, therefore, not eaéily distinguishlbetween'che NHP and the
CLMW-RNA fraktions during any subéequent.fractionating procedures
with 2P-H3PO. as a label. | -

There is ajfurther p:éﬁiem with the gypé of profilé‘obtained )
in fig.15 which is npf jrmediately apparent. It was found- that Some . .
34 labeled DNA is also eluied from the column. at thiéfﬁos£t1§n.. We
shall discuss how this DNA may arise in the cell later. ' The presence
of this DNA seriously impedes any resolution of the CLMW-RNA
componengs on 12.5% acrylamide gels. Fig.nlj illustrates the type of
profile obtained if the 3H;uridine labgled peak, fraction frono fig. 15
is run on.é 12.5% acrylazide gel. A large fraction‘of the counts

just enterrthe‘gel. This, as we will see later, is DNA. The CLMW-RNA

ffactions travel fast into the gel, and while at least one wajor peak

can be séen (a SSjRNA f;qction) uds; of"the CLHW-RNA;frdctions fail
to sgand out well against'the background of DNA coﬁ;ts. ‘Cleatiy' |
it wasfneceséary t;gin somcfway separate tﬁiﬂ DA fractio#ﬂf;om‘the R
CLMW-RNA fraction. | - |

| Addition.of 5 ¥ urea to the elution buffer for the DEAE
cellulose column acco*pliahcs this. | |

Fig. 16 shows thc Azsu clution profile from the Dn:i//sllulose‘

coluzm of the NHP and CL%H—RNA ccnponcnta when the cluti buffcf

contains S5 M ureca. Two ml ftactions were collcctcd. . This 1s _ o *
profile that was. obtaincd frcn chronatin stntting wich 2z 10a

L-cells growvn in.thc presence of H-uridine 1 cCIlOO al .and s G~ .

- leucine §0'hclioo nl of-mediwn for 6 hr. Fractipns 0 to 12 contain o

-
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most of the: l"Cleucir.ne: cocntS'éﬁd wiil be tcroed the "Nﬁ? frcctio;“. ‘The

Polyacrylamide gel electrophoresis (fig. 18) indicates that this is a very
complex protein fraction. It has not been further characterized in thio ;
work. The *H uridine counts’ elute as two radioactive peaks‘ the first,
fractions 15-20 wewcall peak A, the second fractiono 22—27 we call peak B b
Peak A R

Gel filtration of sephadex G-100 iodicates that there arc a number
of RNA components of quite different chain lengths present in peak A. To .
illustrate this the fraction fron the DEAE—cellulose colunn was pooled
unlabeled carrier 48 SS, 185 and 28S L-cell RR& isolated as dcscrihcd by B
Attardi Parkas, Huang, Attardi (1966) vere added. Tho RHA was prccipitatcd,\\__
by addition of 2 volumes of ethanol ond'bsz ‘vols of 1 M sodiun acetate - '

[

pH 4.5 upon standing for 4 hours at -20% €. ‘The pracipitate was diosolvcd

in two ol of the elution buffer for the G-100, coluzn A fcw drops of

) —Efﬁmophenol blue dye and glycerol wao.added.' Thc elution profilo 15 scen -

in fig. 19. At lcast six distinct peaks can be seen. On thio colunn 185
and 285 RHA cooe off in the void volume. Thus~the firot CLMHHBRA pook can

contain componcnto of alnoot ony S valuo grcatcr than obout 63. ‘A_

>

distinct peak s scen cocluting uirh the. unlabclcd SS A ccmpocont. It -
- appears that none of the. CLKW-RRA froctiono oclute cractly uith‘tho

unlobelcd 48 RNA fraction. | Tuo CLHH-RHA fractioao cppcor on this basio _

to have § values lcos than 48, ~.'
_ Folyocryinmidc gel olootrophorooia uoing a 12 5% ocrylcmidc - '_\(

-Bcparhtion chfgivco a.Einor tosolution of the: Cﬂ%@-ﬂﬂﬁ froctions.

. & i
5 =0 ) , ;
=
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If peak A from' the DEAE—cellulose column is ‘Tun on the 12 sz
'acrylamiae gel systea, a. radioactivity diatribution 10 2 ™ alices
19 obtained as shoun in fig. 20. Eleven distinct peaks can be seen. Rag
. 'ﬂ Hhile most of th ¢ leucine labeled material eluteg in the |
" NHP fraction froom the EAE cellulose colu:n (fig 16) there is as " ’ -
small pro;;r:ioﬂ of the counts under peak A. This 1abeled’ material E}/ ’
forna-th;ee distinct bands on a 12 5Z acrylamide gel (fig. 20) - _ ‘;.
ft has not yet been ascertained 1£ the first - two bands are covalently

%

‘boung to the RNA in ‘peak ¢ though this 1s a distinct posstbilicy I

i (Dahmus and HbConnell 1969 Dahzus and Bouner, 1970-' acobaon and '
Bonner, 1971). The three 18G ‘1abeled pcaks are pronave sensitive and

unaf fected by RN‘ase or Dn'ase.

- L -

In view of the difficulties BO“G previous workers have had in
preparing. and char«cteri ing gome chromatin RNA fractionn (Artnan and
Roth, 1971 Heyden and Zachau, 1971; Szoskak and Phil, 1972) it was . \\?'
izportant to show that the abovc CLYME-RNA ftactions do~not nrise as
a result of contamination of the chtomatin with cytopls"mic RR&, _' ‘:‘ o

' 3100 that they are not a yesult of degrada:iou of highet mnlccula: '

weisht chtcaatin R ccnpuncnts during the 24 hou: higb specd

centrifugation.- - R _ . aﬁﬁ;
.,E Al litra batch of L cella ‘was collectcd anﬂ :cﬁuﬂpcndﬁd in ° L
" 200 mln of m:dium cantaining 5T dialyzﬁﬂ foetal calf eerum. Thes ‘
cclln vere thcn diyided into tvo 100. al sam@lca. *geuridine 10 ] ﬁ
KC/ol vas ....dded to ono sczpic, “t:emrsdm 0.5 uC/al was added to the S
" other.. The cclla we t& gwuwn,fﬁr sia hcurs. The huffmxcﬂ.rammmcnate 7" g

containing the cellulmz pest-anclear frmctiaa of the “c labalca

.
- o ;

"
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cells (no. intact cells or nucl;ei present upon micro..copic cxu:ii.nai;ieu) v
wvas used to prepare nuclei froo the 3H Iabel d.cells. 'ﬂms :my C
labeled RMNA in the final CLMG-RNA profile. could only a‘r:lsa fw:n Fooe |
kind of aggregation of cytoplasmic “C-RHA to the ’E-cixromtin as
the nuclei of the H labeled ‘cells are being purified. - - "_ ‘

In the 24 hour high speed centrifugation ar:ep 2.:-5 E. coli rR.IA, o
1% labgled; was 4ncluded. (10 ug/nl specific ‘activity approx.
5000 CPMIug) with the chromtin from the cells labeled with 3@ ) l .
uridine. Any degradation of RNA should le.ad to ftag::cnta of 1%C " v
lnbelcd E. coli RHA in thc eupe.rnatant and eventmlly thcy should
appcar on the acrylamide gel. Figurc; 21 shovs that 1little “c-cmmts
appear to be present. " ‘
“The CLEM—RRA prgfile n the 12. 52 acrylmida gcl 15 cozpletely

-

recoved by RN'ase pmtreatmnt (Pig.22). It is muffcctcd by DI ase

or prénase traatmnt. The Eact that thc fra.cticns D anﬂ ‘Care | - ‘ e
mltcrcd with pronaoe trenmﬂnt Guggeata that i€ thay ccnmin bov.md
a:nino acid- cor:ponnnta thcse ca"poncnts zust be mm ﬁalativu to thc
- rest of tho polyrnucleotide clmin sincca pxmm pratrcatmm: docs ot .
1a1cc‘r thcir pqgition rclntiva Lo r.ha othﬂr CLM-THA €ractions. -

Tho above cu%:-mm fmctions do not appmz to bo unigue to L

~

~ .

cella. Figum 23 shows t‘m ptoﬁles obtained
frea KB colls and rat h*.pm:\..a cel.la labeled for G lww:a vith 10 U:Jml

of sﬂ uzidi:m Tha B fmctism were isolated 28 wscﬁﬁeﬂ ﬁcv
=,

ccllo. 7 m«m ccmpamm aleo aw@m' §s cells which ore

cuplodd. Figum 2_3 also 111ustrates the profﬂa c’;ataﬂa&d with DOT-C3

¢ -
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chinese hansper cells. It caﬁ be seen-thﬁt all the éell line9Jappear'

~ >

to contain the eleven individual fraetiqns thouéﬁ the relative anounts

.ofhlabeled RNA 1n each ftaction is different Erom one ce11 1ine to
- znother. . o . | _ . ‘ ’ ’
Characterization uf t’ne CL!‘N-RHA fractions .

" A wide range of RNA components in this S value range (35—105) 5
have been isolated fro:: nuclei and fron chromatin by a mmber of '
investigat:ors using greaxly differing procedures (Bonncr, Datmus.
’Fambrough Huang, Mnrushige and Yuan, 968° R:mehisa. Fujitani, S:mo. M
and Yanaka, 1971 Prestayko anti Busch, ,],268 Hu:mg and Huang, 19693
. Hayfield and’ Bonner, 1971, Kanehisa. Yanaka a‘nd Kamo, 19723 Busc‘n
Ro-C‘noi PrestayLo. Shibata, Ctooka, El-Khatib, Choi and‘!&ouritzcn.
1971; Heinberg and Pem:zan, 1968' De Filippcs. 1970 Hogan and Grosn. A

972; Egyhazi and Edstrom, 1.972, Arnold and Young,.glgn' Re:l.n. 19712.

‘l

G-
,It\ Hould be of in:erest to mscertmin if soz:a of theao cum-nm fracticms

‘-.__

are sinilnr to the nuclcnr or chromsml RRA : tations_akcady
~:dcm:ti’ocd ' J-:,' E Lo 5

'\'.

‘A prcparaticn of L—ceu 33—-1::16111@ 1abe1ca Cn’?a-mxﬁ w;';a fracr.ionatcd by ’\
cl¢ctrqphorcscn (Eig. 2&} with “’C-uﬂdine labcled rat hcpatm '

cell as, 9S8 am! 5 SS nm iaolated as dascribea by Pcnn. I\night ami
Darnell {(1968) and chamctar.zed by Sy and ch{;arthy (1970) The
approximato S wvaluss oE thc CHW-&A fmctim ww cbti_i?ea naias the
“G 1abc1éd mterial as smndarda (Imicki and“}smam. 19?0}. . _7 \
The- cntimatcd s valma ‘are shmm 1:3 wblﬁ 5 . E\mctiond fs, B ama '

C appear to lmve s malw.es leds than 48, 'ﬂ'ham aypeam to be. o

- ) )
: o
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TABLE 5 o o :
S VALUES AND P-NUCLEOTIDE COMFOSITIONS | e
OF CLMW-RNA - FRACTIONS FROM L-CELLS R . \\;}
CLWW-RNA |S VALUE} GMP | cup | Tamp | ume o
©a |3 | e2w] 2es | 256 278 '
B 3a | 33 | 270 | ws | 229 | T
c 38 | 263 | 288 |27 |&2 | S
) ot {300 2v3 | 224 | 203
E a4 } - o
c as || B @8 |20 |23
6 50 | 253 | 98 | 271 | 278 :
W 52 | 29t | 250 | 203 | 256
| ‘57 | 308 234 | mo |252
| 59 |r283 2 | 223 |ee2
K 62 | 28t | 214 | 231|274

EACA VALAC REPRESENTS THE MEAN OF THATE DETERMIATIONS

-~
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'component withdan s value of 4s. o “7 SR " o ' N

The base ccmposition of the CLMW—RNA fractions frca L-cells

- - -

was determined as described in the methods section, table 5. The "
cells were grown at a concenttation of 2 x 107 cellslml for 6 hrs ,“ | 'miﬂ' ;

:1n 100 wls of medium containing 100 uclml of carrier ftee-?zP-H3P0u; -

Using the two &imensional chrcmatography system described in the "_

- methods section therlopagion of the:nucleotide ;omppnen;g presept -7 4
in the L-cell CHMH-RHAFS‘waB detgrmiged. We couldbngggaate#t
nucleofi&e components other ﬁhén Api*Gp,_Cp, Up::pﬁﬁ;“ﬁﬁp; ;Iu: .

: pagticﬁlar ve cguld not'detecp anﬁ céﬁnta wﬁe%e-diiyﬂro-vp Qﬁs‘ IR

A

located in any of the CLHW—RNA fraétiona} _— .
G . . .

The procedure described in the.methods section should rezove o
a considerable part- 1f not. all of the nucleolar material normally .
present in chromatin preparatinns (Hnng, 1968) Of the low uolecular

B

+«; wt RNA- Fomponcnqa present in,the nucleus and in chrig?tin 15 onc

‘ described by Busch Ro-Chai, Pteatayko, Shibata, Crooke, El-Khatib
Choi and Muritzcn (1971) called U3. which appears o be Iocnlfic&

spc»ificably to the nucIcolua. ‘Fhen. Hovikoff hepatona nucleolar

. 4=8S RMA, - a gcncfaus gift Eran Dx. H. Buuch. Bayl % Collego of .. F o
N”dicinc, Houston‘&wwas ftactionated by elcctrophc 13 uith the—CL&h—Rg9 “'f N
fraction (fig. 25), it‘can bc secn thzt no com@oncagﬁran vith tha-m | ;.‘ ';i

- VUs n:tiéolur RhA caaponcn:. This suggeata to u3 that our ?fﬁ@afatiﬂﬁ R ﬁ *

io relativcly free of nucleoli. - .: ‘: o

P

| - The polyacrylamide gel clcctrophoreszs systﬂm used above uill n“ -

.,ccparatc BHA malecules only in :arms of their chain lcngth.‘ Xt ua@ﬂ '-_ 7-

v
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‘not give any indication how hetetogenous an individual peak nigh; v

be, for example t-RNA gives only one peak on this gel yet it contain.ﬁ
at least 100 subspecies. Are there further subspecies within the

CLYH-RNA fractions A to K? + o .
_ ]

Thia is not an eaay question to answer. Any role in Bpec:lfic ' N

_ gene regulation would demand a very heterogenous popula:ina of RHA

S

1ecu1ea.

mo-dinensional polyacrylamide gel electrophorea:w of ¥*p- !

T

'labeled CLMW-RNA from L-cells does indicate that cunaidcrabla
Vbeterogeneity exists in r.hia £ract:ion. Fig. 26 illns:rates the . : 0
profile obtained fr;m T cell ’2? lahelcd cytoplasmic 4, 5 and 5. SS |
RNA's. Fig.27 111ustrates the ptcfile obtained Hith the %P labclaa‘
Vla-ccll CI.HH-RNA fraction._ Only & gpots are oeen in the casa of thc
cytoplasmic components (itsalf a co:zple.x fractian) uh:ue at lcaa: 25

N
could be acen for the CL.W-RHA fract:icm. Only about 10 are secn in

£ig., 27 due to lonn of minox: spo:s 1n the photégraphic mptoduction.

™

) Pcak B fro-.'.n DEAE cellulose col@

This fraction m co:::poacd mﬁy of Izj% with lesa ahnn 2% m&x
and ©o dctccmble protcin C{m;eccrnphamsis of thia h*actiou with .
15¢ 1gboled &, 5 and 5.58 RHA'a yiclds 2 single major peal at ch?/z,op
of the gel, fig. 28.~‘1’hm poak :Ls smitive o Di'ase ami insensitive. to
ah e OF pwonaae. it pzczzsmbly ariam via mmaica oft = . '

°0 gridtne + 8 cy:wm -8 dwmﬁdm L

oince cold deomyayt:lﬂinm mzd thmidin@ (2 uglml} pmmm MM& .
Lo @,nﬁ mm, wm.

&ncammﬁon of E«-uri&m mzo thia fmctim (&f

"ﬂxﬂm ﬁzmticuwm mt Eurthﬂr mlyseﬁ. SRR S
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IV DISCUSSION

Before 1ook1ng at the overall significance of this work T N

Lould 1ike to.discuss first, " some of the technical data that have

-

evolvee\frem it. . 7 - b.‘ . //T
The procedure described ta, isolate and fractionate chromatin from

tissue culture cells ‘has in part been EEsed on a combination and

modification of previously described methods (Shoshana, Simpson and L.

Sober; 1972- Dahmus and BcConnell, 19694 De;Filippes, 1970; Shaw.
. T P
and Huang, 1970; Shirey and Huang, 1969). 1o contrast to procedures
" a/ ,,
'used to isolate chtomatin fram some animal or plant tissue (Bonner

et al , 1968) it was found to be advantageeus to 1soiate first highly

‘ ~ L.

purified tissue culture cell nucied befote purifying the.chtomatin 1"1J

itself. Ifethis pr%caution is not taken the chromatin RHA fraction
. becones contaminated with cytoplasmic RNA components. Addition of

]

bentonite to the buffe; used to lyee the nuclei 19 neceaeary to

" prevent contaminatioe of the chrcmatinVIOW'mnlecular weight RNA with
fragments of\degraded larger nuclear RNA'e. “The value of bentonite
_‘1n this step has been observed’ previously by'De Filippee (1970).
Taking this precaution and tnking care to rcmovc lyBOPGmce in the

_ cytoplasm before addition of the Tween: 40]dcoxych01acc détergent -
ﬂix‘“‘° (Penman, 1969) no RN'aee aetivi:y coulq be deteetc& 1n the

finnl chromatin preparation as aesayed according to thu.me:hod

* : 1

o g

105
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described by Kalnitsky, Hurmel and Kierks (1959). .
The type of RNA components found*in the L—cells chromatin is

unaltered if cold carrier r-RHA and r-RNA are prosent in the 1solation

buffero ond during the high speed centrifugation ‘steps. ?hisnfurthen_

confirms that these.components_do oot arise'os a result of degradation

or aggregation of othér RNA fraotions." ) |

. ~ .
Initially 0.05 M NaﬂSOa was added to ‘all b:irers to 1ﬁhibit

proteaae activity. At least for L, KB, BTC or: Dﬁ?—cello (thoogh not

, 80 for calf thymus tissue) it nakes little differon:o W ether NhBSO,

is present, . This procedure has been omitted in order to eliminate

the posaibility of base modifications of- the chroza tin RHA componenta o~

(Shapiro, Cohen, Servio, 1970) A otep 1nvolving centrifugation of

the 0.01 M tris washed chrimatin.through a 1.7 H sucrose oolution (Bonnor

et al,, 1968) was omirtcd since thio procedure did not appear in

- any way to alter the profile of the final chrc:ntin fractions. other -

than to reduce them all quantitativel;: In provious methods during

tho high spgcd centrifugation step in buffers coataining uroa, tac, -

guanidine ‘hydrochloride or SDS asrmuch as 1 to 52 protodn was-found

" in the DNA poilot‘(Shiroy ond Huang, 1969; Shogbana, Sicpson a:d' |
Sobor, i972- Elgin and Bonner, 1570). With this procedurs mueh lower
voluoo of protoia ara preoont ( 0.12 of tho to@al chro:stin prntoin). _
Thio cen be attributcd - not only to tho use of urea ard ﬁuCI Lo ,' 5
diooociaro the chrozatin corponents  but aloo to the promonco °f 0. 092‘“

EDT& and z-msrcaprocthonol. Algo it io poooiblo thot for £oT2 €SS

tho'protoin preseat in the high opood centrifugotion pellst orooo R [N
2 -
N ) / -~
. o “.ﬂ/',&\\: :
(O
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froo material that was not of chromosomal origin, perhaps nucléolar
t_nat.erial or ngcl‘ear membrane compon‘ents (Héng, 1568).

"From this work 1t appears that there are a mmber of CLHH—RRA

i

.’fra(g,zions closely associated with chromtin. M two dimensional

’ polyacrylamide gel electrophoresis per,haps ‘best displays the co"ple.x:lty

-

of CL!*iH—-RNA frac:{:
. In view- of the widely differing procédkes used it is' not

casy to correlate the RNA fractions described in cae mathod with that
fﬁanother. 'I'he “chromosomal RNA" deacribed by Bo:mer, Dahmug,
Fm:brough Huang, Karushige and Tuan (1968), Dakmus and Bonner (19703 ) .

Huang and Huang (1969), may be involved :Ln gena regulatiou (Bekhm:,
Kung and Bo,nner, 1969; Huang and Huang, 1969' hayfiel& and Bonder,

7 1971) Do non-protein bound’ m—mm's take part in gene mgulation?

| B.ccently it has becoze clear that:a at 1cam: two non-protein bound RNA
conponents play a role in wodifying the template activii:y of cfxromtinl
(Knnehi_sa, Fujite_ani, S'anc_) acd Tan_al_ca, 1971).

Ic-was»felt -tttmr. ,therf qﬁms a need‘fc;;: _a' te&miqua with whiéh ve -
douid look "at 'the_non-p;:,o'te:l:‘x bound low moleculaim B.HA d’c:a*gcnents
prcscnt m chromatin.- At the tima éda hod to-avo:ld'-a procadtz:e
uhich t:ould remove any protein 'bound RA cumpomts smch as phenolic

" extraction of ‘the BHNA (Pmatayko and Busch, 1968). 'mm procednm
brictly dccc:ibcd in the methods sccti.on could moet thcsa nceds.,
mm-mm fractions A, Bandcmagmam tohamSvalmcsl_ B

lcaoo. r.hmJ that of tml& ’m@re haw bemn Fol nﬁmb&r eﬁ mporta of

L similar lw molecular vt RA cewponanm in chromatia. “@rammml

» »—> A
. . - ) L
Ca R s ) . - -
'
'
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RNA" yields only one band on a 1&2 polyacrylamide gel (Holmes, Hayfield,
Sander and Bonmner, 1972) and could. thus only account for: one of the
above fractions. An S value of 3. 2S has been obtained for Nbvikoﬁf
Wl
: I
Ascites tuzor "chromnsomal RNA" (Dahmus and HcConnell, 1969) Thla

would suggest that CLHR—RNA fraction c could have some or all of its

v

components in coczon with that of "chrcmosomal BNA", Gne difficulty

with this 1s that we could not detect the presence of dihydrouridine

in any CLIG-RNA fraction. It-ia possible that/ig;‘EE§x$S\j£ 32p | 7 } : -
incorpotation into the total CIM&-RNA fraction has not been sufficient _ T' _—
to yield detectable amounts of dihydro-Up, Dihydropyrimidinc bases

could not be detected by other workers 1n a chrumatin protein bound

"

RNA (3.0-3, SS) 1solated from rat liver. (Arnold and Young, 1972). The

. procedure ‘used to isolate "chrozosomal RHA" containing dihydrouridine

vas used. The baae compoaition of L—cell CLHWBRHA fraction C 184

ninilar (table 5) to that of thia 3. 0*3 SS RNA The basa‘uompoaicion

of o 3-48 RNA component 1aolaned from hizian leukemde leukocyte
chrcnatin (Getz and Saundern, 1970) differa from tha: of CLMH—BNA
fraction C. It is ponaiblc that these differences in basa composition
seen whcn RNA' characterized by one group of wurkars im cozpared witb
that of anothcr io duo ainply to a real differemea in tha baso
sequbnccs of these RRA ca“?onanta in tho widaly d&fferant cell typas
otudicd. ‘ |

i A ccmyancnt uith en S valum of 4.18 hao ﬂﬁz bacn praviously
zapnrtcd to bo preﬂcnt 1n chzamatin. ThareVaxm rw@tha of 6a

'chrcm tin-ﬂhﬁ coTpone nento (Emn&hisa Tanaha and’ Eano, 19?2, Busch,



nueleolar 4S RNA compohant? ‘We cannot bay at pieaent. The-faht

1109
Ro-Choi, Prestayko, Shibata, Crooke, El-Khatib, Choi and Muritzen,

1971; De_Filippes,ui§73}?andfa 4.2S RNA componenﬁ frcmxch;ékén livér‘.
chromati;i (Ranehisa, Tanaka and Rano, 1972) bu; thes;a component.s ha\{e
not been examined on ' acrylamide gels containing cqncen;ratioué
of acryla;ide grehteglthan 12% ﬁith‘cytoﬁlasmic tRHA., It éay thus‘be .
possible that a snail differendé.bf 0.1s units‘EQuld;not be detected
and th#t CLMW—RNAAfractibﬁ D-and éhelés chromatin-RRA components are
the pame 9peciés'of'ﬁNA A 45 ﬁRA has.Been 1ﬁolated érém cell nueclei
(Buach Ro—Choi, Prestayko Shibata, Ctooke, El—Khatib Choi and
Miritzen, 1971) it appears to be tREA with amino acid acceptor activity.
A nucleolar 4S5 RMA .of quite differant base comyositicn and one—sixth
the anino acid acceptor activity of that of nuclear 48 RHA has been

characterized. The role of this RNA {3 uneleak., . e

: . ¢
Is the CLMW-RNA fraction D the chromatin cquivalent of the .

that there appeara to be no modified baael in this RNA makes an

‘\
aqino—acid—acceptor nctivicy unlikely. The posaihility thmt fraccion
D 10 a precursor to t-RNA cannot be rulcd out at prc”ant, although

theao upccien have been noreally locatcd in the cell cytoplaﬂm S,

'(Burdon and Clnson, 1969; Bcrnhardt and Darncll, 969)

The CLMHHRHA fractions E ond F do portisily aepnrato ag two

"dis:tnc: bands on the analytical 12.5% acryl:mida gel, howaver, tho:

'oepqration of thg slab ggla used for autara@ioradiography did not.

give cufficient separation for an accurate base composition of the

two: {ndividual fracticns. A muclear 6.55 BEA fraction containing .
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three distinct spe&ies has been loéatéd in the—extranucleolar fraction

: fraction. B . T N . S

a

-

of the nucleus (Ro-Choi Reddy, Henning, Takano, Taylor and Busch

1972) A 4. 55 RNA component has been isolated from chick 1ivar

T 7o .
" chromatin (Kanehisa, Tanaka and‘Eano, 1972) This fraction n_was found ' \\L
to modify the chromatin structure 1n its template activity for JRNAL <
. {7 o
synthesis, - When this RNA was examined on a 162 acrylamide gel

there appeared to be partial resolution of at: least two ccmpoqennah
in this 4.5S fraction. "he base composition of CLMN—RNA fractions E

and F from L cells is conparable with thac of the chicken 1ivcr 4, SS

- ' - - CE R

>

There are nuzerous Tepotts of 5S RA ccﬁponeﬁtﬁ in-nuclei,
ribosomes. nucleoli and chromatin (Héinberg and Penman, 1968“

Clason and Burdon, 1969 Prestayko and Busch 1968- Kandhiaa,

Tanaka and Knno, 1972) Two ribosomnl SS RN& componenta have been found

in eucaryotic cella (Busch, Ro-ﬂhoi, Prcstayko, Shiba;a, Crookc.
. . Y
El-Khatib, Choi and Mauritgen, 1971) _ o o o e

A third SS conponent having la base composicion quite diffarent

. than that ofizhe tiboaomal componants has becn Eound in whole nuclear

RNA by thege workera alao. It is not in nucleolar or ribosonal BRA
and 1o prcsumably associnted with the chrumntin fraction. A S8 Rﬁp
\fraction :has ‘been. 1uolatcd from chiek liver ch:cmatin which, lihc the
'& SS RNA cozponent, appcars to modify the chramntin template activity .
(Kauchiaa, Tanaha and Kano, 1972). ' - o

Using the proccdure desctibed heru. we also consistantly obtain

, Pa‘CLhnwﬁﬂﬂ cu"pcncnt of slightly highmr S.valua than :hac of 53. This .

L)
S : - e LT : .
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" 1s the CLM@-RNA frdction H. ®e tan find to provious'report of such an

RRA co::ponent. i .
. The CLM¥-RNA fractions I and J together have base ccmpoaitions
_ y N
ginilar to that of Ul nuclear RNA described by Busch, Ro—Choi e
] ~ : ' . .

Prestayke, Shibata,! Crooke, El-Fhatib, Chui, and Hnuritzen (1971).-" 12
has been shown to contain at ieast 4 éomponenta, two of which are
oicor bands. The CLHH—RNA fraction K fot the zzzme reacon n/a;r be aimilar

to U2 nuclear RNA, boch Ul and U2 appear to be localized to the o

extranucleolar portions ‘of the nuclcus. ' : : _ S

It ic thus poesib to postulate that cany ef the nuclear low

L -

' mlecular wt RNA conppnents .alrecady characterized are involved in sC20

type of revers:lble binding to chromatin, This revamible. bi.nding nay
play soze part '1n control of gcna,expresoioﬁ. Interewgingly, seze of tha o
lov mleculnr vt. nuclear REAYg, zhat ‘have been atudied in detail |
hybtidize to a substantially largo. part of the Das (Busch, Ro=Chodi,

Prcatayko Shibata, CrooLc, EI-IGmtib, Choi, M M—aur)itaen, 1971).

Clearly further uotk is rcquired to detamim what part thcsa RRA

\ L

fmctioxm play in gcna cxz;musica. -



V A HYPOTHETICAL NODEL FOR GENE REGULATION IN EUCARYOTIC CELLS

L N

As we have seen in the 1ntrodg$§1§n, this thesis pénters itself
nround:the queétion of: How dées feguistion of gena ttL/:j:1pt1qn in
eucaryotic occur? I now wish to propose a nev eodel showing how ‘the cell
can exert its control of gene expression at the. transcriptional level.

Unlike othar modela, it i3 suggested here that thare are. tsa najot B
clements 1n controlling gene cranscription in higher organisns RNA tuxning
genes on and repressor proteias-turningcthen ofi. Thiﬂ,model thus differa:

_61gnifiéan;i;;frcm those of Sgherrer and-Hhr;éuﬂ k1968), Georg;ev.(1969a)b
Britten and Davidson (1969) and Hhasorman.(1972), where thé majorfeléﬁenﬁs

‘in the controlling process vere ‘either thc NH?'a oz RRA |

Before diacuaaing the model I would first 11ke to introduca the

. ) .
following functional‘definitions.

. bl . .
OPERON: In uaing thc term operon hcra we "hall restrict our cean=-
ing to 2 port of the eucaryotic ¢cll DHA that is transcribed by the RRA

polyzerasa bcginning at ono regian which v ghall eall the prc" ter tcgion

®) ond continuing through an undefined numbaz of genes, uneil come undefincd

terminator aignalria resccked. Eo furthcr analngy with ehc procaryotic

operen 1o icplied. An inactiva oporca 15 aurrcanﬂcd by a protoin layer. Iﬁ
is cugpested that this laycr can ba diviﬁmﬁ inzo tua uain Eunctiqnal |
 3¢31cn3, a tightly bound (TB) proaein sone and & Ieomely ‘bound {LD) protain
csza. Ehcn the TD protoin zono im ptcsent alenaaida tha nﬁ&, tho A - ?
poly:arace cannoz t:unscriba the cp@r@n. For exammcripeina of tha cperon, ‘.j

tho TD prozein seas Tt Eirma hm xcmsveﬁ Tho rcnmimimg pzotein Iayez

\ .
. v L



‘( operona A B and ¢ ara 111u3trnted In ‘thig nodel will asguma all

_gcnca are read fron left to righ:. Each aparca containm cne of the

cnuyubs used by the cell Thcy do ot contain 1n£htmaticn fer proteins

on the operon, ‘the LB protein zone, does not 1mpede tha passaée of the
palymerase aloug the DNA' strand. It either fallzs aﬁay vhen the TB- ptgtEE;T
zone is removed, is pushed away by the polymerasa, or is otharwise removed ‘l T
in an, as yet, unknown manner. Ic shnul&'ké emphasized that the proposed |
'TB and LB p:otein zones need not correlate directly with the known ease By 7
which certain proteins can be dissociated froa DHA by inczeaaes in ionic t.
&trength changes%“’/pﬁ or soue ‘other simple environmental change (Bonner e
et al., 1968) Rather, they ‘are meant to dis:inguish betueen one region -
of the protein 1ayer that wmust somehow be remsvcd by the cell in ordcr to.
-nake transcription of the operon poasible and anothar rcgion bf the protein

o

layer thac 4in itself does not 1mpede tha transcription procesa- o : _§
U = — N °

It is proposed that the RHA transcribed frca cach oparon is ttans—'

[

cribed ﬁﬁ one continuous polyciatronic message. In Fig +29 :hxee such

P

Eollowing geneﬂ or- any combination of tvo or'mnre._

STBUCTURAL GENES. ( G. ) Thesa contain the baga aequcncea on the

DR& uhich cnrry 1nformation for the syntbsain of structural profsfnn oy

¢
H
£
]
Pl
1
i
i

“that tiave o regulatory rolc at the trnnscripticnal leval, althaagu othar o %

S :

lcvnls of control uithin tho ?911 arc of courde pcasibla, ALY €, gunwn

are coatcd by tho 1ooscly bound protain »ena in eke reprcaucﬁ mtakm of tho-

apuzcn. Tha sab cript "n“eia uscd here: ao\dzmtinguimh batwmcn differcnt

,gazmctural plasd B o _ __ ‘-  :! = = . e :
ACTIVATOR GEEBS (AG ) 1 is-sanastad that these genmu aro | : ' B
cmatainmd lnxgely in the chczizive wcqmgnces of &hmﬂnﬁﬁ of tkm coll

,gcmsln.;,fhmsa genea gemerally would bo %c:atgﬂ ﬁgﬂ&ﬂi@taly @ft@r .

- . Lo o e
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the pfomo"ter_ region of the ‘operon. The RNA ﬁraﬁacribed ‘from ez.ich operon
‘would thus have located on its 5' end RNA sequences complementary to
‘these_genes. In the process of breakdown of the gian: operon RNA id?04
'nppoéist:oni; units of Gn and Gn gene products, it is proposed that Y
'aho:t sequences oflRﬂA'compleﬁentary to the'repegitive;seguences of
_DNA‘on' the AGn';genes_ would be formed. The AGn'genes are coated by e
: thé)tightly bouhdhbrotein zone wﬁen the genomé 18 switched off. The
subscript "n" is used to "distinguish different activator genes. - N
'ACTIVA‘I‘OR’RNA (AR ) These are the fmgments of RHA released
after the breakdown of RNA Erom that part o£ the operon that contained
the AG type genes and will thus contain sequences complenz...ntary to -
repetitive sequences in. DNA “ ) |
The concentration of cach activator RNA will vary throughout s
the life of the cell in an cxtremely complex Ways sim:e its concentracion

¥

at any one tima will depend on a balance betwem breakdwn dug ‘to

nuclease activity ‘and smpply froz:l differant operon% each producing
different Vamunts of activator mm'a. An essential proposed featum - *_ *
of the é&tiﬁatlor RNA molecules fia that the‘y can diaplace. thoge ﬁhrtﬂ 7- |
of thc tightly . bound ptotein zone of tha operon to uhich r.hay bind |

Thuo 1n opcron A (Fig. 29 when ABl ABZ and An3 are preaanc nﬁmltane-
ously, all of tho tightly bound promin zona pmtam are rczoved {rea

’V'thio operon' .the RHA polymman ia c:hxw free to tmnscribe the cmlate .
cpcren.  Should ahem later be.an abmenca of oz or all. cho activa:or

E&m'o A&l 3 gomo or nll of thﬂ tig;htly b@mﬂ mtm mnn protain:s

muld bind boek %o tha DA of oparon A tu_ ing 42 off. -



-

'to the AC genes keeping the operon on, by displacing any of the

‘suggested that chere are csses in which the :epressor proteins are.

116
REPRESSOR GENES (RG ). TheSe regions of the DNA carry information
for synthesis of the repressor prot éins: (BP ). The snbseript "aY ig
used to distinguish different repressot genes or their prote;ns These

proteins will in the absence of effecter (E) bind reversibly toa -

region of the DHA - the repressor protein accept&t gene (RAG Y. Is -

~

doing so ‘they remove the tightly bound.protein zone of the operon thst

they bind to; however, the polymernse cannot trsnscribe the whole operon 3 fL

1nce the repressor protein firmly bound to the DNA.prevents its passage

~along the operon to che strue:ural genes. In nome cases these proteins

dﬁh-have-their binding to the BAG type gene 1nhib1ted by_the presence

of an effeccor molecule (E ) (for exemple, BPI 1n Fig. 29). Under

these conditions before the tightly bound protein zone can- rebind. the J-‘

»

_polyzerase can transcribe the operon at 1es\: once._ Activstor RNA

molecules (AR ) formed from the trdnscribed RNA will then bind back ¢

s
tightly bound p:otein zone thst hsd formed ‘on the operon. It is also ‘

not adted upon by any effector molecules but aheays display a. strong

affinity for a’ G type. gene.~'1n doing 80 the'further production of

RNA slong this operon is ptevented ﬁor = 1ong ag the“presence of this

,tegulator protein is maintsined within the nucleus. All EG genea are

coated by the 1oose1y bound pto:ein zone. whes the operon 1s repressed.‘
ns?esssos PROTEIN ACCEPTOR cssss (R“c ) | These tegious of DHA -

cestoin soqeenees which sre reeognized by the reptessor ptoteins Ths'.

' recoﬂnition iz highly.ﬂpecifit' for sussyle the le gene rep:essor

]
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w

'protein binds to only a lRAC; type repressor protein acceptor geme. In

this codel no essential function is assigned to the BRA transcribed

RA

frc:n G type genes. Again, all BAG genes are coated by the loosely

boun.d protein zone when the operon ig switched off.

\

All other terns used in this article have ‘the same maning as

~

those already in use... ' ’ ‘ . r

THE KODEL . '_ L B o Lo

_ An- essential feature of our wmodel is that 17; has a seriea of -
interlocldng elements. It :ls aasmnad that at any eme timzz in the cell Q}
there are alvaysh soze active genes. It* is via compiex mteractioins
of these genoes that the decision of which further genes will be
" turped on or off is malc. N |
It is proposed that in tﬁe.cell thé pnssage of the ‘m-'poiy:métaée T

along the oparon requires the prcsence of- RE& aaqmcca (AR ) complenant-_

ary to the base _sequence of tha DRA for thom AG genes vhich are

covered by. tbe tightly bcmnd protein zom.. A nwbm' of low molecular

vaight RRA’ ccmponents h.ave been molat.ed ftm nuclod which could have

| thio propo.rty, one of thase, ! chromsomal Bm“ (Buzng and Bcnzmr, 1965;
Bah::z..s end M:Comll, 1969 Gotz and Saunders, 1970~f Har.,luff, Smitb

and Bueeg, 1972; ﬁo&ma. Hayfi‘eld, Sandar &md Ecmr, 1972) appears to
Enlﬁu mmy of thcsc mquitza.' It kao bcam chowm o bo wmtial
‘for o scqrmnce apeciﬁc mtem.cum of cm&ml pmtam with nm 1 ;
(Bckhox, EIxm,_, and Donugerx, k%?. Emmg m W 1%9) " The chmosml

oA aypaam ﬂ:u. hybridim vith a larga m:man of m tmal caklulm: '



.-/‘

' synthesia 1o vitro with E. colt m»za polynerase apd DA as. templnte - an

cffect com=on to moany other. typea of cellular KW'e. Hsmaver, tml:lke

118

-

pXA (Dahzus and Bonner, 1970 Mayfield and Bomper, 1971); further, the

=

‘hybridizat:ion is prefetentially to the repetitiva gequencea of. DRA

‘&

(HayfieldandBonner, 1971). - _ L o '}

: N ® ' ) &
The unique base ccmpoa:ltion of “chromso::nl RNA" would require '

that. the ARn golecules be modified before bindi‘ng' to the AGn genea.

. Other RNA ;;ozponents have been moléted fm chmmatinf\(Bei;jaﬁiﬁ,

J
~ Levander, Gellhornm and DeBellis, 1966; Prestayko znd Busch 1968;

'Pelling:: '1970; Gasaryan et al., 1971) as well as the CIMH—BHA'

digcussed in this t;hesia. thile in nost cases their otructure and

function has not been exanimed in detail it is possiblc that our

hypothetical activator RNA componmta are’ contm.ned in sm of the above
BRA fractions.

Onc lim molecular weight RNA éonponent fron chicken 11§er
chrumtin (Kaneh:lsa, Fujitani, Sano and kaﬂ 1971) :tnhibited RNA

other BHA opeeicso: tested Whﬂn hcrmologm t:wam chrmtin ia u..ed as

' tc::;olate. the RNA syntlwam is cmidembly stimnlated. This atimulation

'appc.:im to be duc to a mdification of the chr-tim tm:platc availability

w©

by the RIA,

T

o not mh to explain hma the prescence of tho Aﬂ at the AGn

) genea facilitates. pas.,aga of the ERA polymzusm aleng tha cym, but .3
it i3 pesoible that this io intimzaly imlm with ﬂm removal of the
71 oriF3 hiatcncn fm thia zeglon (G@urgim, 1%%‘ R‘nnlw and -

Gcorgicv, 1971 Barkcr, 1971)



419
Operon A (Fig.29), represents One -of the simplest organizations

of an operon. the polymerase passes through the AG genes, then

transcribes the structural genes Scl and.scz.' A high mnlecular weight o

DNA-1ike RNA (D-RNA) molecule is formed in this process. Froﬂ the

proposed organization of the activator genes and structuial genes 1: is

auggested:cherefore.that the 5'_terminal end of the transcribedﬁﬁya_‘

will contain -a number of tepeated'RHA sequences. In the process of the

polyciﬂtronic D—RRA being broLen down to 1ndividua1 cistrons of

t
1

, structural genes and sant out into the cytoplasn, 1: is suggested that
by means of Specific nucleases preseat in the’ nnclaus activator RRA
molecules are £ormed From the repetitivu sequennes of RNA’that ware

| :ranacribed from the AG genes.‘ The evidence :hat leads to these . ,/
uuggescions 13 as follows.. 1: appcars that nzwly tranucribed RNA in the
nucleus has-a much higher nnlecular waight than that of morocistronic
wncasenger RNA in the cytoplasm. The. D-BHA appears to ba rapidly hroken

" down vithin the nocleus’ (Enrris, 1963; Pennmm, Scherrer, Beck and

Darnell, 1963 Georgicv and Lcrmnn, 1966 Samariua. 1964 Schettcr,

Harcaud Brcckenridge. Attoardi, Paxnas, Ewang and Attardi, 1966 Church
and McCarthy,’ 196?)ﬂ |

é':' -Tha D-BNA breakdown hppéa:n to-begin frua'tha‘s"terninal end;

\5uh11c the 3° tcrminal end passes out into tho cytoplacn (Gcorgiev, A
Ryckov, Ccutclle, Mnnticva d‘AMakyan, 9?2). The repatitivo sequances
of DEA appcar':o be 1ocated wainly at tha S'Vzemian of BEA, the unique -

‘ ecqucnccﬁlnainly at the 3* end (&ya&nv. Hancieva, Awmkiaa and G@orgiev,,
18713 Georgiov gghgg,, 1972). ?h@ fzagm@ntatiea of thm'ﬁimﬂﬁ 5% part - -

veald requize the pzeneﬁnm of nuclease within tha,@mzlenmAcapable of .



brenking the D—RHA in a specific nanner. This docs not seem unreasonable
if 1: is suggested that along the D-RRA there are linker base sequences
between different AG genes, possibly giving a unique conformation to
thia regicn of rhe D-RNA" (Cory, Spahr and Ada:s 1970) or in a??f other

way causing a preferential hydrolysis by the ribonuclease at theae

pointa Cages of sequence gpecific breakaown of vital RKA é;;ee;, 1970),
ribosonal RHA (Greenberg and éenman, 19663 Jeanteur and Attardi 1969)
and even D-RNA are known (Azonson, 1972?. However, while the nodel . &
_suggests a fuﬁé;ion for some of thé;reﬁetitive scquences in DXA, it -
doea‘nOt exclude thewpossibiiity tﬁat other ;epetitive sequénces.are
‘prescnt which havé other fqndtigns; such as terminators or sgdﬁénceg
recognized by'specific.ptotein protcctora. From the arrangaianf of the -
AG gene sequeaccs it mxght be expectcd that thc rcpatitivc sequences of

' -

DRA ba.nrranged in a tandem arrangcment .and disttibuted thraughont -
oot of the DNA of the cell. This appcara to be zo (Britten and Kohne,
1968' Thomas. Hamkalo, Hisra and Lce. 1970)

It 13 posaibla - althcugh it is nnt eosential for the model to

work - that come of the low molecular waight Eﬂﬁ ccm@onentm present

in relatively largc arcunts in cell nunlei (Hainbarg ond Peumon, 1968
Hbtiyana. Hodnett, Preatayke/and Busch 1969) aziss as 2 zcault of the
rnlensc of cozmon linker sequences betw&un thm ﬂR cam;cnsnta\oa the ..
D-DNA ag ucll as the individual ﬁﬂ ccm@oucnta. ?hﬂ aﬁcvu nu:leax Rhﬁ g
cequanccs could lexd mpecific ccnformationn to tho B-EHA to inmuxm that'
tho nuclnar nuclence activity will hydrolywe the DeREA at tha correct

.-

1ntnrnal locatianm o B o K : . ‘-.( -
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Operon A iliuétf:ated in Pig. 29 » once as:tivated by the ,presence
of activator BNA'B AR]_ 3 will thus continuously produce proteins ) -
~and 2 assuning that here th_ere are no other pcstjtranscriptiqnal controls - |
h This is the k_inld.of operon we ﬁigﬁt expect. in a2 cell vhich -l-tims—genes .
that are uséd in soﬁe fundarcental- biocl‘_xemical pa\:hway of the cell whefé“
continuous production of mBNA is_ required. An ever :anreasing level
of activator RNA's will of course be’ preve.nted by the presence of
nuclear nuclease activity (de Lamirande and Allard, 1959 Sierralta
ond Minguell, 1970). Eowever, it. is. sugge.sted kere that at lenst somel-
of #he zictivato‘r. RNA's are pgcsent: on the DHA l_ang enougt; that- the -
polyrerase cén p:_'oduce morc D—RNA and fheir further produi:tion :Ls -
faciliéated. At leasi: 11": the case oé avim: ﬁuélc‘at'ed red blood ceils; - '_”
it/ appears that the degraded D~RNA rcmaing bounﬂ to the chrcmasome for
a U.riod of tir.:e before moving through tha nuclm (Gr.waryan, Lipasm,
Rirjanov, Ananjanz and Ermakova, 1971). ) s |
A&_x essential feature of any medel accomting'forr teghla:ion of
| 3éneltranscription in zeuhatyo;ic cells is thﬁt .differgnt batterics of
: w be able to mﬁéract with each other (Bézvidscn end Britte:n. .

.
1971).7 It io suggcsted that on operon zay mtmct wi.t:h other oporons

in one of two W3yo. - It can induce the productien of D—-BI"M in another
opcron via the production of activater BEFA's, or {mhibit this famation
of D-RIA by the ptoduc':iop of represcor prot.; Lot us ccqnid.ar each
Opcm B of Fig. ‘29 could-.-ba ac;:av'amd w‘m combinsd cffedt of
cpﬂm A which prov:ldaa activator Bﬂa'n ARZ and ﬂRB mﬁ come othar _ |
mmm (aot shc:sn) which pmida AB& and ms It mﬂa also be
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activated by an operoﬁ that prov:‘ldes‘ARS ‘and operon (_:,'when C itself

18 active, since it contains activator gene sequenceg’ for AR, 4‘. 'As we
will see later, C is norrlially oni}y‘-' Fetdve in this diagran ia the. presence

of an 1nducer'F..1. It must be remembered that activation of an operon.

for exanple operon B, by activatora ARZ 4 and AB.5 ias not a aingl‘e

isolated event within the cell The polymemse will have to wait un:il

-

there is a aufficient build up in the concentrations of AR2 4 and ?i

ARS within the nucleu.s such that aufficient activator RNA's are available
-to simultaneously bind _to the 62 -4 and AGS.ge.nea. ‘I‘he po"lymera.se_at‘
this operon will then be able to transcribe its D-RNA, which in turn’

P

gives rise to furthet’speclea -of AR2 -4 and ARS These of c;oursa. could

' A

bind back to the G2 -G and A(.';5 genes fapilitating their furthm})production,
diffuse to other operons. or be broken dowm by nucle.ase activity. A
further c:mplczity is that an. operon containins; one or more multiple

71dentica1 acl:ivator genca will require noc only a repreaentacive '

activacor BRNA for cach AG gena it coatains bafote trmcription but will

 bave to wait uatil a high concentration of the mult)\gple &G gene activatar: "

RIA buillds up in the nucleus. Once thia happens ;ié tends tg mintnin |

itcelf <nd also\mm on other oparéns ‘contaiaing‘a hi_g@x céntent of .'

that aG gcne. | | '. ' ) -. -
CImrly a nogativo conttol (elmt m mm to tap;am tha .

| cz'pz'e sfon of certain gonca once thay have sorved thedr purpose for a )

period in the lifatima of t!m ceu. Thio iB th@ function it is

proposed the rcpmsmr proteiw gezves } S
Oporon B (Fig. 29) differs fmm A in thet it mwim a mauhtor

ia fow whon omm B ip

(RG 3. Thum roprescor protein BP,.

!
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activated by AR2 4 and ARS. Ogeron € could be activated by the combined "

| action of operon B which glves rise to_ activator RNA's A32 4  and sonmé
other operons (mot ahown) vhich provide ARy and AR, from amongst

their AGn genes. Howevgf, since in this case operon B is producing
RPy this‘fepressor protein will by binding to the RAGl'gene prevent the

repressor gene RGZ and structural genes SGs_7 of operon from being

tranacribed. This could be an essential proceas for the cell if it

Bants-jo have ‘operon.B, and opher operons containing G and ACQ genes

8
on all the iime; Eht,C'turneé pff. - If there was no RACI gene.bresent in 7
C the activator REA's A32 5* AR aﬁd AR9 would have turned it on.

The degree of binding of RP =olecules to RAC genes could ‘vary
conaiderably, sone binding 80 stronéiy as to permanently ‘turn off
operons. For other RP molecules this w3y’ be quite raveraible. At
. lcast so"n/non—histone proteina turn over rapidly (Allfrey, Daly and
Mircky, 1955; .Holoubek and Crocker, 1968).,_ In- such cages a way to turn
;n'oper;n C without.the preéxiéﬁéﬁée of aétivafﬁr—BRA'a;'wudld be to |

o

uhut off EPl aynthesia (Eor example via o rcduction in ARS con:entration

1

auffiqienérﬂrl.td bind to RAGI. The pglymgrase‘will :ranmcrfbe the

opcren at lcaat cnce before the reformation pf.a'tightly bound protciﬂ

-

cong on operon C, giving riﬂe to Aﬂz_é. Aﬂa and ABQ which in turn fced—

'1n the nuglcus) Aftar the BP concentration dccteasas thara will be 1n-

beck cnd caintain the operon suitched on.

There 1s anothnr uay the call cuuld turn €0 OpCEOns uitheu: the
prceziatcnca of acttvator RRA‘ to bind to 1t3 ﬁc gcncs. Ao ceen 1n'
thm case of opcran C, RE could ba a ncnihia:aaa pxotain ﬁhme haa 125 "

c’afnzmation mltnred by seTn effmctor Bi suzh that it can no Ieasmt
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bind to the RAGI gene, or binds in & mannet :hat does not inhibit the S
action of the Rﬁa polymurase. -For the same reason as explained above, - : |
the absence of the 1nhihition effect of RPl on the RHA polymarase at |

the RAG gene will allow/fﬁé operon C to be switcheﬂ on., V

As in' the bacterial system (Jacob and Honod, 1961, Gilbe&: and

e

"xue11eg:F111 1967) 'redoval of B will allgw RP, to again inhibit the

5"

action of the RNA polymnrase‘at the RA&I-

to a switched off state. It cannot be‘est

cause the opgron,to revert
‘ted what proportion of the '

non-ﬁ;agﬁpe proteins exist as effector-senﬁ 1vn and the effcctorh

~nnnaenaitive types at this tina o |
h Thie undel can explain hav a large scrics of gene ttanscription !
alterntions cccur, as for exnmple when timcues are atimulnted by
-horoones, Let ;a call the state of gene expresﬂion befoze tha ceilé
were atinulated. state’ A:_that aftur stimulation, statc B. Operona

D and E (Fig. 30) could be tha cype of key linkin0 cperons between

many operons in state A coon to be turnad of £ anﬂ oporona 1n atatc B

to be turned on.  Let us call thaaa typeﬂ of operoms an activator RRA

coplifier opcran ccabinaticn for tensons :hat will becens clear belcw. ,
Lut s cay opcrdhs of mﬁjor im@ortancu in state A requita a

high concentration of nctivator BHA%s AR and 5353 while operous in

-, otate B require in paz:iculax activatcr»ﬂmﬁ'a AB@ zed. aag ﬂznngst the

ognruna ezprcnscd in stata A.ia apﬂrou D (Fig. 39). 'This epmrnn 1o ;

activated by Aﬂz Aﬂﬁ, Aﬁs apd’ AE7, nnﬂ will giva rise to thm z@@reasor

protedn 323 vhich vill bind to tho DHA sequaﬁ;a oﬁ tha maG gess 1n

. .opercn B. T&u tishtly-buamd groeﬁin zone will be pemsved £

gcmcm of. ahﬁa cpeTon; h@wmvmr, b@caum@ tkm m@ @xutaﬁn rmmmims b@m@ﬁ te Coe ol

>
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the DNA the operon is fot tr.-;nsc;ibed.uizo RNA. The RP, proteirn boind
to the RAG3 seque#ce prevents the RHA polycerase £ron t:énscribiqéithe .

operons.: Iglis'suggesgéé that an effector (23) capablé of qadsiné' .‘T;
_ tranaform;;ionpf qeli state A ta'sggte B-can;-ﬁy binding éitﬁer ’
'directiy toiRP3’or via some othet interﬁediary pfotein-(&teggles, _
Spelsberg and O'Malley, 1971), inhibit or alter the bindxng of RP3
to the BAGB gene. The RHA polyc_rase can then ttanscribe operen E,

giving rise to new activator RHA'B, AB% and ‘AR, Also in the case of
thia exacple, o new repressor protein BP, 13 formed. ‘The RR, aill

1n thiq‘casérbina to the RAG& on opﬁrdp D closing it down. The nawly-

formed activatorx RNAfa p;;_aeiwiil be capable of otarting up other +
operons withi;‘the_ceil. ‘(ﬁéceht work (Coﬁgote and Trachewﬂky; 1972) - -
, haé shown that in the'céae:pf aé leaat oge.éffeczor, aldosterone,
acting on rat kidoey cortex tiaéue, an early effect of hormone treatment
vas a Bﬁecific 1ncrgése in-nucléﬁ;ﬂRRA capablé ofihybridihing with

ropetitive DNA séquenceﬁ) . The new operons cwitched on could be Iike

cperona 4, B or. C But 1: ig poaaible thot Ana and Aﬂg could bting |
abou: cxpreasion of wany other oputcnu that the ccll at thia tinn docs
not uiah to cxprcss. Tharcfore, opetons D and B wcnld centain a
sumber cf BG type genes to cngsurc that guch opctcna gre pot ezyresnéd.
‘Por axa:pla. the Ecl gemo on operon E of ?13. ,@ would - prevcnt the -
‘.cxprcssigﬁ of opqgon Cc og Fig,nza.  Ee would thns expact thm sppcaxanca
"of row éd;-hiatone protuinw 1n'tha nuclmua of cells imvolved im such
an eEEcctor—dcpenﬁaatwdhmng@ frcn state A tm state B. |

1 vould likn to cize come oﬁ thﬂ exgarﬂmﬁntal evidenco Eor

‘o
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the exitence of such repressor proteins. The mﬁsso: pr‘oteins,: ‘.are
sug_geste;d to.b'g“contaiﬁed in the non-histone promnr(lm) fraction of 7
‘ chrom;xtin. The @mts of NHP present in iéolaw& chromat-in varies |
- markedly fron one cell type to arwther (Etenster, Allfrcy and H:lrsky, e
1963 Co:.'mings, 1967 Marushige and Ozaki, 1967). In general there l .
agpears to be more NHP in templateqactive chromatin than template )
inactive éﬁtométin"(Bdﬁner'and Huahg, 1563; Frenéter,.lgﬁs;'Ha:dshigé'i‘

and Dixon, 1969 Helmsing and Berendea, 1971). This we would expect

from cur mndel since, as already explnined the fuxther produntion of _

vany new activat:o: RHA speciea in t:emplate acﬁivc chromatinh necessitat:cs’
~the spccific repreasion of other operons that vould otherwise be tumed

on as well. The KRHP fraction aha‘»m strong tiasne spucificity {Locd - _

and Creuzet, 1969; Platz, Rish and Klofnsaith, 1970; Teog, Teng aad .
Allfrey, 197b' Ko?ttaba and Wnng,:1970' Mchiliigrny, Carroll andiPaul,
11971). At least: soze tm?'a 1nte.ract sp@cifically ‘with DRA (Paul and

" Gilcour, 1968- Kleinsmith, Heddena ma Carroll, 1970- Salas and Grees,

1971) In contrast to hiutonaa wh:lch turn over ‘st a low rate (Gallwit.

and Kuallcr. 1969 Esmcock, 1969) at leaaz: sonl E’E@'s t:m mr zapidly

1n the call’ (Aufroy, Daly and Mirsl:y, 1955, Eolombak and cmczm, ‘
1963). Algso their. ayntbesie ia, :mlilm wany othar promins of tim cau, ‘ R
7 minmﬁ.ncd ot aitoaio (Stein and. Bmazga, 1970%))5{’ 'm@ wadel clca:ly o

. requizes that momm bind apc:ciﬂcally to DUA, amd t&ms: gocua at lcaat

" be tiemm spccific. A mpid tumover oE thmm ymwm 4p da mcmc

vith o m@m;r ﬂembla dﬁfezmcm wemm m reprassigs of aczy
e-,_;orm. Thﬂ m Wsiﬁm aapmmm to M mlzemd duﬁ.ﬁg thea gsmmm _



-cm..‘-v_hm__‘
, .

“bound I-’3 arginine—-rich hmtone. by a ﬂpecif:lc Eﬁ? afger stimulaticn of

utcxinc tisaue uith‘\tradiol (Barkar. 1971)- mm am mmorous |
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of differential gene expression, 1 e, When cells undergo a state A to-

gctate B type transition. A widg range of effectors have been‘suggested;

- as being ingolved in ;hese procesééai éstrdgens‘(féng and ﬁamiitoﬁg
1970; Mester and Baulieu, 1972-"3&:1@:, 1971); coreisol @eisseroth

- 1969 Buck and Schauder, 1970' Shelton and Allfx-ey 1970), progesterone .

(O’Malley et al., 1972), insul:l.n (Buck, Schau.der w Heaer, 1970),

_ thytoxin (Tata 1966)-,- iscproterenol (Stein and Bwrga, 19702}

B-ecdyson (Helmsing and Berendes, 1971): and tmm’n effectors

) -

: ,(LeStourgeon and Rusch, 1971) Clearly these changes in NHP compositicns '

are 1n line with the cffector dependenr. clmnges of w we would e.::pect
fromoutmodel. o e e o "

It haa been auggcsced that the- binding aﬁ eie rapmasor proteins
BP to their RAG gcnea «brings aboat wmoval of the tightly bo:md J
p;:otcin zone of cac.h ageron. Sufficien: data m mt yet available to
suggest vhat compono.nta are involved. in thisa pmms or how 11: takea _

place. At “least ome stuiy has indicated remm‘al of the tightly

reports.of I\?HP inee 1:13 template activﬂty of chrmtia (Hang; 1969'
Spolmbarg and Hnilica. 1%9 Gnmmm amﬂ ?aul, 1%@ E!mg, 1970;
Ec:miyma ond Hang, 1971- Rostmba amd , 1972) 23 t..@ll as mpcrm )

of icercased mm zrmctibcé fmm chrmm wm an incz,casa in”

. 4to ceateat of P {O‘Mley and Hsﬁuim, 19693 E’uammg zmd erwﬂas,
1071 O'Rhucy ot al. 5 1972). It m@z t!m's W cuntw&dictnw o

e d .: s - mt@m ﬁmﬂv

-

cnuzcst a mpzcﬂsor promﬂn eclm fmz m BOT-
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earefol analysis of the model reveele no majordoontredictioo with;;he
.--experimental results reported.' Increaeed'RNA transcribed from chromatin
could arise wheo‘a few NHP's heve.their-bindiog to the DNA inHibited by
one or more effectors, as in the_case of oﬁeron E (Fig. 30) alread}
ddscuseed; As already pointed out, formation of many new activator
RNA's also requires formation of new repressor proteins to turn off
' unwanted opéfbng\EEat would otherwiee be actIVated by the new profile
of aotivaror RNA‘s: The inorease in template activity of chromatin
seen in. vitro when NHP is added could be due to exposure of the DNA
l previously hidden by the tightly bound protein zone but, now available
-to the procaryote polymerase for transcription (Kamiyame and Wang, 1971
Kostraba and Wang; 1972). This observed 1ncrease in template activity
of DNA appears to lie in the repetitive sequences of the DNA (Kostroba
and Whng, 1972) -Such increases in tempxete activity seen infggggg
have been suggested to bring about an increase in the length of the__l'

transcribed.RNA‘rather‘than to expose new initiation ‘sites on the:DNA

(Ramdyama and Waog;'1971). Iiio is interpreted to mean that opge the
RP has bound to. the RAG gene further RP' molecules only-increaae the

o
rexoval of the TB protein zone within this operon and not at the many

other repressed operons within the cell.

The operatione presented ebove are in many cases too oimplo to
account for the oophisticated control of gone expreosion that appoars :_
. to take ploce 1n euoaryotic cells. It io-felt, however, that oimilorJ

RA

gene arrangemento and’ interactiono, containing multiplo AG R nn - Gn
[ : L

_and SG genes in auch operons, would be in.mony waye eufficient to



‘explain many of the k‘nown experircental facts of the cuc otic .
chronosoxz, its components and their functions.
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VI SUMMARY
A general nethod fot the iao].ation and fractionatinn o[
chromatin into its four najor cozponents, DNA, RRA, h:latones and
noc-histone proceins is described. The procedure avoids the use
of Bl:rongly acidic or alk.aline conditians, the use of ionic
detergents or phenol.' As few as 1.4 x 10° cells can be used.: '_
'i'he chromatin components are dis.,ociated in a 3 M HaCl, 5 H urea
golution containing Z-mercaptoethanol and' EDTA. 'Ihe DRA and high
mlecular seight RNA are collected by high speed centtifugation and
n‘m is separated frm t:he RAA by moans of Cs5250s equilibrim density
cc(zntrifugation. The. histcmes%, non-—hmtone pmteim and low mulecula‘r
. weight RﬁA's :;re fractionated using DEAE cellulozm colm chromato—

. grdphy and polyacrylamide'. gel gléctropﬁoreﬁ}s. The hatar_ogeneity;

of the RNA fraction is farther illustrated using two dimensional
polyacrylme gel clectrophomais.v - S -. . ‘ e
. A eey hypothcsia to expl.ain e::pmsien in cucaryotic
' colla at the tmn..criptioml lovel is dczscribed. vaious r.:odels T
for rcsulation of geme traxmc:ipucn in cucamtﬂ.c call.a hmm -
cnggestcd batterics of geues giving rige to mctivator mm“ Lypc
. oolecules which rmy intezact mzh othcr upcxm mning then ony _
In other codels a glant mlycmzzonic D-zEA" U2 smmammd to hcf o 2
cado my of on “mfomziva pm-t" at ﬂm 3‘ m c«mmmm genes
thaa are tmmlamﬁ m the cytnplaw, mﬁ a “mm—imfcmﬁm mx&



.
ot the 5' end uhich is degraded in the mucleus. No apparent
function was éssigned to the “non-informaéive pnrthrﬁf‘tﬁe D-RHA;
‘ Ir this model it is suggested that - the REA in the "non-
informative" part of the D-RNA is 1nstrumantal in turning other

genes on, behaving in some respects like "activator RNA'g", It:t
- !

._1é p:oposed genqs arelxepressed 1n a specific-mznner by‘tepreSSOr '

éroteins‘ For saze genes this repression can be inhibited ‘either -

tbrough a reduction in the grcduntion of the app -wriate xepressor -

protein or wvia the interaction of the repressor protein with an

cffector colecule. ] - . R N
;?Thua. unlike other models, we éuggesf that-there are two
wajor elements in controlling geﬁﬁ ttanscriptian in higher organisms

RNA’ turning genes on. and repressor proteins turaing them off.

: -
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