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ABSTRACT

CHAITER I

Chapter I of this thesis is concerned with the isolstion and
characterization of ascites chromosomal RNA. The isolation of rat
ascites chromosomgl RNA as well as‘some of its phyéical and chemical
properties are described in Section 1. Chromosomal RNA is characterized
by its small size, lack of amino acid acceptor activity, and, relative
to transfer RNA, low content of methylated bases. It has a base compo-
sition similar to that of ascites ribosomal RNA and is not labeled
when the cells are exposed to a short pulse of 32?. An RNA (3S cyto-
plasmic RNA), with properties similar to those of chromosomal RNA but
contained in the cytoplasm, has also been isolated.

Section 2 is concerned with the hybridization properties of
ascites chromoscmal RNA to denatured ascites nuclear DNA. Chromosomal
RNA hybridizes to about 4% of ascites nuclear DNA and has no sites
in common with ascites messenger RNA. 35 cytoplasmic RNA hybridizes
to about 2% of ascites nuclear DNA and contains no sequences not also
contained in chromosomal RMA. The 35 RNA contained in the nuclear
sap is homologous to 38 cytoplasmic RNA. Therefore, it appears that
a fraction of chromoscmal RNA is confined to the chromatin while the
remainder is homologous to an RNA contained in both the cytoplasm and

nuclear sap.
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CHAFTER IT

This chapter is concerned with the effect of hydrécortisone
on the template activity of liver chromatin. Hydrocortisone adminis-
tered to an adrenalectomized rat causes a two- to threefold increase
in the rate of RNA synthesis in the liver. Chromatin isolated from
the liver of hydrocortisone-treated rats possesses a 30% greater
template activity for DNA-dependent RNA synthesis than does chromatin
isolated from control rats. The difference in template activity is
abolished by removal of the proteins associated with the DNA. Hydro-
cortisone, sdministered to isolated purified chromatin, does not alter

its template activity.
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CHAFTER I

STUDIES ON CHRCMOSCMAL RNA

SECTION 1

ISOLATION AND CHARACTERIZATICN OF CHRCMOSCMAL RNA

SECTICN 2

HYERIDIZATION PROPERTIES OF CHRCMCSOMAL RNA



GENERAL INTRODUCTICN

The genetic materigl as present in the interphase nucleus is
collectively referred fo as chromatin. The chromatin of higher organiéms
is 6amposed of DNA complexed with proteins, both histone and nonhistone,
and contains a small amount of RNA (for a review on the properties of
isolated chromatin see Bonner et al., 1968). The amount of RNA present
varies with the source of the chromatin, ranging from 26% {(mass relative
to DNA) for pea stem to 0.7% for calf thymus. Such RNA was first
assumed to be a mixture of nascent messenger RNA, ribosomal RNA from
the nucleoclus together with other contaminating RWVAs of the cell.
Chromatin associated RNA took on added significance however when Huang
and Bonner (1965) reported that a portion of it is covalently bound
to a fraction of the chromosomal proteins. They demonstrated that
salt extracted histones banded in CsCl contain RNA. It was later shown
(Bonner and Huang, 1966) that the RNA is covalently bound to & small
ﬁonﬁistone protein, resulting in a complex having a buoyant density in
CsCl of 1.57 & em 3. |

This RNA, which has been named 'chromosomal RNA,' has many unusual

properties which clearly distinguish it as a unique class of RNA. The

chromosomal RNA of peas is small: = 3.25 and has a chain length

®20,w
of 40 nucleotides as determined by end group analysis. Its basecomposi-
tion differs frcm other classes of RMA in that it contains 27.5 mole

per cent dihydrouridylic acid. (The complete base composition is presented

and discussed in Section l.) Bonner and Widholm (1967) have shown by

hybridization experiﬁents that chroamosomal RNA is complementary to about



5% of pea nuclear DNHA, and byihybridization competition experiments
that it has no long sequences in common with transfer and ribosomal
RNA. Total cytoplasmic RNA did not compete with chromosomal RNA in
hybridization to denatured DNA. This was interpreted by Bonner and
Widholm (1967) as evidence for its confinement to the nucleus and also
its lack of homology to messenger RVA. Chromosomal RNA was also shown
to be organ specific; i.e. pea cotyledon chromosomal RNA competes only
partially with pea bud chromosomal RNA in hybridization to denatured
pea DNA.

The chromosomal RNA of peas as it is present in chromatin is
resistant to attack by RNase. I becomes RlNase sensitive when the
nuclechistone is heated to 60°C or when the DNA is destroyed by DNase
treatment (Huang and Bonner, 1965).

These unique properties have led Huang and Bonner to suggest
that chromosomal RNA may be involved in gene regulation. A large body
of data has been accunulated which suggests that histone may be the
agent of gene repression in higher organisms (Bonner.gg.gi., 196€8).
However, histones do not contain in themselves the molecular hetero-
geneity necessary to interact with and repress specific genes. 1T has
therefore been suggested that chromosomal RNA by association with
histone confers the required specificity.

The initialxobjective of the present work was to determine
whether or not chromosomal RNA occurs in ret liver and the heptoma,
Novikoff ascites tumor. At the time this investigation was startéd

the existence of chromosomal RNA had been reported only for the variocus



organs of the pea‘plant. It was therefore of interest to investigate

the chromatin of mammalian cells to determine if a similar RNA is

present and if so, how its properties compare to those of pea chromo=-
somal RNA. Chromosomal RNA was found in both rat liver and rat ascites
cells. The ascites tumor system was chosen for detailed physical and
chemical studies because of the ease of labeling ascites cells and the
‘simplified method for“the preparation of chromatin. For the hybridiza-
tionvstudies, presented in Section 2, it was necessary to obtain uniformly
labeled RNA. This would have been an impossible task in the rat liver
system.

During the course of the present investigation the isolation of
chromosomal RNA from chick embryo was reported by Huang et al. (1965) and
from rat liver by Benjamin et al. (1966). The chromosomal RNA from
chick embryo has the following properties in common with pea chromosomal
RNA: a) high dihydrouridylic acid content (10 mole per cent), b) co-
valent linkage to a émall nonhistone protein, the complex having a
buoyant density in CsCL of 1.57 g e 3, ¢) suall size, Sp0, = 3+05, end
chain length of 50 nucleotides, and a) complemenﬁarity to a large portion
of the nuclear DNA. The base composition of chick embryo chromosomal RINA
presented in Section 1 is, however, very different from that of pea.

The properties of rat liver chromosomal RNA as reported by BenjaminA

et al. (1966) show little similarity to those of pea or chick chromosomal
RNA. The liver RNA is size heterogeneous ranging from 4S to 28S and
contains no dihydrouridylic acid. The properties and significance of

the RNA reported by Benjemin et al. (1966) will be discussed in Section 1.



It ie unlikely that this RNA is homologous to the class of chromoscmal
RNA previously investigated.

Evidence has also accumulated which sheds light on the biclogical
function of this new class of RNA. This evidence suprorts the nmcdel
initially proposed by Bonner and Huang (1966). The new data concerns
the role of chromosomal RNA in the reconstitution of pea cotyledon chroma-
tin (Bekhor, Kung and Bonner, 1968) and chick embryo chromatin (Huang
and Huang, 1968). When pea cotyledon chromatin is dissociated into
chromosomal proteins, chromosomal RNA, and DNA, by 2 M NaCl and reconsti=-
tuted by gradient dialysis, non~native chiomatin results, i.e. the
chromatin does not support the synthesis of the same spectrum of RNA
sequences as does native chromatin. Reconstitution of the chromatin
by gradient dialysis from 2 M NaCl in 5 M urea, a hybridizing condition
for chromoscmal RNA, however, results in chromatin capable of synthesizing
the same spectrum of RNA sequences synthesized by native chromatin.
Destruction of the associated chromosomal RNA by RNase or by Zn(NO3)2
prevents the reconstitution of native chromatin. Simllar experiments
with echick embryo chromatin slso show that the presence of chromosomal
RNA is required for the reconstitution of native chromatin.

The name 'chromosomal RNA' for the new class of RNA will be used
throughout this dissertation. It nmust be’kept in mind that this designa=~
tion does not refer to all of the RNA associated with chromatin but only
to that small fraction which is associated with the chromoscmal proteins
and elutes appropriately on DEAE Sephadex. It also does not mean to

imply that this class of RNA is confined to the chromatin.



Section 1 deéls with the isolation of chromoscmal RNA and a
similar fraction of RNA from the cytoplasm as Weil as some of théir
chéﬁical and physicalvproperties. Section 2 is concerned with the
hybridization properties of chromosomal RNA and the partially homolo~

gous cytoplasmic fraction of RNA to denatured rat ascites DNA.
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SECTION 1. ISOLATICN AND CHARACTERIZATION

OF CHROMOSCMAL RNA
INTRODUCTION

This section is concerned with the isolation and characterization
of rat ascites tumor cell chromosomal RNA. The lsolation of a similar
RNA from the cytoplasmic fraction is also described. Various chemical
~and physical properties of chromosomal RNA are investigated to further
charaéterize the RNA and hopefully to provide some inslight into its
biological function. Among the propertiés investigated are size, base

composition, degree of methylation, and rate of synthesis.



MATERTALS AND METHCDS

Maintenance of tumor line

The Novikoff ascites tumor line was used for the following
investigation and was maintained by serial transplantation in male
albino Sprague-Dawley rats purchased from Berkeley Pacifiec Laboratories.
The tumor line, under the conditions employed, has a cycle of & to 7 days.
During the first several days very little cell division takes place. This
is followed by a period of rapid cell proliferation culminating in death
of the animal. The tumof was transferied by innoculating 1~1.5 ml of
the ascites fluid of an infected rat into the peritoneum of a healthy
rat. Although the size of the rat has little effect on the length of
the cycle, rats weighing between 150-250 gms were used. The transfer
was carried out the sixth or seventh day of the cycle. Cells for experi-

mental use were harvested on the sixth or seventh day.

Harvest and purification of tumor cells

The tumor was harvested from an infected animsl by first lightly
aneéthetizing the rat with ether. The rat's abdomen was then swabbed
with 70% ethanol and a two inch square section of skin just below the
rib cage removed. The exposed muscle surface was then swabbed with
ethancl and a small incision made. The ascites fluld was then drained
from the peritoneunm into a small beaker and stored on ice until all the
rats had been sacrificed. Often clots appeared in the fluid. These were
removed by filtration through several layers of cheesecloth. A 6 to 7

day infected rat con;ained 30 to 40 ml of ascites fluid which yielded
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'8 to 12 ml of washed packed cells.

| The ascites fluid contains in addition to the tumor cells a
large number of contaminating erythrocytes which can be separated by
either of the following methods. The pellet was considered free of
erythrocytes when no red color remained.

All procedures were carried out at O~4°C.

a) The erythrocytes are significantly smaller than the tumor cells
and can be completely separated by differential cemtrifugation. The
ascites fluid was diluted with an equal volume of THKM (0.05 M tris
buffer, pH 6.7, 0.13 M NaCl, 0.025 M XC1l, 0.0025 M MgCla) and centrifuged
for 6 minutes at 700 g in the International Refrigerated Centrifuge. The
supernatant was then removed and the pellet washed by repeated centrifuga-~
tion. Three to four washes were required to obtain pure cells.

b) The erythrocytes are more sensitive to hypotoniec solutions
and can vbe preferentially lysed in the presence of tumor cells. The
ascites fluid wes diluted with an equal volume of TNKM and pelleted as
previously described. The cells were then suspended in 3 vol. deionized
water and immediately centrifuged at 700 g. Most of the contaminating
cells are removed in this centrifugation. The remsinder can be removed
by an additional wash with TNKM.

c) An additional methed, similar in theory to the first, employs
a buffer containing 0.02 M tris, pH 8.0, 0.11 M NaCl, 0.01 M EDTA, 0.25 M
sucrose (CWM). The cells are purified by differential centrifugation
as previously described. This method is not as efficient as the brevious

two and more washes are required to obtain cells of equal purity.
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The washed pellet of cells can be frozen in ethanol dry ice and

stored at -80°C.

Preparation 6f chromatin

The initial investigations were carried out on chromatin isolgted
by the first of the following procedures (Nicolson, 1965). The second
procedure is a direct modification of the method of Marushige and Bonner
-(1966) and was developed to study the effect of the absence of EDTA on
the isolation of chromosomal RNA. The two methods of extraction resulted
in purified chromatin of the same chemical composition and a final
recovery of about 70 to 80% of the DNA. The amount of chromosomal
RNA associated with each was identical. Because of its simplicity,
procedure (b) was routinely used. All extraction procedures were carried

out at O to 4°C.

a) Isolation of chromatin in the presence of EDTA

Fresh ascites cells, or frozen cells thawed in a water bata at
24°C, were suspended by hand with the aid of a teflon homogenizer in 15
voi.cold deionized water. The cells were pelleted immediately by centri-
'fugation at 3,000 rpm for 10 minutes in the No. 284 rotor of the Inter-
naticnal Centrifuge. The cells were then resuspended in I vol.of cold
deicnized water and homoéenized with the power driven teflon, 20 strokes
at full speed. One-half volume of 3X medium (0.09 M tris, pH 8.0,
0.075 M NaCl, 0.024 M'NaaEDDA, 0.75 M sucrose) and an equal volume of

1X medium in 2.2 M sucrose were added. The crude chromatin was then
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pélleted by centrifugafion at 3,100 rpm for LO minutes in the Inter-
national Centrifuge. The pellet was homogenized (by hand with a teflon
homogenizer) in 1X medium and diluted with an equal volume of 2.2 U
sucrose in 1X¥ medium followed by centrifugation at 3,1C0 rpm for 4O
minutes. The pellet was then suspended in 2 vol. of 0.03 M tris, pH 8.0,
0.16 M sucrose, and sheared in a Virtis at 30 volts for &0 seconds. Five
ml aliquots were layered over 25 ml 1.6 M sucrose in 0.03 M tris, pH 8.0,
the upper two-thirds of each tube stirred to form a two step gradient

and centrifuged in the Spinco SW25 rotor for 2 hours gt 22,000 rym.

Purified chromatin was recovered as a clear gelatinous pellet.

b) Isolation of chramatin in the absence of ECTA

The cells were first suspesnded by hand with the aid of a teflon
homogenizer in 15 vol. of cold deionized water. Nucleil and unlysed cells
were then pelleted by centrifugation at 1,500 g for 15 minutes. The
pellet was then examined to determine the extent of cell lysis. If
lysis was incomplete (i.e. less than 70% of the cells lysed), the water
wash was repeated. Under these conditions the cells are lysed by the
hypotonic sbluticn, the nuclei, however, remain intact, probably because
of the increased tonicity due to cell lysis. The crude nuclear pellet
is then homogenized by hand with the aid of a teflon homogenizer in
0.01 M tris, pH 8.0, Stirred slowly for 30 minutes on a magnetic stirrer,
and centrifuged at 10,000 g for 15 minutes. To obtain complete lysis
of the nuclei it is necessary to maintain a large volume of buffer, an

amount equal to that added in the water lysis of the cells. The chromatin
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wés then washed 3 ’co‘ 4 times by repeated suspension in 0.0L M tris

and sedimentation at 10,000 g. The chromatin at this stage is referred
to as crude chromatin. If purified chromstin was to be prepared, the
chromatin was suspended in an equal volume of 0.0l M trisg, pH 8.0. Five ml
aliquots were then layered onto 25 ml of 1.7 M sucrose containing 0.01 M
tris, pH 8.0, the top two-thirds of the tube stirred to form a two step
gradient, and centrifuged for 2 hours at 22,000 rmm in the Spinco SW25

rotor. The purified chromatin was recovered as a clear gelatinous pellet.

Chemical composition

DNA was determined by the diphenylamine reaction as described
by Burton (1956) using rat liver DNA as a standard. RNA was determined
by the orcinol reaction following the method of Dische and Schwarz (1937)
using purified yeast RNA as a standard. Hisbtone was extracted from
chromatin with 0.2 M HéSOA at 4°C and precipitated with 20% trichloro-
acetic acid (TCA}. The amount of protein was determined following the
me%hod of Lowry, Rosebrough, Farr and Randall (1951) using rat liver
histone as a standard. /The nonhistone protein content of the acid-
insoluble, alkali soluble,material was determined by the same procedure,

using bovine serum albumin fraction V as a standard.

Preparation of chromosomal RNA

Chromosomal RNA was prepared from both purified and crude
chromatin. The purified RNAs isolated from the two sources are identi-

cal in size, base composition and hybridization properties. Crude
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chromatin was, therefore, routinely used as starting material for the
preparation of chromosomal RNA.

The isolation method involves dissociation of the chromatin by
high salt, centrifugation to separate the DNA from the chromosomsl protein
followed by purification of the RNA from the protein fraction. The fol-
lowing procedure was carried out at O to 4°C with the exception of the
steps indicated.

The chramatin pellets were suspended in equal volume of 0.01 M
tris, pH 8.0 and diluted with 2 vol. of 6 M CsCL in 0.01L M tris, pH 8.0
(Industrial grade CsCl, American Potash and Chemical Corporaticn). The
resulting solution was extremely viscous and was homogenized for 30
seconds at 20 volts in a Waring blender to facilitate solution of the
chromatin. The solution was then centrifuged for 15 hours at 36,000 rpm
in the Spinco 40 rotor. Under these conditions the DNA pellets, while
the chromosomal proteins, being buoyant, form a skin at the top of the
tube. The skins were removed with a spatula and washed three times
with 70% ethanol. The chromosomal proteins were then digested by treat-
ment with 2 to 4 mg/ml pronase (Pronase, B grade from Calbiochem, was
preincubated for 90 mihutes at 37°C to destroy any nuclease activity)
in 0.01 M tris, pf 8.0 for 8 to 12 hours at 37°C.

The solution of digested chromosomal pfoteins and associated .
nucleic acids was then phenol extracted at Le¢. Sodium dodecyl sulfate
(spS) was added to a final concentration of i% followed by the additicn
of an equal volume of water saturated phenol containing 0.1% 8~hydroxy-

quinoline (Kirby, 1962). After shaking for 30 minutes the phases were
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separated by centrifugation and the phenol phase was extracted with 1/2
vol. of water. The combined aqueous phase was then re-extracted twice
with half a volume of phehol. The nucleic acids were precipitated by the
addition of 1/10 vol. of 20% potassium acetate and 2 vol. of 95% ethanol.
Aftef 2 hours at -20°C the precipitate was recovered by centrifugation,
washed once with 70% ethanol, and dissolved in several ml of 0.2 M NaCl,
7 M urea, 0.01L M tris, pH 8.0.

The nucleic acids accompanying the chromosomsl proteins contain
some DNA in addition to chromosomal RNA. This DNA was separated from
the chromosomal RNA by chromatography on A-25 DEAE Sephadex (Hall et al.,
1965). Fractionation was routinely carried out on a 9 mm x 25 cm columm;
however, analytical columns as small as 1 mm x 28 cm and preparative
columns as large as 1 cm x 50 em have been used. The nucleic acids were
eluted with a linear gradient of NaCl ranging from 0.2 M to 1.0 M in the
presence of 7 M urea and 0.0L M tris, pH 8.0. Chromosomal RNA was re-
covered by precipitation with 2 vol. of 95% ethanol in the presence of
2% potassium acetate. The purified RNA was dissgolved in and dialyzed
against 2X SSC (SSC buffer contaias 0.15 M NaCl and 0.015 M sodium

citrate).

Preparation of 35 cytoplasmic RIUA

The possible existence of a fraction of RNA with properties
comparable to chromosomal RNA but localized in the cytoplasm was in-

vestigated by applying the isolation procedure for chromosomal RNA to
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the cytoplasmic fracfion. To avoid the possibility of contamination

by chromosomal RNA, RNA was isolated from the supernatant from the first
water lysis of the cells. This fraction contains no visible nuclel nox
does it contain detectable DNA as measured by the diphenylamine methed
of Burton (1956). It is therefore unlikely that this supernatent is
contaminated with a significant amount of chromatin and it should thus
contain no chromosbmal RNA. The supernatant was precipitated with

-2 vol. of 95% ethanol in the presence of 2% potassium acetate, in order
to concentrate the cytoplasmic proteins before CsCl centrifugation. The
precipitate was next dissolved in 0.01 M tris, pH 8.0 and diluted with
2 vol. of 6 M CsCl, 0.01L M tris. Under these conditions the ribosocmal
proteins are dissociated and the riboscmal RNA pellets in the following
centrifugation. Centrifugation, pronase treatment, phencl extraction
and DEAE Sephadex chromatography were carried out exactly as in the
preparation of chromosomal RNA. The purified RNA, isolated by this
procedure, has a sedimentation constant of between 3 to 48 and will thus

ve referred to as 35S RNA.

Amino acid activation analysis

a) Preparation of aminoacyl-tRNA synthetase

Aminoacyl-tRNA synthetase was prepared from rat liver according
to the method ("short procedure”) of Holley et al. (1961). The final
(Nﬂh)zsou precipitate was dissolved in O.1 M sodium phosghate bufler, pH

6.8, dialyzed against the same buffer, and stored in liquid nitrogen.
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b) Preparation of RNA

Rat liver transfer RNA was recovered from the DEAE Cellulose
column used in the preceding preparation of amincacyl-tRNMA synthetase.
Transfer RNA was eluted from the column with 1.0 M NaCl, 7 M urea,

0.01 M tris, pH 8.0, and precipitated with 2 vol. of 95% ethanol. The

RNA was then phenol extracted, precipitated, and chromatographed on A=25
DEAE Sephadex. Transfer RNA elubes at a NaCl concentratlion of about

0.55 M. The RNA was then precipitated, dissolved, and uncharged in

0.5 M tris, pH 9.15, by heating at 37°C for L5 minutes (Yamane et zl., 1963).
After reprecipitation the transfer RNA was dissolved in and dialyzed

against 0.0k M X maleate buffer, pH 6.9, containing 0.05 M dithiochectol,
0.025 M KC1, and 0.0075 M Mg(Ac)e.

Transfer RNA from rat ascites cells was prepared from the
105,000 g supernatant by phenol extraction according to the method of
Attardi et al. (1966) followed by chromatography on DEAE Sephadex. The
RNA was uncharged és described above, and suspended in the maleate buffer
used for liver transfer RNA.

Chromosomal RNA was prepared by the standard procedure, heated

gt 37°C for 45 minutes in 0.5 M tris, pH 9.15, precipitated and dissolved
in maleate buffer.

c) Incubaticn and assay

Acceptor activity of the various RNA fractions was measursd by
determining the amount of radiocactive amino acids incorporated into XA

in the presence of activating enzyme.
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The comple%e'incubation mixture contained in a volume of 0.25 ml:

1k . .
C amino acids (reconsti-

0.1 uM ATP, (0.1 pM CTP when present), L uC
tuted ll‘LC protein hydrol&sate from Schyarz 3Bloresearch Inc., average
specific activity 17o'pc/umole), aminoacyl~tRNA synthetase (0.02 ml)
andvRNA. After a 20 minute dincubation at 37°C, 50 ul aliquots were
removed and absorbed onto Whatman 3 MM filter.paper (2.3 cm diameter).

The samples were then placed in a large volume of cold 10% TCA. After

© 10 minutes in TCA, the filters were removed and several (10 to 15) filters
placed between two large filter papers in a Buchner funnel. The filters
were then washed at 4°C with 1 liter of the following solutions: 66%
ethanol containing O.S M NaCl, 10% TCA, 5% TCA, and 3:1 ethanol:ether.

The filters were then dried and counted in the Backman liqﬁid scintillation
spectrometer. Phenol extraction before TCA precipitation, thus removing
the th amino agcids complexed with activating enzyme, had little effect

on the result.

The background of the assay and the dependence of the reaction

on ATP, activating enzyme, and transfer RNA are shown in Table 1.

Extraction of >-P-labeled RIA

Carrier free SoP phosphoric acid (H332P0u) was obtained fronm
Volk Radiochemical Company. The solutlon was neutralized with O.1 N NaCH

and diluted to the required volume and salt concentration of 0.15 M NaCl.

a) Uniformly labeled RNA

Uniformly 32P—labeled chromoscmal RNA was prepared from cells
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TARLE 1

Dependence of the Amino Acid Activation of Rat Liver
Transfer RNA on the Presence of ATP, Activating

Enzyme, and Transfer RNA

. Acceptor activity
In;zgizgon cpm El‘C anino acid
incorporated per 50 pl
Complete 1573
~ ATP 239
- enzyme 161
- transfer RNA ' 33>
% ;
+ heated enzyme 56

Each incubation, with the exception of those indicated,

contained 10 pg rat liver transfer RNA.

* .
Enzyme heated at 100°C for 3 minutes before addition to

-the incubation medium.



which had been grdwn‘for 2k to 48 hours in the presence of 325, Rats,
infected 4 to 5 days prior with tumor, were given an interperitoneal
injection of carrier free 32p in 0.5 ml physiological saline (0.15 M
NaCl). The standard injection of 32P was 3 mC per rat; dosages as low

as 500 puC and as high as 5 mC per rat have been used.

b) Pulse labeled RNA

For the determination of the base composition of rapidly labeled
RNA, 6 day infected rats were given an inJjection of b nmC 32? and sacri~-
ficed €0 to 80 minutes later. The cells were washed and the nucleic
acids extracted with phenol following the method of Attardi et al. (1966).
The final ethanol precipitate was dissolved in 0.0l M sodium acetate
buffer, pH 5.1 and chromatographed on a Sephadex G-50 column (1.5 cm x
60 cm). The excluded nucleic acid was then precipitated with ethanol
and dissolved in 2X SSC.

Pulse labeled chromosomal RNA was prepared from in vitro labeled
cells according to the following procedure. The cells were velleted
directly from the ascites fluid, washed once with Eagles Medium (Zagle,
1959) deficient in phosphate, containing 5% dialyzed calf serum,and
suspended in 10 volumes of the same medium preheated to 37°C. After

. .
32p vas added (4 mC of 3°P vas added for each rat

5 minutes neutralized
sacrificed) and the;incubation continued at 37°C for 10 minutes. The
cells were then diluted with cold CWM and washéd free of contaminating
exythrocytes by differential centrifuga%ion at 4°C. A portion of the

cells were extracted with phenol at 646°C according to the methed of
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Scherrer and Darnell (1962). Nucleic acids associated with the chromoc-
somal proteins were extracted from the remainder of the cells as
previously described in this section. The final nucleic acid extracts
were exhaustively dialyzed against 0.05 M sodium phosphate buffer,

pH 6.7, and chromatographed on methylated slbumin kieselgunr (MAK)

as described by Mandell and Hershey (1960). The radiocactivity of each
fraction was determined by evaporation of a 0.2 ml aliquot on a planchet

‘and counted in a Nuclear Chicago D~U47 gas flow counting systenm.

In vivo methylation and extraction of laveled RNA

Each rat, infected 6 days previously with tumor, was given
an interperitoneal injection of 50 uC of lhc-methyl~methionine (12 uc/
pumole purchased from New England Nuclear Corporation). After 5 hours
the rats were sacrificed and the tumor harvested and washed as pre-
viously described. Chromosomal, 3S cytoplasmic, and transfer RNA were
prepared from the same cells. Chromosomal and 38 cytoplasmic RNA were
prepared as previously described in this section. Transfer RNA was
prepared from a portion of the cytoplasmic fraction used in the prepar-
atién of 33 cytoplasmié RNA by phenol extraction according to the methcd
of Attardi et al. (1966). All nucleic acid fractions were purified by
chromatography on A-25 DEAE Sephadex and developed with a linear gradient
of NaCl from 0.2 to 1.0 M containing 0.01 M tris, pH 8.0 and 7 M urea.
Transfer RNA elutes at a salt concentration of 0.55 M NaCl, riboscmal

RNA is irreversibly bound to the cclumn.



For the détefmination of radiocactivity, 1 ml aliquots of each
ffaction were precipitated with cold 10% TCA in the presence of 1 mg
carrier yeast RNA. Acid insoluble material was collected by filtration
on TCA presocaked meMbiane filters (Schleicher and Schnell B~6), washed
witﬁ 10 ml cold 10% TCA, dried, and counted in the Beckman liquid

scintillation spectrometer.

Base composition analysis

The base composition of the various RNA fractions was debermined
by alkaline hydrolysis of the RNA in 0.3 N KCH at 37°C for 18 hours and
separation of the nucleotides on a column of Dowex l?XB, formate foxm
(Cohn and Volkin, 1953).' Base composition was calculatéd both from
UV absorbance and from 32P incorporation. The following molar extinction
coefficients were used: CMP, €gp = 13 X 103; AMP, €og0 = 1.7 x 103;
W, €pgy = 10.0 x 105 GWP, ¢,y = 11.7 x 107, The radiosctivicy vas
determined by evaporafing aliquots of each fraction on a planchet and

counting in a Nuclear Chicago gas flow counting system.
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RESULTS

Tumor cell chromatin

Purified chromatin of Novikoff ascites tumor cells is composed
of DNA, chromosomal proteins, both histone and nonhistone, and RNA in
the mass ratios shown in Table 2. The UV absorption spectrum of such
chromatin is shown in Figure 1. The properties of ascites purified

. chromatin are in general very similar to those of rat liver chromatin
(Marushige and Bonner, 1966). Ascites chromatin, however, caontains
slightly more protein and about three times the amount of RNA. The
template activity of ascites DNA in the form of chromatin is restricted
in its ability 1o act as template for RNA synthesis. Ascites purified
chromatin coupled with E. coli RNA polymerase supports about 10 to 15%
the amount of RNA synthesis as does an equal amount of deproteinized
ascites DNA. This is similar to the template activity of rat liver

chromatin which is 20% that of purified liver DNA.

Isclation of chromosomal RNA

When ascites chromatin is fractionated by separation of the
DNA from the chroamosomal proteins by sallt dissociation and buoyant
density centrifugation in CsCl, a portion of the nucleic acid reméins
associated with the proteins. Purification of this nucleic acid by |
chromatography on DEAE Sephadex as described under Materials and Methcds
results in the two peak elution profile shown in Figure 2. Both p2aks
exhibit a characteristic nucleic acid UV absorption spectra with absorp-

tion maxima at 257 mp. Figure 3 shows the UV absorption spectrum of



2l

TAELE 2

Chemical Composition of Rat Ascites Chromatin

Mass ratio

Component Crude Purified
chromatin chromatin

DNA . 1.00 1.00
RNA

chromosomal 0.0k4 0.02

"free” 0.17 0.11

Total 0.2 0.13

Histone - 1.16

Nonhistone - 1.00
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Figure 1. Absorption spectrum of rat ascites purified chromatin in

0.01 M tris, pH 8.0.
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Figure 2.

a7

Elution profile of chromosomal protein associated nucleic
acids from DEAE Sephadex. Nucleic acid eluted with a
linear gradient of NaCl from 0.2 M to 1.0 M in the

presence of 7 M ures and 0.01 M tris,gH 8.0.
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Figure 3. Absorption spectrum of DEAE Sephadex fraction I {(chromo-

scmsl RNA) in 2X Ssc.
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the first peak, fraction I. As shown in Table 3, fraction I, which
elutes at a NaCl concentration of 0.55 M, is totally base labile and
is sensitive to RNase; the second peak (fraction II) which elutes at
0.65 M NaCl, is not hydrolyzed by base and is resistant to Rllase. The
therﬁal densturation profile of fraction I is characteristic of RIA
while that of fraction II is characteristic of DNA (Fig. 4). It is

- clear that fraction I is RNA and fraction II is DNA.

The RNA associated with chromatin can therefore be fractionated
into a portion which accompanies the chromoscmal proteins when they are
separated fram the DNA by buoyant density centrifugation, this fraction
known as chromosomal RNA, and a remaining fractidn which does not do
50, this fraction referred to as "free" RNA. The data prescnted in
Table 2 show that in crude chromatin, chromosomsl RNA is present in an
amount equal to about 4% of the DNA. This RNA constitutes 20 to 35%
of the RNA contained in the chromatin. Even though different preparations
of crude chromatin differ in their "free" RWA content, ranging from 10
to 25%, the amount of chromoscmal RNA remains relatively constant at
about 4%. The so called "free" RNA associated with ascites chromatin
has not been investigated; it seems likely, however, that it is partially
composed of nascent messenger, ribosomal, and nucleolar RNA. The "free"
RNA from pea cotyledon has been shown to be partially composed of messenger
RNA (Bekhor, Kung and Bonner, 1948). Purified chromatin contains less
total RNA and proportionally less chromosomal RNA.

Very little is known about the DNA of fraction II. The amount

varies a great deal from preparation to preparation ranging from an
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TARLE 3

Base Bydrolysis and RNase Digestion of

Fractions I and IX

/ . Input Acid soluble % Acid
Treatment Fraction (cpm) (cpm) soluble
0.3 N KCH
18 hrs 37°C
. I 17L48 17h2 99.7
II 1981 56 2.8
X%
RNase
18 hrs 37°C
I 1648 1608 97.6
IT 9kg99 780 8.2

All samples were made 5% in HC10, at the end of the

incubation and the radioactivity of the supernatant determined.

*
RNase digestion was carried out in 2X SSC in the presence

of 20 pg/ml pancreatic RNase.
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Figure 4. Melting profiles of fractioms I and IT. Samples were melted
in 0.01 M tris, pH 8.0 and monitored with a Gilford Model
2000 Multiple Sample Absorbance Recorder. Data has been

normalized to an initial 03260 = 1.0,
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undetectable émount to as much as 5% of the total DNA. The DA is
double stranded, exhibiting a sharp melting profile with a Tm of 66°C

in 0.01 M tris, pH 8.0, and has a hyperchromicity of 38% (Fig. 4). It
may be the product of enzymatic degradation during the preparation of
chromatin or a result of shearing during salt extraction. The amount

of DNA in fraction II is reduced when chromatin is prepared according to
procedure (a) described in Materials and Methods. This may be a con-

sequence of decreased DNase activity due to the presence of ELTA.

Chemical and physical properties of chrcmosomal RNA

Chromosomal RNA elutes from DEAE Sephadex as a single homo-
geneous peak. Since the strength of binding td DEAE Sephadex 1is
dependent both on the charge of the molecule (which is in turn dependent
on chain length) and on its secondary structure (Hall et al., 1965), a
sharp peak could be composed of RNA molecules of different chain lengths
and of different degrees of secoadary structure, the larger molecules
having more secondary structure. Thermal denaturation of chromosomal
RNA-in the presence of 0.2 M NaCl, 7 M urea show that it retains no
secondary structure under the conditions of chromatography. The sharp
peak therefore suggests that chromosomal RNA 1s size homogeneous.

Transfer RNA retains'some secondary structure in the presence of
7 M urea as demonstrated by its‘chromatographic properties on DEAE Cal—
lulose. When co~chromatographed with chromosomal RNA on DEAE Cellulose
at room temperature in the presence of 7 M urea and 0.01 M tris, pH 8.0,
chromosamal RNA elutes at about 0.48 M NaCl; transfer RNA elutes at be-
tween 0.35 to O.4 M NaCl and can be completely resolved under these

conditions. Chromosomal RNA also elutes as a sharp peak at a NaCl
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concentration of 0.50 M when chromatographed on DEAE Cellulose at 55°C.

. Transfer RNA, when chromatographed under these conditions, elutes as a
broad peak at a NaCl concentration of between O.4 to 0.5 M (Jacobson,
1967). The fact that the binding of chromosomal RNA is not changed by
chromatography at a higher temperature indicates that it contains very
little secondary structure. The sharp elution profile is therefore most

likely due to a small homogeneous chain length.

Centrifugation studies also demonstrate that chromosomal RNA is
of smgll and homogeneous size. The pattern cbtained frém sucrose density
gradient centrifugation of labeled chromosomal RNA in the presence of
total ascites cytoplasmic RNA is shown in Figure 5. Chromosomal RNA moves
as a sharp band and under these conditions is not distinguishable from

transfer RNA. Analytical band velocity sedimentation gives an s of

20,w
3.3s. Equilibrium sedimentation in the Spinco Model E, according to the
method of Van Holde and Baldwin (1958), yields a molecular weight of 10,140

daltons (Brutlag, 1967).

Base composition

The base composition of ascites chromosomal, pulse labeled,
transfer and ribosomal RNA was determined by alkaline hydrolysis followed
by chromatography of the nucleotides on Dowex 1-X8. A4 typical fraction-
ation of hydrolyzed chromosomal RNA is showmn in Figure 6.

The base composition of the various RNA fractions studied appear
in Table 4. The nucleotide composition of chromosomal RNA calculated
from UV absorbance is identical to that based on 32? incorporation. The
base composition is in general very similar to ascites transfer and
ribosamal RNA but differs markedly from pulse labeled RNA. The slight

differences in the contents of U and ¢ between chromosomal and ribosomal
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Figure 5. Sedimentation pattern of S-P-labeled ascites chromoscmal RIA
(7 ug) in the presence of total ascites RWA (0.5 mg). 5 to 20%
sucrose gradient in the presence of 0.0l M scdium acetate
buffer,pd 5.1, 0.1 M NaCl. Centrifugaﬁion at 39,000 rpm at
Le¢ for 4 1/2 hours.

—0—0—, ODygy5 ==A=n=, 325 cpm.
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Figure 6.
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Typical fractionation on Dowex 1-8X of the products of
alkaline hydrolysis of 32P-labeled ascites chromoscmal RNA.
Nuclecsides were eluted with 0.005 N HCOOH; cytidylic acid
with (b) 0.025 N HCOCH; adenylic acid with (c¢) 0.2 N HCCOH;
uridylic acid with (d) 0.0l N ECOOH + 0.05 N HCOQNH,, ;
guanylic acid with (e) 0.1 N HCOCH + 0.2 N HCOONHA; and the
remaining material with (f) 2.5 N HCOONH&. 5 ml fractions

were collected at a flow rate of about 0.7 ml/min.

=00, WDypn; ==L==Or=, o cpmful.
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'RNA are reproducible but of unknowm significance.

| The chromosamal RNA from pea cotyledon end chick embryo is
characterized by a relatively high content of dihydrouridine; 27.5
nole per cent for pea cotyledon (Huang and Bonner, 1965) and 9.6 mole
per»cent for chick embryo (Huang, Smith and Alexander, 1968). Dihydro-
uridine was detected as é major component of pea chrcmosomal RNA by
chromatography of the nucleotides on Dowex 1-X8. Under these ccnditions
dihydrouridylic acid elutes just prior to U and is characterized by its
high 230 mu, low 260 my absorbvance. It is apparent from Figure 6 that
ascites chromosomal RNA does not contain an appreciable amount of
dihydrouridylic acid eluting in this region.

The dihydrouridine content of chick embryo chromosomal RUNA was
determined by reaction of the nucleotides with paradimethylamino-
benzgldehyde according to Fink, Cline, MbCaughey and Fink (1955). The
ureido group formed by alkali treatment of dihydrouridylic acild rezcts
to produce a yellow color which when compared to the proper standards
can be used as an estimate of the dihydrouridine content. The total
alkaline digest of ascites chromosomal RNA was, therefore, compared to
yeast transfer RNA in its ability to react with paradimethylamino
tenzaldehyde. Ascites chromoscmal RNA contained about 2 to 2 1/2 times
as much ureido positive material as did yeast trsnsfer RNA, which is
known to contain about 4 mole per cent dihydrouridine (Jacobson, 1937).

Treatment of 5,6-dihydrouracil at 100°C for 3 hours in the

presence of 0.2 N NaOH results in its conversion to p-ureidopropicnic
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gcid which decomposes to form p-alanine (Magrath end Shaw, 1967). This
reaction is nearly quantitative (78% conversion when in the form of 5,6~
dihydrouridine) and can be used to estimate the content of dihydrouridine
in RNA (Magrath and Shéw, 1967). Vhen ascites chromosomal RNA was digested
undef these conditions and the procducts analyzed on a Spinco amino acid
analyzer, no B-alanine was detected (Jacobson, 1967).

It, therefore, appears that 5,6-dihydrouridine is not a component
of ascites chromosocmal RNA. It does, however, contain a high level of
ureido positive material the nature of which is still under investigatiocn.
It is possible that this material is a derivative of 5,6~dihydrouridylic

gcid.

Amino acid activation

Barly in the course of these investigabions, chromosomal RNA
appeared to have many properties in ccmmon with transfer RNA, i.e.
chromatographic behavior on DEAE Sephadex, sedimentation proverties in
a suérose gradient, and base composition. It was, therefore, necessary
to determine whether or not chromosomal RNA contained any amino acid
acceptor getivity. Acfivating eazymes (aminozcyl-tRNA synthetases) were
prepared from rat liver and transfer RVNA was prepared fiom both rat liver
and ascites tumor cells. As shoﬁn in Table 5 both rat liver and ascites
transfer RNA have a high acceptor activity. Chromosomal RNA is, however,
campletely devoid of any amino acid acceptor activity. In an effort to
eliminate the possibility that transfer RNA had been inactivated by the

prolonged preparative procedure of chromosomal RNA, purified rat liver
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TARLE 5

Absence of Amino Acid Acceptor Activity

in Chromosomal RNA

Rat liver Ascites Ascites Accegtor activity*
transfer RNA transfer RNA chromosomal RNA cpm MC anino acid
(ng) (ng) (ne) incorporated per 50 pl

10 _ 1027

20 228L

30 32kl

*

10, 1249

204 2165

30 3033

10 57

20 1248

30 2274

10 0

20 27

30 0

20 20 2273

20 20 1025

*
Transfer RNVA treated with pronase (2 mg/ml) at 37°C for 7 hours
followed by phenol extraction. The RNA precipitated and dissolved

in maleate buffer as described in Materials and Methods.

Fncorporation by enzyme alone (335 cpm/50 wl) subtracted.
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transfer RNA was pronésed and chromatographed on DEAE Sephadex following
the procedure used for the purificgtion of chromosomal RNA. As shown

in the second row of data in Table 5, its activity was not affected by
this treatment. Incubation of chromosomal RNA in the presence of CTP,

a coﬁdition suitable for the addition of the very labile CCA end of
transfer RNA, had no effect on its activity. The last two rows of Table
5 show there is no factor present in chromosomal RNA which inhibits the

" charging of active transfer RNA. It is, therefore, clear that chromosomal
RNA does not contain a detectable amount of transfer RNA nor is it likely
that chromosomal RVA results from degradation of transfer RNA during the
preparation. (These results do not rule out the possibility that degrada-
tion occurred before pronase treatment and DEAE Sephadex chromatography.
This possibility is, however, ruled out in Section 2 by hybridigzation

competition experiment with transfer RNA.)

Isolation of 38 cytoplasmic RNA

The cytoplasmic proteins, banded in 4 M CsCl, also contain RIA.
This RNA elutes from DEAE Sephadex as a sharp peak at the same molarity
of NaCl as does chromosomal RNA and is, therefore, small in size. (The
ﬁeak material exhibits g characteristic nucleic acid UV avsorption
spectrum, is totally base labilé, and is sensitive to RWase.) This RiA
constitutes about 6% of the total cytoplasmic RNA. The hybridization
data presented in Section 2 indicate that this RNA is not a homogeneous
fraction. The RNA has a sedimentation constant of about 3.25 cs determined

by analytical band velocity sedimentation in the Spinco Mcdel E. TFor
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convenience it will be referred to throughout this dissertation as 3S

cytoplasmic RNA.

Methylation of chromosomal RNA in vivo

The different classes of RNA can be distinguished by their dif-
ferent content of methylated bases. The relative degree of methylation
of E. coli RNA is as follows: transfer RNA = 1.00, 165 ribosomal RNA =
10.25; and 235 ribosomal RNA = 0.20 (Starr and Fefferman, 196k4). About
6% of the nucleotides contained in E. coli transfer RNA are methylated.
The degree of methylation of Hela cell RNA is similar to that of E. coli
(the mole per cent of methylated bases as follows: transfer RNA = 8.3,
183 ribosomal = 2.1, and 28S ribosomal RNA = 1.4 [Browm and Attardi, 1965]).

It has been shown by Mandel and Borek (1963) for the case of |
E. coli and by Biswas, Edmonds and Abrams (1961) for the case of Enrlich
ascites that the methyl donor for the methylation reaction is methionine.
The extent of methylstion of chromoscmal RNA was, therefore, measured by
exposing the cells to lhc methylmethionine and measuring the extent of
incorporation of the label into RNA. Incorporation into chromosomal RNA
was compared with that into transfer and 38 cytoplasmic RNA. The various
fractions of RNA were prepared as described in Materials end Methods and
purified by chromatography on DEAE Sephadex. The optical density and
radicactivity were determined and the specific activities of each fraction
of RNA calculated. |

The elution profiles of transfer RNA and chromosomal RNA are

shown in Figure 7. The results of DEAE Sephadex chromatography of 28
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Figure 7{(a). Elution profile of in vivo lb’C methylated ascites transfer
. RNA from DEAE Serhadex.
(b). Elution profile of in vivo luc methylated ascites chromo-

somal RNA from DEAE Sephade:.

~=C—C—, 0D26O; s b AL luC cpm.
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cytoplasmic RNA are shown in Figure 8; In the case of chromosomzal and 3S
cytoplasmic RNA the specific activity throughout the pesk is constant,
indicating that the fracﬁions are pure. In the case of transfer RNA,
however, the leading edge of the peak clearly has a higher specific
activity than the remainder. This may be due to the presence of small
amounts of 38 cytoplasmic RNA which elute slightly behind transfer RNA.
The specific activities of the various fractions of RNA are listed in

)
‘o

Table 6. The leading edge of the transfer RNA peak contains 5X the =
methyl group activity of the chrcmosomal or 38 cytoplasmic RNA fractions.
The degree of methylation of 35 cytoplasmic RNA is probably not signifi-
cantly different from that of chromosomel RNA. Chromosomel RNA is there=
fore methylated to a degree comparable to ribosamal RNA but clearly much
less than transfer RNA.

These results make it unlikely that chromosomal RNA is a degrada-

tion product of transfer RNA, for if this were the case, we would expect

the former to be methylated to the same degree as the latter.

Rate of synthesis of chromosomal RNA

Among the RNAs contained in chromatin are messenger RNA {Bekhor,
Kung and Bonner, 1968), probably in the act of being synthesized, and
ribosomal RNA precursor associafed with the nucleoli. Both of these
classes of RNA may be closely associated with chromoscmal proteins and
may be isolated by éhe procedure used for the preparation of chromoscmel
RNA. The possible reletionship between these classes of RNA and chrcmo-
somal RNA was investigated by(comparing the amount of incorporation of

32

P into various classes of RNA following a short pulse of label.
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Figure 8. Elution profile of in vivo luC methylated ascites 35 RNA

fram DEAE Sephadex.

14
——O—_O_, OD26(); "‘-A-"A--’ C Cpm.
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TABLE 6

Degree of Methylation of Varlous RNA Fractions

Species of ‘Eizégzmi iiiaizﬁiggﬁiii&i?
Transfer RNA 387.0 100
Chromosomal RNA . 77-0 20
35S RINA 65.0 17
Fraction IT (DNA) 6.5 1.7

%
Average specific activities of the peak fractions. In the
case of transfer RNA the value reported is the average of the

fractions at the leading edge of the peak.
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Detailed studies on the turnoﬁer of ascites chromosomsl RNA
were prevented by the difficulties incurred in the preparation of many
samples of chromosomal RNA by the present procedure, and by the inherent
difficulties in studying RNVA nmetabolism in a rapidly dividing system.

‘ Ascites cells were subjected to a 10 minute pulse of 32? and
chromosomal and total RNA extracted as described in Materizls and Methods.
The RNA fractions were chromatographed on MAK and the specific activities
of the different RNA species determined. (Independent experiments in
which chromosomal RNA was co-chromatographed with total nucleic acid
extracts, have shown chromosomal RNA to elute in the region of transfer
RNA.) Thé elution profiles are shown in Figure 9. In part (a), total
RNA, the first UV absorbing peak is transfer RNA, the second ribosomal
RNA. Rapidly labeled messenger RNA elutes at the tail end of the
rivosomal RNA peak as is apparent from the high specific activity in
that region. Comparing this profile to that of chromosomal RNA (Fig.
gb) it is clear that chromosomal RNA is not rapidly labeled as is
messenger RNA but is synthesized at a rate comparable to that of transfer
RNA. The presence of DNA incompletely resolved from chromosomal RIA

accounts for the decreased specific activity in fractions T0-100).
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Figure 9. Elution profile of 32p pulse labeled ascites total RVA (a)

and chromosomal RNA (b) from MAK.

=00, D &0’ SRTAC L TAS TN 32? cpm/O.E ml.
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DISCUSSION

In the case of pea and chickrchrqmosomal RWAs, the base compoe~
sitions are very different from any previously reported RNA. It isg,
therefore, uniikely in these systems that the RVA in question results
from degradation of another class of RNA. The base composition of
rat ascites chromosomal RNA is not unique and consequently the question
is more difficult to resolve. The most sensitive ascay for similarity
or difference of two kinds of RWA is, of course, to compare their base
sequences. This has been done by hybridization competition experiments
as described in the following section. However, many of the chemical
and physilcal properties investigated already suggest that chromosomsl
RNA is not a degradation product.

a) The amounts of chromosomel RNA isolated from the chrcmatins
of different creatures appears to be relatively constant. In addition
different methods of isclation applied to the same kind of cells result
in the same amount of chromosomal RNA. ({(Ascites chromatin isolated in
the presence of divalent metal ions contained the same amcunt of chramo-
somal RNA as chromatin isolated in the presence of EDTA.) If chranosomal
RNA were the result of degradation we would expect its amcunt to vary
with the organism and conditions used for its isolation. We are, of
course, at this stage dealing with limited data from tissues of similar

nature.
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b) Chromosomal RNA is very homogeneous with respect to size. If
it resulted from degradation of other RNAs we would expect a broader size
distribution. It is also unlikely that in the purification of chromoscmal
or 35 cyboplasmic RNA we have selected for degradation products of a
speéific size. Degradation was not apparent in the remainder of the
total nuclelic acid.

¢) The low degree of methylation of chromosomal and 3S cytoplasmic
RNA makes it unlikely that they are the result of degradatlon of transfer
RNA. The slow rate of incorporation of 32? into chromosomal RNA also
makes it unlikely that chromosomal RNA is the result of degradation of
messenger or ribosomal RNA precursor.

The chromosomal RNA isolated from rat ascites cells has many
properties similar to those previously reported for pea bud and chick
embryo chromosomal RNA (Huang and Bonner, 1965; Bonner and Huang, 19%6;
Bonner and Widholm, 1967; Huang et al., 1968). The amount of chromosomal
RNA (relative to DNA) contained in the purified chrcmatin from rat ascites,
pea bud, and chick embryo is between 2 to 4% even though the "free" RNA
content of these different chromatins varies from 4 to 17%. Commerford

and Dehlias (1966) ha%e reported exiremely small amounts of RNA associ-
| ated with the chromgsomal proteins of mouse liver and intestine. This
result may be the consequence of their method of preparation. Nucleo-
histone prepared from rat ascites cells by the method of Zubay and Doty
(1959) contains less chromosomal RNA than does the starting chrcmatina.
The mere fact that nucleochlistone can be prepared sc as to contain smaller

amounts of RNA than chromatin, is no indication that this represents
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the more native state. Purified chromatin, however, is known to possess
the same template active and template inactive regions of the genome

as native chromatin (Paul and Gilmour, 1966; Smith, Church and McCarthy,
1958). This information is not available for nuclechistone. The
chromosomal RNA from rat liver reported by Benjamin et al. (1966) was
followed by radicactivity only; we thus have no indication of the actuzl
amount of RNA present. An additional complication of their work results
from the short labeling time which they used; a time during which one
would expect very little incorporation into chromosomal RNA, but a large
amount into nascent messenger. In fact the bvase analysis and sedimen-
tation profile reported by Benjamin et al. (1966) are most representa-
tive of messenger RNA. A more deteiled investigation is required to
determine if this RNA is really analogous to the chromosomal RNA reported
in other systems.

Pea bud, chick embryo, and ascites chromosomal RNA are all small
and size homogeneous. This 1s indicated by the fact that all three
species of chromosomal RNA elute from DEAE Sephadex as a sharp peak at
the same molarity of NaCl. The sedimentation‘constant of 3.38 for
ascites chromosomal RNA is in good agreement with thevsedmmentation
constants reported for pea (3.28) and chick embryo (3.83).

The base compositions of ascites, pea bud and chick embryo
chromosomal RNA are presented in Table 7. The base compositicns of
pea bud and chick embryo are similar only in the sense that both Rids
contain & high per cent of dihydrouridylic acid. No dihydrouridylic

acid was detected in ascites chromosomal RNA; it does, however, contain
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TABLE 7

Nucleotide Composition of Chromosomsl

RA from Various Sources

Soﬁrce of Mole per cent

RA A C U G ¢ pec /e
Rat ascites 18.9 26.3 21.1 - 33.6 59.9 1.11
Pea bud 31.6 10.4 15.2 27.5 15.3  25.7 0.88
Chick embryo™ 27.6 25.6 12.8 9.6 =2k.6 50.2 1.09

*
Taken from Huang, Smith and Alexander (1968).

Fpaken from Huang and Bonner (1965).
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é large amount of ﬁrcido positive material. If as has been suggested,
chromoscmal RNA binds, by base pairing to a region of the gene, and

thus controls the activity of that gene, the base composition of chromo-
somal RNA should be complementary to this locus. Such large differences
in base compositions would not have been predicted for a species of RNA
with such similar physical properties and presumably the same biclogical
function. The significance of these differences is unclear at the present
time.

The properties of ascites chromosomal RNA are, therefore, generally
gimilar to those of pea bud and chick embryo chromosomal RNAs previousl&
studied. It seems likely then, that ascites chromosomal RNA is analogous
to the chromosomal RNA of peas and chicks.

No attempts have been made, in the other systems in which chromo-
samal RNA has been investigated, to isolate a comparable fraction of RNA
from the cytoplasm. This RVA fraction will be discussed in detail in
Section 2.

Bonner and Huang (1966) have suggested that the possible func-
tion of chromosomal RNA is to detect the gene which is to be repressed.
This would be accomplished by chromosomal RNA base pairing with a site
analogous to the operator locus}in bacteria. Once the chromoscmal
RNA had detected the proper gene, histones would complex with the
DNA of the adjacent'structural gene thereby completing the act of re-
pression. Most of the properties of ascites chromosomal RNA investigated
were responsible for the formulation of the present mcdel. However,

the degree of methylation and the rate of synthesis of chrcmosomal RNA

had not been previously studied. We éan, therefore, discuss these
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findings in light of the proposed model. Aécording to the present
model, the synthesis of chromosomal-RNA wouldlbe required only wvhen
new genes are to be repressed. The majority of genes in rat ascites
chromatin aré repressed (85% of the genome as indicated by the template
activity of ascites purified chromatin relative to deproteinized ascites
DNA) and are probably not active at any time in the life of an ascites

. cell. We would, therefore, expect the majority of chromosomal RlAs to
be synthesized when DNA synthesis occurs so that they are available

for repression in the new cell. Its rate of labeling would, therefore,
be comparable to that of transfer and riboscmal RNA in which cases
there are also pre-existing pools. If chromoscmal RNA recognizes a
specific site in the DNA by base pairing, we would not expect it to
contain a significant number of altered bases, such as methylated
bases, which woula interfere with such recognition. Therefore, these
properties investigated, although they do not confirm the model, are

consistent with it.
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'SECTION 2. HYBRIDIZATION PROPERTIES

OF CHRCMOSCMAL RNA

INTRODUCTION

This section is concerned with the hybridization properties of
ascites chromosomal RNA. Its lew}el of hybridization to homologous
nuclear DNA was measured and compared to the levels obtained with other
classes of RNA. In addition the homology between chromosomal KA and
38, transfer, and riboscmal RNA was investigated by hybridization

competition. The base composition of the RNA hybrid formed was analyzed.
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MATERIALS AND METHCDS

Preparation of RNA

a) Chromosomal and 3S cytoplasmic RNA

Ascites chromosomal and 35S cytoplasmic RNA were prepared as
described in Section 1. All samples were dissolved in and dialyzed
against 2X SSC (0.3 M NaCl, 0.030 M sodium citrate). In these and all
' following preparations of RNA, RNase activity was monitored by incubation
of the RNA for 20 hours at 37°C (when unlabeled RNA preparations were
assayed J°P-labeled RNA served as substrate). At the end of the incuba-
tion,RNA was precipitated in the preseace of 1 mg carrier RNA by the
addition of an equal volume of cold 20% trichloroacetic acid (TCA).
Acid~insoluble material was ccllected by filtration on TCA presoaked
membrane filters (Schleicher and Schuell B-6), washed with cold 10%
TCA, and counted in a Nuclear Chicago D-U7 gas flow counting system.
Any samples containing RNase activiiy were subjected to additional
phenol extractions until no detectable activity remained.

b) Total cytoplasmic, transfer and ribosomal RNA

The following extraction procedure allows the purification of
transfer, ribosomal, chromosomal and 3S cytoplasmic RNA from the same lot
of cells and was, therefore, routinely used.

The supernaﬁant from the first centrifugation in the preparation
of chromatin (see Materials and Methods of Section 1 for procedure) we
precipitated with 1/10 vol.of 20% potassium acetate and 2 vol.of 95%

ethanol (this step was necessary to reduce the volume for the following
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’extractions). A porfion of the precipitate was used for the preparation
of 3S cytoplasmic RNA as described in Section 1; the remainder was dis-
solved in 10 vol.of TXM (0.05 M tris, pH 6.7, 0.025 M KC1, 0.0025 M MgCle)
containing 1% scdium dodecyl sulfate (SDS), 5 mg/ml scdium naphthalene
dis{zlfonate (Kirby, 1962), and 1 mg/ml bentonite (Fraenkel-Conrat,

Singer and Tsugita, 1961). The latter ﬁas then shaken for 30 minutes
with an equal volume of water saturated phenol containing 0.1% hydroxy-
quinoline (Kirby, 1962). The aqueous phase was separated by centrifuga-
tion and re—extfacted twice with one-half volume of phenol. The nucleic
acids were then precipitated in the presence of 2% potassium acetate
and 2 vol.of 95% ethanol for 2 hours at -20°C. The precipitate was
dissolved in TKM and treated with 20 pg/ml Diase (RNase free electro-
phoretically purified Worthington DNase I) at 25°C for 1 hour. The
solution was made 1% in SDS and extracted twice with one-half volume
of phenol. RNA was reprecipitated with ethanol and dissolved in a ‘
small volume of 2X SSC. In the preparation of total cytoplasmic RNA
the sample was chromatographed on a 1 cm x 50 cm column of Sephadex
G=50 in the presence/of 2¥X ssc.

Transfer and ribosomal RNA were fractlonated by a series of
gel filtration and methylated albumin keiselguhr {MAK) chromatography.

The sample was first fractionated on a Sephadex (G-100 column (l.5lcm bls
200 cm equilibrated and eluted with 2X SSC). Ribosomal, 58, and transfer
RNA were clearly separated in this fractionation. The ribosomal and |
transfer RNA fractions were diluted to a final salt concentration of

less than O.1 M NaCl in 0.05 M sodium phosphate buffer, pH 6.7 and
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separately chromagtographed on MAK as described by Mandell and Hershey
(1960). Because of the low capacity of MAK columns, it was necessary

to scale up the procedure by as much as 20 times. The KA was eluted
with a linear gradient of NaCl, conceantrated by pressure dialysis
followed by ethanol precipitation, and rechramatographed on Segfhadex
G~100. No contamination of the purified RNA fractions with other
species of RNA could be detected in thls final chromatographic procedure.
The finally purified RNA was precipitated with ethanol and dialyzed

against 2X SSC.

¢) Partially degraded riboscmal RNA

Ascites ribosomal RNA was degraded and fractionated by the
following procedure to obtain RNA fragments of about 35. Purified
Iribosomal RMA (20 mg) was incubated with 40 pg pancreatic Rilase at
4L°C in 8SC in a final volume of 4.5 ml. After €0 minutes SDS was added
to a final concentration of 1% and the digest extracted twlice with an
eqﬁal volume of phenol. The RNA was precipitated with ethanol, dig-
solved in 0.2 M NaCl, 7 M urea, 0.0L M tris, pH 8.0 and chromatographed
on DEAE Sephadex (chromatography procedure was identlcal to that used
in the preparation of chromosomal RNA described in Materials and Methods
of Section 1). The nucleic acid eluting at 0.55 M NaCl was precivpitated
with ethanol and diglyzed agalnst 2X SSC. This material had an avefage
sedimentation coefficient of about 3.38 as determined by band velocity

sedimentation.
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d) In vitro synthesized RIA

RNA was synthesized in zgggé by E. coli RNA polymerase (f) of
Chamberlin and Berg, 1962) using ascites purified chromatin or ascites
DNA as template. (The preparation of ascites purified chromatin was
described in Section 1.) The complete incubation mixture for RNA synthe-
sis contained in a final volume of 10 ml: L4OO pmoles tris buffer, pH 8.0;
Lo pymoles Mg0125 10 pmoles MhCle; 120 umoles mercaptoethanol; & umoles
each of GTP, UTP, CTP; 8 umoles of ATP»8-1AC (2 pe/umole); ascites DNA
(100 pg) or chromatin (an amount containing 200 pg of DNA) aend 1 mg of
fh' After 2 hours incubation at 30°C, SDS was added to a final concen-
tration of 1% and the sample extracﬁed with an equal volume of wster
saturated phenol containing 0.1% 8~hydroxyquinoline. Nucleic acids
were precipitated from the agueous phase with ethanol in the presence
of 2% potassium acetate at ~20°C for 2 hours. The precipitate was
dissolved in U4 ml of TKM and treated with 20 pg/ml electrophoretically
purified DNase at 25°C for 1 hour. The sample was again phenol extracted,
the nucleic acid precipitated, and dissolved in and dialyzed against
2X 88C. Vhen purified chromatin served as template, 3 mg of RNA were

generagted; when DA served as template 5 mg of RNA were generated.

Preparation of DNA

Rat ascites DNA was prepared from crude chrometin (see Materials
and Methods of Section 1) by the procedure of Marmur (1961) followed
by an additional step including pronase digestion and phenol extractiozn.

After RNase treatment (20 ug/ml for 2 hours at 37°C, Rllase had been



“previously heated'aﬁ 80°C for 15 minutes to destroy any DNase activity)
the DNA was incubated for 2 hours at 37°C with 4O pg/ml pronase (pronase,
B grade Irom Calbiochem, had been previdusly autcdigested for 90 minutes
at 37°C). After digeétion, the solution was made 1% in SDS and an

eguél volume of water saturated phenol added. The extraction was
repeated twice in the absence of SDS with 1/2 vol. of phenol. The DNA
was then spooled from the aqueous phase with the addition of 2 vol. of
95% ethanol, dissolved in l/lOO S8C and reprecipitated with isopropanol
(Marmur, 1961). The purified DNA was then dissolved in and dialyzed
against l/lOO Ssc. RNasé activity was monitored by incubation of the
DNA with °P-labeled RWA in 2X SSC at 37°C for 20 hours followed by TCA
precipitation as previously described. Fhenol extfaction was found to
pe more effective than extraction with chloroform~iscamyl alcohol for
the removal of RNase activity. The DNA was stored at 4°C over a few
drops‘of chloroform. TFor the preparation of 3H-labeled DNA, 4 day
tumor infected rats were each injected with 1 mc °H thymidine (1L, 600
uC/umole obtained from Nuclear Chicago), the cells harvested 48 hours

later and DNA extracted as described previously.

Preparation of DNA filters

DNA was denatured in l/lOO SSC elther by alkali treatment, at
pH 13 for 10 minutes, or by heating in a 100°C water bath for 15 minutes.
Denaturation was monitbred by following the increase in OD26O' Trace
amounts of Sﬂélabeled ascites DNA were added before denmaturation of the

unlabeled DNA to allow easy monitoring of the DNA in subsequent steps.
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The,denatured DNA was neutralized or, in the case of heat denaturation,
quickly cooled, and diluted to 8 pg/ml and a final salt concentration

of 6X 8SC. Five ml aliquots were appiied fo 25 mm nitrocellulose filters
(type B~6 Schieicher and Schuell) as described by Gillespie and
Spiegelman (1965). Each DNA filter, therefore, contained LO ug of
denatured DNA (including 2 pg of 3H-labeied ascites DNA, 7,200 cpm).
Filters were washed with 6X SSC as prescribed and dried gt room temper-

ature for at least 4 hours followed by 2 hours at 80°C in a vacuum oven.

Hybridization

Hybridization was carried out at 66°C or at 25°C in the presence
of 27 to 30 vol.% formemide (Bonner, Kung and Bekhor, 1967). Before
the addition of the filters the hybridization solution containing the
RNA was heated at 95°C for 10 minutes and cooled to O to L°C. Vith the
" exception of the base analysis and kinetic studies, each vial contained
two DNA filters and one blank filter in a volume of 1 ml and a final
salt concentration of 2X SSC. Blank filters contained no DNA but
received the same washing and drying procedures as did the DNA filters.
At the end of the incubation the filters were removed, rinsed with
2X 8SC in a large beaker and washed on each side with 50 mi of 2X SSC.
RNaée.digestion was carried‘out at 25°C in a large volume of 2X ssC
containiﬁg 20 pg/ml preheated pancreatic RNase (about 24 filters per
100 ml). After 1 hour incubation, the filters were rinsed with 2X SSC
and again washed on each side with 50 ml of 2X SSC. The filters were

dried in the vacuum oven and counted in a Beckman liquid scintillation

spectrometer.
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The amount‘of DNA retained on the filter at the end of the
hybridization was dependent on the age of the DNA filters and the
conditions under which the hybridization was carried out. DNA reten-
tion of freshly prepared filters after a 10 hour incubation at 66°C,
or at 2L°C 1in the presence of 30% formamide, was between 95 and 100%.
The age éf the filter had little effect on the retention of DNA when
the hybridization was carried out in 30% formemide. However, filters
dried several days prior to hybridization lost as much as 30% of their
DNA upon a 10 hour incubation at 66°C. A significant amount of the DNA
lost was bound to the blank filter, thus making an accurate determin-
ation of the background very difficult. Tor this reason filters were
prepared just prior to use. (We have on occasion received certain
lots of nitrocellulose filters which exhibited poor DNA retention even
when used immediately after their preparation. The poor retention was
most apparent when the hybridization was carried out at 66°C.) The
background at 66°C {i.e. counts absorbed to the filter containing no
DNA) was normally less than 0.04% of the input counts; in the presence
of 30% formamide the background was decreased to about 0.01% of the

input counts.

Extraction and base analysis of hybridized RNA

The hybridi?ed RNA was extracted by heating the DNA filters
in deionized water at 100°C for 15 minutes. The extraction was re-
peated 4 times. The extracts were pooled and precipitated in the

presence of 1 mg carrier ascites ribosomal RNA by the addition of l/lO



72

"vol.20% potassium'acetaté and 2 vol.95% ethanol. This extraction and
precipitation result in 100% recovery of the hybridized RVA. The
ethanol precipitate was hydrolyzed in 0.3 N KOH at 37°C for 18 hours.

A portion of the DNA Was also extracted from the filters and was pre-
cipitated at the end of the hydrolysis by the addition of 60% perchloric
acid to a finsl concentration of 0.5 N. The supernatant was then
adjusted to pH 8.0 with KOH, diluted with 10 vol. of deicnized water

and the nucleotides separated on a 1-X8 Dowex column as described in
Section 1. The ribosomal RNA added as carrier permits easy monitoring

of the column and serves as a control for the fractionation.
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RESULTS

Properties of chromosomal RNA hyvbridization

The dependence’of chromosomal RNA hybridization on the amount of
denaﬁured ascites DNA is shown in Figure 1. Over the range'of THA
amounts investigated, the amount of RNA hybridized is directly propor-
tional to the amount of DNA on the filter. In all following experiments,

"with the exception of those concerned with the base analysis of hybrid
RNA, DNA filters contained 40 pg of denatured DINA.

The amount of chromosomzal RNA hybridized as a function of time'
is shown in Figure 2. The saturation value obtained was dependent on
the input ratio of RNA to‘FDNA. Saturation of the DNA, at variocus
input ratios of RNA to DNA, was always complete by 10 hours. When
the hybridization was carried out at 66°C the amount of RNA hybridized
regched a maximum at 10 hours and then,‘due to loss of DNA from the
filters, slowly decreased. All éubseqnent hybridizations were carried
out.for 10 hours.

The data contained in Table 1 show that the hybridization of
ascites chromosomal RNA is specific for rat ascites DNA. About 1/6
the amount of hybrid is formed with calf thymus DNA and between 1/10 to
1/20 the amount with pea INA. The specificity is slightly greater when
the hybridization is carried out at 66°C than it is at 25°C in the
presence of 27% formamide. Higher concentrations of formamide, which
would result in more stringent hybridization conditions, are probably

required to obtain specificity equal to that observed at 66°C. The



Flgure 1.

Th

Hybridization of rat ascites chromosomal RA to filters
containing various amounts of denatured ascites nuclear DNA.
Three DNA filters and one blank filter were incubated in

1 ml 2X 88C containing 27 ug ascites chromosomal RNA

(813 cpm/ug) at 66°C for 16 hours.
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Figure 2. Hybridization of ascites chromosomal RNA to ascites DNA
as g function of time. ZEight DNA filters, each containing
L0 pg DNA, and four blank filters were hybridized at 25°C
in 3 ml 2X SSC containing 30% formamide and 585 pg chromo=
somal RNA (1419 cpm/pg). At various times two DNA Filters
and one blank filter were removed and the amount of hybrid
assayed as described in Materials and Methods. The pg HT

hybridized per filter is plotted as a function of time.
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TABLE L

Hybridization of Rat Ascites Chromosomal RNA

to Various DNAs

Ascites chromosomal

Expt. Hybridization DNA A Efziﬁﬁuzygii'

no. condition source Tnput Hybridize&* %102
(ng)  (ng RVA/filter)

1 66°C Ascites €0 0.521 1.28

Pea embryo €0 0.0z26 0.06

Sea urchin €0 0.011 0.03

2 66°C Ascites 27 0.254 0.72

' Calf thymus 27 0.052 0.13

Pea embryo 27 0.025 0.08

3 27% Ascites 120 0.821 2.06

tormamide Sea urchin 120 0.09k 0.23

Lambda, 120 0.035 ©.08

_*Heterologous DNA filters of experiments no. 1 and 3 contained 2 ug
3H-labeled ascites DNA. The amount of RNA expected to be hybridized to
this amount of DNA has been subtracted (0.08 ug). The DNA filters of
experiment 2 contained no lapveled TNA and no correction has been made.

The values reported in experiment 3 are the average of four DNA
filters (two DNA filters per vial). Specific activity of the RNA used

in the various experiments was as follows: no. 1, 1155 cpm/pg; no. 2,

813 cpm/pg; no. 3, 1073 cpm/ug.
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decreased specificity‘is reflected in‘the amount of hybrid formed under
thé different conditions. A 10 to 15% increase is observed, in the
total amount of hybrid formed, when 27% formamide is substituted for
66°C. The amount of hjbrid formed at 30% formamide is, however, equal
to the amount formed at 66°C. With the exception of a few experiments,
which will be clearly noted, all hybridization was carried out at 66°C.
Many experiments were carried out under both hybridizing conditions;
~in these cases the results were identical.

The per cent of DNA hybridized in the presence of increasing
amounts of chromosomal RNA is shown in Figure 3. The double reciprocal
plot presented in Figure 4 shows that, at an infinite RNA conceatration,
3.8% of the DNA would be expected to be hybridized. The percentage of
DNA hybridized at saturation, by different preparations of chromosomal
RNA, ranged from 3 to 4%. The kinetics of hybrid formation and the
final saturation level were not changed when fthe hybridization was
performed at-25°C in the presence of 30% formamide. Hybridization in
the presence of 27% formamide, however, resulted in a 10 to 15% increase
in the amownt of hybrid formed. Additional purification of chromosomal
RIA Dby chromatography<on methylated albumin keiselguhr or Sephadex G-50

did not alter its level of hybridization.

Hybridization of transfer, riboscmal, and 38 cytoplasmic RNA

Attardi et al. (1965) have reported Hela 285 ribosomal RNA to
be complementary to 3=5 x 10_3% of HelLa DNA, 188 ribosomal RNA on the

order of 2-3 x 10-3%. Tuese values are, however, minimum estimates, for
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Figure 3. Hybridization of ascites chromosomal RNA to ascites nuclear
DNA in the presence of increasing amounts of RNA. Hybridiza-~

tion at 66°C in 2X SsC.
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Figure 4. Double reciprocal plot of saturation curve presented in

Figure 3.
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only large molecules with & base composition similar to *he iaput ribo-
somal RNA were nmeasured. The total amouat of hybrid formed involved
0.02% of the DNA. Transfer RVA of Hela cells is homologous to aboub

5 x 1075% of Hele DA (”mlen, 1968). Tais

-4
=

negsurenent is a mezgure
of total hybrid with no selection with respect To size or base ccuposi-

tion. The specific activities of ascites transfer and ribosomal I

(1,000 to 2,000 cpm/ug) are not high enough to allow accure te mezsure-
-ments of such low levels of hybridization. It wes nescessary, however,
to obtain a sabturabtion value under the sxperimental conditions used in
the hybridization of ascites chromosomal RNA,

The data of Table 2 show the level of nytridlzaticn obtained

with ascites transfer and ribosomal RElA. Tor comr

-

also includes data on the hybridization of chromcsoza

tions of transfer and ribosomal FIA up to €00 u /xu do nou coupletely

. !

- {2 A - PR \ 2 T T e gy oy oI iy o e ERE TN,
retbe the DNA (Figure 5). It sesnms unlikely, therelfore, thet this

interaction represents the speciliic hybridization of traansfer or ribo-
somal RYA bub rather the backgrouad of the system. {Tae hybridization

mzy De due to the presence of trace amounts of messenger WA,

anount of transfer or rivosomal RMA bound to the DNA filters is

order of 0.02% of the input RNA. Siwmilar results were cbiained when the

hyoridization was carried out at 66°C; the background, aowever, was io-

The level of hybridization of treasfer and ribosomal IU7A was
zreatly influenced by the purltv of the samples. By repeated chroma-

tof gpay on Sephadex G~100 and methyleted elbumin keiselguhr voth the



85

TAELE 2

Hybridization of Rat Ascites Chromoscmal, Translier, and

Ribogsomal RNA to Ascites Nuclear DVA

st . Specific TInput o s . Byoridized  pg RTA hybrie
i com/pg (pg) T (ug/Tilser) 2102
Chromosomal . e -
1007 53 307 0.385 0.91
1615 225 1246 0.740 .6
Transfer 1727 307 4O 0.02k 0.05%
Ribosomal 109 216 3h 0.024 0.058

Incubation at 25°C for 10 hours in the

presence of 0% Fforzaml

-

ag.
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Hybridization of different sgpecies of ascites RNA to asciltes
nuclear DNA as a function of RNA concentration. Chromosomal
RNA, 1275 cpm/pg (—O0—0—); 35 cytoplasmic RNA, 1025 cpm/ug
(—t—0—); transfer RNA, 1575 cpm/pg (—x—x—); ribosomal
RVA, 1265 cpm/pg (—o—0—). The hybridization of chromosomal
RNA was performed at 66°C, all other samples were hybridized

at 25°C in the presence of 30% formamide.
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background and hybriaization levels were greatly reduced. (As mentioned
pfeviously, additional purification of chromosomal RNA did not alter
its hybridization properties.)

Ascites 35 cytoplasmic RNA hybridizes at saﬁuration with about
1.8% of denatured ascites DNA. The results of this experiment are
presented in Figure 5 along with the RNA saturation curves for chromo=

somal, transfer and ribosomal RNA.

Hybridization competition

a) General properties of hybridization competition

The relationship between ascites chramosomal RNA and various
other RNA species was investigated by hybridization competition. Compe-
tition reactions can be carried out simultaneously by allowing the
mixture of labeled and unlabeled RNA to react together, or sequentially
by pieincuba%ing the unlgbeled RNA with DNA prior to the addition of
labeled RNA. The results obtained by sequential hybridization are depen~
dent on the stability of the hybrid formed in the first incubation. Clear
results can be obtaiged only when the hybrid formed is stable during the
subsequent incubgtion. A comparison of these two methcds using ascites
chromosomél RNA as both labeled, and unlabeled competing RNA is‘shown
ih Table 3. It is apparent that the DNA~-RNA hybrid formed under these
conditions is not éompletely stable but is reduced by 31% by a 10 hour
additional incubation in the presence of 2{ S5C. Waen both labeled and
unlabeled competing RNA are added simultaneously and iacubated for 10

hours the amount of labeled hybrid formed is reduced by 50%. However,
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TABLE 3

Hybridization Competition by Presaturation

and Simultaneous Addition of RMA

Time (hr) ug 3°P RNA % 3°P nybrid
0-10 10 10-20 hybridized remaining
Hot 0.279 100
Hot Wash 2X SSC 0.191 69
Hot + Cold 0.143 51
Cold Wash Hot 0.205 4
Cold Hot 0.11k b1

Hybridization competition between 32P-labeled chromosomal
RNA and unlabeled chromosomal RNA.

Explanation of symbols: hot, 53 ug labeléd chromosomal
RNA (1007 cpm/ug); cold, 210 pg unlabeled chromosomal RiA;
wash, filters removed from the hybridization medium, washed
with 50 ml 2X SSC on each side and added to fresh medium.

All incubations at 24°C in the presence of 30% formamide.
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" if the DNA is preinéubated for 10 hoﬁrs with unlabeled chromosomal RNA,
washed, and allowed to hybridize with labeled RNA, the amount of labeled
hybrid formed is reduced by only 28%. This difference 1s most likely
due to the decomposition of the unlabeled RNVA-DNA complex during the
seéond 10 hours incubation, thus making more sites available for the
hybridization of labeled RNA. Preincubation of the DNA for 10 hours
with unlabeled RNA followed by the addition of labeled RNA resulted
in a €0% reduction in the asmount of labeled hybrid formed. In this
casé, even though the hybrid is unstable, the unlabeled RNA is still
present to compete with the labeled RNA.

Therefore, because of the complications involved in sequential
hybridization experiments, the following competition studies were carried

out by the simultaneous addition of both RNA species.

b) Competition between labeled chromosomal and unlabeled transfer

and rivosomal ERNA

Transfer and ribosomal RWA, purified in the same manner as the
transfer and riboscmal RNA used in the previous hybridization studies,
does not compete Wifh chromoscmal RNA in the hybridizatibn to ascites
'DNA (Table 4). This result is not surprising since both transfer and
ribosomal RNA are capable of férming hybrids with less than 0.06% qf
the DNA (chromosomal RNA hybridizes with 4% of the DNA). Ribosomal
RNA, however, wvwhen present in large amounts relative to chrcmosomal RNA,
does interfere with the hybridizgtion of chromosomal RNA. This point

will be discussed in detail later in this section.
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¢) Competition between labeled chromosomal and unlabeled in

vitro synthesized messenger RNA

The interference of ribogomal RNA in the hybridization of chromo-
somal RNA made it impossible to carry out competition experiments with
pulse labeled RNA. A more sulitable comparison of the messenger RNA frac-
tion was made by the use of ascites purified chrcmatin. It has been
shown by Paul and Gilmour (1966) and by Smith, Church and McCarthy (1968)
that the RNA, generated by chfomatin.gg vitro, possesses complete sequence
homology with the messenger RVA of the tissue from which the chromatin
was isolated. We can thus compare chromosomal RNA to the RNA generated
by B. coli RNA polymerase with ascites purified chromstin as template.

The RNAs generated from pea embryo chromatin and ascites DNA were also
assayed for their ability to compete with chromosomal RNA in hybridization
to denatured DNA. The results of such an experiment are presented in
Table 5. The addition of 10 times the amount of either ascites or pea
messenger RNA had no effect on the level of hybridization of chromosomal
RNA.while the same amount of added homologous chromosomal RNA caused a

73% reduction in the amount of hybrid formed. RVA generated fram ascites
DNA slightly reduced the level of hybrid formation. ZFrom these data it

is clear that ascites chromosomal RNA and ascites messengexr RNA, synthe-
sized in vitro, have no sequences in common. The low level of competition
observed with RNA transcribed from DNA is probably due to the synthesis

of small amounts of chromosomal RNA.
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d) Competition between chromosomal RNA and 35 RNA

The competition curve obtained when 32P-labeled chromosomal RNA
is hybridized in the presence of increasing amounts of unlabeled homolo-
gous RNA is shovm in Pigure 6. The observed ccupetition curve is in |
gooé agreement with the theoretical curve calculated from the chromosomal
RNA hybridization saturation curve (Fig. 3). The data of Figure 6 also
show that unlabeled 38 cytoplasmic RNA competes with 32?—1abeled chromo=
- somal RNA. It is effective in competing with chromosomal RNA for about
50% of the chromosomal RNA binding sites. This result is in agreement
with the hybridization saturation curve obtained for 35 cytoplasmic RNA
in which it saturated about one~half the amount of DNA as did chromosomal
RNA. That this competition is in fact specific site competition, and
not interference of the type observed with ribosamal RNA, was shown by
sequential hybridization experiments in which the DA was first hybridized
with 38 eytoplasmic RNA followed by hybridization with labeled chromo-
somal RNA.

The data for Figure 7 show the competition observed when 32P—
labéled 3S cytoplasmic RNA is hybridized in the presence of increasing
amounts of unlabeléd 38 cytoplasmic or chromosomal RNA. It is aprarent
that chromoscmal RNA is a more effective competitor than 38 cytoplasmic
RNA and 1s capable of competing for at least 0% of the 3S RNA binding
sites. That is to say there are probably no sequences contained in 35
cytoplasmic RNA that are not also contained in chromosomal RNA. The
fact That a given concentration of chromeosomal RNA produces more ccmpe-

tition than the same concentration of 3S cytoplasmic RNA shows that the
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Figure 6. Ability of ascites 3S cytoplasmic or chromosomael RNA to
compete with 32P-labeled chromoscmal RNA in hybridization
to ascites DNA. All hybridization at 66°C with &0 ug of

lebeled ascites chramosomal RNA throughout.
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Figure 7. Ability of ascites chromosomal or 39 cytoplasmic RNA to
compete with 32P—labeled 35S cytoplasmic RNA in hybridiza-
tion to ascites DNA. 60 ug of labeled ascites 3S cytoplasmic
RNA throughout. Hybridization at 24°C in the presence of

27% formamide.
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- 38 cytoplasmic RNA fraction containsbless of the high hybridizing com=
ponent than does chromosomal RNA and, therefore, is not a pure fraction.
RNA has also beeﬁ prepared from‘the nuclear lysate, after
pelleting of the chromatin, by the same procedure used for the prepar-
ation of 35 cytoplasmic RNA (see Materials and Methods of Section 1).
This fraction of RNA hags hybridization properties identical to thosze
of 3S cytoplasmic RNA (McConnell, 1967). It is capable of ccmpeting
for only 50% of the chromosomal RNA binding sites and contains no
sequences not also contained in chromosomal RNA.

A portion of the chromosamal RNA, about 50% of the segquences
present, therefore, appears to be confined to the chromatin. The remain-
der of the chrcmosomal RNA is homologous to a fraction of RNA present

in the nuclear sap and cytoplasm.

Ribosomal RNA interference in chromosomal RNA~DNA hybridization

It is apparent from Figure 8 that cytoplasmic RNA is a relatively
effective competitor in the hybridization of chromosomal RNMA. To deter~
mine the specific RNA species contained in cytoplasmic RNA responsible
for this competition, various fractions of cytoplasmic RNA were prepared
and their ability to compete with chromosomal RNA, in the hybridization
to DNA, determined. |

Since transfer or ribosomal RNA are capable of forming hybrids
with only 0.06% of'the DNA, complete blockage of their sites, with cold
transfer or ribosomal RNA, should not cause a significant change in the

hybridization of chromosomal RNA which can form hybrids with 4% of the
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Figure 8. Ability of unlabeled total cytoplasmic RNA to compete
with J°P-lsbeled chromosomal RNA in the hybridization to
ascites DNA. All hybridization at 66°C with €0 pg of

labeled ascites chromosomal RNA throughout.
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DNA. (If the transfer and ribosomal RNA binding sites are contained

in the chromosomal RNA sites the reducticn ih chromosomal RNA hybridi-
zation should not be greater than %f%é = 0.016 or 1.6%.) It was,
therefore, anticipated that transfer and ribosomal RNA would behave as
completely heterologous RNA in hybridization competition experiments
with chromosomal RNA. The results of such an experiment are presented
in Figure 9. As expected‘transfer RNA gives no measurable competition.
Ribosomal RNA on the other hand is an effective inhibitor in the hybridi-
zation of chromosomal RNA. Similar results were cbtained when the
hybridization was performed at 66°C. For the reasons stated previously
it is very unlikely that this interference caused by ribosomsl RNA is
due to competition for specific DNA sites. This was verified by hybridi-
zation competition experiments in which the DNA was first hybridized
with riboscmsl RNA, the unhybridized RNA removed and the DNA hybridized
with labeled chromosomal RiA. No presaturation of the chromoscmal RIA
binding sites could be demonstrated under tﬁese conditions.

The apparent competition observed previously with ﬁotal cyto~
plasmic RNA, therefore, may be almost entirely due to the interference
of ribosomal RNA. (This fractioh undoubtedly contains small amounts of
3S cytoplasmic RNA which, as previously shown, is partially analogous
to chromosomal RNA.)

Because of the difficulty in preparing large smounts of labeled
chromosomal RNA, beiow saturating amounts were used in most experiments.
It was, therefore, necessary to add large amounts of competing RNA. In

experiments performed at higher concentrations of labeled chramosomal
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Figure 9. Ability of ascites transfer {—A—/—), or riboscmal
(—0—0—), RNA to compete with 32p.1abeled chrcmosomal
RNA in the hybridization to ascites DNA. €0 ug of labeled
ascites chromoscmal RNA throughout. With the exception of
the competition by unlabeled chromosomal RNA, all hybridiza-
tion was carried out at 25°C in the presence of 27% formamide.
The same competition curve is obtained between labeled and
unlabeled chromosomal RNA when the hybridization is carried

out at 25°C in the presence of 27 to 30% formsmide.

The degradation of »ibosomal RNA to fragments of about 38
did not change its ability to interfere in the hybridization

of labeled chromosomal RNA.
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RNA, which required the addition of much smaller amounts of competing
RNA, little or no competition was observed iﬁ the presence of ribosomal
RNA (Table 4). This result, in addifion,to the previous findings, suggest
that RNA-RNA interactions are responsible for the decreased hybridization
of chromosomal RNA. |
The ability of ribosomal RNA to form complexes with pulse~labeled

RNA has been previously réported in both bacteria (Hayes, Hayes and
Guérin, 1966) and in rat liver (Staehelin, Wettstein, Oura and Noll,
1964). Chromosomal RNA is like messenger in that it has a low degree

of secondary structure and is compleméntary to a large portion of the
DNA, i.e. sequence heterogeneous. The éxistence of such complexes
between ascites chromosomal RNA and ribosomal RNA can be demonstrated

by sedimentation of the RNA contained in an aliquot of the hybridization
solution at the end of an incubation. As is apparent from Figure 10(a),
incubation of labeled chromosomal RNA in the presence of 9 times the
amount of unlabeled chromosomal RNA does not significantly change its
sedimentation properties (see Figure 5 of Section 1 for thé sedimenta~
tion profile of input chromosomal RNA). However, incubation in the
presence of ribosomal RNA causeé a fraction of the labeled chromoscomal
RNA to sediment in the region of ribosomal RNA [Fig. 10(b)]. (The
sedimentation profile of ribosomal RNA shows that considerable degradas
tion has occurred during the incubation.)

The facf thét ribosomal RNA readily interacts to form complexes

with chromosomal RNA but does nét interact with DNA (less than 0.02% of

the input ribosomal RNA was found associated with the DNA at the end of
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Figure 10. Sedimentation profile of honrhybridized RNA.
At the end of the hybridization reaction 0.5 ml of
the hybridizing RNA solution was layered on a 5 to 20%
sucrose gradient and centrifuged at 24,000 rpm for 13 hours.
in the Spinco SW25 rotor (sucrose gradient prepared in
2X SSC). At the end of the centrifugation fractions were
collected, optical density at 260 mpy measured, and the

TCA precipitable radiocactivity of each fraction determined.

(a) Hybridization reaction contained 57 pg 32p.1abeled
chromosomal RNA and 513 pug unlabeled chromoscomal RNA in 1 ml

2X 88C, —0—0—, ODypy; ==A==i-=, cts/min.

(b) Hybridization reaction contained 57 ug 32P-labeled
chramosomal RNA and 513 ug unlabeled ribosomal RNA in 1 mi

2X 88C, —8—0—, (D 45 =-a=-A--, cts/min.

Hybridization at 66°C for 10 hours.
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the hybridization) suggest that the interaction is not due to impurities
in the ribosomal RNA preparation. It is more likely enalogous to the
interaction between rapidly labeled and ribosomal RNA previously

described (Hayes, Hayes and Guérin, 1966).

Base composition of hybridized RNA

It is apparent from Table 6 that the hybridized RNA has a base
composition very different from that of the input chromosomal RNA. The
base composition différs from that of the input RNA in the manner expected
from partial hydrolysis of the hybrid By RNase, i.e., an increase in the
purine to pyrimidine ratio. (In the previous hybridization experiments
the DNA-RNA complex was treated with RNase to remove any incomplete
hybrids.) The poor agreement may, therefore, be due to a partial hydroly-
sic of the chromosomal RNA by RNase. It is also possible that the base
composition of the hybrid differs from that of the input RNA because of
a selective hybridization of a specific fraction of chromosomal RNA.

The base composition of the hybrid formed in the presence of 30% forma-
nide and not treated with Rilase also differs markedly from that of the
input RNA. (Omission'of RNase treatment results in a 20 to 30% increase
in the amount of hybrid RNA retained on the filters.) It is apparent
from the increased purine to pyrimidine ratio in the RNased hybrid,
relative to the non-Riased hybrid, that some hydrolysis does occur.

The base composition of the hybrid formed at 66°C, in the absence of

Rllase digestion, more closely resembles that of the input RNA.
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The hybrids formed at 25°C in 30% formamide generally have a
higher content of A and G and & slightly lower content of C than the
hybrids formed at 66°C. Because of the limited data and the variation
within identical treatments it is difficult to say whether or not these
differences are real. It is not clear why the different hybridization
conditions should favor the hybridizagtion of RNA molecules with different
base compositions.

There are several possible explanations for the poor agreement
between the base composition of the non-RNased hybrid and the input chromo-
somal RNA. The overall base composition of chrcmosomal RNA 1s clearly a
weighted average of the base composition of all the molecules present.
The base analysis of the hybrid, on the other hand, is not a weighted
average because oniy one RNA molecule can hybridize to its complementaxry
site, regardless of the number of identical molecules present. Such a
distribution could account for the shape of the RNA nybridization
saturation curve, i.e. at low concentrations of RNA the rate of hybridi-
zation is high because of the hybridization to DNA sites complementary :
to RNA molecules present in high concentration. The remaining sites are
hybridized at & decreased rate and are saturated only at high input RNA
concentrations. Such a distribution could also account for the fact
that different concentrations of RNA hybridize gt saturation to different
levels of DNA regardless of the time of incubation.

Another possibility is that chromosomal RNA, like 38 cytoplasmic
RNA, is not a pure fraction. The base ccmposition of the hybrid may,

therefore, represent the true base composition of chromosomal RNA.
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DISCUSSION

The hybridization properties of ascites chromosomal RNA clearly
‘distinguish it from the #arious other RNA species studied. It is
immediately distinguiéhed from £ransfer and ribosomal RNA by its high
level of hybridization; being complementary to about 4% of ascites
nuclear DNA. The lack of competition observed with in Vvivo generated
messenger RNA, in addition to the incorporation studies described in
Section 1, suggest that chromosomal RNA is also different from messenger
RNA.

The hybridization properties of rat ascites chromoscmal RNA are
in good agreement with those reported for pea chromosomal RNA by Widholm
‘and Bonner (1967). Pea chromosomal RNA hybridizes to about 5% of pea
nuclear DNA and has no sites in common with eitherrtransfer or ribosomal
RNA. Widholm and Bonner (1967) presented no evidence concerning a
partially homologous ecytoplasmic fraction. However, no ccmpetition
was observed in the hybridization of pea chromosomal RNA in the presence
of 32 times the amount of total cytoplasmic RNA. The chramnosomal RNA
of chick embryo is also complementary to a large portion of chick nuclear
DNA, hybfidizing at éaturation to about 4% of the DNA (Huang, 1967).

It has no sites in common with chick transfer or ribosomal RNA. The
hybridization properties of chromosomal and 3S cytoplasmic RNA are very
similar to those réported by Shesrer and McCarthy (1967) for pulse
labeled nuclear and cytoplasmic RNA from mouse L cells. They have

reported the presence of a nuclear RNA that hybridizes to about 4.4%
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of the nuclear DNA. An additional fraétion isolated from the cytoplasm
hybridizes to about 1% of the nuclear DNA and contains no sequences not
contained in the nuclear RNA. Thus, a fraction of the RA isolated from
the nucleus is confined to the nucleus. An important distinction between
this work and that of Shearer and McCarthy (1967) is that their RiA
is rapidly labeled while chromosomal RNA does not appear to be. In
addition, ascites chromoscmal RNA does not possess any sequence homology
+t0 ascites messenger RNA.

As clearly demonstrated by the‘recent work of Church and McCarthy
(1968), the amount of hybrid formed is dependent on the stringency of
the hybridizing conditions. They also point out the difficulties in
forming specific hybrids in mammslian systems becasuse of the large amount
of redundancy in the DNA sequences. For these reasons, it is very diffi-
cult to determine the percentage of DHA complementary to a given RNA
fraction. The change in bhase composition of the hybrid following KNase
treatment indicates that many of the hybrids formed were incomplete
hybrids and may represent hybridization to irrelevant DA segments.
Clearly the value reported for the per cent of ascites DNA homologous
to ascites chromosomal RNA is a maximum value.

It 1s clear, however, that chromoscmal RNA is complementary to
a large portion of the ascites genome. The high level of hybridization
may ve the result of sequence heterogeneity of the chromoscomal RNA,
resulting in its hybridization to bany unique sites, or the result of
a sequence homogeneous population of RNA hybridizing to redundsnt

sections of DNA. 1In ascites cells, we have no direct evidence to
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.distinguish between these possibilities at this time. In the case of
pea chromosomal RNA, however, the high level of hybridization appears
to be due to sequeﬁce heterogeneity of the chromosomal RNA. This fol-
lows directly from the fact that pea bud chromosomal RNA hybridizes
equally well with the rapid, moderately fast, or slow reannealing
fractions of pea nuclear DNA (Ho, 1968).

Bekhor, Kung and Bonner (1968) and Huang and Hueng (1968) have
demonstrated that chromatin, completely dissociated in the presence of
2 M NaCl and then reconstituted under the proper conditicns, supports
the synthesis of the same spectrum of RNA sequences as does native
chromatin. However, chromosomal RNA is required for this sequence
specific reconstitution, i.e. destruction of the chromosomal RNA by
RNase or Zn(NO3)2 vefore reconstitution prevents sequence specific re-
constitution. Chromosomal RNA, therefore, appears Lo prévide the required
specificity for éene repression. 1In ascites cells only a fraction of
the chromosomal RNA is confined to the chromgtin. RNA homologous to
the remaining fraction is found both in the nuclear sap and cytoplasm.
What can be the role of this class of RNA? The close homology between
35S RNA and chromosomal RNA suggests that it also may be involved in
gene regulgtion.

If the binding of chromosomal RNA is necessary for the regulation
of a specific gene, as the recent results of Bekhor et al. (1968) ahd
Huang et al. (1968) suggest, the act of repression or derepression may in-
volve a rearrangement of the chromosomal RNA. We would then expect to

find a certain fraction of the chromosomsl RNA molecules dissociated
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from the chromatin at any time. The 38 RNA observed in the nuclear
sap and cytoplasm might, therefore, represent chromosomal RNA in the
frée state.

The hybridization properties of ascites chromosomal RNA clearly
show that it is homologous to the chromosomal RNA isolated from pea bud
and chick embryo. The presence of chroniosomal RNA in rat, pea and
chick suggests that chromosomzl RNA may be of general occurrence in

higher organisms.
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CHAPTER I1II
EFFECT OF HYDRCCORTISONE (I THE TEMPLATE

. ACTIVITY OF LIVER CHRCMATIN

The first part of this chapter has
been published in the

Proceedings of the National Academy of Sciences
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INCREASED TEMPLATE ACTIVITY OF LIVER CHROMATIN,
A RESULT OF HYDROCORTISONE ADMINISTRATION*

By Micuarerl E, DanMus Axd JAMES BoNNER
DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY

Communicated September 24, 1965

We have found that the administration of hydrocortisone to adrenalectomized
rats inereases the template activity of their liver chromatin for RNA synthesis.
Such administration is known to cause a two- to threefold increase in rate of nuclear
RNA synthesis in the liver.t» 2 This inercase is followed by an increase in the
activities of a series of liver enzymes.?=®  Since the induction of these enzymes by
hydrocortisone is abolished by simultancous treatment with actinomyecin D, it is
clear that new RNA synthesis is required to support their formation.*?® The
increased rate of liver RNA synthesis caused by administration of hydrocortisone
might in principle be due to changes in the template activity of the liver genctic
material such as would accompany dercpression of genes previously repressed.
We shall show below that the administration of hydrocortisone does resulf in an
increased availability of the genetic material for transcription.

Malerials and Methods.—T'reatment of rats: Male albino Sprague-Dawley rats weighing 150-250
g each were obtained in the bilaterally adrenalectomized condition from Berkeley Pacific Labora-
tories. Hydrocortisone A grade was obtained from Calbiochem.

Rats were fasted 18 hr prior o the beginning of the experiment. Hydrocortisone-treaied rats
were given an intraperitoneal injection of hydrocortisone, 5 mg/100 g body weight, suspended
in physiological saline. Control rats were iujected with an equal volume of saline. Four hours
after trecatment the rats were sacrificed, their livers immediately removed and washed with cold
saline. The livers were then frozen in dry ice arnd chipped into small pieces. Tissue from identical
treatments (24 rats per wreatment) was pooled and stored at —80°C.

Preparation of purified chromatin: Crude chromatin was prepared from 10-gm samples of frozen
tissue by the procedures of Marushige and Bonner® with the modification that the tissue was
homogenized in 0.06 M NaCl plus 0.016 M Na, EDTA (pH 8.0). The chromatin was purified
by centrifugation through 1.7 M sucrose and dialyzed against two changes of 0.01 M tris, pH 8.0,

Preparation of deproteinized DNA: Proiein was removed from the purified chromatin by cen-
trifugation in 4 M CsCl according to the method of Huang and Bonner.” Samples were centri-
fuged at 35,000 rpm for 22 hr in a Spinco SW-39 rotor. The gelatinous DNA pellet was dissolved
in 0.01 M tris, pH 8.0.

Preparation of RNA polymerase: RNA palymerase was prepared from early log phase celis of
£, colt strain B (General Biochemicals) by the methods of Chamberlin and Berg® to the stage of
their fraction 3, hereafter referred to as If,.

Assay of template activity: The complete incubation mixture for RNA synthesis contained in a-
final volume of 0.25 ml: 10 wmoles tris buffer (pH 8.0}, 1 wmole MgCl, 0.25 pmole MnCls, 3
umoles g-mercaptoethanol, 0.05 umole spermidine phosphate, 0.10 umole each of CTP, GTP,
and GTP, 0.10 gmole 8-C4-ATP (spec. act. 1 uc/umole), DNA or chromatin, and F;. Samples
were incubated at 37°C for 10 min. The reaction was then stopped by the addition of cold 109,
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TCA. Acid-insoluble material was collected by filtration on-TCA-presosked membrane filters
(Schleicher and Schuell B-6) and washed with four 5-ml portions of cold 109 TCA. The filters
were then glued to planchets, dried, and counted in a Nuclear-Chicago D-47 gas flow counting
system. That the 8-C1-ATP is in fuct incorporated into RNA has been shown by Marushige and
Bonner.8

Enzyme assays: Tyrosine transaminase was determined following the method of Canellakis.?
An aliquot (10 ml) of the first homogenate in the preparation of chromatin was frozen and stored
at —80°C. This freezing and storage for several days at —80°C resulted in no loss of enzyme
activity, The samples were thawed, further homogenized with 0.05 ml 2-octanol in an Omni
Mixer (75 v-75 sec), and filtered through one layer of Miracloth. Aliquots (0.1 ml) were used for
enzyme assays, and 1-ml aliquots were used in the determination of protein.

The loss of TCA-precipitable material from C.labeled RNA brought about by incubation of
Ct RNA with purified chromatin was taken as a measnre of RNase activity.

Ct%-labeled RNA was prepared by incubation of liver DNA in the medium for RNA synthesis
as outlined above. The incubation mixture was then diluted with 0.01' M NaQOAe, pH 5.5, con-
taining 5% butanol, 1% sodium lauryl sulfate, 10-3 M MgCl,, and treated with an equal volume
of water-saturated phenol (60°C) for 3 min. Carrier RNA was added and RNA twice precipitated
with ethanol. The final C'%RNA pellet was dissolved in 0.01 M tris, pH 8.0 (spec. act. 95,000
cpm/mg RNA). C*-labeled RN A was incubated with purified chromatin in the standard mixture
for RNA synthesis minus F; and nucleoside triphosphates. After 10 min incubation at 37°C, G-
labeled RNA was assayed as deseribed above under assay of template activity.

" Chemical composition: DNA was determined by the diphenylamine method of Dische using
rat liver DNA as a standard. RINA was determined by the orcinol reaction following the method
of Dische and Schwars!! using purified yeast RNA as a standard. Histone was extracted from
chromatin with 0.2 N H:80, at 4°C and precipitated with 209, TCA. Its amount was determined
following the method of Lowry et al.}? using rat liver histone as a standard. Nonhistone protein
was determined on the acid-insoluble material by the same procedure, using bovine serum albumin
fraction V as a standard.

Results.—A single intraperitoneal injection of hydrocortisone brings about an
increase in the activity of liver tyrosine transaminase, as is presented in Table 1.
This induction represents a five- to sixfold increase, indicating that our system is
responding as previously reported,?—5. 13

Purified chromatin was prepared from livers of rats 4 hr after treatment either
with hydrocortisone or with saline. The chromatin isolated from the livers of
hydrocortisone-treated animals will be referred to as “induced” chromatin, while

1200 -
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TABLE 1

INnpuctioN or Liver TYROSINE
TiANSAMINASE BY HYDROCORTISONE

BIOCHEMISTRY: DAHMUS AND BONNER

TABLE 2

RNAsE Activivy oF PURIFIED LIVER
CHROMATIN

Proc. N. A. 8.

TREATMENT OF ADRENALECTOMIZED RATS

Chromatin from livers of: RNuse activity*

Tyrosine Control animals 0.09
R Hydrocortisone-ireated
Liver from: (ug product/y;iO min) animals 0.12
Jontrol an_lmals 13 * The incubation mixture conuwained, in a final
Hydrocortisone-treated volume of 0.25 1), 32 uz of purified chromatin and
animals 72 25 ug CH-labeled RNA in the standard mixture

for RNA synthesis minus s and nucleoside tri-
phosphates. RNase activity is expressed as the
fraction of initial Cli-labeled RNA (2,400 ¢pm)
rendered TCA-soluble after a 10-1min incubation
with chromatin at 37°C.

T'Le values reported are the averages of two
samples.

* Activity is expressed as ug of p-hydroxy-phenyl-
pyruvate formed per 30 min per mg protein at 38°C.

Tyrosine transaminase was assayed 4 br after
treatment (see Malerials and Mathods).

that isolated from saline-treated animals will be referred to as ‘‘noninduced.”

The template activity for RNA synthesis of the two types of liver chromatin in
the presence of added exogenous RNA polymerase is shown in Figure 1. It is
clear that any given amount of DNA supplied as induced chromatin supports a
greater rate of RNA synthesis than does an equal amount of DNA supplied as non-
induced chromatin, The data of Iigure 1 indicate that in the presence of added
RNA polymerase at high template concentrations the template activity of induced
liver chromatin is approximately 30 per cent greater than that of noninduced
chromatin.

Chromatin purified according to the present procedure possesses essentially no
endogenous RNA polymerase activity, as is apparent in IFigure 1 (—1%). No
difference in the rate of RNA synthesis supported by induced chromatin or nonin-
duced chromatin could be detected when such synthesis was catalyzed solely by
endogenous polymerase,

The increase in template activity indicated in IFigure 1 has been shown to be
statistically significant by two methods. An analysis of variance shows that the
inerease of template activity induced by hydrocortisone is significant at the 99 per
cent level. In addition, a regression analysis of the slopes of the linear portion of
the template saturation curves shows that they are significantly different at the 95
per cent loevel.  The increased template activity of induced chromatin is reproduci-
ble from experiment to experiment, ranging from 10 to 35 per cent.

The difference in template activity between induced and noninduced chromatin
is maintained over.the range of RNA polymerase concentrations 30-120 pg per 0.25
ml, and also over the range of nucleoside triphosphate concentrations 0.05-0.20
gmole each per 0.25 ml. The RNase activily of rat liver chromatin is small and not
significantly different between induced and noninduced chromatin (Table 2). It
seems, therefore, that the difference in rate of RINA synthesis observed is not due
to the presence of degradative enzymes but rather to a real difference in template
activity.

The difference in template activity between induced and noninduced chromatin
is abolished by removal of DNA-bound protein. Purified liver chromatin was
suspended in 4 M CsCl and centrifuged as deseribed under M ethods for the prepara-
tion of deproteinized liver chromatin DNA. The DINA thus isolated has an in-
creased template activity of about 14-fold as compared to rat liver chromatin. The
data of Figure 2 show that there is no difference in template activity between in-
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duced and noninduced chromatin when the proteins associated with the DNA are
removed. The DNA samples prepared from induced and noninduced chromatin
are of similar molecular weight. Sedimentation coefficients were determined by
boundary velocity sedimentation in the Spinco model E centrifuge and molecular
welghts calculated using the relation of Studier.™

The chemical compositions of induced and noninduced liver chromatin are given
in Table 3. There is no detectable analytical difference in the amounts of the
several components measured.

Addition of hydrocortisone to noninduced liver chromatin in vitro causes no in-
crease in template activity for RNA synthesis. Preincubation of chromatin with -
hydrocortisone at 4° or at 37°C for 10 min prior to the addition of polymerase also
elicits no effect upon liver chromatin template activity (Table 4).

Discussion.—The experiments reported above clearly demonstrate that the ad-
ministration of hydrocortisone to adrenalectomized rats causes an increased tem-
plate activity of liver chromatin for RNA synthesis. Lang and Sekerkis®® and
Barnabei ¢f al.’® have previously reported the isolation of template-polymerase

omplexes from the liver of hydrocortisone-treated rats, and have shown that such

TABLE 3 TABLE 4
CuemicAL CoMPoSITION OF RAT LIVER ErreEcT oF HYDROCORTISONE ON TEMPLATE
CHROMATIN AcTiviry oF Puririen CHROMATIN in vitro
- —~--Mass Ratiog*—~— #uM ATP
Induced Noninduced ug Hydrocortisone/ incorporated/0.25
Component, chromatin chromatin 0.25 ml ml
DNA 1 1 0 561
RNA 0.059 0.056 . 101w 387
Histone 0.82 0.82 103 587
Nonhistone : 10— 576
protein 1.01 1.06 10—+ 575
‘ -2
* Average values of four preparations. 1(1) gg%
10 587

Each 0.25-ml incubation contained 26 pgz DNA in
the form of noninduced chromatin and 78 ug Fi.
Hormone was preincubated 10 min at 4°C before the
addition of ¥Fs. Incorporation by F; alone (208 uuM
AMP) has been subtracted.
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complexes possess greater activity for RNA synthesis than do similar complexes
from rats not treated with hydrocortisone. Their experiments do not, however,
distinguish between increased rate of RNA synthesis resulting from inereascd tem-
plate activity of chromatin and increased rate of RNA synthesis resulting from in-
creased activity or amounts of RNA polymerase contained in the complex. In the
present experiments the addition to the chromatins of equal and large amounts of
exogenous RNA polymerase makes possible a clear measure of template activity.

The increase in template activity which results from hydrocortisone action would
appear to be in some way assoclated with the proteins which are complexed with the
chromosomal DNA. This follows from the fact that removal of chromosomal pro-
tein by treatment with high salt concentrations yiclds DNA of equal template
activity from induced and noninduced liver chromatin. Dilferences in protcin
composition of chromatin induced by hydrocortisone treatmend, if any, are ap-
parently too small 1o be detected by present analytical methods.

The increase in rate of RNA synthesis by rat liver nuclei in response to hydro-
cortisone treatment is of the order of two- to threefold. The increases in template
activity for RNA synthesis of rat liver chromatin caused by hydrocortisone treat-
ment are of the order of 30 per cent. It is clear, therefore, that a portion of the in-
crease in rate of RNA synthesis elicited by hydrocortisone administration is due to
effects not preserved in isolated chromatin, A further portion may be due to an
inereased concentration or activity of RNA polymerase itself.

Finally, although the administration of hydrocortisone i vive causes increased
template activity to be developed n vivo, the administration of hydrocortisone di-
rectly to isolated, noninduced chromatin has no such effect. Therefore, there is
some intermediary, not preserved in isolated chromatin, between the hormone and
its ultimate effect upoun the state of repression of the genetic material.

Summary.—Chromatin isolated from the liver of hydrocortisone-treated adrenal-
ectomized rats possesses a greater template activity for DNA-dependent RNA
synthesis than does chromatin isolated from the livers of rats not treated with
hydrocortisone. This difference in template activity is abolished by the removal of
proteins associated with the DNA,
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ADDITIONAL RESULIS

In the previous experiments the template activity of rat iiver
induced and noninduced chromatin was compared by measuring the amount
of RNA synthesis primed by each template in 10 minutes. The amount of
RNA synthesized by induced and noninduced chromatin as a function of
time is shown in Figure 1. It is apparent that at any time the amount
of RNA synthesis subported by induced chromgtin is greater than that
supported by noninduced chromatin. Both samples plateau at about 10
minutes.

The dependence of the rate of synthesis on nucleoside triphosphate
concentration is shown in Figure 2. In these experiments the concentra-
tions of all four nucleoside triphosphates were changed. There is only
a slight change in the rate of RNA synthesis over the concentrations
examined. At each concentration the difference in activity between in-
duced and noninduced chromatin is maintained. The difference in activity
is, therefore, not due to a difference in the availability of substrate.

The dependence of the rate of synthesis on the concentration of
RNA polymerase (F3) is also shown in Figure 2. An increase in the amount
of RNA polymerase brings about a proportional inerease in the rate of
RNA synthesis. TheAincreased rate of synthesis supported by induced
chromatin is maintained over the range of RNA polymerase concentrations

investigated.
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Figure 1. Time course of RNA synthesis ;érimed by rat liver induced
(—0—0—) and noninduced (—aA—s—) chromatin. The
incubation mixture (4.25 ml) contained 54k pug of DNA in
the form of chromatin, 1.3 mg F3 and other ingredients
as described in Materials and Methods of the preceding
paper. At various times aliquots of 0.2 ml were removed
from each tube, induced and noninduced, and assayed. Each
point is an average of two determinations. Incorporation

by F3 alone has been subtracted.
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Figure 2.
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Upper: Effect of nucleoside triphosphate concentration on
the rate of RNA synthesis primed by induced and noninduced
rat liver chromatin. The incubation mixture (0.25 ml) con-
tained 26 ug of DNA in the form of chromatin, 78 pg of FB,
various concentrations of nucleoside triphosphates and other
ingredients described in Materials and Methods of the pre-
ceding paper. Incorporation by F3 alone (50, 130 and 150 puM
AMP/0.25 ml) has been subtracted.

Lower: Effect of RNA polymerase concentration on the rate of
RNA synthesis primed by induced and noninduced rat liver
chramatin. The incubation mixture (0.25 ml) contained 26 ug
of DNA in £he form of chromatin, various concentrations of

F3 and other ingredients previously descfibed. Incorporation

by F. alone (65, 130 and 260 puM AMP/0.25 ml) has been sub-

3
tracted.
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DISCUSSION

Several papers dealing with the nature of hormone stimuleted
RNA synthesis have appeared since the publication of the preceding
paper. This discussion is not intended as a review of the recent work
on the mechanism of hormone action, but merely a summary of how this
particular approach has brought about insights into the mechanism of
action of various hormones.

Barker and Warren (1966) have investigated the effect of
estradiol on the template activity of uterine chromatin. They have
reported a 7O to 80% increase in the activity of isolated chromatin as
template for RVA synthesis as a result of hormone treatment. They could
detect no difference in the histone, nonhistone or RNA content of the
chromatin. Recently Hamilton (1968) has also reported an increase in
the template activity of uterine chromatin following the administration
of estradiol.

The administration of testosterone propionate, growth hormone,
or both hormones cause an increase in the activity of aggregate RNA
polymerase from femoral muscles -of hormone deficient rats {Breuer and
Florini, 1966). The chromatin isolated from testosterone treated rats,
vhen coupled with E. coll polymerase, supports RNA synthesis at about
twice the rate of chromatin isolated from control rats. The chromatin
isolated from growth hormone treated rats has a slightly decreased
tenplate activity when compared to the chromatin from control rats.

They have, therefore, concluded that testosterone stimulates RNA synthesis
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by increasing the priming efficiency of the template while growth hor-
mone probably acts by directly affecting the level of RNA polymerase.

Experiments have also been reported by Kim and Cohen (1966)
concerning the effect of thyroxine on tadpole chromatin. The adminis-
tration of thyroxine to tadpoles induces the synthesis of RNA which
leads to the production of various enzymes. They have shown that
chromatin isolated from the livers of thyroxine treated tadpoles has
a template activity 20 to 50% higher than that of chromatin prepared
fram control animals. This difference is gbolished by the removal of
the chromcsomal proteins. The hormone had no effect on the template
activity of noninduced chromatin in vitro.

We, therefore, have several cases in which hormones stimulate
RNA synthesis by modifying the chromatin in such a way as to make it a
more effective template for RNA synthesis. This is not to say, however,
that the hormone interacts directly with the chromatin. None of the
hormones which cause an increase in the template activity of chromatin
when administered in vivo have clearly been shown to have an effect on
the template activity in vitro. [It has recently been reported that
cortisol, administered to isolaéed liver chromatin, can cause an increase
" in the template activity of the chromatin (Stackhouse, Chetsanga and
Tan, 1968). However, the increase reported was very small and was
observed only at very high hormone concentrations. The results were
further complicatedvby the high protein content of the chromatin. Since
the experimenfs do not differ significantly from those described in the

previous paper, it seems likely that the effect would be lost by the
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additional purification of the chromatin.] The administration of
cortisone, at low concentrations, to isolated rat liver nuclel has
been reported, however, to cause an increasse in the rate of RNA syn~
thesis (Schmid, Gellwitz and Sekeris, 1_967). It appears, therefore,
th_at a substance present in the nucleus is required to mediate the
effect of the hormone. The cytoplasm of endometrial cells contain a
soluble protein which specifically binds p-estradiol (Jensen et al.,
1968). This protein hormone complex appears then to break down into

a smaller complex, still containing the hormcae, which is found only
in the nucleus. As suggeéted by the experiments of Maurer and Chalkley

(1967), this complex may then become associated with the chromatin.
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